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Proteasomal degradation of MaMYB60 mediated by the 
E3 ligase MaBAH1 causes high temperature-induced 
repression of chlorophyll catabolism and green ripening 
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Abstract
Banana (Musa acuminata) fruits ripening at 30 °C or above fail to develop yellow peels; this phenomenon, called green ripening, 
greatly reduces their marketability. The regulatory mechanism underpinning high temperature-induced green ripening re-
mains unknown. Here we decoded a transcriptional and post-translational regulatory module that causes green ripening in 
banana. Banana fruits ripening at 30 °C showed greatly reduced expression of 5 chlorophyll catabolic genes (CCGs), 
MaNYC1 (NONYELLOW COLORING 1), MaPPH (PHEOPHYTINASE), MaTIC55 (TRANSLOCON AT THE INNER ENVELOPE 
MEMBRANE OF CHLOROPLASTS 55), MaSGR1 (STAY-GREEN 1), and MaSGR2 (STAY-GREEN 2), compared to those ripening 
at 20 °C. We identified a MYB transcription factor, MaMYB60, that activated the expression of all 5 CCGs by directly binding 
to their promoters during banana ripening at 20 °C, while showing a weaker activation at 30 °C. At high temperatures, 
MaMYB60 was degraded. We discovered a RING-type E3 ligase MaBAH1 (benzoic acid hypersensitive 1) that ubiquitinated 
MaMYB60 during green ripening and targeted it for proteasomal degradation. MaBAH1 thus facilitated MaMYB60 degradation 
and attenuated MaMYB60-induced transactivation of CCGs and chlorophyll degradation. By contrast, MaMYB60 upregulation 
increased CCG expression, accelerated chlorophyll degradation, and mitigated green ripening. Collectively, our findings unravel 
a dynamic, temperature-responsive MaBAH1–MaMYB60–CCG module that regulates chlorophyll catabolism, and the molecu-
lar mechanism underpinning green ripening in banana. This study also advances our understanding of plant responses to high- 
temperature stress.
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Introduction
The visual appearance of fruits, particularly their color, is an 
important quality attribute for fruit dealers and consumers. 
Fruit color is affected by environmental factors such as 

t-
emperature, light, nutrients, drought, and salinity (Santos 
2004; Momose and Ozeki 2013; Lee et al. 2014; Rolando 
et al. 2015). The recurring and more frequent incidence of 
high temperatures in the tropics is becoming a major threat 
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to fruit yield and product quality. Banana (Musa acuminata, 
AAA group), the most popular fresh fruit consumed world-
wide, are harvested at the mature-green stage and ripened 
to a golden yellow peel with ethylene (Kuang et al. 2017; 
Xiao et al. 2018).

During banana ripening, the temperature is the crucial 
element affecting fruit quality formation. Ripening at tem-
peratures above 24 °C (e.g. 30 °C) makes fruits soften faster 
but reduces yellowing, and the peel remains fully green. 
This phenomenon, called green ripening, is highly undesir-
able and causes losses in fruit quality for banana marketing. 
Previous studies detected an association between green ri-
pening and lack of chlorophyll degradation, lipid loss, and su-
gar accumulation in the peel (Blackbourn et al. 1990; Drury 
et al. 1999; Yang et al. 2009; Du et al. 2014). By contrast, rapid 
chlorophyll degradation and peel color change occur in 
many other fruits such as tomato (Solanum lycopersicum) 
and citrus (Citrus spp.) at higher temperatures (Ogura et al. 
1975; Cohen 1978). Given the adverse commercial impact 
of green ripening in banana and because it starts appearing 
at a moderately high temperature, understanding the mo-
lecular regulation of high temperature-induced loss of 
chlorophyll degradation in ripening bananas will help to de-
velop technological solutions to this problem, which may be 
aggravated by global warming.

Chlorophyll catabolism is largely controlled via the tran-
scriptional modulation of genes encoding the enzymes in-
volved in leaf senescence and fruit ripening. Many 
chlorophyll catabolic genes (CCGs) have been identified 
and characterized, forming a complete enzymatic reaction 
system for chlorophyll degradation; these genes include 
NONYELLOW COLORING 1 (NYC1, encoding a chlorophyll b 
reductase), 7-HYDROXYMETHYL CHLOROPHYLL A (HMCHL) 
REDUCTASE (HCAR), STAY-GREENs (SGRs, encoding Mg- 
dechelatases), PHEOPHYTINASE (PPH), PHEOPHORBIDE 
A OXYGENASE (PAO), RED CHLOROPHYLL CATABOLITE 
REDUCTASE (RCCR), and TRANSLOCON AT THE INNER 
ENVELOPE MEMBRANE OF CHLOROPLASTS 55 (TIC55, encod-
ing a C32 hydroxylase) (Pružinská et al. 2003; Guo et al. 2004; 
Meguro et al. 2011; Christ et al. 2016; Hauenstein et al. 2016; 
Shimoda et al. 2016; Zhang et al. 2016; Kuai et al. 2018).

Our understanding of the genetic regulators and regula-
tory mechanism(s) involved in chlorophyll degradation dur-
ing fruit maturation and post-harvest ripening is expanding. 
For instance, silencing of the NAC (NAM, ATAF1/2, CUC) 
transcription factor SlNAC4 in tomato fruits downregulated 
several CCGs and repressed chlorophyll breakdown during 
maturation (Zhu et al. 2014). Similarly, another tomato 
NAC transcription factor, nonripening-like 1 (NOR-like 1), 
directly binds to the promoter of SlSGR1, enhancing its tran-
scription during fruit ripening; fruits from mutants in 
NOR-like1 fail to turn fully red and remain orange until the 
final ripe stage (Gao et al. 2018). In citrus fruit, 
ethylene-response factor 6 (CitERF6) and CitERF13 induce 
CitPPH and accelerate chlorophyll degradation (Yin et al. 
2016; Li et al. 2019a). More notably, comparative transcriptomic 

and proteomic analyses of banana fruits stored at 20 °C or 30 °C 
revealed significant downregulation of several CCGs and chloro-
phyll catabolic enzymes at 30 °C, which was well correlated with 
repressed chlorophyll degradation at high temperatures (Du 
et al. 2016; Li et al. 2019b). However, the molecular regulation 
of these CCGs under high temperatures, repressing chlorophyll 
catabolism and causing green ripening in banana, remains 
unknown.

In fruits, MYB transcription factors have been implicated as 
crucial regulators of color formation (Dubos et al. 2010; Xu 
et al. 2015). For instance, SlMYB12 increases naringenin chal-
cone production, and its downregulation leads to the forma-
tion of pink tomato fruit (Adato et al. 2009). In apples (Malus 
domestica), MdMYB1 regulates anthocyanin biosynthesis and 
transport during fruit color development (Li et al. 2012; Jiang 
et al. 2019), and MdMYB10 controls flesh color by activating 
dihydroflavonol 4-reductase (MdDFR) expression through its 
interaction with MdbHLH3 and MdbHLH33 (Espley et al. 
2007; Rihani et al. 2017). MYBs are also involved in carotenoid 
and chlorophyll accumulation. In a stay-green mutant of 
Citrus reticulata cv Suavissima, CrMYB68 negatively regulated 
the carotenoid biosynthetic gene β-carotene hydroxylase 2 
(CrBCH2) (Zhu et al. 2017). AdMYB7 in kiwifruit (Actinidia de-
liciosa) and SlMYB72 in tomato activate key chlorophyll bio-
synthesis genes to modulate chlorophyll accumulation and 
chloroplast development (Ampomah-Dwamena et al. 2019; 
Wu et al. 2020).

Emerging evidence suggests that turnover of MYB proteins 
is regulated by post-translational modifications such as ubi-
quitination (Lee and Seo 2016; Millard et al. 2019; Wang 
et al. 2021). Interestingly, under normal ambient tempera-
ture (∼22 °C), MYB15 inhibits the expression of C-repeat/ 
DRE binding factors (CBFs) to facilitate normal plant growth 
and development. However, when plants are exposed to cold 
stress, 2 U-box type E3 ubiquitin ligases, Plant U-Box 25 
(PUB25) and PUB26, poly-ubiquitinate and degrade 
MYB15, leading to the activation of the CBF-dependent 
cold signaling pathway (Wang et al. 2019). However, whether 
MYBs are targets of ubiquitination under high temperatures 
and subsequently affect high temperature-associated physi-
ology needs to be elucidated.

Here, we explored this question as part of our research on the 
molecular mechanism(s) of high temperature-induced inhib-
ition of chlorophyll degradation in banana fruits, a phenom-
enon opposite to what normally occurs in other tissues such 
as leaves exposed to high temperature. During the green ripen-
ing of banana fruits at 30 °C, 5 CCGs (MaNYC1, MaSGR1, 
MaSGR2, MaPPH, and MaTIC55) were downregulated and 
chlorophyll degradation was inhibited. We demonstrate here 
that a MYB transcription factor, MaMYB60, targeted and 
activated these 5 CCGs and accelerated chlorophyll degrad-
ation. Conversely, MaMYB60 overexpression attenuated high 
temperature-induced repression of chlorophyll catabolism. 
Importantly, we identified the RING-type E3 ligase benzoic 
acid hypersensitive 1 (MaBAH1) as interacting with and ubiqui-
tinating MaMYB60, causing its degradation via the 26S 
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proteasome pathway. Furthermore, the MaBAH1-mediated 
degradation of MaMYB60 was enhanced under high tempera-
tures, which decreased MaMYB60-promoted chlorophyll deg-
radation. Together, these key findings unravel an important 
regulatory module for chlorophyll degradation, and explain 
the molecular basis of green ripening in banana.

