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Abstract
Carotenoids, such as β-carotene, accumulate in chromoplasts of various fleshy fruits, awarding them with colors,
aromas, and nutrients. The Orange (CmOr) gene controls β-carotene accumulation in melon fruit by posttranslationally
enhancing carotenogenesis and repressing β-carotene turnover in chromoplasts. Carotenoid isomerase (CRTISO)
isomerizes yellow prolycopene into red lycopene, a prerequisite for further metabolism into β-carotene. We
comparatively analyzed the developing fruit transcriptomes of orange-colored melon and its two isogenic EMS-
induced mutants, low-β (Cmor) and yofi (Cmcrtiso). The Cmor mutation in low-β caused a major transcriptomic change
in the mature fruit. In contrast, the Cmcrtiso mutation in yofi significantly changed the transcriptome only in early fruit
developmental stages. These findings indicate that melon fruit transcriptome is primarily altered by changes in
carotenoid metabolic flux and plastid conversion, but minimally by carotenoid composition in the ripe fruit. Clustering
of the differentially expressed genes into functional groups revealed an association between fruit carotenoid
metabolic flux with the maintenance of the photosynthetic apparatus in fruit chloroplasts. Moreover, large numbers of
thylakoid localized photosynthetic genes were differentially expressed in low-β. CmOR family proteins were found to
physically interact with light-harvesting chlorophyll a–b binding proteins, suggesting a new role of CmOR for
chloroplast maintenance in melon fruit. This study brings more insights into the cellular and metabolic processes
associated with fruit carotenoid accumulation in melon fruit and reveals a new maintenance mechanism of the
photosynthetic apparatus for plastid development.

Introduction
Carotenoids fulfill diverse biological functions in

plants1–3. They are essential for plants due to their roles in
photosynthesis and photoprotection. In chloroplasts,
carotenoids facilitate light absorption in the blue-green
light spectrum and protect antenna complexes from
photooxidation4. Carotenoids also serve as precursors for

phytohormone strigolactone and abscisic acid biosynth-
esis5,6. In chromoplasts of fruits and flowers of numerous
species, carotenoids serve as pigments to attract pollina-
tors and seed dispersers7,8. In edible fleshy fruits such as
watermelons, melons, and tomatoes, carotenoid volatile
derivatives influence fruit aroma and flavor9,10. Moreover,
carotenoids are critically important for human nutrition
and health in providing provitamin A and antioxidants.
Carotenoids are synthesized in plant plastids11. The first

committed step in the carotenoid biosynthetic pathway is
the condensation of two geranylgeranyl diphosphate mole-
cules into phytoene by phytoene synthase (PSY) (Fig. 1a).
PSY protein level and activity are regulated

© The Author(s) 2021
OpenAccessThis article is licensedunder aCreativeCommonsAttribution 4.0 International License,whichpermits use, sharing, adaptation, distribution and reproduction
in any medium or format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, and indicate if

changesweremade. The images or other third partymaterial in this article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to thematerial. If
material is not included in the article’s Creative Commons license and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

Correspondence: Yaakov Tadmor (tadmory@agri.gov.il) or Li Li (ll37@cornell.
edu)
1Department of Vegetable Research, ARO, Newe Ya’ar Research Center, P.
O. Box 1021, Ramat Yishay 30095, Israel
2Robert W. Holley Center for Agriculture and Health, USDA-Agricultural
Research Service, Cornell University, Ithaca, NY 14853, USA
Full list of author information is available at the end of the article

12
34

56
78

90
()
:,;

12
34

56
78

90
()
:,;

1
2
3
4
5
6
7
8
9
0
()
:,;

12
34

56
78

90
()
:,;

D
ow

nloaded from
 https://academ

ic.oup.com
/hr/article/doi/10.1038/s41438-021-00547-6/6446687 by guest on 07 August 2026

www.nature.com/hortres
http://orcid.org/0000-0002-2513-1387
http://orcid.org/0000-0002-2513-1387
http://orcid.org/0000-0002-2513-1387
http://orcid.org/0000-0002-2513-1387
http://orcid.org/0000-0002-2513-1387
http://orcid.org/0000-0001-6821-4409
http://orcid.org/0000-0001-6821-4409
http://orcid.org/0000-0001-6821-4409
http://orcid.org/0000-0001-6821-4409
http://orcid.org/0000-0001-6821-4409
http://orcid.org/0000-0001-9684-1450
http://orcid.org/0000-0001-9684-1450
http://orcid.org/0000-0001-9684-1450
http://orcid.org/0000-0001-9684-1450
http://orcid.org/0000-0001-9684-1450
http://orcid.org/0000-0002-4352-4061
http://orcid.org/0000-0002-4352-4061
http://orcid.org/0000-0002-4352-4061
http://orcid.org/0000-0002-4352-4061
http://orcid.org/0000-0002-4352-4061
http://creativecommons.org/licenses/by/4.0/
mailto:tadmory@agri.gov.il
mailto:ll37@cornell.edu
mailto:ll37@cornell.edu


posttranslationally by the Orange protein (OR)12, a DnaJE1
family chaperone protein3. The non-colored cis-configured
phytoene is desaturated and isomerized in a series of enzy-
matic reactions to yield 7,9,7′,9′-tetra-cis-lycopene (proly-
copene). Carotenoid isomerase (CRTISO) converts the
yellow colored prolycopene into the red colored all-trans
lycopene13,14 (Fig. 1a). All-trans lycopene is the substrate for
lycopene β- and ε-ring cyclases to yield β-carotene and α-
carotene in the subsequent two branches of the metabolic
pathway. Alpha-carotene is converted into lutein, the most
abundant photosynthetic carotenoid, while β-carotene is
hydroxylated to form various other xanthophylls15. Car-
otenes and xanthophylls can be further cleaved by car-
otenoid cleavage dioxygenase enzymes to produce various
apocarotenoids including volatiles and scent molecules or
phytohormones ABA and strigolactones15.
Carotenoid content and composition define the fruit

mesocarp color of melon (Cucumis melo)16. The CmOr
gene with a “golden” SNP as a dominant allele controls the
accumulation of β-carotene, the predominant carotenoid
in orange-fleshed melon fruit varieties17,18. CmOr was
shown to possess two functional roles in melon fruit: it
enhances carotenoid metabolic flux by posttranslational
regulation of PSY1, and induces chromoplast formation
with arrested β-carotene turnover in orange-fleshed fruit
(Fig. 1a)19. PSY1 is similarly upregulated by both dominant
and recessive allele products of CmOr gene, enabling
similar carotenoid metabolic flux in developing fruit irre-
spective to final β-carotene accumulation19,20.
Mutant libraries with loss-of-function mutations in

