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Abstract

Original scientific paper
Nickel (Ni) is a toxic heavy metal that inhibits plant growth, development, and reproduction. MicroRNAs (miRNAsS) travel from cell to
cell or organ to carry messages to regulate gene expression. This study aims to find mobile miRNAs that are Ni-responsive and are present
in pumpkin (Cucurbita maxima L.) phloem sap. For this purpose, pumpkin seedlings were exposed to Ni (100 pM, NiClz), and root, shoot,
and phloem-sap specimens were collected at 0 (control), 24, and 48 hours of the treatment. The stem-loop RT-gPCR and stem-loop semi-
quantitative RT-PCR methods were used to determine the abundance of 14 miRNAs in the phloem sap. Compared to the control, the
abundance of miR160, miR167, miR393, miR397, and miR398 was suppressed in Ni-treated seedlings. The reduction was verified by
grafting experiments, revealing that miR167 and miR393 are Ni-responsive and move/travel from the leaf-to-root direction. Those phloem-
residential miRNAs potentially play a role in the Ni-response mechanism. This study can help to understand the early response mechanism
of plants against excess Ni and lead to identifying miRNA-mediated long-distance communication of plants.
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BALKABAGINDA (CUCURBITA MAXIMA L.) FAZLA NiKELE YANIT VEREN MOBIL
MIKRORNA'LAR (MIRNA'LAR)

Ozet
Orijinal bilimsel makale

Nikel (Ni) fazlalig1 durumunda, bitki biiylimesini, gelisimini ve {iremesini engelleyen toksik bir agir metaldir. MikroRNA'lar (miRNA),
gen ekspresyonunu diizenlemek i¢in mesajlar tagimak iizere hiicreden hiicreye veya organa seyahat eder. Bu ¢alisma balkabagi (Cucurbita
maxima L.) floem 6zsuyunda dolasan Ni'ye duyarli mobil miRNA'lar1 tanimlamay1 amaglamaktadir. Bu amagla, Ni (100 pM, NiCl»)
uygulanan balkabagi fidelerine ait kok, siirgiin ve floem 6zsuyu 6rnekleri toplanmistir. Floem dzsuyundaki 14 miRNA'nin ekspresyonunu
belirlemek i¢in gévde-ilmek RT-qPCR ve govde-ilmek yari-kantitatif RT-PCR yontemleri kullanildi. Kontrol ile karsilastirildiginda, Ni ile
muamele edilmis fidelerde miR160, miR167, miR393, miR397 ve miR398'in miktarinin azaldig: tespit edildi. Bu azalma, agilama
deneyleriyle de dogrulanarak, miR167 ve miR393"iin Ni'ye duyarli oldugu ve yapraktan koke dogru hareket ettigini ortaya ¢ikardi. Floemde
bulunan bu miRNA'lar, Ni-yanit mekanizmasinda potansiyel olarak rol oynamaktadir. Bu ¢aligma, bitkilerin fazla Ni'ye kars1 erken tepki
mekanizmasinin anlasilmasina yardimei olarak, bitkilerin miRNA aracili kdk-yaprak iletisiminin belirlenmesine yol gosterebilir.

Anahtar Kelimeler: miRNA, floem, uzak organ iletisimi, nikel, balkabag:.

1 Introduction of water [1-4, 9]. Some mobile RNAs are essential in

transcriptional response mechanisms such as nutrient

An RNA-based communication network through
phloem has been discovered between plants’ distant organs
(root-leaf). So far, different RNA types have been found as
mobile RNAs, such as viral RNAs, cellular mRNAs,
tRNAs, and microRNAs (miRNASs) [1-4]. The existence of
mobile miRNAs has been revealed in different plants, such
as gourd, lupine, beans, yucca [5], rapeseed [6], apple [3,
7], and pumpkin [8]. They can move along the phloem and
reach distant organs/tissues of plants through the mass flow
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(phosphate, sulfur, and copper) deficiencies. For instance,
miR399 was found to be translocated from leaf to root
through the phloem upon phosphate deficiency [10-12]. It
was also found that phosphate deficiency induces miR169,
miR827, and miR2111 in rapeseed (Brassica napus)
phloem sap [13]. In addition, miR399 has been proven to
be a signaling molecule that communicates between leaves
and roots via phloem in Arabidopsis, pumpkin (Cucurbita
maxima), and tobacco (Nicotiana tabacum) plants [6, 10,
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14-15]. miR395 and miR398 abundances in phloem sap
have increased due to sulfur and copper deficiency,
respectively [6, 12, 16-17]. Besides, the expressions of
miR397, miR408, and miR857 were found to be increased
against copper deficiency [18]. Moreover, grafting
experiments showed that miR172, abundantly found in the
phloem sap, is associated with plant growth and affects
tuber formation in potatoes [19-20].

