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ABSTRACT

Cadmium (Cd) causes serious damage to plants. Although calcium (Ca) signal has been found to respond
to certain stress, the localization of Ca and molecular mechanisms underlying Ca signal in plants during Cd
stress are largely unknown. In this study, Ca>*-sensing fluorescent reporter (GCaMP3) transgenic duck-
weed showed the Ca®' signal response in Lemna turionifera 5511 (duckweed) during Cd stress.
Subsequently, the subcellular localization of Ca** has been studied during Cd stress by transmission
electron microscopy, showing the accumulation of Ca®* in vacuoles. Also, Ca®* flow during Cd stress has
been measured. At the same time, the effects of exogenous glutamic acid (Glu) and y-aminobutyric
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(GABA) on duckweed can better clarify the signal operation mechanism of plants to Cd stress. The
molecular mechanism of Ca®* signal responsed during Cd stress showed that Cd treatment promotes
the positive response of Ca signaling channels in plant cells, and thus affects the intracellular Ca content.
These novel signal studies provided an important Ca** signal molecular mechanism during Cd stress.

Introduction

Cadmium (Cd) is a highly biotoxic heavy metal, which causes
great harm to plants. Plants usually grow short when affected
by Cd," then leading to plant cell damage, and plays an inhibi-
tory effect on plant growth. Cd affects growth morphology and
physiological levels of plants. From the whole plant, Cd causes
delayed growth rate, leaves blade yellowing, suppressed
respiration and photosynthesis, and decreased ability to absorb
nutrients.” When the Cd content in plant reached a certain
level, it reduces its chlorophyll abundance, thus damaging the
photosynthetic structure and changing its respiration rate.” It
also suppresses the absorption of water by plant roots, leading
to their water imbalance.” The biomass of duckweed has been
studied in our previous study, including the chlorophyl
content,” photosynthetic rate,® and declined total sugar content
(8.2%, unpublished data). Cd also competes for channels for
other metal ions, preventing the plants to absorb essential
elements.” Therefore, it is very necessary to find out the signal
path under Cd stress.

Calcium (Ca) signal is a universal second messenger, which
occupies a crucial role in plant adversity as a key regulator react
to a variety of stimuli, including aspects of heavy metal stress,
low temperature, salt, and pathogens.® First, recent research
has shown that Ca signal played a significant role through Ca**
and calmodulin-mediated signal responsiveness during tem-
peratures drop sharply.” Secondly, plants respond to salt stress
by Ca** perception and signaling. Within seconds of exposure
to salt stress, the cell membrane Ca®* level increased rapidly.'
In addition, Ca signaling was coordinated with pathways such

as the ubiquitin and proteasome system to keep a balanced and
effective defense response against pathogens in plants.'’ The
addition of exogenous Ca reflects the biological repair func-
tion, and relieves effectively the smaller leaves and early bolting
caused by Cd stress.'> Ca®* around the plasma membrane is
important in mitigating Cd toxicity by competing for influx of
Cd** ions."

Ca*" channels play a significant role during Ca®" signal
response. Glutamate receptors (GLRs), the Ca** channels,
take a part during Ca** signaling coding,"* which provides
the possibility of the crosstalk between Glu and Ca** signaling.
In addition, Ruthenium Red (RR), a complex of ammoniated
ruthenium chloride oxide, is known as a Ca** channel blocker
vacuole,”” and RR reacts specifically with phospholipids, fatty
acids, and mucopolysaccharides.'® Hence, the function of Glu
during Ca®* signal net as well as the influence of RR on Ca®*
signal is still needed to be investigated during Cd stress.

Despite the great progress in the past made by researchers
on the response of Ca signal in Cd stress, where the Ca®*
release remains to be discovered. Thus, Ca®* is regarded as
one of the most representative elements when plants are under
Cd stress.

The use of aquatic plants such as duckweed for the repair of
Cd pollution in water bodies can play an environmental role, so
bioremediation methods are widely used.'” Duckweed can grow
and reproduce faster, is easy to obtain, has wide distribution and
has low cost.'® The growth period of duckweed and the rate of
accumulation of biomass longer than most plants,'® many dele-
teriousness metals such as Cd can be efficiently removed from
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water by absorption and accumulation.?Therefore, duckweed
can be effectively used in the treatment of Cd pollution in water
bodies.”!

When the content of glutamate increases between cells, the
continuous opening of glutamate channels also leads to a large
increase in Ca influx and neurotoxicity. >* Glutamate involved
in growth and development of plants,” seed germination,**
and heavy-metal stress response.”' Not only that the addition

pCAMBIA-1301-GCaMP3:

n2t.net/addgene:22692; RRID: Addgene- 22692). The GCaMP3
open reading frame was obtained by PCR with the template
from this plasmid, which was added by CaMV-35S promoter
(5" end) the nopaline synthase terminator (3’ end). Then that
was linked to pCAMBIA-1301, a binary vector, to construct
vector pCAMBIA-1301-GCaMP3. pCAMBIA-1301-GCaMP3
was transformed to the Agrobacterium tumefaciens strain
Gv3101, according to the method of freeze-thaw **

HH K= H=f H HI-

LB T35S HPT P35S P35S

GCaMP3

PolyA P35S GUS PolyA RB

Figure 1. Construction of pCAMBIA-1301-GCaMP3. T35S, CaMV 35S terminator; HPT: hygromycin B phosphotransferase gene; GCaMP3: GCaMP3-A GFP-based Ca sensor;

Poly A: terminator; GUS: B- Glucuronidase.

of exogenous glutamate can induce resistance of rice and
tomatoes to fungal pathogens and Arabidopsis thaliana to
pathogens.”