essential genes provide excellent genetic resources to
investigate gene functions. An ethyl-methanesulfonate
(EMS) mutagenesis library originating from an orange-
fleshed “charentais” type melon line (CEZ) carrying
dominant CmOr was visually screened for fruit quality
phenotypes21. Two mutant lines displaying different fruit
flesh color (named low-β and yofi) were identified and
investigated19,22. The low-β mutant results from a muta-
tion of CmOr containing an EMS-induced premature stop
codon19. The loss of CmOr function leads to low
β-carotene levels in mature fruit due to lower carotenoid
metabolic flux caused by lower PSY1 protein level and
absence of chromoplast formation. The yofi mutant is a
mutation of CmCRTISO with an EMS-induced premature
stop codon. It produces yellow-fleshed melon fruit due to
high prolycopene accumulation. Prolycopene is accumu-
lated in yofi fruitlets from the earliest stages of fruit
development at the day of flowering22. The crtiso mutants
were also identified in other crop species, such as tan-
gerine (t) mutant of tomato13, watermelon of orange and
salmon-yellow fruit flesh color23, and yellow Chinese
cabbage24.
The global transcriptomes of green- and orange-fleshed

melon fruit during fruit development were previously

studied18. The low-β mutant represents the only Or
impaired mutant in fruit crops. In this work, we investi-
gated and compared the fruit transcriptomic changes
caused by the loss of function of CmOr and CmCRTISO in
comparison with their isogenic line CEZ. The major effect
of CmOr on the fruit transcriptome was found in the ripe
fruit, while CmCRTISO prominently affected at the early
stages of fruit development. We associated each mutation
with cellular and metabolic processes according to Map-
Man25 classification of the differentially expressed genes
(DEGs), and searched for enriched processes and cellular
component. We pointed out and discussed the effect of
several specific genes that were differentially expressed in
both mutants. In addition, a comparison of global tran-
scriptome changes caused by crtiso in melon and Chinese
cabbage24 suggests candidate genes involved in carotenoid
associated processes in different organs and species. Fur-
thermore, based on transcriptome analysis, we discovered
a new role of CmOR in regulating light-harvesting chlor-
ophyll a–b binding (LHCB) proteins to maintain photo-
synthetic apparatus and plastid development.

Results and discussion
Phenotypes of low-β and yofi mutant
The two studied mutants low-β and yofi carry recessive

mutations identified from an EMS library21. The isogenic
progenitor line for both mutants was CEZ, a climacteric
cantaloupe melon of “charentais” type which is referred
here as the wild type (WT). While the ripe WT fruit flesh
was orange due to high levels of β-carotene and low levels
of chlorophylls, the low-β mutant fruit flesh remained
green throughout ripening, and the ripe yofi fruit flesh was
yellow (Fig. 1b). At 20 days after anthesis (DAA), the fruit
flesh color of low-β and of the WT was similarly light
green. The color was notably different at 30 DAA with the
low-β flesh remaining green and the WT fruit turning
orange (Fig. 1b). In contrast, the yofi mutant phenotype
arose early during fruit development, and the fruitlets
were already yellow at 10 DAA when WT fruitlets were
still light green (Fig. 1b).
The orange Or allele gene product stabilizes PSY and

triggers chromoplast differentiation3,11,26. The low-β
mutant is a CmOr nonsense mutation19. While the orange
WT fruit accumulates ~30 μg/g fresh weight of
β-carotene at mature stage, the low-β mutant contains
1 μg/g fresh weight19. The low β-carotene level in the low-
β mutant fruit flesh results from low carotenoid metabolic
flux due to reduced PSY protein level and defect in
induction of chromoplast formation, which lead to few
chromoplasts and more chloroplasts in the ripe fruit19,20.
In the WT, the prolycopene produced is isomerized by
CRTISO to yield all-trans lycopene, which is further
metabolized to β-carotene in orange-flesh melon fruit.
The yofi mutant is a loss-of-function mutation of
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CmCRTISO. The yellow color in the yofimutant fruit flesh
is caused by the accumulation of prolycopene due to the
arrested carotenoid metabolic flux at the isomerization
step22. It thus prevents the formation of all-trans lycopene
and β-carotene in fruits (Fig. 1). Noticeably, yofi accu-
mulates similar level of carotenoids as the orange WT
fruit at mature stage22.

Transcriptomes of low-β and yofi developing fruit
The low-β and yofi mutants represent the only two

characterized mutants with mutations affecting car-
otenogenesis in melon fruit. To further investigate the
CmOr and CmCRTISO gene functions and their influ-
ences on the associated metabolic and cellular processes,
we examined the effects of each mutation on the global
fruit transcriptomes and compared their impacts on
transcription changes during fruit development.
To examine the influence of CmOr mutation on global

transcription changes, we performed comparative RNA-
Seq analysis between low-β and its isogenic progenitor
WT at four fruit developmental stages: 10, 20, and 30
DAA and the mature fruit. We identified 96, 212, 162, and
842 DEGs at 10, 20, and 30 DAA and in the mature fruit,
respectively (Fig. 2a, Table S1). Almost all the DEGs
appeared uniquely in one developmental stage with only

29 DEGs (2.2%) up- or downregulated in more than one
stage (Fig. 2a, Table S2). CmOr was the only DEG found
in all the four examined stages: its expression was acutely
lowered as a result of the mutation, most probably by a
nonsense-mediated mRNA decay mechanism27.
A relatively low number of DEGs were found before

fruit mature. However, the 96 DEGs observed at 10 DAA,
a very early stage of fruit development prior to carotenoid
accumulation and chromoplast formation, suggest that
CmOr affects additional cellular processes. Notably, large
number of DEGs was observed at the mature stage (Fig.
2a, Table S1). The major transcriptional changes at the
mature stage in low-β likely arose as a result of the change
in the carotenoid metabolic rate and chromoplast devel-
opment due to the CmOr mutation19, along with the
potential effects of CmOr on other cellular processes.
The yofi mutant is a CmCRTISO mutation that arrests