Nickel (Ni) is the seventeenth essential element for the
development and growth of plants. It is involved in the
biosynthesis of some bacterial taxa' hydrogenase, carbon
monoxide dehydrogenase, and factor F 430 [21]. Another
Ni-containing protein is urease, found in jack beans and
several plant species. However, it is a potentially hazardous
metal, with an average concentration of 20 to 30 mg/kg in
soils and occasionally surpassing 10,000 mg/kg (e.g.,
ultramafic soils) [22-23]. The concentration of Ni in
agricultural soils is generally deficient. However, the
nickel content of soils composed of ultra-basic igneous
rocks such as serpentine varies between 100-5,000 mg
Ni/kg [24]. Excess Ni in the plant harms chlorophyll
synthesis and lipid metabolism, preventing plant roots
from taking other nutrients and causing nutrient
deficiencies [25].

This study aims to identify Ni-responsive mobile
miRNAs. For this purpose, 14 miRNAs detected in
pumpkin's phloem sap were chosen. Their expression at 12
and 24 hours was compared with those of untreated
(control) one using stem-loop RT-gPCR and semi-
quantitative RT-PCR assays. The mobility of selected
miRNAs was verified by grafting assay. This study reveals
Ni-responsive mobile miRNAs potentially involved in the
long-distance communication of tissues.

2 Material and Methods
2.1 Plant Growth and Nickel Treatment

The seeds of a pumpkin (Cucurbita maxima L., Dill's
Atlantic Giant) were surface sterilized by submerging them
in a 5% sodium hypochlorite (NaClO) solution for 10
minutes before being washed three times with distilled
water (dH-0). The filter paper was adjusted into a Petri
dish, adding 5 mL of dH2O. The seeds were placed between
sterile filter papers in the Petri dish (10 cm x 1.5 cm) and
kept at room temperature. After seven days, about 80% of
the seeds germinated, and root lengths were at least 15 mm
long. The seedlings were placed in a hydroponics medium
that contained macronutrient solution in mM: 1
NH4H2PO4, 4 Ca(N03)2; 2 MgSO4, 6 KNO3, and
micronutrient solution in pM: 0.8 ZnSO4, 9 MnCl,, 0.3
CuSO0q4, 50 H3BO3, 25 Fe-EDTA, and 0.02 g MoOs (85%)
[26]. The plants were grown in a temperature (20-24 °C),
humidity (40-60%), and light (6,000 Lux)-controlled
growth chamber (WiseCube, Korea). The nutrient solution
was kept at a constant pH (5.5) and renewed weekly.

Three-week-old pumpkin seedlings were exposed to
100 uM Nickel (NiCly) solution at two different time
intervals, 24 h and 48 h. Leaf, root, and phloem sap (PS)
samples were harvested from the seedlings (n = 3) exposed
to Ni (control (0), 24 h, and 48 h). The tissue samples (root
and leaf) were flash-frozen by liquid nitrogen and stored at

-80 °C. The PS samples collected from each plant were
kept in ice until RNA isolation.

2.2 RNA Lsolation from Phloem Sap (PS) and Tissues

The PS exudates were collected using Buhtz et al. [6]’s
outlined procedure. For this purpose, the stem of each
seedling (n = 3) was cut with a sterile razor blade. To avoid
tissue contamination, the first droplets of PS were removed
with sterile filter paper from the cut surface. The exudates
are then gathered in a pre-chilled tube with 10 pl pipette
tips every 10 minutes until the PS exudates reach about 25
ul.

