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A B S T R A C T

Drought stress can significantly affect the yield and quality of tomato production. However, the development of a
sensitive and specific method for the determination of drought stress is somehow challenging since plant
common morpho-physiological and biochemical characteristic are not generally specific to biotic and abiotic
stresses. As a solution, the concentration of miRNAs in plant tissues can be a selective and specific indicator of
plant stress. In this study, an optical biosensor based on gold nanoparticles is introduced to determine miRNA-
1886 in tomato plant roots. Results showed that irrigation levels from 100% to 60% of field capacity increased
the concentration of miRNA-1886 in a range from ca. 100 to 6800 fM (fM) causing a linear change in the
biosensor response (R2= 0.97). Results also revealed that in contrast with plant conventional morpho-physio-
logical and biochemical characteristic, miRNA-1886 concentration was not significantly affected (P < 0.01) by
other stresses, i.e., salinity and temperature during the growth period. The biosensor introduced in this study is a
reliable method to study stress-related functions of miRNAs in plants and their application in specific plant stress
determination.

1. Introduction

microRNAs (miRNAs, miRs) are endogenous, single-stranded non-
coding RNAs which are found in animals and plants (Bej and Basak,
2014). The mature miRNAs are usually approximately 21 nucleotides in
length of which more than 10,000 miRNAs have been identified and
characterized so far for plant species (Liang et al., 2018; Yang et al.,
2019). miRNAs function as negative post-transcription regulators by
specific binding and cleavage of their target mRNAs, or by repression of
the target mRNA translation (Wu et al., 2009; Shriram et al., 2016).

miRNAs have crucial roles in plant physiology: they involve abiotic
and biotic stress responses (Nejat and Mantri, 2018), plant hormonal
regulation (Li et al., 2016; Singh et al., 2016), and developmental
processes (Noman and Aqeel, 2017). They regulate gene expression
through targeted cleavage of messenger RNA (mRNA) or translation
repression (Guleria et al., 2011; Zeng et al., 2014). Light, carbon di-
oxide, temperature, nutrients and water availability, salinity, and heavy
metal pollution are major abiotic stresses plants frequently encounter in
nature (Pessarakli, 2010). Upon exposure to stress, plant miRNA ex-
pression is modulated in a manner which is generally spatial (plant
tissue) and temporal (developmental/growth stage) specific (Shriram
et al., 2016; Sunkar, 2010). To reduce the damage caused by the stress,

plants exert gene expression reprogramming, resulting in osmolyte ac-
cumulation for osmotic adjustment and up-regulation of antioxidant
pathways for reactive oxygen species (ROS) homeostasis (Sunkar,
2010). With the identification of stress-responsive miRNAs, which act at
the post-transcriptional level, useful information on their role in im-
proving the stress tolerance mechanism of plants can be obtained.

During the last two decades, hundreds of research studies have been
dedicated to the changes in plant miRNA expression in response to
biotic and abiotic stresses. Arabidopsis thaliana, Oryza sativa, and
Panicum virgatum are among the plants whose stress-related miRNA
functions are studied comprehensively (Noman and Aqeel, 2017). Stu-
dies have shown that some miRNAs function in several stresses exerting
an up (down)-regulation process whilst there are many miRNAs that
involve only one stress, or at least, only one of their functionalities has
been identified. miRNA-166, miRNA-169, miRNA-172, miRNA-319,
miRNA-393, miRNA-394, and miRNA-396 are some examples of
miRNAs that function in many plant abiotic stress-related processes
(Wang et al., 2014; Xie et al., 2014; Gao et al., 2016; Ghani et al., 2018;
Patel et al., 2019). For better understanding of plant physiology at
molecular level in stress-related studies, it is desirable to investigate the
behavior of miRNAs that tend specific to the study stress. This specifi-
city has two main advantages: first, miRNA regulation is responsible for
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the study stress and other possible environmental factors do not affect
the experimental results; and second, the development of an analytical
system to measure the miRNA expression (or in some cases, con-
centration) will be easier.