GABA can act as an important inhibitory neurotransmitter
in the vertebrate central nervous system.’°Experiments have
confirmed that with the increase of GABA added to the culture
medium, the biomass and mineral element content of duck-
weed also increased, indicating that GABA can regulate ion
transport in plants (Kinnersley and Lin, n.d.).

The aims of this paper are to: 1) study the Ca®* flux with Cd
stress; 2) investigate the responses of Ca signal by GCaMP3
transgenic duckweed under Cd stress; 3) analyze the differen-
tially expressed genes involved in the Ca signaling pathway
during Cd stress; 4) the subcellular localization of Ca was
accumulated in duckweed.

Materials and methods
Cultivation of duckweed

Lemna turionifera 5511 (Duckweed) was taken from the
Fengchan river of Tianjin, which has been cultured with an
aseptic condition with Datko that contains 0.4 mM MgSO,
- 7H,0, 1.4 mM Ca (NO;), - 4H,0O, 1.1 mM KNOs, 0.4 mM
KH,PO,, 0.4 mM Mg (NOs)2 - 6H,0, 55 uM CaCl, - 2H,0,
55 uM KCl, 6.2 uM Na,MoO, - 2H,0, 71 uM H,BO3, 30 uM K,
H,EDTA-2H,0, 56.7 uM FeNH,EDTA, 13.8 uM MnCl, - 4H,0,
2.8 uM ZnNa,EDTA-4H,0, 4.8 pM CoSOy, - 7H,0, 18.6 uM Na,
EDTA-2H,0 following our previous research with a temperature
of 23°C.”” Duckweed was cultured with the light period set as
16 h light (light intensity 95 + 5 pmol-m > - s™') and 8 h dark
a day. The duckweeds are subcultured every 12 days.
Duckweeds were treated with 50 pM CdCl, or without for
15 h in GCaMP3 duckweed analysis, and for 24 h in Ca
content, localization, and differentially expressed genes study.

Construction of binary vector pCAMBIA-1301-GCaMP3

The structure of GCaMP3 plasmid is shown in Figure 1. The
gene of A GFP-based calmodulin protein 3 (GCaMP3) was
a gift from Loren Looger (Addgene plasmid # 22692; http://

Transient transformation of transgenic
GCaMP3-duckweed

Activate the Agrobacterium carrying the pCAMBIA-1301-
GCaMP3 plasmid three times on the LB solid plate containing
antibiotics (Kanamycin 50 mg-L~', Rifampin 25 mgL~},
Streptomycin 50 mg-L™") at 28°C. Then, single colonies were
selected and inoculated in LB liquid medium (5 mL) contain-
ing antibiotics for 28 hours. After that, 1 ml of the resultant
bacterial solution was transferred to the new liquid LB (20 mL)
for 4 hours. The solution was cultured at 28°C until ODgg, was
0.6, then set the centrifuge for 10 min at 25°C and 3000 g. And
the sediment was resoluted by 0.04% Silwet-77 (v/v) and
5 gL' sucrose. 8 ml solution was added to the centrifuged
thallus, after which it was gently suspended with a pipette gun.
The dissolved thallus was poured into a sterile six-well plate
after it was fully mixed with the lysate, with the duckweed
picked out on the filter paper. After pricking a small hole
(without penetrating the duckweed) at the bag on the back of
the frond with a sterile needle, place it in the lysate for 20 mins,
after which pick the duckweed out with tweezers.
Subsequently, we transferred it to a fluid nutrient medium
and cultured it in darkness for 24 h after sucking up the surface
bacterial solution on the filter paper, then the transient trans-
formation of transgenic GCaMP3 duckweed was observed by
the fluorescence microscope. The plant sample was observed
with a fluorescence microscope (Leica DFC450C, DM5000,
Berlin, Germany) and the excitation wavelength is 488 nm,
the fluorescence intensity on the point 300 um from the root
tip was measured by Image ] software (NIH, Bethesda,
MD, USA).

RNA extraction and purification

10 days old duckweeds were used for study. When duck-
weed was exposed to 50 uM Cd for 24 h, the samples for
sequencing analysis were collected. The extraction and pur-
ification of RNA in duckweed treated with Cd (Cd group)
or without Cd (CK) were carried out in strict accordance
with the operating instructions of the RNA prep pure plant
Kit (DP441). The purity and integrity of RNA have been
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detected by Nano Photometer® spectrophotometer
(IMPLEN, CA, USA) and by the RNA Nano 6000 Assay
Kit using Agilent Bioanalyzer 2100 system (Agilent
Technologies, CA, USA). Library construction was followed
by the Illumina’s NEBNext ® Ultra TM RNA Library Prep
Kit instruction. To obtain the library, PCR amplification
was applied and PCR product purification was performed
by AMPure XP beads. Then, initial quantification was stu-
died by Qubit2.0 Fluorometer, and then the library size was
analyzed by Agilent 2100 Bio Analyzer. Finally, qRT-PCR
quantified the concentration of the library (the library con-
centration was higher than 2 nM).

