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Summary

� Plant microRNAs (miRNAs) regulate vital cellular processes, including responses to extreme

temperatures with which reactive oxygen species (ROS) are often closely associated.
� In the present study, it was found that aberrant temperatures caused extensive changes in

abundance to numerous miRNAs in banana fruit, especially the copper (Cu)-associated

miRNAs. Among them, miR528 was significantly downregulated under cold stress and it was

found to target genes encoding polyphenol oxidase (PPO), different from those identified in

rice and maize. Expression of PPO genes was upregulated by >100-fold in cold conditions,

leading to ROS surge and subsequent peel browning of banana fruit.
� Extensive comparative genomic analyses revealed that the monocot-specific miR528 can

potentially target a large collection of genes encoding Cu-containing proteins. Most of them

are actively involved in cellular ROS metabolism, including not only ROS generating oxidases,

but also ROS scavenging enzymes.
� It also was demonstrated that miR528 has evolved a distinct preference of target genes in

different monocots, with its target site varying in position among/within gene families, imply-

ing a highly dynamic process of target gene diversification. Its broad capacity to target genes

encoding Cu-containing protein implicates miR528 as a key regulator for modulating the cel-

lular ROS homeostasis in monocots.

Introduction

For more than two decades, microRNAs (miRNAs) have been
studied widely as important regulatory molecules, involving
almost all aspects of the plant life cycle. Plant miRNAs, c.
20–22 nt long, are derived from the processing of longer pri-
mary MIRNA transcripts with hairpin structures (Ramachan-
dran & Chen, 2008). MicroRNAs usually suppress the
expression of their target genes by guiding mRNA degradation
and/or translational repression via sequence complementarity
(Jones-Rhoades et al., 2006; Voinnet, 2009). Although initial
studies have largely demonstrated the role of miRNAs in mor-
phogenesis and development processes in plants (Chen, 2012),
emerging studies show that plant miRNAs also are essential in
stress responses (Sunkar et al., 2012). Of the stress-responsive

miRNAs reported, there is a specific group initially coined as
copper microRNAs (Cu-miRNAs), because they target a num-
ber of genes encoding Cu-containing proteins (Burkhead et al.,
2009). It is now well known that there are three major types
of Cu centers in the Cu-containing proteins (Choi & David-
son, 2011). Type 1 Cu centers (T1) bind a single Cu and
proteins of type 1 are relatively small without any other metal
or cofactor. These types of Cu-containing proteins are com-
monly called blue Cu proteins or cupredoxins, which function
not as oxidases but rather, primarily as electron transfer pro-
teins; examples include plastocyanin and mavicyanin from
plants. Type 2 Cu centers (T2) bind Cu in a square planar
coordination and usually occur in enzymes to assist oxidizing
reactions, as exemplified by Cu/Zn superoxide dismutase (Cu/
ZnSOD). Type 3 Cu centers (T3) are binuclear because they
bind two Cu atoms and occur in enzymes that are oxidases
and oxygenases, and in oxygen-transporting proteins; a typical*These authors contributed equally to this work.
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example is tyrosinase (like polyphenol oxidase, PPO) in plants
and fungi. There are some other enzymes that have been char-
acterized to contain multiple type 1, 2 and 3 Cu centers to
catalyze reactions, also known as multicopper oxidases or mul-
ti-domain cupredoxins (Nakamura & Go, 2005). Among
these multicopper oxidases, laccase (LAC) and ascorbate oxi-
dase (AAO) both contain three homologous domains of
cupredoxins and are distributed widely in fungi and higher
plants. Copper-containing proteins are of diverse functions
that are critical for stress responses (Choi & Davidson, 2011).

The first well-characterized Cu-miRNA is miR398 in
Arabidopsis, targeting several well-known stress-responsive genes
(i.e. Cu/Zn superoxide dismutases genes (CSD1 and CSD2)) in
the context of oxidative stress protection (Sunkar et al., 2006;
Yamasaki et al., 2007; Dugas & Bartel, 2008). miR397, miR408
and miR857 also have been reported to target genes encoding
Cu-containing proteins plantacyanin and laccase (Abdel-Ghany
& Pilon, 2008). These Cu-miRNAs are largely conserved from
mosses to conifers and angiosperms; they accumulate at low Cu
concentrations and disappear at sufficiently high Cu concentra-
tions (Yamasaki et al., 2007; Abdel-Ghany & Pilon, 2008). In
addition, several species- or lineage-specific miRNAs identified
from different plant species belong to this group. These include
miR528 in rice and maize, miR1073 in moss and miR1444 in
poplar (Lu et al., 2011; Higashi et al., 2013; Wu et al., 2017; Sun
et al., 2018). miR528 has been reported to be involved in multi-
ple plant stress responses (Li et al., 2013; Chavez-Hernandez
et al., 2015; Sharma et al., 2015; Ragupathy et al., 2016). In rice,
miR528 has been validated to target at least four mRNA tran-
scripts, encoding two plastocyanin-like proteins, an L-ascorbate
oxidase, and an EIN3-binding F-box protein, respectively (Zhou
et al., 2010; Li et al., 2011; Wu et al., 2017). Some of these tar-
gets have been characterized as involved in multiple biological
events, particularly in redox processes. For example, the target
gene for EIN3-binding F-box protein (D3) has been reported as
a positive regulator in the hydrogen peroxide-induced cell death
(Yan et al., 2007). Another study in rice shows that upon virus
infection, miR528 becomes preferentially associated with
AGO18, which leads to higher AAO activity and reactive oxygen
species (ROS) concentration, and thus enhanced antiviral resis-
tance (Wu et al., 2017). In creeping bentgrass, constitutive
expression of rice miR528 can enhance the tolerance to salinity
stress and N starvation by repressing AAO and CBP1 (Cu ion
binding protein 1) transcripts (Yuan et al., 2015). A recent study
further demonstrates that if maize plants are exposed to excessive
nitrogen supply, miR528 accumulates to downregulate its LAC
targets, resulting in reduced lignin content and lodging resistance
(Sun et al., 2018).

