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Abstract
Chromoplasts are plant organelles with a unique ability to sequester and store massive carotenoids. Chromoplasts have been hy
pothesized to enable high levels of carotenoid accumulation due to enhanced sequestration ability or sequestration substructure 
formation. However, the regulators that control the substructure component accumulation and substructure formation in chro
moplasts remain unknown. In melon (Cucumis melo) fruit, β-carotene accumulation in chromoplasts is governed by ORANGE (OR), 
a key regulator for carotenoid accumulation in chromoplasts. By using comparative proteomic analysis of a high β-carotene melon 
variety and its isogenic line low-β mutant that is defective in CmOr with impaired chromoplast formation, we identified carotenoid 
sequestration protein FIBRILLIN1 (CmFBN1) as differentially expressed. CmFBN1 expresses highly in melon fruit tissue. 
Overexpression of CmFBN1 in transgenic Arabidopsis (Arabidopsis thaliana) containing ORHis that genetically mimics CmOr signifi
cantly enhances carotenoid accumulation, demonstrating its involvement in CmOR-induced carotenoid accumulation. Both in vitro 
and in vivo evidence showed that CmOR physically interacts with CmFBN1. Such an interaction occurs in plastoglobules and results 
in promoting CmFBN1 accumulation. CmOR greatly stabilizes CmFBN1, which stimulates plastoglobule proliferation and subse
quently carotenoid accumulation in chromoplasts. Our findings show that CmOR directly regulates CmFBN1 protein levels and 
suggest a fundamental role of CmFBN1 in facilitating plastoglobule proliferation for carotenoid sequestration. This study also reveals 
an important genetic tool to further enhance OR-induced carotenoid accumulation in chromoplasts in crops.
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Introduction
Carotenoids are widely distributed in nature. In plants, caro
tenoids play vital roles in photosynthesis and photoprotec
tion (Domonkos et al. 2013; Niyogi and Truong 2013). They 
supply precursors for the biosynthesis of phytohormones 

abscisic acid and strigolactones (Al-Babili and Bouwmeester 
2015), for the production of fruit and flower aroma and 
flavor (Auldridge et al. 2006; Walter and Strack 2011), and 
for the formation of growth regulators and signaling mole
cules (D’Alessandro and Havaux 2019; Havaux 2020; 
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Moreno et al. 2021). Carotenoids also furnish many flowers, 
fruits, and vegetables with bright orange, yellow, and red col
ors (Yuan et al. 2015b; Hermanns et al. 2020). In human diets, 
carotenoids provide precursors for vitamin A biosynthesis 
and act as dietary antioxidants to reduce the risk of some 
chronic diseases, such as cancers, cardiovascular diseases, 
and age-related eye diseases (Fraser and Bramley 2004; Rao 
and Rao 2007; Fiedor and Burda 2014).

Carotenoid accumulation is a net result of biosynthesis, 
turnover, and stable storage in plastids (Cazzonelli and 
Pogson 2010; Li and Yuan 2013; Rodriguez-Concepcion 
et al. 2018; Sun et al. 2018; Sun et al. 2022a). Phytoene syn
thase (PSY) catalyzes the condensation of 2 geranylgeranyl 
diphosphate molecules to phytoene in the specific caroten
oid biosynthesis pathway (Supplemental Fig. S1). Many fac
tors and regulators have been shown to modulate PSY 
expression and activity (Toledo-Ortiz et al. 2010; Martel 
et al. 2011; Kachanovsky et al. 2012; Zhou et al. 2015; 
Alvarez et al. 2016; Welsch et al. 2018; Zhu et al. 2021; Sun 
and Li 2020; Zhou et al. 2022). Phytoene is converted into 
lycopene following a series of desaturation and isomerization 
by 4 enzymes. Cyclization of lycopene produces α- and 
β-carotene in 2 branches of the pathway. Subsequent oxy
genation and epoxidation of the carotenes make xantho
phylls (Moise et al. 2014; Nisar et al. 2015; Sun et al. 2020a). 
Various carotenoid cleavage oxygenases, nonspecific en
zymes, and nonenzymatic oxidations break down carote
noids to give diverse apocarotenoids and affect carotenoid 
content (Beltran and Stange 2016; Sun et al. 2020a).

Plastids are the site of carotenoid biosynthesis and storage 
(Sun et al. 2018). Among various plastids, the carotenoid- 
accumulating chromoplasts are the organelles that possess 
a high capacity to synthesize, sequestrate, and store massive 
amounts of carotenoids, giving many horticulture crops their 
vivid colors (Yuan et al. 2015b; Hermanns et al. 2020). Various 
studies have shown the direct association of chromoplast de
velopment with carotenoid accumulation (Liu et al. 2004; Lu 
et al. 2006; Kolotilin et al. 2007; Galpaz et al. 2008; Yuan et al. 
2015a; Chayut et al. 2017; Llorente et al. 2020; Sun et al. 
2020b). In some cases, carotenoid accumulation is impaired 
without chromoplast formation even when a similar caroten
oid metabolic flux is observed in the carotenoid accumulat
ing and nonaccumulating tissues (Li et al. 2003; Chayut et al. 
2015).

In chromoplasts, carotenoids are sequestered and stabilized in 
various suborganellar structures composed of lipids and proteins 
(Vishnevetsky 1999; Sun et al. 2018). Based on the pigment lipo
protein sequestration substructures, chromoplasts are classified 
into various types such as globular chromoplasts characterized 
by abundant plastoglobules and membranous chromoplasts 
typified by multilayer membrane structures (Egea et al. 2010; Li 
and Yuan 2013; Sun et al. 2018). The only known protein in
volved in carotenoid sequestration and storage within chromo
plasts is termed FIBRILLIN (FBN) after fibrils, which was identified 
in red pepper (Capsicum annuum) fruit and documented in vitro 
(Newman et al. 1989; Deruere et al. 1994). A homolog of this 

chromoplast-specific carotenoid sequestration protein was later 
identified in cucumber (Cucumis sativus) flowers (Vainstein et al. 
1994; Vishnevetsky et al. 1996). FBN expression has been shown 
to affect carotenoid content in transgenic tomato (Solanum lyco
persicum) fruit/flowers, be associated with carotenoid accumula
tion in tomato high-pigment 1 mutant, and correspond with 
chromoplast development (Leitner-Dagan et al. 2006; Simkin 
et al. 2007; Kilambi et al. 2013; Llorente et al. 2020; Morelli 
et al. 2022). FBNs are known as structural proteins of not only 
fibrils but also plastoglobules, the lipoprotein particles, of plastids 
(van Wijk and Kessler 2017).