Drought stress is one of the most important environmental stresses
which can undesirably affect the successful production of agricultural
crops (McWilliam, 1986). In drought conditions, physical and/or en-
vironmental factors lead to a shortage of water in plants resulting in
their growth and yield reduction (Anjum et al., 2011; Abdul Jaleel
et al., 2009). Severe drought stress significantly affects the physiolo-
gical and biochemical processes of a majority of plants (Massonnet
et al., 2007). Plant responses to drought stress are usually studied based
on physiological parameters such as relative water content, stomatal
reactions, photosynthesis, osmotic adjustment, active oxygen species
and antioxidative enzymatic responses (Huang et al., 2016; Martinez
et al., 2018; Jafari et al., 2019). One of the most important crop plants
that is sensitive to drought is tomato (Solanum lycopersicum L.) (Goñi
et al., 2018). In general, plant response to drought stress in tomato
depends on duration and severity of the drought period as well as its
inherent tolerance mechanisms (Iovieno et al., 2016; Patanè et al.,
2016). In a pioneering study, Din and Barozai (2014) investigated the
miRNAs available in tomato and their targets. They showed that a total
of 109 miRNAs belonging to 106 families can be characterized from the
tomato expressed sequence tags. miRNA-1886 is one of these miRNAs
that functions when the plant is exposed to drought stress. Therefore,
monitoring of plant miRNA-1886 during the exposure to drought stress
can provide us with valuable information about tomato plant phy-
siology.

To study the effects of plant stress on miRNA functions, several
methods including northern blot and polymerase chain reaction (PCR)
have been widely used during the last two decades. However, these
methods suffer from weak analytical characteristics, e.g., limit of de-
tection, response linear range, and precision (Petralia et al., 2017).
Furthermore, these techniques are time-consuming and require ex-
pensive equipment (Mourya et al., 2012). However, biosensors, having
a living unit as their receptor (Asefpour Vakilian and Massah, 2018)
have been introduced as a promising analytical method for fast and
sensitive determination of miRNAs in biological samples (Rafiee-Pour
et al., 2016). Therefore, the design and development of a low-cost
colorimetric biosensor for specific and ultrasensitive determination of
miRNA-1886 seems to be useful. Furthermore, using metallic nano-
particles, especially gold nanoparticles (AuNPs) can improve the per-
formance of the sensor because of their high extinction coefficient and
strong distance- and size-dependent optical property (Hakimian and
Ghourchian, 2019; Caporali et al., 2019). In these biosensors, the color
of solution containing the AuNPs and target analyte changes upon
AuNPs aggregation due to the coupling of AuNP surface plasmons (Kaur
et al., 2015; Hakimian et al., 2018).

The objectives of this study are: (a) the design and development of
an AuNPs-based optical biosensor for ultrasensitive and specific de-
termination of miRNA-1886, (b) to monitor the effects of drought stress
on plant miRNA-1886 concentration along with other plant character-
istics, and (c) to investigate the functionality of miRNA-1886 as an
specific indicator of drought stress in tomato plants.

2. Material and methods

2.1. Biosensor preparation

Chemicals. The HPLC purified oligonucleotide sequences including
sly-miRNA-1886 (5′-UGAGAGAAGAGAGAUGGAAAA-3′, validated by
miRBase), two three-base mismatched sly-miRNA-1886, i.e., 5′-UGAG
UGAAGACAGAUGGAUAA-3′) and (5′-UCAGAGUAGAGAGAUGGU
AAA-3′) and thiolated probe (5′- AAAAAAAAATTTTCCATCTCTCTTCT
CTCATTTTTTTTTT-HS-3′) were prepared at Private Laboratory of
Biosensor Applications, Hamadan, Iran. HAuCl4, polyethylenimine

(PEI) (50% solution, Mn ~1200, Mw ~1300), trisodium citrate dihy-
drate (Na3C6H5O7.2H2O), HCl, and Tween-20 were purchased from
Sigma-Aldrich (USA). 3.5 kDa molecular weight cut-off (MWCO)
membrane with a thickness of 200 μm was prepared in Membrane
Research Laboratory, Sharif University of Technology, Tehran, Iran.

Preparation of citrate-capped AuNPs (C–AuNP) and C–AuNP/
probe. C-AuNPs were synthesized by citrate reduction of HAuCl4 ac-
cording to Ji et al. (2007). In brief, 1.5 mL of sodium citrate 1% was
added to 21mL of boiling HAuCl4 solution (0.8mM), whilst vigorously
stirring until its color changed from pale yellow to deep red. The so-
lution, was then stirred for an additional 15min and gradually cooled
down to room temperature. To prepare C–AuNP/probe, 400 μL of C-
AuNPs was mixed with 2 μL of Tween-20 and 400 μL of thiolated probe
(1 μM). The product was left for 48 h in room temperature and then,
centrifuged for 23min at 10,000 rpm. Finally, the supernatants were
removed and the oily red precipitate was re-dispersed in 200 μL of
deionized water.