Temperature stresses, including both cold and heat, adversely
affect plant growth and development, as well as the postharvest
life and quality of fruits and vegetables (Wahid et al., 2007;
Knight & Knight, 2012). Banana (Musa acuminata) is a major
tropical crop and one of the most popular fruits worldwide. As
an important component of daily diet of people, a year-round
supply of banana requires storage at relatively low temperature to
minimize metabolic activity and maximize the shelf life of the

fruit. However, banana fruit are sensitive to temperature fluctua-
tion. On the one hand, when the fruit are exposed to low temper-
atures of < 12°C, the peel turns gray and browning progresses
quickly; fruit ripening stalls with the pulp hardening, leading to
serious economic losses. On the other hand, when fruit are kept
at high temperatures, quick fruit softening occurs with the peel
staying green. Therefore, temperatures between 13 and 15°C are
usually the best for postharvest storage and long-distance trans-
portation for banana, but it is costly and technically difficult to
maintain these storage conditions in commercial practice. Previ-
ous studies suggest that the peel browning of banana fruit under
low-temperature storage is caused mainly by PPOs, and the main
substrates are tannin and dopamine (Unal, 2005). PPOs catalyze
the oxidation of monophenols and/or o-diphenols to highly reac-
tive o-quinones, which in turn interact with oxygen and proteins
to generate ROS and typical brown-pigmented complexes (Stef-
fens et al., 1994). The generation of ROS has been considered as
one of the most common plant responses to different stresses
(Orozco-Cardenas & Ryan, 1999; Kovtun et al., 2000; Kotchoni
& Gachomo, 2006; Mittler et al., 2011; Petrov & Van
Breusegem, 2012; Noctor et al., 2014; Xia et al., 2015). Under
natural growth conditions, plant adaptations minimize the dam-
age that could be induced by ROS. However, oxygen toxicity
appears when ROS production exceeds the quenching capacity of
the protective systems due to stress conditions (Miller et al.,
2009; Akter et al., 2015). To cope with excessive ROS generated
under stress conditions, plants have evolved antioxidant mecha-
nisms involving antioxidant enzymes and nonenzymatic
molecules (Mittler, 2002). The former includes superoxide dis-
mutase (SOD), catalase (CAT) and peroxidase (POD), and the
later contains mainly glutathione and ascorbate, which can be
oxidized to dehydroascorbate via the catalyzation of AAO. These
ROS-related enzymes, including PPO, SOD, POD and AAO,
are all Cu-containing proteins.

The present study aimed to investigate the roles of miRNAs of
banana in response to temperature stresses. The temperature-re-
sponsive miRNAs and their targets in banana were comprehen-
sively profiled, revealing that miR528, by targeting PPO genes,
plays a vital role in the peel browning of cold-stressed banana.
Comparative genomic analysis showed that miR528, as a mono-
cot-specific miRNA, likely emerged in Alismatales, and has
evolved with different target preferences among different mono-
cot plants. Interestingly, most of these miR528 target genes
belong to the class of genes encoding the Cu-containing proteins,
which are important for the ROS homeostasis in cells. The pre-
sent results reveal a dynamic history of the evolution of miR528
target genes and demonstrate its central role in the maintenance
of ROS homeostasis in monocots.

Materials and Methods

Plant material and temperature stress treatments

Mature-green ‘Brazil’ banana fruit (Musa spp. AAA group) were
harvested from a plantation located in Gaozhou County, Guan-
dong province for sample collection. Fruit were harvested at 80%
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maturity and selected for uniformity and free of defects. All fruit
were soaked in 0.2% (w/v) Sporgon solution (Bayer, Leverkusen,
Germany) for 3 min to eliminate potential microbes and then
air-dried. Three temperatures were set in this study: control at
23°C, cold stress temperature at 6°C and heat stress temperature
at 35°C. For each temperature treatment, 90 fruit fingers were
selected, packed in 0.02-mm-thick polyethylene bags, and
divided into three groups of 30 fingers each as biological repli-
cates. For each replicate sampling, peel tissues (c. 50 g) were col-
lected at 2, 4, 5, 6, 8 d from the middle part of three fruit fingers,
immediately frozen in liquid nitrogen, and stored at �80°C until
use. Sample at 0 d was used as the starting point (before treat-
ment) and shared by treatments.

Measurement of fruit color and firmness under
temperature stress

Fruit were monitored every day from 0 d onwards, with represen-
tative fruit photographed and compared between control and
temperature stress treatments. Peel color was measured by a
Minolta Chroma Meter CR-400 (Minolta Camera Co. Ltd.,
Osaka, Japan). Three fruit fingers were chosen randomly from
each treatment at 0 and 5 d. Three equidistant points around the
middle position of the surface were taken for color measurement.
Three color scales of L*, a* and b* were recorded, where L indi-
cates the lightness or darkness, a* represents green to red and b*
denotes blue to yellow. The L scale was used to quantify the
change of the peel color under temperature stress.

Fruit firmness was measured by a penetrometer (Model GY-3,
Zhejiang Scientific Instruments, Zhejiang, China) with a probe
of 0.6 cm in diameter. Three fruit fingers were chosen randomly
from each treatment at 0 and 5 d. Each finger was measured at
three equidistant points around the middle position of the fruit.
The force required to penetrate into the fruit was recorded and
expressed in newtons (N).

RNA preparation, deep sequencing and data analysis

Peel samples from control, cold- and heat-stressed fruits were col-
lected at 5 d of storage. Two replicates of total RNA from differ-
ent samples were extracted using the Plant RNA Purification
Reagent (Invitrogen). The quantity and quality of the sRNA were
evaluated by Agilent 2100 Bioanalyzer. RNA samples with RNA
integrity number (RIN) > 8 were sent to LC Sciences
(Hangzhou, China) for sRNA sequencing. Approximately 20 lg
of mixed RNAs, with equal amounts from all banana peel sam-
ples were used for degradome sequencing, a high-throughput
sequencing technique used for sRNA target identification. The
standard protocol on Illumina Hiseq2000/2500 platform was
utilized. All of the sequencing data were first processed by remov-
ing the 30 adaptor sequence. Reads homologous to noncoding
RNAs and conserved miRNAs were identified by BLASTN align-
ment against RFAM v.12 and mature miRNA sequences deposited
in miRBase 21, allowing up to one mismatch. The total number
of reads perfectly matching the banana genome in a given library
was used for the normalization of read abundance, which was

denoted as RPM (reads per million genome-matched reads).
Banana genome sequences were retrieved from the Banana
Genome Hub (Musa acuminata DH-Pahang v.2, http://banana-
genome-hub.southgreen.fr). For degradome data, after adaptor-
trimming and genomic mapping, CLEAVELAND 4.4 was optimized
to analyze the degradome data. The P-value threshold was set to
0.05, and reads at the cleavage site were normalized to transcripts
per billion (TPB). To identify differential expressed miRNAs
under temperature stresses, the miRNA expression based on nor-
malized deep-sequencing counts was analyzed by Student’s t-test
based on the experimental design. The significance threshold was
set at P < 0.01 with fold-changes (stress reads/control reads)
> 1.5-fold for identifying differentially expressed miRNAs upon
cold or heat stress. All sequencing data are deposited in Gene
Expression Omnibus GSE77590.