Data filtering and sequence analysis

Firstly, FASTP software was used for quality control and
pretreatment to obtain clean readings, including deleting
readings with an adapter, and removing the proportion of
N with a reading number greater than 10%. The clean
reading number has been obtained according to Grabherr
et al.>® And the reference sequence has been obtained for
subsequent analysis. Cluster profiler was used to analyze the
potential functions of RNA molecules by Kyoto gene, Gene
Ontology (GO), and genome Encyclopedia (KEGG). The
Clue GO application of Cytoscape was used for KEGG
pathway enrichment analysis of differential expression.*
In addition, the GO function and KEGG signaling of dif-
ferential genes were analyzed by GSEA software, in which
the screening threshold was set to P < 0.05.

The determination of Ca** Net flux

The Ca*" flow was measured at 0.1 mm from the root tip of
duckweed using a non-invasive micromeasurement system
(NMT, 100 Series, YoungerUSA LLC, Amherst, MA 01003,
USA; Xuyue, Beijing, China and im Fluxes V2.0 (Younger
USA LLC, Amherst, MA 01002, USA). Then, the Ca** flow
was measured by dropping 100 mM (stocking concentra-
tion) CdCl, with a working concentration of 50 pM. After
that, 5 mmol L™ ruthenium red, or 1 mmol L' Glu, or
10 uM GABA were added under the Cd stress treatment to
determine the effect of the treatment on the Ca ion current.
The Ca®* ion-selective microelectrode achieved selectivity
by adding a liquid ion exchanger (Liquid Ion Exchanger
LIX) at the front end.

Treatment of duckweed roots Ruthenium red under Cd
stress

Ruthenium red, is a Ca release inhibitor of the vacuolar
membrane,'® which can inhibit the transfer of Ca ions from
the vacuole to the cytoplasm.’’

Ca signal responded to duckweed under Cd stress

50 uM CdCl, was added or not to transgenic GCaMP3 duck-
weed for 15 h. The roots of duckweed were dissected and
observed. The plant sample was examined with a fluorescence
microscope (Leica DFC450C, DM5000, Berlin, Germany) and
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the excitation wavelength is 488 nm, the fluorescence intensity
of 300 pm from the root tip was analyzed by Image J (NIH,
Bethesda, MD, USA).

Subcellular localization of Ca signaling

Duckweed treated with and without Cd were fixed in PBS
(0.1 mol/L) solution (pH = 7.4) containing 2% potassium
pyroantimonate and 3% glutaraldehyde for 24 h. The cells
were washed with 0.1 mol/L PBS (pH = 7.4) containing 2%
potassium pyroantimonate, dehydrated with acetone gradient,
embedded with Epon812 resin, ultrathin sections, stained with
uranium and lead, and observed by 120kV transmission elec-
tron microscopy (TF20, Jeol 2100 F, USA).

Ca element level analysis

Ca content was observed by scanning electronic microscopy
(SEM) and energy-dispersive X-ray spectrometer (EDX) analysis
followed by our previous study.” The duckweeds with 24 h CdCl,
treatment were desiccated and sprayed gold. Then the roots and
frond were detected by SEM (Nova Nano SEM 230). The Ca
element was measured by EDX (Genesis APEX, Genesis
Apollo 10).

Statistical analysis

At least triplicate was repeated for all experiments. And also 6
parallel groups of the sets were contained which included about
80-150 samples of duckweed. Variables were analyzed by
independent sample T-test and one-way ANOVA by SPSS
(IBM SPSS Statistics, Version 22). Significantly difference was
referred as asterisks (**P < 0.01, *P < 0.05).

Result

Responses of Ca signal in GCaMP3-duckweed under Cd
stress

Transgenic duckweed expressing GCaMP3 was obtained as
described in methods. PCR was applied to the target
GCaMP3 gene in the GCaMP3 duckweed (Figure 2b). After
50 uM CdCl, was added to the root of transgenic GCaMP3
duckweed for 15 h, the root cap began to fall off (Figure S1), the
change of root fluorescence intensity was observed under
488 nm of an upright fluorescence microscope (Figure 2a). It
was found that the green fluorescence intensity of duckweed
root increased and obvious green fluorescence spots (Ca signal)
appeared after 50 uM CdCl, was added to transgenic GCaMP3
duckweed. As shown in Figure 2a,c, the fluorescence images of
GCaMP3-duckweed with 50 uM Cd or without were different.
On the root tips, the result in Figure 2c showed that the
fluorescence intensity of in WT was 29.6, a very low intensity.
And GCaMP3-duckweed without Cd stress was 111.12, while
the fluorescence intensity of GCaMP3-duckweed under Cd
stress was 136.17, significantly higher than that without Cd.
These results indicate that Cd stress can stimulate Ca signal
response in duckweed.
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Figure 2. (a). The localization of Ca" in the roots of WT-duckweed, GCaMP3-duckweed, and GCaMP3-duckweed was treated with 50 UM CdCl; for 15 h. Scale bar = 100

um. (b). PCR results of plasmid validation of GCaMP3 in transgenic GCaMP3-duckweed, M: maker, N: negative control. (c). The different Ca?

analyzed by image J at 300 um from the rhizoid tip.