Results
Altered gene expression of 5 CCGs is important for 
high temperature-induced green ripening in bananas
To explore the effect of high temperature on chlorophyll 
degradation in peels during banana fruit ripening, we com-
pared ripening progression of bananas under 20 °C and 
30 °C. The peels of banana fruits ripened at 20 °C turned yel-
low 2 d after ethylene treatment, and completely de-greened 
by Day 5. However, bananas ripened at 30 °C remained green 
even on Day 6, reflecting the high retention of chlorophyll in 
the peel (Fig. 1A). The change in peel color patterns was as-
sociated with a rapid increase in the color index (CI) in fruit 
ripened at 20 °C compared to that at 30 °C (Fig. 1B). 
Consistent with the CI change, total chlorophyll content 
also declined at both temperatures, but the rate of decline 
was greater at 20 °C than at 30 °C. By Day 6, ∼78.0% of the 
chlorophyll was degraded in bananas kept at 20 °C compared 
to ∼34.0% in fruits ripened at 30 °C (Fig. 1C). Thus, the green 
ripening banana fruits is associated with the repression of 
chlorophyll catabolism.

To unravel the molecular regulators and the regulatory 
mechanism repressing chlorophyll degradation during ba-
nana ripening under high temperatures, we conducted a sys-
tematic, detailed molecular study of green ripening. We first 
analyzed the expression of 9 CCGs involved in chlorophyll ca-
tabolism: MaNYC1, NYC1-LIKE (MaNOL), MaHCAR, MaSGR1, 
MaSGR2, MaPPH, MaPAO, MaRCCR, and MaTIC55, in the 
peels of bananas stored at 20 °C and 30 °C by reverse- 
transcription quantitative PCR (RT-qPCR). The transcripts 
of MaNYC1, MaSGR1, MaSGR2, MaPPH, and MaTIC55 be-
came abundant following ethylene treatment in bananas ri-
pening at 20 °C, whereas those of MaPAO and MaNOL 
decreased, and those of MaRCCR and MaHCAR displayed 
no obvious change (Fig. 1D). By contrast, the expression le-
vels of MaNYC1, MaSGR1, MaSGR2, MaPPH, and MaTIC55 
were significantly lower in fruits kept at 30 °C throughout 
the entire ripening progression (Fig. 1D). However, the 
transcript levels of MaRCCR increased more at 30 °C than 
at 20 °C, but those of MaNOL, MaHCAR, and MaPAO dis-
played no consistent differences between the 2 treatments 
(Fig. 1D).

To identify the most important changes in CCG expression 
associated with green ripening, we analyzed the expression 
levels of all 9 CCGs by the variable importance in projection 
(VIP) method combined with partial least squares- 
discriminant analysis (PLS-DA), which is a supervised multi-
variate approach widely used to identify key genes and 
metabolites that contribute to changes in transcriptome 

and metabolome analyses (Papazian et al. 2016). As shown 
in the PLS-DA model, CCG expression profiles in fruits 
ripened at 30 °C clearly deviated from those ripened at 20 °C 
(Supplemental Fig. S1A), with MaSGR2 making the most signifi-
cant contribution to the model, as evidenced by its highest VIP 
score (Supplemental Fig. S1B), followed by MaSGR1, MaNYC1, 
MaRCCR, MaTIC55, and MaPPH, with the last 3 genes making a 
relatively smaller contribution.

Transient overexpression in Nicotiana benthamiana leaves 
is an effective method that is widely used for evaluating the 
biological function of genes, including CCGs (Xiang et al. 
2019). We thus transiently individually overexpressed 
MaNYC1, MaSGR1, MaSGR2, MaPPH, or MaTIC55 in N. 
benthamiana leaves to examine their potential ability to me-
diate chlorophyll degradation. We determined that all 5 
CCGs have a positive effect on chlorophyll degradation, 
with MaSGR2 showing the best ability to induce yellowing, 
as indicated by chlorophyll fluorescence imaging of Fv/Fm 

(maximum potential quantum efficiency of photosystem II) 
and Y(II) (actual photosynthetic efficiency), and a significant 
decrease in total chlorophyll content (Supplemental Fig. S2, 
A–C). These data indicate that these 5 CCGs, whose expres-
sion was repressed by high temperature, and particularly 
MaSGR2, might be important candidate genes for chloro-
phyll degradation in banana fruits, and thus they were se-
lected for further experiments.

Identification of MaMYB60, a transcriptional 
activator of CCGs in banana fruit
To identify the upstream regulators of MaSGR2, we cloned 
the MaSGR2 promoter and looked for proteins that bind 
to its sequence in a yeast one-hybrid (Y1H) screen using a 
cDNA library prepared from ripening banana peels. In this 
screen, we identified a MYB family transcription factor, desig-
nated MaMYB60 (Ma04_g00460). We confirmed the inter-
action between MaMYB60 and the MaSGR2 promoter 
using the full-length coding sequence of MaMYB60 as prey 
in the Y1H assay. As shown in Fig. 2A, we detected no basal 
activity from the MaSGR2 promoter driving the reporter of 
the assay in the presence of aureobasidin A (AbA), whereas 
yeast cells expressing MaMYB60 induced the expression of 
the AbA resistance gene driven by the MaSGR2 promoter 
and grew well on medium containing AbA, verifying that 
MaMYB60 binds to the MaSGR2 promoter.

We also characterized the molecular properties of 
MaMYB60. Phylogenetic analysis indicated that MaMYB60 
is most closely related to Arabidopsis (Arabidopsis thaliana) 
MYB60 (Supplemental Fig. S3A), and contains both the R2 
and R3 DNA-binding domains (Supplemental Fig. S3B) that 
recognize MYB recognition sequences (MYBRs) in the pro-
moters of target genes (Prouse and Campbell 2012). 
Consistent with a role of a transcription factor, a subcellular 
localization assay showed that a MaMYB60-GFP (green 
fluorescent protein) fusion protein localized to the nucleus 
when the encoding construct was transiently expressed in 
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N. benthamiana leaf epidermal cells (Supplemental Fig. S4B). 
Moreover, MaMYB60 exhibited transcriptional activation ac-
tivity through its C-terminal region (domain 1.2), in a Y1H assay 
and in plants in a dual-luciferase reporter assay when fused to 
the yeast GAL4 DNA-binding domain (Supplemental Fig. S4, C 
and D).

To test whether MaMYB60 directly binds to the promoter of 
MaSGR2 and the other 4 CCGs, we isolated their respective pro-
moters and identified their putative MYBRs (Supplemental Fig. 
S5). We then performed an electrophoretic mobility shift assay 
(EMSA), which showed that purified recombinant glutathione 
S-transferase (GST)-MaMYB60 (Supplemental Fig. S4A) can 
bind directly to MYBRs-containing fragments derived from 
each of these 5 promoters and caused clear mobility shifts 
(Fig. 2, B–F). Moreover, the shifted bands disappeared upon 
the addition of increasing amounts of unlabeled wild-type 
probes, but not by mutated probes. We independently con-
firmed the binding of MaMYB60 to these promoters by 

chromatin immunoprecipitation (ChIP)-qPCR. As shown in 
Fig. 2G, an anti-MaMYB60 antibody pulled down the proximal 
promoter regions of these 5 CCGs, but we detected no signifi-
cant ChIP signals over the distal promoter regions.

We also tested whether MaMYB60 can activate the tran-
scription of these 5 CCGs in a transient dual-luciferase-based 
transactivation assay. To this end, we placed the firefly luci-
ferase (LUC) reporter gene under the control of each pro-
moter individually and co-infiltrated each with a construct 
overexpressing MaMYB60 as effector. As shown in Fig. 2H, 
the activities of the MaNYC1, MaSGR1, MaSGR2, MaPPH, 
and MaTIC55 promoters were greatly enhanced in the pres-
ence of MaMYB60, with a considerably higher LUC/Renilla 
luciferase (REN) ratio compared to that of the control.

Together, these data indicate that MaMYB60 acts as a 
transcriptional activator of CCG (MaNYC1, MaSGR1, 
MaSGR2, MaPPH, and MaTIC55) transcription by directly tar-
geting their promoters.

