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SUMMARY

Virus-induced gene editing (VIGE) holds promise as a rapid and scalable approach for functional genomics

in plants. Here, we apply a tobacco rattle virus (TRV)-based single-guide RNA (sgRNA) delivery system to

target key regulators of stomatal development in Nicotiana benthamiana using transgenic Cas9-expressing

lines. sgRNAs fused to a mobile RNA element and co-delivered with TRV enabled both somatic and herita-

ble genome editing across orthologs of STOMAGEN, EPF2, YODA, and SPEECHLESS. Somatic editing fre-

quencies reached up to 95%, and heritable tetra-allelic mutations were recovered in multiple target genes.

Mutants exhibited significant, gene-specific changes in stomatal density, with corresponding effects on leaf

temperature indicative of altered evaporative cooling. Additionally, sgRNAs fused to an AmCyan reporter

enabled visualization of virus-infected tissues, allowing stomatal phenotyping in edited M0 sectors. This

TRV-based platform facilitates functional assessment of genes influencing stomatal patterning and offers a

powerful tool for dissecting gene function in a developmentally and physiologically relevant context.
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INTRODUCTION

Plant RNA viruses are increasingly being harnessed as

tools to accelerate functional genomics. Viral vectors have

been widely deployed for virus-induced gene silencing

(VIGS) and virus-mediated overexpression (VOX) across

diverse plant species (Torti et al., 2021; Zulfiqar

et al., 2023). These approaches enable targeted downregu-

lation or upregulation of gene expression, respectively,

revealing gene function through resulting phenotypes.

More recently, RNA viruses have been adapted to deliver

gene editing reagents, giving rise to virus-induced gene

editing (VIGE) (Steinberger & Voytas, 2025). When editing

reagents delivered by the virus reach the germline, herita-

ble mutations can be recovered. Although still in its

infancy, this approach promises to provide a rapid and scal-

able means of creating novel genetic variation in diverse

plant species.

To date, the limited cargo capacity of most plant RNA

viruses has necessitated a two-component system for

CRISPR-based VIGE: transgenic plants expressing the Cas9

nuclease are infected with viral vectors that deliver

single-guide RNAs (sgRNAs). This strategy has worked effec-

tively to create heritable mutations in Nicotiana benthami-

ana, Arabidopsis thaliana, tomato, pepper, wheat, and barley

(Ellison et al., 2020; Kang et al., 2025; Li et al., 2021; Liu

et al., 2022, 2024; Nagalakshmi et al., 2022; Tamilselvan-

Nattar-Amutha et al., 2023). More recently, some plant

viruses have been shown to create heritable mutations by

delivering both a Cas nuclease and guide RNA, obviating the

need for tissue culture and a Cas-expressing transgenic plant

(Hu et al., 2025; Weiss et al., 2025).

In most published studies, the target genes for VIGE

provide an easily scorable, such as PHYTOENE DESATUR-

ASE, which produces a photobleached phenotype when
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mutagenized (Ellison et al., 2020). Broader use of VIGE for

functional genomics requires application to endogenous

genes important for plant growth, development, and physi-

ology. Stomatal development presents a compelling test

case for virus-enabled gene editing. Stomata consist of

paired guard cells that form a central pore, modulating gas

exchange between the leaf interior and the atmosphere

(Hetherington & Woodward, 2003; Lawson & Leakey, 2024).

Guard cell movements regulate stomatal aperture, balan-

cing CO2 uptake for photosynthesis with evaporative water

loss. Consequently, photosynthetic performance is shaped

by both stomatal patterning (density, size, distribution) and

dynamic aperture control (Franks & Farquhar, 2007;

Parlange & Waggoner, 1970). These traits are central tar-

gets for improving drought tolerance via enhanced water

use efficiency (WUE), defined as the ratio of carbon gain to

water loss (Leakey et al., 2019). Although recent studies

have demonstrated success in modifying stomatal traits,

further optimization will require deeper insights into the

regulatory networks involved and rapid methods for test-

ing candidate genes (Ferguson et al., 2021, 2024; Lunn

et al., 2024; Tan et al., 2024).