Preparation of PEI capped AuNPs (P–AuNP) and P–AuNP/
miRNA-1886. P-AuNPs were synthesized by thermal reduction ac-
cording to Hakimian et al. (2018). Briefly, 100 μL of PEI (42mM) was
added to 3mL of HAuCl4 (1.5M) under vigorous stirring at constant pH
of 7.4 which was adjusted by adding HCl to the solution. Afterwards,
the temperature of the solution was increased so its color changed from
yellow to red which is an indication of the reduction process. P-AuNPs
were then dialyzed against deionized water using the membrane. The
resulting red solution was stored at 4 °C before use. For the preparation
of P–AuNP/miRNA-1886, 5 μL of the miRNA-1886 solution with spe-
cific concentration was incubated with 40 μL of synthesized P–AuNP for
30min at room temperature.

Optical sensing of miRNA-1886. By mixing 5 μL of C–AuNP/probe
and P-AuNPs/miRNA-1886, probe-target hybridization results in the
reduction of distance between nanoparticles and an interparticle cross-
linking aggregation happens. As an indicator of reaction, the color of
mixture changes from red-pink to pink and the absorption intensity
decreases at 530 nm (Hakimian et al., 2018). Since the UV–Vis ab-
sorptions at 530 and 750 nm indicate the quantity of dispersed and
aggregated AuNPs, respectively (Chen et al., 2008), the absorbance
ratio of 750/530 nm can be considered as an indicator of probe-target
hybridization, and consequently, the concentration of target (miRNA-
1886). In this study, UV–Vis absorption spectra of the aggregated par-
ticles were recorded after 15min of reaction using a multi-mode mi-
croplate reader (SpectraMax iD5, Molecular Devices, USA).

2.2. Plant material and experimental design

Tomato seeds (Solanum lycopersicum, cv. Artemis F1) were pur-
chased from Harris Seeds (New York, USA). Seeds were surface ster-
ilized with NaClO for 1min and rinsed thoroughly with distilled water.
Seeds were firstly grown in plug trays using growth medium of ver-
miculite: peat: perlite (3: 2: 1). On day 21, seedlings were transferred to
5-L pots containing the same growth medium of plug trays. Macro and
micro nutrient fertilization management of the plants was according to
Duffy and Dé;fago (1999) and Heeb et al. (2005). The relative humidity
of growth room was adjusted at 70 ± 5% under a light intensity of
120 μmolm−2 s−1.

2.3. Drought stress conditions

Complete and equally irrigation of all pots was continued until the
eighth true leaf stage (~35 days after planting) with 100% of field
capacity. After that, for the control plants, tap water was supplied daily
to maintain soil water potential close to the field capacity. Soil moisture
was measured daily by a time-domain reflectometry (TDR) device
(PMS-714, LUTRON, Taiwan). Drought treated plants were stressed by
withholding water until soil water potential became different with field
capacity to study mild, moderate and severe drought stresses (Beltrano

K. Asefpour Vakilian Plant Physiology and Biochemistry 145 (2019) 195–204

196



and Ronco, 2008; Jafari et al., 2019). In this study, control (W0) with
100% of field capacity along with four water treatments, i.e., 90% (W1),
80% (W2), 70% (W3) and 60% (W4) of field capacity were studied with
four replications.

Plant characteristics for drought investigations were measured three
times: 45 (T1), 55 (T2), and 65 (T3) days after planting. Since some of
the measurements were destructive, 5× 4×3=60 pots were dedi-
cated to the drought stress study.

2.4. Other stress conditions

To investigate the specificity of the study miRNA towards drought
stress, the effects of three levels of salinity (control 1 dSm−1 [S0],
2 dSm−1 [S1], and 3 dSm−1 [S2]), three levels of cold (control 18 °C
[C0], 15 °C [C1], and 12 °C [C2]), and three levels of heat (control 18 °C
[H0], 21 °C [H1], and 24 °C [H2]) were studied on plant characteristics.
The treatments began after reaching the eighth true leaf stage. To ob-
tain the desirable levels of salinity, different amounts of NaCl were
added to the irrigation water whilst the temperature of the growth
room was controlled using a wall mounted air conditioning system
(24 K, LG, Korea) for temperature treatments. The night temperature of
the growth room was 5 °C lower than the day temperature during the
growth period. Measurements of salinity and temperature were con-
ducted with 0.05 dSm−1 and 0.1 °C accuracy. Since the salinity, cold,
and heat investigations were carried out with four replications and
plant characteristics were measured one time on the last day of the
experiment (day 65), 3× 4=12 pots were dedicated for each of these
stresses.

2.5. Morpho-physiological and biochemical measurements

In this study, several plant characteristics including morphological,
physiological, and biochemical traits were measured for stress in-
vestigations. Tomato fruits were harvested and removed from the plants
before the measurements. Spectral adsorption of the samples was re-
corded using a spectrophotometer (UV-1700, Shimadzu, Japan).

