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Abstract

Stomata are unique plant structures responsible for photosynthesis, transpiration and innate immunity to pathogens, and
guard cells are one of the most studied cell types with respect to plant cell functioning, signalling, and stress responses. The
ability to easily purify large quantities of high purity guard cell protoplasts (GCPs) would facilitate further studies, as current
methods for GCP isolation are barely sufficient for omics research. Here, we report a new procedure for isolating high purity
GCPs. For the isolation of GCPs, detached epidermal peels were used to extract GCPs instead of whole leaves. GCPs and
mesophyll cell protoplasts (MCPs) were found to have diameters of 2.5-9.1 um and 6.5-43.5 um, respectively. The overlap
in sizes of GCPs and MCPs suggests that blending and filtering of whole leaves used in previous methods may not neces-
sarily avoid contamination with MCPs during GCP extraction. There were, on average, 8.4 +0.18 chloroplasts in GCPs and
34.6 + 1.5 in MCPs. For MCPs and GCPs with similar sizes, there were fourfold more chloroplasts in MCPs, which made
MCPs readily distinguishable from GCPs by microscopic inspection. The protocol enabled the isolation of over 1.44 x 10°
GCPs from about 150 cm? Arabidopsis abaxial epidermis with over 97% purity. These protocols provide an advance in iso-
lating sufficient, high purity, and viable protoplasts for RNA extraction and transcriptomic analysis. The application of this

protocol to other plant species may accelerate the research and development of plant cell-type specific omics.
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Introduction

Stomatal guard cells regulate gaseous fluxes, plant water
status and photosynthesis by closing or opening stomata,
which makes this unique cell type significant to terrestrial
ecosystems and agriculture (Misra et al. 2015; Zhao et al.
2018). Stomatal guard cells are a key plant evolutionary
innovation, facilitating specialized signalling networks that
have enabled plants to colonise land and adapt to terres-
trial environments (Cai et al. 2017; Chen et al. 2017; Zhao
et al. 2019). In addition, stomata also have significant roles
associated with plant tolerance to abiotic stresses such as
drought, salinity, high light, and cold (Zhu 2016; Hedrich
and Shabala 2018; Chen et al. 2019). Drought stress-induced
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stomatal closure involves the regulation of abscisic acid
(ABA) signalling, secondary messengers such as reactive
oxygen species (ROS) and nitric oxide (NO), and ion chan-
nels and transporters in guard cells (Ward and Schroeder
1994; Guo 2002; Vahisalu et al. 2008; Chen et al. 2016,
2019; Lind et al. 2015; Zhao et al. 2018). For instance, over-
expressing Epidermal Patterning Factors (EPFs) reduces
stomatal density resulting in improved drought tolerance and
improved instantaneous and long-term water use efficiency
without altering plant photosynthetic capacity in Arabidop-
sis (Franks et al. 2015) and barley (Hughes et al. 2017).
Many pathogens access the internal tissues of plants through
open stomata, so plants have evolved mechanisms to induce
stomatal closure as an important innate immune response,
involving complex signalling pathways that regulate stoma-
tal closure (Melotto et al. 2006; Gudesblat et al. 2009; Zeng
et al. 2010).

Rapid progress in single cell-based studies in mammals,
especially in humans, has enabled researchers to focus on
cell-specific diseases, responses and functions (Quintana
et al. 2008; Brennecke et al. 2013; Petropoulos et al. 2016).
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In plants, guard cells are important models for studying
cell-specific traits and functions due to their measurable
molecular, cellular and physiological responses to abiotic
and biotic stresses (Miser et al. 2003; Chen et al. 2012),
resulting in the development of guard cell-specific research
tools that are especially useful for omics (Yang et al. 2008;
Robaina-Estévez et al. 2017). The integration of omics from
multiple approaches represents a key aspect towards a high
level of understanding of biological activities in a specific
plant cell-type. For instance, combining epigenomic and
transcriptomic data sets can reveal the influence of cell-spe-
cific DNA modifications on gene activity. The integration
of transcriptomes, proteomes, and metabolomes of single
cell types provides better access to the relationship of RNAs
and their downstream products (Wu et al. 2013; Hetzel et al.
2016; Wang et al. 2016; Libault et al. 2017). However, the
applications of these technologies in plant cells are limited
due to the accessibility of large quantities of high purity pro-
toplasts, and potential contamination with other cell types
during isolation procedures.