Figure 1. Chlorophyll degradation and expression of 9 CCGs during banana fruit ripening at 20 °C and 30 °C. A) Appearance of banana peel during 
ripening at 20 °C and 30 °C. B, C) Changes in CI B) and total chlorophyll contents C) during fruit ripening. D) Expression of 9 CCGs (MaNYC1, 
MaNOL, MaHCAR, MaSGR1, MaSGR2, MaPPH, MaPAO, MaRCCR, and MaTIC55) in banana peel during fruit ripening. The chlorophyll catabolic path-
way is represented to the left, with the RT-qPCR data shown to the right. Expression levels were normalized to values on Day 0, which were set to 
1. Data are means ± SE from n = 6 B, C) and n = 3 D) biological replicates. Asterisks highlight significant differences in banana peel at 30 °C com-
pared to 20 °C as determined by Student’s t-test, *P < 0.05 and **P < 0.01.
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Figure 2. MaMYB60 activates the expression of 5 CCGs by directly binding to their promoters. A) Physical interaction of MaMYB60 with the 
MaSGR2 promoter in a Y1H assay. Top, No basal expression of the MaSGR2 promoter was detected in yeast grown on synthetic defined (SD) me-
dium lacking Leu in the presence of 300 ng mL–1 AbA. Bottom, Yeast growth assay after the Y1H reporter strain was transformed with plasmids 
expressing MaMYB60 or empty (pGADT7, negative control). B–F) EMSA showing the in vitro binding of recombinant MaMYB60 to the promoters 
of MaNYC1 B), MaSGR1 C), MaSGR2 D), MaPPH E), and MaTIC55 F). The wild type (WT) and mutant probe sequences for each CCG promoter are 
shown at the top of the image. Recombinant GST (negative control) or GST-MaMYB60 was incubated with each probe, followed by separation on 
native poly-acrylamide gels. Triangles indicate increasing amounts of unlabeled intact or mutated probes for competition. G) ChIP-qPCR assay show-
ing the in vivo binding of MaMYB60 to the CCG promoters. Left, schematic representation of each CCG promoter structure. MYBR and probes used 
for ChIP-qPCR assay are indicated with red diamonds, black (proximal 1), and red (proximal 2) underlines, respectively. The distal promoter region 
indicated by white underlines was used as negative control. Right, ChIP-qPCR results. Values are the percentage of DNA samples immunoprecipi-
tated with the anti-MaMYB60 antibody relative to input DNA. H) Transactivation of MaNYC1, MaSGR1, MaSGR2, MaPPH, and MaTIC55 promoters 
by MaMYB60. Left, schematic diagrams of reporter and effector vectors. Right, relative luciferase activity values. LUC/REN from the empty vector 
plus promoter–reporter were set to 1. Data are means ± SE from n = 3 G) or n = 6 H) biological replicates. Student’s t-test, **P < 0.01.
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MaMYB60 promotes chlorophyll catabolism and 
attenuates high temperature-induced repression of 
chlorophyll degradation
We performed a set of experiments to test the role of MaMYB60 
in mediating chlorophyll catabolism. Transient overexpression 
of MaMYB60 in N. benthamiana leaves led to a remarkable yel-
lowing around the infiltration site (Supplemental Fig. S6A), 
which was characterized by significant chlorophyll loss and a sig-
nificant decrease in Fv/Fm, Y(II) compared to empty control 
(Supplemental Fig. S6, B and C). In parallel, endogenous 
N. benthamiana CCGs (NbNYC1, NbSGR1, NbSGR2, NbPPH, 
and NbTIC55) displayed significantly higher transcript levels 
in leaves infiltrated with MaMYB60 relative to the empty vec-
tor control (Supplemental Fig. S6D). We subsequently exam-
ined the function of MaMYB60 in banana fruits through 
transient silencing and overexpression. A comparison of 
MaMYB60-silenced fruit with the control established that 
knockdown of endogenous MaMYB60 transcripts hindered 
chlorophyll degradation and led to a green phenotype near 
the injection point (Fig. 3, A and B). Concomitantly, we mea-
sured a lower CI and higher chlorophyll contents (Fig. 3C), as 
well as the downregulation of all 5 banana CCGs (MaNYC1, 
MaSGR1, MaSGR2, MaPPH, and MaTIC55) (Fig. 3D), in the 
MaMYB60-silenced area. Conversely, transient overexpression 
of MaMYB60 promoted chlorophyll degradation at 30 °C, re-
sulting in a distinct de-greening phenotype around the injec-
tion site (Fig. 3, E and F), which was supported by the higher 
CI, lower chlorophyll content (Fig. 3G), and upregulated CCG 
expression (Fig. 3H).

We validated the biological function of MaMYB60 by 
its stable overexpression in Arabidopsis. In MaMYB60 
-overexpressing lines (MaMYB60-OE-1, -2, and -3), leaves turned 
yellow faster than in WT during senescence (Supplemental Fig. 
S7, A and B). Accordingly, MaMYB60-OE plants had lower 
chlorophyll contents and higher expression levels of 
Arabidopsis CCGs (AtNYC1, AtSGR1, AtSGR2, AtPPH, and 
AtTIC55) than the nontransgenic control (Supplemental Fig. 
S7, C and D).

Collectively, these results indicate that MaMYB60 acts as a 
positive regulator of chlorophyll degradation, and its overex-
pression attenuates the high-temperature-repressed chloro-
phyll catabolism by enhancing CCG expression.

High temperature induces the proteasomal 
degradation of MaMYB60
To elucidate how high temperate represses MaMYB60-activated 
chlorophyll catabolism, we examined MaMYB60 expression and 
MaMYB60 abundance in banana peels at 20 °C and 30 °C. 
MaMYB60 transcript levels were markedly lower in the fruits ri-
pened at 30 °C compared to those at 20 °C on Days 3, 4, and 6 of 
storage (Fig. 4A). Interestingly, immunoblotting analysis showed 
that MaMYB60 abundance significantly decreased at 30 °C at all 
time points, using a specific antibody raised against MaMYB60 
for this study (Fig. 4B). Compared to MaMYB60 transcript abun-
dance, MaMYB60 protein levels showed a higher correlation 

coefficient with CI, chlorophyll content, and CCG transcript le-
vels (Fig. 4C and Supplemental Figs. S8 and S9). With this result, 
we investigated the effect of ambient temperature on 
MaMYB60 protein stability.

Ubiquitin-proteasome system-mediated proteolysis oc-
curs in all eukaryotic cells (Kerscher et al. 2006). To deter-
mine whether MaMYB60 is a target for proteasomal 
degradation, we analyzed MaMYB60 abundance in bananas 
treated with the proteasomal inhibitor MG132 and incu-
bated at 20 °C or 30 °C, using the anti-MaMYB60 antibody. 
As shown in Fig. 4D, pretreatment with MG132 maintained 
high levels of MaMYB60 protein at 30 °C but had no obvi-
ous effect on the already high protein abundance at 20 °C 
(Fig. 4D). Furthermore, a ChIP-qPCR assay of peels from 
green bananas ripened at 30 °C indicated a lower binding 
for MaMYB60 to the CCG promoters, compared to that 
in bananas ripened at 20 °C. This inhibition, however, was 
attenuated to a considerable extent by MG132 treatment 
(Fig. 4E). These results suggest that high temperature in-
duces MaMYB60 protein degradation via the proteasome 
pathway, and thereby attenuates the MaMYB60 transacti-
vation of CCGs.

The RING-type E3 ligase MaBAH1 interacts with 
MaMYB60
Proteasome-mediated protein degradation requires ubiquitin 
E3 ligase-mediated ubiquitination. To identify the E3 ligase 
that is responsible for the high temperature-induced proteaso-
mal degradation of MaMYB60, we performed immunoprecipi-
tation followed by mass spectrometry (IP-MS) to investigate 
the protein-interacting partners of MaMYB60 (Supplemental 
Fig. S10A). Interestingly, we identified a RING-type E3 
ubiquitin ligase (Ma05_p02600), a candidate protein that 
may interact with MaMYB60 (Supplemental Fig. S10B and 
Supplemental Data Set S1). This protein has significant se-
quence similarity with Arabidopsis BAH1, which is character-
ized by the presence of an SPX (SYG1/Pho81/XPR1) domain 
and a C3HC4-type RING finger domain (Supplemental Figs. 
S10 and S11); hence we designated this protein as MaBAH1.

We validated the interaction between MaMYB60 and 
MaBAH1 by yeast two-hybrid (Y2H) assay. As shown in 
Fig. 5A, yeast cells co-transformed with MaMYB60 and 
MaBAH1 turned blue in the presence of the chromogenic 
substrate α-Gal, as did the positive control, while the nega-
tive controls did not, indicating that MaMYB60 interacts 
with MaBAH1 in yeast cells. An in vitro GST pull-down assay 
indicated that recombinant GST-MaMYB60, but not GST 
alone, can be pulled down by maltose-binding protein 
(MBP)-MaBAH1 (Fig. 5B). A co-localization assay showed 
that although we detected MaBAH1 in the nucleus, cyto-
plasm, and plasma membrane, MaBAH1 co-localized 
with MaMYB60 in the nucleus (Fig. 5C), suggesting the pos-
sible interaction between these 2 proteins in planta. 
Subsequently, we confirmed their interaction in living plant 
cells by split-luciferase assay and co-immunoprecipitation 

http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koad030#supplementary-data
http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koad030#supplementary-data
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http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koad030#supplementary-data
http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koad030#supplementary-data
http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koad030#supplementary-data
http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koad030#supplementary-data
http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koad030#supplementary-data
http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koad030#supplementary-data
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http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koad030#supplementary-data
http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koad030#supplementary-data
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(Co-IP). In the split-luciferase assay, we detected the activity 
from reconstituted luciferase in N. benthamiana leaves co- 
expressing MaMYB60-NLUC (encoding MaMYB60 fused to 
the N-terminal half of LUC) and CLUC-MaBAH1 (encoding 
the C-terminal half of LUC fused to MaMYB60). However, 
we detected no LUC activity in the negative control combi-
nations (Fig. 5D). In the Co-IP assay, MaMYB60-GFP immu-
noprecipitated MaBAH1-His, but not GFP, when using an 
anti-GFP antibody for IP (Fig. 5E). Overall, these data demon-
strate the in vitro and in vivo interaction of MaMYB60 with 
MaBAH1.

MaBAH1 ubiquitinates MaMYB60 for proteasomal 
degradation
Given that MaBAH1 has E3 ubiquitin ligase activity 
(Supplemental Fig. S12) and interacts with MaMYB60 
(Fig. 5), we assessed whether MaBAH1 can ubiquitinate 
MaMYB60 through an in vitro ubiquitination assay using puri-
fied recombinant GST-MaMYB60 along with MBP-MaBAH1. 
After co-incubation of GST-MaMYB60 and MBP-MaBAH1 
in the presence of ubiquitin, an E1 ubiquitin-activating en-
zyme and an E2 ubiquitin-conjugating enzyme, we observed 
the ubiquitination of GST-MaMYB60, as indicated by the 

higher molecular weight bands in this sample alone 
(Fig. 6A). However, we detected no ubiquitinated signal 
when any one of these components in the reaction was miss-
ing (Fig. 6A). We also tested the ubiquitination of MaMYB60 
by MaBAH1 in vivo via co-expression of MaMYB60-GFP and 
MaBAH1-His constructs in N. benthamiana leaves. As shown 
in Fig. 6B, after immunoprecipitation of MaMYB60-GFP 
with anti-GFP beads, we used an anti-Ub antibody to detect 
poly-ubiquitinated MaMYB60, which was present in signifi-
cantly higher quantities when MaMYB60-GFP was co- 
expressed with MaBAH1-His than with the empty-His control 
vector, indicating that MaBAH1 can promote MaMYB60 
ubiquitination.