Morphological parameters including plant height (PH), root fresh
weight (RFW), root dry weight (RDW), shoot fresh weight (SFW) and
shoot dry weight (SDW) were measured. All the weights were measured
using a scale with an accuracy of 0.1 g. In order to determine the dry
weight of the plants, roots and shoots of the samples were placed in an
oven at 80 °C for 48 h, and weighed afterwards (Sheikh et al., 2005).
The plant height was measured using a line with an accuracy of 0.1 cm.

Relative water content (RWC) was measured according to Goñi
et al. (2018). Fresh weight (FW) of the selected leaves was immediately
measured after cutting. In order to obtain the turgid weight (TW), the
leaves were immersed in distilled water in a closed Petri dish and in-
cubated under normal room temperature and dim light for 18 h. After
the imbibition, leaves were properly wiped to remove the water from
the surface and then weighed. Afterwards, the leaves were put in a
convection oven for 24 h at 80 °C to obtain dry weight (DW). RWC was
calculated using Eq. (1).

= ×RWC (%) (FW DW)
(TW DW)

100
(1)

Chlorophyll index (CI) was measured in the leaves using a Field
Scout CM1000 chlorophyll meter (Spectrum Technologies, IL, USA).
This chlorophyll meter estimates chlorophyll content based on ratios of
the amount of ambient and reflected light at 700 and 840 nm.

Catalase (EC. 1.11.1.6) activity (CA) was measured using the
method described by Havir and McHale (1987). One-gram sample of
leaves was weighed and ground with an ice-cold pestle and mortar with
10mL of phosphate buffer (50mM, pH 7.0). The homogenates were
then centrifuged at 10,000 rpm for 15min at 4 °C. The supernatant fil-
tered through two layers of cheesecloth was used for the determination
of enzymatic activity. The reaction mixture consisted of 0.1mL of

enzyme extract and 2.8 mL of phosphate buffer (pH 7.4, 0.1M) con-
taining Na2EDTA (4mM). The biochemical reaction was started by
adding 0.1 mL of H2O2 (0.01M) to the reaction system. Samples
without H2O2 were used as blank. CA was calculated by the differences
in spectral adsorptions in 240 nm at 30 s intervals for 2min after the
initial biochemical reaction. A change of 0.01 units per minute in ab-
sorbance was considered to be equal to one-unit CA.

Anthocyanin contents (AC) of leaves were determined according
to the method explained by Mancinelli (1990). One-gram leaf sample
was firstly extracted in 3mL of methanol-HCl (1% HCl, v/v); the leaf
samples were then kept at 4 °C for 48 h. Finally, the extract was filtered
through two layers of cheesecloth and the AC was measured by reading
spectral adsorptions at 530 and 657 nm.

Phenol content (PhC) of leaves was determined according to
Singleton and Rossi (1965) using Folin-Ciocalteu solution with slight
modifications. 0.5 g of the fresh leaf tissues were homogenized in liquid
nitrogen, then extracted with 5mL of 80% methanol, and centrifuged at
10,000 rpm for 10min. 100 μL of the supernatant was mixed with
1.8 mL of Folin-Ciocalteu solution and then kept 5min at room tem-
perature. Then, 1.2 mL of 20% Na2CO3 was added and the volume of
the solution was adjusted to 6mL by adding distilled water. The mix-
ture was incubated for 1 h at 80 °C and the adsorption was measured at
765 nm against methanol.

Proline content (PC) of the leaves was measured according to Bates
et al. (1973). Proline was extracted from 0.5 g of the leaf samples by
grinding in 10mL of 3% sulpho-salicylic acid and the mixture was then
centrifuged at 10,000 rpm for 10min. 2mL of the supernatant was then
added into test tubes containing 2mL of freshly prepared acid-ninhy-
drin and 2mL of glacial acetic acid. The tubes were placed in water
bath for 1 h at 90 °C and the reaction was terminated in ice-bath. The
mixture was then extracted with 5mL of toluene and vortexed for 15 s.
After keeping the mixture in darkness for at least 20min at room tem-
perature to separate the toluene and aqueous phases, the toluene phase
was carefully collected into test tubes and the absorbance of the frac-
tion was measured at 520 nm.