Stomatal patterning is governed by a complex devel-

opmental program involving cell fate specification, asym-

metric divisions, and differentiation. Core regulators include

secreted peptides such as STOMAGEN and EPIDERMAL

PATTERNING FACTOR 1/2, the mitogen-activated protein

kinase YODA, and the basic helix–loop–helix transcription

factor SPEECHLESS (Figure 1a). The well-characterized sto-

matal development pathway in A. thaliana provides a useful

framework for investigating orthologous regulators in other

species and for engineering improved WUE.

Here, we apply a tobacco rattle virus (TRV)-based

single-guide RNA (sgRNA) delivery system to edit stomatal

development genes in N. benthamiana using transgenic

Cas9-expressing lines. Our results demonstrate that

TRV-delivered mobile sgRNAs can generate tetra-allelic

heritable knockouts in key regulators of stomatal pattern-

ing. Further, we incorporate an AmCyan fluorescent

reporter to facilitate selection of infected tissue for assess-

ment of somatic cell editing and stomatal density (SD) in

the M0 generation. By enabling gene function evaluation

directly in edited sectors without the need for stable line

generation, this approach provides a rapid and scalable

platform for functional genomics.

RESULTS

Identification of target genes

To test VIGE for disrupting stomatal development genes in

Cas9-expressing N. benthamiana lines, we aimed to target

orthologs of STOMAGEN (STO), EPIDERMAL PATTERNING

FACTOR 2 (EPF2), YODA (YDA), and SPEECHLESS (SPCH )

(Figure 1a). Amino acid sequences of the corresponding

A. thaliana and S. lycopersicum genes were used as

queries to search the N. benthamiana genome v1.0.1 pre-

dicted protein database in the Sol Genomics Network

(Fernandez-Pozo et al., 2015). As N. benthamiana is an allo-

tetraploid (2n = 4x = 38), two significant sequence hits

were identified for all target genes except YDA, which had

only one. All sequence hits were annotated as predicted

orthologs, with >90% amino acid identity between homeo-

logous copies of STO, EPF2, and SPCH.

sgRNAs were designed that recognize conserved

regions within the first or second exons of both homeologs

(Figure 1b; Table S1). Predicted efficacy scores, evaluated

using CRISPR-Cas9 Target Online Predictor (CCTop), indi-

cated medium activity and high specificity, with each

sgRNA annealing exclusively to its intended genomic tar-

get. To promote movement of the sgRNAs beyond infected

cells, we fused the truncated A. thaliana FT mRNA

sequence to the 30 end of each sgRNA (Ellison et al., 2020).

These mobile sgRNAs were individually cloned into TRV2

vectors (Figure 1c), and TRV1 and TRV2 constructs were

co-delivered into Cas9-expressing N. benthamiana via

agroinfiltration.

Somatic and heritable gene editing

To assess somatic editing in infected M0 plants, DNA was

extracted from the eighth systemically infected leaves, and

sgRNA target regions were PCR-amplified using locus-

specific primers (Table S2). PCR amplicons were analyzed

by Sanger sequencing and quantified using the ICE analy-

sis tool v3.0, 2019. Editing frequencies across target genes

ranged from 15 to 95% (Figure 2a).

To evaluate heritable editing, we collected M1 seeds

from M0 plants showing >50% somatic editing at one

sgRNA target site. Six M1 seedlings per M0 line were ran-

domly selected for genotyping. Each target locus and its

homeologs were amplified using homeolog-specific

primers (Table S2). ICE analysis revealed that at least 33%

of M1 seedlings exhibited edits at one or both homeologs

across all four gene targets. All of the M1 lines derived

from plants infected with STO sgRNA1 had homozygous/

biallelic mutations. A variety of genotypes were recovered

for the EPF2 and YDA targets (Figure 2b). We concluded

that heritable mutations could be readily recovered in all

target genes using our VIGE protocol.

