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Melatonin plays important roles in various aspects of biological processes. However, it is
less known on the effects and mechanism of melatonin on the postharvest physiological
deterioration (PPD) process of cassava, which largely restricts the potential of cassava
as a food and industrial crop. In this study, we found that exogenous application
of melatonin significantly delayed PPD of cassava tuberous roots by reducing HoO»
content and improving activities of catalase and peroxidase. Moreover, 3425 differentially
expressed genes by melatonin during the PPD process were identified by transcriptomic
analysis. Several pathways were markedly affected by melatonin treatments, including
metabolic-, ion homeostasis-, and enzyme activity-related processes. Further detailed
analysis revealed that melatonin acted through activation of ROS-scavenging and ROS
signal transduction pathways, including antioxidant enzymes, calcium signaling, MAPK
cascades, and transcription factors at early stages. Notably, the starch degradation
pathway was also activated at early stages, whereas it was repressed by melatonin
at middle and late stages, thereby indicating its regulatory role in starch metabolism
during PPD. Taken together, this study yields new insights into the effect and underlying
mechanism of melatonin on the delay of PPD and provides a good strategy for extending
shelf life and improvement of cassava tuberous roots.

Keywords: cassava, melatonin, postharvest physiological deterioration, reactive oxygen species, starch
metabolism

INTRODUCTION

In the late 1950s, melatonin was first identified from the borine pineal gland (Lerner et al., 1958,
1959). In animals, melatonin exerts various biological roles, including effects on sleep physiology,
circadian rhythms, sexual behavior, mood, immune system, body temperature regulation, and
seasonal reproduction (Cardinali et al., 2012; Calvo et al., 2013; Reiter et al., 2014). In addition,
melatonin was reported to be a direct scavenger of reactive oxygen species (ROS) and of other free
radicals, but also through activating antioxidant enzymes and augmenting the efficiency of other
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antioxidants (Tan et al., 1993, 2003; Barlow-Walden et al.,
1995; Pablos et al., 1998; Rodriguez et al., 2004; Hardeland,
2005; Kolai and Machackova, 2005; Reiter et al., 2009; Galano
et al, 2013; Zhang and Zhang, 2014). Dubbels et al. (1995),
and Hattori et al. (1995) melatonin was discovered in plants.
Further, endogenous concentrations of melatonin were found
to be different in plants as function of growth state, growth
location, plant tissue, and harvest time (Hattori et al., 1995;
Burkhardt et al,, 2001; Pape and Liining, 2006; Hernandez-
Ruiz and Arnao, 2008; Arnao and Hernandez-Ruiz, 2009, 2013;
Murch et al., 2009; Okazaki et al., 2010; Ramakrishna et al.,
2012; Wang L. et al., 2014). Subsequently, increasing evidences
demonstrated that melatonin is involved in multiple biological
processes in plants, such as seed germination, photo-protection,
vegetative growth, flower development, leaf senescence, root
architecture, fruit ripening, and response to biotic and abiotic
stresses (Manchester et al., 2000; Arnao and Herndndez-Ruiz,
2006; Paredes et al., 2009; Tan et al., 2012; Wang et al., 2012,
2013a,b; Zhao et al., 2013; Shi and Chan, 2014; Wang P. et al,,
2014; Zhang et al., 2014b; Shi et al., 2015a,b). Because melatonin
can act as an important antioxidant in animals, many studies
emphasized the importance of melatonin in directly or indirectly
scavenging ROS in plants (Arnao et al, 2001; Cano et al,
2006).

Cassava is the third most important crop besides rice and
maize in Africa, Asia, and Latin America (Oliveira et al.,
2014; Hu et al, 2015a,b). Due to its high starch content and
limited input needs, cassava can provide a source of dietary
carbohydrate for over 600 million people worldwide, and is also
considered as a producer of industrial starch and bioethanol
(Zidenga et al., 2012). The potential of cassava as a food and
industrial crop is largely restricted by the rapid postharvest
physiological deterioration (PPD) of the tuberous root that starts
within 72 h after harvest (Zidenga et al., 2012; Vanderschuren
et al., 2014). PPD is induced by mechanical injury, handling
operations, and storage conditions (Vanderschuren et al., 2014).
To this end, more attention has been paid to the physiology
and biochemistry of PPD (Reilly et al., 2001, 2004; Iyer et al.,
2010; Zidenga et al., 2012; Xu et al,, 2013; Vanderschuren et al,,
2014). These studies have revealed that ROS production is one
of the earliest events in the PPD process, and reduction of ROS
accumulation by overexpression of scavenging enzymes could
lead to the delay of PPD. However, less is known on the effect and
mechanism of melatonin on the PPD process of cassava tuberous
roots.

In this study, to gain insight into the roles and regulatory
mechanism of melatonin in PPD of cassava, we investigated
the effect of melatonin on the phenotype, physiology, and
gene transcription rate during the postharvest period of cassava
tuberous roots, and found that melatonin plays a role in
the delay of PPD by reducing ROS and improving ROS
signaling network. We also found that exogenous application
of melatonin alters the expression of genes involved in
the starch metabolism pathway during the PPD process.
This study provides insights into the roles and molecular
mechanisms of the actions of melatonin in the delay of PPD in
cassava.

MATERIALS AND METHODS

Plant Material and Treatment

Cassava tuberous roots were harvested from 10-month-old
cassava varieties SC124 (Manihot esculenta cv SC124) grown in
a greenhouse (60% humidity, 16 h light, 35/20°C). The tuberous
roots were separated into two sample groups, water-treated
PPD and melatonin-treated PPD. For water-treated PPD, whole
tuberous roots were soaked in water for 2 h; for melatonin-treated
PPD, whole tuberous roots were soaked in 100 M melatonin
for 2 h. Tuberous roots were cut into slices approximately
5 mm thick, then were moved into petri dishes containing a
wet filter paper, and then were incubated at 28°C and 60%
relative humidity in the dark (Vanderschuren et al., 2014). After
incubation for 0, 6, 12, 24, 48, and 72 h, the slices were sampled
and frozen in liquid nitrogen until extraction of total RNA and
transcriptomic analysis. Each sample contains four replicates
from independent experiments.