Assessment of PPO activity and ROS production

Banana peel samples collected on 0, 2, 4, 6 and 8 d were used for
the measurement of polyphenol oxidase (PPO) enzymatic activity
and reactive oxygen species (ROS) concentration. In brief, 4 g of
the sample was ground in 5 ml 0.2 mol l�1 sodium phosphate
buffer (pH 6.8) and 0.4 g of PVP on ice. After centrifugation at
15 000 g for 15 min at 4°C, the supernatant was collected as the
enzyme extract, and then a 0.1-ml aliquot was diluted into 3 ml
reaction system with 2.9 ml 0.01 mol l�1 catechol in 0.2 mol l�1

sodium phosphate buffer (pH 6.8). The absorbance change at
398 nm was measured spectrophotometrically within 10 min.
The increased absorbance of 0.01 per min at 398 nm was defined
as one unit of PPO activity, expressed as U g�1 FW. The concen-
trations of ROS species including hydrogen peroxide (H2O2),
superoxide anion (O·�

2 ) and hydroxyl radical (˙OH), were deter-
mined using assay kits (Suzhou Comin Biotechnology Co, Ltd.,
Suzhou, China; Nanjing Jiancheng Biochemical Reagent Co,
Nanjing, China) in accordance with manufacturer’s instructions.
H2O2 and titanium sulfate can form a yellow titanium peroxide
complex with a characteristic absorption peak at 415 nm. O·�

2

reacts with hydroxylamine hydrochloride to form NO2
�, which,

under the action of p-aminobenzene sulfonic acid and a-naph-
thylamine, produces red azo compound with a characteristic
absorption peak at 530 nm. ˙OH can form a red compound after
giving electrons, with a characteristic absorption peak at 550 nm.
The activity of other redox-related enzymes including superoxide
dismutase (SOD), peroxidase (POD) and ascorbate oxidase
(AAO) also was measured using kits (Suzhou Comin Biotechnol-
ogy) according to the manufacturer’s instructions. For each treat-
ment, the measurement was repeated independently three times.

Malondialdehyde (MDA) measurement

One gram of peel tissue sample was homogenized in 8 ml of
10% trichloroacetic acid and then centrifuged at 10 000 g for
10 min. The supernatant was collected and 2 ml was mixed
with 2 ml of 0.6% thiobarbituric acid. Two milliliters of dis-
tilled water was used as control. The mixture was heated to
100°C for 20 min, quickly cooled to 4°C and centrifuged at
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10 000 g for 10 min. Absorbance of the supernatant was
measured at 532, 600 and 450 nm using a UV spectropho-
tometer. MDA concentration was calculated according to the
formula: 6.459 (OD532�OD600)� 0.569OD450. Three
replicates were performed for each measurement.

RNA gel blot

Total RNA was extracted from peel samples of control, cold-
and heat-stressed fruit with Plant RNA Isolation Reagent®

(Invitrogen). For gel blotting, 20 lg of total RNA from banana
peel samples was separated on a 15% denaturing polyacry-
lamide gel and transferred to Amersham HybondTM-NX mem-
branes (GE Healthcare, Waukesha, WI, USA). RNA was
crosslinked using UV light. The probes of 21–22-nt DNA
oligonucleotides reverse-complementary to banana miRNA can-
didates (Supporting information Table S1) were labeled using a
Biotin 30 End DNA Labeling Kit (no. 89818, ThermoFisher).
Blots also were probed with a DNA probe complementary to
U6 to confirm uniform loading. The prepared membrane filters
were hybridized at 37°C overnight, and washed three times at
37°C with stringent washing buffer containing 19 SSC and
1% SDS. Using Chemiluminescent Nucleic Acid Detection
Module (no. 89880; ThermoFisher), membranes were blocked,
washed, chromogenically reacted and then exposed to X-ray
film for an adjustable time period ranging from 15 min to 2 h,
depending on the signal intensity. The blot experiment was
performed twice, yielding with similar results.

RLM-50-RACE

Following the manufacturer’s instructions for the FirstChoice
RLM-RACE Kit (no. AM1700; Invitrogen), 5 lg of mixed
total RNA isolated from banana peel samples was used for
ligating 50 RNA adaptors at 37°C for 1 h before reverse
transcription at 42°C for 1 h. Gene-specific primers were
designed to conduct nested PCRs (Table S1), and PCR
products were gel-purified, cloned into the pGM-18T vector
(TaKaRa, Dalian, China) and sequenced.

Quantitative real-time PCR

Quantitative real-time (qRT-)PCR was carried out using the
same RNA samples used for the gel blot analysis. Total RNA
(1 lg) was treated with DNase I and reverse-transcribed with
PrimeScriptTM RT reagent Kit (TaKaRa), according to the manu-
facturer’s instructions, using specific stem-loop RT primers for
miRNAs and oligo-dT primer for target mRNAs (Table S1).
Real-time PCR analysis was carried out using SYBR® Premix Ex
TaqTM II (TaKaRa) on an ABI 7500 PCR System (Applied
Biosystems, Waltham, MA, USA), according to the standard pro-
tocol. The analysis was performed using three independent
cDNA preparations and triplicate PCR reactions. The relative
expression of miRNAs and target mRNAs was calculated using
the 2�MMCt method. Banana 5s rRNA and Actin were used as the
internal references.

Transient co-expression ofmac-MIR528 andMaPPO in
Nicotiana benthamiana leaves

Constructs harboring mac-MIR528 primary transcript and
MaPPO1 CDS were prepared separately and transformed into
A. tumefaciens strain GV3101 (Table S1). Positive transformants
were selected (kanamycin and spectinomycin) and target inserts
were confirmed by sequencing the PCR products. Around one-
month-old N. benthamiana plants grown under normal condi-
tions were used for infiltration. Two days pre-infiltration, 2 ml
cultures of the Agrobacterium strains were inoculated from single
colonies on plates and grown for 24 h at 28°C. The working cul-
tures were inoculated from the starter culture at a 1 : 1000 ratio.
Cells were harvested by centrifugation at 3000 g for 5 min. Cell
pellets were resuspended in infiltration medium (10 mM MES,
pH 5.7, 10 mM MgCl2 and 150 mM acetosyringone) with
OD600 adjusted to 0.5. For co-expression analysis, equal volumes
of Agrobacterium culture containing mac-MIR528 and MaPPO1
were mixed before infiltration. Leaf discs were collected 16, 24
and 40 h post-infiltration and used for RNA extraction and gel
blot.