carotenoid metabolism by preventing the formation of all-
trans lycopene in the fruit (Fig. 1a). Since the mutant
phenotype appeared at the early stages of fruit develop-
ment and could even be observed at the day of flower-
ing22, we sampled ovaries of open flowers (0 DAA) as the
earliest analyzed time point. We further analyzed tran-
scriptome changes in fruit at 10 and 20 DAA and mature
stage. We identified 657, 457, and 541 DEGs at 0, 10, and
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Fig. 1 Schematic carotenoid biosynthetic pathway and melon fruit phenotypes. a Outline of carotenoid biosynthetic pathway. The carotenoids
predominately accumulated in yofi and orange-flesh melon fruit are marked by their distinctive color. Vertical bar lines represent genetic inhibition
imposed by loss-of-function mutation in the yofi and low-β mutants. OR posttranslationally regulates PSY activity. A question mark represents an
unknown mechanism. GGPP geranylgeranyl diphosphate, PSY phytoene synthase, PDS phytoene desaturase, ZDS ζ-carotene desaturase, Z-ISO ζ-
carotene isomerase, CRTISO carotenoid isomerase, β-LCY lycopene β-cyclase, ɛ-LCY lycopene ɛ-cyclase, β-OHase β-carotene hydroxylase, ZEP
zeaxanthin epoxidase, VDE violaxanthin de-epoxidase. b Fruit phenotypes at different developmental stages of WT (CEZ), low-β, and yofi mutants.
White bars on the bottom left of picture indicate 5 mm for ovaries (0 DAA) and 5 cm for developing fruits

Chayut et al. Horticulture Research           (2021) 8:112 Page 3 of 13

D
ow

nloaded from
 https://academ

ic.oup.com
/hr/article/doi/10.1038/s41438-021-00547-6/6446687 by guest on 07 August 2026



20 DAA, respectively (Fig. 2b, Table S3). Interestingly, we
found no DEGs at the mature stage in spite of the dra-
matic difference in carotenoid composition with WT
accumulating predominantly β-carotene and yofi mainly
prolycopene22. In the four tested developmental stages, a
total of 742 and 661 DEGs were up- and downregulated,
respectively, in yofi as compared to WT. Out of the 742
upregulated DEGs, 151 (20.4%) were upregulated at more
than one developmental stage, 43 of which were upre-
gulated in 0, 10, and 20 DAA (Fig. 2b, Table S4). Out of
the 661 DEGs that were downregulated in yofi at the
sampled developmental stages, 51 (7.7%) were changed in
more than one developmental stage (Fig. 2a, Table S4).
CmCRTISO itself (MELO3C009571) was downregulated
in the mutant in all developmental stages but exceeded
the statistical cutoff only at 10 and 20 DAA (Table S3).

In mature yofi fruit, yellow prolycopene substitutes
orange β-carotene of the WT progenitor (Fig. 1). How-
ever, no DEGs were observed at the mature stage despite
the striking difference in color and in carotenoid com-
position. The surprising low change of transcriptome in
the ripe fruit of yofi suggests that the substitution of
β-carotene with prolycopene had a minimal effect on gene
transcription at fruit mature stage. On a contrary, the high
abundance of DEGs at the early fruit developmental
stages indicates that the carotenoid metabolic flux arrest
at prolycopene in yofi brings a significant change in fruit
transcriptome during fruit development.
Mutations at CRTISO have been observed in some other

plants and greatly affect various aspects of plant meta-
bolism and development in addition to coloration in
leaves and mature fruits13,14,23,24,28,29. In the crtiso
mutants, prolycopene and low amounts of its upstream
cis-carotenes are accumulated. The accumulation of these
metabolites has been linked to processes such as regula-
tion of chloroplast and nuclear gene expression, metabolic
feedback regulation of pathway genes and proteins, and
plastid development28,30–33. Prolycopene, upstream cis-
carotenes, and their derivatives are hypothesized to exert
their roles through acting as signal molecules34. The sig-
nificant change in yofi fruit transcriptome during early
fruit development but not at the mature stage implies
greater responses of developing tissue to the accumula-
tion of prolycopene or its related metabolites. The con-
trasting effects of pathway (CmCRTISO) and
sequestration (CmOr) gene mutations on transcriptome
changes at different fruit developmental stages in the yofi
and low-β mutants show different roles of carotenoid
metabolic processes in affecting global gene transcription.

Cellular and metabolic processes associated with loss of
function of CmOr and CmCRTISO
We clustered the DEGs in low-β and in yofi as compared

to the WT into functional groups using MapMan25. In low-
β ripe fruit, the most abundant functional groups of DEGs
were those involved in protein processing (103 DEGs), RNA
regulation (82), and photosynthesis (62) (Fig. 3, Table S1).
In yofi, on the day of flowering at 0 DAA, the most abun-
dant functional groups were those involved in RNA reg-
ulation, protein processing, and transport (78, 52, and 39
DEGs, respectively). At 10 DAA, most DEGs were related to
photosynthesis, RNA regulation, and protein processing
(50, 45, and 45 DEGs, respectively), and at 20 DAA the
abundant groups of DEGs were related to RNA regulation,
protein processing, and photosynthesis (55, 43, and 32
DEGs, respectively) (Fig. 3, Table S3).
We sought to identify cellular and metabolic processes

that were transcriptionally regulated by both mutations to
affect carotenoid metabolism. We hypothesized that the
mutual changes would point out specific genes and

Down regulated Up regulated
low-β

Total 
DEG 
count

a

b

Fig. 2 Count of differentially expressed genes at four fruit
developmental stages of low-β and yofi mutants. DEG is a gene
up- or downregulated at least twofolds in low-β (a) and in yofi (b)
compared with WT with adjusted p < 0.05. The Venn’s diagrams show
counts of DEGs uniquely down- or upregulated at each stage and the
counts of DEGs mutually changed at different stages. Histograms
show sum of DEG counts for each stage. DEG counts of fruitlets at 10
and 20 DAA and of ripe fruits are shown for both mutants. DEG counts
of fruitlets at 30 DAA are shown only in low-β (a) and at the day of
flowering (0 DAA) only in yofi (b)
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processes that are linked to carotenogenesis. The total
numbers of DEGs altered by yofi and by low-β were 1331
and 1228, respectively. Overlapping these two groups
returned 260 genes, which were categorized according to the
functional hierarchy of MapMan (Fig. S1, Table S5). Among
them, 188 DEGs could be categorized into various cellular
and metabolic processes. Out of these genes, the most
abundant cluster was associated with photosynthesis (27
DEGs). Other abundant groups were related to RNA and
protein (26 and 23 DEGs, respectively) (Fig. S1, Table S5).