Melon (C. melo) is an economically important crop, con
sumed globally. Melon fruit flesh color is an important com
mercial trait and can be classified into 3 groups: white, green, 
and orange (Chayut et al. 2015). The orange flesh phenotype 
results from β-carotene accumulation in chromoplasts, 
which is governed by ORANGE (CmOR) containing a unique 
histidine residue (Tzuri et al. 2015; Chayut et al. 2017). CmOR 
exerts dual functions in regulating β-carotene accumulation 
in melon flesh (Chayut et al. 2017). One is to posttranslation
ally regulate the PSY protein level and activity to modulate 
carotenoid biosynthesis as found in Arabidopsis 
(Arabidopsis thaliana) and sweet potato (Ipomoea batatas) 
(Zhou et al. 2015; Park et al. 2016). The other is to induce 
chromoplast formation for β-carotene storage as observed 
in orange curd cauliflower (Brassica oleracea L. var. botrytis) 
as well as a few other plants (Lu et al. 2006; Yuan et al. 2015a; 
Yazdani et al. 2019; Sun et al. 2021). However, the mechanism 
of the CmOR-induced chromoplast formation remains to be 
elucidated and the proteins associated with carotenoid se
questration in melon chromoplasts are unknown.

It has long been hypothesized that chromoplasts enable high 
levels of carotenoid accumulation by a mechanism of promoting 
sequestration substructure formation. Melon fruit contains 
globular chromoplasts with abundant plastoglobules as the se
questration substructure (Jeffery et al. 2012). To investigate 
how CmOR regulates chromoplast development and to identify 
the protein associated with carotenoid sequestration in melon 
chromoplasts for β-carotene accumulation, a high β-carotene ac
cumulating melon variety (CEZ) and its isogenic line low-β 
mutant were selected for the investigation. The low-β mutant 
results from a CmOr nonsense mutation (Cmor-lowβ) that im
pairs chromoplast biogenesis, leading to low β-carotene accumu
lation in the mature fruit (Chayut et al. 2017). Our previous 
comparative transcriptome analysis reveals that a major tran
scriptomic change occurs only at the mature fruit stage 
(Chayut et al. 2021). By proteome profiling of the mature fruit 
of CEZ and low-β mutant, we found that CmFBN1 was present 
at a high level in CEZ. A functional study of CmFBN1 demon
strated its involvement in CmOR-induced carotenoid accumula
tion. CmOR physically interacted with and stabilized CmFBN1. 
Microscopic and subplastidial fractionation analyses reveal 
that CmFBN1 enhances the CmOR-triggered carotenoid 
accumulation via stimulating plastoglobule proliferation for ca
rotenoid sequestration within chromoplasts. Our findings pro
vide a mechanistic understanding of regulating carotenoid 
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sequestration substructure formation for carotenoid accumula
tion in chromoplasts.

Results
Cmor-lowβ gene in the low-β mutant
The melon variety CEZ gives orange flesh fruit at mature 
stage (Fig. 1A). The orange color results from β-carotene ac
cumulation (Fig. 1B). The low-β mutant is isogenic with CEZ, 
isolated from the CEZ ethyl methanesulfonate (EMS) muta
genesis library (Chayut et al. 2017). In comparison with CEZ, 
the low-β fruit showed a notable difference in flesh color at 
mature stage (Fig. 1A) and contained a significantly low level 
of β-carotene (Fig. 1B). In addition, CEZ fruit contained low 
levels of phytoene, phytofluene, and ζ-carotene, while 
low-β had lutein with much less total carotenoids 
(Supplemental Fig. S2, A to E). Except for fruit flesh color, 
the low-β mutant does not exhibit any plant growth and fruit 
development variation from its isogenic CEZ under both 
fields (Chayut et al. 2017) and greenhouse growth conditions 
(Supplemental Fig. S2F).

The low-β mutant results from a nonsense mutation in the 
CmOr gene to give the Cmor-lowβ allele (Chayut et al. 2017). 
The nonsense mutation occurs in exon 4 of CmOr (Fig. 1C), 
introducing a premature stop codon and producing a trun
cated CmOR protein (Cmor-lowβ) (Fig. 1D; Supplemental 
Fig. S3A). Structural analysis of the CmOR and Cmor-lowβ 
proteins using the Phobius tool (Kall et al. 2007) revealed 
that Cmor-lowβ lacks the 2 putative transmembrane do
mains and the DnaJ-like Cys-rich zinc finger domain of 
CmOR (Fig. 1D; Supplemental Fig. S3B). Quantitative reverse 
transcription PCR (RT-qPCR) analysis showed significantly 
lower expression levels of CmOr in low-β compared with 
CEZ in all tissues examined (Fig. 1E).

Proteome profile comparison between CEZ and 
low-β fruit
To identify the proteins that potentially participate in the 
CmOR-regulated chromoplast development and carotenoid 
accumulation, proteomic profiling of fruit at mature stage of 
CEZ and low-β was carried out using tandem mass tag (TMT) 
labeling combined with liquid chromatography-mass spec
trometry (LC-MS/MS) analysis. A total of 5,826 proteins 
were detected from 3 biological replicates of CEZ and 
low-β samples. Principal component (PC) analysis illustrated 
that the fruit samples contained a substantially different set 
of proteins in CEZ compared to low-β (Fig. 2A). Large num
bers of proteins with significantly different abundances 
were visualized in the volcano plot (Fig. 2B), showing a great 
effect of loss of functional CmOr on fruit proteome profile. 
Among them, 309 proteins were found to be differentially 
abundant with ≥1.5-fold change (P < 0.05). There were 183 
proteins that were significantly upregulated and 126 were 
downregulated in low-β vs CEZ (Fig. 2C; Supplemental Data 
Set 1).

To determine the biological relevance of the proteomic 
changes, Gene ontology enrichment analysis of these differ
entially abundant proteins at fruit maturity was carried out 
(Fig. 2D; Supplemental Data Set 2). Substantial enrichments 
in biological processes were those relevant to photosynthesis, 
light harvesting, and protein-chromophore linkage. The dif
ferentially expressed proteins were mainly localized in cellu
lar compartments of chloroplast thylakoid membrane. The 
enriched proteins were predominantly chlorophyll binding 
in molecular functions.

Among these differentially abundant proteins, those re
lated to metabolic pathways were most abundant based 
on Kyoto Encyclopedia of Genes and Genomes (KEGG) path
way analysis (Supplemental Fig. S4; Supplemental Data Set 3). 
Other groups were those associated with photosynthesis in
volved in photosystem and ATP synthase, followed by photo
synthesis antenna proteins and carbon fixation. Proteins 
involved in these processes in the KEGG analysis are indi
cated in Supplemental Fig. S5.

The loss of CmOR function in low-β did not greatly affect ca
rotenoid metabolic pathway gene expression (Supplemental 
Fig. S6) but caused dramatically reduced PSY protein level dur
ing fruit developmental stages (Chayut et al. 2017; Chayut et al. 
2021). At fruit mature stage, PSY protein accumulation in CEZ 
is also very low as in the low-β mutant (Chayut et al. 2017). 
Many proteins involved in the carotenoid metabolism pathway 
were identified in the proteomics study. Most of the identified 
pathway enzyme proteins showed different abundances 
(Fig. 2E).

Identification of FBN1 as a potential pigment 
sequestering protein in chromoplasts of melon fruit
Many proteins were substantially reduced in abundance in 
low-β mutant (Supplemental Data Set 1). The functional rela
tionships of these proteins to CmOR in carotenogenesis and 
chromoplast biogenesis remain to be elucidated. Among the 
top 10 downregulated proteins identified with lowest P values 
(Fig. 2F), MELO3C007423 that encodes a chromoplast-specific 
carotenoid-associated protein (CmFBN) stood out. This is be
cause that fibrillin has been shown to be involved in carotenoid 
sequestration within chromoplasts in pepper fruit and cucum
ber flowers (Deruere et al. 1994; Vishnevetsky et al. 1996).