Heritable loss of function mutations and impact on

stomatal density and function

To characterize phenotypic consequences of the intro-

duced mutations, we analyzed M3 plants with the geno-

types shown in Figure 3a. Note that homozygous spch

mutants with tetra-allelic edits had delayed germination

and severe growth defects (Figure 3b), and so a line

wild-type at SPCH-A and with a biallelic frameshift muta-

tion in spch-B was used to evaluate SD.
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SD was assessed in fully expanded leaves from M3

plants at the reproductive stage (~2 months post-

germination). To control for developmental variation,

mutant plants were selected based on similarity in size to

Cas9-expressing controls. One leaf per plant was sampled

from four biological replicates of either loss of function

(sto, yda) or heterozygous (epf2, spch) mutants. Adaxial

epidermal peels were collected from four quadrants of

each leaf using cyanoacrylate adhesive (Steinberger &

Voytas, 2025), then two fields of view were imaged at 109

magnification from each quadrant (Figure 3c). Stomata

were initially quantified using StomataCounter (Fetter

et al., 2019), with manual curation as a second step to cor-

rect false-positives and false-negatives.

Both homozygous and heterozygous mutant lines

exhibited significant changes in SD relative to controls. sto

and spch mutants had 30–50% lower SD, with homozygous

sto mutants showing the greatest reduction (Figure 3d). In

contrast, heterozygous epf2 mutants and homozygous yda

mutants had significantly increased SD (by ~20%). Despite

altered SD, all mutants were fertile and produced flowers

and seeds comparable to control plants.

Figure 1. Regulatory pathway of stomatal development and target gene models.

(a) Key proteins involved in the gene network regulating stomatal development in Arabidopsis (Pillitteri & Torii, 2012). The proteins targeted in this study are

highlighted in green.

(b) Gene models (not to scale) of the target genes STOMAGEN, EPF2, YODA, and SPEECHLESS with their respective SolGenomcis ID and location within the

Nicotiana benthamiana draft genome V1.0.1. The homeolog of each target gene is shown except for YODA, which has a single homeolog. The target sites of the

sgRNAs are indicated with blue triangles in each target gene and its respective homeolog. SPEECHLESS A (Niben101Scf02511g04004.1) has a duplicated exon

1; hence, sgRNA1 targets this homolog at two sites.

(c) TRV1 and TRV2 vector component and design.
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To explore physiological effects of altered SD, we con-

ducted thermal imaging on M4 homozygous mutants and

controls using a ThermaCAM T400 camera. Plants were

grown in vitro for 2 weeks prior to imaging. sto and spch

mutants exhibited higher leaf temperatures (~27°C),
whereas epf2, yda, and control plants displayed lower tem-

peratures (~23°C) (Figure 4). These results are consistent

with a positive correlation between SD and evaporative

cooling by transpiration. Thermal imaging may be useful

as a rapid screen for effects of VIGE on stomatal develop-

ment prior to performing detailed SD measurements.

Somatic loss of function mutations and impact on

stomatal density and function

Because generating stable mutants required approximately

7 months, we explored the potential for using TRV-based

transient mutagenesis for functional assessment. To

enable visualization of viral spread and somatic editing,

sgRNAs were fused to the 30 end of the AmCyan fluores-

cent protein coding sequence and cloned into TRV2 vec-

tors (Figure 5a). AmCyan was chosen because it is easy to

visualize using a single-wavelength fluorescent flashlight

Figure 2. Editing efficiency and heritability of mobile sgRNAs targeting stomatal regulators.

(a) Editing efficiency of mobile sgRNAs targeting STO, EPF2, YDA, and SPCH. Two sgRNAs were tested per gene, except for SPCH. Each bar shows the average

editing frequency across both homeologs in three M0 plants, assessed 4 weeks post-infection; error bars represent � SD.

(b) Genotypes of M1 progeny from edited M0 lines. Zygosity was determined by sequencing both homeologs in six randomly selected seedlings per line. Homo-

zygous mutants (dark purple), heterozygous (purple), and wild-type (light purple) are shown. All sto M1 lines carried tetra-allelic mutations, while only bi-allelic

mutations were observed in epf2 and spch M1 lines.
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Figure 3. Genotype and phenotype of M3 progeny.