tas14 gene expression (tGE) was measured according to Goñi et al.
(2018). In brief, total RNA was isolated from 50mg of the ground leaf
material using Total RNA Purification Kit (Norgen Biotek, ON, Canada)
according to the manufacturer's instructions. Expression analysis of
tas14 dehydrin gene (Solyc02g084850.2) was performed by real time-
PCR using LightCycler 96 System (Roche, UK). Quantitative PCR was
performed using about 300 ng of total purified RNA and the LightCycler
RNA Master SYBR Green I one-step kit (Roche, UK) according to the
manufacturer's instructions. The expression level of the tomato actin
gene (Solyc01g104770.2) was used as the reference. The primers' se-
quences used were as follows: tas14, forward 5′-TCATCACCATGAGGG
GCAAC-3′ and reverse 5′-ACCTTCATGTTGTCCAGGCA-3’; Actin, for-
ward 5′-TCTTGAAGCGTTTTAAAAGATG GC-3′ and reverse 5′- TCACC
AGCAAATCCAGCCTT-3’. The quality and concentration of the se-
quences were analyzed using HPLC before the experiments.

miRNA-1886 concentration (miRNA) was measured using the
biosensor described at section 2.1. Total RNA was isolated from 50mg
of ground leaf material using Total RNA Purification Kit (Norgen
Biotek, ON, Canada) according to the manufacturer's instructions. 5 μL
of obtained sample was used to synthesis P-AuNPs/miRNA-1886 which
was later mixed with C–AuNP/probe for spectroscopic determination of
miRNA-1886.

2.6. Statistical analysis

The data obtained from each stress source investigation were in-
dividually subjected to analysis of variance (ANOVA) using LSD test at
the significance level of 0.01 in SAS 9.0 programming environment.

K. Asefpour Vakilian Plant Physiology and Biochemistry 145 (2019) 195–204

197



3. Results and discussion

3.1. Sensing mechanism for miRNA concentration determination

Sly-miRNA-1886 is one of the known miRNAs in tomato plants that
involves the plant response towards drought conditions (Din and
Barozai, 2014). It consists of 21 nucleotides in its length having a si-
milar sequence with ath-miRNA-1886 in Arabidopsis thaliana except
four mismatches (German et al., 2008). In this study, the concentration
of sly-miRNA-1886 in plant root has been measured as a specific in-
dicator of plant drought stress. To do this, an optical biosensor which its
scheme is brought in Fig. 1 was used for miRNA concentration de-
termination. The detailed procedure of biosensor preparation can be
found in Section 2.1. Probe-target (sly-miRNA-1886) hybridization
begins by the addition of C–AuNP/probe to P–AuNP/miRNA-1886. This
hybridization results in a reduction of distance between nanoparticles
and, finally, the nanoparticles aggregation happens. The aggregation
changes the color of mixture and consequently, its UV–Vis absorbance.
Since the performance of the biosensor depends on successful hy-
bridization of probe-miRNA target, the thiolated probe was designed
carefully. The thiolated probe molecules contained a nine-nucleotide
thymidine spacer at their 3’ end which provides higher optimal im-
mobilization and hybridization efficiency (Pö;hlmann and Sprinzl,
2010).

3.2. Analytical performance of the biosensor

Before the determination of miRNA concentration in plant root
samples using the optical biosensor, it was necessary to investigate the

analytical performance of the developed biosensor. In order to achieve
the calibration curve of the biosensor, aliquots of miRNA solution were
added by pipette to the inert electrolyte to obtain miRNA-1886 stan-
dards with concentrations in the range of 0-106 fM. Since the UV–Vis
absorptions at 530 and 750 nm indicate the quantity of dispersed and
aggregated AuNPs, respectively, samples were analyzed by the bio-
sensor and their absorbance in 530 and 750 was recorded. To remove
background signal from the results and to normalize the experimental
data in a manner that the results of the experiments can be comparable
with each other, δA(530/750) was used which is defined as δA(530/750)= |
[A(530/750) - A(530/750)P]/A(530/750)| where A(530/750) is the absorption
ratio of C–AuNP/probe + P–AuNP/miRNA-1886 at 530 nm to that at
750 nm and A(530/750)P is the absorption of C–AuNP/probe + P–AuNP
at 530 nm to that at 750 nm (Hakimian et al., 2018).

Fig. 2 depicts δA(530/750) as a function of log [miRNA-1886]. As
shown in this figure, δA(530/750) increased by increasing the con-
centration of miRNA-1886. The linear range of the biosensor is shown
with green color indicating the linear response of the biosensor
(R2= 0.97) at concentrations between 0 and 104 fM. The consideration
of δA(530/750) as the biosensor response provided us with a calibration
curve in which the biosensor response is zero when the target miRNA is
absent. According to Fig. 2, The sensitivity of the biosensor was 0.011
δA(530/750)/log [miRNA-1886].

