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MicroRNAs regulate tolerance mechanisms in
sugarcane (Saccharum spp.) under aluminum
stress
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Abstract: The agricultural yield of sugarcane (Saccharum spp.) is influenced by
various abiotic stresses, including aluminum toxicity (AF*). MicroRNAs (miRNAs)
play a role in plant tolerance to such stresses by modulating the expression of
several important target genes involved in plant growth. This study investigated
the possible tolerance mechanisms of two sugarcane genotypes (CTC-2 and
RB855453) under AP* stress through miRNA expression profiles and in silico
analysis of target genes. The expression data obtained using RT-gPCR and co-
expression network analysis identified two possible regulatory mechanisms in
the tolerant genotype (CTC-2) under AP* stress. miR395 was involved in AP*
detoxification, whereas miR160, miR6225-5p, and miR167 participated in the
process of lateral root formation, conferring tolerance to the genotype. These
findings might be useful for biotechnological strategies that aim for miRNA
silencing or gene overexpression and provide subsidies for future genetic
improvement programs aimed at the development of abiotic stress-tolerant
sugarcane genotypes.

Keywords: Aluminum toxicity, co-expression network, RT-qPCR, Saccharum,
small RNAs.

INTRODUCTION

Sugarcane (Saccharum spp.) is one of the most important crops for the global
economy, and Brazil is the largest producer of sugarcane worldwide (annual
production of 746 million tons) (FAOSTAT 2018). Sugarcane is used primarily
in sugar and bioenergy production and in animal feeds (Torquato and Ramos
2013). Expansion of sugarcane cultivation to different regions of the country
increased its production and supply; however, such expansion is associated with
exposure to various adverse factors such as drought, salinity, and ion toxicity,
which negatively affect its yield (Devarumath et al. 2019).

Aluminum toxicity (Al**) is one of the main factors limiting agricultural
productivity in acidic soils (Liu et al. 2014). At a soil pH close to or below 5,
Al-containing molecules are solubilized and released into the environment as
toxic Al** ions (Wu et al. 2018), which can reduce root system growth, thus
preventing water and nutrient absorption (Nogueirol et al. 2015) and altering
plant oxidative and molecular metabolism (Inostroza-Blancheteau et al. 2011).
Plants respond to stress conditions by different mechanisms, and among them,
plants can regulate the expression of specific genes or through microRNA
(miRNA)-mediated post-transcriptional regulation (Celik and Akdas 2019).
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miRNAs are small, non-coding RNAs that consist of 20 to 25 nucleotides and regulate the accumulation of target
genes involved in different metabolic processes, such as vegetative growth and biotic and abiotic stress responses (Xie
et al. 2015). In corn roots under Al stress, 278 miRNAs were identified, of which 246 were conserved and 32 were new
(Kong et al. 2014). In barley roots, several miRNAs belonging to the miR156, miR166, miR159, and miR160 families have
been identified (Wu et al. 2018). Zeng et al. (2012) identified 30 miRNAs in Al-treated soybean, and interestingly, in
this study, miR396 and miR390 were upregulated. However, in sugarcane cultivars that are tolerant to Al stress, other
miRNAs, such as miR159 and miR164 were downregulated (Silva et al. 2019). Additionally, Silva et al. (2019) observed
more than 390 miRNAs differentially expressed in two sugarcane cultivars with contrasting tolerance to aluminum stress.

Physiological responses of plants can vary depending on crop, genotype, and cultivar, as they result from the
expression of different sets of genes and are regulated by varying underlying mechanisms. Recently, owing to the
significant amount of data available, co-expression and gene regulatory networks have been used to identify and predict
the functionality of individual genes within a biological system (Walley et al. 2016). These co-expression networks have
been particularly important in identifying biological mechanisms by clarifying the interactions between genes (Rao and
Dixon 2019). Assessing plant responses to abiotic stresses using co-expression networks provides a better understanding
of the underlying regulatory mechanisms, thus facilitating the establishment of strategies to develop stress-tolerant
plants (Pandey et al. 2020).

Therefore, considering the importance of miRNA-mediated genetic regulation and the possible genetic interactions
identified by expression and co-expression analyses, a miRNA-mediated genetic interaction and regulation model was
proposed to explain the tolerance mechanisms of sugarcane under AP**toxicity.