M3 seeds were germinated and four progeny of uniform size were selected for analysis. (a) Representative CRISPR/Cas9-induced mutations at STO, EPF2, YDA,

and SPCH in M3 lines. The sgRNA target is shown in red; the PAM (NGG) sequence is in bold. SNPs distinguishing homeologs are in blue. Insertions are

denoted by “n;” deletions by dashes.

(b) Phenotype of an M3 spch mutant ~3 weeks post-germination showing growth defects in the homozygous line (right) compared with the heterozygous line

(left).

(c) Diagram of a Nicotiana benthamiana leaf showing sampling locations for stomatal density measurements.

(d) Stomatal density in M3 plants was quantified from n = 4 independent M3 lines per genotype, with each data point representing the mean stomatal density of

a single line, calculated from 30 to 50 manually annotated images. Automated counts were generated using StomataCounter (Fetter et al., 2019) and verified by

manual annotation prior to analysis. Statistical significance relative to the Cas9-expressing N. benthamiana control was assessed using unpaired, two-tailed

Welch’s t-tests. As indicated by asterisks, all mutant lines showed statistically significant differences compared with control (P < 0.05), with sto and SPCH exhi-

biting reduced stomatal density, and epf2 and yda exhibiting increased stomatal density. Note that the SPCH line is heterozygous because the homozygous loss

of function mutant is either lethal or has a severe growth defect, as shown in panel (b).

Figure 4. Assessing transpiration of mutant lines using infrared thermal imaging.

Two-week-old sto, epf2, yda, and spch mutants were imaged using a ThermaCAM T400 camera at 26°C. Leaves of sto and spch mutants displayed a higher tem-

perature (~27°C; green/yellow hues), consistent with reduced stomatal density and transpiration. In contrast, epf2 and yda mutants displayed a lower temperature

(~23°C; blue/magenta hues), reflecting increased stomatal density and higher transpiration rates. Cas9 controls showed similar temperatures to epf2 and yda.
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Figure 5. Infection and somatic editing with TRV-AmCyan vectors.

(a) Vector design of TRV1 and TRV2-AmCyan with the mobile sgRNA cloned downstream of AmCyan.

(b) AmCyan signals in new leaves of infected plant demonstrating systemic movement of TRV2 (left), representative images of adaxial epidermal peels with

varying degrees of stomatal density (right).

(c) Somatic editing frequency at four target loci following delivery of mobile sgRNAs using TRV2 vectors (turquoise) or TRV2-AmCyan–mobile sgRNA vectors

(purple). Bars represent mean editing frequency (%) and error bars indicate � SD.

(d) Stomatal density in AmCyan-positive M0 plants (n = 2) across control (AmCyan) and sgRNA-treated groups. Bars represent mean stomatal density (mm�2),

and error bars indicate � SD. Asterisks denote statistically significant differences (P < 0.05) compared with the control.
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and barrier filter goggles (Baysal et al., 2025). These

constructs were agroinfiltrated into Cas9-expressing

N. benthamiana leaves along with TRV1. Fluorescence was

detectable in infiltrated and newly emerged leaves by

5 days post-infection (dpi), indicating systemic movement.

At ~3 weeks post-infection, the eighth systemic leaves

were sampled to assess SD and editing frequency. Leaf

punches were collected from AmCyan-positive regions

across four quadrants (Figure 5b). ICE analysis showed

somatic editing frequencies ranging from 30 to 98%, com-

parable to constructs lacking AmCyan (Figure 5c). In some

cases, higher editing levels were observed, likely due to

targeted sampling of fluorescent tissue.

SD measurements were conducted as described

above. Microscopy revealed reduced SD in sto and spch

plants and increased SD in epf2 and yda plants (Figure 5b).