To validate whether MaBAH1 mediates the degradation of 
MaMYB60, we conducted a cell-free degradation assay. To 
this end, we incubated purified recombinant GST-MaMYB60 
with equal amounts of total proteins extracted from N. 
benthamiana leaves transiently expressing MaBAH1-His or the 
empty-His vector control. Immunoblotting analysis showed 
that the GST-MaMYB60 protein is degraded more rapidly in 
the protein extracts expressing MaBAH1-His than in those ex-
pressing empty-His (Fig. 6C). To further examine whether 
MaBAH1 mediates the degradation of MaMYB60 through 
the 26S proteasome pathway, we transiently expressed 

Figure 3. MaMYB60 promotes chlorophyll degradation and weakens the inhibition of chlorophyll catabolism at high temperature. A–D) Transient 
silencing of MaMYB60 in banana fruits inhibits chlorophyll degradation. A) Appearance of banana fruit infiltrated with empty vector (left side of fruit 
peel) and pTRV2-MaMYB60 (right) at 3 d after ethylene treatment. Scale bar, 2 cm. B) Immunoblotting of MaMYB60 in the infiltrated banana peel. 
Fruit peel tissues at the injection region were used for immunoblotting, using Actin as loading control. C) Changes in the CI and total chlorophyll 
content of banana peels as shown in A). D) CCG expression in banana peels as shown in A). E–H) Transient overexpression of MaMYB60 in banana 
fruit weakens high temperature-inhibiting chlorophyll catabolism. E) Appearance of bananas infiltrated with empty vector (left side of peel) and 
MaMYB60-His (right) at 3 d under 30 °C. F) Immunoblotting detection of MaMYB60-His in banana peels infiltrated with empty vector or 
MaMYB60-His. Fruit peel tissues at the injection region were used for protein detection with an anti-His monoclonal antibody, using Actin as loading 
control. G) Changes in the CI and total chlorophyll content in peels as shown in E). H) Expression of MaNYC1, MaSGR1, MaSGR2, MaPPH, and 
MaTIC55 in peels as shown in E). Data are means ± SE with n = 6 C, G) or n = 3 D, H) biological replicates. Asterisks indicate significant differences, 
as determined by Student’s t-test, **P < 0.01.

http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koad030#supplementary-data
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MaMYB60-LUC and MaBAH1 in N. benthamiana leaves. 
Immunoblotting analysis with an anti-LUC antibody revealed 
that MaMYB60 abundance declined substantially in the pres-
ence of MaBAH1, compared to the empty vector control, and 
this decline was inhibited by MG132 (Fig. 6D). Quantification 
of LUC activity also showed that the presence of MaBAH1 
caused MaMYB60 protein degradation, while the addition of 
MG132 in the reaction mixture abolished this response 
(Fig. 6E). These results demonstrate that MaBAH1 ubiquitinates 
MaMYB60 and facilitates its degradation via the 26S prote-
asome pathway.

High temperature enhances MaBAH1 
mediated-proteasomal degradation of MaMYB60
We then asked whether MaBAH1 mediated-proteasomal 
degradation of MaMYB60 is affected by high temperature. 
Quantitative analyses of RNA and protein levels in fruits ri-
pened at 20 °C or 30 °C showed increased levels of 
MaBAH1 mRNA and MaBAH1 protein in the peels of fruits 
incubated at 30 °C as compared to those kept at 20 °C 
(Fig. 7A and Supplemental Fig. S13). The protein level of 
MaMYB60 was negatively correlated with that of MaBAH1, 
with R = −0.573 (P < 0.05) (Fig. 7B). Moreover, a Co-IP assay 

Figure 4. High temperature induces proteasomal degradation of MaMYB60 and reduces its binding to CCG promoters. A) Changes in MaMYB60 
transcript levels in banana fruits during ripening at 30 °C or 20 °C. Expression levels were normalized to values on Day 0, which were set to 1. Data are 
means ± SE from 3 biological replicates. Asterisks indicate significant differences between banana peel at 30 °C and 20 °C as determined by Student’s 
t-test: *P < 0.05 and **P < 0.01. B) Changes in MaMYB60 abundance at 30 °C and 20 °C. An equal amount of total protein (30 µg) per lane was 
subjected to SDS–PAGE, followed by immunoblotting using the anti-MaMYB60 antibody, with Actin as loading control. C) Correlation between 
MaMYB60 protein levels and CI and total chlorophyll content. Relative MaMYB60 abundance was measured using ImageJ software; the correlation 
coefficients were calculated by SPSS Statistics 20. Asterisks indicate significant differences as determined by Student’s t-test, *P < 0.05 and **P < 0.01. 
D) Immunoblotting assay of MaMYB60 in bananas treated with the proteasomal inhibitor MG132 at 20 °C and 30 °C. Actin was used as loading 
control. E) ChIP-qPCR assay of MaMYB60 binding activity to the promoters of CCGs (MaNYC1, MaSGR1, MaSGR2, MaPPH, and MaTIC55) at 
30 °C and 20 °C. Data are means ± SE from 3 biological replicates, Student’s t-test, **P < 0.01.

http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koad030#supplementary-data
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Figure 5. MaBAH1 physically interacts with MaMYB60. A) Y2H assay showing the interaction between MaBAH1 and MaMYB60. Yeast cells co- 
transformed with DBD-MaMYB60-R2R3-1.1 and AD-MaBAH1, or DBD-MaBAH1 and AD-MaMYB60, were grown on SD medium (lacking Trp, Leu, 
His and Ade) in the presence of the chromogenic substrate α-Gal. B) In vitro GST pull-down assay showing the interaction of MaBAH1 with 
MaMYB60. Recombinant MBP-MaBAH1 was incubated with GST-MaMYB60 or GST, the bound proteins were then detected by immunoblotting 
using anti-MBP or anti-GST antibodies, respectively. C) Co-localization analysis of MaMYB60-GFP and MaBAH1-mCherry. MaMYB60-GFP was co- 
expressed with MaBAH1-mCherry or mCherry in N. benthamiana leaves via Agrobacterium-mediated infiltration. The boxed region is enlarged at the 
right. The graph above shows the co-localization analysis using fluorescence-intensity profiles for GFP and mCherry signals. Scale bars, 25 µm. D) 
Split-luciferase assay in N. benthamiana leaves showing the interaction between MaMYB60 and MaBAH1. MaMYB60-NLUC was co-expressed 
with CLUC-MaBAH1; MaMYB60-NLUC/CLUC, NLUC/CLUC-MaBAH1, and NLUC/CLUC were used as negative controls. Luciferase activity was re-
corded with a CCD camera. Representative images of N. benthamiana leaves at 72 h after infiltration are shown. E) In vivo Co-IP assay showing 
the interaction of MaMYB60 with MaBAH1. MaMYB60-GFP and MaBAH1-His, GFP and MaBAH1-His, or MaMYB60-GFP alone, were transiently ex-
pressed in N. benthamiana leaves and immunoprecipitated with an anti-GFP antibody. Immunoprecipitated samples and input controls were de-
tected with anti-GFP and anti-His antibodies, respectively.
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using an anti-MaMYB60 antibody on total proteins extracted 
from banana peel showed a higher amount of high-molecular 
mass forms of MaMYB60 corresponding to poly- 
ubiquitinated MaMYB60 (Ubi(n)-MaMYB60) in the peels 
of banana fruits ripened at 30 °C than those at 20 °C, as evi-
denced by immunoblotting with an anti-Ub antibody 
(Fig. 7C). Further, we observed a decrease in MaMYB60 
abundance and an increase in MaBAH1 protein levels in 
the samples immunoprecipitated with the anti-MaMYB60 
from banana fruits ripened at 30 °C compared to those 
at 20 °C (Fig. 7C). These results suggest that MaBAH1 

mediated-proteasomal degradation of MaMYB60 is 
temperature-dependent and is stimulated under high 
temperatures.

MaBAH1 attenuates MaMYB60 activation of CCGs 
and chlorophyll degradation
Because MaBAH1 mediated the ubiquitination and degrad-
ation of MaMYB60, we hypothesized that MaBAH1 might 
interfere with the MaMYB60-mediated transactivation of 
CCGs. We tested this hypothesis by performing transient 
overexpression assays in N. benthamiana leaves using the 

Figure 6. MaBAH1 mediates MaMYB60 protein degradation via the ubiquitin–proteasome system. A) MaBAH1 ubiquitinates MaMYB60 in vitro. 
The activity of recombinant MBP-BAH1 in GST-MaMYB60 ubiquitynation was tested in the presence and absence of ubiquitin, E1, E2, MBP-BAH1, 
and GST-MaMYB60. Ubiquitynated GST-MaMYB60 was detected by immunoblotting with an anti-GST antibody. B) In vivo ubiquitination of 
MaMYB60 by MaBAH1. Ubiquitynated proteins in total protein extracts from N. benthamiana leaves transiently expressing HA-Ub, 
MaMYB60-GFP and MaBAH1-His or Empty-His in different combinations, were captured with anti-GFP antibody. Ubiquitynated MaMYB60 was 
detected using anti-GFP and anti-ubiquitin antibodies. C) Cell-free degradation assay of recombinant GST-MaMYB60. Protein extracts from 
N. benthamiana leaves transiently expressing MaBAH1-His or empty-His vector were, respectively, incubated with recombinant GST-MaMYB60 
for the indicated times. GST-MaMYB60 protein levels were determined using anti-GST antibody, with Actin as loading control. D, E) 
Proteasome-mediated degradation assay of MaMYB60 in plant cells. MaMYB60-LUC was co-expressed with MaBAH1 or empty vector in 
N. benthamiana leaves in the presence or absence of MG132. D) Abundance of MaMYB60 as analyzed by immunoblotting using an anti-LUC anti-
body, with Actin as loading control. E) Stability of MaMYB60, as indicated by measuring luciferase activity. Data are means ± SE from 6 biological 
replicates. Asterisks indicate significant differences as determined by Student’s t-test (**P < 0.01).
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dual-luciferase reporter system. Compared to the empty vec-
tor control, the expression of MaMYB60 activated LUC tran-
scription from the MaNYC1, MaSGR1, MaSGR2, MaPPH, and 
MaTIC55 promoters, and this activation was attenuated 
when MaBAH1 was present (Fig. 8A). However, the 
MaBAH1-mediated repression of CCG transactivation by 
MaMYB60 was largely eliminated when MG132 was included 
in the reaction mixture (Fig. 8A).