Comparative genomic analysis

Genome sequences and annotations were collected from Phyto-
zome or NCBI GenBank. For species without available genome
sequences, transcripts from OneKP were downloaded (Matasci
et al., 2014). All protein domains were annotated by NCBI
CDD-batch search. Conservation of miR528 precursors was pre-
sented using Circos according to the method from (Chorostecki
et al., 2017). Syntenic relationships among species were analyzed
using MCScanX and visualized by TBTOOLS (Chen et al., 2018a).
The un-rooted tree of laccases was reconstructed with RAXML
with default settings (Stamatakis, 2014). TBTOOLS also was used
for the preparation of a gene ontology (GO) plot, miRNA target
gene prediction, the visualization of protein domains, gene struc-
tures, miRNA target site distribution, and the plotting of
heatmaps and syntenic blocks.

Results

MicroRNAs responded to temperature stresses in banana

Due to its tropical origin, banana fruit is very sensitive to temper-
ature and usually exhibits distinctive injury symptoms under tem-
perature stresses. Particularly under cold treatment (6°C), the
peel browning became very serious as soon as 5 d after storage
commencement (Fig. 1a), with a significant reduction in the peel
lightness (Figs 1b, S1A). Within such a short period of time,
however, both control (23°C) and heat-treated (35°C) fruit did
not display any visible symptoms, although heat stress caused a
sharp drop in the pulp firmness and suppression of fruit yellow-
ing at 5 d (Fig. 1b). To investigate the role of banana miRNAs in
response to temperature stresses, banana peel samples were col-
lected at 5 d when both chilling injury and stay-green symptoms
were clearly observed (Figs 1a, S1A), and used for sRNA
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sequencing. Analysis of sRNA-sequencing data revealed that both
cold and heat stress caused alterations of banana miRNA reper-
toire in the peel. In total, 14 cold-responsive and 28 heat-respon-
sive miRNAs were identified (Table S2). Nine miRNAs
responded to both temperature stresses whereas others showed
stress-specific response (Fig. 1c). Equal numbers of miRNAs were
upregulated and downregulated by cold. Comparatively, the
miRNAs downregulated by heat were almost four times the
upregulated ones (Fig. 1c). In the overlapping group of nine
miRNAs, four showed the same responsiveness to both tempera-
ture stresses whereas the other five miRNAs displayed the oppo-
site responsiveness (Table S2). In the group of the same
responsiveness, only one banana-specific miRNA (mac-miRN3)
was induced but other miRNAs, including miR167b, miR168b/
c and miR398, all were suppressed. In the opposite group,
miR396c/d, miR396e/f and miR529c were upregulated by cold
but downregulated by heat; however, miR164a/b and miR528
were down- and upregulated by cold and heat, respectively
(Fig. S1B). Differential expression of these miRNAs based on
sRNA sequencing data was largely validated by the results of
qRT-PCR and Northern blotting (Fig. S1C).

Next, to investigate the regulatory networks associated with
these temperature-responsive miRNAs, their target genes were
computationally predicted (Table S3), and subsequently used for
GO term enrichment analysis. All target genes were assigned to
each term of the Gene Ontology database, and significantly
enriched GO terms were found compared to the genome back-
ground, taking the corrected q-value (< 0.01) as a threshold. The

result showed that among the GO terms of molecular function,
the categories of oxidase activities (catechol oxidase, oxidoreduc-
tase activity and monophenol monooxygenase activity) were most
significantly enriched with the top three lowest q-values. Another
enriched term was the oxygen carrier activity, which also is associ-
ated with the oxidation-reduction process within cells. These
results indicate that the oxidation-reduction process of banana
fruit is substantially modulated via miRNA pathways in response
to temperature stresses (Fig. 1d).

Copper miRNAs play a dominant role in temperature
stresses in banana

Of the over-represented oxidation-reduction function categories,
a group of genes that encode redox-related proteins were identi-
fied, including multicopper oxidase, POD, PPO, LAC, aldehyde
oxidase, cysteine oxidase, copper/zinc superoxide dismutase and
NADPH-cytochrome P450 reductase. To confirm the involve-
ment of these genes in the temperature stress response of banana,
their expression levels were examined under cold and heat treat-
ment. Of the 40 genes tested, most showed undetectable or very
low expression whereas only four redox-related genes actively
responded to different temperature stresses (Figs 2a, S3B). A
PPO gene (Ma08_t34740) and a LAC gene (Ma09_t17350) were
significantly induced by cold (6°C) but suppressed by heat
(35°C); the cold treatment dramatically promoted the expression
of the PPO gene with an increase of up to c.150-fols (Fig. 2a). A
Cu/ZnSOD gene (Ma02_t04310) was upregulated in the cold-
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stressed sample, with little change in the heat treatment (Fig. 2a).
In combination with the data herein from degradome sequencing
(Table S3), these three genes were found to be targeted by
miR528, miR397/miR408 and miR398 in banana, respectively.
Another LAC gene (Ma06_t35820) targeted by miR397 had very
low expression and responsiveness to stress temperatures (Fig. 2a,
b). A few of these targeting relationships were further experimen-
tally validated by analysis of uncapped mRNA fragments (RLM-
50-RACE) (Figs 2b, S2). All these four miRNAs showed respon-
siveness to at least one temperature stress (Table S2; Fig. S1B),
and further examination of their expression patterns via stem-
loop qRT-PCR and RNA gel blot confirmed that the expression
of these miRNAs was inversely correlated with their target expres-
sion (Fig. 2c). Specifically, the expression pattern of miR528 and
miR397 was quite similar – both miRNAs were downregulated
by cold and upregulated by heat. By contrast, both cold and heat
caused reduced expression of miR408 and miR398 to various

degrees (Fig. 2c). These temperature-responsive miRNAs have
been recently referred to as Cu-miRNAs, as they are widely pre-
sent in plants and play an important role in regulating Cu-con-
taining proteins, which function as electron transfer shuttles to
mediate the oxidoreduction between proteins (Burkhead et al.,
2009; Pilon, 2017). The results herein have demonstrated the
active involvement of these Cu-miRNAs in the temperature
response in banana.

