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P L A N T  S C I E N C E S

Stochastic gene expression drives mesophyll  
protoplast regeneration
Mengxue Xu1,2†, Qingwei Du1,2†, Caihuan Tian1, Ying Wang2*, Yuling Jiao1,2,3*

Cell pluripotency is fundamental to biology. It has long been known that differentiated somatic plant cells may 
reacquire pluripotency, but the underlying mechanism remains elusive. In many plant species, a single isolated 
mesophyll protoplast may regenerate into an entire plant, which is widely used in gene transformation. Here, we 
identified two transcription factors whose ectopic activation promotes protoplast regeneration. Furthermore, we 
found that their expression was induced by protoplast isolation but at a very low frequency. Using live imaging 
and single-cell transcriptomics, we show that isolating protoplasts induces enhanced expression variation at the 
genome level. Isolating protoplasts also leads to genome-wide increases in chromatin accessibility, which pro-
motes stochastic activation of gene expression and enhances protoplast regeneration. We propose that transcrip-
tome chaos with increased expression variability among cells creates a cellular-level evolutionary driver selecting 
for regenerating cells.

INTRODUCTION
A fundamental question in biology is how differentiated cells can 
reprogram themselves to attain pluripotency or totipotency. Plants 
have a broad capacity to regenerate tissues (1, 2). Damage to root 
and shoot meristems rapidly triggers adjacent potent cell types to 
divide and acquire specific cell identities (3, 4); for example, the 
removal of the entire root stem cell niche allows the respecification 
of multiple neighboring cell types through the integration of auxin 
and cytokinin signaling, which results in an embryonic-like devel-
opment program (5). Outside meristems, certain cell types are 
totipotent or pluripotent and retain the capacity for regeneration. 
Root xylem pole pericycle cells, which are parenchymatous cells 
associated with the vasculature, can form a callus and subsequently 
produce shoot or root meristems when supplemented with auxin 
and cytokinin (6, 7). In aerial organs, pericycle-like cells, which 
express the xylem pole pericycle cell marker J0121 and surround 
the midvein (7), are also callus percussors. Furthermore, pericycle 
cells initiate lateral roots and adventitious roots during normal 
development (8).

The above-mentioned regeneration derives from existing stem 
cells, i.e., progenitor cells that remain within the meristematic zone 
or are specialized to retain pluripotency. By contrast, little is known 
about how differentiated cells can reprogram and regenerate. Plants 
have the notable ability to regenerate a whole fertile plant from a 
fully differentiated somatic cell (1, 9). This is well exemplified by 
mesophyll cell regeneration, in which fully differentiated leaf meso-
phyll cells, with cell walls removed through protoplast isolation, 
reenter the cell cycle, proliferate, and form a callus (10). Meristems 
or somatic embryos are subsequently established from the callus and 
can regenerate into whole plants. Although protoplast regeneration 

has been widely used in gene transformation, it remains unclear 
how totipotency is acquired by differentiated cells (1). Notably, this 
impressive regeneration ability is stringently suppressed during 
normal growth. It has been reported that protoplast isolation induces 
microscopic-level changes in the appearance of the nucleolar do-
main, including the decondensation of heterochromatin (11–13). 
However, it remains unclear whether these changes are connected 
to regeneration.

Here, we identified genes that are not only required for but also 
greatly promote protoplast regeneration, in particular, callus for-
mation. Their expression can be activated by protoplast isolation at 
a low frequency, suggesting enhanced gene expression variation. By 
combining a marker analysis with single-cell gene expression 
profiling, we show that protoplast isolation induces transcriptome 
chaos, with widespread stochastic gene expression. This is accom-
panied by genome-wide increase in chromatin accessibility, which 
promotes stochastic expression and protoplast regeneration. These 
results provide insights into stem cell induction and reveal previ-
ously unrecognized roles of stochastic gene expression in cell fate 
reprogramming.

RESULTS
Variable cell division patterns correlate with low 
regeneration rates
Protoplasts from multiple origins—such as embryos, cotyledons, 
and suspension-cultured cells—all have regeneration capacity (1). 
We chose to study leaf mesophyll protoplasts because they are fully 
differentiated and more homogeneous. We used a protocol for 
plant regeneration from Arabidopsis thaliana mesophyll cells (14). 
In this somatic regeneration process, protoplasts derived from fully 
differentiated mesophyll cells reenter the cell cycle and form micro-
calli (at least four cells and 70 to 500 m in diameter), which sub-
sequently form calli (>500 m in diameter) and can ultimately 
regenerate into plants (Fig. 1, A and B). To simplify subsequent 
analyses, we optimized the protoplast isolation procedure to enrich 
mesophyll cells. Briefly, the mesophyll cells (~96%; see below) of 
mature Arabidopsis leaves were released in Gly Glc medium (MGG) 
by an overnight enzymatic digestion of the cell walls. The resulting 
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protoplasts were cultured in an initial protoplast induction medium 
(PIM), which contains the synthetic auxin 2,4-dichlorophenoxyacetic 
acid and the synthetic cytokinin thidiazuron, for 11 days. The pro-
toplasts were regenerated into calli after 2 months of culture in 
callus induction medium 1 and 2 (CIM1 and CIM2). Subsequently, 
the calli were transformed onto a semisolid shoot induction medium 
(SIM) and cultured for 30 days, when buds formed. Plantlets were 
regenerated from the buds after transformation onto a plant devel-
opment medium (PDM).

To live image early protoplast regeneration, we embedded 
protoplasts in alginate following established protocols (15). Meso-
phyll protoplasts are distinguished from protoplasts derived from 
other cell types based on their chlorophyll content and cell size 
(Fig. 1C). In addition, mesophyll cells are less resistant to wall 
digestion than most other cell types. All epidermal cells and vascu-
lar cells, except guard cells, have substantially lower chlorophyll 
contents than mesophyll cells; moreover, guard cell protoplasts 
can be distinguished from mesophyll cell protoplasts by its size, 

Fig. 1. Regeneration of plants from Arabidopsis mesophyll protoplasts. (A) Schematic outline of the protoplast regeneration protocol. Time points of sample collection 
for genome-wide assays are specified. (B) Key stages of mesophyll protoplast regeneration, showing a cell at 4 days after protoplast isolation, a microcallus at 40 days, a 
callus at 69 days, and a plantlet at 105 days. Scale bars, 25 m (I) and (II), 1 mm (III), or 1 cm (IV). (C) Protoplasts derived from three cell types after an overnight enzymatic 
digestion. Scale bar, 25 m. (D) Percentage of protoplasts derived from mesophyll cells, epidermal cells, guard cells, and other cell types after an overnight enzymatic 
digestion (182 ≤ n ≤ 204). Data are presented as means ± SD for more than three independent experiments. (E) Distribution of mesophyll protoplast cells during regeneration, 
measured at various time points after protoplast isolation (n = 376).