The isolation of guard cell protoplasts (GCPs) was pio-
neered using Allium cepa and Nicotiana tabacum (Zeiger
and Hepler 1976). Protocols for extracting GCPs from
Vicia faba were also developed to study the starch content
of GCPs (Schnabl et al. 1978; Kruse et al. 1989). Later, GCP
isolation protocols were developed for numerous species
such as Paphiopedilum harrisianum (Zeiger 1981), Com-
melina communis (Fitzsimons and Weyers 1983), Zea mays
(Fairley-Grenot and Assmann 1992), Beta vulgaris (Hall
et al. 1996), Arabidopsis thaliana (Pandey et al. 2002), and
Solanum lycopersicum (Yao et al. 2018). Apart from enzyme
digestion-based protoplast isolation, methodologies such as
laser-capture microdissection have been developed for ion
channel activities of single guard cells using patch clamp
techniques (Henriksen and Assmann 1997) and were later
used for studying guard cell transcriptome profiling (Aubry
et al. 2016).

Guard cells are derived from meristemoids that also
give rise to leaf epidermal cells (Palevitz 1981; Zhao and
Sack 1999). Therefore, it is difficult to physically isolate
intact guard cells without damaging their cell walls and
associated components. In many cases, researchers have
studied guard cell biology using guard cells in epidermal
peels of Vicia faba (Chen et al. 2010; Wang and Blatt
2011) and Arabidopsis (Chen et al. 2012; Wang et al.
2012, 2013; Jezek and Blatt 2017) or using isolated guard
cell protoplasts (Allen and Sanders 1994; Allen et al.
1999). However, current techniques for isolating and
purifying large quantities of guard cell protoplasts need
to be improved. Compared to mesophyll cell protoplasts
(MCPs), GCPs are more fragile and sensitive to light and
other stresses (Lahav et al. 2004). The long duration of
the enzyme digestion processes used during extraction
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decreases GCP yields and may lead to RNA degradation
(Obulareddy et al. 2013). In Arabidopsis, blending 50 to
80 leaves and a two-step enzyme digestion have shortened
the process to 2-3 h (Pandey et al. 2002). Although this
method can reduce RNA decay, the high speed blending
may induce stress-related genes (Hara et al. 2000; Rey-
mond et al. 2000; Chung et al. 2008). In contrast, leaf
epidermal peels can preserve guard cell activities up to
5 h, enabling many dynamic stomatal assays on epider-
mal peels (Hedrich et al. 1990; Chen et al. 2010, 2016;
Meyer et al. 2010; Jin et al. 2013; Yang et al. 2017).
Therefore, minimising mechanical damage with a gentle
extraction procedure starting from epidermal peels may
better preserve GCP integrity for studying their cellular
signalling networks and omics. Here, we developed a
practical method for extracting and purifying Arabidopsis
GCPs from abaxial epidermal peels to avoid the destruc-
tive blending process. We also present optimised enzyme
digestion times, temperatures, and other procedures. The
method provides high purity Arabidopsis GCPs for high
quality RNA sequencing experiments (Fig. 1).

Results

Chloroplast numbers distinguish GCPs from MCPs
in Arabidopsis thaliana

The diameters of GCPs and MCPs ranged from 2.5 to
9.1 pm and from 6.5 to 43.5 um, respectively (Fig. 2a,
b). However, 70.9% of GCPs were within the range
5.8-9.1 pm (Fig. 2b). The MCPs were, in general, larger
than GCPs, with the majority of MCPs being between
15 pm and 35 pum in diameter (Fig. 2b). Thus, the data
indicated that there is a size overlap between GCPs and
MCPs.

The numbers of chloroplasts per protoplast were counted
based on images in a single plane of view (Fig. 1a). The
GCPs contained a small number of chloroplasts (8.4+0.18
per protoplast) (Fig. 3b, ¢), and there was a significant cor-
relation between GCP diameter and chloroplast numbers
(y=0.43 x+5.67, R?>=0.32, P<0.01) (Fig. 3a). In con-
trast, MCPs contained a greater number of chloroplasts
at 34.6 + 1.5 per protoplast (Fig. 3b), and again there was
a highly significant, linear correlation (y=1.69 x+2.71,
R*=091, P< 0.01) between MCP diameters and chloro-
plast numbers (Fig. 3a). There was no overlap in numbers
of chloroplasts between GCPs and MCPs. For MCPs and
GCPs with overlapping sizes (6.6-9.1 pm) (Fig. 3a), the pro-
toplast sizes showed no statistical difference (P=0.07) but
chloroplast numbers of MCPs were significantly higher than
that of GCPs (P=2.07 x 10~'7) (Fig. 3c).
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Fig. 1 Representative images taken during isolation of guard cell pro-
toplasts (GCPs) and mesophyll cell protoplasts (MCPs) of Arabidop-
sis thaliana. a Detached peel immersed in OB buffer showing epider-
mal cell walls and intact guard cells. b Peel after digestion with ESI.
The peel has become more transparent but has intact guard cells and
well digested epidermal cells. ¢ Releasing GCPs during incubation
with ESII for 40 min during which time d most of the guard cell pro-