Determination of H,O, Content and

Antioxidant Enzyme Activities

The activities of peroxidase (POD), catalase (CAT), and
superoxide dismutase (SOD) and H,O, content were measured
spectrophotometrically. Approximately 0.5 g of roots slices was
ground and homogenized in 5 mL of extraction buffer with 0.05
M phosphate buffer (pH7.8). The homogenate was centrifuged
at 10000 g for 10 min at 4°C and the resulting supernatant was
collected for analysis of HyO, content and enzyme activities.
Total POD activity was examined according to the changes in
absorbance at 470 nm (Polle et al., 1994). H,O, content and
activities of CAT and SOD were detected using H,O,, CAT and
SOD Detection Kits (A064, A007 and A001, Nanjing Jiancheng,
Nanjing city, China) according to manufacturer’s instructions.
Each sample contains four replicates consisting of three root
slices each.

Transcriptomic Analysis

Total RNA was extracted from tuberous roots of SC124 variety
after 6, 12, and 48 h of incubation with or without melatonin
according to the manufacturer’s instructions for its plant RNA
extraction kit (DP432, TIANGEN, Beijing city, China). Each
sample contains three replicates from independent experiments.
Three micrograms of total RNA from each sample were
converted into ¢cDNA with an AMV Reverse Transcriptase
(Promega, Madison, WI, USA). Eighteen ¢cDNA libraries were
generated and sequenced by the use of Illumina GAII following
the Illumina RNA-seq protocol. A total of 1667.1 million 51-bp
raw reads was produced from the 18 samples. Using FASTX-
toolkit, adapter sequences in the raw sequence reads were
removed. After examining the sequence quality and removing
low quality sequences by FastQC, 1589.5 million clean reads
were generated. Using Tophat v.2.0.10, 84.2% clean reads were
mapped to the cassava reference genome (version 4.1) (Trapnell
et al, 2009). The transcriptome assemblies were performed
by Cufflinks with alignment files (Trapnell et al., 2012). Gene
expression levels were calculated as Fragments Per Kilobase
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of transcript per Million mapped reads (FPKM). Differentially
expressed genes (DEGs) were identified by DEGseq according to
the read count for each gene (Wang et al., 2010).

Statistical Analysis

Statistical analyses were carried out with SPSS (SPSS Inc.,
Chicago, IL, USA). Physiological data was analyzed by Duncan’s
multiple range test. Means denoted by the same letter do not
significantly differ at P < 0.05 (lower case letters) or P < 0.01
(upper case letters) (n = 4). Transcriptomic data was analyzed
using Student’s t-tests at a significance level of *P < 0.05,
*P < 0.01,and ***P < 0.001 (n = 3).

RESULTS

Exogenous Application of Melatonin
Delayed PPD of Cassava Tuberous Roots

To investigate the effect of melatonin on PPD of cassava tuberous
roots, SC124 variety widely planted in China were treated with
water (control) or melatonin for 2 h, then the PPD symptoms
were observed at 0, 6, 12, 24, 48, and 72 h after treatment
(Figure 1). After 6 h of water treatment, PPD symptoms could
be observed in the tuberous roots with slight ‘vascular streaking.’
Further, ‘vascular discoloration’ symptom with brown color
becoming spread on the whole surface of cassava tuber slices
became visible after 12 h of water treatment. In comparison
to water treatment, melatonin-treated cassava tuberous roots
showed ‘vascular streaking’ after 12 h of treatment and ‘vascular
discoloration’ after 48 h of treatment. These results indicate that
exogenous application of melatonin delays PPD occurrence in
cassava tuberous roots.

Exogenous Application of Melatonin
Decreased H,O5 Content and Improved
Activities of CAT and POD during the
PPD Process

To test whether melatonin-induced delay in PPD is related
to ROS scavenging in tuberous roots during the postharvest
period, H>O; content was examined at different time points.

Generally, H,O, content increased in the tuberous roots of SC124
during 0-72 h postharvest with or without melatonin treatment,
indicating the increasing of oxidative damage during postharvest.
Compared with water-treated samples, melatonin-treated cassava
tuberous roots showed lower H,O, accumulation during the 6
to72 h postharvest period (Figure 2).

To detect whether melatonin-induced ROS scavenging is
related to the activities of antioxidative enzymes during the
postharvest period, CAT, POD, and SOD activities were tested at
different time points (Figure 2). During the PPD process, CAT
activity was significantly higher in melatonin-treated cassava
tuberous roots than that in control samples at stages of 6, 12,
and 24 h after treatment. Additionally, POD activity significantly
increased in melatonin-treated samples compared with controls
at stages of 6, 24, and 48 h after treatment. There were no
significant differences for SOD activity between controls and
melatonin-treated samples. These results indicate that increased
activities of CAT and POD may be involved in melatonin-
induced ROS scavenging during the PPD process.

Differential Expression Profiling between
Water-Treated and Melatonin-Treated
Cassava Tuberous Roots

To study the transcriptionally regulatory mechanism underlying
the melatonin-mediated delay of PPD in cassava, we performed
comparative transcriptomic analysis between water-treated and
melatonin-treated SC124 cassava tuberous roots during PPD.
A total of 3425 differentially expressed genes (DEGs) (fold change
>2; P-value <0.05) were identified by exogenous melatonin
treatment, including 1439 (1079 up- and 360 down-regulated)
genes from M6/CK6, 1211 genes from M12/CK12 (531up- and
680 down-regulated), and 1844 genes from M48/CK48 (682 up-
and 1162 down-regulated) (Figure 3A; Supplementary Tables
S1-S4). Gene ontology (GO) enrichment analysis showed that
many metabolic-, ion homeostasis-, and enzyme activity-related
pathways were extensively changed after melatonin treatment
during PPD (Supplementary Figure S1; Supplementary Table
S5). Notably, some genes associated with response to oxidative
stress, catalytic activity, antioxidant activity, and oxidation-
reduction were enriched, indicating that melatonin-induced
antioxidant response was activated during PPD process.

and 72 h after treatment.