Xu et al., Sci. Adv. 2021; 7 : eabg8466     11 August 2021

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

3 of 14

with the diameter of guard cell protoplasts being less than one-
third of that of the mesophyll cell protoplasts. Under our isolation 
conditions, 95.8% of the protoplasts were chlorophyllous cells 
derived from mesophyll cells (Fig. 1D). Furthermore, we observed 
that, at 30 days, all of the microcalli were derived from chlorophyl-
lous mesophyll protoplasts. Together, these results suggested that 
mesophyll protoplasts accounted for most regeneration events in 
our experimental conditions, which was also observed in previous 
studies (10, 15).

To understand this regeneration process at the cellular reso-
lution, we followed the cell divisions of the mesophyll proto-
plasts starting from 0 days after plating on PIM (Fig. 1E). After 
8 days in PIM, 58% of the cells had divided at least once, including 
28.7% having divided twice or more. By 8 days, more than a half 
of the nondividing cells had been dead, while all dividing cells 
were viable. By 56 days, most cells were dead; only 0.5% were 
viable and had formed microcalli greater than 200 m in diameter. 
Overall, our results suggested that morphologically identical proto-
plasts behaved highly variably in culture, and only ~0.5% could 
regenerate.

Genes enriched during regeneration
To identify genes promoting totipotency acquisition, we followed 
the transcriptome changes during single protoplast regeneration. In 
this study, we focused on the initial microcalli formation process. 
Because nonregenerating cells had limited cell division ability and 
many were even dead, regenerating cells were enriched after pro-
longed culture. We reasoned that genes expressed by then would be 
enriched in totipotency-promoting functions. We obtained tran-
scriptome profiles from the protoplasts or microcalli immediately 
after cell wall digestion, and after 4, 11, 22, and 30 days of culture, 
and compared them with those of intact leaf cells (table S1). A total 
of 7558 genes were differentially expressed after protoplast isolation. 
In particular, 508 genes were enriched in the samples cultured for 
30 days after protoplast isolation. Gene expression profiles signifi-
cantly changed during the regeneration time course; Gene Ontology 
(GO) analyses indicated that the genes commonly induced at all 
time points after protoplast isolation were enriched in stress re-
sponse and metabolic process functions (fig. S1A). By contrast, the 
genes commonly induced at a later time point when compared with 
each earlier time point were enriched in biosynthetic process and 
development functions (table S2 and fig. S1B). We also compared 
each sample with freshly obtained protoplasts (table S3 and fig. 
S1C) and found enrichment of functions including cell growth and 
metabolic process in the 3978 genes constitutively activated during 
regeneration (fig. S1D).

To determine whether any known developmental program is 
used in protoplast regeneration, as previously reported in other 
regeneration processes (5–7, 16), we compared the genes enriched 
during protoplast regeneration with genes enriched in the embryo 
(17), shoot and root meristem domains (18–20), and guard cell pro-
genitor meristemoid cells (21). Although enrichment was identified 
for several cell domains (Fig. 2, A to D), we did not find any devel-
opmental program commonly enriched during protoplast regener-
ation. Genes specific to certain cell domains—including leaf axil, 
lateral root cap, root quiescent center, and premature stomata 
cells—were enriched in microcalli formation. This suggests that 
multiple meristem pathways might be coupled and used in proto-
plast regeneration.

We next focused on potential regeneration regulators (1) and 
established that many of them were enriched during regeneration 
(fig. S1E). Among them, a subset of 16 genes was commonly acti-
vated and gradually enriched after the prolonged culture, suggest-
ing a potential association with totipotency. On the basis of their 
expression profiles, these genes were clustered into four groups 
(Fig. 2E). Because WUSCHEL (WUS) and DORNRÖSCHEN (DRN; 
also known as ENHANCER OF SHOOT REGENERATION1 or ESR1; 
we used drn mutant alleles and therefore adopted DRN for simplicity) 
were most prominently enriched after a 30-day culture (Fig. 2E), we 
selected these two genes and analyzed their expression with live 
imaging. In samples taken 50 days after protoplast isolation, WUS 
and DRN were expressed in most microcalli cells (fig. S2). By con-
trast, we could not detect the expression of BABY BOOM (BBM), 
CLAVATA3 (CLV3), DRN-LIKE (DRNL; also known as ESR2), 
WUSCHEL-RELATED HOMEOBOX2 (WOX2), and WOX5 in any 
microcallus after the 30-day culture (fig. S2). Note that DRNL is 
highly homologous to DRN and can promote shoot regeneration 
from root explants (22). We also analyzed the expression of J0121, a 
pericycle-like cell marker, and could not detect expression after the 
extended culture (fig. S2).

WUS is required for somatic cell regeneration
Because WUS is broadly expressed in most regenerating microcalli 
(fig. S2), we next asked whether WUS is required for protoplast 
regeneration. Protoplasts derived from wus-101, a null allele (23), 
were less competent in cell division; after 11 days in PIM, 50.8% of 
the wus-101 cells remained nondividing, while only 21.8% of the 
Col-0 wild-type cells were nondividing at this stage (Fig. 3A). The 
number of viable wus-101 cells dropped markedly after 22 days in 
CIM1. After 30 days, only 2.8% of the wus-101 microcalli contained 
viable cells, displaying a substantially lower viability than the wild 
type (76.6%) (Fig. 3A). After 38 days, almost all the wus-101 cells 
were dead (Fig. 3B). We could not obtain any regenerated callus or 
plant from wus-101.