Protoplast purity, and RNA yield and quality in GCPs
and MCPs

The purity of the extracted protoplasts was assessed based
on their size and colour. Extracts of GCPs had a purity of
97.4% (Fig. 4a); the contaminating cells were less than
20 pum in size and were dark green. The MCPs had a higher
purity of 98.5% (Fig. 4a); the contaminating cells were
less than 20 um in diameter and were pale green. Based on
microscopic observation and calculation, approximately
1.44 x 10% GCPs were extracted from 150 cm? of Arabi-
dopsis leaf (Fig. 4b) and about 7 x 10° MCPs from ten
Arabidopsis leaves (Fig. 4b). Using these protoplasts for
RNA extraction, GCPs yielded 1.5 +0.16 pg of total RNA
from about 150 cm? of abaxial peels and MCPs produced
2.5+0.66 pg from about 10 leaves (Fig. 4c).

RNA quality assessment showed clear 18S and 28S
bands in the gel and high RNA integrity number (RIN)
(Fig. 4d, e). All of the RNA sequencing runs yielded relia-
ble quality sequence data with > 85% clean reads averaged
at 16.43 million from GCPs and > 80% clean reads aver-
aged at 19.2 million from MCPs, respectively (Table 1).
RNA sequencing data from GCPs and MCPs both yielded
large numbers of raw and clean reads and low numbers
(less than 5%, mean) of unmapped reads (Table 2). For
both GCPs and MCPs, 95% of total reads were success-
fully mapped to the Arabidopsis genome (Table 2).

toplasts have become detaching from stomata leaving only stomatal
residues. e Round and healthy GCPs floating in Basic Solution and
f round and green MCPs floating in Maintaining Solution. g A rep-
resentative, normal, deep-green, MCP and h small, pale-green GCP.
Scale bars in a to f represent 20 um while in g and h, scale bars rep-
resent 10 um

Recovery rate of GCPs

The recovery rate (RR) of GCPs was calculated using the
following formula: RR = (GCP yield)/(total number of sto-
mata X 2) X 100%]. In this study, only abaxial epidermal
peels of ColLer were used for GCP extraction, and GCP
yield in this study was 1.44 x 10° from 150 cm? of peels.
ColLer had an average abaxial stomatal density 180 sto-
mata per mm?. Therefore, the total number of guard cells
used in the extraction was 1.44 x 10°/(150 X 100 180 x 2)
resulting in a RR of 26.5%. The GCP yield in Pandey et al.
(2002) was 2.2 x 10® from 80 Col-0 leaves. For the method
of Pandey et al. (2002), mature leaf size was estimated at
1x0.5% 1.5=2.355 cm? assuming leaves are elliptical in
shape and the stomatal density on the epidermal sides were
190 stomata per mm? for the abaxial side and 150 stomata
per mm? for the adaxial side for Col-0 (Lake and Wade
2009). Thus, the number of guard cells in Pandey et al.
(2002) was 2.2 x 10%/ [80 % 2.355 x 100X (190 + 150) x 2],
which gives an RR of 17.2%.