The content and localization of Ca in duckweed with Cd
stress

The Ca content level in the frond and root tissues of duckweed
with 24 h Cd treatment have been analyzed. Shown as in
Figure 3, the Ca®" content on the fronds was 0.87 Wt %, and
the Ca®* content of the surface of the roots was 0.66 Wt %.

The subcellular location of Ca has been studied. As shown
in Figure 4a,b, in the normal state, duckweed vacuoles were full
and chloroplast morphology was complete. As shown in
Figure 4c,d, cytoplasm wall separation occurred in duckweed
cells under 50 uM Cd stress for 24 h. Ca stained by potassium
pyroantimonate particles increases significantly and accumu-
lates in vacuoles. As shown in Figure 4e,f, vacuoles in local cells
with severe Cd stress burst, releasing Ca stored in vacuoles and
flowing outwards through cell membranes.

Investigation of Ca ion flow during Cd stress

As shown in Figure 5a, under normal conditions, Ca ion flow
in the root tip was stable at low speed (20 pmol-cm™'.s7"),
while under Cd treatment, Ca ion flow in the root tip of
duckweed was changed to high-speed outflow (150-250
pmol-cm™'.s7").

To investigate whether Ca ions came from vacuoles or
extracellular, ruthenium red (RR), a vacuolar Ca ion release
inhibitor ** was applied. The results showed that the applica-
tion of ruthenium red can sharply reduce the Ca** efflux
induced by Cd stress (22 pmol-cm™"s™"), suggesting that block-
ing the vacuolar Ca channel affected the Ca®" efflux stimulated
by Cd, suggesting that the vacuole was a potential Ca reservoir
in the plants.”® The rapid block of the Ca** channel by RR,

* fluorescence intensity was

applied to the vacuolar membrane, steeply lowed when duck-
weed under Cd stress.*

Exogenous Glu triggered the Ca®* signal in duckweed,
which has been studied by NMT.* To investigate the influence
of Glu on Ca®" signal, the net Ca** flux was measured by
(NMT). As shown in Figure 5b, the net Ca®* flux of Glu
addition in duckweed with or without Cd stress were 422.63
pmol-cm s and 564.56 pmol-cm s at 36s, respectively.
The net Ca** flux of Glu addition in duckweed with or without
Cd stress was 541.66 pmol-cm ™ s™* and 525.39 pmol-cm 25"
at 42s, respectively. The net Ca** flux in duckweed under Cd
stress with the addition of Glu was 447.55 pmol-cm 2s™" and
the net Ca®" flux of Glu addition in duckweed was 557.66
pmol-cm™s™" at 48s. The net Ca** flux of Glu addition in
duckweed treated with or without Cd was 523.67
pmol-cm™s™" and 488.76 pmol-cm s at 78s, respectively.
The net Ca** flux of Glu addition in duckweed without Cd
stress was 372.33 pmol-cm™*s ™", which was higher than the net
Ca?* flux of Glu addition (367.75 pm01~cm_2-s_l) in duckweed
with Cd stress at 138 s. In normal conditions, the range of net
influx of Ca®* from the root tip of duckweed was 14.30-62.03
pmol-cm™"s™'. However, the exogenous addition of Glu
resulted in the significant efflux of Ca®* (348.51-564.56
pmol-cm™"s7"). At 36s, Ca efflux reached the maximum value
of 564.56 pmol-cm™':s!, while the minimum efflux was 348.51
pmol-cm™"s" at 162 s. The Ca** efflux was also detected in the
root tip of duckweed treated with Glu under Cd stress. Under
this condition, the maximum net Ca®" flux was 605.88
pmol-cm™.s™" at 30s and the minimum net flux of 297.47
pmol-cm™s™" occurred at 180 s. Compared to the root tip
treated only with Glu, Ca efflux trends were approximately
the same over a short period.
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Figure 4. Ca distribution subcellular localization by means of 120 kV transmission electron microscopy (TF20, Jeol 2100 F, USA) of wide-type duckweed with or without
50 pM Cd stress. a&b. The root of wide-type duckweed without 50 uM Cd stress. c&d. The root of wide-type duckweed with 50 uM Cd stress for 24 h. e&f. The root of
wide-type duckweed without 50 uM Cd stress for 24 h, and f is the enlarged picture of e.

GABA is synthesized from Glu. GABA can act as an inhi- measured by NMT. As shown in Figure 5c, the net Ca** flux of
bitory neurotransmitter.’® In order to study the immediate GABA addition in duckweed with or without Cd stress was
influence of GABA on Ca®* signal, the net Ca®* flux was also  56.39 pmol-cm >s™' and 72.04 pmol-cm™s™' at 138 s,
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Figure 5. Cd®* flux was determined by NMT at 100 um from rhizoid tip, Cd absorption imager (GD-100-CAD) was used to detect duckweed under Cd stress in vivo.
a. Duckweed treated with Cd, or with RR in 0.5 h. b. Duckweed was treated with Cd, and with Glu in 0.5 h. c. Duckweed treated with CdCl,, and with GABA or Gluin 0.5 h.