MATERIAL AND METHODS

Plant material

Sixty days old pre-germinated seedlings of two sugarcane genotypes (Saccharum spp.) with contrasting Al** tolerance
(i.e., tolerant CTC-2 and sensitive RB855453) were used in this study. The plants were acclimatized in a hydroponic
system in a greenhouse, under controlled temperature (25.8 + 2 °C) and humidity (75% + 10%) conditions and an 8/16
h dark/light photoperiod for 20 d. The plants were then maintained in a nutrient solution containing 0 or 221 umolL L*
of aluminum chloride hexahydrate (AICI,-6H,0; pH 4.5) for 7 d. The roots were then collected and stored at -80 °Cfor
subsequent RNA extraction.

miRNA extraction and cDNA synthesis

Total RNA was isolated from the root tissue samples using the Spectrum™ Plant Total RNA kit (Sigma-Aldrich, USA)
and quantified using a NanoDrop™ 2000 Spectrophotometer (Thermo Scientific, USA). The quality of the extracted RNA
was assessed on denaturing agarose gel (1%), and cDNA was then synthesized using the RevertAid First Strand cDNA
Synthesis kit (Thermo Scientific, USA) and RT primers (long stem-loop extension primers) (Table 1), according to the
instructions of the manufacturers.

Table 1. The primer sequences used in the cDNA synthesis and RT-qPCR validation

miRNA Primer sequences (5’- 3’)!
_ RT: GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACCGGCAT
miR160 F: CGATGCCTGGCTCCCTGT
. RT: GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACGGAGTT
F: CGCCTGAAGTGTTTGGGGG
R6225-5 RT: GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACGAGATG
F: CGCCGCAACTAGACTCAAAAGAA
. F- CTACGTCCCTGCCCTTTGTACA

R: ACACTTCACCGGACCATTCAA
Universal primer CCAGTGCAGGGTCCGAGGTA

LRT primer for cDNA, forward primer (F), reverse primer (R), and universal primer for RT-qPCR.
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Evaluation of miRNA expression using RT-qPCR

The expression of miR160, miR395, and miR6225-5p was evaluated using the RT-gPCR stem-loop method described
by Varkonyi-Gasic and Hellens (2011), using the SYBR Green Jump Start Taq Ready Mix (Sigma Aldrich, USA). Specific
nucleotide sequences (forward primers) were used for each selected miRNA, and a universal primer was used for all
miRNAs (Table 1). The 18S rRNA gene was used to normalize the data. The amplification conditions were: 94 °C for 2
min, followed by 40 cycles of 94 °C for 15s, 60 °C for 1 min, and 72 °C for 30s; and a final cycle of 95 °C for 1 min, 55 °C
for 30s, and 95 °C for 30 s to obtain the dissociation curve. miRNA expression levels were analyzed using MxPro QPCR
software version 4.10 (Stratagene, USA). Three biological replicates were tested to ensure reproducibility. Relative
expression levels were determined as the ratio of miRNA expression levels in the treated and control plants, with the
latter assigned a value of 1.

In silico analysis

To identify the mechanisms involved in miRNA-mediated tolerance, it was necessary to first identify the miRNA-
modulated genes. The mature miRNA sequences were obtained from the miRBASE database (http://www.mirbase.org/),
and miRNA-modulated genes were predicted using psRNATarget software (http://plantgrn.noble.org/psRNATarget/)
(Dai et al. 2018) and WMD3-Web microRNA Designer 3.2 (http://wmd3.weigelworld.org/) (Schwab et al. 2006). Target
annotation (biological process, molecular function, and subcellular localization) was performed using GeneOntology (http://
geneontology.org/) and Uniprot (https://www.uniprot.org/) online tools. Co-expression networks were constructed using
the GeneMANIA prediction server software, with default analysis parameters (https://genemania.org/) (Ward-Farley et
al. 2010). Arabidopsis thaliana was used as the reference genome for all analyses. In addition to miR160, miR395, and
miR6225-5p, miR159, miR167, and miR168 were included in the co-expression analysis because of their contrasting
response to Al** stress observed in our previous studies (Silva et al. 2019).