Discussion
To reveal the unique gene expression characteristics

of different plant cell-types, single-cell-type transcrip-
tomes have been examined in different plant species using
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Fig. 2 Distribution of diameters
of guard cell protoplasts (GCPs)
and mesophyll cell protoplasts
(MCPs) of Arabidopsis thali-
ana. a Representative GCPs and
MCPs showing differences in
sizes. GCPs appear pale-green
while MCPs appear dark-green.
Scale bar represents 20 um. b
Distribution of diameters of
Arabidopsis GCPs and MCPs.
Diameters of more than 200
protoplasts from three micro-
scope views were measured
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RNA-sequencing and microarray technologies. Transcrip-
tomic studies of different cell-types usually share common
biological functions and can be compared to reveal the con-
served genes associated with a specific biological function
(Leonhardt et al. 2004, Libault et al. 2010, 2017; Deal and
Henikoff 2011; Liu et al. 2013). Unlike pollen and root hairs
that can be isolated in large quantities without digestion of
cell wall (Liu et al. 2013; He et al. 2015), guard cells are
tightly connected to epidermal cells and require enzymatic
methods to obtain GCPs (Pandey et al. 2002; Leonhardt
et al. 2004). Our study has developed a promising protocol
for producing suspensions of GCPs with a high yield and
purity using relatively fast and mild extraction conditions.
Buffer solutions mimicking normal intracellular pH, ionic
conditions and osmolality are used in many studies for main-
taining stomatal activity for at least a few hours after peeling
the epidermis from leaves (Chen et al. 2012; Wang et al.
2013; Jezek and Blatt 2017). Therefore, in the GCP protocol
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reported here, it is likely that normal guard cell activities are
maintained and minimal physical damage is caused on these
epidermal peels in comparison to tissue blending methods
that, essentially, break down all leaf tissues to obtain a sus-
pension containing millions of dead, wound, and live cells
including both GCPs and MCPs. Even for those live cells,
there may have been a certain level of mechanical damage,
potentially affecting the isolation and purification of GCPs
and their quality for omics research. The recovery rate of
GCPs after extraction and shorter extraction time suggests
that the revised protocol causes less stress, thus improving
the yield of GCPs. A recovery rate of 17% was calculated for
the protocol of Pandey et al. (2002), which may suggest that
many guard cells were damaged during the blending process.

An appropriate digestion time is critical for protoplast
isolation, because a short digestion may not yield enough
protoplasts while over digestion during extraction decreases
GCP yields and leads to RNA degradation (Obulareddy et al.
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Fig.3 Estimated numbers of chloroplasts in guard cell protoplasts
(GCPs) and mesophyll cell protoplasts (MCPs) of Arabidopsis
thaliana. a Scatter plot showing the relationship between proto-
plast sizes (x axis) and chloroplast numbers (y axis). There is a cor-
relation between protoplast sizes and chloroplast numbers in GCPs
(y=0.43x+5.67, RZ=0.32, P<0.01) but a significant linear corre-
lation (y=1.69x +2.71, R?>=0.91, P<0.01) was found in the MCPs
data set. For the correlation analysis, a two-tailed Pearson test was
used. b Box plot of chloroplasts numbers in GCPs and MCPs. Black
dots represent outlying values. At least three microscope views, in a
single plane, from two biological replicates were checked and more
than 250 separated protoplasts were investigated in MCPs and GCPs.
¢ Comparison of protoplast sizes and chloroplast numbers in GCPs
and MCPs that overlap in size. Error bars are the standard errors of
the means. Data were subjected to Student’s 7 tests. **Significant dif-
ference at P <0.01

2013). Epidermal peels contain a single layer of cells, and
the cell walls can be digested from both sides. After incuba-
tion in ESI, epidermal cell walls are digested and epidermal
cell protoplasts burst due to the low solution osmolality of
ESI (Pandey et al. 2002); however, guard cells remain intact
(Fig. 1b). During the second digestion in ESII, guard cell
walls are further digested, and the increased solution osmo-
lality leads to the release of guard cell protoplasts (Fig. 1c).
Compared with the existing protocols (Kruse et al. 1989;
Pandey et al. 2002; Yao et al. 2018), our protocol using
detached epidermis requires 15% less digestion time. How-
ever, the use of microscopic observations during incubation
in both ESI and ESII is recommended to secure an optimal
digestion time (Fig. 1b, c).

Filtering procedures have been included in most GCPs
extraction protocols (Kruse et al. 1989; Pandey et al. 2002;
Yao et al. 2018) on the assumption that differences in
protoplast sizes between GCPs and other leaf protoplasts
are large enough allow separation by filtration. Measure-
ment of the Vicia faba GCPs sizes showed that most of the
GCPs were less than 20 um in diameter (Kruse et al. 1989),
leading to the choice of 20 pum nylon mesh as a final fil-
tering process (Pandey et al. 2002). However, few studies
have compared the sizes of protoplasts from different cell
types. In our study, the diameters of GCPs were between
2.6 and 9.1 pm while the sizes of MCPs were between 6.5
and 43.5 um (Fig. 2b). Therefore, there is an overlap in size
between GCPs and MCPs, and 28.6% of MCPs were found
to be less than 20 pm in diameter and 9.5% of MCPs were
smaller than 15 um (Fig. 2b). Given that protoplasts are
highly flexible, a large number of MCPs can be expected
to go through a 20 um or 15 ym nylon mesh (Pandey et al.
2002; Yao et al. 2018). This suggests that contamination
with MCPs during GCPs extraction using mechanical blend-
ing cannot be avoided by filtering alone. To overcome this
problem, a smaller size mesh (10 um) has been suggested for
use. However, it is difficult to filter protoplast suspensions
through such a small mesh due to surface tension, which will
lead to a low protoplast yields. An alternative approach is to
reduce the number of small mesophyll cells from the start of
the extraction process. Our protocol minimises the numbers
of mesophyll cells by employing detached epidermal peels
and by removing visible, green patches of mesophyll cells
that remain attached to the peels (Fig. 1). As a result, a GCP
purity of more than 97% was obtained (Fig. 4a). There was
less than 3% contamination with MCPs, which was perhaps
due to the small number of mesophyll cells that may still
remain attached to the epidermal peels.