respectively. the net Ca®* flux of GABA addition in duckweed
with or without Cd stress was 64.62 pmol-cm™*s™"' and 27.05
pmol-cm™s™" at 144 s, respectively. Moreover, the net Ca®*
flux in duckweed was —41.77 pmol-cm s~ under normal
conditions, while the net Ca®" flux in duckweed was —36.48
pmol-cm s~ under GABA treatment at 54s. The net Ca** flux
of duckweed with or without GABA was —19.85 pmol-cm ™ *s™"
and —29.29 pmol-cm™s™" at 72s, respectively. Furthermore,

the Ca** flow in the root tip of duckweed changed from influx
to efflux at 102 s, while it changed from efflux to influx at 150
s under GABA treatment. The direction of Ca®* flow was
transformed in a short period after the root tip of the duckweed
was treated with GABA. In this case, the maximum net efflux of
Ca®" was 72.04 pmol-cm™"s™" at 138s, and the maximum net
influx of Ca®" was 77.69 pmol-cm™"s™" at 0 s. The net Ca®* flux
of Cd and GABA addition in the root tip of duckweed was



significantly higher than duckweed treated with GABA. The
data suggested that a minimum Ca** net flux was 2.81
pmol-cm :s™" at 0s and a maximum Ca®" net flux of 86.25
pmol-cm™"s™" at 54s. When root tips were treated with Glu and
GABA under Cd stress, the net Ca** flux was significantly
higher than duckweed treated with GABA and Cd. Moreover,
the maximum net flux of Ca** was 202.34 pmol-cm "5~
occurred at 48s, and the minimum net flux was 95.67
pmol-cm™s™" occurred at 36s.

Differently expressed genes involved in Ca signaling
pathway during Cd stress

As shown in Figure 6 and Table 1, the differences in genes
involved in Ca signaling pathway were explored in the duck-
weed treated with 50 pM Cd or without 50 uM Cd for 24 h. In
cells, the receptors and expression mechanisms involved in Ca
signaling are demonstrated.” Plants have many defense
mechanisms to combat Cd. The main strategy is to chelate
Cd ions at different sites in plant cells.”” Another approach to
improving Cd resistance is to store Cd in vacuole.*®

Vacuoles can transport Cd through the strategy of PC-CD.*”
ATP-binding cassette transporter C proteins (ABCCs) partici-
pate in PC-CD and tranship Cd into vacuole,” which has risen
by 1.14 log, Fold Change. Then with the help of glutathione
(GSH) participation in the PCCD pathway, which has risen by
1.48 log, Fold Change. Natural resistance associated with
macrophage protein (NRAMP) has been widely studied in
Arabidopsis,** which can transport Cd out of the vacuole,*!
has risen by 2.51 log, Fold Change. In the vacuole, Ca**/H"
exchanger (CAX) mediates the transport of Cd and Ca ions,*?
which has risen by 1.07 log, Fold Change. Zinc-regulated, Iron-
regulated transporter-like Protein (ZIP) has been validated to
be involved in the transport of Cd across the cell membrane
into the cell,*’ which has reduced by 1.67 log, Fold Change.
Protochlorophyllide reductase (PCR) is also involved in the
transport of Cd ions from the cell membrane,***> which has
reduced by 3.14 log, Fold Change. These results indicated that
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the main reason for the higher Cd resistance of duckweed was
that Cd chelates are transported to vacuoles.*®

Adenine nucleotide translocator (ANT) is a Ca ion regula-
tory channel located in the mitochondrial membrane,*” which
was down by 2.30 log, Fold Change. GLRs, can transport Ca
ions from outside the cell into the cell, which has risen by 1.97
log, Fold Change, and Table 1 for details. Respiratory burst
oxidase (RBOH) is related to plant response to wound stress,*®
which has risen by 2.71 log, Fold Change. Calmodulin (CAM)
can enhance plant resistance and help transport Ca ions into
the nucleus,”® which has risen by 2.78 log, Fold Change.
Activation of Mitogen-activated protein kinase (MAPK) cas-
cade confers resistance to fungal pathogens,* which has risen
by 2.79 log, Fold Change. Calcineurin B-like protein (CBL) is
involved in Ca signaling by interacting with its specific kinase
protein,” which has risen by 1.29 log, Fold Change.

These results suggest that the addition of Cd promotes the
positive response of Ca signaling channels in plant cells, and
thus affects the intracellular Ca content.

Discussion

Transient increases of Ca®" concentration in the plant cell are
key signals that initiate many cellular signaling pathways that
respond to adversity stress.”’ The observation that Cd stress
can trigger Ca®" transient discharging in plant cells raises the
intriguing possibility that the Ca signaling not only responds to
heavy metal stress but also has a reservoir in the cell that can
accumulate and burst in a short time. Here, we investigated the
Ca®* response to Cd stress.

Some studies have produced plants transformed with
a construct for constitutive expression of the Ca sensor protein
GCaMP, which showed that fluorescence was both increased in
leaves subjected to wound stress and freezing stress.”® In our
research, we obtained the GCaMP3 duckweed, which could
show Ca signal by GFP fluorescence. The result in Figure 2
showed that it showed a higher fluorescence intensity during
Cd stress. The result revealed the involvement of the Ca®*

ZlP-I.(ﬂl ‘

B= | CNGC-3.33 1

- —> e,
B ZCa“:—>>
e

: CIPK—S.OGI

| -4.52 Ncs "

WT-Cd WT

| NLR-1.051

Figure 6. Differences in Ca signaling pathway of duckweed under 50 uM Cd stress. Red arrow is up-regulated, and green arrow is down-regulated. WT group represents
wild-type (WT) duckweed, and WT Cd group represents wild-type (WT) duckweed under 50 uM Cd stress. The color in this figure legend is from red to blue, which means

log1o (FPKM+1) from high to low.
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Table 1. The difference of GLR expression under Cd stress in duckweed (Cd vs CK).