We further asked whether MaMYB60-induced chlorophyll 
degradation was inhibited by MaBAH1 via transiently overex-
pressing MaBAH1 and MaMYB60 in N. benthamiana leaves 
(Supplemental Fig. S14A). Transient overexpression of 
MaMYB60 caused distinct yellowing of leaves and consider-
able chlorophyll loss with a significant decrease in Fv/Fm 

and Y(II), while co-expression with MaBAH1 rescued 
the phenotype substantially (Supplemental Fig. S14B). 
Consistent with this observation, overexpression of 
MaMYB60 resulted in lower total chlorophyll contents and 
induced the expression of N. benthamiana CCGs (NbNYC1, 
NbSGR1, NbSGR2, NbPPH, and NbTIC55), while this induction 
was repressed in the presence of MaBAH1 (Supplemental 
Fig. S14, C and D). Notably, the addition of MG132 largely 
eliminated the effect of MaBAH1 and maintained 
MaMYB60-induced chlorophyll degradation (Supplemental 
Fig. S14, B–D).

To validate the MaBAH1-mediated repression of chloro-
phyll degradation in bananas, we conducted transiently si-
lenced and overexpressed MaBAH1 in banana fruits. As 
shown in Fig. 8B, the transient overexpression of MaBAH1 

in banana peels led to a green phenotype near the injection 
point, in contrast to the yellow phenotype at the empty 
vector-injected site. We detected lower levels of MaMYB60 
in MaBAH1-overexpressing tissues (Fig. 8C). In parallel, we 
observed a lower CI and measured higher chlorophyll con-
tents in the MaBAH1-injected area (Fig. 8D), as well as de-
creased CCG expression (Fig. 8E). By contrast, MaBAH1 
silencing increased MaMYB60 protein levels and caused a dis-
tinct de-greening phenotype near the vector injection point 
at high temperature, compared to the area that received the 
empty control vector (Fig. 8, F and G). Consistent with this 
observation, we measured an increased CI, decreased total 
chlorophyll contents (Fig. 8H), and increased expression of 
CCGs (Fig. 8I) in MaBAH1-silenced tissues. In addition, the 
stable heterologous expression of MaBAH1 in Arabidopsis de-
layed leaf yellowing, which was accompanied by high chloro-
phyll contents and lower expression of CCGs (Supplemental 
Fig. S15). Thus, our data establish that MaBAH1 attenuates 
the MaMYB60-mediated activation of CCGs and contributes 
to high temperature-inhibited chlorophyll catabolism through 
the proteasomal degradation of MaMYB60.

Discussion
De-greening, caused by rapid chlorophyll degradation, is a 
normal phenomenon associated with leaf senescence and 
ripening of most fruits. Since maintaining chlorophyll ex-
tends the time for fixed carbon assimilation and grain devel-
opment, the stay-green trait has been investigated in many 

Figure 7. MaBAH1 is involved in high temperature-induced ubiquitination and degradation of MaMYB60. A) Changes in MaBAH1 protein accu-
mulation in banana fruit during ripening at 30 °C and 20 °C. An equal amount of total protein (30 µg) per lane from each time point sample was 
subjected to immunoblotting using the anti-MaBAH1 antibody, with Actin as loading control. B) MaBAH1 and MaMYB60 protein levels are corre-
lated, based on quantification from immunoblotting by densitometric analysis using ImageJ software. Asterisks indicate significant differences as 
determined by Student’s t-test (*P < 0.05). C) MaBAH1 participates in high temperature-promoted ubiquitination of MaMYB60. MaMYB60 in 
the total protein extracted from banana fruit ripened at 30 °C and 20 °C was immunoprecipitated with the anti-MaMYB60 antibody. 
Ubiquitinated MaMYB60 was detected using anti-ubiquitin and anti-MaMYB60 antibodies. The presence of MaBAH1 in the immunoprecipitated 
complex was determined using an anti-MaBAH1 antibody, with Actin as loading control.
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Figure 8. Attenuation of MaMYB60-induced chlorophyll degradation by MaBAH1. A) MaBAH1 suppresses MaMYB60-mediated transactivation of 
the MaNYC1, MaSGR1, MaSGR2, MaPPH, and MaTIC55 promoters. LUC driven by CCG promoters (MaNYC1pro:LUC, MaSGR1pro:LUC, MaSGR2pro: 
LUC, MaPPHpro:LUC, and MaTIC55pr:LUC) and REN driven by the CaMV 35S promoter (as an internal control) in the same vector, we co-expressed                                                                                                                                                                                            

(continued) 
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crops including rice (Oryza sativa; Cha et al. 2002), wheat 
(Triticum aestivum; Rampino et al. 2006), soybean (Glycine 
max; Fang et al. 2014), barley (Hordeum vulgare; Gous et al. 
2017), and tomato (Barry et al. 2008), and the trait is now 
a target for plant breeding. With climate change and the glo-
bal warming-associated reduction in agricultural productiv-
ity, the stay-green trait appears to be effective in improving 
heat resistance (Abdelrahman et al. 2017; Kamal et al. 
2019). In most cases, heat stress promotes chlorophyll deg-
radation and causes chlorophyll contents to decrease 
(Wang et al. 2018; Janni et al. 2020). However, it can be de-
layed remarkably or abolished completely in some cases, 
such as in banana fruit (Thomas and Howarth 2000). In 
Cavendish-type bananas, which dominate the world market, 
fruit ripening at or above 24 °C suppresses chlorophyll deg-
radation (Yang et al. 2009). Noticeably, the temperature 
range at which green ripening occurs is not high enough to 
inhibit enzymatic reactions. These facts suggest that 
temperature-dependent inhibition of chlorophyll degrad-
ation in banana fruits may be regulated by an unknown 
temperature-regulated chlorophyll degradation mechanism, 
which our findings elucidate. This new knowledge offers op-
portunities for innovations in banana fruit post-harvest tech-
nology and the development of cultivars that do not 
undergo green ripening under high temperatures.

During leaf senescence, the expression of CCGs is directly 
regulated by multiple transcription factors (Qiu et al. 2015; 
Gao et al. 2016; Chen et al. 2017; Kuai et al. 2018). 
However, less attention has been given to the transcriptional 
regulation of CCGs during fruit ripening. MYB transcription 
factors function as upstream regulators of carotenoid, antho-
cyanin and chlorophyll biosynthesis, and contribute to fruit 
color formation (Rihani et al. 2017; Zhu et al. 2017; 
Ampomah-Dwamena et al. 2019; Jiang et al. 2019; Wu et al. 
2020), while direct evidence for the regulation of chlorophyll 
catabolism by MYBs is still lacking. In this study, we showed 
that high temperature reduced the expression of MaNYC1, 
MaSGR1, MaSGR2, MaPPH, and MaTIC55, resulting in the re-
pression of chlorophyll degradation in green ripening bana-
nas (Fig. 1). We identified the MYB protein MaMYB60 that 
bound directly to the promoters of MaNYC1, MaSGR1, 
MaSGR2, MaPPH, and MaTIC55, and positively regulated 
their expression (Fig. 2). Overexpression of MaMYB60 

decreased chlorophyll content in N. benthamiana and 
Arabidopsis leaves, and banana fruit peels, while 
MaMYB60-silencing hindered chlorophyll degradation 
(Fig. 3; Supplemental Figs. S6 and S7). These findings demon-
strate that MaMYB60 positively regulates chlorophyll deg-
radation in bananas by directly activating CCGs.

Interestingly, the transient overexpression of MaMYB60 in 
banana peels attenuated the inhibition of chlorophyll deg-
radation by high temperatures (Fig. 3, E–H). This result sug-
gests that the repression of MaMYB60-induced chlorophyll 
degradation at 30 °C, i.e. is green ripening, may be mediated 
by some unknown mechanism. Both MaMYB60 mRNA and 
MaMYB60 protein levels were lower at 30 °C than at 22 °C, 
while MaMYB60 protein levels were more correlated with 
the green ripening phenotype (Fig. 4 and Supplemental 
Figs. S8 and S9). In addition, we detected MaMYB60 tran-
script and MaMYB60 protein at high levels in banana fruits, 
compared to their levels in roots, stems, and leaves 
(Supplemental Fig. S16), suggesting that MaMYB60 exerts 
its actions mainly in the fruit. Ubiquitination is an important 
post-translational modification affecting protein stability, 
thus playing key regulatory roles in various biological deci-
sions including temperature-stress responses (Wang et al. 
2019). Our current results showed that banana ripening at 
30 °C induced MaMYB60 degradation via the proteasome 
pathway, which in turn abolished MaMYB60 activation of 
CCGs (Fig. 4, D and E). Moreover, MG132 treatments only 
partially rescued the binding and activation of CCGs by 
MaMYB60, suggesting that both the transcriptional and 
post-translational regulation of MaMYB60 play a role in 
chlorophyll degradation during green ripening.