FBNs are often present as a protein family, which are highly 
conserved and widely distributed in plants (Singh and 
McNellis 2011; Kim and Kim 2022). By homology search, 18 
potential CmFBNs were identified in the melon genome. 
Detailed analysis of these sequences for the conserved 
PAP_fibrillin domain revealed that 9 of them were true 
CmFBN proteins. A phylogenetic comparison of these 9 pro
tein sequences with Arabidopsis FBNs placed them in differ
ent clades (Fig. 3A) and enabled them naming based on their 
sequence similarities to Arabidopsis FBNs. Further phylogen
etic tree analysis of CmFBNs with FBN proteins from other 
plant species supported the fact that CmFNBs belonged to 
9 distinct clades out of the eleven plant FBN family clades 
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(Fig. 3B). MELO3C007423 cogrouped with those FNBs in 
clade 1, the group of FBNs associated with sequestration 
and storage of metabolites in plastids (Kim and Kim 2022), 
and therefore designated as CmFBN1. The others were highly 
divergent into other distinct clades (Fig. 3B). CmFBN1 shared 
sequence similarity (65.34% to 93.5%) with the chromoplast- 
specific carotenoid associated FBN proteins from bell pepper 
fruit and cucumber flower as well as an FBN protein in to
mato fruit (Fig. 3C).

The digital expression of these CmFBN genes in various tis
sues of melon plants was examined based on expression data 
from melon genomics database (http://cucurbitgenomics. 
org/organism/18). While 6 of the CmFBN genes had relatively 
consistent low expression in nearly all tissues, 3 of them 
showed high levels of expression in specific tissues 
(Fig. 3D). CmFBN3 is transcribed highly in roots and female 
flowers. CmFBN6 is mainly expressed in leaves. CmFBN1 is 
the only gene predominantly expressed in fruit as well as in 
male flowers (Fig. 3D). The expression pattern of CmFBN1 
was also confirmed by RT-qPCR (Fig. 3E). The high expression 
of CmFBN1 in fruit tissue suggests its possible role in the 
CmOR-regulated chromoplast development and carotenoid 
accumulation in melon fruit.

Characterization of CmFBN1 gene and protein
The CmFBN1 gene contains 3 exons (Fig. 4A) with 972 nu
cleotides and encodes 323 amino acids. While CEZ and 
low-β showed similar CmFBN1 gene expression in roots, 
stems, leaves, and flowers, significant gene expression differ
ence was observed in mature fruit by RT-qPCR analysis 

(Fig. 3E). To determine the developmental pattern of the 
CmFBN1 expression during fruit ripening, we analyzed its 
digital expression at different fruit developmental stages 
based on our previous transcriptome data (Chayut et al. 
2021). CmFBN1 has the same transcript level in CEZ and 
low-β fruit at 10, 20, and 30 days after pollination (DAP) 
stages, but exhibits a significantly higher gene expression le
vel in low-β than CEZ at the mature stage (Fig. 4B). 
Intriguingly, proteomic data revealed that CmFBN1 had a no
ticeably lower protein level in low-β than CEZ at the mature 
stage (Fig. 4C), suggesting a loss of stability of the CmFBN1 
protein without functional CmOR in low-β fruit.

The subcellular localization of CmFBN1 in plant cells was ex
amined. When CmFBN1-YFP fusion protein was expressed in 
Nicotiana benthamiana leaves, the YFP signal was found to lo
calize to the plastids in the epidermal cells (Fig. 4D). We also ex
amined the subcellular localization of CmOR and Cmor-lowβ. 
Both of them were located in the plastids of epidermal cells 
(Fig. 4D). Because Cmor-lowβ is truncated before its first trans
membrane domain, it is expected that the truncation does not 
affect the subcellular localization of Cmor-lowβ protein.

FBN1 homologs were reported to be localized in plastoglo
bules of chromoplasts (Zeng et al. 2015). To examine 
whether CmFBN1 was also localized in plastoglobules, 
CmFBN1-YFP and a plastoglobule fluorescent protein 
marker AtFBN4-mCherry constructs were coinfiltrated in 
N. benthamiana leaves. A high magnification of chloroplasts 
in the mesophyll cells revealed that CmFBN1 was colocalized 
with the plastoglobule marker protein (Fig. 4E), indicating 
that CmFBN1 was localized in plastoglobules. The CmOR- 

CEZ low-β

1 kba nonsense mutation

ATG TAA

5’ UTR 3’ UTR
CmOr

Cmor-lowβ
CmOr

TM1 TM2CmOR

Cmor-lowβ

DnaJ_zf Domain

C
E

Z
low
-β

b
b

b

c

a

de
d

de
e

de

0.20

0.10

0.15

0.05

0.00

Relative expression level
( CmOr/Actin )

β-
ca

ro
te

ne
le

ve
l

μg
 g

-1
FW

CEZ low-β

10

0

20

30

40

p 
< 

0.
00

1

A        B E 

C                                                                                                      

D    

Root

Stem

leaf

Flower

Fruit

Root

Stem

leaf

Flower

Fruit

Figure 1. Characteristics of the low-β mutant. A) Phenotypes of CEZ and low-β mutant fruit at the mature stage. Scale bar 3 cm. B) β-carotene level 
in the flesh of mature fruit. Data are means ± SD of 5 biological replicates. Significant difference with P < 0.001 was analyzed by Tukey’s test. C) Gene 
structure of CmOr and the nonsense mutation site in Cmor-lowβ. Exons are shown as black boxes. UTRs are shown as white boxes and introns are 
shown as lines. D) CmOR and Cmor-lowβ protein structures. Transmembrane domain (TM) and DnaJ zinc figure domain (DnaJ_zf domain). E) 
Expression level of CmOr in melon tissues by RT-qPCR. Data are means ± SE of 3 biological replicates. Different letters represent significant difference 
with P < 0.05, which was analyzed by Tukey’s test. FW, fresh weight.

646 | PLANT PHYSIOLOGY 2023: 193; 643–660                                                                                                                 Zhou et al.

D
ow

nloaded from
 https://academ

ic.oup.com
/plphys/article/193/1/643/7180263 by C

ornell U
niversity Library user on 04 O

ctober 2023

http://cucurbitgenomics.org/organism/18
http://cucurbitgenomics.org/organism/18


YFP signals appeared to be more uniformly distributed in 
chloroplasts (Fig. 4E).

CmFBN1 physically interacts with CmOR in plastids
In our previous study, we performed co-immunoprecipitation 
(co-IP) in conjunction with MS/MS analysis using proteins 
from Arabidopsis transgenic plants expressing OR-GFP to 
identify the OR-interacting proteins (Yuan et al. 2021). By 
searching the data, an Arabidopsis FBN protein was identified 
from the co-IP experiment, which guided us to investigate 
whether CmFBN1 physically interacts with CmOR to be in
volved in the CmOR-regulated β-carotene accumulation in 
chromoplasts in melon fruit.