RESULTS AND DISCUSSION

Relative expression data revealed differences between miR160, miR395, and miR6225-5p expression levels in
sugarcane roots under Al stress (Figure 1). Of these, miR6225-5p exhibited a contrasting response in the tolerant and
sensitive genotypes and miR160 was suppressed in both genotypes; however, miR395 was not responsive in the sensitive
genotype but was expressed in the tolerant genotype. Previous studies have been reported to show such a differential
expression of miRNAs, including miR395 and miR167, in response to different abiotic stresses (Zhang et al. 2013, Li et
al. 2017). Gao et al. (2019) demonstrated the differential expression of miRNAs, including miR159, miR160, miR166,
and miR319 in corn plants exposed to heavy metals such as Al and cadmium (Cd).

The predicted target genes regulated by the evaluated miRNAs are shown in Table 2. The results indicated that ATP-
sulfurylase (APS4) and sulfate transporter 2.1 (SULTR2;1) genes were regulated by miR395, whereas the auxin response
factor 17 (ARF17) transcription factor was regulated by miR160. No report was available on the target genes of miR6225-
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Figure 1. Relative expression of identified miRNAs in sugarcane roots under Al** stress. A) miRNAs validated by RT-qPCR in the present
study; B) miRNAs analyzed by research groups (** other studies).
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5p. However, this study identified two possible target genes for miR6225-5p: the kinesin-like protein KIN-12E (KIN12E)
gene, which is involved in microtubule movement and cytokinesis, and the SIT4 phosphatase-associated family protein
(SIT4) gene, a protein phosphatase regulator (Tables 2 and 3).

The evaluated miRNAs can regulate several target genes and are thus involved in various biological processes. Based
on target prediction (Tables 2 and 3), the 1-aminocyclopropane-1-carboxylate synthase 8 (ACS8), ARF17, F-box protein
5 (FBX5), allantoate deiminase (AAH), SULTR2;1, and KIN12E genes were selected for further analysis of some biological
processes. This study analyzed a co-expression network, which includes miR168 and miR395 targets, and the multidrug
and toxic compound extrusion transporter (MATE) gene, which encodes a transmembrane citrate transporter (Ma et al.
2018) (Figure 2). The SULTR2;1 gene encodes a transmembrane sulfate transporter (Table 3) that is co-expressed directly
with MATE and other sulfate transporter genes (SULTRs). Of the SULTRs genes identified in the network, SULTR3;1 and
SULTR3;3 were co-expressed with MATE and AAH genes included in neighboring networks, respectively (Figure 2).

Table 2. Summary of predicted miRNA targets

miRNA Sequence?! PsRNA Target WMD3? Inhibition®
ACS8 MYB104
miR159 UUUGGAUUGAAGGGAGCUCUG Cleavage
MYB101
miR160 UGCCUGGCUCCCUGUAUGCCG ARF17 ARF17 Cleavage
FBX5
miR167 AGGUCAUGCUGUAGUUUCAUC Nr Cleavage
ATHB6
. AAH
miR168 UCGCUUGGUGCAGAUCGGGAC Nr Cleavage
AGO1
) SULTR2;1
miR395 CUGAAGUGUUUGGGGGAACUCC APSA SULTR2;1 Cleavage
. KIN12E .
miR6225-5p AACUAGACUCAAAAGAUUCAUCUC sTa Nr Translation

'Sequence from miRBASE (http://www.mirbase.org/); 2Nr: not results. *Type of regulation carried out by miRNA.

Table 3. Functional annotation of targets regulated by miRNAs

MiRNA Target Acess number Molecular function Biological process Subcellular localization
1-aminocyclopropane-1-carboxy- Ethylene biosynthetic process and
ACS8 AT4G37770.1 late synthase activity and protein 1-aminocyclopropane-1-carboxylate Cytoplasm
iR150 binding biosynthetic process
mi