In apple fruits, MdMYB23 and MdMYB308L, which regu-
late cold tolerance and anthocyanidin accumulation, are ubi-
quitinated and degraded by the BTB (BROAD-COMPLEX, 
TRAMTRACK, AND BRIC A BRAC2) protein MdBT2 and 
the RING E3 ligase MdMIEL1 (MYB30-Interacting E3 Ligase 
1), respectively (An et al. 2018, 2020, 2021). In our study, 
we identified the high temperature-inducible RING-type ubi-
quitin E3 ligase MaBAH1 as a MaMYB60-interacting protein 
that promoted the ubiquitination-mediated proteasomal 
degradation of MaMYB60, and functioned as a negative regu-
lator of chlorophyll degradation (Figs. 5–8 and Supplemental 
Figs. S14 and S15). In an apparent contradiction of our 

(Figure 8. Continued)  
with an effector plasmid expressing MaMYB60 or MaBAH1 in N. benthamiana leaves. The LUC/REN ratio of the empty vector + CCGpro:LUC re-

porter was set to 1. Data are means ± SE from 6 biological replicates. Different lowercase letters indicate significant differences as determined by 
one-way ANOVA followed by Tukey’s test (P < 0.05). B–E) Transient overexpression of MaBAH1 in banana fruit inhibits chlorophyll degradation. B) 
Appearance of banana fruit injected with empty vector (left side of peel) and MaBAH1-His (right) at 3 d after ethylene treatment. Scale bar: 2 cm. C) 
Immunoblotting analysis of banana peel injected with empty vector and MaBAH1-His. MaBAH1 and MaMYB60 were detected with anti-His and 
anti-MaMYB60 antibodies, respectively, with Actin as loading control. D) Changes in the CI and total chlorophyll content in bananas peels as shown 
in B). E) Expression of CCGs in banana peels as shown in B). F–I) Transient silencing of MaBAH1 in banana fruits weakens high temperature-induced 
inhibition of chlorophyll catabolism. F) Appearance of banana fruit injected with empty vector (left side of peel) and pTRV2-MaBAH1 (right) at 3 d 
under 30 °C. Scale bar: 2 cm. G) Immunoblotting of MaBAH1 in injected banana peel. Actin served as loading control. H) Changes in the CI and 
total chlorophyll content in banana peels as shown in F). I) CCG expression in banana peels as shown in F). Data are means ± SE from n = 6 
D, H) and n = 3 E, I) biological replicates. Asterisks indicate significant differences as determined by Student’s t-test (**P < 0.01).
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results, a recent report in apple described how the 
ethylene-activated E3 ubiquitin ligase MdPUB24 promoted 
chlorophyll degradation by the degradation of BEL1-LIKE 
HOMEODOMAIN transcription factor 7 (MdBEL7), leading 
to the enhanced expression of CCGs (CHLOROPHYLLASE 
[MdCLH], MdPPH2, and CAROTENOID AND CHLOROPLAST 
REGULATION 2 [MdRCCR2]) (Wei et al. 2021). Here, it is im-
portant to note that our work clearly demonstrated the en-
hancement of MaBAH1-mediated ubiquitination and 
proteasomal degradation of MaMYB60 under high tempera-
tures (Fig. 7). Our data also established that high-temperature 
suppressed MaMYB60-induced chlorophyll degradation by ac-
tivating MaBAH1-mediated proteasomal degradation of 
MaMYB60, thus unraveling a new molecular regulatory mod-
ule controlling chlorophyll catabolism under heat stress. In 
Arabidopsis, the RING finger ubiquitin E3 ligase, HIGH 
EXPRESSION OF OSMOTICALLY RESPONSIVE GENES 1 
(HOS1), interacts with and ubiquitinates INDUCER OF CBF 
EXPRESSION 1 (ICE1), leading to ICE1 degradation and thus 
preventing CBF-induced expression of COLD-REGULATED 
(COR) genes (Dong et al. 2006). In another example, PUB25 
and PUB26, 2 U-box type E3 ubiquitin ligases, trigger MYB15 
degradation through the ubiquitin-proteosome pathway, 
thereby enhancing cold-induced CBF gene expression and 
plant cold tolerance (Wang et al. 2019). Collectively, E3 ligase- 
mediated proteasomal degradation may be widespread in 
plant responses to temperature stress, including both low- 
temperature and high-temperature stresses, thereby enabling 
plant adaptation under extreme temperature conditions.

Interestingly, despite the fact that low temperature in-
duces PUB25- and PUB26-mediated degradation of MYB15, 
overexpression of MYB15 results in reduced cold tolerance 
in Arabidopsis (Agarwal et al. 2006; Kim et al. 2017; Wang 
et al. 2019). Similarly, overexpression of MaMYB60 acceler-
ated chlorophyll degradation in bananas under high tem-
peratures (Fig. 3, E–H), even if MaMYB60 had undergone 
MaBAH1-mediated degradation in this condition (Fig. 7). 
These results suggest the existence of a threshold beyond 
which high temperature-induced proteasomal degradation 
of transcription factors may be deficient. Several pieces of 
evidence lead us to speculate that this threshold might be 
determined by the activity of E3 ligase. For instance, the ki-
nase OPEN STOMATA 1 (OST1) phosphorylates PUB25 
and PUB26 and stimulates their E3 activities, which in turn 
enhances cold-induced degradation of MYB15 (Wang et al. 
2019). Additionally, ICE1 is phosphorylated by protein ki-
nases to prevent its interaction with E3 ligases, which thus 
enhances its protein stability, indicating that phosphoryl-
ation antagonizes ubiquitination to maintain substrate pro-
tein stability (Ding et al. 2015; Zhang et al. 2017). E3 ligases 
are also targeted by other E3 ubiquitin ligases for proteaso-
mal degradation, which affects the functional activity of 
the initial E3 ligase as well. For example, the Arabidopsis E3 
ligase SALT- AND DROUGHT-INDUCED RING FINGER 1 
(SDIR1) degrades EIN3-BINDING F BOX PROTEIN 1 (EBF1) 
and EBF2, which in turn disables EBF1/EBF2 to degrade 

ETHYLENE-INSENSITIVE3 (EIN3), thereby fine-tuning the 
ethylene response to fluctuating ambient temperatures 
(Hao et al. 2021). These results suggest the regulatory roles 
of phosphorylation and ubiquitination crosstalk in dynamic-
ally and precisely regulating plant responses to temperature 
stresses. Thus, it will be of considerable interest to investigate 
whether another E3 ligase or protein kinase affects the regu-
lation of MaMYB60 by MaBAH1 under high temperatures.

Based on our findings, we propose a working model depicting 
the molecular basis of high temperature-induced repression of 
chlorophyll degradation causing green ripening in bananas 
(Fig. 9). During banana fruit ripening at 20 °C, MaMYB60 
directly targets and activates the expression of CCGs, including 
MaNYC1, MaSGR1, MaSGR2, MaPPH, and MaTIC55, leading to 
chlorophyll degradation and yellowing of banana peel. When 
bananas ripen at 30 °C, the elevated temperature enhances 
MaBAH1 expression and MaBAH1 abundance. MaBAH1 
interacts with and ubiquitinates MaMYB60, resulting in 
MaMYB60 proteasomal degradation and the repression of 
the MaMYB60-mediated induction of CCGs, causing green ri-
pening in banana. Taken together, our findings establish a 
regulatory module, MaBAH1-MaMYB60-CCGs, in controlling 
chlorophyll catabolism, providing a molecular explanation for 
green ripening in bananas under high temperatures. This dis-
covery of a chlorophyll degradation regulatory pathway and 
the underlying molecular elements offer new opportunities 
for developing technologies for post-harvest fruit and vege-
table quality preservation and improvement.

Materials and methods
Plant materials, treatments and growth conditions
Preclimacteric banana (M. acuminata, AAA group, cv. 
Cavendish) fruits at the mature-green stage were obtained 
from a local commercial plantation near Guangzhou, China. 
Ripening of bananas was initiated by treatment with 
100 µL L–1 ethylene for 24 h in an airtight container, and fruits 
were allowed to ripen at 20 °C or 30 °C (high temperature), as 
described previously (Wu et al. 2019). Fruits were sampled just 
before ethylene treatment, which served as the Day 0 samples 
for both 20 °C and 30 °C treatments. Fruits were sampled, and 
CI and total chlorophyll content were recorded in 24-h inter-
vals for 6 d of storage following ethylene treatment as de-
scribed previously (McGuire 1992; Yang et al. 2009).

Nicotiana benthamiana and A. thaliana plants used for experi-
ments were planted in commercial potting soil and vermiculite 
(3:1) within a growth chamber set to 22°C under long-day con-
ditions (16-h light/8-h dark; light intensity 120 to 180 µmol  
m−2 s−1). The leaves of 4- to 6-wk-old N. benthamiana plants 
were selected for Agrobacterium (Agrobacterium tumefaciens)- 
mediated transient overexpression assays.

Gene expression and immunoblot analysis
Total RNA from banana fruit peels and N. benthamiana 
leaves was extracted using the hot borate method 
(Wan and Wilkins 1994) and a RNeasy Plant Mini Kit 
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(Qiagen, Germany), respectively. First-strand cDNAs were 
synthesized through reverse transcription using a commer-
cially available TaKaRa PrimeScript RT reagent kit. qPCR 
was carried out on a Bio-Rad CFX96 Real-Time PCR System 
using a SYBR Green PCR Supermix Kit (Bio-Rad 
Laboratories Inc, Dreieich, Germany) following the manufac-
turer’s instructions. Banana MaACT1 (Chen et al. 2011) and 
N. benthamiana EF-1a (Liu et al. 2012) were used as the refer-
ence genes to normalize the transcript levels of target genes in 
bananas and N. benthamiana, respectively.

To produce anti-MaMYB60 and anti-MaBAH1 antibodies, 
recombinant His-tagged MaMYB60 and MaBAH1 were pro-
duced in Escherichia coli strain BM Rosetta (DE3), purified 
using Ni-NTA agarose (GE Healthcare, Buckinghamshire, 
UK) and used to immunize rabbits. Each polyclonal antibody 
was affinity-purified from rabbit antisera by Hangzhou 
HuaAn Biotechnology Co., Ltd (Hangzhou, China). The spe-
cificities of the anti-MaMYB60 and anti-MaBAH1 antibodies 
were validated by immunoblotting analysis using the 
prokaryote-expressed and purified recombinant protein of 
GST-MaMYB60 and MBP-MaBAH1, total protein extracts 
from banana fruit peel, and total protein extracts from N. 
benthamiana leaves overexpressing MaMYB60 or MaBAH1 
(Supplemental Figs. S17 and S18). Protein from banana fruits 
was extracted using a protein extraction kit (Bangfei, Beijing, 
China). Separation of protein (30 µg protein per lane) was 
performed by SDS–PAGE. After electrophoresis, proteins 
were electrotransferred onto a nitrocellulose membrane 
(0.45 µm, Thermo Scientific) using a Bio-Rad transfer appar-
atus. Immunoblotting analysis was conducted using the 
anti-MaMYB60 or anti-MaBAH1 antibody, with a secondary 
goat anti-rabbit IgG peroxidase antibody (Thermo Scientific, 
cat. no. 32460).