We initially performed yeast 2-hybrid (Y2H) analysis. When 
CmOR-Nub and CmFBN1-Cub were coexpressed in yeast, 
yeast grew well on the selective medium (Fig. 5A). In contrast, 
little growth was observed when CmOR or CmFBN1 was co
expressed with empty vectors in the negative controls 
(Fig. 5A). We also investigated the interaction between 
CmFBN1 and Cmor-lowβ. The yeast growth was not ob
served in the selective medium (Fig. 5A), showing no inter
action between CmFBN1 and Cmor-lowβ. The interaction 
strength in yeast was quantified by β-galactosidase activity 
assay. While the negative controls showed low 
β-galactosidase activity, the interaction between CmOR 
and CmFBN1 gave significantly high activity (Fig. 5B).

Accession Protein Description -log10 (P)
MELO3C016716.2.1 Fiber protein Fb34
MELO3C015548.2.1 ARM repeat superfamily protein
MELO3C013467.2.1 Transmembrane 9 superfamily member
MELO3C010059.2.1 Zinc finger family protein
MELO3C024407.2.1 Charged multivesicular body 1
MELO3C015856.2.1 ELKS/Rab6-interacting/CAST family protein
MELO3C003114.2.1 Mitochondrial ATP synthase 6 kDa subunit
MELO3C024871.2.1 serine/threonine-protein phosphatase 4 regulatory subunit 2 isoform X1
MELO3C007423.2.1 chromoplast-specific carotenoid-associated protein, chromoplastic
MELO3C023644.2.1 subtilisin-like protease SBT3.17
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cates of CEZ and low-β. Results are presented based on correlation matrix in protein abundance. B) Volcano plot of proteins altered in low-β com
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To further confirm the interaction and observe the subcellu
lar location of the interaction, bimolecular fluorescence comple
mentation (BiFC) assay was performed. When CmOR-nYFP and 
CmFBN1-cYFP were coexpressed in N. benthamiana leaves, 
strong YFP signals were observed in the plastids of epidermal 

cells (Fig. 5C). In contrast, no signals were observed when 
Cmor-lowβ-nYFP and CmFBN1-cYFP were coexpressed 
(Fig. 5C), confirming no interaction between them as observed 
in Y2H. No signals were detected in the negative controls when 
CmOR-nYFP and cYFP vector only or nYFP only and 
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CmFBN1-cYFP were coexpressed (Supplemental Fig. S7). While 
CmFBN1 is the only CmFBN that expresses highly in fruit tissue 
(Fig. 3D), we also examined whether CmFBN2 and CmFBN3 that 
express highly in leaf and flower/root tissues, respectively, phys
ically interacted with CmOR by BiFC assay. No interactions were 
observed (Supplemental Fig. S8). Taken together, these data 
suggested that CmFBN1 and CmOR physically interact with 
each other in the plastids for carotenoid accumulation in melon 
fruit. In contrast, Cmor-lowβ lost the ability to interact with 
CmFBN1.

Noticeably when CmOR-nYFP and CmFBN1-cYFP inter
acted, strong YFP signals were localized in specific speckles 
in the epidermal cells (Fig. 5C), suggesting a plastoglobule lo
calization. Thus, we coexpressed CmOR-nYFP and CmFBN1-cYFP 

with the plastoglobule fluorescent protein marker AtFBN4- 
mCherry. As shown in Fig. 5, D to E, interaction between 
CmOR and CmFBN1 resulted in the YFP signals that were colo
calized with the plastoglobule marker protein in the chloro
plasts of mesophyll cells. A high magnification view clearly 
showed many plastoglobules as dots with overlapped signals 
in the chloroplasts (Fig. 5E). These results indicate that CmOR 
was localized in the plastoglobules of chloroplasts when 
CmFBN1 was present.

CmFBN1 enhances carotenoid accumulation in the 
ORHis calli
In order to investigate whether CmFBN1 has a role in the 
CmOR-regulated carotenoid accumulation, we first attempted 
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the virus-induced gene silencing of CmFBN1 in the CEZ melon 
fruit. The experiment was technically unsuccessful in our hands. 
We then performed the study by overexpression of CmFBN1 in 
the background of Arabidopsis Col-0 wild type and ORHis, an 
Arabidopsis transgene genetically mimicking CmOr to induce 
chromoplast biogenesis in callus cells (Yuan et al. 2015a, 
2015b). Three independent homozygous lines in each back
ground were obtained. Noticeably, CmFBN1 transgene had 
comparable expression levels in CmFBN1 ORHis #2 and #5 lines 
as in the CmFBN1 #1 line (Fig. 6A). We also examined OR ex
pression in these transgenic lines. While reduced expression 

of OR was observed in the CmFBN1 ORHis #1 and #5 lines, the 
other line #2 had similar OR expression level as the ORHis back
ground (Fig. 6B). As expected, the Col-0 control and CmFBN1 
lines in the Col-0 background had low transcript levels of OR 
(Fig. 6B).

Since the ORHis-induced chromoplast biogenesis in 
Arabidopsis is only observed in callus cells (Yuan et al. 
2015a) and callus is very responsive to increased carotenoid 
accumulation (Maass et al. 2009), we examined carotenoid 
accumulation in seed-derived calli from wild type control 
and those transgenic lines. The calli from the ORHis line 
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Figure 5. CmFBN1 physically interacts with CmOR in plastids. A) Y2H analysis. Yeast was spotted onto either nonselective drop-out medium without leu
cine and tryptophan (DDO) or selective medium lacking leucine, tryptophan, and histidine (TDO) plates with 1 mM 3-amino-1,2,4-triazole (3-AT) in a series 
of 10-fold dilutions. B) β-galactosidase activity. Bars represent the means ± SD calculated from 5 independent biological replicates with P < 0.05, which was 
analyzed by Tukey’s test. C) BiFC analysis of CmOR-CmFBN1 and Cmor-lowβ-CmFBN1 interactions in N. benthamiana leaf epidermal cells under confocal 
microscope. CmFBN1 was fused with the C-terminus of YFP, whereas CmOR and Cmor-lowβ were fused with the N-terminus of YFP. Inset represents an 
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showed a distinct orange color in comparison with those 
from Col-0 wild type control (Fig. 6C). The 3 CmFBN1 ORHis 

lines gave a more intense orange color than the ORHis line, 
while the 3 CmFBN1 lines in Col-0 background showed simi
lar callus color as the wild type control (Fig. 6C). As a result, 
up to 2.71-fold higher level of β-carotene was detected in the 
CmFBN1 ORHis lines than the ORHis line (Fig. 6D). The 
CmFBN1 ORHis lines also produced up to 2.46- and 
1.73-fold higher amounts of α-carotene and total carotenoids 
than the ORHis line, respectively (Fig. 6, E and F) with a similar 
level of lutein (Supplemental Fig. S9). The individual and total 
carotenoid content were found no significant differences be
tween Col-0 control and the CmFBN1 lines (Fig. 6, D to F). No 
consistently significant increase in the expression of carote
nogenic genes was observed following the CmFBN1 expres
sion among those CmFBN1 ORHis transgenic lines in 
comparison to Col-0 and ORHis (Supplemental Fig. S10). 
Since the ORHis line induces chromoplast formation in the 
calli whereas the Col-0 wild type control does not 

(Yuan et al. 2015a), these results showed that CmFBN1 fur
ther enhanced the ORHis-regulated carotenoid accumulation 
in the presence of chromoplasts, but exhibited no dramatic 
effect on carotenoid accumulation by itself in the absence 
of chromoplast development.