The RNA was extracted according to Zhang et al. [30]
and Chomczynski and Sacchi [27]. Accordingly, the PS
and Trizol® LS reagent (Invitrogen) were mixed (1:3) and
vortexed thoroughly. The mixture was incubated for five
minutes at room temperature. After adding 25 pl of
chloroform (Merck, Germany), the mixture underwent a
15-sec handshake, incubated for 15 min at room
temperature, and cold centrifuged (4 °C) at 12,000 x g for
15 min. The supernatant was mixed with absolute ethanol
(Millipore) (1:2) and incubated at -20 °C overnight. After
30 min centrifugation (16,000 x g, 4 °C), the pellet was
rinsed with DEPC-treated 70% ethanol (Millipore), dried,
and re-suspended with ddH»O. The RNA samples were
quantified by NanoDrop 2000c UV-Vis spectrophotometer
(Thermo Scientific), and kept at -80 °C.

2.3 Stem-Loop 1st-Strand cDNA Synthesis

The stem-loop 1%-strand cDNA synthesis method was
conducted to determine the miRNAs in the PS. For this
purpose, 1 pl of RT primer (1 uM) (Table S1), 30 ng of
RNA, 0.5 ul of ANTP (10 mM) (Bio-Basic) and DEPC-
treated water was mixed to make a total volume of 14 pl.
The mixture was kept at 65 °C for 5 min and immediately
placed on ice. Afterward, 4 ul of Buffer (5x), 2 nl
RiboLock RNase Inhibitor (10 U/ul), 1 ul of RevertAid M-
MuLV Reverse Transcriptase (200 U/ul), and DEPC-
treated water (up to 20 pl) were added. The mixture was
kept at 16 °C for 30 minutes, and the following reaction
conditions were applied: 30 °C 30 sec, 42 °C 45 sec, and
48 °C 1 sec (60 cycles). The enzyme inactivation was
performed at 70 °C (5 min), and then the tubes were kept
at -20 °C.

2.4 Stem-loop Quantitative Reverse Transcription PCR

The stem-loop quantitative RT-PCR method was used
to determine the expression level of miRNAs under control
and Ni-treated specimens [28-29]. miRNA amplification
was performed using SYBR®Premix Ex Taq™ (2x) (Tli
RNaseH Plus) kit (Takara, Japan). Accordingly, 1 ul (10
uM) of miRNA-specific forward and universal primers
(Table S1), 2 pl of cDNA, 8 pl of sterile water, and 10 pl
of SYBR®Premix Ex Taq™ (2x) mixture were collected
in a 0.2 ml PCR tube. A real-time PCR device (Rotor-
Gene® PCR, Corbett Research-Qiagen) was used for the
reaction settled at 95 °C (2 min), 40 cycles of 95 °C (5 sec),
56 °C (15 sec), and 72 °C (20 sec). Subsequently, the
primer specificity was tested by performing a melting

International Journal of Innovative Engineering Applications 8, 1(2024), 58-64

59


http://en.wiktionary.org/wiki/%CE%BCl

Mobile MicroRNAs (miRNAs) Responsive to Excess Nickel in Pumpkin (Cucurbita Maxima L.)

curve analysis (MCA) between 52 and 95 °C (0.5 °C
increments/sec).

2.5 Semi-quantitative RT-PCR

The expression levels of miRNAs in control and Ni-
applied specimens were determined using the semi-
guantitative RT-PCR technique. For this purpose, 2 ul
¢DNA, 2.5 ul 10X buffer, 0.5 ul 10mM dNTP, 1.5 pl 2 mM
MgCl,, 0.75 ul (10 uM) miRNA specific "forward" and
"universal" primers (Table S1), 0.25 pl Taq Polymerase
(Fermentas, Thermo Scientific), and 17.75 pl sterile water
were mixed. PCR conditions were adjusted as follows: 95
°C (2 min), 30 cycles of 95 °C (5 sec), 56 °C (15 sec), and
72 °C (20 sec). Finally, the polymerization temperature
was set at 72°C (7 min) (TECHNE, TC-512 thermal
cycler). After the reaction, the PCR products were loaded
in a 3% agarose gel using 1x TBE buffer. The gel was
visualized under ultraviolet light.