By investigating the expression of identified miRNAs in plant or-
gans, e.g., seedlings, leaves, flowers, and roots, and its comparison with
molar mass of plant miRNAs, the linear range obtained in this study is
suitable for in vivo measurement of a large number of identified plant
miRNAs (Jones-Rhoades and Bartel, 2004). The term precision is used
to describe the degree of freedom of a measurement system from

Fig. 1. Schematics of drought level determination using an optical biosensor to detect miRNA-1886 concentration in tomato plant root.
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random errors (Bendat and Piersol, 2011). Thus, a high precision
measurement instrument will give only a small spread of readings if
repeated readings are taken of the same quantity. The standard devia-
tion of the measurements (n=5) in Fig. 2 reveals the acceptable pre-
cision of the biosensor.

The limit of detection (LOD) was defined based on signal-to-noise
approach (Shrivastava and Gupta, 2011). A signal-to-noise ratio of 3:1
was considered in this study and LOD was obtained equal to 2 fM. To
study the specificity of the biosensor, 104 fM of the target miRNA along
with the same concentration of two three-base mismatched miRNA-
1886 were analyzed using the biosensor individually with five re-
plications. The biosensor response for each of the miRNAs is brought in
Fig. 3. As shown in this figure, the biosensor response for target miRNA
is approximately four times higher than that for three-base mismatched
miRNAs which indicates specificity of the developed biosensor towards
the study sly-miRNA-1886. This is because of the stable hybridization of
probe and target miRNA which makes the biosensor a reliable method
to measure sly-miRNA-1886 in liquid biological samples.

Similar to the findings of this study, several studies have shown that

optical biosensors which work based on nanoparticle aggregation can
exert specific behavior towards target miRNA when the probe is de-
signed correctly (Joshi et al., 2015; Qin et al., 2017; Peng et al., 2018; Li
et al., 2019). Although northern blot (Winter and Diederichs, 2011),
qRT-PCR (Zhi et al., 2010), and microarrays (Konishi et al., 2012) as
conventional methods have been widely used for miRNA measurement
by analysts, their general limitations are low sensitivity, low specificity,
being time-consuming, and their label-requirements (Kilic et al., 2018).
In this situation, using a biosensor can be a solution for reliable de-
termination of miRNA. Although an optical biosensor is developed in
this study, amperometric (Cheng et al., 2014), impedimetric (Congur
et al., 2015), and fluorescence-based (Almlie et al., 2015) biosensors are
also introduced for miRNA measurements. Electrode pre-treatments
along with costly equipment can be considered as the most important
limitations of electrochemical miRNA determination whilst fluores-
cence-based methods are not sensitive (Kilic et al., 2018). These are
some of the reasons why researchers are becoming more and more at-
tracted to optical miRNA biosensors.

3.3. Effects of drought stress on tomato plant characteristics

So far, according to the results obtained by the biosensor perfor-
mance evaluation, it has been shown that the introduced optical bio-
sensor is a promising technique in target miRNA concentration de-
termination. The main hypothesis of this study is that sly-miRNA-1886
concentration (which is determined in total RNA samples from tomato
plant root using the developed biosensor) can be a specific indicator of
plant drought stress. In this subsection, effects of drought stress on plant
root sly-miRNA-1886 concentration along with other plant character-
istics are brought and the next subsection is dedicated to the specificity
of miRNA-1886 concentration towards tomato plant drought stress.

Table 1 shows tomato plant characteristics including morphological,
physiological, and biochemical traits in various drought levels, mea-
sured at 45 (T1), 55 (T2), and 65 (T3) days after planting. W0 to W4

indicate 100%–60% of field capacity, respectively. According to the
table, all plant characteristics were significantly affected by severe
drought stress (P < 0.01). However, mild and moderate drought levels
did not significantly affect the plant characteristics except tas14 gene
expression (tGE) and sly-miRNA-1886 concentration.

Morphological characteristics including PH, RFW, RDW, SFW, and
SDW generally decreased by increasing the severity of drought stress in
all sampling times. This decrease was significant at irrigations lower
than 70% of field capacity. Similar results have been reported in-
dicating that severe drought stress can undesirably affect the morpho-
logical characteristics of tomato plants (Subramanian et al., 2006).
However, Nahar and Ullah (2011) reported that drought stress up to
70% of field capacity can improve tomato plant's morphological char-
acteristics. The possible reason for this contradiction might be due to
the differences in plant cultivar, soil texture, and growing conditions.