Quantitative analysis confirmed these trends: sto and spch

mutants showed 40–67% SD reductions, whereas epf2 and

yda mutants exhibited 30–50% increases (Figure 5d). These

results are consistent with the phenotypes of the lines with

stable, heritable mutations and support the utility of

TRV-based mutagenesis for rapid gene function analysis

without the need for creating stable mutants.

DISCUSSION

Viral delivery of CRISPR reagents enables rapid gene

function analysis

VIGE is emerging as a powerful tool for generating genetic

variation in plants. Here, we demonstrate the efficiency of

TRV in mutagenizing a suite of stomatal development

genes. Using TRV, we obtained stable, heritable mutations

in four canonical regulators—STOMAGEN (STO), EPF2,

YDA, and SPCH. Mutagenesis was highly efficient, with

homozygous mutants recovered in the M1 generation. Thus,

the time required to produce new mutants is equivalent to

the N. benthamiana life cycle—approximately 7 months in

our hands—comparable to tissue culture-based methods

but substantially easier and more scalable.

To accelerate functional analysis, we also assessed

phenotypes directly in somatically edited M0 plants.

Because TRV infections are often symptomless and

unevenly distributed in N. benthamiana, we incorporated

an AmCyan fluorescent marker into the TRV2 vector to

visualize viral spread. This enabled targeted sampling of

sgRNA-expressing tissues, where edits were frequent and

correlated with altered SD. Unlike generating stable

mutants, which require months, this strategy allowed phe-

notypic evaluation within 3 weeks of infection, underscor-

ing the potential of TRV-based VIGE for rapid functional

genomics. We note, however, that phenotypes may differ

between somatically infected plants and stable mutants

due to the patchiness of infection and the time in develop-

ment at which mutagenesis occurs.

Functional conservation of STO, EPF2, YDA, and SPCH in

N. benthamiana

Each of the four targeted genes plays a distinct role in the

stomatal lineage. STO and EPF2 encode small secreted

peptides that promote and inhibit stomatal development,

respectively (Hunt et al., 2010; Hunt & Gray, 2009; Sugano

et al., 2010). YDA encodes a MAPK kinase that regulates

stomatal precursor cell fate (Baysal et al., 2025; Torti

et al., 2021), while SPCH is a bHLH transcription factor that

controls asymmetric cell divisions and integrates environ-

mental and hormonal signals into stomatal patterning

(Lampard et al., 2008). In Arabidopsis and other species,

reduced STO or SPCH activity—or increased EPF2 or YDA

expression—lowers SD and can enhance WUE (Pillitteri &

Torii, 2012).

Our results in N. benthamiana support these conserved

roles. We obtained monoallelic to tetra-allelic mutations at

all loci, except YDA, which is present as a single-copy gene.

Homozygous sto and heterozygous spch mutants exhibited

30–50% reductions in SD, whereas epf2 and yda mutants

showed 20–45% increases. Infrared thermal imaging

revealed higher leaf temperatures in sto and spch lines,

consistent with reduced transpiration, while epf2 and yda

mutants exhibited lower temperatures, consistent with

increased water loss. Strikingly, tetra-allelic spch mutants

were severely dwarfed and pale, consistent with a complete

loss of stomata and impaired CO2 uptake. In some cases,

heterozygous mutants also displayed measurable pheno-

types, underscoring dosage sensitivity in stomatal regula-

tors. These findings highlight the functional conservation of

these canonical genes in polyploid solanaceous species.

Phenotypic changes were also detectable in primary

infected (M0) tissue, suggesting that TRV delivered sgRNAs

early in leaf development. While somatic phenotypes are

often observed for viral sgRNAs targeting pigment genes

such as PDS, it was less expected for stomatal regulators,

since stomatal fate is specified early in epidermal develop-

ment. Our ability to detect altered SD in M0 plants demon-

strates that mutagenesis occurred early enough to affect

stomatal patterning, further underscoring the utility of

TRV-mediated editing. VIGE complements VIGS as a tool

for functional genomics. Although there are likely some

scenarios where VIGS provides a more robust phenotypic

readout, an advantage of VIGE is that heritable mutations

can be recovered from the infected plants that extend the

opportunity for phenotypic analyses.