Y1H assay
YIH library screening was performed with the Matchmaker 
Gold Yeast One-Hybrid System (Clontech, Mountain View, 

CA). The MaSGR2 promoter was cloned into the vector 
pAbAi as the bait. The plasmid was linearized and trans-
formed into Y1H Gold strain to generate the bait-specific re-
porter strain. Positive yeast strains were then transformed 
with pGADT7-AD, which contained the banana fruit cDNA 
library (prey) constructed in our previous study (Shan et al. 
2020). Protein–DNA interaction was determined based on 
the growth of co-transformants on synthetic defined me-
dium lacking Leu (SD/–Leu) containing 300 ng mL–1 AbA, 
according to the manufacturer’s protocol.

EMSA
The promoter fragments from CCGs containing MYBRs were 
synthesized (Sangon Biotech, Shanghai, China) and labeled 
with biotin at their 5′ end. GST-tagged MaMYB60 was pro-
duced in E. coli strain BM Rosetta (DE3) and purified with 
glutathione-Sepharose 4B beads (Takara, cat. no. 635607). 
EMSA was performed using a LightShift Chemiluminescent 
EMSA kit (Thermo Scientific, Waltham, MA), as described 
in our previous reports (Fan et al. 2018; Shan et al. 2020). 
Briefly, biotin-labeled probes were incubated with recombin-
ant GST-MaMYB60 in binding buffer for 25 min at 22 °C, and 
the free and bound probes were separated on a native acryl-
amide gel. Unlabeled probes were used as competitors and 
GST was used as a negative control.

ChIP-qPCR analysis
ChIP-qPCR analysis was carried out as described in our previ-
ous reports (Han et al. 2016; Kuang et al. 2017). Briefly, the 
banana fruit peels were submerged in 1% (v/v) formaldehyde 
to crosslink genomic DNA and protein. To extract chroma-
tin, the samples were homogenized in 10 mL extraction buf-
fer 1 (50 mM HEPES-KOH pH 7.5, 1 M sucrose, 5 mM KCl, 
5 mM MgCl2, 1 mM EDTA pH 8.0, 1 mM DTT, complete pro-
tease inhibitors (Roche, cat. no. 4693132001)). Chromatin 
was collected by centrifugation for 20 min at 3,500 × g, 
4 °C and then washed 2 times with 1 mL extraction buffer 

Figure 9. A proposed regulatory network of high temperature-induced repression of chlorophyll catabolism in banana fruit. At 20 °C, MaMYB60 
directly targets and activates the expression of CCGs, leading to chlorophyll degradation following normal ripening. Under high temperatures (30 °C), 
the expression of MaBAH1 is induced and MaBAH1 accumulates. MaBAH1 promotes the ubiquitination and proteasomal degradation of MaMYB60, 
which leads to the downregulation of CCGs, thereby repressing chlorophyll degradation in peel and causing green ripening in bananas. Our findings 
illustrate a dynamic regulatory module of MaBAH1–MaMYB60–CCGs in controlling chlorophyll catabolism during fruit ripening.

http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koad030#supplementary-data
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2 (10 mM Tris pH 8.0, 1 M sucrose, 5 mM KCl, 5 mM MgCl2, 
0.6% [v/v] Triton X-100, 1 mM EDTA, complete protease in-
hibitors) and 2 times with 300 μL extraction buffer 3 (10 mM 
Tris pH 8.0, 1 M sucrose, 5 mM KCl, 5 mM MgCl2, 0.1% [v/v] 
Triton X-100, 1 mM EDTA, complete protease inhibitors). 
The chromatin was isolated from the ground tissue using nu-
clei lysis buffer (50 mM Tris pH 8.0, 10 mM EDTA, 1% [w/v] 
SDS, complete protease inhibitors). Chromatin was sheared 
to an average length of 500 bp by sonication for 20 cycles 
(5 s ON and 5 s OFF) at 4 °C. DNA crosslinked to 
MaMYB60 was immunoprecipitated with the affinity- 
purified polyclonal antibody against MaMYB60. The distal re-
gions of the CCG promoters containing no MYBRs were used 
as negative controls.

Dual-luciferase transient expression assay
The promoters of MaNYC1, MaSGR1, MaSGR2, MaPPH, and 
MaTIC55 were individually cloned into the double-reporter 
vector pGreenII 0800-LUC, while the full-length MaMYB60 
coding sequence was cloned into the vector pGreenII 
62-SK as effector, as described by Hellens et al. (2005). The 
empty pGreenII 62-SK plasmid was used as a negative con-
trol. Agrobacterium strain EHA105 (pSoup) cultures carrying 
the resulting effector and reporter plasmids were infiltrated 
as appropriate pairs into N. benthamiana leaves. After 2 d 
of incubation, absolute LUC and REN activities were mea-
sured using a dual-luciferase assay kit (Promega, Madison, 
WI) on a Luminoskan Ascent Microplate Luminometer 
(Thermo Scientific) according to the manufacturer’s instruc-
tions. The transcriptional activation of target promoters was 
calculated as the ratio of LUC to REN. At least 6 transient as-
say measurements were included for each pair.

Transient analysis in N. benthamiana leaves and 
banana peel
For N. benthamiana leaf transient overexpression studies, the 
full-length coding sequences of MaMYB60, MaBAH1 or CCGs 
were cloned individually into the high-level simultaneous 
expression binary vector pEAQ (Sainsbury et al. 2009). The 
resulting vectors were subsequently transferred into 
N. benthamiana leaves through Agrobacterium strain EHA105 
using the same method as described above in the dual- 
luciferase assay. Three days after infiltration, N. benthamiana 
leaves were collected for photographic analysis and total chloro-
phyll content and gene expression quantification.

The experimental procedures for transient overexpression 
and silencing analysis in banana peel were performed as de-
scribed in our previous studies (Shan et al. 2020; Zhu et al. 
2023). Briefly, the open reading frame of MaMYB60 and 
MaBAH1 were individually cloned in-frame with a 6×His 
tag sequence (GTGATGGTGATGGTGATG) and cloned 
into the pCXUN vector harboring the maize (Zea mays) 
Ubiquitin promoter (Chen et al. 2009). For the construction 
of transient virus-induced gene silencing vectors, MaMYB60 
or MaBAH1 fragments were amplified by PCR using specific 

primers acquired from the Sol Genomics Network (http:// 
vigs.solgenomics.net/) and cloned into the pTRV2 vector. 
Agrobacterium strain EHA105 carrying pTRV2-MaMYB60 
or pTRV2-MaBAH1 together with pTRV1 were mixed at a ra-
tio of 1:1 (Miao et al. 2020) and then injected into mature 
green banana fruit peel. Transformed fruits were treated 
with 100 µL L–1 ethylene on Day 1 after infiltration and 
kept at 20 °C or 30 °C for 3 d. The peel around the injection 
sites was used for the measurement of the CI, chlorophyll 
content, gene expression, and protein abundance.

IP-MS assay
Banana fruits ripened at 20 °C and 30 °C were treated with 
50 μM MG132 (Merck, Darmstadt, Germany) for 16 h before 
sample collection to stabilize MaMYB60 protein. Proteins 
were extracted in extraction buffer (50 mM Tris–HCl, pH 7.4, 
150 mM NaCl, 2 mM MgCl2, 20% [v/v] glycerol, 5 mM DTT, 
and 0.1% [v/v] Nonidet P-40) containing a protease inhibitor 
cocktail (Roche). Cell debris was removed by centrifugation 
for 10 min at 12,000 × g, 4°C. The supernatant was collected 
and incubated with 10 μL of anti-MaMYB60 antibody at 4 °C 
overnight. On the second day, 50 μL of protein A agarose beads 
(Roche) was added. After 4 h of incubation at 4 °C, the beads 
were centrifuged at 1,000 × g at 4°C for 2 min and washed 3 
times using washing buffer (50 mM Tris–HCl, pH 7.4, 150 mM 
NaCl, 2 mM MgCl2, 10% [v/v] glycerol, 5 mM DTT, and 0.1% 
[v/v] Nonidet P-40). SDS sample buffer (5×) was added to the 
immunoprecipitated protein complex and proteins were sepa-
rated by SDS–PAGE. To identify MaMYB60-interacting pro-
teins, protein bands were excised from SDS–PAGE gels and 
subjected to in-gel trypsin digestion for 8 h at 37 °C with 
sequencing-grade trypsin (Promega, Madison, WI). Peptides 
from each gel band were extracted, brought to a final volume 
of 10 µL with 5% (v/v) formic acid, and analyzed by liquid chro-
matography tandem mass spectrometry (LC–MS/MS). A non-
specific IgG antibody (Abcam, cat. no. ab205718) served as a 
negative control to identify nonspecific binding proteins. To 
verify the MaMYB60–MaBAH1 interaction and the ubiquitina-
tion of MaMYB60 in banana fruit, immunoprecipitated proteins 
were separated by SDS–PAGE, and then subjected to immuno-
blotting using the following antibodies: anti-MaMYB60 (cus-
tom produced by HuaAn Biotechnology), anti-MaBAH1 
(custom produced by HuaAn Biotechnology), and anti- 
ubiquitin (Sigma, cat. no. U119).