Carotenoid metabolic genes
The low-β and yofi mutants exhibit defects in car-

otenoid biosynthesis and accumulation. The carotenoid
metabolic gene expressions in the two mutants were
previously investigated19,22. The loss of CmOr function
did not affect carotenoid biosynthetic pathway gene
expression at most of fruit developmental stages except
several genes showing upregulation at fruit mature stage
in low-β (Table S1). The absence of correlation between
carotenoid metabolic pathway gene expression and the
altered carotenoid levels in low-β is consistent with pre-
vious studies, which show no differential expression in
carotenoid metabolic genes with elevated carotenoid
accumulation conferred by Or in cauliflower, Arabidopsis,
and melon18,35,36.
In Cmcrtiso melon, carotenoid biosynthetic genes

upstream of CmCRTISO were reported to be just slightly
upregulated in ripe fruit22. Consistently, we found no
genes in the carotenoid metabolic pathway that were

significantly differentially expressed because of the
CmCRTISO mutation (Table S3). The crtiso loss-of-
function mutation in tomato was shown to upregulate
PSY1 transcription in a genetic background of yellow flesh
(locus r), which reduces fruit carotenoids by disrupting
the activity of PSY128. The authors suggested that the
regulation of PSY1 gene expression is mediated by cis-
carotenoid metabolites. In contrast to the findings in
tomato, the melon PSY1 (MELO3C025102) expression
was not significantly mediated by the loss of CmCRTISO
function. A significant change of 9-cis-epoxycarotenoid
dioxygenase-1 (NCED-1; MELO3C027057) was observed
in yofi at 0 DAA, which showed a 15.6 time upregulation
(Table S3). NCED enzymes catalyze a key step in ABA
biosynthesis, the cleavage of neoxanthin and violaxanthin
into xanthoxin. NCED-1 upregulation in yofi was pre-
sumably a result of less available substrate from the
metabolic flux arrest imposed by the CmCRTISO
mutation.

Photosynthesis related genes
In low-β ripe fruit, 61 DEGs were clustered to the

functional group of photosynthesis by MapMan; all of
them (100%) were upregulated in the mutant as compared
to WT (Table S1). The subclassification of the photo-
synthetic upregulated genes in low-β included 24 DEGs of
light-reaction photosystem II, 11 of light-reaction pho-
tosystem I, and 14 from Calvin cycle comprising the
subunits of Rubisco and Rubisco interacting proteins
(Table S1). We previously showed that during the first
30 days of fruit maturation, total chlorophyll contents in
both WT and low-β increased similarly in the mesocarp,
but a sharp decrease was observed in WT in contrast to
remaining relatively high chlorophyll levels in low-β of the
ripe fruit19. The upregulation of photosynthetic genes was
consistent with the observed green-flesh phenotype in the
low-β mutant (Fig. 1b).
In yofi fruitlets, 15, 50, and 32 genes were clustered to

photosynthesis at 0, 10, and 20 DAA, respectively (Fig. 3,
Table S3). Out of which, 14, 29, and 32 were respectively
upregulated in the mutant as compared to the WT (Table
S3). At 20 DAA, the subclassification included 30 DEGs of
the light reaction with 9 related to ATP synthase, 6 to the
cyclic electron flow of photorespiration, 7 to photosystem
I, 4 to photosystem II, and 4 to cytochrome b6/f. The
overlapping photosynthetic genes that were differentially
expressed in both mutants included 27 genes, related to
the light reaction in photosystem II (13) and photosystem
I (8), to Calvin cycle (2), to electron flow (2), and other
electron carrier (2) (Fig. S1, Table S5).
Transcriptome analysis of the effects of CRTISO

mutation on global gene expression changes was also
performed in the crtiso Chinese cabbage leaves. In Chi-
nese cabbage, no photosynthetic genes were upregulated

Fig. 3 Cellular and metabolic processes affected by Cmor and
Cmcrtiso. The DEGs at each developmental stage in low-β (left panel)
and in yofi (right panel) were categorized according to the bin-codes
of MapMan25. Counts of DEGs in each category are presented
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and only two chlorophyll a–b binding family protein
related genes were found mildly downregulated24. This is
likely due to that the sampled Chinese cabbage inner
leaves were either white or yellow with arguable low
photosynthetic capacity. The observed changes of pho-
tosynthetic genes in melon crtiso mutant may suggest that
the upregulation of photosynthetic genes because of car-
otenoid flux arrest at prolycopene takes place during early
fruit development.
In the ripe fruit, the WT accumulates high amounts of

β-carotene as a result of low β-carotene turnover and
chromoplast development, whereas yofi accumulates high
levels of prolycopene as a result of malfunctioning CRTISO,
and low-β accumulates low amounts of chloroplastic car-
otenoids because of the CmOr mutation19,22. The results
obtained here showed that substitution of β-carotene with
prolycopene in the ripe yofi fruit led to a minimal effect on
transcription of plastid and photosynthetic related genes
unlike at early fruit developmental stages. It appears that the
transcriptional maintenance of the photosynthetic appara-
tus continues toward fruit ripening if carotenoids are not
accumulated. This was concluded because numerous genes
which encode essential structural photosynthetic elements
maintained high expression levels in the ripe low-β fruit but
were downregulated in WT (Table S1) and similarly
downregulated in yofi.

RNA related genes
In low-β, a total of 8, 23, and 82 DEGs were clustered as

RNA regulators at 10 and 20 DAA and the mature stage,
respectively (Fig. 3, Table S1). Among the 82 DEGs in the
ripe fruit, 68 DEGs were transcription factors (TFs), the
rest were related to RNA processing (8), RNA binding (4),
and RNA transcription (4). Out of the 68 differentially
expressed TFs, 29 were upregulated and 39 were down-
regulated in low-β mutant as compared to the WT. These
TFs belonged to several families, the most abundant ones
were AP2/EREBP (7), Constans-like zinc finger, C2H2
zinc finger, and GOLDEN2-like (5 each) (Table S1).
In the yofi mutant, 78, 45, and 55 genes were clustered

as RNA regulators at 0, 10, and 20 DAA, respectively (Fig.
3, Table S3). At 0 DAA, 75 out 78 DEGs were TFs and 3
DEGs were related to RNA processing. Out of the 75
differently expressed TFs, 67 were upregulated and 18
were downregulated in yofi as compared to WT. The main
subfamilies of these TFs were MYB (12), AP2 /EREBP (9),
bHLH (8), and WRKY (5).
Among the DEGs that were affected by the two muta-

tions throughout fruit development in low-β and yofi, 26
DEGs were TFs abundant from the families of AP2/
EREBP, C2H2 zinc finger, and WRKY (Fig. S1, Table S5).
In recent years, TFs that specifically control transcription
of carotenoid metabolism genes have been identified3,37.
Nevertheless, none is known to specifically regulate or

bind to the promoters of Or and CRTISO in activating/
suppressing their expression in fruits. OR has been shown
to physically interact with TF TCP14 to repress TCP14
transcriptional activity in etiolated Arabidopsis cotyle-
dons38. The CRTISO expression was found to require a
chromatin-modifying histone methyltransferase enzyme
(SDG8), an epigenetic regulatory mechanism in Arabi-
dopsis39. Those TFs commonly affected by both gene
mutations in low-β and yofimight play a role in regulating
Or and CRTISO expression or be associated with altered
carotenoid metabolism, which warrant further study.