- - Gibberellic acid mediated signalling
MYB101 AT2G32460.2 DNA-binding transcription fator pathway and regulation of gene expres-  Nucleus

activity .
sion
miR160 ARF17 AT1G77850.1 DN_A—_binding transcription fator Adv.entitipus root deve_lopment and Nucleus
activity auxin-activated signalling pathway
FBX5 AT2G44900.1 Protein b'!‘d'”g and transcription Lateral root development Nucleus
. fator binding
miR167 Abscisic acid-acti I siznall
ATHBG  AT2G22430.1 DNA-binding and protein binding atﬁf\';:yac' -activated signalling Nucleus
Allantoate deiminase activity and . . . Chloroplast and endo-
68 AAH AT4G20070.1 metalopeptidase activity Proteolysis and ureide catabolic process plasmic reticulum
mi
Endoribonuclease activity, mMRNA Auxin metabolic process, cell differentia- Cytoplasm, cytosol,
AGO1 AT1648410.3 binding and protein binding tion, and gene silencing by mRNA and nucleus
. Sulfate transmembrane transporter Integral component of
05 SULTR2;1  AT5G10180.1 activity Sulfate transport plasma membrane
mi
Sulfate adenylyltransferase (ATP) T Chloroplast, plastid,
APS4 AT5G43780.1 activity Sulfate assimilation and mitochondrion
L . . ) Cytoplasm, kinesin
. KIN12E AT3G44050.1 ATPase activity and microtubule Microtubule-based movement and complex, and micro-
miR6225- binding cytokinesis tubule
5p X
SIT4 AT1G07990.1 Protein phosphatase regulator Regulation of phosphoprotein activity Cytoplasm and chlo-
activity roplast
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The ACS8, ARF17, and FBX5 target genes integrated @
the co-expression network shown in Figure 3. ARF17 A\ Co-expressed gene
is the co-expression of ACS8 and FBX5 through long A Predictedtarger @@
chain base (LCB) and protein TOPLESS (TPL) targets. The
AAH gene, related to ureide and allantoin metabolism, a@:

protects plants by controlling oxidative damage

(Nourimand and Todd 2016). The probable positive @ @

regulation of the AAH gene in the RB855453 genotype @
(repressed miR168) may indicate a potential antioxidant @"

defense pathway for reducing oxidative damage in this

genotype under Al** stress. Arabidopsis sp. exhibits higher @ @

allantoin under Cd toxicity, suggesting higher activities o @ @ﬂ
of antioxidant enzymes, such as superoxide dismutase

(SOD) and ascorbate peroxidase (APX) (Nourimand and @
Todd 2016). Repression of AAH cannot explain this

mechanism in the CTC-2 genotype (induced miR168); “@ @ @

however, other antioxidant defense pathways can be @ @

activated by differential expression of other miRNAs

under AP** stress, such as miR398 repression and possible @ @

copper/zinc SOD induction (Silva et al. 2019).

The ACS8 gene is involved in the ethylene biosynthetic @

pathway (Table 3). The development of lateral and

primary roots is mediated by phytohormone signaling Figure 2. Co-expression network for the SULTR2;1 and AAH targets.
. . . Each circle represents a gene, and the type of interaction between
pathways, such as ethylene and auxin, which coordinate  them is determined from the lines. Co-expression between genes

root growth during development (internal factor) andin  (positive or negative correlation) is observed on the purple line.
response to environmental conditions (external factor) ~ *The MATE gene was added to the network because it is known for
(Waidmann et al. 2020). Repression of miR159 in both participating in Al detoxification.

sugarcane genotypes (CTC-2 and RB855453) indicates

the probable induction of the ACS8 gene and the

consequent modulation of root growth under Al** stress. This response triggered in the root system was also explained
based on the relationship between miR159 and the predicted MYB target (Silva et al. 2019)

These co-expressions between targets and differential expression of the miRNAs evaluated in the present and previous
studies (Silva et al. 2019) suggest potential tolerance mechanisms induced in sugarcane under Al** stress. A response
model summarized two mechanisms related to tolerance of the CTC-2 genotype (Figure 4), that is, a detoxification
mediated by miR395 and a development of lateral roots mediated by miR160, miR6225-5p, and miR167. The presented
model is highly hypothetical; therefore, we understand the importance of searching for biological evidence on the role
of these miRNAs in sugarcane tolerance under Al stress.