We further explored whether constitutive WUS expression 
promoted protoplast regeneration using two inducible WUS- 
overexpressing lines. Protoplasts derived from pga6-1 (24), in 
which -estradiol induces WUS overexpression, divided more fre-
quently after the -estradiol induction (Fig. 3C). After 4 days in 
PIM, we obtained 39.8% more microcalli with continuous induc-
tion than in the mock treatment. Samples were continuously in-
duced until transfer onto semisolid SIM without -estradiol. By 
then, we obtained five to six times more calli than samples with only 
mock treatment (Fig. 3, D and E). Calli obtained from protoplasts 
overexpressing WUS had comparable shoot regeneration potentials 
to those from the mock-treated protoplasts. Similar results were 
obtained using an independent inducible line, pUBQ10::WUS-GR 
(23), which is induced by dexamethasone (Dex) (fig. S3A). Together, 
these observations indicate that WUS is necessary for protoplast re-
generation, and its overexpression enhances regeneration efficiency.

Several WUS paralogs promote meristem functions. In particu-
lar, WOX2 is required for the formation of the shoot apical meri-
stem during embryogenesis (25), while WOX5 is required for root 
meristem activity and pericycle-based tissue regeneration (26). We 
found that the regeneration of wox2-4 mutant protoplasts is compa-
rable to that of the wild-type protoplasts, while the wox5-1 mutant 
protoplasts displayed a slightly reduced regeneration capacity (fig. 
S3, B and C).
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DRN is required for somatic cell regeneration
DRN is also broadly expressed in regenerating microcalli (fig. S2). 
We found that the APETALA2 (AP2) transcription factor DRN 
also promoted protoplast cell regeneration in a way similar to 
WUS. Similar to, but more prominent than wus-101, cell division 
was greatly reduced in protoplasts derived from drn-1. After 8 days 
in PIM, 79.1% of the drn-1 cells remained nondividing (Fig. 4A), 
while after 11 days, we could no longer detect any viable drn-1 cells 
(Fig. 4B), resulting in no callus formation or regeneration at all.

On the other hand, overexpressing DRN promoted regeneration. 
Using a Dex-inducible DRN-overexpressing line, p35S::DRN-GR 

(20), we observed immediate cell division after Dex induction, 
which is similar to induced WUS overexpression. After 4 days in 
PIM with Dex, we observed three times more cell divisions than in 
the mock treatment control plants (Fig. 4C), while after 11 days of 
continuous induction, we obtained 62.5% more microcalli than in 
the controls. After the continuously induced microcalli were trans-
formed onto semisolid SIM without induction, we obtained eight to 
nine times more calli than cells with only mock treatment (Fig. 4, 
D and E). The calli obtained after the induction displayed compara-
ble plantlet regeneration potential to those produced from the 
control protoplasts.

Fig. 2. Gene expression profiles after a prolonged culture. (A to D) Enrichment of meristematic and embryonic cell type–specific genes during protoplast regeneration. 
Left: Color codes showing cell types. Right: Heatmaps of the log2-scaled odds ratio (LR) for various tissues showing the levels of gene enrichment during regeneration. Only 
significant categories determined using a hypergeometric test with a false discovery rate correction (adjusted P ≤ 0.05) are shown. (A) Early embryonic cell types. 
(B) Shoot apex cell types. (C) Root tip cell types. (D) Stomatal meristemoid cell types. (E) Progressive activation of putative regeneration regulators after a prolonged culture. 
Four groups were clustered according to their expression pattern, as labeled on the right. The heatmap shows log2 (1 + RPKM) values.
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Activation of gene expression by protoplast isolation
As WUS and DRN expression can significantly promote protoplast 
regeneration, it is essential to determine how these genes are acti-
vated. To this end, we used reporters to monitor the gene expres-
sion of DRN and WUS. By analyzing more than 10,000 mesophyll 
cells within mature leaves, we confirmed that neither of these two 
genes was expressed in mature leaves (fig. S4A). We then followed 
their expression in mesophyll protoplasts right after their isolation 
and found that these two genes were expressed after protoplast iso-
lation only at a very low frequency. We observed that 0.09% of the 
cells expressed WUS and 0.03% expressed DRN. Furthermore, the 
expression levels were highly variable (Fig. 5). Note that cells ex-
pressing WUS or DRN had similar morphology as other cells. The 

number of WUS- or DRN-expressing cells increased after a few 
days. This could be attributed to two reasons: (i) Positive cells divided 
much more frequently and cell masses might dissociate, and (ii) 
there were de novo activation events.

We also followed the reporter lines of three other genes, BBM, 
PLETHORA7 (PLT7), and WOX5. None of these genes was ex-
pressed in mature leaves (fig. S4A). Upon protoplast isolation, low 
frequencies of activation were found for these genes (Fig. 5). Never-
theless, these genes were no longer expressed in regenerating 
microcalli (fig. S2). Together, we found that genes can be activated, 
often at a very low frequency, by protoplast isolation.

We further resolved whether gene activation could be attributed 
to wall digestion or to other mechanical damage to leaves. To this 

Fig. 3. Mesophyll protoplast regeneration requires WUS. (A) Distribution of Col-0 and wus-101 cells during regeneration. Note the reduction of cell division in wus-101 
(10 ≤ n ≤ 140). (B) Viable Col-0 and wus-101 cells after 38 days in culture, as shown by a fluorescein diacetate stain. Scale bar, 200 m. (C) Distribution of pga6-1 cells during 
6 days of culture in a mock treatment [dimethyl sulfoxide (DMSO)] or -estradiol induction (29 ≤ n ≤ 145). (D) Representative plates showing the callus density of pga6-1 
mesophyll protoplasts after 73 days in a DMSO treatment or -estradiol induction. (E) Statistical analysis of the number of calli derived from the pga6-1 mesophyll proto-
plasts after 73 days in a DMSO treatment or -estradiol induction. In (A), (C), and (E), the data are presented as means ± SD for more than three independent experiments. 
*P < 0.05, **P < 0.01, and ***P < 0.001 (Student’s t test).
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end, we immersed chopped leaves in enzyme-free MGG, soaked 
overnight, and followed more than 15,000 mesophyll cells in chopped 
leaves. We could not detect any cell expressing WUS, DRN, PLT7, 
or WOX5 (fig. S4B). On the other hand, we found two cells express-
ing BBM (~0.01%), which was lower than after wall digestion 
(0.09%). Thus, protoplast isolation, i.e., wall digestion, seems to be 
the major cause of ectopic activation of gene expression.