Cd CK log,Fold

Description Gene ID Readcount Readcount Change pval padj
Glutamate receptor 2.8 Cluster-7365.10892 4.62 0 454 0.005413 0.028602
Glutamate receptor 2.8 Cluster-7365.97185 1695.88 22.7 6.23 3.88E-15 8.07E-14
Glutamate receptor 2.8 Cluster-7365.90108 1059.3 299.8 1.82 1.47E-10 2.23E-09
Glutamate receptor 2.9 Cluster-7365.34181 50.28 15.37 1.72 0.002368 0.013808
Glutamate receptor 2.9 Cluster-7365.34175 356.03 123.06 1.53 0.00000051 0.00000588
Glutamate receptor 3.5 Cluster-7365.29668 7.22 30.54 -2.09 0.002275 0.013334
Ca**/H* exchanger (CAX) Cluster-7365.105537 0.00 14.31 —6.47 0.0052139 0.027692
Ca**/H* exchanger (CAX) Cluster-7365.78008 28.13 8.11 1.80 5.78E-05 0.0004685
Ca**/H* exchanger (CAX) Cluster-7365.78016 17.51 0.00 6.47 0.003248 0.018236
Ca**/H* exchanger (CAX) Cluster-7365.12653 123.58 3341 1.89 0.0053037 0.028115
Ca?*/H* exchanger (CAX) Cluster-7365.45394 518.71 205.51 1.34 0.00084428 0.0054782
Ca**/H* exchanger (CAX) Cluster-4392.0 9.70 2.14 2.18 0.0056086 0.029476
Ca**/H* exchanger (CAX) Cluster-7365.40553 56.11 167.70 -1.57 2.35E-10 3.49E-09
Ca**/H* exchanger (CAX) Cluster-7365.77997 3776.94 514.28 2.88 2.36E-28 8.74E-27
Ca?*/H* exchanger (CAX) Cluster-7365.45137 23.86 54.89 -1.20 0.00017737 0.0013195
Ca**/H* exchanger (CAX) Cluster-7365.45385 242.87 111.42 1.13 7.43E-06 6.89E-05
Ca**/H* exchanger (CAX) Cluster-7365.23524 11.65 71.87 -2.63 0.00011877 0.0009116
Ca**/H* exchanger (CAX) Cluster-7365.8858 41.18 7.67 241 0.0067329 0.034502
Ca**/H* exchanger (CAX) Cluster-7365.12645 1544.28 28.92 5.73 5.51E-192 3.84E-189
cyclic nucleotide-gated channel (CNGC) Cluster-7365.56126 183.26 687.39 -1.91 7.37E-13 1.32E-11
cyclic nucleotide-gated channel (CNGC) Cluster-7365.53071 135.18 447.63 -1.73 4.59E-10 6.67E-09
cyclic nucleotide-gated channel (CNGC) Cluster-7365.74926 0.00 11.80 -6.19 0.0079256 0.039709
cyclic nucleotide-gated channel (CNGC) Cluster-7365.55503 0.00 167.51 -10.02 4.18E-16 9.23E-15
cyclic nucleotide-gated channel (CNGC) Cluster-7365.57026 1.54 31.04 —4.34 0.0004331 0.0029885
cyclic nucleotide-gated channel (CNGC) Cluster-7365.56960 2336.47 8471.62 -1.86 6.15E-48 4.09E-46
cyclic nucleotide-gated channel (CNGC) Cluster-7365.42205 7.22 22.57 -1.65 0.0089849 0.044282
cyclic nucleotide-gated channel (CNGC) Cluster-7365.19934 301.61 104.93 1.52 1.28E-16 2.91E-15
cyclic nucleotide-gated channel (CNGC) Cluster-7365.64466 0.00 8.69 -5.75 0.00046292 0.0031755
cyclic nucleotide-gated channel (CNGC) Cluster-7365.58747 1465.76 373591 -1.35 0.00029622 0.0021097
CBL-interacting protein kinase(CIPK) Cluster-7365.43393 29.43 78.02 -1.41 0.00011346 0.00087425
CBL-interacting protein kinase(CIPK) Cluster-7365.57220 45.69 443.07 -3.28 2.96E-12 5.07E-11
CBL-interacting protein kinase(CIPK) Cluster-7365.83742 1.28 21.69 —4.07 0.00185 0.01108
CBL-interacting protein kinase(CIPK) Cluster-7365.45428 28.57 316.92 -3.47 1.51E-08 1.92E-07
Respiratory burst oxidase (RBOH) Cluster-7365.30386 269.45 106.01 1.35 1.17E-12 2.06E-11
Respiratory burst oxidase (RBOH) Cluster-7365.107885 71.41 442 3.99 1.87E-16 4.23E-15
Respiratory burst oxidase (RBOH) Cluster-7365.107886 85.66 12.48 2.79 1.50E-11 2.44E-10
Calmodulin (CAM) Cluster-7365.88487 100.40 49.92 1.00 0.0057016 0.029891
Calmodulin (CAM) Cluster-7365.42628 76.66 31.51 1.29 2.91E-06 2.85E-05