12h

FIGURE 1 | Effect of melatonin on PPD of tuberous roots in SC124 variety. After soaking water (control) or 100 uM melatonin (melatonin treatment) for 2 h,
cassava tuberous roots were sliced into 5-mm-thick slices, following incubation in constant temperature of 28°C in the dark. Photos were taken at 0, 6, 12, 24, 48,
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FIGURE 2 | Effect of melatonin on H,O, accumulation (A) and activities of CAT (B), POD (C), and SOD (D) during the PPD process in SC124 variety.
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Additionally, venn diagram analysis showed the amounts
of 168 DEGs (fold change > 2; P-value < 0.05) present
in all three stages, indicating that these genes were involved
in the melatonin-mediated delay of PPD during 6-48 h
(Figure 3B). Among these, some genes related to ROS
scavenging were found, suggesting their crucial roles in
the melatonin-mediated delay of PPD in cassava tuberous
roots (Supplementary Table $6). GO enrichment analysis
indicated that several pathways were significantly affected by
melatonin treatments, including carbohydrate metabolic process,
polysaccharide catabolic/metabolic process, biological process,
glucosidase activity, hydrolase activity, and catabolic activity
(Conesa et al., 2005) (Supplementary Figure S2; Supplementary
Table S7).

Melatonin-Mediated ROS Scavenging
Activity by Antioxidant Enzymes during
PPD Process

To better understand the action of melatonin on ROS scavenging
during the PPD process, 34 genes encoding antioxidant enzymes
were identified from the DEGs (fold change >2; P-value <0.05

at least in one stage of PPD). Heat map analysis indicated
that 30, 10, and 8 genes were up-regulated after 6, 12, and
48 h melatonin treatment, respectively; whereas 4, 24, and 25
genes were down-regulated after 6, 12, and 48 h of melatonin
treatment, respectively (Figure 4; Supplementary Table S8).
From these data, it can be concluded that many genes were
transcriptionally induced at an early storage stage (6 h), whereas
they were repressed following middle (12 h) and late stages (48 h),
indicating the rapid activation the expression of genes encoding
antioxidant enzymes by melatonin.

Melatonin-Mediated ROS Signaling
Network during the PPD Process

To gain insight into the melatonin-mediated ROS signaling
network during the PPD process, 161 genes related to ROS
response were identified from the DEGs (fold change >2; P-value
<0.05 at least in one stage of PPD), including calcium signaling-,
phospholipase signaling-, MAPK cascades-, NADPH oxidase-,
and transcription factor-related genes (Figure 5; Supplementary
Table S9). Expression profiles showed that 114, 98, and 83
genes showed up-regulation after 6, 12, and 48 h melatonin
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FIGURE 3 | Distribution of differentially expressed genes at different
storage stages after melatonin treatment. (A) The number of differentially
expressed genes (fold change > 2; P-value < 0.05). (B) Differentially
expressed genes overlapped at different storage stages after melatonin
treatment by venn diagram analysis. M6/CKB, melatonin-6 h/control

check-6 h; M12/CK12, melatonin-12 h/control check-12 h; M48/CK48,
melatonin-48 h/control check-48 h.

treatment, respectively; whereas 47, 61, and 76 genes showed
down-regulation after 6, 12, and 48 h melatonin treatment,
respectively. This indicates that more ROS-responsive genes were
activated at early stages relative to middle and late stages by
melatonin.

Melatonin-Mediated Starch Metabolism
during the PPD Process

To get some clues on the roles of melatonin in regulating the
starch synthesis and degradation processes, 17 starch metabolic
associated genes were identified from the DEGs (fold change > 2;
P-value < 0.05 at least in one stage of PPD). Transcriptomic data
indicated that 9, 3, and 3 genes were up-regulated after 6, 12,
and 48 h melatonin treatment, respectively; whereas 8, 14, and
14 genes were down-regulated after 6, 12, and 48 h melatonin
treatment, respectively (Figure 6; Supplementary Table S10).
Genes related to starch synthesis, including sucrose synthase,

glucose phosphomutase, and ADP-glucose pyrophosphorylase
were mainly repressed, indicating the repression of starch
synthesis process by melatonin during PPD. Most of genes
involved in starch degradation, such as starch phosphorylase,
alpha-amylase, and beta-amylase were induced at the early stage
(6 h); however, repressed at the middle and late stages (12 and
48 h). These results suggest that melatonin may be a crucial
regulator of starch metabolism during PPD process of cassava
tuberous roots.

DISCUSSION

Cassava is one of the most important crop in Africa, Asia, and
Latin America. Nevertheless, the rapid PPD of its tuberous roots,
a unique phenomenon compared with other root crops, renders
the roots unpalatable and unmarketable, thereby adversely
impacting farmers, processors, and consumers alike (Xu et al.,
2013). Previous studies demonstrated that ROS production is
one of the earliest events in the deterioration process and
reduction of ROS accumulation could lead to a delayed onset of
PPD (Reilly et al., 2001, 2004; Iyer et al., 2010; Zidenga et al.,
2012; Xu et al,, 2013; Vanderschuren et al., 2014). Melatonin
was reported to function in the reduction of ROS through
scavenging ROS directly and enhancing the levels of antioxidants
and the activities of antioxidative enzymes (Tan et al., 1993,
2003; Barlow-Walden et al., 1995; Pablos et al., 1998; Rodriguez
et al., 2004; Hardeland, 2005; Kolai and Machackova, 2005;
Reiter et al., 2009; Galano et al, 2013; Zhang and Zhang,
2014; Zhang et al., 2014a; Shi et al., 2015d). Therefore, we
hypothesized that exogenous application of melatonin might
delay PPD of cassava tuberous roots by scavenging ROS. To
confirm this, cassava tuberous roots were treated with melatonin.
Compared with controls, melatonin-treated cassava tuberous
roots showed delayed PPD both for ‘vascular streaking’ and
‘vascular discoloration’ symptoms, indicating that melatonin
has a clear effect on PPD (Figure 1). Physiological analyses
also support that melatonin-mediated delay of PPD is related
to reduced H,O, and increased activities of CAT and POD
(Figure 2).

To provide the possible molecular evidence, transcriptomic
analysis was carried out between water-treated and melatonin-
treated cassava tuberous roots during the PPD process. Among
the DEGs, 30 out of 34 genes encoding enzymes associated with
ROS scavenging, including SOD, POD, CAT, APX, PrxR, were
transcriptionally induced by melatonin at early storage stage
(6 h) during PPD (Figure 4; Supplementary Table S8). These
genes provide cells with highly efficient machinery for detoxifying
027 and H;0; in plants (Mittler et al., 2004). Accordingly, the
decreased H,O, content, increased activities of POD and CAT,
and lightened PPD symptoms after melatonin treatment were
also observed at early storage stage (6 h) during PPD (Figures 1
and 2). These results further support that the melatonin mediated
ROS-scavenging system may contribute to reducing oxidative
injury of cassava tuberous roots.