Last, we followed the expression of WUS and DRN during regener-
ation using time-lapse imaging. We tracked 46 DRN-expressing 
cells and observed that three of them formed microcalli after multi-
ple rounds of division. Notably, DRN expression was maintained in 

the daughter cells (Fig. 6A). Similar observations were made for 
WUS, with 4 of 46 WUS-expressing cells forming microcalli (Fig. 6A). 
Notably, we analyzed 42 regenerating calli at 60 days after isolating 
protoplasts and found that all calli expressed both DRN and WUS.  
However, they had three expression patterns in calli (Fig. 6B): (i) 
Both WUS and DRN were widely distributed in calli; (ii) WUS was 
widely distributed in calli, and DRN was expressed in a few cells; 
and (iii) WUS and DRN were both expressed in a few cells.

Genome-wide stochastic expression after 
protoplast isolation
To understand protoplast isolation-induced ectopic activation of 
gene expression at the genome level, we used single-cell transcrip-
tome analyses and directly compared the variance in the expression 
levels between leaf cells before and after isolating protoplasts. Be-
cause plant single-cell RNA sequencing (scRNA-seq) analyses 
require protoplast isolation, we instead used single-nucleus RNA-seq 
(snRNA-seq). We isolated leaf cell nuclei before and after an over-
night enzymatic wall digestion and applied parallel snRNA-seq 
with droplet technology (27). By this means, we totally sequenced 
572 leaf nuclei and 892 protoplast nuclei (table S4 and fig. S5A). To 
assess the data quality, we combined reads from the single cells and 
compared them with bulk RNA-seq results. As shown in fig. S5 
(B and C), the snRNA-seq data had a high correlation coefficient with 
the bulk RNA-seq, which was comparable to analyses in animals 
(28). To exclude nonmesophyll cells, we selected leaf nuclei ex-
pressing the mesophyll cell–specific photosynthesis-related genes 
RUBISCO SMALL SUBUNIT 1A (RBCS1A), RBCS2B, and RBCS3B 
(29). In addition, we excluded protoplast nuclei expressing guard 
cell marker genes (SCRM, MYB60, or CYP86A2), vascular tissue 
marker genes (APL or DOF5.6), or epidermal cell marker genes 

Fig. 4. Mesophyll protoplast regeneration requires DRN. (A) Distribution of Col-0 and drn-1 cells during regeneration over 8 days of culture (26 ≤ n ≤ 75). (B) Viable 
Col-0 and drn-1 cells after 38 days in culture, as shown by a fluorescein diacetate stain. Scale bar, 100 m. (C) Distribution of p35S::DRN-GR cells during 11 days of culture 
in a mock treatment (DMSO) or Dex induction (34 ≤ n ≤ 118). (D) Representative plates showing the callus density of p35S::DRN-GR mesophyll protoplasts 85 days in a 
DMSO treatment or Dex induction. (E) Statistical analysis of the number of calli following the DMSO treatment or Dex induction. In (A), (C), and (E), the data are presented 
as means ± SD for more than three independent experiments. *P < 0.05, **P < 0.01, and ***P < 0.001 (Student’s t test).

Fig. 5. Isolating protoplasts induces ectopic gene expression. After 12 hours of 
enzymatic digestion, stochastic activation of pWOX5::GFP, pPLT7::PLT7-YFP, pBBM::BBM-YFP, 
pWUS::3×Venus-N7, and pDRN::mCherry-N7 in mesophyll protoplasts with signal 
intensity quantifications. The frequencies of expression in a given cell are listed in 
parentheses. Color bar indicates relative fluorescence intensity (black to red).
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(ATML1 or TMM). We compared the coefficients of variation 
(CVs) of expression among the mesophyll cells before and after wall 
digestion. As shown in Fig. 7A, nuclei from the protoplasts (after 
digestion) showed a significantly higher variation in their expres-
sion levels (P < 0.0001, Wilcoxon rank sum test), and this increase 
in CV was independent of expression levels (Fig. 7B).

The number of genes recovered using snRNA-seq was rather 
low, precluding more detailed analyses. Compared with snRNA-seq, 
droplet technology–based scRNA-seq had a substantially higher 
sequencing depth. We next applied scRNA-seq to more reliably 
analyze the variation in gene expression between protoplasts, with 
the results showing high correlation with the bulk RNA-seq results 
(fig. S5D). By applying the uniform manifold approximation and 
projection (UMAP) algorithm for data dimension reduction to 
6683 captured protoplast cells (table S5 and fig. S5A), we found that 
the protoplasts were grouped into four major clusters (Fig. 7C), less 
than the multiple heterogeneous clusters identified in root tip cells 

(30). On the basis of the limited expression variations, we identified 
that among the four groups of protoplasts, two small groups repre-
sented the guard cells and vascular tissues, respectively, based on 
their expression of the marker genes, while the other two (compris-
ing 96% of the cells) both expressed mesophyll genes (Fig. 7D). 
Nevertheless, one group, mesophyll cell 2, contained a small por-
tion of cells expressing other cell identity markers, such as epider-
mal marker genes (fig. S6). Together, mesophyll protoplasts are 
highly abundant in isolated protoplasts.

Although individual cells have generally similar expression pro-
files, there were clear variations. For the genes analyzed using imag-
ing, comparable frequencies and variations of expression were also 
observed using scRNA-seq (fig. S5, E and F). Among the 92 genes 
reported to be involved in any type of regeneration in Arabidopsis 
(1), 86 were expressed in at least one protoplast (fig. S7). Genes that 
are responsive to wounding and other stresses, such as WOUND 
INDUCED DEDIFFERENTIATION1 (WIND1) and WIND2 (31), 

Fig. 6. WUS and DRN are maintained in regeneration microcalli and calli. (A) Time-lapse images showing the maintained expression of pDRN::mCherry-N7 (red) and 
pWUS::3×Venus-N7 (green) in the regenerating mesophyll protoplasts. Asterisks label progenitors of the same cells in corresponding time points. Scale bars, 25 m. 
(B) Maximum intensity views of confocal images showing the coexpression of pDRN::mCherry-N7 (red) and pWUS::3×Venus-N7 (green) in representative regenerating 
calli at 60 days. Three expression patterns are shown. Scale bars, 250 m.
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were broadly expressed, whereas most genes were expressed in a 
limited number of cells. Using the GO analysis, we noted that genes 
with high expression variability are enriched in stress response, 
metabolic process, and stimulus response functions (Fig. 7E).