We also examined the levels of other isoprenoid compounds, 
i.e. ubiquinone-10, α-tocopherol, and δ-tocopherol in the calli 
of these transgenic lines. No consistently significant changes 
in these metabolites were observed among wild type, ORHis, 
CmFBN1 ORHis, and CmFBN1 lines (Supplemental Fig. S11).

Plastoglobule proliferation in the CmFBN1  
ORHis lines
To examine the effects of CmFBN1 expression on carotenoid 
accumulation structures in the CmFBN1 ORHis lines, the callus 
cells from wild type control and the various transgenic lines 
were first digested using protoplast-releasing enzymes and 
observed under the light microscope. No orange objectives 
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Figure 6. Coexpression of CmFBN1 and ORHis that genetically mimics CmOr enhances carotenoid accumulation in Arabidopsis calli. A) Relative 
expression level of CmFBN1 in Col-0 and transgenic lines by RT-qPCR. B) Relative expression level of OR in Col-0 and transgenic lines by 
RT-qPCR. C) Phenotypes of calli from various lines. D) β-carotene level. E) α-carotene level. F) Total carotenoid level. Carotenoid levels in calli 
were determined by UPC2. Results for all bar figures are means ± SEM from 3 biological replicates. Different letters represent significant difference 
with P < 0.05, which was analyzed by Tukey’s test. FW, fresh weight.
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were observed in Col-0 wild type control as well as in the 
CmFBN1 only transgenic lines (Fig. 7A). While the ORHis 

line had a few relatively large circle-shaped orange objectives 
as large chromoplasts as shown previously (Sun et al. 2020b), 
the CmFBN1 ORHis lines produced many smaller dot orange 
structures (Fig. 7A), showing alteration of the carotenoid ac
cumulating structures when CmFBN1 was coexpressed with 
ORHis.

To examine whether CmFBN1 promoted plastoglobule 
proliferation for carotenoid accumulation in the CmFBN1 
ORHis lines, plastid ultrastructures in the callus cells of 
Col-0, CmFBN1, ORHis, and CmFBN1 ORHis lines were analyzed 
by transmission electron microscopy (TEM). As shown in 
Fig. 7B, plastids or leucoplasts were observed in the callus 
cells of Col-0. When CmFBN1 was expressed by itself, there 
was no great difference in plastid morphology in the callus 
cells from CmFBN1 and Col-0. The ORHis callus cells had plas
tids with membrane structures, consistent with previous ob
servations of membranous chromoplasts (Yuan et al. 2015a). 
However, the CmFBN1 ORHis callus cells harbored morpho
logically different plastids from the ORHis calli. Plastids from 
CmFBN1 ORHis samples clearly contained many plastoglo
bules with high electron density (Fig. 7B).

We next counted the number of plastoglobules in the plas
tids from the callus cells of Col-0, CmFBN1, ORHis, and 
CmFBN1 ORHis. Col-0 had an average of 0.83 plastoglobules 
per plastid. CmFBN1 and ORHis contained an average of 
0.33 and 0.67 plastoglobules per plastid, respectively. In con
trast, the CmFBN1 ORHis samples contained an average of 
12.75 plastoglobules per plastid (Fig. 7C), suggesting that 
CmFBN1 facilitates plastoglobule proliferation. Notably, al
though ORHis calli contained similar numbers of plastoglo
bules as Col-0 and CmFBN1 calli, ORHis calli harbored 
membrane chromoplasts for higher total carotenoid levels 
than Col-0 and CmFBN1 calli with leucoplasts (Fig. 6). The ex
pression of CmFBN1 in the ORHis background changed the 
chromoplast type from membranous chromoplasts in the 
ORHis calli to globular chromoplasts in the CmFBN1 ORHis 

samples (Fig. 7B).

CmFBN1 protein level is stabilized by OR
Although CmFBN1 expressed higher in low-β than CEZ at ma
ture stage, its protein level was lower in low-β (Fig. 4B and C), 
suggesting a requirement of CmOR for CmFBN1 protein sta
bility. CmOR has been shown to stabilize PSY protein for ca
rotenoid biosynthesis in melon fruit (Chayut et al. 2017). To 
examine whether CmOR was also able to stabilize CmFBN1 
protein level in stimulating plastoglobule proliferation for 
carotenoid accumulation, we examined CmFBN1 protein le
vel either in Col-0 or ORHis background by western blot ana
lysis. As shown in Fig. 8A, much stronger protein bands of 
CmFBN1 were observed in the calli of the 3 CmFBN1 ORHis 

lines than the 3 CmFBN1 lines in Col-0 background. 
Relative quantification of the band intensity showed a signifi
cantly higher abundance of CmFBN1 protein for those 
CmFBN1 ORHis lines than in the 3 CmFBN1 lines (Fig. 8B). 

While 2 of the CmFBN1 lines (#6 and #8) had lower 
CmFBN1 expression, the #1 line exhibited comparable expres
sion level as 2 of the CmFBN1 ORHis lines (Fig. 6A). Thus, the 
high CmFBN1 protein levels in the CmFBN1 ORHis lines were 
caused by the OR-enhanced CmFBN1 stability, not by high 
CmFBN1 expression.

CmFBN1 protein accumulates in the 
plastoglobule-enriched fraction
To further investigate the role of CmFBN1 in stimulating 
ORHis-triggered carotenoid accumulation in plastoglobules, 
subplastidial fractionation by sucrose gradient ultracentrifu
gation was conducted with the callus samples from Col-0, 
CmFBN1, ORHis, and CmFBN1 ORHis lines (Fig. 8C). 
Plastoglobules are lipoprotein particles, which are known 
to float on the top of the gradient (Nogueira et al. 2013; 
Morelli et al. 2022). Western blot analysis of CmFBN1-myc 
tagged proteins in the top plastoglobule fraction and the 
middle orange pigment containing fraction was carried out. 
A very low level of CmFBN1 proteins was detected in the 
top plastoglobule fraction of the callus samples from 
CmFBN1 lines in Col-0 wild type background (Fig. 8D). In con
trast, CmFBN1 proteins presented at high abundance in the 
top plastoglobule fraction from calli of CmFBN1 ORHis 

(Fig. 8D), consistent with high total CmFBN1 protein levels 
in the CmFBN1 ORHis lines in comparison with CmFBN1 
only transgenic lines (Fig. 8A). No CmFBN1 proteins were de
tected in the orange pigment containing the middle fraction 
of both samples (Fig. 8D). This data ascertains that CmFBN1 
protein accumulates in the plastoglobules of ORHis-induced 
chromoplasts.