Previous studies demonstrated that an oxidative burst
occurred at the early stage of PPD (Reilly et al., 2001, 2004; Iyer
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et al.,, 2010; Zidenga et al., 2012; Xu et al., 2013; Vanderschuren  cellular ROS levels at early stage. After oxidative burst, cells
et al., 2014). Coincidently, melatonin acted through scavenging still need to maintain a homeostasis of ROS. Thus, the
ROS by antioxidant enzymes, thus assisting in reduction of downregulation of genes encoding ROS-scavenging enzymes at
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FIGURE 5 | Effects of melatonin on the expression of genes involved in the ROS signaling network. (A) Generalized model of the ROS signal transduction
pathway. (B) Expression patterns of the genes involved in the ROS signaling network after melatonin treatment. 161 genes associated with ROS signaling network
were identified from the DEGs (fold change >2; P-value <0.05 at least in one stage of PPD). Log2 based FPKM value was used to create the heat map. The scale
represents the relative signal intensity of FPKM values. M6/CK86, melatonin-6 h/control check-6 h; M12/CK12, melatonin-12 h/control check-12 h; M48/CK48,
melatonin-48 h/control check-48 h; PLC, phospholipase C; PLD, phospholipase D; CBP, calcium-binding protein; CTP, calcium-transporting protein; CPK,
calcium-related protein kinase; OXI, oxidative signal-inducible protein; PDK1, PDK, phosphoinositide-dependent kinase; PA, phosphatidic acid; MPK,
mitogen-activated protein kinase cascades; WRKY, WRKY transcription factor; ZAT, zinc finger protein; HSF, heat stress transcription factor; MYB, MYB transcription
factor; NAC, NAC transcription factor; AP2/ERF and B3 domain-containing transcription factor; NADPH, NADPH oxidase.

middle (12 h) and late stages (48 h) by melatonin implied
that melatonin may be a flexible regulator of ROS during the
PPD process (Figure 4; Supplementary Table S8). In addition,
although melatonin repressed the expression of genes encoding
ROS-scavenging enzymes at middle and late stages, melatonin-
treated samples still maintained lower H,O; levels and higher
activities of CAT and POD relative to control samples (Figures 1
and 2). This implies that melatonin may extend the effects of early
transcriptional activation to enzyme activity levels at middle and

late stages through a series of post-transcriptionally regulatory
mechanisms.

Plant cells sense ROS through at least three different
mechanisms, including unidentified receptor proteins,
redox-sensitive transcription factors, and direct inhibition
of phosphatases. Downstream signaling events include calcium
and phospholipid signaling pathways, and hence activate
oxidative signal-inducible protein (OXI1), MAPK cascades,
NADPH oxidase, and transcription factors (Mittler et al,
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FIGURE 6 | Effects of melatonin on the expression of genes associated with the starch metabolism pathway. (A) Generalized model of starch metabolism
pathway in cassava tuberous roots. (B) Expression patterns of the genes associated with starch metabolism pathway after melatonin treatment. Seventeen genes
related to starch metabolism were identified from the DEGs (fold change >2; P-value <0.05 at least in one stage of PPD). Log2 based FPKM value was used to
create the heat map. The scale represents the relative signal intensity of FPKM values. M6/CK6, melatonin-6 h/control check-6 h; M12/CK12,
melatonin-12 h/control check-12 h; M48/CK48, melatonin-48 h/control check-48 h; Susy, sucrose synthase; pPGM, glucose phosphomutase; APL, ADP-glucose
pyrophosphorylase; SS, starch synthase; SBE, starch branching enzyme; SP, starch phosphorylase.

2004; Kim et al., 2011). To address the question how does
melatonin regulate cells to perceive and transduct ROS signaling,
those genes related to the ROS network were identified in the
melatonin-treated cassava tuberous roots. Notably, many calcium
signaling pathway connected genes, including calcium-sensing,
-transport, -transduction genes, and downstream transcription
factors, were significantly induced, whereas almost all of the
phospholipase C (PLC) and phospholipase D (PLD) genes in
phospholipid signaling pathway were repressed by melatonin
during the PPD process (Figure 5; Supplementary Table S9).
Accordingly, phosphoinositide-dependent kinase (PDK1), a
downstream component of phospholipid signaling pathway,
did not show significant difference at transcriptional levels with

melatonin treatment. This suggests that melatonin-induced ROS
signaling is positively transducted through calcium signaling
components. In response to melatonin, 14 genes related to
calcium-dependent signaling were induced in Arabidopsis by
RNA-seq analysis (Weeda et al., 2014). Calcium-related protein
kinase (CRK), calcium-dependent protein kinase (CDPK), and
calcineurin B-like (CBL)-interacting protein kinase (CIPK) were
reported to be commonly regulated by melatonin treatment in
Bermuda grass (Shi et al., 2015a). Many transcription factors,
including WRKY, NAC, ZAT, and HSF were up-regulated after
melatonin treatment and some of them were confirmed to play
a melatonin-mediated protective role in abiotic stress response
and leaf senescence by functional analyses (Shi and Chan, 2014;
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Zhang et al., 2014b; Shi et al., 2015a,c). Also, the crosstalk
between melatonin and calcium signaling has been demonstrated
to modulate various calcium-dependent cellular functions in
animal cells (Posmyk and Janas, 2009). Additionally, calmodulin
proteins were also reported to be up-regulated during early PPD
of cassava (Owiti et al., 2011). Therefore, the extensive activation
of calcium signaling and related transcription factors may be an
important event in melatonin-mediated ROS pathway during
PPD.

Besides, we also noted that the number of genes related to ROS
network induced by melatonin was greater at early stages than
that at middle and late stages (Figure 5; Supplementary Table S9).
This is consistent with the expression patterns of genes encoding
ROS-scavenging enzymes after melatonin treatment in general
(Figure 4; Supplementary Table S8). Based on this consistent
trend, it is concluded that coincidently with an oxidative burst
melatonin acted by inducing cells to sense and transduct ROS
signaling through calcium signaling and related transcription
factors, thus resulting in the induction of ROS-scavenging genes
to relieve ROS injury.