Banana miR528 targets genuine PPO genes that are critical
for fruit ROS state and peel browning

In order to confirm the regulation of miR528 on PPO genes,
in vivo validation was conducted by infiltrating Agrobacterium
harboring mac-MIR528 primary transcript and MaPPO1 into
N. benthamiana leaves for transient co-expression analysis. As
expected, miR528 accumulation was much higher in leaves
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Fig. 2 Redox-related genes are jointly regulated by microRNA (miRNA) in banana temperature stress response. (a) Quantitative expression analysis of
multiple redox-related genes from the most enriched gene ontology (GO) categories in Fig. 1(d). The expression level of the genes in the control fruit
sampled at 5 d is set as 1. Banana (Musa acuminata) Actin gene is used as internal control. Each bar indicates the mean� SE of triplicate assays and
asterisks indicate significant differences in expression between control and temperature-stressed samples (*, P < 0.05; **, P < 0.01). (b) Alignments of
copper-miRNAs miR528, miR397, miR408 and miR398 with their corresponding redox-related gene targets validated in banana. Arrows indicate the
cleavage sites of target mRNAs, as detected with the 50-RACE assay and the factions above the red arrows show the numbers of clones with an identified
50 end detected in the total sequenced clones. (c) Quantitative expression analysis of miR528, miR397, miR408 and miR398, as determined via stem-loop
quantitative real-time (qRT)-PCR and RNA gel blot, respectively. The expression level of the miRNAs in the control fruit sampled at 5 d was set as 1.
Banana 5s rRNA and U6 sequences were used as controls. Each bar indicates the mean� SE of triplicate assays and asterisks indicate significant differences
in expression between control and temperature-stressed samples (*, P < 0.05; **, P < 0.01).
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infiltrated with miR528, or miR528 +MaPPO1 constructs rela-
tive to the MaPPO1-infiltrated leaves, with the MaPPO1 tran-
script being detected only in samples infiltrated with MaPPO1 or
MaPPO1 +miR528 constructs (Fig. 3a). The MaPPO1 level was
substantially reduced in the leaves when miR528 and MaPPO1
were co-expressed, compared to the level in leaves where
MaPPO1 was expressed alone (Fig. 3a). Therefore, PPO genes
were a class of genuine target genes for miR528 in banana.

In order to further investigate the role of Cu-miRNAs under
different temperature stresses in banana fruit, their expression
was monitored over a longer period, during which the fruit grad-
ually and progressively reacted with related symptoms (Fig. S1A).
The time-course RNA blots of the above-mentioned Cu-
miRNAs further revealed that all, in particular miR528, were
gradually suppressed upon cold stress, whereas miR528 and
miR397 were induced, especially later, by heat stress (Fig. 3b).
Stem-loop qRT-PCR assay further confirmed the expression

trend of these miRNAs (Fig. S3A). The substantial downregula-
tion of miR528 and the extraordinary increase of its target PPO
gene (Fig. 2) suggested its further analysis. There are seven PPO
genes encoded in the banana genome, and expression of five PPO
genes was detectable (Figs 3c, S3B), with three of them (referred
as MaPPO1/2/3) showing significant expression changes under
temperature stresses (Fig. 3c). Interestingly, all of these three
PPO genes possess a canonical miR528 target site, and the
miR528-directed cleavage was validated in two of them
(MaPPO1 and MaPPO3; Table S3; Fig. S2). MaPPO1/2/3
showed a clear opposite expression trend to that of miR528, espe-
cially for MaPPO1 and MaPPO2, for which expression surged
hundreds of times greater in cold treatment but diminished to
very low level upon heat treatment (Fig. 3b,c).

Next, to evaluate the fruit ROS state, PPO activity was assayed
under different temperature stresses. As expected, the PPO activ-
ity started to increase from 2 d after the fruit were subjected to
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Fig. 3 The microRNA (miR)528-PPOmodule in banana temperature stress response. (a) Accumulation of the indicated targets after transient co-
expression analysis ofmac-MIR528 andMaPPO1 transcripts in Nicotiana benthamiana leaves. Vectors used in each lane are shown in the upper table.
Banana (Musa acuminata) U6 and Actin sequences were used as controls. (b) Time-course expression patterns of miR528, miR397, miR408 and miR398 in
banana under temperature stresses via RNA gel blot. Banana U6 was used as a loading control. Numbers below the bands are the expression values of the
samples relative to those of U6, calculated by the IMAGEJ software. (c) Time-course expression patterns of three PPO targets (MaPPO1-3) of miR528 under
temperature stresses. The expression level of the genes in the control fruit sampled at 0 d is set as 1. Banana Actin was used as a control. Bar values are the
means� SEs of triplicate assays and asterisks indicate significant differences in expression between control and temperature-stressed samples at each time
point (*, P < 0.05; **, P < 0.01). PPO, polyphenol oxidase.
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cold and remained at a higher level compared to the control
(Fig. 4a). Conversely, PPO activity was largely suppressed at min-
imum level in the heat-stressed fruit, especially at later stages
(Fig. 4a). Correspondingly, brown spots gradually were observed
in the peel of cold-stressed fruit after 2 d, whereas the color
remained almost unchanged for the heat-stressed fruit (Fig. S1A).
The enzyme activity of AAO also was measured, but unlike that
of PPO, it was lower under cold and heat stress than the control
group in the first 4–6 d. Afterwards, the AAO enzyme activity
gradually increased and became higher than the control, espe-
cially in the heat-stressed fruit (Fig. 4b). In plants, PPOs are
actively involved in oxidative process, generating ROS. The burst
of PPO activity resulted from reduced miR528 level under cold
stress may link with the enhancement of ROS production. There-
fore, measurements were made of the ROS concentrations,
mainly represented by H2O2, ˙OH and O·�

2 , in the temperature-
stressed banana peel (Fig. 4c–e). It was found that there was a
very significant H2O2 burst after 4 d in the cold-stressed fruit,
and the H2O2 concentration remained higher than the control
afterwards (Fig. 4c). Similar results were observed for O·�

2 and
˙OH in the cold-stressed fruit, where both components also
showed a significant increase at 4 d (Fig. 4d,e). For the heat-
stressed fruit, the concentration of O2̇

– appeared to increase in
the early stage, whereas both H2O2 and ˙OH also were induced

but at a later stage, likely through activities other than that of
PPOs (Fig. 4c–e). As the direct product and indicator of mem-
brane peroxidation, MDA level increased significantly in both
cold- and heat-stressed fruit, especially in the cold-stressed fruit,
indicating a general but differential intensified membrane peroxi-
dation caused by temperature stress-induced ROS oxidation
(Fig. 4f). Taken together, these results indicate that miR528 is
likely the key regulator accounting for the change of ROS state in
banana fruit, by modulating the PPO gene expression and subse-
quent PPO enzyme activity.