In an earlier report, a higher purity of GCPs at
98-99.5% was reported without clarifying the process for
calculating purity or the cause of contamination (Pandey
et al. 2002). Due to the overlap in protoplast size, it is pos-
sible that an overestimation in GCP purity was obtained.
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Fig.4 Purity, cell yield and total RNA yield from guard cell proto-
plasts (GCPs) and mesophyll cell protoplasts (MCPs) of Arabidopsis
thaliana. a Bar graphs of purity of target protoplasts in GCPs and
MCPs extractions. Values of GCPs extraction were calculated from
three microscope views from two independent extractions =+ stand-
ard errors, and values of MCPs are from three independent extrac-
tions + standard errors. b GCP yield from approx. 150 cm? Arabi-
dopsis abaxial epidermal peels and MCP yield from approx. 10
Arabidopsis leaves. The yield of GCPs was calculated from three
microscope views from two independent extractions + standard errors
and the yield of MCPs was calculated from three independent extrac-

tions = standard errors. ¢ Comparison of total RNA yield extracted
from GCPs (from approx. 150 cm? Arabidopsis abaxial epidermal
peels) and RNA yield from MCPs (from approx. 10 leaves). Results
are means from three biological replicates +standard errors. d Gel
images from Agilent Bioanalyzer for analysing GCPs total RNA qual-
ity. Three replicates of GCPs were analysed and distinctive 18S and
28S ribosomal RNA bands were observed in all samples. e Densi-
tometry of total RNA extracted from GCPs, showing clear peaks of
the 18 s and 28 s ribosomal RNAs. EL electropherogram ladder, nt
nucleotide

Table 1 Quality control data from RNA extracts from guard cell protoplasts (GCPs) and mesophyll cell protoplasts (MCPs) of Arabidopsis thali-

ana
Sample Raw base (Mbases) Raw reads Clean base Clean reads % of > Q30 Bases Read length GC(%)
(Mbases) (Mbases) (Mbases)

GCPsrep 1 2443.46 19.46 2195.53 17.72 89.95 126 48.03
GCPs rep 2 2037.61 16.23 1829.24 14.80 89.77 126 47.52
GCPs rep 3 2319.14 18.47 2076.05 16.77 89.52 126 48.49
MCPs rep 1 2850.61 22.80 2366.05 19.40 83.00 125 45.63
MCPs rep 2 2849.78 22.80 2357.71 19.32 82.73 125 45.49
MCPs rep 3 2820.29 22.56 2333.60 19.14 82.74 125 45.19

When determining purity, it is important to consider
whether MCPs and GCPs in the overlapping size classes
are distinguishable from each other. This study investi-
gated chloroplast numbers in both MCPs and GCPs. In
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general, MCPs have a higher number of chloroplasts than
GCPs, and it seems that GCPs have tight genetic control of
chloroplast numbers. The differences in chloroplast num-
bers may be due to the fact that in GCPs chloroplast are
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Table 2 Read mapping information derived from RNA extracts from guard cell protoplasts (GCPs) and mesophyll cell protoplasts (MCPs) of