2.6 Contamination Analysis

To check for any contamination that might have
occurred during the isolation and/or exudation of phloem
sap, the existence of CmPP16 (AF079170) and RuBisCo
were tested. The CmPP16 gene, a phloem-specific
transcript found in the PS of Cucurbitaceae species [30-
31], is used as a positive control. In addition, RuBisCo, a
transcript exclusive to green tissues, was chosen as a
negative control to examine any contamination that might
have occurred during PS sampling. The leaf and PS RNAs
from all tested plants were used for the analyses. First-
strand cDNA synthesis was carried out according to
Tombuloglu et al. [26]. The transcripts were amplified in a
thermal cycler (Techne TC-512, UK) using standard
protocols detailed in the previous section. The PCR
products were loaded in 2% agarose gel by labeling
SafeView® stain and visualized under UV light.

2.7 Grafting Experiments

Grafting experiments were conducted to demonstrate
and verify the translocation of mobile miRNAs between
root and leaf in pumpkin seedlings. First, the unstressed
(control) root and the unstressed stem are grafted (self-
grafting) to detect possible miRNA differences that may
occur due to tissue injury. In another set, the unstressed
root (rootstock) was grafted with the stressed stem (scion)
treated with Ni for 48 h. After grafting, the seedlings were
placed in dark and humid conditions (>90%) for overnight.
The PS, root, and leaf tissues were collected for RNA
isolation. The protocols for RNA isolation, stem-loop
cDNA synthesis, and stem-loop RT-PCR were carried out
to determine the expression level of selected miRNAs.

3 Results
3.1 Contamination Test

RNA contamination from the neighboring tissues
during the collection of phloem sap (PS) is one of the

challenges. CmPP16, a transcript specific to PS, was used
as a positive control to elucidate possible RNA
contamination. In addition, RuBisCo, a tissue-specific
transcript that does not exist in the PS, was used as a
negative control to test any possible RNA contamination
during PS collection. Results showed that RuBisCo
transcript was absent in the PS of the control and Ni-treated
samples (24h and 48h) (Figure 1a). Conversely, the
CmPP16 transcript was evident in the PS specimens of the
same seedlings (Figure 1a). Moreover, RuBisCo transcripts
were detected in all tested leaves, including control, 24h,
and 48h specimens (Figure 1b). These results showed that
PS specimens collected from control and Ni-treated
seedlings are exempt from RNA contamination that may
be derived from neighboring tissues.

3.2 Stem-loop Quantitative RT-PCR Analysis of miRNAs

Expressions of 14 miRNAs in the PS of control, 24h,
and 48h Ni-applied seedlings were determined. Among
tested miRNAs, the abundance of five miRNAs (miR160,
miR167, miR393, miR397, and miR398) was found to be
altered at 24h and 48h of Ni treatment (Figure 2).
Compared to the control, those miRNAs were down-
regulated in Ni-treated seedlings.

3.3 Confirmation of Results with Semi-quantitative RT-PCR

To validate the RT-gPCR findings, a semi-quantitative
RT-PCR technique was used to determine the expression
level of five down-regulated miRNAs. As depicted in
Figure 3, the intensity of miR167 and miR393 bands
gradually decreased in 24h and 48h of Ni-treated samples
compared to that of the control. These results aligned with
the quantitative RT-qPCR results depicted in Figure 2.
However, no significant change in band intensities was
observed in miR160, miR397, and miR398 samples. These
results confirm the existence and down-regulation of
miR167 and miR393 in the phloem sap of pumpkin
seedlings as responsive to nickel application.

CmPP16 CmRuBisCo

24h 48h 24h 48h

CmRuBisCo
24h 48h

Figure 1.Agarose gel image showing contamination test results upon
nickel (Ni) application. M = Marker (100 bp). (a) CmPP16 transcripts
were determined in the phloem sap of control (C), and Ni-treated
seedlings (24h and 48h). However, CmRuBisCo transcripts were not
detected in the identical specimens (b) The tissue-specific transcript,
CmRuBisCo, was determined in the leaf tissues of control (C) and Ni-
treated seedlings (24h and 48h). NC = negative (no template) control.