Interestingly, we observed that numerous starch metabolism-
related genes showed transcriptional changes after melatonin
treatment according to GO analyses (Supplementary Figures S1
and S2). Most of genes related to starch synthesis were

repressed during the PPD process (Figure 6; Supplementary
Table S10). After harvest, the primary carbon source supplied
by photosynthesis was cut off, which limited the function of
starch synthesis-related genes. The repression of starch synthesis
pathway by melatonin may represent an action of melatonin-
mediated saving of cell resources in tuberous roots after harvest.

Additionally, exogenous application of melatonin resulted
in upregulation of starch degradation related genes at early
stage of PPD (6 h) (Figure 6; Supplementary Table S10),
which is consistent with the expression profiles of genes in
ROS-scavenging and ROS signal transduction pathways. Starch
degradation produces glucose that supplies energy for various
biological process. It is possible that melatonin-mediated starch
degradation may provide energy for the active ROS-scavenging
process, such as ascorbate-glutathione cycle, at early stage
of PPD.

As reported by Uarrota et al. (2016), degradation of starch
occurred during the PPD process, which resulted in reducing
starch content, thus decreasing the commercial value of cassava.
Exogenous application of melatonin decreased the transcripts
of starch degradation associated genes at the middle and late
stages (12 and 48 h) of postharvest (Figure 6; Supplementary
Table S10). This indicates that melatonin cannot only alleviate
PPD symptoms, but also can synchronously inhibit starch
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FIGURE 7 | Overview of melatonin action on the delay of PPD of cassava tuberous roots. At early stage of the PPD process, coincidently with oxidative
burst, melatonin acted on inducing cells to sense and transduct ROS signaling through calcium signaling and related transcription factors, thus resulting in the
induction of ROS-scavenging genes to relieve ROS injury and delay of PPD. Melatonin-mediated starch degradation may provide energy for the active
ROS-scavenging process at early stage of PPD. At middle and late stages, melatonin function on repressing starch degradation, benefit for improving food
characteristics and quality of cassava. During all three stages, the repression of starch synthesis pathway by melatonin may represent an action of
melatonin-mediated saving resources of cells in tuberous roots.
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degradation, which is of great importance for improving
food characteristics and quality of cassava. ROS have been
implicated in the oxidative-reductive depolymerization of
carbohydrates (Uarrota et al, 2016). The early activation
of ROS-scavenging events by melatonin may contribute to
the subsequent repression of starch degradation during PPD
process.

Recent studies suggested that low doses of melatonin
accelerated starch catabolism at night, whereas high doses
of melatonin significantly decreased this process and led
to starch accumulation in photosynthetic tissues of maize
(Zhao et al., 2015). Additionally, melatonin could alter the
metabolic status and increase the levels of starch in leaf
tissue of Malus hupehensis (Wang et al, 2013a). These
studies indicate the physiolgical effect of melatonin on starch
metabolism in photosynthetic tissues. The evidences presented
here expand the role of and transcriptionally regulatory
mechanism of melatonin on starch metabolism in non-
photosynthetic tissue.

CONCLUSION

This study demonstrated the effect of melatonin on the delay
of PPD in cassava tuberous roots is related to ROS-scavenging
pathway, ROS-signaling transduction, and starch metabolism
(Figure 7). These findings would contribute to extend shelf life
and improve quality of casssava tuberous roots.

REFERENCES

Arnao, M. B., Cano, A., Alcolea, J. F., and Acosta, M. (2001). Estimation of
free radical-quenching activity of leaf pigment extracts. Phytochem. Anal. 12,
138-143. doi: 10.1002/pca.571

Arnao, M. B., and Herndndez-Ruiz, J. (2006). The physiological function of
melatonin in plants. Plant Signal. Behav. 1, 89-95. doi: 10.4161/psb.1.3.2640

Arnao, M. B, and Hernandez-Ruiz, J. (2009). Chemical stress by different agents
affects the melatonin content of barley roots. J. Pineal Res. 46, 295-299. doi:
10.1111/§.1600-079X.2008.00660.x

Arnao, M. B., and Hernandez-Ruiz, J. (2013). Growth conditions influence
the melatonin content of tomato plants. Food Chem. 138, 1212-1214. doi:
10.1016/j.foodchem.2012.10.077

Barlow-Walden, L. R., Reiter, R. J., Abe, M., Pablos, M., Menendez-Pelaez, A.,
Chen, L. D,, et al. (1995). Melatonin stimulates brain glutathione peroxidase
activity. Neurochem. Int. 26, 497-502. doi: 10.1016/0197-0186(94)00154-M

Burkhardt, S., Tan, D. X., Manchester, L. C., Hardeland, R., and Reiter, R. J. (2001).
Detection and quantification of the antioxidant melatonin in montmorency and
Balaton tart cherries (Prunus cerasus). J. Agric. Food Chem. 49, 4898-4902. doi:
10.1021/jf010321+

Calvo, J. R., Gonzalez-Yanes, C., and Maldonado, M. D. (2013). The role of
melatonin in the cells of the innate immunity: a review. J. Pineal Res. 55,
103-120. doi: 10.1111/jpi.12075

Cano, A., Herndndez-Ruiz, J., and Arnao, M. B. (2006). Changes in hydrophilic
antioxidant activity in Avena sativa and Triticum aestivum leaves of different
age during de-etiolation and high-light treatment. J. Plant Res. 119, 321-327.
doi: 10.1007/s10265-006-0275-1

Cardinali, D. P., Srinivasan, V., Brzezinski, A., and Brown, G. M. (2012). Melatonin
and its analogs in insomnia and depression. J. Pineal Res. 52, 365-375. doi:
10.1111/j.1600-079X.2011.00962.x

Conesa, A., Gotz, S., Garcia-Gomez, J. M., Terol, J., Talén, M. and
Robles, M. (2005). Blast2GO: a universal tool for annotation, visualization and

AUTHOR CONTRIBUTIONS

HS, HK, MP, and AG conceived the study. WH, YG, YZ, and YY
performed the experiments. ZD, QH, and WT carried out the
analysis. WH and HS designed the experiments and wrote the
manuscript.