The carotenoid levels in these 2 fractions were also ana
lyzed by ultraperformance convergence chromatography 
(UPC2). The top plastoglobule fraction from calli of Col-0 
and CmFBN1 lines contained negligible amounts of carote
noids. The plastoglobule fraction from calli of ORHis had 
high level of total carotenoids, but was over 3-fold lower 
than that from calli of CmFBN1 ORHis (Fig. 8E). Visible differ
ence in carotenoid color can be clearly seen in the plastoglo
bule fraction of ORHis and of CmFBN1 ORHis samples (Fig. 8C
enlarged section). In the middle orange pigment containing 
fraction, the samples of ORHis also had lower total carote
noids than CmFBN1 ORHis. The carotenoid compositions in 
calli of ORHis and CmFBN1 ORHis as well as in the top and mid
dle fractions were similar, although phytoene was detected in 
higher abundance in the top plastoglobule fraction from the 
calli of CmFBN1 ORHis than the other samples. In melon fruit 
samples, plastoglobules are also more abundant in CEZ fruit 
compared to low-β fruit (Supplemental Fig. S12).

Discussion
Carotenoid accumulation in chromoplasts involves the for
mation of pigment lipoprotein sequestering substructures, 
which not only enable stable storage but also stimulate 
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biosynthesis (Li and Yuan 2013; Sun et al. 2018; Sun et al. 
2022a). Plastoglobules are carotenoid sequestering substruc
tures and are abundant in globular chromoplasts (Morelli 
et al. 2022). While FBN1 homologs are known to be localized 
in plastoglobules and to promote carotenoid accumulation, 
sound experimental data connecting these 2 observations 
with causality is missing. Melon orange flesh fruit contains 
globular chromoplasts (Jeffery et al. 2012). Here, we showed 
that CmFBN1 physically interacted with CmOR in plastoglo
bules. Such an interaction stabilizes CmFBN1 protein to 
stimulate plastoglobule proliferation and enhance 
OR-triggered carotenoid accumulation in chromoplasts.

Proteome profiling identifies CmFBN1 involved in 
CmOR-regulated carotenoid accumulation in 
chromoplasts
CmOR acquired a specific function to induce chromoplast 
formation for high levels of β-carotene accumulation, giving 
melon fruit an orange flesh color (Tzuri et al. 2015; 

Chayut et al. 2017). CmOR represents a bona fide molecular 
switch of chromoplast formation for carotenoid accumula
tion. Melon varieties CEZ and low-β are isogenic lines with 
CEZ containing functional CmOR to promote chromoplast 
biogenesis and low-β having a truncated, malfunctional 
CmOR with impaired chromoplast formation (Chayut et al. 
2017). Thus, they provide excellent genetic resources to iden
tify genes and proteins associated with the CmOR-controlled 
chromoplast development and carotenoid accumulation. By 
using comparative proteomic analysis, we identified CmFBN1 
among the top differentially expressed proteins in the 
mature fruit.

FBN1 is the most abundant protein involved in carotenoid 
sequestration and accumulation in fibrillar chromoplasts of 
pepper fruit and cucumber flowers (Vishnevetsky et al. 
1996; Pozueta-Romero et al. 1997; Wang et al. 2013). FBN 
homologs are also found in other kinds of chromoplasts 
from other fruits and flowers as well as in other types of plas
tids in plant tissues (Singh and McNellis 2011; Kim and Kim 
2022). Among 9 members of the CmFBN gene family, 
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Figure 7. Microscopic analysis of callus cells from various lines. A) Phenotypes of protoplasts from calli of Col-0 wild type, CmFBN1, ORHis, and 
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(PGs) are clearly seen in the sample of CmFBN1 ORHis. Scale bar = 200 nm. C) Number of PG per plastid, counting from TEM images (n = 8 to 12). Box 
plots are used to show the distributions of data points. The lines in the box (from right to left) indicate the maximum, upper quartile, mean, lower 
quartile, and minimum. Different letters represent significant difference with P < 0.001, which was analyzed by Tukey’s test.
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CmFBN1 is the only gene expressed highly in fruit tissue, sug
gesting its specific role in carotenoid accumulation in melon 
fruit. CmFBN1 protein level was lower in low-β than CEZ at 
mature stage (Fig. 4C), while its gene expression was higher 
in low-β fruit (Fig. 4B). The high gene expression but low pro
tein level suggests reduced stability of CmFBN1 protein in the 
absence of functional CmOR in low-β.

CmFBN1 physically interacts with CmOR to enhance 
its protein stability and exert its function
OR serves as a multifunctional protein for plastid develop
ment and carotenoid accumulation (Sun et al. 2022a). OR 
was found to directly interact with and stabilize a few plasti
dial proteins in plants (Chayut et al. 2017; Kang et al. 2017; 
Yuan et al. 2021; Sun et al. 2023). In addition, ORHis interferes 
with the association of plastid division proteins to regulate 

chromoplast division (Sun et al. 2020b). CmOR interacts 
with and stabilizes CmPSY1, and loss of CmOR function re
sults in very low levels of PSY and carotenoid accumulation 
in low-β (Chayut et al. 2017). Interestingly, we found here 
that CmFBN1 also physically interacted with CmOR 
(Fig. 5). Furthermore, the CmFBN1 protein level was much 
higher in the ORHis background than in the control 
(Fig. 8A), showing the role of OR in stabilizing CmFBN1 
and consisting with its chaperone function in enhancing its 
interacting protein stability.

FBNs were reported to interact with several proteins and 
their interaction partners define their functions (Singh and 
McNellis 2011; Kim and Kim 2022). AtFBN1a and AtFBN1b 
interact with starch synthase 4 to initiate starch granule forma
tion at the specific region of the thylakoid membrane adjacent 
to plastoglobules in Arabidopsis (Gamez-Arjona et al. 2014). 
AtFBN5 physically associates with solanesyl diphosphate 
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Figure 8. Analysis of total CmFBN1 protein level and subplastidal fractionation of CmFBN1 from callus samples of CmFBN1 ORHis and CmFBN1 
transgenic lines. A) Western blot analysis of CmFBN1 protein levels in calli of various lines. Actin bands show protein loading. B) Relative 
CmFBN1 protein levels were determined by measuring the band density of western blot images using ImageJ software and normalizing to actin 
from 3 independent biological replicates. Data are means ± SD of 3 biological replicates, which was analyzed by Tukey’s test (P < 0.05). C) 
Sucrose gradient fractionation of the subchromoplast components from calli of various lines. The top box shows the plastoglobule (PG) fraction 
including enlarged section. D) Western blot analysis of CmFBN1 protein levels in the PG and orange pigment containing middle (Middle) fractions of 
C from CmFBN1 and CmFBN1 ORHis transgenic lines. E) Carotenoid levels of PG and Middle fractions of C) from calli of various lines. Data are means  
± SD of 3 biological replicates, which was analyzed by Tukey’s test (P < 0.05).
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synthase 1 and 2 for the synthesis of the lipid tail of 
plastoquinone-9 in chloroplasts (Kim et al. 2015). AtFBN1/2 
binds to allene oxide synthase to mediate jasmonate- 
modulated anthocyanin accumulation (Torres-Romero et al. 
2022). The direct interaction of CmFBN1 with CmOR positions 
its function in association with the CmOR-regulated chromo
plast development and carotenoid accumulation in melon 
fruit.