Together, our single-cell transcriptome analyses support that 
protoplast isolation increases gene expression variation among cells, 
which is consistent with imaging results. This variation was found 
for many genes, suggesting enhanced genome-wide stochastic 

Fig. 7. Genome-wide analyses of gene expression variability using snRNA-seq and scRNA-seq. (A) Comparison of the gene expression CVs obtained using snRNA-seq 
on the leaf and protoplast nuclei. The significance of the difference was determined using a Wilcoxon rank sum test (****P < 0.0001). (B) Comparison of gene expression 
CV with expression levels obtained by snRNA-seq. Top: Scatterplot of log10-transformed expression CV2s and expression levels in reads per kilobase of transcript per 
million mapped reads (RPKM) for leaf cells and protoplasts. Bottom: Simple linear fits to the above scatterplot. (C) Visualization of four leaf cell clusters (mesophyll cell 1, 
mesophyll cell 2, guard cell, and vascular tissue cell) using the uniform manifold approximation and projection (UMAP) algorithm. Dots represent individual cells and 
colors indicate corresponding cell clusters. (D) Numbers and percentages of four groups of cells in (C). (E) GO analysis of genes with high expression variability. The 
function- related enrichments were summarized using REVIGO. The aggregate size indicates the significance levels of the GO term, as determined using the Yekutieli test 
with false discovery rate correction.
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expression. Our previous simulation showed that stochastic allelic 
expression could recapitulate the observed monoallelic expression 
patterns in rice mesophyll protoplasts (32), suggesting that stochas-
tic changes in gene expression are common in protoplasts. Never-
theless, stress-responsive genes are more commonly activated.

Increased chromatin accessibility after protoplast isolation
Chromatin is usually open around the start codon of expressed 
genes (33). To understand potential reasons for the enhanced 
stochastic gene expression, we used assay for transposase-accessible 
chromatin sequencing (ATAC-seq) to analyze chromatin accessi-
bility before and after an overnight cell wall digestion (table S6). 
Notably, chromatin accessibility was generally broadly increased in 
the protoplasts (Fig. 8A), with approximately fivefold more genes 
associated with open chromatin in the protoplasts than in the 
undigested leaf cells (Fig. 8B). Genes with open chromatin after 

protoplast isolation had enriched GO terms cellular metabolism, 
stress, and stimulus response (fig. S8A), similar to GO enrichment 
in the genes with high expression variability. Furthermore, the open 
chromatin region was much wider in the protoplasts, with an aver-
age of 453 nt in the undigested leaves and 556 nt in the protoplasts. 
In particular, some potential regeneration regulators had enhanced 
chromatin accessibility following protoplast isolation (fig. S8B). 
However, chromatin accessibility of the WUS and DRN loci was not 
significantly changed as assayed by ATAC-seq. WUS locus accessi-
bility remained unchanged, and DRN locus accessibility was even 
slightly decreased in protoplasts (fig. S8B). We speculate that chro-
matin accessibility might have cellular-level variations, the elucida-
tion of which requires single-nucleus ATAC-seq. Alternatively, 
instead of these loci, their upstream regulators are affected in proto-
plast at the chromatin level. Together, these results show that proto-
plast isolation increases chromatin accessibility.

Fig. 8. Chromatin accessibility changes after isolating protoplasts, promoting regeneration. (A) Comparison of chromatin accessibility in undigested leaf cells and 
protoplasts. Heatmaps showing the chromatin accessibility for each gene, with one line representing one gene. The horizontal axis represents the distance relative to the 
transcription start site (TSS). The mean values of the accessibility degree at the corresponding sites are represented as a kernel density plot above the heatmap. The color 
scale bar indicates the relative degree of accessibility. Three replicates (Rep) for each sample are shown. (B) Numbers of highly accessible genes identified in the undigested 
leaf cells and protoplasts, corresponding to the ATAC-seq peaks. (C) After a 12-hour trichostatin A (TSA) treatment, the pCLV3::mCherry-N7 (red) expression was randomly 
activated in the root elongation zone cells. The cell walls were stained using FB28 (blue). Scale bar, 50 m. (D) The TSA treatment increases the cell division and regeneration 
frequency of Col-0 protoplast cells (30 ≤ n ≤ 102). (E) Statistical analysis of the number of calli formed after 90 days with a mock or TSA treatment. (F) Representative plates 
showing calli density after 90 days with a mock or TSA treatment. In (A), (D), and (E), the data are presented as means ± SD for more than three independent experiments. 
*P < 0.05, **P < 0.01, and ***P < 0.001 (Student’s t test).
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Increased chromatin accessibility promotes ectopic gene 
activation and regeneration
To test whether the increased chromatin accessibility resulted in an 
enhancement of stochastic gene expression, we treated plants with 
trichostatin A (TSA), a chemical inhibitor of histone deacetylases. 
TSA treatment broadly increases chromatin accessibility (34). Be-
cause root tissues are more transparent, we used roots and followed 
the selected marker genes that are not normally expressed in root 
cells. After a 12-hour TSA treatment, we detected ectopic activation of 
CLV3, but not WUS, SHOOT MERISTEMLESS (STM), CUP-SHAPED 
COTYLEDON1 (CUC1), and CUC2, in multiple root cell types. 
Whereas CLV3 was broadly induced by TSA in the root meriste-
matic zone cells, its activation in the elongation zone cell types was 
more variable between individual plants and even within the same 
root (Fig. 8C). Notably, the expression level varied among cells of 
the same type, suggesting that there exists a stochastic expression. 
Because of the small sample size (five roots), low-frequency activa-
tion may not be detected. To test whether TSA enhances stochastic 
expression in protoplasts, we treated protoplasts with TSA. After a 
24-hour TSA treatment, we observed three times more protoplasts 
expressing WUS than the mock treatment (fig. S9), but no activa-
tion for DRN was observed.

The TSA treatment also enhanced protoplast regeneration; the 
application of a 48-hour TSA treatment immediately after proto-
plast isolation resulted in four times more microcalli than the mock 
groups, with six times more calli developing after the transfer onto 
semisolid SIM (Fig. 8, D to F). Together, these results indicate that 
increasing chromatin accessibility leads to increased stochastic gene 
expression and enhanced protoplast regeneration.