Calmodulin (CAM) Cluster-7365.12951 26231 21.96 3.59 7.46E-29 2.81E-27
Calmodulin (CAM) Cluster-7365.49153 479.49 152.61 1.65 1.05E-11 1.74E-10
Calmodulin (CAM) Cluster-7365.34860 546.04 12.53 5.43 2.55E-17 6.04E-16
Calmodulin (CAM) Cluster-7365.12947 13.72 1.39 333 0.0019775 0.011757
Calmodulin (CAM) Cluster-7365.33087 153.04 23.44 2.70 1.69E-09 2.35E-08
Calmodulin (CAM) Cluster-7365.72596 5586.73 62.54 6.49 1.67E-47 1.10E-45
Calmodulin (CAM) Cluster-7365.58737 2019.88 712.75 1.50 2.50E-40 1.37E-38
Calmodulin (CAM) Cluster-7365.68719 188.53 28.48 2.74 8.89E-10 1.26E-08
Calmodulin (CAM) Cluster-7365.32431 131.65 10.88 3.61 5.15E-06 4.89E-05
Calmodulin (CAM) Cluster-7365.56939 3283.27 1073.51 1.61 5.84E-46 3.70E-44
Calmodulin (CAM) Cluster-7365.41749 2350.45 1033.00 1.19 1.26E-26 4.39E-25
Calcineurin B-like protein (CBL) Cluster-7365.58129 709.36 288.74 1.29 8.96E-42 5.10E-40
Mitogen-activated protein kinase (MAPK) Cluster-7365.66827 68.70 10.12 2.76 0.0022084 0.012979
Mitogen-activated protein kinase (MAPK) Cluster-7365.97492 38.59 537 2.85 0.0025563 0.01479
Mitogen-activated protein kinase (MAPK) Cluster-7365.22659 29.99 5.87 235 0.0046777 0.025198
Mitogen-activated protein kinase (MAPK) Cluster-7365.48921 1211.82 512.35 1.24 3.31E-07 3.63E-06
Mitogen-activated protein kinase (MAPK) Cluster-7365.78768 13.13 0.00 6.05 0.00011479 0.00088337
Mitogen-activated protein kinase (MAPK) Cluster-7365.43280 52.42 18.53 1.49 0.0046022 0.024843
Adenine nucleotide translocator (ANT) Cluster-7365.66271 190.38 1330.97 —-2.81 2.90E-96 5.32E-94
Adenine nucleotide translocator (ANT) Cluster-7365.66270 3.54 76.12 —4.42 0.002466 0.014311
Adenine nucleotide translocator (ANT) Cluster-7365.92518 1394.52 564.65 1.30 5.62E-25 1.83E-23
Adenine nucleotide translocator (ANT) Cluster-7365.68973 27.72 272.20 -3.29 3.82E-34 1.72E-32
neuronal calcium sensors(NCS) Cluster-7365.1390 1.71 3931 —4.52 0.0084973 0.042156
nucleotide-binding leucine-rich repeat(NLR) Cluster-7365.52902 159.38 331.12 -1.05 2.56E-06 2.53E-05
Zinc-regulated, Iron-regulated transporter-like Protein ( Cluster-7365.73089 7.07 22.73 -1.70 0.00017456 0.0013005
Zinc-regulated, Iron-regulated transporter-like Protein ( Cluster-7365.16931 17.33 243 2.84 3.38E-05 0.00028439
Zinc-regulated, Iron-regulated transporter-like Protein ( Cluster-7365.64903 0.00 113.86 -9.47 9.74E-18 2.35E-16
Zinc-regulated, Iron-regulated transporter-like Protein ( Cluster-7365.38774 9.72 36.65 -1.91 0.0050219 0.026797
Zinc-regulated, Iron-regulated transporter-like Protein ( Cluster-7365.38773 28.70 116.06 —-2.01 0.0021235 0.012527
Zinc-regulated, Iron-regulated transporter-like Protein ( Cluster-7365.82922 107.73 23.10 2.22 6.94E-15 1.41E-13
ATP-binding cassette transporter C proteins (ABCCs) Cluster-7365.59893 367.34 117.10 1.64 0.000082917 0.00065505
ATP-binding cassette transporter C proteins (ABCCs Cluster-7365.59885 221.44 24.43 3.19 5.36E-08 6.40E-07
ATP-binding cassette transporter C proteins Cluster-7365.59887 20,083.94 7170.44 1.49 6.17E-77 7.80E-75
ATP-binding cassette transporter C proteins (ABCCs Cluster-7365.59883 240.97 99.72 1.28 1.99E-08 2.49E-07
ATP-binding cassette transporter C proteins (ABCCs Cluster-7365.24768 124.73 41.70 1.58 0.0008097 0.0052743