Co-IP and ubiquitination assays
Co-IP and ubiquitination assays were also performed in 
N. benthamiana leaves as described earlier (Shan et al. 2020). 
MaMYB60-GFP and MaBAH1-His were transiently expressed 
in N. benthamiana leaves by Agrobacterium-mediated trans-
formation. For proteasome inhibition, leaves were infiltrated 
with 10 μM MG132 solution for 12 h and proteins were 
then extracted using the method described above in the 
IP-MS assay. The protein complexes were immunoprecipitated 
with an anti-GFP antibody and subjected to immunoblotting 
using anti-His (Abcam, cat. no. ab9108) and anti-GFP (Abcam, 

http://vigs.solgenomics.net/
http://vigs.solgenomics.net/


1424 | THE PLANT CELL 2023: 35; 1408–1428                                                                                                                  Wei et al.

cat. no. ab290) antibodies for the Co-IP assay, and an anti- 
ubiquitin antibody for the ubiquitination assay.

Y2H, pull-down, co-localization, and split-luciferase 
assays
Y2H, pull-down, and co-localization assays were performed 
as described previously (Shan et al. 2020). Briefly, for the 
Y2H assay, as full-length MaMYB60 showed auto-activation, 
a truncated fragment of the MaMYB60 coding sequence en-
coding the R2R3 domain without auto-activation was cloned 
into the vector pGBKT7 to yield DB-MaMYB60-R2R3-1.1. 
Full-length coding sequences of MaBAH1 and MaMYB60 
were cloned into vectors pGBKT7 and pGADT7 to obtain 
AD-MaBAH1, or DBD-MaBAH1 and AD-MaMYB60. The ap-
propriate pairs of plasmids were then co-transformed into 
Y2H Gold yeast cells. The transformed yeast strains were 
grown at 30 °C on selective medium lacking leucine (Leu), 
tryptophan (Trp), histidine (His), and adenine (Ade), and 
the possible protein–protein interactions were evaluated ac-
cording to their growth status and α-galactosidase activity.

For pull-down assay, recombinant MBP-MaBAH1 was pro-
duced in E. coli BM Rosetta (DE3) and purified by affinity 
chromatography using amylose resin (New England 
Biolabs). GST-MaMYB60 was obtained as described for 
EMSA. The protein mixtures were captured by a glutathione 
purification kit (Thermo Fisher Scientific). The eluted pro-
teins were detected using anti-GST (Abcam, cat. no. 
ab9058) and anti-MBP (Abcam, cat. no. ab9084) antibodies.

For the co-localization assay, the full-length MaMYB60 and 
MaBAH1 coding sequences were cloned into the vectors 
pEAQ-GFP and pEAQ -mCherry, respectively, and the result-
ing vectors were co-infiltrated into N. benthamiana leaves via 
Agrobacterium. Two days post-infiltration, GFP and mCherry 
fluorescence signals were observed with a fluorescence 
microscope (Zeiss Axio Imager D2) with the GFP filter (exci-
tation/bandpass: 470/40 nm; emission/bandpass: 525/ 
50 nm) and mCherry filter (excitation/bandpass: 550/25  
nm; emission/bandpass: 628/40 nm).

For the split-luciferase assay, MaMYB60 was cloned in- 
frame and upstream of the sequence encoding the 
N-terminal half of firefly LUC in pCAMBIA1300-NLUC, while 
MaBAH1 was cloned in-frame and downstream of the 
C-terminal half of luciferase in pCAMBIA1300-CLUC. The re-
sulting vectors, as well as empty plasmids, were introduced 
into Agrobacterium strain GV3101, and transiently expressed 
in N. benthamiana leaves as described above. Luciferase activ-
ity from N. benthamiana leaves was detected 3 d after infil-
tration with a chemiluminescence imager with a cooled 
charge-coupled device (CCD) camera (Bio-Rad).

In vitro ubiquitination assay
Recombinant GST-MaMYB60 and MBP-MaBAH1 were ob-
tained as described in EMSA and pull-down assay. The ubi-
quitination assay was performed as described previously 
(Shan et al. 2020). In brief, recombinant GST-MaMYB60 
was incubated with ubiquitin, E1, E2 (Boston Biochem.) 

and recombinant MBP-MaBAH1, and the reaction products 
were analyzed by immunoblotting with an anti-GST 
antibody.

Cell-free degradation assay
MaBAH1-His was transiently expressed in N. benthamiana 
leaf tissue and total proteins were extracted by the same 
method described in the Co-IP assay procedure. Total pro-
tein extracts (50 μg) were incubated with recombinant 
GST-MaMYB60 for 0, 3 or 6 h at 22 °C. Reactions were termi-
nated by boiling the reaction mixture in SDS sample buffer 
for 5 min, and then subjected to SDS–PAGE followed by im-
munoblotting using the anti-GST antibody.

In vivo protein degradation assay
Then the coding region of firefly LUC was amplified from 
pGreenII 0800-LUC as template and inserted into pEAQ vec-
tor, generating pEAQ-LUC. The full-length cDNA of 
MaMYB60 was cloned into pEAQ-LUC vector, generating 
pEAQ-MaMYB60-LUC to express a fusion protein of LUC 
and MaMYB60. MaMYB60-LUC was co-expressed with 
MaBAH1 in N. benthamiana leaves following Agrobacterium- 
mediated infiltration. After 48 h, leaves were infiltrated with 
10 μM MG132 or distilled water, and incubated for 12 h before 
harvesting. The proteasome-mediated degradation assay was 
performed as described by Shan et al. (2020). Total proteins 
were isolated from transiently infiltrated N. benthamiana leaves, 
and separated by SDS–PAGE, followed by immunoblotting with 
an anti-LUC antibody (Sigma–Aldrich, cat. no. L0159). LUC ac-
tivity was measured by the luciferase reporter gene assay, using 
a commercial kit (Promega Corporation).

Arabidopsis genetic transformation
To overexpress MaMYB60 or MaBAH1 in Arabidopsis, their 
full-length coding sequences were individually cloned into 
the plant transformation vector pCAMBIA1300-GFP. The re-
sulting plasmids were then introduced into Agrobacterium 
strain GV3101. WT Columbia (Col-0) Arabidopsis (A. thali-
ana) plants were transformed using the floral dip method 
(Clough and Bent 1998). Positive transgenic plants were con-
firmed by immunoblotting with an anti-GFP antibody. For 
each gene, 3 independent homozygous lines (T3) were 
used for experiments. Detached rosette leaves of 3-wk-old 
plants were incubated in complete darkness as described 
previously (Sakuraba et al. 2014). Photographic analysis, 
chlorophyll measurement, and gene expression quantifica-
tion were performed at 0, 3, 5 and 7 d of dark incubation.

PLS-DA
The PLS-DA was used for analyzing the gene expression data 
as described by Papazian et al. (2016). Quantitative data ob-
tained by RT-qPCR were analyzed by multivariate supervised 
PLS-DA method with MetaboAnalyst software (https://www. 
metaboanalyst.ca). The performance of the PLS-DA model 
was evaluated using the correlation coefficients (R2) and 
cross-validation correlation coefficients (Q2), defining the 

https://www.metaboanalyst.ca
https://www.metaboanalyst.ca
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proportion of variance in the data explained and predicted 
by the model, respectively. In each cross-validation step, 
the expected data were compared to the original data, and 
the squared sum of errors was calculated. The prediction er-
ror was then summed up on all samples (predicted residual 
sum of squares, PRESS). The PRESS was divided by the initial 
sum of squares for greater accuracy and subtracted from 1 to 
resemble the R2 scale. The 9 CCGs were ranked according to 
their VIP scores, representing the weighted sums of the 
PLS-DA weights’ squares, indicating the importance of the 
variable.

Phylogenetic analysis of MYBs
The sequences of MYB proteins from maize and Arabidopsis 
were retrieved from NCBI database based on previous studies 
(Kranz et al. 1998; Dubos et al. 2010). The phylogenetic ana-
lysis was conducted using the ClustalW. Construction of 
phylogenic tree using the neighbor-joining method and a 
bootstrap test of 1,000 replicates was performed with 
MEGA software. Protein IDs, multiple sequence alignments, 
and trees in Newick format are available in Supplemental 
Data Set S2, Supplemental Files S1 and S2, respectively.

Statistical analysis
All experiments were performed at least in triplicate. 
Statistical analysis was performed with SPSS version 19.0 
(SPSS Inc.). Data are shown as means ± standard errors (SE) 
from 3 or 6 independent biological replicates. Statistical 
differences between samples were analyzed by Student’s 
t-test (*P < 0.05 or **P < 0.01). The PLS-DA and the VIP 
scores were calculated with MetaboAnalyst (https://www. 
metaboanalyst.ca).

Primers
All primers designed and used in this study are listed in 
Supplemental Data Set S3.

Accession numbers
Sequence data of all banana genes mentioned in this article 
can be found in the banana genome database under the fol-
lowing accession numbers: MaMYB60 (Ma04_g00460.1), 
MaBAH1 (Ma05_g02600), MaNYC1 (Ma07_g10650), 
MaPPH (Ma08_g17060), MaTIC55 (Ma04_g27140), MaSGR1 
(Ma01_g03010), MaSGR2 (Ma02_g05320), MaNOL (Ma02_ 
g04990), MaHCAR (Ma04_g16620), MaPAO (Ma04_g31690), 
and MaRCCR (Ma09_g29720). Sequences of N. benthamiana 
genes can be found in the Nicotiana benthamiana genome 
database under the following accession numbers: NbNYC1 
(Nbv6.1trP75488), NbPPH (Nbv6.1trP42298), NbTIC55 
(Nbv6.1trP59080), NbSGR1 (Nbv6.1trP43575), and NbSGR2 
(Nbv6.1trP17492). Sequences of Arabidopsis genes can be 
found in the NCBI database under the following accession 
numbers. AtNYC1 (At4g13250), AtPPH (At5g13800), AtTIC55 
(At2g24820), AtSGR1 (At4g22920), and AtSGR2 (At4g11910).
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