DISCUSSION
Key regulators of totipotency
In plants and animals, regeneration is often traced to certain un-
differentiated or partially differentiated stem cells, which are primed 
to acquire pluripotency or totipotency in response to internal or 
external cues. During plant tissue regeneration, the xylem pole peri-
cycle cells and pericycle-like cells form a callus and, subsequently, 
adventitious shoots or roots (6, 7). During root and shoot meristem 
repair, recently differentiated cells can switch the identity to regen-
erate and replenish the damaged stem cells (3–5, 35–37). Despite 
these insights, the mechanisms by which fully differentiated somatic 
cells massively switch cell identity to acquire pluripotency or totipotency 
remain largely unexplored (38), although protoplast regeneration is 

a common route for gene transformation. In this study, we used 
mesophyll protoplast regeneration to study this notable cell identity 
transition process.

Because regenerating cells are very sparse, it is extremely diffi-
cult to investigate this process. By applying time course transcrip-
tome analysis, we identified meristem function–promoting genes 
that promote the induction of stem cells from differentiated meso-
phyll protoplasts. Using mutants and overexpression lines, we 
showed that WUS and DRN were not only required but also greatly 
promoted the regeneration of differentiated cells. Most WUS clade 
WOX genes are at least partially functionally exchangeable, as shown 
by promoter swaps (39); however, we found that only WUS is in-
volved in mesophyll regeneration. During normal embryogenesis, 
WOX2 and additional WOX genes, but not WUS, are required for 
shoot apical meristem formation (25), while WUS is subsequently 
expressed in the meristem organization center. Here, we established 
that the regeneration of wox2 mutant protoplasts was comparable 
to that of the wild-type cells, although WOX2 is frequently expressed 
in protoplasts (fig. S7), suggesting that protoplast-mediated regener-
ation is not an embryogenesis-like process. WUS also has roles in 
other regeneration processes; overexpressing WUS causes high- 
frequency somatic embryo formation from multiple tissues (24), and 
activating WUS expression is a key step in the induction of shoot 
growth from a callus (40). As WUS promotes cell division (39), it is 
conceivable that manipulating cell division could affect protoplast 
regeneration.

Under normal development, DRN functions redundantly with 
DRNL to promote embryo patterning, lateral organ formation, and 
the initiation of axillary meristems (20, 41). In addition, DRN over-
expression promotes shoot regeneration from root explants (42). 
Our findings demonstrate that DRN, but not DRNL, strongly pro-
motes mesophyll protoplast regeneration.

Transcriptome analysis identified more genes that were enriched 
during callus formation. We expect that other genes may also be 
involved in callus formation, which can be tested in the future.

Protoplast regeneration as an evolutionary 
and ecological process
It is widely accepted that mutation and natural selection is the driving 
force for evolution. As random mutations occur, natural selection 
decides which mutations will live on. We envision that random 
activation of expression and selection during culture for protoplast 
regeneration makes it a comparable process. In this model, proto-
plast isolation–induced stochastic expression patterns endow cells 

Fig. 9. Conceptual model of mesophyll protoplast regeneration. Scheme of mesophyll protoplast fate changes during regeneration on Waddington’s epigenetic 
landscape. During normal development, cells take on a terminal differentiated fate (down the hill) by progressing from the totipotent and pluripotent state (at the top). 
Protoplast isolation induces stochastic gene expression, causing a portion of differentiated cells to acquire heterogeneous fates, including totipotency and pluripotency.
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with heterogeneous fates, and a small portion of the cells could be 
pluripotent or totipotent. The prolonged cultivation of protoplasts 
also provides a cellular-level selection for totipotent cells that even-
tually regenerate into calli and plantlets (Fig. 9). The protoplast 
regeneration process echoes other scenarios involving cellular-level 
evolution; for example, it has been proposed that cancers can result 
from the cellular-level selection of cells that reproduce and spread 
most quickly (43), whereas heterogeneity is usually caused by dif-
ferent mutations in cancer cells. In yeast cells, stochastic expression 
can be an efficient strategy for survival in fluctuating environ-
ments (44).

Chromatin accessibility affects stochastic expression
What causes the stochastic gene expression? In this study, we re-
vealed a notable increase in chromatin accessibility after protoplast 
isolation, which provides a mechanistic explanation for the ob-
served stochastic expression. Our observation is consistent with 
previously reported heterochromatin disruption and decondensa-
tion after protoplast isolation (11–13).

This evolutionary perspective points toward new strategies to 
increase regeneration efficiency, as the further “scrambling” of gene 
expression may promote regeneration. Alterations to epigenetic modi-
fications are expected to increase stochastic expression (45); we 
observed that increasing histone acetylation boosted ectopic gene 
expression and the regeneration rate (Fig. 8, D and E). Consistently, 
mutants of histone acetylase have reduced callus formation after 
wounding (46). It is conceivable that protoplasts from these mutants 
could have reduced regeneration ability. The same principle may also 
function in the induction of pluripotent mammalian stem cells (47).

MATERIALS AND METHODS
Plant materials
A. thaliana ecotype Col-0 was used as the wild type unless otherwise 
specified. The seeds were sown on half-strength Murashige and 
Skoog medium containing 1% sucrose, stratified at 4°C for 2 days 
and then grown under long-day conditions (16-hour light and 
8-hour dark at 22°C) for 11 days before cells were collected from 
the leaves for use in generating protoplasts. The transgenic lines 
pPLT7::PLT7-YFP, pWOX5::GFP, pBBM::BBM-YFP, pWUS::3 ×Venus-N7, 
pDRN::mCherry-N7, pDRNL::3×Venus-N7, pCLV3::mCherry-N7, 
pWOX2::NLS-DsRed2, pUBQ10::WUS-GR, and p35S::DRN-GR are 
in the Col-0 background (48–51), while J0121 is in the C24 back-
ground (52). The wus-101, drn-1, wox2-4, and wox5-1 mutants are 
in the Col-0 background (23, 25, 53), and pga6-1 is in the Ws back-
ground (24).