Arabidopsis thaliana

Sample Total reads Unmapped reads Unique map Non-unique map Splice reads

GCPs rep 1 18,577,784 1,005,061 (5.41%) 13,035,179 (70.2%) 4,537,544 (24.42%) 3,459,440 (18.62%)
GCPs rep 2 15,521,374 514,296 (3.31%) 11,493,017 (74.0%) 3,514,061 (22.64%) 297,433 (19.16%)
GCPs rep 3 17,579,406 592,267 (3.37%) 11,899,845 (67.7%) 5,087,294 (28.94%) 2,911,096 (16.56%)
MCPs rep 1 20,338,278 865,484 (4.26%) 19,183,727 (94.3%) 289,067 (1.42%) 6,769,271 (33.28%)
MCPs rep 2 20,255,296 842,658 (4.16%) 19,106,891 (94.3%) 305,747 (1.51%) 6,150,641 (30.37%)
MCPs rep 3 20,066,022 752,709 (3.75%) 19,057,323 (95.0%) 255,990 (1.28%) 6,532,161 (32.55%)

not predominantly used for photosynthesis but for other
purposes such as the generation of signals for stomatal clo-
sure (Lawson 2009). For GCPs and MCPs of overlapping
sizes, chloroplast numbers in MCPs are also significantly
(P <0.001) higher than those in GCPs (Fig. 3c). Thus, it
is easy to distinguish MCPs from GCPs from each other
based on their appearance, and this difference can be used
in calculating protoplast purity.

Grass stomata have a complex structure (Cai et al.
2017; Raissig et al. 2017) consisting two guard cells and
two subsidiary cells, which has enabled a fast stomatal
response for grass species to adapt to the changing cli-
mate and to be some of dominate agricultural crops dur-
ing their evolution and domestication (Chen et al. 2017;
Wang et al. 2018). The current method of guard cell pro-
toplast isolation is suitable for Arabidopsis or potentially
for some of the eudicots. However, isolation of guard cell
protoplasts from epidermal peels of other major clades of
plants (Zhao et al. 2019), especially from the monocots
will need significant refinement and modification of the
current protocol. A major challenge will be the isolation
and separation of grass guard cells from subsidiarity cells
and other cell types. Molecular probes and flow cytom-
etry are likely to be employed along with this protocol to
increase the purity of grass guard cell protoplasts, render-
ing future investigation.

In summary, this protocol provides evidence showing
the high quality of RNA that can be extracted and tran-
scribed from protoplasts from the two cell types using the
procedures. These methods provide alternative choices for
researchers to conduct cell-specific studies, particularly
using guard cells, and can also be adapted to isolate tissue-
specific protoplast from other plant species. The higher
purity of GCPs and reduced stress imposed on the proto-
plasts during isolation may facilitate more accurate single-
cell-type omics studies. Future studies could also compare
the transcriptome or micro-RNAs of Arabidopsis GCPs
prepared using the various methods of protoplast isolation
to determine differences in gene expression. In addition, the
use of flow cytometry could be explored to remove MCPs,
especially if the purity of GCPs is lower than 90%.

Materials and methods
Plant growth

Seeds of the Arabidopsis thaliana wild-type, ColLer (a cross
of Columbia and Lansberg erecta ecotypes), were sterilized
with 10% bleach (White King, Pental Limited, Victoria,
Australia) then washed thoroughly with autoclaved Milli-Q
(Millipore Milli-Q® Integral 10, MERCK, Australia) water.
Subsequently, the seeds were germinated in autoclaved pot-
ting mix (compost:perlite:vermiculite=3:1:1 by volume)
and kept at 4 °C for three days. The resulting seedlings were
grown under 120 +20 umol of photons m™s™!, a 16 h pho-
toperiod, a temperature of 22-25 °C, and 70% humidity in
a growth chamber (Thermoline Scientific, Whetherill Park,
NSW, Australia). Nutrients were supplemented to the plants
as half strength Hoagland solution (Hoagland and Arnon
1950) once in the first 2 weeks and twice in the 3rd and 4th
weeks.

Isolation of GCPs from Arabidopsis thaliana

The protocol for GCPs isolation was modified from Kruse
et al. (1989) and Pandey et al. (2002). Instead of blending
whole leaves, we detached ~200 abaxial epidermal peels
from 100 healthy, mature leaves. Young (not fully expanded)
and old leaves were not used because of the difficulty in
obtaining sufficient areas of epidermal peels and low GCP
yields, respectively. A three step procedure was used for
peeling the leaves avoiding the major veins. A pair of forceps
with fine tips was used to pierce the leaf and to form a small
(5 X3 mm) convex opening. Then, the forceps were used to
gently peel the epidermis to produce a long strip. Any visible
green parts of the peeled epidermal strips were cut off before
immersing them into cold Opening Buffer (OB, 50 mM KClI,
5 mM MES, 50 uM CaCl,, 0.1% PVP-40, pH 6.1 adjusted
with KOH) with the inner side of epidermal peels facing the
solution to avoid guard cell dehydration.