Conservation of miR528 in monocots

Recently, there have been several studies on the investigation of
miR528 function. In rice, miR528 is involved in antiviral defense
by targeting L-ascorbate oxidase (also called L-ascorbic acid oxi-
dase) gene, thereby reducing the accumulation of ROS (Wu
et al., 2017). However, miR528 in maize affects lodging resis-
tance by regulating the expression of two LAC genes (Sun et al.,
2018). Interestingly, here it was found that miR528 targets PPO
genes in banana, another monocot species, and five of them bear
a miR528 target site (alignment score ≤ 5) in the coding region
near the 50 end (Fig. 5a). These findings suggest that the targeting
preference of miR528 is likely to be species-specific and prompts
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Fig. 4 Changes of redox-related enzyme
activity and fruit reactive oxygen species
(ROS) state in banana peel. (a, b) Time-
course changes of PPO and AAO enzymatic
activity under temperature stresses. Data
points are the means� SE of triplicate assays
and asterisks indicate significant differences
in enzyme activity between control and
temperature-stressed samples at each time
point (*, P < 0.05; **, P < 0.01). (c–e) Time-
course changes of ROS components,
including H2O2, O2̇

– and ˙OH under
temperature stress. (f) Time-course change
of malondialdehyde (MDA) level under
temperature stress. Data points are the
means� SE of triplicate assays and asterisks
indicate significant differences between
control and temperature-stressed samples at
each time point (*, P < 0.05; **, P < 0.01).
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exploration of the evolutionary history of miR528 and its targets
in monocots. As reported previously (Liu et al., 2005; Chen et al.,
2018b), miR528 is a miRNA restricted to the monocots. It likely
emerged after the split of monocots from its common ancestor
with eudicots, as no MIR528 homologs was found in any eudi-
cots or gymnosperms or basal angiosperms (i.e. Amborella
trichopoda). By searching public sequence data, it was possible to
trace the presence of MIR528 as early as in duckweed (Spirodela
polyrhiza), an aquatic species belonging to Alismatales (Fig. 5b).
The MIR528 precursors are highly conserved in both miRNA
sequence and stem-loop structure (Fig. 5b), even positions of
mismatches, the U-C mispairing at the 12th position (from the 50

end of miR528) and the G-G mispairing at the 16th position, are
conserved in the miRNA/miRNA* duplex region (Fig. 5b,c).
Moreover, alignment of miR528 precursor sequences revealed
that the lower stem region below the miRNA/miRNA* duplex is
of relatively high sequence similarity (Fig. 5c), a feature observed

recently for plant miRNAs processed by DCL1 (Chorostecki
et al., 2017; Xia et al., 2017), suggesting that the miR528 hairpin
precursor is processed in a base-to-loop manner. Synteny analysis
showed thatMIR528 genes is located in a syntenic block which is
conserved among many monocot genomes, for instance aspara-
gus, pineapple and rice (Fig. 5d), but this syntenic relationship
seems to be lost in banana as the banana MIR528 gene is located
in a chromosome different from the one containing the syntenic
block (Fig. 5d). Taken together, all of these results indicated that
miR528 is a genuine miRNA conserved in monocots.

miR528 targets a diverse set of genes encoding Cu-
containing proteins

Given the fact that the currently validated miR528 targets varied
greatly in different monocot plants, it seems that miR528 target
genes, unlike most other miRNAs which usually maintain
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conserved target relationship among different species, may
undergo a high level of divergence. However, all of these vali-
dated target genes, AAO in rice, LAC in maize and PPO in
banana, belong to the superfamily of genes encoding Cu-contain-
ing oxidases, containing 1–3 Cu centers. Both ascorbate oxidase
and laccase have three Cu centers; polyphenol oxidase contains
two Cu centers. To further uncover the diversity of miR528 tar-
get genes as completely as possible, a survey of miR528 target
gene was performed using public plant genome data in combina-
tion with the OneKP data, which collected transcriptome data
from as many as > 1000 plant species (Wickett et al., 2014). This
survey revealed that a wide range of different genes are potential
targets of miR528, some of which seems to be present among dis-
tinct species, for instance, genes encoding callose synthases and
granule-bound starch synthases (Table S4). Astonishingly, there
are many Cu-containing protein encoding genes other than PPO
and those reported before (LAC and AAO) serving as potential
target genes of miR528, including monocopper proteins (plasto-
cyanin, mavicyanin, uclacyanin), POD, SOD, amine oxidase
(AO) and other multicopper proteins (Fig. 6a; Table S4). The
cleavage of miR528 on SOD and AO genes was validated by

public degradome data (Fig. S4). For the overall targeting capac-
ity of miR528 which was assessed by alignment scores (≤ 5), all
of the genes encoding Cu-containing proteins seem to have good
capacity for miR528 targeting, with the POD and SOD genes
(Fig. 6a) largely having higher alignment scores of > 4. The loca-
tion of the miR528 target site over the target genes was checked
(Fig. 6b), showing that almost all are located out of the region
encoding functional domains, and not in consistent positions
(Fig. 6b). Position of target site varies even for the same type of
genes; for instance, the target site can be either after or before the
region encoding the Suf superfamily domain of ascorbate oxi-
dases (Fig. 6b). In some cases, the miR528 target site is located at
UTR regions in PPO or multicopper-oxidase genes (Fig. 6b).
This location of target site in nonconserved sequence regions
(UTR or beyond the functional domain region) and variation in
position are likely the factors contributing to the great diversity
of miR528 target genes. For these target genes, miR528 also
show different target preferences (capacity) among different
species (Fig. 6c). Overall, miR528 has evolved broader targets in
Poales, with the genes encoding laccase, ascorbate oxidase and
monocopper protein having better targeting capacity (lower

(a)

(b)

(c)

Fig. 6 Comparative analysis of copper (Cu)-microRNA (miR)528 targeting on genes encoding Cu-containing proteins. (a) MiR528 possesses good capacity
for targeting genes of Cu-containing proteins. Texts above each bar denote numbers of genes belonging to each class of Cu-containing proteins. Only
genes with alignment scores ≤ 5 were retained in violin plots. (b) Target sites of miR528 vary in position from gene to gene. miR528 has the potential to
target genes in conserved domains, in coding regions other than conserved domains, and even in UTRs (untranslated regions). (c) Target preference of
miR528 varies among different monocot plants. The dendrogram shows the evolutionary relationship of monocots basing on APG (Angiosperm Phylogeny
Group) IV. Closed circles mean members of the corresponding gene family are targeted by miR528 in the specific species. The darker the color, the lower
the alignment score.
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alignment scores; Fig. 6c). The targeting of monocopper protein
encoding genes is widely present in monocots, with almost all
species studied possessing this regulation (Fig. 6c). By contrast,
the miR528 targeting of PPO genes is probably restricted in non-
Poales species (Fig. 6c). All of these results demonstrated that
miR528 is a master regulator of genes encoding Cu-containing
proteins, with diverse target preference, implying a dynamic evo-
lutionary history of its target genes.