International Journal of Innovative Engineering Applications 8, 1(2024), 58-64

60



G. Tombuloglu

ol miRte0

miR167

g
'é e
27" | Threshol | // 2% | Threshoks ’ g
(1] //’ 00
# H 0 € ] » i “ g s o i N 0 0
0 7 s
s . - g1e .
£ miR393 Yy A miR397 7
e Sos
e / N T P y
" ¢ F =2, = 5 = = g % % & T ;
Cycle ﬂ Cyce - b
M - cont
" /;,//"' | B
i . .cnnl
2 miR398 S M 2
5°* e = BN
A 48h
00 = 48h

2| T e

£} ES 0

Figure 2. Stem-loop RT-gPCR analysis of miRNAs (miR160, miR167, miR393, miR397, and miR398) in the phloem sap (PS) of Ni-treated and un-
treated (control) seedlings. The color legend was shown on the right-hand side.
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Figure 3. Semi-quantitative RT-PCR analysis of Ni-responsive miRNAs in control (Cnt) and Ni-treated (24h and 48h) plants.

3.4 Expression of miR167 and miR393 in Grafted Seedlings

Grafting experiments were carried out to verify the
expression of Ni-responsive miRNAs found in the
quantitative RT-qPCR and semi-quantitative RT-PCR
analyses. For this purpose, the excess Ni-responsive
miRNAs were determined in the PS of control (untreated),
self-grafted (control rootstock + control scion), rootstock-
grafted (control rootstock + Ni-treated scion), and scion-
grafted (Ni-treated rootstock + control scion) seedlings
(Figure 4a, b). Self-grafting was applied to elucidate a
possible miRNA expression change that could be caused
by tissue injury during the grafting process. Besides, Ni-
treated scion was grafted on the control rootstock to
determine the direction of miRNA movement (i.e., from
scion to rootstock or vice versa). Self-grafting results
showed no difference in miR167 expression. However,
the self-grafting process increased miR393 expression,
which can be attributed to tissue injury/repair during the
grafting (Figure 4c). This result revealed that miR393
could be responsive to tissue injury as well. Once Ni-
treated scion is grafted on the control rootstock, the
expression of miR167 and miR393 were suppressed, as
expected. On the other hand, the grafting of Ni-treated
rootstock with control scion increased the abundance of
miR167 and miR393 compared to those of untreated
(control) and self-grafting seedlings. These results show
that miR167 and miR393 are Ni-responsive and
move/travel from leaves to the roots.

(b)

| (d) miR393 _—
el

EV I invonon 77
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Figure 4. Grafting experiments. (a) The control seedlings were self-
grafted. (b) The control scion has grafted on the Ni-treated (48h)
rootstock—the stem-loop quantitative RT-PCR analysis of (c) miR167
and (d) miR393.

4 Discussion

Nickel (Ni) is an essential micronutrient for the

growth and development of plants. It involves
biochemical reactions and takes place in integral
components of various biomolecules such as

metalloenzymes and enzymes [32]. Besides, it is a heavy
metal that limits crop growth and development and
eventually yields when its concentration in the soil
reaches an excess level [33]. Due to increasing
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anthropogenic, technogenic, and geogenic activities, Ni
pollution in agricultural soils has become widespread
worldwide [34]. Burning fossil fuels, industries using Ni,
and mining activities release it into the atmosphere. These
releasing substances readily dissolve in water and then
build up in the soil and sediments [35-38]. According to
the World Health Organization (WHO), Ni concentration
in soils is 15-30 mg/kg. Its concentration in most plant
parts is between 0.05-10 mg/kg dry weight and is
considered toxic above this amount [39]. Although plants'
resistance mechanism and homeostasis against Ni stress
have been studied [40-43], there is still a lack of
information about Ni-induced miRNA mobilization. The
information on this mechanism is crucial to understanding
tissue or organ-level communication of plants to improve
heavy metal resistance.

Small regulatory RNAs known as miRNAs are a
diverse class that controls post-transcriptional gene
expression. They also play a critical role in gene
regulatory networks [44]. "Mobile" RNAs have been
found in the phloem fluid/sap, which is functional in root-
to-leaf communication [6, 45]. Moreover, they are known
as naturally occurring species-to-species signaling
molecules, such as between the parasitic plant Cuscuta
and its hosts like Arabidopsis and tobacco [46]. Recent
studies documented the first case of plant-to-plant miRNA
communication. They provided experimental support for
the idea that plants might uptake miRNAs produced by
their neighbors, causing post-transcriptional gene
silencing (PTGS) in the cells receiving them [47-48].