Some members of the MATE family are involved in Al detoxification in plants and are responsible for releasing citrate
(an Al chelator) from the roots into the rhizosphere in response to Al stress (Ma et al. 2018). The secretion of organic
Al-chelating acids (malate and citrate) by MATE transporters facilitates the elimination of AI** and Cu?, thus improving
root P and Fe availability (Wang et al. 2017). Furthermore, nutrient deprivation, such as that of S, is common under Al**
stress (Alarcon-Poblete et al. 2018). The SULTR2;1 gene is functional mainly during conditions of sulfate deprivation
(Jagadeeswaran et al. 2014). The co-expression between SULTR2;1 and MATE suggests the participation of the former
in the Al detoxification process, controlling the flow of sulfate under S deprivation.

Induction of miR395 probably negatively regulates the SULTR2;1 gene, controlling the flow of sulfate from roots to
aerial plant parts (Capaldi et al. 2015) and consequently promoting the formation of the AISO,* complex and detoxification
of Al (Vera-Villalobos et al. 2020) in the CTC-2 genotype (Figure 4). miR395 induction during sulfate deprivation and
consequent SULTR2;1 repression has previously been established. Oxidative stress caused by sulfate deprivation and
excess Cu? ions in Arabidopsis plants indicate that redox signaling induces miR395 (Jagadeeswaran et al. 2014).

Crop Breeding and Applied Biotechnology - 21(1): 34442115, 2021 5
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In addition, miR6225-5p and miR160 were suppressed
in CTC-2 plants, possibly inducing KIN12E and ARF17
target genes involved in cell expansion process
(Vanstraelen et al. 2006) and auxin-mediated signaling,
respectively (Table 3). Conversely, miR167 was induced,
possibly suppressing FBX5. The co-expression between
these miRNAs explains the adaptation mechanism of
the root system under AI** stress (Figure 4).

Under stress conditions, the root system adapts to
improve water and nutrient uptake. AP** stress negatively
affects roots by altering cell division; however, plants
tolerant to AI** can maintain root growth under stress
conditions (Adawiyah 2019). Cell wall changes and
root elongation were observed in tea plants (Camellia
sinensis) under AI** stress, indicating the participation
of proteins involved in root cell expansion (Safari et
al. 2018). The KIN12E gene belongs to the family of
microtubule motor proteins, functioning mainly at the
cellular level in the organization of microtubules and
cell division (Nebenfiihr and Ditix 2018). Thus, this
gene, which is possibly induced in the CTC-2 genotype,
improves cell expansion, subsequently promoting lateral
root formation.

Auxins control the cell division process for the
development of lateral roots (Khan et al. 2016). In
this context, auxin response factors (ARFs) regulate
auxin hormone perception (Yamauchi et al. 2019) and
play a crucial role in lateral root formation. miR160
was repressed in rice plants under chromium stress,
consequently inducing auxins in response to stress
(Dubey et al. 2020).

Root-to-shoot
translocation of sulfate

Alsoa*

l

Detoxification

1‘ Up-regulated

‘ Down-regulated

A Co-expressed gene
A Predicted target @ m@m

“@u@

D &)
@®
@@
@@@m@
&
T ®

Figure 3. Co-expression network for the ARF17, ACS8, and FBX5
targets. Each circle represents a gene, and the type of interaction
between them is determined from the lines. Co-expression between
genes (positive or negative correlation) is observed on the purple line.

Lateral root formation

Figure 4. A hypothetic model for A** stress responses in CTC-2 root. Al** induces the differential expression of miR395, miR6225-
5p, miR167, and miR160, and possible modulation of their respective targets indicates that detoxification and root development

mechanisms are influenced in the sugarcane tolerance.
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ARABIDILLO function and degradation are not affected by hormonal signals. Plants lacking or overexpressing
ARABIDILLO 1 respond normally to regulatory signals, such as auxins and abscisic acid (ABA) (Nibau et al. 2011). That
is, FBX5 (ARABIDILLO 1) functions independently of the auxins, suggesting that the possible negative regulation of this
gene does not affect root development; however, the ARF17 transcription factor modulates lateral root production in
the CTC-2 genotype via co-expression of ARF17 with FBX5, enhancing plant adaptation to stress (Rao et al. 2016) (Figure
4). These results might be useful for genetic improvement programs aimed at developing novel and more productive

sugarcane genotypes that are tolerant to high environmental concentrations of Al.
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