RWC is considered as a measure of plant water status and is used as
one of the most meaningful indices for dehydration tolerance (Pirzad
et al., 2011; Anjum et al., 2011; Jafari et al., 2019). As shown in
Table 1, RWC significantly decreased by increasing the levels of water
stress in all sampling times. Similarly, Subramanian et al. (2006) found
out RWC decreases by exposing tomato plants to severe drought con-
ditions. It is reported that the negative effects of water stress on leaf
RWC reduces depending on the plant cultivar (Sharma and Sharma,
2008; Wang et al., 2012). Significant decrease in leaf RWC can be due
to the unavailability of water in soil, or root system, which are not able
to compensate water deficiency (Gadallah, 2000). A comparison of
RWC of leaves in different sampling times reveals that RWC is higher in
the initial stages of the leaf development and decreases as the dry
matter accumulates and leaf matures (Anjum et al., 2011). CI, as an-
other important physiological plant trait, also decreased in severe
drought conditions (Table 1). Relative chlorophyll content has a posi-
tive correlation with photosynthetic rate (Buttery and Buzzell, 1977; Li

Fig. 2. δA(530/750) as a function of log [miRNA-1886]. Each data stands for
mean and standard deviation of five independent measurements. The green
area shows the linear range of the calibration curve.

Fig. 3. Biosensor response for 104 fM of (A) sly-miRNA-1886 (5′-UGAGAGAA
GAGAGAUGGAAAA-3′), (B) the first three-base mismatched sly-miRNA-1886 (
5′-UGAGUGAAGACAGAUGGAUAA-3′), and (C) the second three-base mis-
matched sly-miRNA-1886 (5′-UCAGAGUAGAGAGAUGGUAAA-3′).
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et al., 2006). The decrease in total chlorophyll content under drought
stress has been considered as a typical symptom of oxidative stress
(Anjum et al., 2011; Ghobadi et al., 2013). Table 1 also shows that CI
increased as the control plants became darker green in color over time.
Similarly, as the treatment plants started to exhibit signs of water de-
ficiency, the yellowish appearance in the leaves was visible.

CA of treatment plants was significantly higher than that of control
plants (Table 1). A similar phenomenon was observed by Yang et al.
(2009), Gholami et al. (2012), Bolat et al. (2014), and Jafari et al.
(2019) who found that enzyme levels were higher in drought-affected
plants than in control plants. To reduce the effects of oxygen species
production due to the drought stress, plants have complex enzymatic
antioxidant system, such as catalase scavenging systems (Apel and Hirt,
2004). Similarly, anthocyanin, phenol, and proline contents in water-
stressed plants were higher than those in the control.

Table 1 shows that tas14 dehydrin gene (Solyc02g084850.2) ex-
pression (tGE) and sly-miRNA-1886 concentration increased sig-
nificantly by even mild and moderate drought stress levels. tGE was
measured with respect to a reference gene expression and was found at
low constitutive levels in control plants. Similar to other late embry-
ogenesis abundant proteins, high amounts of dehydrins accumulate in
plant embryos in later stages of embryo maturation and desiccation
(Hanin et al., 2011). Dehydrins are generally present in young plant
organs and those exhibiting rapid cell division or cell elongation (Rorat
et al., 2004). In this study, tGE was measured in plant leaves using PCR.
TAS14 mRNA is induced in tomato seedlings and mature plants upon
treatment with salinity, abscisic acid and/or mannitol (AbuQamar
et al., 2009; Roychoudhury et al., 2013). Investigations have revealed
the positive correlation between dehydrin gene expression or dehydrin
protein accumulation, and plant stress tolerance (Muñoz-Mayor et al.,
2012; Kosová et al., 2014). As a result, researchers have used dehydrins
as a plant molecular marker for stress tolerance (Hanin et al., 2016;
Binott et al., 2017; Wei et al., 2019; Jia et al., 2019).

Finally, the optical biosensor developed in this study was used to
measure sly-miRNA-1886 concentration in control and treatment plants
in different sampling times results of which are brought in Table 1. As
shown in the table, miRNA concentration increased by increasing the
severity of the drought stress. Moderate and even mild stress conditions
significantly increased the miRNA concentration in total RNA of the
plant root. According to Table 1, miRNA concentration in control and
treatment plants varied in the range of 134 and 6833 fM. Due to fact
that the linear range of the developed biosensor was between 0 and
104 fM, the biosensor was appropriate to measure the plant miRNA
concentration even in severe drought stress conditions.