(Continued)
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Cd CK log,Fold

Description Gene ID Readcount Readcount Change pval padj

ATP-binding cassette transporter C proteins (ABCCs) Cluster-7365.24767 36.37 8.79 2,07 0.0030224 0.017132
ATP-binding cassette transporter C proteins (ABCCs) Cluster-7365.57363 227.65 671.52 -1.56 6.65E-23 2.01E-21
ATP-binding cassette transporter C proteins (ABCCs) Cluster-7365.57364 93.08 269.73 -1.53 2.71E-14 5.30E-13
ATP-binding cassette transporter C proteins (ABCCs) Cluster-7365.24771 422,94 96.00 2.14 6.08E-09 8.02E-08
Natural resistance associated macrophage protein (NRAMP) Cluster-7365.62817 12.38 2.19 2.51 0.005133 0.027323
glutathione (GSH) Cluster-7365.56002 95.96 0.27 8.20 2.80E-07 3.10E-06
glutathione (GSH) Cluster-7365.35938 5.81 27.31 —2.24 0.0091648 0.04505
glutathione (GSH) Cluster-7365.64729 173.60 494.24 -1.51 3.07E-12 5.24E-11
Protochlorophyllide reductase (PCR) Cluster-7365.57067 1169.50 13,755.89 -3.56 1.56E-16 3.54E-15
Protochlorophyllide reductase (PCR) Cluster-7365.56608 1885.58 9756.31 -2.37 5.11E-48 3.40E-46
Protochlorophyllide reductase (PCR) Cluster-7365.53631 83.81 452.05 -2.43 1.78E-15 3.78E-14
Protochlorophyllide reductase (PCR) Cluster-7365.52279 28.06 167.78 —-2.58 3.08E-09 4.18E-08
Protochlorophyllide reductase (PCR) Cluster-7365.54463 27.84 744.25 —4.74 2.27E-19 5.94E-18

signal in GCaMP3-duckweed during Cd processing. A similar
result has been reported that the Ca®* content was accumulated
in duckweed rhizoid under Cd stress.”> Furthermore,
Researchers found that Cold stress and mechanical damage
can also stimulate Ca®* signals,'"**® which are mediated by
GLR triggered by Glu. Notably, Glu as a crucial signaling
molecule in plants,>* which is an activator of glutamate
receptors.”> Our results showed that the exogenous addition
of Glu resulted in the significant efflux of Ca?* in duckweed,
which is similar to the results of our research on the fluores-
cence response. In addition, GABA has been extensively stu-
died in animals, and it acts as an inhibitory neuro
transmitter,’® while Glu is a key excitatory neurotransmitter
in the central nervous system.’°Thus, Glu and GABA exert
antagonistic effects in animals. In this research, we found that
the exogenous addition of GABA stabilized the Ca** signal in
duckweed. Therefore, they played an important regulatory role
on Ca’" signal under Cd stress in duckweed.

Ruthenium Red, a common Ca** channel inhibitor. The
inhibitory effect of ruthenium red on Ca**-permeable vacuolar
channels has been demonstrated in a study by Pottosin et al.'®
The addition of ruthenium red to Cd-stimulated duckweed
showed that ruthenium red inhibited Ca** release from the
vacuolar membrane (Figure 4a) indicating that blocking vacuo-
lar Ca** channels affected Cd-stimulated Ca®" efflux. This sug-
gested that the vacuole is a potential Ca reservoir. On the other
hand, the electron microscopic results showed that the vacuoles
of plants without Cd were very full. Nevertheless, after the
addition of Cd the vacuoles of the plants were crinkled and
aggregation of Ca signals occurred, along with the release of
Ca®" from the vacuole membrane (Electron micrograph). This
was consistent with that Ca was stored in the vesicles and that
Ca”" was excreted when the vesicles were crinkled. This has great
potential for the study of plant signaling.

The Ca signal during stress has been investigated. Some
studies have shown that auxin channel inhibitors block Ca
signaling.”” Also, the overexpression of CAX on vacuolar
membrane can improve the sodium tolerance of plants,”® and
is involved in the exportation of Ca ions from plant cells.” Ca
compete with Cd for binding to the NRAMP site, NRAMP can
provide binding sites for Cd ions and uptake and transport of
Cd in plant.®® ATP-binding cassette subfamily C member
(ABCC) protein can combine the energy generated by ATP

hydrolysis with the transfer of toxic substances and help toxic
substances out of plant cells.”’ ABCC family genes involved in
plant growth and development are overexpressed under Cd
exposure, which may be related to promoting Cd absorption
and transport.> In this study, we found that genes related to Ca
transport were significantly upregulated on the vacuole mem-
brane, indicating that Ca is stored in vacuoles and released by
plants under Cd stress. Other Ca transporters on the cell
membrane of duckweed were also upregulated, and proteins
related to Ca metabolism in cells were also significantly upre-
gulated, which indicated that Ca responded positively to Cd
stress.

Conclusion

Conclusively, in this study, Ca*"-sensing fluorescent reporter
(GCaMP3) transgenic duckweeds were analyzed to demon-
strate the Ca signal response to Cd stress. Also, the subcellular
localization of Ca** has been studied during Cd stress by
transmission electron microscopy, showing the accumulation
of Ca®" in vacuoles. Ca** inflow was stable at low speed, while
under Cd treatment, it changed to high-speed eftlux, which has
been influenced by ruthenium red, Glu and GABA. Gene
expression analysis results indicated that Ca** transport was
significantly upregulated on the vacuole membrane, indicating
that Ca is stored in vacuoles and released by plants under Cd
stress. Thus, these novel signal studies provided important
molecular mechanism of Ca®" signal during Cd stress.
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