ACKNOWLEDGMENTS

This study was funded by the National Natural Science
Foundation of China (31171610), the Natural Science
Foundation of Hainan Province (314122, 20153048), and the
startup funding of Hainan University (kyqd1531). We thank
Professor Kaimian Li and Songbi Chen for providing plant
materials.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: http://journal.frontiersin.org/article/10.3389/fpls.2016.00736

FIGURE S1 | Differentially expressed genes at 6, 12, and 48 h storage after
melatonin treatment by GO enrichment analysis. Asterisks indicate a
significant difference (*P < 0.05; **P < 0.01; **P < 0.001).

FIGURE S2 | Common genes differentially expressed at 6, 12, and 48 h
storage after melatonin treatment by GO enrichment analysis. Asterisks
indicate a significant difference (*P < 0.05; **P < 0.01; **P < 0.001).

analysis in functional genomics research. Bioinformatics 21, 3674-3676. doi:
10.1093/bioinformatics/bti6 10

Dubbels, R., Reiter, R. J., Klenke, E., Goebel, A., Schnakenberg, E., Ehlers, C.,
et al. (1995). Melatonin in edible plants identified by radioimmunoassay and
by high performance liquid chromatography-mass spectrometry. J. Pineal Res.
18, 28-31. doi: 10.1111/j.1600-079X.1995.tb00136.x

Galano, A., Tan, D. X, and Reiter, R. J. (2013). On the free radical scavenging
activities of melatonin’s metabolites, AFMK and AMK. J. Pineal Res. 54, 245—
257. doi: 10.1111/jpi.12010

Hardeland, R. (2005). Antioxidative protection by melatonin: multiplicity of
mechanisms from radical detoxification to radical avoidance. Endocrine 27,
119-130. doi: 10.1385/ENDO:27:2:119

Hattori, A., Migitaka, H., ligo, M., Itoh, M., Yamamoto, K., Ohtanikaneko, R., et al.
(1995). Identification of melatonin in plants and its effects on plasma melatonin
levels and binding to melatonin receptors in vertebrates. Biochem. Mol. Biol. Int.
35, 627-634.

Hernadndez-Ruiz, J., and Arnao, M. B. (2008). Distribution of melatonin in different
zones of lupin and barley plants at different ages in the presence and absence of
light. J. Agric. Food Chem. 56, 10567-10573. doi: 10.1021/j8022063

Hu, W., Wei, Y., Xia, Z., Yan, Y., Hou, X., Zou, M., et al. (2015a). Genome-
wide identification and expression analysis of the NAC transcription factor
family in cassava. PLoS ONE 10:e0136993. doi: 10.1371/journal.pone.01
36993

Hu, W., Xia, Z. Q. Yan, Y., Ding, Z. H., Tie, W. W., Wang, L. Z,, et al.
(2015b). Genome-wide gene phylogeny of CIPK family in cassava and
expression analysis of partial drought-induced genes. Front. Plant Sci. 6:914.
doi: 10.3389/fpls.2015.00914

Iyer, S., Mattinson, D. S., and Fellman, J. K. (2010). Study of the early events leading
to cassava root postharvest deterioration. Trop. Plant Biol. 3, 151-165. doi:
10.1007/512042-010-9052-3

Kim, D. S., Kim, J. B., Goh, E. J., Kim, W. J,, Kim, S. H., Seo, Y. W, et al. (2011).
Antioxidant response of Arabidopsis plants to gamma irradiation: genome-wide

Frontiers in Plant Science | www.frontiersin.org

May 2016 | Volume 7 | Article 736


http://journal.frontiersin.org/article/10.3389/fpls.2016.00736
http://www.frontiersin.org/Plant_Science/
http://www.frontiersin.org/
http://www.frontiersin.org/Plant_Science/archive

Hu et al.

Melatonin in Cassava

expression profiling of the ROS scavenging and signal transduction pathways.
J. Plant Physiol. 168, 1960-1971. doi: 10.1016/j.jplph.2011.05.008

Koléf, J., and Machdc¢kova, 1. (2005). Melatonin in higher plants: occurrence
and possible functions. J. Pineal Res. 39, 333-341. doi: 10.1111/j.1600-
079X.2005.00276.x

Lerner, A. B., Case, J. D., and Heinzelman, R. V. (1959). Structure of melatonin.
J. Am. Chem. Soc. 81, 6084-6085. doi: 10.1021/ja01531a060

Lerner, A. B., Case, J. D., and Takahashi, Y. (1958). Isolation of melatonin,
a pineal factor that lightens melanocytes. J. Am. Chem. Soc. 80, 2587. doi:
10.1021/ja01543a060

Manchester, L. C., Tan, D. X,, Reiter, R. J., Park, W., Monis, K., and Qi, W. (2000).
High levels of melatonin in the seeds of edible plants: possible function in germ
tissue protection. Life Sci. 67, 3023-3029. doi: 10.1016/50024-3205(00)00896-1

Mittler, R., Vanderauwera, S., Gollery, M., and Van Breusegem, F. (2004).
Reactive oxygen gene network of plants. Trends Plant Sci. 9, 490-498. doi:
10.1016/j.tplants.2004.08.009

Murch, S. J., Alan, A. R, Cao, J., and Saxena, P. K. (2009). Melatonin and
serotonin in flowers and fruits of Datura metel L. ]. Pineal Res. 47, 277-283.
doi: 10.1111/§.1600-079X.2009.00711.x

Okazaki, M., Higuchi, K., Aouni, A., and Ezura, H. (2010). Lowering intercellular
melatonin by transgenic analysis of indoleamine 2,3-dioxygenase from
rice in tomato plants. J. Pineal Res. 49, 239-247. doi: 10.1111/j.1600-
079X.2010.00788.x

Oliveira, E. J., Santana, F. A., Oliveira, L. A., and Santos, V. S. (2014).
Genetic parameters and prediction of genotypic values for root quality
traits in cassava using REML/BLUP. Genet. Mol. Res. 13, 6683-6700. doi:
10.4238/2014.August.28.13

Owiti, J., Grossmann, J., Gehrig, P., Dessimoz, C., Laloi, C., Hansen, M. B,, et al.
(2011). iTRAQ-based analysis of changes in the cassava root proteome reveals
pathways associated with post-harvest physiological deterioration. Plant J. 67,
145-156. doi: 10.1111/j.1365-313X.2011.04582.x

Pablos, M. L, Reiter, R. J., Ortiz, G. G., Guerrero, ]J. M., Agapito, M. T., Chuang,
J. L, et al. (1998). Rhythms of glutathione peroxidase and glutathione reductase
in brain of chick and their inhibition by light. Neurochem. Int. 32, 69-75. doi:
10.1016/S0197-0186(97)00043-0

Pape, C., and Liining, K. (2006). Quantification of melatonin in phototrophic
organisms. J. Pineal Res. 41, 157-165. doi: 10.1111/j.1600-079X.2006.00348.x

Paredes, S. D., Korkmaz, A., Manchester, L. C., Tan, D. X., and Reiter, R. J. (2009).
Phytomelatonin: a review. J. Exp. Bot. 60, 67-69.