CmFBN1 functions in the CmOR-regulated 
chromoplast development and carotenoid 
accumulation
CmOr and its genetic mimic ORHis are known to regulate 
chromoplast formation (Tzuri et al. 2015; Yuan et al. 2015a; 
Chayut et al. 2017; Yazdani et al. 2019). Previously, we have 
established an Arabidopsis callus system with chromoplast 
development program by expression of ORHis to investigate 
genes/proteins that are involved with chromoplast develop
ment and carotenoid accumulation (Yuan et al. 2015a). By 
using this system, we have defined the functional roles of 
plastid division factors on chromoplast division and caroten
oid accumulation (Sun et al. 2020b).

CmFBN1 overexpression in the wild type Col-0 background 
showed minimal effect on carotenoid accumulation. 
However, when CmFBN1 was expressed in the Arabidopsis 
ORHis line, it significantly enhanced carotenoid levels in the 
calli (Fig. 6), a tissue where carotenoid accumulation is posi
tively associated with the factors affecting this process (Bai 
et al. 2014; Schaub et al. 2018). These results support the 
function of CmFBN1 in the CmOR-regulated carotenoid ac
cumulation in chromoplasts.

Overexpression of a pepper FBN1 causes a 2-fold increase of 
carotenoid content in tomato fruit under a chromoplast devel
opment program (Simkin et al. 2007). Suppression of tomato 
FBN1 expression by RNAi results in 30% reduction of carote
noids in transgenic tomato flowers (Leitner-Dagan et al. 
2006). In tomato high-pigment1 fruit at red ripe stage, FBN ex
pression is increased and believed to contribute to the en
hanced carotenoid content by sequestrating and stabilizing 
carotenoids in chromoplasts (Kilambi et al. 2013). Similarly, 
FBN protein levels increase with enhanced carotenoid accumu
lation when leaf chloroplasts were artificially differentiated into 
leaf chromoplasts (Llorente et al. 2020; Morelli et al. 2022). Our 
study along with these reports substantiates the role of FBNs in 
carotenoid accumulation in chromoplasts.

CmFBN1 promotes carotenoid accumulation via 
stimulating plastoglobule proliferation in 
chromoplasts
FBNs are involved in the formation of plastid lipoprotein 
structures and represent abundant proteins in plastoglobules 
(Singh and McNellis 2011; Kim and Kim 2022). Plastoglobules 
are abundant in globular chromoplasts to sequester and 
store carotenoids (Nogueira et al. 2013; Morelli et al. 2022). 
When CmFBN1-cYFP and CmOR-nYFP interacted, the 

interaction signals were localized in plastoglobules (Fig. 5). 
Interestingly, while ORHis by itself induced the formation of 
membranous chromoplasts in the callus cells (Yuan et al. 
2015a), CmFBN1 altered the plastid ultrastructure in the 
ORHis background. Many plastoglobules with high electron 
density as shown in other studies (Nogueira et al. 2013; 
Morelli et al. 2022) were clearly observed in the callus cells 
of the CmFBN1 ORHis lines in comparison with the ORHis lines 
(Fig. 7), showing that CmFBN1 facilitated plastoglobule pro
liferation. Moreover, CmFBN1 protein presented abundantly 
in the plastoglobule-enriched fraction following sucrose gra
dient ultracentrifugation of plastids from callus cells of the 
CmFBN1 ORHis lines (Fig. 8). This further documents the 
role of OR in promoting CmFBN1 accumulation and con
firms CmFBN1 function in promoting plastoglobule prolifer
ation in chromoplasts. The observed plastoglobule 
proliferation in the plastids of CmFBN1 ORHis callus cells 
was also found in the crtB-induced leaf chromoplasts, where 
FBN1 protein levels are enhanced (Llorente et al. 2020; 
Morelli et al. 2022).

Plastoglobules are known to be the site for carotenoid se
questration and accumulation in globular chromoplasts. 
Melon fruit contains globular chromoplasts (Jeffery et al. 
2012), which are characterized by abundant plastoglobules 
(Sun et al. 2018; Hermanns et al. 2020). Thus, CmFBN1 likely 
plays an important role in the CmOR-induced chromoplast de
velopment and β-carotene accumulation in melon fruit. The 
model of CmFBN1 participating in carotenoid accumulation 
in chromoplasts is shown in Fig. 9. The demonstration of 
CmFBN1 in promoting carotenoid accumulation in a cell with 
chromoplast development program suggests the potential of 
FBN1 gene to serve as a genetic target in association with 
chromoplast development for carotenoid enrichment in crops.

Materials and methods
Melon plant materials
The melon (C. melo) varieties used in this study were CEZ with 
orange fleshed fruit and the low-β mutant, an EMS-mutated 
CEZ isogenic line with light green fleshed fruit (Chayut et al. 
2017; Chayut et al. 2021). They were grown either in the field 
or in a greenhouse with a 14-h light and 10-h dark. Four fruits 
from 4 plants of each genotype were harvested at mature 
stage. The root, stem, leaf, flower, and flesh tissues were frozen 
immediately and stored at −80 °C until use.

Metabolite determination
Total carotenoids from frozen samples (0.2 g) were extracted 
according to the method as described (Cao et al. 2019). 
The extracted pigments were analyzed using UPC2 as de
tailed previously (Yazdani et al. 2019; Sun et al. 2021). 
Quantification was performed using commercial 
β-carotene as the calibration standard. Tocopherols and 
ubiquinone-10 from 4-week-old Arabidopsis (A. thaliana) 
calli (100 mg) were extracted in 1 mL of hexane: methanol: 
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acetone (2:1:1; v/v/v). The metabolites were separated on a 
C18 column (Acquity BEH Shield RP18 1.7 µm 2.1 ×  
100 mm) using an Acquity UPLC system (Waters, USA). 
Identification and quantification of metabolites were 
achieved by comparing the retention time and absorption 
spectra with authentic standards and by using external 
standard calibration curves.

Proteomic analysis
Total proteins from fruit of CEZ and low-β mutant at mature 
stage with 3 biological replicates were extracted as described 
previously (Yang et al. 2007). Proteins (50 µg) from each sam
ple were digested, labeled using Tandem Mass Tag (TMT) 
10-plex reagents, fractionated, and subjected to mass spec
trometer analysis. The mass spectrometry proteomics data 
were deposited to the ProteomeXchange Consortium via 
the PRIDE partner repository with the dataset identifier 
PXD033294 and 10.6019/PXD033294. The detailed method 
for the proteomic analysis can be found in Methods S1.

Gene expression analysis
Total RNA extraction and RT-qPCR analysis were performed 
as detailed previously (Chayut et al. 2021). For digital expres
sion of CmFBN genes, RPKM values were obtained from on
line melon RNA-Seq data (http://cucurbitgenomics.org/ 
organism/18).

Subcellular localization
CmFBN1, CmOr, and Cmor-lowβ without stop codons were 
amplified using gene-specific primers (Supplemental Table S1) 

and cloned into pGWB541 vector to produce YFP fusion protein 
constructs. AtFBN4 as a plastoglobule marker was cloned 
into pPZP-Bar-mCherry vector to produce AtFBN4- 
mCherry fusion protein construct. The CmFBN1, CmOr, and 
Cmor-lowβ constructs were infiltrated individually or coinfil
trated with AtFBN4-mCherry construct into 4-week-old 
N. benthamiana leaves. Three days after infiltration, the in
filtrated leaves were examined under Leica TCS SP5 Laser 
Scanning Confocal Microscope (Leica Microsystems, 
Exton, PA, USA) as detailed (Sun et al. 2020a). For the detec
tion of the YFP and chlorophyll fluorescence, excitation 
light wavelength was set at 488 nm and emission filter 
was at 520 to 560 nm for YFP and at 620 to 680 nm for 
chlorophyll.