Protein processing related genes
In low-β, a total of 8, 19, and 103 DEGs were related to

protein processing at 10 and 20 DAA and the mature
stage, respectively (Fig. 3, Table S1). Protein processing
was the largest cluster of DEGs in low-β ripe fruit and was
subdivided as following: protein degradation (47), post-
transcriptional modification (21), protein synthesis (20),
protein targeting (8), protein folding (4), and protein
assembly (2). Among the 20 DEGs related to protein
synthesis, 15 were ribosomal subunits of the chloroplast.
Although nearly equal numbers of protein related DEGs
were up- or downregulated in the protein processing
classification, all the 15 chloroplastic ribosomal genes
were upregulated in low-β (Table S1).
In yofi, a total of 52, 45, and 43 DEGs were related to

protein processing at 0, 10, and 20 DAA fruitlets,
respectively (Fig. 3, Table S3). The protein processing
related DEGs in yofi fruitlets were subdivided as following:
protein degradation (50), posttranscriptional modification
(29), protein synthesis (20), protein targeting (4), protein
folding (3), and protein assembly (3). Among the 20 DEGs
related to protein synthesis, 11 were ribosomal subunits of
chloroplasts and they were all upregulated in yofi (Table
S3). The upregulation of chloroplastic ribosomal genes in
both low-β and yofi mutants is most probably another
indication of the effect of the mutants on plastid fate.
In the overlapping group of DEGs that were differen-

tially expressed in both mutants, 23 were related to pro-
tein processing (Fig. S1, Table S5). They were divided into
three subgroups: protein degradation (15), posttranscrip-
tional modification (6), and protein synthesis (6) (Table
S5). The six DEGs related to protein synthesis were
ribosomal subunits of chloroplasts.
Therefore, in accordance with the aforementioned

photosynthesis related DEG cluster, it appears that tran-
scriptional maintenance of the photosynthetic apparatus
continues toward fruit ripening as long as carotenoid
accumulation does not occur. The protein processing
related DEGs were also abundantly related to changes in
plastid activity. The finding further suggests that tran-
scriptional maintenance of chloroplasts is active in the
ripe fruit of low-β as opposed to the WT and yofi. This
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could be concluded by the high expression of chloroplast
ribosomal proteins in low-β in contrast to WT mature
fruit and yofi developing fruits. The high carotenoid
accumulation in WT ripe fruit might cause transcriptional
changes that lead to plastid conversion and chloroplast
degradation. Indeed, a recent study reveals that a stimu-
lation of carotenoid biosynthesis along with the loss of
photosynthetic competence initiates a major reprogram-
ming of global gene expression to prompt the differ-
entiation of chromoplasts from chloroplasts40.

Highlight of specific DEGs in both CmCRTISO and CmOr
mutated melon fruit
MELO3C024423 encodes a leucine-rich repeat protein

kinase (LRRPK) and was differentially expressed in both
mutants (Table S5). At 20 DAA, it was downregulated by
fivefold in yofi and upregulated by 5.6-fold in low-β as
compared to WT. Thus, in both melon mutants, this
LRRPK gene expression was strongly inversely correlated
to the CmCRTISO and CmOr gene mutations, suggesting
that MELO3C024423 has a role related to the change in
melon fruit carotenoid metabolism. Its Arabidopsis
ortholog (IOS1; At1g51800) is involved in negative reg-
ulation of ABA-activated signaling pathway41. This excites
a hypothesis that MELO3C024423 LRRPK possibly
adjusts ABA sensitivity to ABA production in fruits.
MELO3C026802 encodes a magnesium-protoporphyrin

monomethyl ester cyclase involved in chlorophyll synth-
esis. It was differentially expressed in both mutants in
inverse correlation to the CmCRTISO and CmOr gene
mutations, showing a 2.1-fold downregulation in yofi at 10
DAA and a 4.9-fold upregulation in ripe low-β fruit as
compared to WT (Tables S1 and S3). Its Arabidopsis
ortholog (AT3G56940) functions as a DNA-binding
protein and is associated to chlorophyll biosynthetic
process in chloroplast42. A second DEG MELO3C016714
related to tetrapyrrole synthesis was changed in both
mutants in a similar pattern with MELO3C026802, with a
2.1- and 4.3-fold downregulation in yofi at 10 and 20
DAA, respectively, and 10.4-fold upregulation in ripe low-
β (Tables S1 and S3). The differential expression of a
tetrapyrrole synthesis related gene further supports the
conclusions deduced from the photosynthesis and protein
processing related DEGs: the carotenoid accumulation
followed by carotenoid pathway flux arrest retards the
transcriptional maintenance of the chloroplast photo-
synthetic apparatus.

Highlight of specific DEGs in CRTISO mutated melon fruit
and Chinese cabbage leaves
The specific effects of the loss of Or function on global

transcriptome have not been assessed in another plant
species prior to this work. However, an analysis of crtiso
mutated Chinese cabbage leaves was available, in which

372 DEGs were identified24. Based on sequence homo-
logies, we found 342 corresponding genes in the melon
genome. Among these 342 homologs, we searched for
genes that were differentially expressed in at least one of
the studied developmental stages. We found 41 genes
which are listed in Table S6. Two hormone metabolism
related genes were differentially expressed in cabbage
leaves and in developing melon fruits, both were related to
ethylene synthesis. ACC oxidase was downregulated in
cabbage (Bra031798; 16.7-fold change) and in 20 DAA
melon fruit (MELO3C007425; 2.1-fold change) (Table S6).
Lowering the expression of ACC oxidase delays fruit
ripening in melon43 and delays leaf senescence in
tomato44. This result reinforces the suggested regulatory
link between carotenoid metabolism and ripening.
Two TFs were found to be downregulated in both