Polle, A, Otter, T., and Seifert, F. (1994). Apoplastic peroxidases and lignification
in needles of norway spruce (Picea abies L.). Plant Physiol. 106, 53-60.

Posmyk, M. M., and Janas, K. M. (2009). Melatonin in plants. Acta Physiol. Plant.
31, 1-11. doi: 10.1007/s11738-008-0213-z

Ramakrishna, A., Giridhar, P., Sankar, K. U., and Ravishankar, G. A. (2012).
Melatonin and serotonin profiles in beans of coffea species. J. Pineal Res. 52,
470-476. doi: 10.1111/§.1600-079X.2011.00964.x

Reilly, K., Gomez-Vasquez, R., Buschmann, H., Tohme, J., and Beeching, J. R.
(2004). Oxidative stress responses during cassava post-harvest physiological
deterioration. Plant Mol. Biol. 56, 625-641. doi: 10.1007/s11103-005-2271-6

Reilly, K., Han, Y., Tohme, J., and Beeching, J. R. (2001). Isolation and character
isation of a cassava catalase expressed during post-harvest physiological
deterioration. Biochim. Biophys. Acta 1518, 317-323. doi: 10.1016/S0167-
4781(01)00195-6

Reiter, R. J., Paredes, S. D., Manchester, L. C., and Tan, D. X. (2009). Reducing
oxidative/nitrosative stress: a newly-discovered genre for melatonin. Crit. Rev.
Biochem. Mol. Biol. 44, 175-200. doi: 10.1080/10409230903044914

Reiter, R. J., Tan, D. X., and Galano, A. (2014). Melatonin: exceeding expectations.
Physiology 29, 325-333. doi: 10.1152/physiol.00011.2014

Rodriguez, C., Mayo, J. C., Sainz, R. M., Antolin, I., Herrera, F., Martin, V., et al.
(2004). Regulation of antioxidant enzymes: a significant role for melatonin.
J. Pineal Res. 36, 1-9. doi: 10.1046/j.1600-079X.2003.00092.x

Shi, H., and Chan, Z. (2014). The cysteine2/histidine2-type transcription factor
zinc finger of Arabidopsis thaliana 6-activated c-repeat-binding factor pathway
is essential for melatonin-mediated freezing stress resistance in Arabidopsis.
J. Pineal Res. 57, 185-191. doi: 10.1111/jpi.12155

Shi, H.,, Jiang, C., Ye, T., Tan, D. X,, Reiter, R. J., Zhang, H., et al. (2015a).
Comparative physiological, metabolomic, and transcriptomic analyses reveal
mechanisms of improved abiotic stress resistance in bermudagrass [Cynodon

dactylon (L). Pers.] by exogenous melatonin. J. Exp. Bot. 66, 681-694. doi:
10.1093/jxb/eru373

Shi, H., Reiter, R. J., Tan, D., and Chan, Z. (2015b). Indole-3-acetic acid inducible
17 positively modulates natural leaf senescence through melatonin-mediated
pathway in Arabidopsis. J. Pineal Res. 58, 26-33. doi: 10.1111/jpi.12188

Shi, H., Tan, D. X,, Reiter, R. ], Ye, T., Yang, F., and Chan, Z. (2015c).
Melatonin induces class Al heat shock factors (HSFA1ls) and their possible
involvement of thermotolerance in Arabidopsis. J. Pineal Res. 58, 335-342. doi:
10.1111/jpi.12219

Shi, H., Wang, X, Tan, D. X,, Reiter, R. J., and Chan, Z. (2015d). Comparative
physiological and proteomic analyses reveal the actions of melatonin in the
reduction of oxidative stress in Bermuda grass (Cynodon dactylon (L). Pers.).
J. Pineal Res. 59, 120-131. doi: 10.1111/jpi.12246

Tan, D. X., Chen, L. D., Poeggeler, B., Manchester, L. C., and Reiter, R. J. (1993).
Melatonin: a potent, endogenous hydroxyl radical scavenger. Endocr. J. 1,
57-60.

Tan, D. X,, Hardeland, R., Manchester, L. C., Korkmaz, A., Ma, S., Rosales-
Corral, S., et al. (2012). Functional roles of melatonin in plants, and
perspectives in nutritional and agricultural science. J. Exp. Bot. 63, 577-597.
doi: 10.1093/jxb/err256

Tan, D. X, Hardeland, R., Manchester, L. C., Poeggeler, B., Lopez-Burillo, S., Mayo,
J. C., etal. (2003). Mechanistic and comparative studies of melatonin and classic
antioxidants in terms of their interactions with the ABTS cation radical. J. Pineal
Res. 34, 249-259. doi: 10.1034/j.1600-079X.2003.00037.x

Trapnell, C., Pachter, L., and Salzberg, S. L. (2009). TopHat: discovering
splice junctions with RNA-Seq. Bioinformatics 25, 1105-1111. doi:
10.1093/bioinformatics/btp120

Trapnell, C., Roberts, A., Goff, L., Pertea, G., Kim, D., Kelley, D. R, et al.
(2012). Differential gene and transcript expression analysis of RNA-seq
experiments with TopHat and Cufflinks. Nat. Protoc. 7, 562-578. doi:
10.1038/nprot.2012.016

Uarrota, V. G., Moresco, R., Schmidt, E. C.,, Bouzon, Z. L., Nunes Eda, C,
Neubert, E. O, et al. (2016). The role of ascorbate peroxidase, guaiacol
peroxidase, and polysaccharides in cassava (Manihot esculenta Crantz) roots
under postharvest physiological deterioration. Food Chem. 197, 737-746. doi:
10.1016/j.foodchem.2015.11.025