Y2H analysis
Y2H analysis was carried out utilizing the split ubiquitin sys
tem as detailed (Sun et al. 2022b). CmFBN1, CmOr, and 
Cmor-lowβ without the transit peptide coding sequences 
and stop codons were amplified using gene-specific primers 
(Supplemental Table S1) and inserted separately into the 
pMetYc vector to produce CmOr-Cub and Cmor-lowβ-Cub 
plasmids and into pNX33 vector to generate CmFBN1-Nub 
plasmid. The paired Nub and Cub plasmids were cotrans
formed into yeast (Saccharomyces cerevisiae) strain 
THY.AP4 and plated out with 5- to 10-fold dilutions on either 
nonselection DDO (-Leu/-Trp) or selection TDO 
(-Leu/-Trp/-His) medium with 1 mM 3-AT. To quantify the 
interaction strength, the β-galactosidase activity assay was 
performed as detailed (Yuan et al. 2021).
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Figure 9. Model of CmFBN1 in the CmOR-regulated β-carotene accumulation in melon fruit. In CEZ orange variety, CmFBN1 physically interacts 
with CmOR, which stabilizes CmFBN1 protein. The enhanced CmFBN1 protein level stimulates plastoglobule proliferation in chromoplasts to 
facilitate the CmOR-regulated carotenoid accumulation to give orange flesh fruit. In low-β mutant, the lack of functional CmOR impairs its 
interaction with CmFBN1, resulting in low stability of CmFBN1 and plastoglobule proliferation with low level of β-carotene accumulation.
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Bimolecular fluorescence complementation (BiFC)
Melon CmFBN1 and Cmor-lowβ CDS without stop codons 
were amplified from CEZ and low-β fruit cDNA, respectively, 
using gene specific primers (Supplemental Table S1) and 
ligated into pDONR207 vector. They were subcloned into 
pSITE-cEYFP-N1 vector to produce CmFBN1-cEYFP and 
Cmor-lowβ-nEYFP constructs. The CmOR-nYFP plasmid was 
generated previously (Chayut et al. 2021). A pair of BiFC con
structs along with controls or AtFBN4-mCherry construct was 
coinfiltrated into 4-week-old N. benthamiana leaves and the 
fluorescence images were captured as described (Sun et al. 
2022b). For the detection of the YFP and chlorophyll fluores
cence, excitation light wavelength was set at 488 nm and 
emission filter was at 520 to 560 nm for YFP and at 620 to 
680 nm for chlorophyll.

Generation of transgenic CmFBN1 lines in 
Arabidopsis and seed-derived callus induction
To generate CmFBN1 transgenic overexpression lines in 
Arabidopsis, CmFBN1 CDS without stop codon was amplified 
from CEZ melon fruit using primers (Supplemental Table S1) 
and cloned into the binary vector pGWB17. The construct 
was transformed into Arabidopsis wild type (Col-0) and 
the ORHis overexpression transgenic plants generated previ
ously (Yuan et al. 2015a). Western blot analysis with 
anti-Myc antibody (Sigma-Aldrich) was used to identify 
CmFBN1 overexpression transgenic lines. The Arabidopsis 
seed-derived calli were induced following the protocol as de
scribed (Yuan et al. 2015a).

Western blot analysis
Total proteins from leaf and callus tissue of Col-0 and trans
genic lines were extracted and used for western blot analysis 
following the methods as described (Sun et al. 2020b). 
Proteins (30 μg) were separated on 12% (v/v) sodium dode
cyl-sulfate polyacrylamide gel electrophoresis (SDS-PAGE) 
gel, probed, and detected using a WesternBright ECL kit 
(LPS Cat# K-12045-D20). For loading control, the membrane 
was stripped using a stripping buffer (Welsch et al. 2018) and 
reprobed with anti-Actin antibody (Sigma). The western blot 
bands from 3 biological replicate membranes were quantified 
using ImageJ software.

Microscopy analysis
For light microscopic observation, protoplasts from calli were 
isolated following the method as previously described (Sun 
et al. 2020b). In brief, 4-week-old calli were digested in an en
zyme solution for 6 h in darkness with gentle shaking. The di
gested samples were loaded onto well slides and observed 
under a bright field using a DM5500 microscope (Leica).

For TEM analysis, Arabidopsis calli of Col-0, CmFBN1, ORHis, 
and CmFBN1 ORHis were collected, fixed, embedded, and sec
tioned following the protocol as described (Sun et al. 2019). 
The resulting sections were viewed under a transmission electron 

microscope at Cornell Center for Materials Research (https:// 
www.ccmr.cornell.edu/transmission-electron-microscopy/).

Subplastidial fractionation by sucrose gradient 
ultracentrifugation
Subplastidial fractionation by sucrose gradient ultracentrifuga
tion was performed as reported (Nogueira et al. 2013). Briefly, 
4-week-old calli (10 g) from Col-0, CmFBN1, ORHis, and 
CmFBN1 ORHis lines were ground in the extraction buffer 
(0.4 M sucrose, 50 mM Tris, pH 7.8, 1 mM EDTA, and 1 mM 

DTT). The homogenates were filtered and centrifuged at 
5,000 g for 10 min. Pellets were resuspended in 3 mL of 45% 
(w/v) sucrose buffer, manually homogenized, and overlaid 
with a discontinuous sucrose gradient consisting of 2 mL of 
38% (w/v), 2 mL of 20% (w/v), 2 mL of 15% (w/v), and 2 mL 
of 5% (w/v) sucrose buffer. The samples were centrifuged at 
28,000 g for 8 h at 4 °C. The top fraction (2 mL) and the middle 
orange color fraction (2 mL) were collected and used for carot
enoid analysis by UPC2 and western blot analysis after extrac
tion of proteins according to Nogueira et al. (2013).

Bioinformatics analysis
All statistical analyses were undertaken using Microsoft Excel 
software. For selection of proteins with different abundances 
between CEZ and low-β mutant fruit, the criteria of fold 
change > 1.5 or < 0.67 (P-value < 0.05) cut-off were used.

Phylogenetic trees were constructed using Molecular 
Evolutionary Genetics Analysis version 5.0 software with 
1,000 bootstrap replicates and neighbor-joining methods. 
The full-length protein sequences were aligned using Clustal 
X 2.1 software (Larkin et al. 2007). Heatmap was generated 
using software OriginPro 2021 (https://www.originlab.com/). 
Protein pathway analysis was carried out using KEGG (http:// 
www.genome.jp/kegg/). Volcano plot and PC analysis were pre
pared using OriginPro 2021 (https://www.originlab.com/).

Accession numbers
Sequence data from this article can be found in the 
GenBank/EMBL data libraries under accession numbers 
CmFBN1 (XP_008440050) and CmOR (XP_008467325).
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