Protoplast isolation and culture
We followed a previously described protocol for protoplast isola-
tion and regeneration (14), in which media constituents and prepa-
ration are described for MGG, PIM, CIM1, CIM2, SIM, and PDM.  
Approximately 1 g of leaves from 11-day-old sterile plants were 
soaked in 10 ml of MGG and then rapidly chopped. The enzymatic 
digestion was performed overnight in the dark at 24°C. After the 
cell wall digestion, the protoplast suspension was filtered through 
an autoclaved 70-m mesh filter, washed with 15 ml of W5 solution 
[2 mM MES, 154 mM NaCl, 125 mM CaCl2, and 5 mM KCl (pH 5.6)], 
and centrifuged for 5 min at 100g before the solution was removed. 
The washing and centrifugation were performed four more times. 

After the final centrifugation, the protoplast suspension was diluted 
in PIM to a concentration of 1 × 105 protoplasts/ml and cultured in 
the dark. After 11 days, the medium was diluted twofold using CIM1. 
One month later, the medium was diluted fourfold with CIM2. Two 
months later, the callus was transplanted onto SIM. After the callus 
turned green, it was transplanted onto PDM (Fig. 1A).

For control experiments without enzymatic digestion, identical 
procedures were used except that no enzyme was added. Briefly, we 
soaked the twice-cut leaves in enzyme-free MGG, which lacked 
Onozuka R-10, macerozyme, and Driselase, overnight (~12 hours). 
The samples were then washed with W5 buffer twice before imag-
ing. To embed the protoplasts in alginate, a newly digested proto-
plast suspension was filtered through an autoclaved 70-m mesh 
filter and washed once by 10 ml of MGG, as previously described 
(14). After the first wash, the pellet was resuspended in 10 ml of 
MES sucrose calcium medium, and 2 ml of MES mannitol magne-
sium (MMM) medium was layered on top. After centrifugation for 
5 min at 100g, the protoplasts were collected from the interface. The 
pellet was washed with MMM medium for two additional times. 
The protoplasts were resuspended in MMM at a density of 105/ml, and 
the same volume of alginate solution [MgCl2·6H2O (1.02 g/liter), 
MgSO4·7H2O (1.25 g/liter), mannitol (85 g/liter), MES (1.925 g/liter), 
and alginate (12 g/liter) (pH 5.6)] was added to the protoplast sus-
pension. The protoplast-alginate mixture with a piece of polypro-
pylene grid was laid on the surface of agar-solidified medium 
[CaCl2·2H2O (2.94 g/liter), mannitol (85 g/liter), MES (1.952 g/liter), 
and agar (10 g/liter) (pH 5.6)]. After 20 min, the thin alginate layer 
was transferred into PIM.

For the chemical treatments, the pCLV3::mCherry-N7 roots were 
treated with 5 M TSA (Sigma-Aldrich) for 12 hours. After proto-
plast isolation, the Col-0 protoplasts were treated with 1 M TSA in 
PIM for 48 hours. To induce WUS expression, the pga6-1 proto-
plasts were treated with 10 M -estradiol (Sigma-Aldrich) in PIM, 
CIM1, and CIM2, while the pUBQ10::WUS-GR protoplasts were 
treated with 10 M Dex (Sigma-Aldrich) in PIM for 24 hours. To 
induce DRN expression, the p35S::DRN-GR protoplasts were treated 
with 10 M Dex in PIM, CIM1, and CIM2.

Confocal microscopy and optical microscopy
The excitation and detection window setups for green fluorescent 
protein (GFP), yellow fluorescent protein (YFP), DsRed, mCherry, 
and Venus were as described (54). To detect Fluorescent Brighteners 
28 (FB28) staining, a 405-nm laser was used for excitation, while the 
emission was collected by a 425- to 475-nm band-pass filter. The 
fluorescein diacetate staining was performed as described in (14), 
with a 488-nm laser used for the excitation and the emission col-
lected by a 500- to 530-nm band-pass filter. Autofluorescence was 
excited at 488 nm and detected at 660 to 700 nm. All optical photo-
graphs were taken with a Nikon SMZ1000 stereoscopic microscope 
or an Olympus BX60 microscope. The relative fluorescence intensity 
analysis (as shown in Fig. 6) was semiquantified using ImageJ (55).

To image the internal mesophyll cells, ClearSee was used. The 
ClearSee solutions were prepared as described in (56). Leaves were 
fixed with 4% (w/v) paraformaldehyde for 60 min in phosphate- 
buffered saline (PBS) under vacuum (∼690 mmHg) at 4°C. The 
fixed leaves were then washed twice for 1 min each in PBS, and the 
cleared leaves were stained with FB28 (final 100 g/ml) in ClearSee 
solution for 1 hour. After staining, the tissues were washed in ClearSee 
solution for 1 hour before imaging.
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Single-nucleus RNA sequencing
The nucleus isolation process was performed on ice. Arabidopsis 
leaves were cut into pieces in nucleus isolation buffer (NIB; Sigma- 
Aldrich), while the protoplast pellets from Arabidopsis were directly 
resuspended in NIB. After filtering with a three-layer nylon mesh 
(Calbiochem), Triton X-100 (Sigma-Aldrich) was added to each 
sample to a final concentration of 0.3% (v/v). After centrifugation 
at 100g and 4°C for 10 min, the pellet was gently suspended in 
600 l of NIB, to which 800 l of 1.25 M sucrose was carefully 
added. The samples were then centrifuged at 1000g and 4°C for 
10 min, and the supernatant was washed with NIB. Last, after 
centrifugation at 200g and 4°C for 10 min, the nucleus pellet was 
resuspended in NIB.

The snRNA-seq libraries were constructed using the Dolomite 
Bio scRNA-seq system, according to the manufacturer’s protocol 
(Dolomite Bio), and were sequenced with an Illumina HiSeq in the 
150-nt paired-end mode. The snRNA-seq reads were processed 
using UMI-tools (57). After the empty droplets were removed, the 
barcodes were extracted and the low-quality reads were filtered, the 
remaining sequences were aligned to the TAIR10 reference genome 
using STAR (58). featureCounts (59) was used to assign reads to 
genes. To reduce the effect of sequencing depth of each cell and 
gene length, the count matrices were normalized to the RPKM 
(reads per kilobase of transcript per million mapped reads per cell) 
using our custom scripts (the scripts are available at https://github.
com/duqingwei1989/ScRNA-seq). The CVs of the RPKM values of 
the expressed genes were calculated for each gene as RPKM SDs 
divided by mean values using custom scripts.