Subclasses of laccase genes are preferentially targeted by
different miRNAs in land plants

Laccases are a class of Cu-containing proteins found in many
plants, fungi and microorganisms. They possess various spatio-
temporal functions (Solomon et al., 1996), including the oxida-
tive polymerization of lignin (Berthet et al., 2011). The finding
of the prevalence of miR528 targeting on laccase genes in Poales
species suggesting miR528 is an important regulator of the
expression of laccase genes. Apart from miR528, there are other
miRNAs reported to regulate LAC genes as well, including
miR397, miR408 and miR857 (also called Cu-miRNAs; Pilon,
2017). Among them, miR397 and miR408 are highly conserved
among seed plants (Chen et al., 2018b). The next question to ask

is how all of these miRNAs evolved to co-regulate the family of
LAC genes in plants. To address this, phylogenetic analysis was
performed for LAC genes using nine representative plant species
and the targeting relationship of all these abovementioned
miRNAs identified (Figs 7, S5). Largely consistent with previous
reports (Turlapati et al., 2011), the LAC gene family was sepa-
rated into seven groups before the appearance of angiosperms
(Fig. 7). All of the LAC groups are present in both eudicots and
monocots, except the G6 group, which is likely restricted in eudi-
cots. Regarding the miRNA targeting, each miRNAs shows pref-
erential targeting of certain LAC groups. miR408, likely due to
its wide presence in embryophyta (land plants), is the only
miRNA targeting LAC genes in ancient land plants, including
liverworts (Marchantia polymorpha) and mosses (Physcomitrella
patens) (Fig. 7). Additionally, miR408 also targets LAC genes of
the G3 group, which is rarely targeted by other miRNAs (Figs 7,
S5). The miR397 targets almost all the members of the G1 and
G2 LAC genes, and part of the G5 LAC genes (Figs 7, S5). Dif-
ferent from miR408 and miR397, the miR528 and miR857 tar-
get LAC genes dispersed in many groups, with only few members
of a group retaining the miRNA target relationship, reflecting the
restricted presence of these two miRNAs and possibly the rapid
diversification of their target genes in plants.

G7

G2

G1

G6

G5G3

G4

Coding Region

CuRO_1_LCC_plant

miR408
miR397
miR528
miR857

Marchantia

Amborella

Chlamydomonas

Physcomitrella
Banana

Arabidopsis
Grape

Rice
Maize

Outgroup

UTR

CuRO_3_LCC_plant
CuRO_2_LCC_plant

Fig. 7 Evolutionary history of targeting relationship between copper-microRNAs and laccases. An un-rooted tree is reconstructed for laccases from nine
representative species with maximum-likelihood (ML) method using RAXML. All potential targeting patterns are presented. Major targeting patterns are
shown above the minor patterns shown within red rectangles in dash lines.
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Next the position of target sites along the LAC genes was
checked, revealing that conserved miR408 and miR397 have tar-
get sites located within the sequence region encoding functionally
important domains: the miR408 target site is located at the
beginning of the region encoding the first cupredoxin domain
(CuRO_1_LCC_plant) and miR397 site in the middle of the
region encoding the second cupredoxin domain
(CuRO_2_LCC_plant) (Figs 7, S5). The location of the miRNA
target site within a sequence-conserved region (encoding a func-
tional domain) explains well why these two miRNAs are capable
of targeting a large number of LAC genes. By contrast, the target
sites of miR528 and miR857 are located out of the region encod-
ing functional domains, with miR528 target site at the beginning
of LAC genes (before the region encoding the first cupredoxin
domain) and miR857 site at either the beginning or the end of
LAC genes (Figs 7, S5). In some cases, their target sites also are
found in the 50-UTR region of LAC genes (Fig. S5). Conceiv-
ably, this higher variation of target site distribution is caused by
the higher sequence-changing ability of the nonconserved regions
of LAC genes.

Discussion

MicroRNAs (miRNAs) are a class of important regulators in the
plant responses to various abiotic stresses, including unfavorable
temperature conditions. The miRNA-mediated cold stress
response in plants has been reviewed recently (Megha et al.,
2018). The involvement in low temperature response has been
demonstrated for a few copper (Cu)-miRNAs (i.e. miR408,
miR397 and miR398) (Megha et al., 2018). The present contri-
bution explored banana miRNAs in response to temperature
stresses, including both cold and heat, and it was demonstrated
that miR528 plays a vital role in stress response by targeting a
few polyphenol oxidase (PPO genes), which are the main contrib-
utors to the peel browning of banana fruit under cold stress.
Comparative genomic analysis revealed that miR528, a mono-
cot-specific miRNA, evolved with dynamic target preferences
among different monocot species, but the majority of its target
genes encode Cu-containing proteins, including a couple of well-
known oxidases critical for cellular redox homeostasis.

miR528 targets PPO genes in banana

Previous studies have revealed the effects of temperature stress on
plants and their response mechanisms. It is generally believed that
temperature stress can rapidly alter membrane fluidity and/or
integrity, changing the structure of different membrane proteins.
Such changes could affect the function of the membrane-bound
receptors/channels and initiate signal transduction reactions via
phosphorylation and/or altered calcium fluxes (Horvath et al.,
1998). As a typical injury caused by low temperature stress that
influences the postharvest quality of banana and most other
fruits, tissue browning is believed to be the result of the redox
homeostasis breakdown mainly manifested by membrane peroxi-
dation caused by a reactive oxygen species (ROS) burst. In fact,
browning is a consequence of oxidation of phenolic compounds

by PPO (Steffens et al., 1994; Unal, 2005). In intact plant cells,
phenolic compounds and PPO are located in vacuoles and plas-
tids, respectively, whereas the cellular areas damaged by ROS
upon stress allow the direct contact between PPO and phenolic
compounds, triggering the enzymatic browning (Holderbaum
et al., 2010).

In the present study, it was shown that in banana, a group of
Cu-miRNAs displayed differential response to temperature
stresses and they jointly targeted a diverse set of redox enzyme
genes encoding Cu-containing proteins. Among them, miR528
was revealed to play a leading role in banana, by negatively regu-
lating its target PPO genes. It has a target site in five of the seven
PPO genes in banana. In cold conditions, miR528 was dimin-
ished in abundance and the main target genes (MaPPO1 and
MaPPO2) were extremely upregulated, well over 100-fold
(Figs 2a, 3c). PPO catalyzes the oxidization of phenolic com-
pounds into highly reactive quinones, which subsequently inter-
act with oxygen and proteins to generate ROS and brown
complexes. Downregulation of miR528 in cold conditions
caused the upsurge of PPO expression and subsequent high level
of PPO activity, leading to the ROS burst and redox homeostasis
breakdown. Thus, miR528-PPO probably plays a critical role in
peel browning of banana fruit, which causes fruit quality deterio-
ration and significant economic loss. In fact, the miR528-PPO
regulatory module provides a good subject for biotechnological
modification to obtain banana resources with better cold resis-
tance. But this application requires an efficient banana genetic
transformation system, which is currently lacking. Therefore, a

Fig. 8 Model for the role of copper-microRNA (miR)528 in cellular redox
homeostasis. The ‘Yin-Yang’ symbol represents the balance of reactive
oxygen species (ROS) level, contributed by miR528 roles in both ROS
generation (by targeting PPO, polyphenol oxidase; AAO, ascorbate
oxidase; AO, amine oxidase; LAC, laccase, etc.) and ROS scavenging (by
POD, peroxidase; SOD, superoxide dismutase, etc.).
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future focus will be on the transgenic system to manipulate
miR528 expression in banana.