Vanderschuren, H., Nyaboga, E., Poon, J. S., Baerenfaller, K., Grossmann, J.,
Hirsch-Hoffmann, M., et al. (2014). Large-scale proteomics of the cassava
storage root and identification of a target gene to reduce postharvest
deterioration. Plant Cell 26, 1913-1924. doi: 10.1105/tpc.114.123927

Wang, L., Feng, Z., Wang, X., Wang, X., and Zhang, X. (2010). DEGseq: an
R package for identifying differentially expressed genes from RNA-seq data.
Bioinformatics 26, 136-138. doi: 10.1093/bioinformatics/btp612

Wang, L., Zhao, Y., Reiter, R. J., He, C, Liu, G., Lei, Q. et al. (2014).
Changes in melatonin levels in transgenic ‘Micro-Tom’ tomato overexpressing
ovine AANAT and ovine HIOMT genes. J. Pineal Res. 56, 134-142. doi:
10.1111/jpi.12105

Wang, P., Sun, X,, Chang, C,, Feng, F., Liang, D., Cheng, L., et al. (2013a). Delay
in leaf senescence of Malus hupehensis by long-term melatonin application
is associated with its regulation of metabolic status and protein degradation.
J. Pineal Res. 55, 424-434. doi: 10.1111/jpi.12091

Wang, P., Sun, X, Li, C., Wei, Z., Liang, D., and Ma, F. (2013b). Long-term
exogenous application of melatonin delays drought-induced leaf senescence in
apple. J. Pineal Res. 54, 292-302. doi: 10.1111/jpi.12017

Wang, P., Sun, X, Xie, Y., Li, M., Chen, W., Zhang, S., et al. (2014). Melatonin
regulates proteomic changes during leaf senescence in Malus hupehensis.
J. Pineal Res. 57, 291-307. doi: 10.1111/jpi.12169

Wang, P., Yin, L, Liang, D., Li, C., Ma, F., and Yue, Z. (2012). Delayed senescence
of apple leaves by exogenous melatonin treatment: toward regulating the
ascorbate-glutathione cycle. J. Pineal Res. 53, 11-20. doi: 10.1111/j.1600-
079X.2011.00966.x

Weeda, S., Zhang, N., Zhao, X., Ndip, G., Guo, Y., Buck, G. A,, et al. (2014).
Arabidopsis transcriptome analysis reveals key roles of melatonin in plant
defense systems. PLoS ONE 9:¢93462. doi: 10.1371/journal.pone.0093462

Xu, J., Duan, X., Yang, J., Beeching, J. R., and Zhang, P. (2013). Enhanced reactive
oxygen species scavenging by overproduction of superoxide dismutase and
catalase delays postharvest physiological deterioration of cassava storage roots.
Plant Physiol. 161, 1517-1528. doi: 10.1104/pp.112.212803

Frontiers in Plant Science | www.frontiersin.org

May 2016 | Volume 7 | Article 736


http://www.frontiersin.org/Plant_Science/
http://www.frontiersin.org/
http://www.frontiersin.org/Plant_Science/archive

Hu et al.

Melatonin in Cassava

Zhang, H. M., and Zhang, Y. (2014). Melatonin: a well-documented antioxidant
with conditional pro-oxidant actions. J. Pineal Res. 57, 131-146. doi:
10.1111/jpi.12162

Zhang, N, Sun, Q., Zhang, H., Cao, Y., Weeda, S., Ren, S., et al. (2014a). Roles of
melatonin in abiotic stress resistance in plants. J. Exp. Bot. 66, 647-656. doi:
10.1093/jxb/eru336

Zhang, N., Zhang, H. J., Zhao, B., Sun, Q. Q., Cao, Y. Y., Li, R,, et al. (2014b).
The RNA-seq approach to discriminate gene expression profiles in response to
melatonin on cucumber lateral root formation. J. Pineal Res. 56, 39-50. doi:
10.1111/jpi.12095

Zhao, H., Su, T., Huo, L., Wei, H,, Jiang, Y., Xu, L., et al. (2015). Unveiling the
mechanism of melatonin impacts on maize seedling growth: sugar metabolism
as a case. J. Pineal Res. 59, 255-266. doi: 10.1111/jpi.12258

Zhao, Y., Tan, D. X, Lei, Q., Chen, H., Wang, L., Li, Q. T., et al. (2013). Melatonin
and its potential biological functions in the fruits of sweet cherry. J. Pineal Res.
55, 79-88. doi: 10.1111/jpi.12044

Zidenga, T., Leyva-Guerrero, E., Moon, H., Siritunga, D., and Sayre, R.
(2012). Extending cassava root shelf life via reduction of reactive oxygen
species production. Plant Physiol. 159, 1396-1407. doi: 10.1104/pp.112.
200345

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2016 Hu, Kong, Guo, Zhang, Ding, Tie, Yan, Huang, Peng, Shi and Guo.
This is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums
is permitted, provided the original author(s) or licensor are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Plant Science | www.frontiersin.org

12

May 2016 | Volume 7 | Article 736


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Plant_Science/
http://www.frontiersin.org/
http://www.frontiersin.org/Plant_Science/archive

	Comparative Physiological and Transcriptomic Analyses Reveal the Actions of Melatonin in the Delay of Postharvest Physiological Deterioration of Cassava
	Introduction
	Materials And Methods
	Plant Material and Treatment
	Determination of H2O2 Content and Antioxidant Enzyme Activities
	Transcriptomic Analysis
	Statistical Analysis

	Results
	Exogenous Application of Melatonin Delayed PPD of Cassava Tuberous Roots
	Exogenous Application of Melatonin Decreased H2O2 Content and Improved Activities of CAT and POD during the PPD Process
	Differential Expression Profiling between Water-Treated and Melatonin-Treated Cassava Tuberous Roots
	Melatonin-Mediated ROS Scavenging Activity by Antioxidant Enzymes during PPD Process
	Melatonin-Mediated ROS Signaling Network during the PPD Process
	Melatonin-Mediated Starch Metabolism during the PPD Process

	Discussion
	Conclusion
	Author Contributions
	Acknowledgments
	Supplementary Material
	References