In this study, pumpkin seedlings were exposed to
excess Ni, and stem-loop RT-PCR analysis was conducted
for 14 miRNAs (miR156, miR168, miR398, miR166,
miR397, miR167, miR164, miR169, miR390, miR172,
miR393, miR159, and miR162), which were verified as
PS residential. Among those miRNAs, miR160, miR167,
miR393, miR397, and miR398 were responsive to Ni
treatment, evidenced by stem-loop RT-gPCR (Figure 2).
Besides, semi-quantitative RT-PCR analyses confirmed
that those of two miRNAs (miR167 and miR393) are Ni-
responsive (Figure 3), which were further tested by
grafting experiments to find their transport direction
(Figure 4). The grafting experiments revealed that
miR167 and miR393 migrate from leaf to root. On the
other hand, the abundance of other miRNAs (miR156,
miR168, miR398, miR166, miR397, miR164, miR169,
miR390, miR172, miR159, and miR162) in phloem sap
did not change against Ni stress. Instead, they may play a
role in systemic long-distance signaling during
development or different types of stress.

miR398 is known to be a master regulator of plant
development and stress responses [49]. A recent study
found that miR398 is downregulated upon NiCl,
treatments (50, 100, and 200 pM) over control seedlings
of castor bean (R. communis L.) [50]. The same study
showed up-regulation of a miR398-target gene, cupper-
zinc/superoxide dismutase (Cu-Zn/SOD or CSD), in both
root and leaf tissues upon Ni treatments. Cu-Zn/SOD is an
antioxidant protein involved in scavenging superoxide
anions. Our findings indicate that miR398 is involved in
the long-distance communication of pumpkin seedlings
against Ni-stress. Reduced miR398 expression in the PS
could release Cu-Zn/SOD transcripts in the target tissue.

Thus, the antioxidant defense system is promoted as an
early stress response. In addition to miR398, miR171,
miR395, miR396, and miR838 have been determined as
Ni-responsive in the leaves of castor beans [50]. This
study focused on identifying miRNAs in the PS of
pumpkin. However, except for miR398, those miRNAs
were not determined to be Ni-responsive. This can be
attributed to the difference in plant type and the tissue
studied, which is the PS of pumpkin in this study.

miR167 and miR393 were other Ni-responsive
miRNAs found in the PS of pumpkin. Previous studies
revealed their functions in different plants under nutrient
deficiency. For instance, miR167 and miR160 were nitrate
(N)-starvation responsive in Arabidopsis [51]. The
potential functionality of miR160 in nitrogen (N)
deficiency has been demonstrated in Arabidopsis. Its
expression is upregulated in roots during transient low
nitrate treatment [51]. In addition, several studies have
revealed the functionality of miR167 in the developmental
stages of tissues/organs (i.e., root, leaf, flower, seed,
embryo) and biotic and abiotic stress adaptation (reviewed
by [52]). For instance, miR167 expression is induced in
Arabidopsis under salinity, drought, and cold stresses [53-
54]. Although miR167 is stress-responsive, its function
against Ni-stress is yet to be identified. This study, for the
first time, revealed its possible function during the
regulation of Ni stress. In addition, the grafting
experiments showed the direction of long-distance
movement, which was from the leaf to the root.

Additionally, miR393 was found to be phloem-
resided and responsive to Ni. The grafting studies revealed
its leaf-to-root movement. The roots are the primary tissue
exposed to Ni stress. In line with these findings, miR393
was found in the phloem sap of Brassica napus under
nutrient deficiency [12]. Transgenic rice and Arabidopsis
are more sensitive to salt stress when OsmiR393 is
overexpressed [55]. This study verified miR167 and
miR393 as responsive to excess Ni. Their leaf-to-root
movement in the plant body through the phloem may
regulate the Ni homeostasis in plants. The transcriptional
regulation of these mMiRNAs in the target tissues (i.e., roots
or leaves) upon the miRNA translocation should be
studied.

5 Conclusion

Several phloem-mobile miRNAs have been identified
as messenger molecules, which play a molecular switch in
target cells/organs and regulate early stress responses. For
the first time, this study showed the phloem sap resident
miRNAs in pumpkins and their response against excess
nickel. Grafting experiments also showed the direction of
miRNA movements. Among 14 selected miRNAs,
miR167 and miR393 were nickel-responsive, moving
from leaves to roots. Functional studies are necessary to
clarify their role in the transcriptional regulation of nickel
stress at their target tissue.
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