Three digestion solutions were then used for GCP extrac-
tion: (1) Basic Solution (BS): 5 mM MES, 0.5 mM CaCl,,
0.5 mM MgCl,, 10 uyM KH,PO,, 0.5 mM ascorbic acid, and
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0.55 M sorbitol (pH adjusted to 5.5 with HCI, 515 mOsm);
(2) Enzyme Solution I (ESI): 0.7% (w/v) cellulysin, 0.1%
(w/v) polyvinyl pyrrolidone 4000 (PVP-40), 0.25% (w/v)
bovine serum albumin (BSA), 0.5 mM L-ascorbic acid pre-
pared in 55% BS and 45% (v/v) Milli-Q water, 320 mOsm;
and (3) Enzyme Solution II (ESII): 1.3% (w/v) Onozuka
RS cellulose, 0.0075% (w/v) pectolyase Y-23, 0.25% BSA,
0.5 mM L-ascorbic acid (prepared in BS, 600 mOsm). The
pH of ESII was reduced to 3.5 with HCI to inactivate con-
taminating proteases existing in commercial cell wall diges-
tion enzymes. The pH was then adjusted back to 5.5 with
KOH before filtering through 0.22 um filters (SFCA, Ther-
mofisher Scientific, USA) to purify the solution.

The peels were then dip-rinsed with cold Milli-Q water
to wash off the OB buffer and then transferred into a 50 mL
flask and immersed in 10 mL ESI. The flask was then kept
dark in a temperature-controlled shaker (Ratek Instruments
Pty Ltd, Victoria, Australia) at 28 °C and 90 rpm for 20 min.
After this time and at subsequent 5 min intervals, the peels
were examined using a microscope to check their diges-
tion status. Compared with pre-digested epidermal peels
(Fig. 1a), ideal digestion in ESI results in more transparent
peels with thinner guard cell walls and the disappearance
of epidermal cell walls (Fig. 1b). This was usually achieved
after a total of 25 min in ESI, and all the guard cells were
intact after the digestion (Fig. 1).

In order to reduce sudden changes in osmolality that
may damage guard cells, 30 mL of BS was added to the
suspension and the suspension gently shaken for 5 min at
90 rpm. The digested peels were then collected by filter-
ing the suspension through a 200 pm nylon mesh (Thomas
Scientific, USA) and then transferred to a 50 mL flask con-
taining 10 mL of ESII. The flask containing ESII and peels
was incubated at 20 °C and 40 rpm in the dark for 40 min.
After 40 min digestion in ESII and then at subsequent 5 min
intervals, checks were conducted until most of the guard cell
protoplasts were released from the peels (Fig. 1c); this typi-
cally occurred after 10 min in ESII. After sufficient diges-
tion, the flask was gently shaken by hand to release remain-
ing GCPs from the epidermal peels until few guard cells
were visible on the epidermal peels under the microscope
(Fig. 1d). Then, the mixture was filtered through a 20 um
nylon mesh, and the residue on the mesh gently rinsed by
30 mL BS. The filtrate was placed in 50 mL Falcon tubes
(Sigma-Aldrich, NSW, Australia) and centrifuged for 5 min
at 200xg at 4 °C. The supernatant was carefully removed
after which 10 mL aliquots of the remaining filtrate were
transferred into 15 mL Falcon tubes (Sigma-Aldrich, NSW,
Australia) and centrifuged for another 5 min at 200xg at
4 °C. The pellets were then resuspended in 1 mL of BS.
Usually, during the second centrifuging process, the suspen-
sion is largely composed of GCPs but is contaminated with
a small number of MCPs and chloroplasts. To further purify
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the GCPs, 500 uL Histopaque (No. 1077, Sigma, Castle Hill,
Australia) was placed into each of two 1.5 mL Eppendorf
tubes. Then, 500 uL of GCP suspension was carefully trans-
ferred on top of the Histopaque and centrifuged at 200xg
for 15 min at 4 °C. After centrifuging, an opaque layer of
GCPs was concentrated at the interfaces of the two solutions.
These layers were carefully collected using a pipette and
the volume adjusted to 1 mL with BS before centrifuging
for 5 min at 200xg at 4 °C. The supernatants were carefully
removed, and the pellets were slowly resuspended with 500
UL BS. The GCPs were incubated on ice for 1 h in the dark
to allow the recovery of the protoplast membranes (Pandey
et al. 2002). The quality of GCPs suspension was checked
using a microscope (Fig. le, h).