Single-cell RNA sequencing
A. thaliana protoplasts were isolated from the leaves of 11-day-old 
seedlings, according to a previously described protocol (14). Proto-
plast pellets were gently resuspended in 0.4 M mannitol and filtered 
through a 40-m-diameter cell strainer (Falcon), after which they 
were washed twice with 0.4 M mannitol. The purity and viability of 
the protoplasts were determined using trypan blue and acridine 
orange/propidium iodide staining.

scRNA-seq libraries were constructed using a 10X platform (10X 
Genomics Single Cell 3′ Reagent Kits v. 2 protocol) and were se-
quenced with an Illumina HiSeq using the 150-nt paired-end mode. 
scRNA-seq sequencing reads were processed using CellRanger 
v. 2.1.0 (https://support.10xgenomics.com/single-cell-gene-expression/
software/pipelines/latest/what-is-cell-ranger). TAIR10 reference ge-
nome and annotation files were downloaded from The Arabidopsis 
Information Resource (www.arabidopsis.org/). The expression 
matrices of 6683 protoplast cells generated from Cell Ranger were 
imported into Seurat v. 3.0 (60). The cells were filtered to remove 
those with fewer than 500 unique features or more than 8000. Cells 
in which more than 5% of the sequence was mitochondrial DNA or 
chloroplastal DNA were also removed. The global-scaling normal-
ization method “LogNormalize” was used. Highly variable genes were 
calculated using the FindVariableFeature function with a mean.
cutoff of (0.0125, 3) and a dispersion.cutoff of (1.5, Inf). The three 
expression matrices were merged using the FindIntegrationAnchors 
and IntegrateData functions. After scaling the data, a linear dimen-
sional reduction was performed using RunPCA, with the settings 
npcs = 40, and FindClusters function with “resolution = 1”. Cell clus-
ters were visualized using UMAP with “dims = 40′,” n.neighbors = 30′, 
and “min.dist = 0.3”.

For the digested protoplast scRNA-seq, 17 cell clusters were 
reclassified using mesophyll cell marker genes (RBCS1A, RBCS2B, 
and RBCS3B), epidermal cell marker genes (ATML1 and TMM), 
vascular tissue marker genes (APL and DOF5.6), and guard cell 
marker genes (SCRM, MYB60, and CYP86A2). Only the mesophyll 
cells were retained for further CV analysis. The count matrices of 
5000 mesophyll cells were normalized to the RPKM. The CV of the 
RPKM values for 86 regeneration regulators were calculated for the 
mesophyll cells and visualized using the pheatmap R package 
(https://CRAN.R-project.org/package=pheatmap).

Assay for transposase-accessible chromatin sequencing
The same procedures were used to isolate nuclei for ATAC-seq as 
for snRNA-seq. In addition, fluorescence-activated cell sorting was 
performed to purify the nuclei from chloroplast and mitochondria 
contamination. For each sample, 106 purified nuclei were treated 
with a 50-l transposase reaction solution for 30 min at 37°C using 
Nextera reagents (Illumina). The DNA fragments were purified 
using a MinElute PCR purification kit (Qiagen) and eluted in 11 l 
of elution buffer. The samples were amplified using the High-Fidelity 
PCR Mix (New England Biolabs) for 11 polymerase chain reaction 
(PCR) cycles. Three independent biological replicates were per-
formed in the same batch. The amplified libraries were purified 
using AMPure XP beads (Beckman Coulter) and sequenced with an 
Illumina HiSeq in the 150-nt paired-end mode.

The ATAC-seq reads were aligned to the TAIR10 reference 
genome using bowtie2, allowing two mismatches (61). After sorting 
and indexing, the duplicated reads were removed using Picard 
(http://broadinstitute.github.io/picard/) with default parameters. 
For the normalization and visualization, deepTools v. 2.0 (62) was 
used, with a bin size of 1 bp and RPKM normalization. Heatmaps and 
average plots were generated using the deepTools “computeMatrix” 
and “plotHeatmap” parameters. The significance of the difference 
of the relative accessibility degree was tested using Student’s t test. 
The peaks were called using MACS2 (63), and the peaks of the three 
replicates were merged using bedtools (64). The annotatePeaks.pl 
script of HOMER (65) was used to annotate the peaks with gene 
names. featureCounts was used to assign reads to genes, and the 
count matrices were normalized to the RPKM values using edgeR 
(66). The RPKM values of 40 regeneration regulators were visualized 
using the pheatmap package.

Bulk RNA-seq
The total RNA of the A. thaliana leaves; the protoplasts from the 
leaf cell digestion (0 day); and the protoplasts cultured for 4, 11, 22, 
and 30 days were extracted using the Qiagen RNeasy Kit. Three 
independent biological replicates were performed for each time 
point. Polyadenylated RNAs were isolated and subjected to a library 
preparation (67). The libraries were sequenced using an Illumina 
HiSeq in the 150-nt paired-end mode.

The reads were aligned to the TAIR10 reference genome using 
STAR. With the low-quality reads removed and the uniquely mapped 
reads extracted, the count matrices were generated with feature-
Counts. The differential expression was then determined using the 
edgeR package with the cutoff value “>2 fold change” and “Benjamini- 
Hochberg false discovery rate < 0.01.” A heatmap of the regeneration 
regulators was generated using the pheatmap package. The correla-
tion between the RPKM from the bulk RNA-seq and the CV of 
the scRNA-seq was visualized using ggplot2, and the Spearman 

https://github.com/duqingwei1989/ScRNA-seq
https://github.com/duqingwei1989/ScRNA-seq
https://support.10xgenomics.com/single-cell-gene-expression/software/pipelines/latest/what-is-cell-ranger
https://support.10xgenomics.com/single-cell-gene-expression/software/pipelines/latest/what-is-cell-ranger
http://www.arabidopsis.org/
https://CRAN.R-project.org/package=pheatmap
http://broadinstitute.github.io/picard/
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correlation was calculated. Along the CV axis of every 1000 genes, 
the genes with the top 5% RPKM values were selected as high-CV 
genes. A GO enrichment analysis was operated using agriGO in 
Singular Enrichment Analysis (SEA) mode. REVGO was used to 
summarize and visualize the enrichment results. The domain-specific 
enrichment was quantified as a log2 odds ratio, while the statistical 
significance (P value) of the enrichment was assessed using a hyper-
geometric test.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/33/eabg8466/DC1

View/request a protocol for this paper from Bio-protocol.
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