3.4. Specificity of miRNA-1886 towards tomato drought stress

Table 2 shows the characteristics of tomato plants exposed to var-
ious salinity and temperature stresses, individually. According to the
table, all the characteristics except sly-miRNA-1886 concentration were
significantly affected by the applied stress. Some of the plant traits were
significantly affected only by the severe stress levels (P < 0.01) whilst
other traits were affected by both moderate and severe stresses. As can
be seen in Table 2, tomato plants were more sensitive to salinity
compared to temperature stress. Similar results have been reported by
Rivero et al. (2014). In along with Cheng et al. (2009) and Yu et al.
(2009), Table 2 shows that tomato plants can tolerate heat than cold.

According to Tables 1 and 2, significant changes in all the studied
plant characteristics except sly-miRNA-1886 concentration reveal that
they were not specific to drought stress since they were affected by
salinity and temperature stresses. Similar results have been reported by
Mäkelä et al. (2000), Latef and Chaoxing (2011), and Goñi et al. (2018).
Even tas14 dehydrin gene expression was affected (P < 0.01) by sali-
nity and temperature stresses. When plants are exposed to various
stresses related to cellular dehydration, e.g., drought, salinity, and
temperature, dehydrins accumulate to high amounts in all vegetative Ta
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tissues (Skriver and Mundy, 1990; Parihar et al., 2015). Stress-inducible
dehydrin encoding genes contain abscisic acid, drought and cold re-
sponsive elements, and myeloblastosis and myelocytomatosis reg-
ulatory elements in their promoter regions (Hanin et al., 2011; Skubacz
et al., 2016). Their expression is regulated by abscisic acid-dependent
and abscisic acid-independent signaling pathways.

Table 2 shows that sly-miRNA-1886 concentration was not sig-
nificantly affected by salinity and temperature stresses. It seems that the
miRNA concentration (and its up-regulation) is specific to drought
stress and can be considered as a reliable marker of drought conditions.
This finding can be useful in precise drought stress studies when other
plant morpho-physiological and biochemical traits can be easily influ-
enced by other sources of stress. Compared to TAS14 mRNA, miRNA-
1886 is a small 21-nucleotide non-coding RNA which is found in plants.
Although up-regulation of miRNA-1886 can be measured with con-
ventional methods, e.g., PCR and northern blot (Din and Barozai,
2014), the optical biosensor based on Au nanoparticle aggregation
which is developed in this study is a reliable method for specific de-
termination of sly-miRNA-1886 in tomato plant root.

According to Table 1, when concentrations more than ca. 200 fM of
sly-miRNA-1886 is detected by the biosensor, it is expected that the
plant is exposed to the drought stress and due to the fact that the be-
havior of sly-miRNA-1886 is specific towards drought stress, it can be
concluded that this change in sly-miRNA-1886 concentration belongs to
drought conditions. Similar to this funding, other miRNAs have been
considered as specific markers of metabolic activities in living organ-
isms (Chen et al., 2012; Sun and Lai, 2013). Although a search in
bibliographic databases shows that a large part of investigations on the
role of miRNA in metabolic activities belong to studies on human
(Tilghman et al., 2012; Rager et al., 2013; Clump et al., 2019), studies
on identification of plant miRNAs and their target genes responsive to
plant stress have been growing rapidly since 2000s. For example, the
role of miRNA-172 in salinity stress of Arabidopsis (Li et al., 2016),
miRNVL5 in drought stress of wheat (Gao et al., 2016), miRNA-1450 in
temperature stress of soybean (Zeng et al., 2010), miRNA-901 in
drought stress of rice (Zhou et al., 2010) are already investigated. Based
on the results of this study and similar reports, miRNAs are reliable
candidates for investigating the effects of physical and environmental
stresses on plants since they exert specific response compared to the
other plant characteristics.

4. Conclusions

In this study, an optical biosensor was developed based on gold
nanoparticles aggregation which was capable of detecting mild, mod-
erate, and severe drought stress in tomato plants by ultrasensitive de-
termination of sly-miRNA-1886. Results showed that the analytical
characteristics of the biosensor including linear range, LOD, precision,
sensitivity, and specificity were acceptable for reliable determination of
small length miRNAs. Results also showed that in contrast with plant
conventional morpho-physiological and biochemical characteristic, i.e.,
PH, RFW, RDW, SFW, SDW, RWC, CI, CA, AC, PhC, PC, and tGE,
miRNA-1886 concentration was not significantly affected (P < 0.01)
by other stresses, i.e., salinity, cold, and heat during the growth period.
This specificity of miRNA-1886 concentration towards drought stress
can be a new insight in investigating the functions of miRNAs in plants
and their applications in specific plant stress determination. Further
studies are required to gather valuable information on the dependence
of plant miRNA behavior on plant cultivar and stress severity towards
biotic and abiotic stresses using optical biosensors.
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