Chinese cabbage and melon species: an ethylene-
responsive TF ERF113 (Bra006195, 2.5-folds and
MELO3C022358, 4.3-folds at 10 DAA) and WRKY DNA-
binding protein 70 (Bra014692, 7.7-folds and
MELO3C009097, 2.9-folds at 20 DAA) (Table S6). Myo-
inositol-1-phosphate synthase (MIPS1) was upregulated
in both plant systems (Bra011830; 2.94-folds and
MELO3C017581; 5.22-folds in 20 DAA). MIPS catalyzes
the first committed step in the synthesis of inositol-
containing compounds such as phospholipids, converting
D-glucose 6-phosphate into 1L-myo-inositol-1-phos-
phate. MIPS overexpression in Arabidopsis resulted in
higher carotenoid and chlorophyll levels by protecting the
photosystem II45. Our results showed that this established
metabolic link may also be reversed because the arrest in
carotenoid metabolism induced by crtiso in yofi melon
and in Chinese cabbage24 upregulated MIPS expression.
Interestingly, a gene encoding the chloroplast signal

recognition particle component cpSRP43 was down-
regulated in both species (Bra014106, 0.47-folds and
MELO3C013306, 0.37-folds at 10 DAA). cpSRP43 is known
as a targeting factor for the thylakoid membrane, and as a
chaperone with high specificity to the light-harvesting
chlorophyll a–b binding proteins46. Other genes differen-
tially expressed in the distinct organs of the two species
included five transport related genes, two cytochrome
P450s, two glutathione S transferases, three signaling rela-
ted genes, three stress related, and two lipid metabolism
related genes. Taken together, the common DEGs may
suggest several conserved associations between carotenoid
metabolic arrest and cellular and metabolic processes.
These network associations would need to be further vali-
dated in other species or in the same species in future.

The low-β induced DEGs are enriched in the thylakoid
membrane
As many DEGs were found in the ripe fruit of low-β, we

sought to determine the cellular components mostly
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influenced by CmOr mutation at this fruit developmental
stage. The Arabidopsis homologs of the DEGs (522 genes)
at the ripe stage of low-β vs WT were analyzed using
Gorilla (http://cbl-gorilla.cs.technion.ac.il/), a gene ontol-
ogy enrichment analysis and visualization tool47. The
enriched cellular compartments included several plastid-
related subplastidial components including chloroplast
envelope and chloroplast thylakoid. The genes localized in
plastid thylakoid and thylakoid membrane were the most
significantly enriched (Fig. 4, Table S7).
OR protein was found to directly interact with PSY and

posttranslationally upregulate it in melon as well as in a
number of plant species12,19,48–51. OR regulates PSY
activity, which in turn controls the biosynthesis of

carotenoid pigments necessary for both chloroplast and
chromoplast development12,52. In addition, OR regulates
chromoplast division to affect chromoplast number53. OR
protein from sweet potato was found to physically interact
with the oxygen-evolving enhancer protein 2-1 and
therefore directly stabilize photosystem II in the thylakoid
membrane54. OR was recently classified as a DnaJE1
family protein and several members of the DnaJE1 family
are shown to participate in photosynthetic protein
assembly55. The fact that the DEGs in the plastid thyla-
koid and thylakoid membrane were significantly enriched
with the mutation of the CmOr gene suggests a potential
role of CmOr in regulating processes in thylakoids in
addition to its known functions.

Fig. 4 Cellular components enriched for the DEGs of low-β at the mature stage. Arabidopsis homologs of DEGs from ripe fruit of low-β were
given as input to Gorilla. The resulting enriched GO terms are visualized using a DAG graphical representation with color coding reflecting their
degree of enrichment. Enrichment is defined as (b/n)/(B/N); N is the total number of genes; B is the total number of genes associated with a specific
GO term; n is the automatically determined number of genes in the “target set,” and b is the number of genes in the “target set” that are associated
with a specific GO term. The annotated gene list of the enriched categories is listed in Table S7
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RT-qPCR confirms upregulation of genes encoding
chlorophyll a–b binding proteins in low-β mature fruit
Photosystems locate in thylakoid membranes of the

chloroplasts in plants. In low-β ripe fruit, we found 24
DEGs annotated as related to the light-reaction photo-
system II with 13 of them encoding LHCB proteins (Table
S1). The upregulation of 12 of these LHCB genes as well
as the expression of CmOr and CmOr-like, PSY1, and
PSY2 with reads per kilobase of exon model per million
mapped reads (RPKM) values from the RNA-Seq analysis
in the low-β ripe fruit is shown in Fig. S2a (top panel). We
also examined their expressions in low-β vs WT ripe fruit
by RT-qPCR. Consistent with results from RNA-Seq
analysis, all the LHCB protein genes showed upregulation
in mature fruit of low-β compared to WT (Fig. S2a, low
panel). Similar patterns of alterations with Or and PSY
genes were also observed. The correlation between the
two methods is presented (Fig. S2b).
LHCB proteins bind to chlorophylls and carotenoids for

light harvesting and are critical for photosynthesis and
chloroplast function56. Regulation of their expression is
considered as an important mechanism for plants to
mediate chloroplast functions. It is known that multiple
environmental and developmental signals regulate LHCB
gene expression, such as chloroplast retrograde signals,
light, and phytohormone ABA57–59. Therefore, many
upregulated LHCB genes in the low-β ripe fruit could
indicate that the impairment in chloroplast to chromo-
plast conversion serves as another mechanism to affect
the expressions of LHCB genes.

CmOr and CmOr-like physically interact with chlorophyll
a–b binding proteins to affect plastid development
The genes localized in plastid thylakoid membrane were

most significantly enriched in the ripe fruit of low-β (Fig. 4).
A large number of DEGs encoding LHCB proteins were
among them (Table S1). Since LHCB proteins are impor-
tant for chloroplast development and OR has a known role
in physically interacting with oxygen-evolving enhancer
protein 2-1 (PsbP) to stabilize the photosystem II protein in
the thylakoid membrane54,60, we hypothesized that OR
protein might also directly interact with LHCB proteins to
potentially affect chloroplast development. To test it, we
performed protein–protein interaction analysis using
bimolecular fluorescence complementation (BiFC) assay
and yeast two-hybrid (Y2H) assay. LHCB proteins belong to
a large family that is classified as LHCB1, LHCB2, LHCB3,
LHCB4, LHCB5, and LHCB6 in Arabidopsis56. Among the
various subgroups of LHCB proteins, LHCB1 proteins are
the most abundant contributors to light harvesting56. Thus,
two LHCB1 protein genes (MELO3C007154 and
MELO3C012912), which are homologs of Arabidopsis
LHCB1.1 and LHCB1.5, respectively, and showed high dif-
ferential expression between low-β and WT (Fig. S2a), were