Isolation of MCPs from Arabidopsis thaliana

The protocol for MCP extraction was modified from Bon-
ales-Alatorre et al. (2013). Four solutions were used for
MCP isolation: (1) Wash Solution (WS): 10 mM KCl,
10 mM CaCl,, 2 mM MES, 20 mM glucose and 20 mM
sucrose (the osmolality was adjusted to 750-800 mOsm with
sorbitol and the pH to 5.7 with KOH); (2) Release Solution
(RS): 10 mM KCI, 2 mM MgCl,, 2 mM MES (the osmolality
was adjusted to 380 mOsm with sorbitol and the pH to 5.7
with KOH); (3) Maintaining Solution (MS): 2 mM CacCl,,
5 mM KCI, 2 mM MES (the osmolality adjusted between
500 and 570 mOsm with sorbitol and the pH to 7.4 with
KOH); and (4) Enzyme Solution (ES): 2% (w/v) cellulase
(Onozuka RS, Yakult Pharmaceutical, Tokyo, Japan), 1.2%
(w/v) cellulysin (Calbiochem, San Siego, USA), 0.1% (w/v)
pectolyase Y-23 (Kyowa Chemical Industry, Sakaide, Japan)
and 0.1% (w/v) BSA (Sigma-Aldrich, USA), prepared with
wash solution (osmolality was adjusted to 750-800 mOsm
with sorbitol).

To obtain MCPs, the abaxial epidermis was peeled from
ten leaves and then the remaining leaf segments were cut
into 3 mm X 10 mm pieces avoiding the main veins. The
leaf segments were placed in 1.5 mL of ES in a glass-bot-
tomed Petri dish (MatTek corporation, 200 Homer Avenue
Ashland, MA 31721, USA) with the exposed mesophyll
cells facing the solution. The Petri dishes were kept in the
dark and incubated for 40 min at 28 °C in a rotary shaker at
90 rpm. After 30 min incubation, it is important to check that
the leaf segments are neither hard nor plasmolysed to ensure
a high yield and quality of MCPs. The leaf tissue can then be
incubated for a further 10 min. Digested leaf segments were
picked up using forceps and gently washed in WS and sub-
sequently incubated in RS at 25 °C for 10 min during which
time the solution turns pale green. Leaf segment residues
were then separated by gently spinning the Petri dish; this
concentrates the MCPs at the centre of the Petri dish due to
the centripetal force. Excess liquid was carefully removed
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using a pipette avoiding the areas with MCPs. The suspen-
sion was then transferred to a 1.5 mL Eppendorf tube and
centrifuged for 5 min at 300xg. Finally, the pellets were
resuspended in 500 uL. MS and were incubated on ice in the
dark for 1 h for the MCPs to recover (Fig. 1f, g).

Size and chloroplast distribution in GCPs and MCPs

Images were taken using a microscope with a NIS-F1 CCD
camera and a DS-U3 controller (Nikon, Tokyo, Japan), and
were processed and analysed using ImageJ software (NIH,
USA). GCPs and MCPs from three biological replicates
were analysed to determine their diameters and chloroplast
numbers. Diameters data of protoplasts (both GCPs and
MCPs) were analysed by SPSS (IBM SPSS statistics 25,
USA) using a One-Sample Kolmogorov—Smirnov Test non-
parametric test for normality. Sizes of GCPs and MCPs were
separated into eight groups by introducing a 0.8 pum interval
and a 4.6 um interval, respectively. To estimate chloroplast
numbers in protoplasts, chloroplasts were manually counted
in a single plane of view using ImageJ. Box plots of chlo-
roplast numbers were generated using R Studio (v1.1.1456)
and the ggplot2 package (Wickham and Chang 2008).

Protoplast yield and RNA quality

Protoplast yields were estimated from representative images
taken using an inverted microscope. The purity of GCPs
and MCPs and estimated protoplasts yields were calculated
based on counts in ImageJ. GCPs from MCPs were iden-
tified on the basis of their sizes, chloroplast numbers and
colour. For similar sized MCPs and GCPs, MCPs were in
dark green due to their large number of chloroplasts. This
was considered when calculating protoplast purity. At least
three microscopic fields of three separate protoplast isola-
tions from different days were examined. For RNA extrac-
tion, protoplasts were centrifuged for 5 min at 200xg. After
removing excess liquid, samples were snap-frozen with
liquid nitrogen. RNA was extracted using an RNeasy Plant
Mini Kit (Qiagen, CA, USA). RNA quality was determined
using an Agilent Bioanalyzer 2100 and an Agilent RNA 600
Pico Kit at the NGS Facility, Western Sydney University,
Australia.
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