miR528 diversely regulates a set of genes encoding Cu-
containing proteins in monocots

Polyphenol oxidase is a Cu-containing oxidase in a tetramer
structure containing four Cu atoms per molecule, also referred to
as tyrosinases (Vamos-Vigyazo, 1981; Mayer, 2006). By contrast
to the targeting of PPO genes by miR528 in banana, it has been
reported that miR528 targets an ascorbate oxidase (AAO) and
two laccase (LAC) genes in rice and maize, respectively (Wu
et al., 2017; Sun et al., 2018); these genes belong to multicopper
oxidase as PPO. Similarly, in creeping bentgrass miR528 can tar-
get AsAAO and AsCBP1 (encoding a Cu-containing protein)
(Yuan et al., 2015). In addition, miR528 has been demonstrated
to target a few genes encoding monocopper proteins, like plasto-
cyanin-like domain containing proteins (Zhou et al., 2010).
Intriguingly, the comprehensive comparative analysis herein
identified many more genes that could be potentially targeted by
miR528, and all of those genes with higher confidence (align-
ment score ≤ 4) encoded Cu-containing proteins with the
miR528 target sites clearly differentiated (Fig. 5b). In other
words, although its target preference diverged among different
monocot species, it turns out that miR528 predominantly regu-
lates relevant genes encoding Cu-containing proteins, which are
involved in the process of tempering cellular redox homeostasis.

The present results uncovered that miR528, as a miRNA
restricted to monocots, is able to target genes encoding Cu-con-
taining proteins with all three types of Cu centers, for instance,
plastocyanin and mavicyanin (Type I), superoxide dismutase
(SOD) (Type II), PPO (Type III), and amine oxidase (AO),
AAO and LAC (mixed types), in spite of distinct target prefer-
ence among different species.

How did this broad and diverse target capacity of miR528
evolve? There are two possible explanations for this diversifica-
tion. The first one might be the high diversification rate of genes
encoding Cu-containing proteins. Evolutionary relationship
inference based on increasing structural information for Cu-con-
taining proteins, in combination with related sequence data, sug-
gests that T2 Cu proteins appear to be derived from iron or
manganese proteins, whereas T3 Cu proteins are believed to
come from a simple mononuclear Cu ancestor, and trinuclear Cu
oxidases with multiple T2 and T3 Cu centers are, in fact, unre-
lated to either T2 or T3 oxidases, but instead are derived from
T1 mononuclear Cu proteins (Abolmaali et al., 1998). This
inferred evolutionary history of Cu-containing proteins agrees
well with the observation that genes encoding monocopper pro-
teins are more consistently regulated by miR528 compared to
other classes (Fig. 5c). The other interpretation for the diversifica-
tion of miR528 target genes is possibly the result of convergent
evolution, as reflecting by the observation that target sites of
miR528 are highly variable in position, even within the same
gene family. In addition to normal oxygen metabolism, plants
including monocots often are exposed to oxidative cellular envi-
ronments that may result in the generation of toxic ROS, leading

to senescence and death of the organisms. Therefore, the control
of redox state is critical for a plant’s survival and the functional
importance of miR528 in redox state control is possibly the
exclusive driving force for a prospective convergent evolution
process. Identification of potential target genes other than Cu-
containing protein encoding genes further validated that miR528
is in a dynamic process of fast gain-and-loss of target genes.

miR528 is actively involved in the redox homeostasis in
monocots

As a fundamental cell property, plant redox homeostasis controls
ROS generation, senses deviation from and readjustment of the
cellular redox state. All of these redox-related functions have been
considered as decisive factors in plant stress acclimation and adap-
tation (Hossain & Dietz, 2016). Recent evidence shows that liv-
ing plants can respond to some stress conditions as quickly as a
few seconds (Kollist et al., 2018). The present observation on the
cold-stressed banana fruit also showed that the injury progressed
very rapidly, with the symptom appearing within a few days
(Fig. 1a). Some rapid responses are further shown to deliver
throughout the entire plant via ROS and Ca2+, possibly through
the vascular system (Kollist et al., 2018). ROS can be derived from
the excitation of O2 to form singlet oxygen (1O2) or from the
reduction of O2 to form stable ROS intermediates such as super-
oxide radical (O·�

2 ), hydrogen peroxide (H2O2) and hydroxyl rad-
ical (˙OH), in a stepwise manner. These ROS-generating
reactions are catalyzed by various oxidases, among which multi-
copper-containing oxidases are a large class, including PPO, AO,
AAO and LAC (Mittler, 2002). In light, the chloroplasts and per-
oxisomes are the main ROS producers, whereas in darkness the
mitochondria appear to be the main ROS production site (Moller
et al., 2007). To counteract ROS generation, plants also develop
an enzymatic defense system including SOD, POD, CAT and
other antioxidant enzymes, to eliminate free radicals, alleviate the
membrane peroxidation and protect the membrane stability (Mit-
tler, 2002). With the aggravation of stress, the oxidase system
(ROS generating) exceedsthe capacity of the antioxidant enzyme
system (ROS scavenging), and excessively accumulating ROS
may attack lipids, nucleic acids, proteins and chlorophyll through
oxidation reactions, which eventually leads to the emergence of
stress symptoms (like the peel browning of banana fruit under
cold stress). Indeed, a network of ROS generation system, antioxi-
dant defense system and redox sensors orchestrates the plant redox
homeostasis, which serves as a critical integrator of environmental
changes to control growth and stress responses (Dietz, 2008;
Foyer & Noctor, 2009; Gill & Tuteja, 2010).

It was found herein that miR528 is capable of targeting myriad
genes encoding Cu-containing proteins, including both the ROS-
generating oxidases (PPO, AAO, AO, LAC) and the antioxidant
ROS-scavenging enzymes (POD, SOD). This suggests that
miR528 probably exerts dual roles (ROS generating and ROS
scavenging) in ROS metabolism, essential for cellular redox
homeostasis (Fig. 8). However, the dual roles of miR528 are not
equally maintained in each monocot species. Generally, miR528
regulates genes important for ROS generation, implying a more
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important role of this miRNA in ROS-scavenging. As the target-
ing efficacy of miR528 on different target genes was assessed solely
by the pairing score, which may misestimate the real strength of
miRNA mediated silencing effects at both transcriptional level
(mRNA cleavage) and post-transcriptional level (protein transla-
tion inhibition), it is possible that the role of miR528 might be
variable among different species, or even under different condi-
tions within the same species.
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