selected for protein–protein interaction analysis. In addi-
tion, since CmOR (MELO3C005449) and CmOR-like
(MELO3C024554) are family proteins and both of them
interact with PSY12, we also tested the interactions of
CmOR-like with these two LHCB1 proteins.
As shown in Fig. 5a, when the fusion proteins with N-

terminal half of YFP fused to CmOR or CmOR-like and
the C-terminal half of YFP fused to MELO3C007154
(CmLHCB1.1) or MELO3C012912 (CmLHCB1.5) were
coexpressed in tobacco leaves, YFP signals were clearly
observed, showing that both CmOR and CmOR-like
physically interact with these two LHCB proteins.
Noticeably, the truncated CmOR from low-β lost the
ability to interact with these two LHCB proteins. No YFP
signals were detected in the negative controls when vector
only constructs were coinjected into tobacco leaves (Fig.
S3). The interactions between CmOR or CmOR-like and
CmLHCB1 occurred in chloroplasts (Fig. 5a), consistent
with the thylakoid localization of LHCB1.
To further confirm the interactions, we performed Y2H

analysis. When yeast was cotransformed with CmOR or
CmOR-like and MELO3C007154 (CmLHCB1.1), they
grew in the SD/-LWH selection medium with 5mM 3-
amino-1,2,4-triazole (3-AT) that suppresses the back-
ground growth of yeast (Fig. 5b). Similarly, when the yeast
was cotransformed with CmOR or CmOR-like and
MELO3C012912 (CmLHCB1.5), they also grew in the
selection medium. In contrast, the controls with empty
vectors did not grow in the selection medium. These
results confirm the direct interactions between CmOR or
CmOR-like with these two LHCB proteins. Their inter-
action strength was also quantified using the
β-galactosidase activity assay (Fig. 5c). CmOR-like had
stronger interaction strength with MELO3C007154
(CmLHCB1.1) or MELO3C012912 (CmLHCB1.5) than
CmOR. The strongest interaction strength was observed
between CmOR-like and MELO3C007154 (CmLHCB1.1),
consisting with the yeast growth on the selection medium
as shown in Fig. 5b.
In the WT melon fruit, ripening is accompanied with

plastid transition from chloroplasts to chromoplasts and
change of color from green to orange, whereas the low-β
mature fruit maintains chloroplasts with green-flesh
phenotype19. At the ripe stage, a predominant role of
CmOR is to promote the conversion of chloroplasts into
chromoplasts following the increased production of car-
otenoids. During early fruit development, CmOR may
have a mechanism to help maintain chloroplast forma-
tion. Indeed, OR as a DnaJ-like cochaperone has been
shown to maintain PSY and PsbP protein stability in green
tissues via physical interaction with these proteins to
promote photosynthetic carotenoid biosynthesis and
protect photosystem II11,53. Here, we documented that
both CmOR and CmOR-like physically interact with the
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LHCB proteins in vitro and in vivo. The direct interac-
tions may affect LHCB protein stability, supporting the
maintenance of the photosynthetic apparatus and chlor-
oplast development. Although loss of the CmOR function
in low-β diminished its ability to physically interact with
LHCB proteins, the functional redundancy of CmOR and
CmOR-like in regulating LHCB1 proteins enabled
CmOR-like in low-β to main chloroplast development.
The activity of CmOR-like protein explains the main-
tenance of chloroplast development in low-β with green-
flesh phenotype. A model of CmOR along with CmOR-
like in affecting carotenoid biosynthesis and plastid con-
version during fruit ripening in WT and the low-β is
presented in Fig. 6.

Conclusion
Transcriptome analysis is a useful tool to associate specific

gene function with global metabolic and cellular processes
and to raise new hypotheses about the genetic network. In
this study, we analyzed transcriptomes of a climacteric

orange-fleshed melon and two independent isogenic lines
baring mutations that halt carotenoid metabolic flux and
affect chromoplast differentiation. The analysis suggested
that fruit developmental transcriptome is greatly altered by
changes in carotenoid metabolic flux rate but minimally by
the carotenoid composition at the mature stage. The major
transcriptional changes resulting from alteration of car-
otenoid metabolic rate also indicate the importance of
maintaining carotenoid levels due to the interactions of
carotenoids with many metabolic pathways and cellular
processes. Moreover, if carotenoids do not accumulate, the
transcriptional maintenance of the photosynthetic apparatus
continues in the chloroplasts toward fruit ripening, sug-
gesting a major role for carotenoid accumulation in trig-
gering chloroplast to chromoplast transition in melon fruit.
This is supported by a recent study that the differentiation of
chromoplasts from chloroplasts necessitates an enhanced
carotenoid production along with a reduced photosynthetic
activity40. The enrichment of photosynthesis related DEGs
with many of which localized in thylakoids in low-β mutant

Fig. 5 Interactions of CmOR and CmOR-like with two LHCB proteins. a BiFC analysis. CmOR (MELO3C005449), CmOR-like (CmORL,
MELO3C024554), or CmORT (truncated form of CmOR from low-β) as an N-terminal fusion of YFP, and LHCB protein (MELO3C007154 or
MELO3C012912) as a C-terminal YFP fusion of YFP were coexpressed in N. benthamiana leaves. YFP signals were observed by confocal microscope.
Bar equals 20 µm. b Y2H assay. Yeast cotransformed with the constructs or empty vectors (Nub or Cub) as indicated was spotted with a series of
tenfold dilutions on no-selection SD/-LW medium and selection SD/-LWH medium with 5 mM 3-AT. 7154, MELO3C007154; 2912, MELO3C012912. c
Quantification of interaction strength by β-galactosidase activity assay. oNPG (ortho-nitrophenyl-β-galactoside) was used as substrate. Results are
means+ SD from three biological replicates. The asterisks indicate significant difference in comparison with controls (p < 0.05)
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facilitated spotting a new role of CmOR family proteins in
interacting with LHCB proteins to maintain chloroplast
development.

Material and methods
Plant materials
The WT line used here was CEZ, a “charentais” type

orange-flesh melon (Cucumis melo L. subsp. melo var.
cantalupensis Naudin). The low-β and yofi mutant lines
are EMS mutated CEZ isogenic lines, which were identi-
fied from M2 families of CEZ based EMS library21. The
WT, low-β, and yofi melon plants were grown under
standard horticultural conditions in the field of Newe
Ya’ar Research Center, northern Israel. Female flowers
were tagged at the day of anthesis. Fruit were sampled at
10 and 20 DAA and at mature stage (40–45 days varied
among fruit). CEZ and yofi were additionally sampled at
flowering day, whereas CEZ and low-β were additionally
sampled at 30 DAA. Each biological replicate contained
fruit from a different plant. Representative portions of the
fruit mesocarp tissues were frozen in liquid nitrogen and
kept at −80 °C until use.

RNA-Seq transcriptome analysis
Total RNA and RNA-Seq library preparation were

conducted as previously described19. The extracted total
RNA was quantitated using a NanoDrop spectro-
photometer. The RNA integrity was assessed with an
Agilent Bioanalyzer. A total of 50 μg RNA from each
sample were utilized to construct the strand-specific
RNA-Seq libraries, which were sequenced on an Illumina
HiSeq 2000 sequencer at the Cornell University core
facility (http://www.brc.cornell.edu/brcinfo/) for low-β
and CEZ and at the Technion infrastructure unit (https://
isu.technion.ac.il/) for yofi and CEZ. The experiments on
low-β and yofi were performed with three and two bio-
logical repeats, respectively, and both were with four
developmental stages. An average of about 7.4 million
reads from each library was produced.

RNA-Seq data analysis
RNA-Seq data analysis was performed essentially accord-

ing to the methods described previously18. Briefly, the raw
RNA-Seq reads from each library were first aligned to a
ribosomal RNA database to remove those that were aligned.
The cleaned reads were aligned to the melon genome61 and
an average of ~84% of cleaned reads was mapped to the
melon genome. For each melon gene, its raw counts were
calculated and normalized to RPKM. The raw counts of
melon genes at each of the four developmental stages were
analyzed to identify DEGs between CEZ and low-β or yofi
with parameters of greater than or equal to twofold changes
and the adjusted p values less than 0.05.

Gene functional classification and enrichment analysis
The DEGs were functionally classified using MapMan25.

Venn Diagrams were generated using an online tool (http://
bioinfogp.cnb.csic.es/tools/venny/index.html). Enrichment
analysis was done using Gorilla (http://cbl-gorilla.cs.
technion.ac.il/) and gene clustering to functional groups
was done according to MapMan hierarchical classification
(http://mapman.gabipd.org/web/guest/pageman).

RT-qPCR analysis
Total RNA from samples of three CEZ and three low-β

mature fruits, which were used for RNA-Seq analysis, was
used here. The cDNA was synthesized using 1 µg of RNA,
2.5 μl of 20 µM of oligo(dT), 2 μl of dNTP (10mM each),
and the MMLV Reverse Transcriptase (GPR Kit, Takara).
The RT-qPCR mixture comprised of 5 μl of iQ SYBR®

Green Supermix (Bio-Rad), 0.5 μl of each primer (10 μM),
1 μl of cDNA (5x diluted), and 3 μl of distilled water. The
reactions using gene specific primers (Table S8) were
performed on a CFX384 Touch Real-Time PCR Detection
System (Bio-Rad), with three technical repeats per sample
and water control for each primer pair. The PCR was
carried out with a reaction initiation at 95 °C for 3 min,

Fig. 6 Model of distinct carotenoid accumulation and plastid
development controlled by CmOR in CEZ and low-β fruit. During
CEZ fruit ripening, CmOR induces chromoplast development and
facilitates carotenoid biosynthesis through interaction with PSY, which
result in the transition of chloroplasts to chromoplasts and the change
of color from green to orange with carotenoid accumulation. In low-β
fruit, the loss of function in CmOR cannot induce chromoplast
formation and carotenoid accumulation during fruit ripening. Because
of the functional redundancy of CmOR and CmOR-like in interacting
with LHCB proteins, the chloroplast development is maintained to
produce green-flesh mature fruit
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followed by 40 cycles of 95 °C for 10 s and 55 °C for 30 s.
Melting curves were constructed by gradual heating from
55 to 95 °C, with an increase of 0.5 °C and 5 s holding time
per step. Expression levels of the target genes were nor-
malized against Actin and calculated using the 2−ΔΔ CT
method. Correlation analysis between RNA-Seq and RT-
qPCR expression data was performed with cor.test in R
software (https://cran.r-project.org).

BiFC assay
To make the BiFC constructs, the CmOR

(MELO3C005449), CmOR truncated form19, and CmOR-
like (MELO3C024554) CDS without stop codon were
amplified using primers with appropriate restriction
enzyme sequences added (Table S8), cloned into PCR2.1
(Invitrogen), and subcloned into pSPYNE173 vector
through XbaI and XhoI sites to produce CmOR-nYFP or
ORL-nYFP fusion protein constructs. The two genes
MELO3C007154 and MELO3C012912 encoding LHCB1.1
and LHCB1.5 protein, respectively, were cloned to pSPYCE
(M) through XbaI and XhoI sites to produce cYFP fusion
protein constructs. These constructs were transformed into
Agrobacterium tumefaciens strain GV3101. Pairs of nYFP
and cYFP fusion plasmids were infiltrated into tobacco
(Nicotiana benthamiana) leaves. Two days after infiltration,
the tobacco leaf samples were observed under a laser con-
focal microscope (Leica TCS SP5 Laser Scanning Confocal
Microscope). The YFP fluorescent signals were detected
with excitation wavelength at 514 nm and emission filter
between 520 and 560 nm as described previously35.

Y2H analysis
Y2H analysis was performed using the split ubiquitin

system as described previously51. The MELO3C007154
(LHCB1.1) and MELO3C012912 (LHCB1.5) CDS without
the sequences encoding their transit peptides and stop
codon were amplified using primers (Table S8) and
cloned into Nub vector. The CmOR (MELO3C005449)
and CmOR-like (MELO3C024554) CDS were amplified
and cloned into Cub vector. The Nub and Cub plasmids
were transformed into yeast strain THY.AP4 and THY.
AP5, respectively, and mated in pairs. Yeast strains were
plated out with a series of tenfold dilutions on non-
selection medium and selection medium lacking leucine,
tryptophan, and histidine (-LWH) with 5mM 3-AT to
suppress the background growth.
Quantification of the interaction strength by the

β-galactosidase activity assay was carried out as detailed62.
Briefly, five clones from each yeast pairs were inoculated
and grew overnight at 30 °C in 5ml of SD/LW liquid
medium. The activity was measured in a reaction mixture
with o-nitrophenyl-β-galactoside as substrate and expres-
sed as Miller units62.
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