Given TRV’s broad host range, this platform may work

in other solanaceous crops, such as tomato, pepper, and

potato. Parallel systems based on viruses like foxtail mosaic

virus or barley stripe mosaic virus may enable similar appli-

cations in monocots including rice, maize, wheat, and bar-

ley. A current limitation of the method is its reliance on

Cas-expressing transgenic lines. However, emerging
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systems using compact nucleases or efficient viral cargo

delivery may obviate the need for transgenesis, broadening

applicability across diverse germplasm. As the demand for

climate-resilient agriculture intensifies, virus-delivered gene

editing provides a scalable, accessible approach for both

fundamental discovery and applied crop improvement.

MATERIALS AND METHODS

Target gene identification and vector assembly

Orthologs of STOMAGEN (EPFL9), EPF2, YDA, and SPCH in
N. benthamiana were identified by BLASTp searches of the pre-
dicted protein database for the draft genome v1.0.1 (Sol Geno-
mics) (Fernandez-Pozo et al., 2015), using A. thaliana and
S. lycopersicum protein sequences as queries. Two conserved
sgRNAs per gene were selected to target both homeologs, priori-
tizing conserved sequences in the first or second exon (Table S1).
Specificity and efficacy were predicted using CCTop (Stemmer
et al., 2015) and Cas-OFFinder (Bae et al., 2014).

TRV-mobile sgRNA vectors were assembled by amplifying
the sgRNA scaffold and truncated FT sequence from TRV2 T-DNA
vector pEE515 (Addgene plasmid number 149288). The resulting
amplicon was then ligated into pEE515 using Golden Gate (GG)
assembly with AarI (Table S3) (Ellison et al., 2020). Constructs
with AmCyan fusions were assembled into pEE515 using a GG
reaction that included the sgRNA scaffold and truncated FT ampli-
con and the AmCyan coding sequence from plasmid pJPC668
(Addgene plasmid number 253814). PCR reactions were carried
out with Q5 polymerase (New England Biolabs), and assemblies
were verified by colony PCR, Sanger sequencing (Eurofins Geno-
mics), and Benchling alignments.

Final constructs were transformed into Escherichia coli DH5a
and Agrobacterium tumefaciens GV3101 by standard freeze–thaw
transformation. Cultures were selected on LB agar containing
kanamycin and gentamicin and stored in glycerol stocks at �80°C.

TRV infection of Cas9-expressing N. benthamiana

TRV vectors were delivered to Cas9-expressing N. benthamiana
(strain Nb-1; GenBank: PRJNA170566) as described (Steinberger &
Voytas, 2025). Overnight cultures of TRV1 and TRV2 constructs
were pelleted, resuspended in infiltration buffer (10 mM MgCl2,
10 mM MES, pH 5.6), and adjusted to OD600 = 0.6. TRV2 cultures
were mixed 1:1 with TRV1 (pYL192) (Liu et al., 2002), incubated for
3 h at room temperature, and infiltrated into the adaxial side of
the fifth true leaf of 4-week-old plants using a needleless syringe.
Plants were grown under long-day conditions (16 h light/8 h dark,
26/22°C day/night, 60% humidity).

Genotyping and gene editing analysis

Somatic editing was assessed 3–4 weeks post-infection using leaf
punches from the eighth systemic leaf. For AmCyan constructs,
fluorescence-guided sampling ensured sgRNA expression. DNA
was extracted using a urea-based protocol (Leach et al., 2016).
PCR amplicons spanning ~0.5–1 kb around the sgRNA target were
generated using Q5 polymerase and gene-specific primers
(Table S2). Products were purified and sequenced (Eurofins Geno-
mics), and editing efficiency was evaluated using ICE analysis
v3.0, 2019 (Synthego).

Heritable edits were analyzed in M1–M3 generations. Seeds
were surface sterilized and germinated on ½ MS medium.

Homeolog-specific primers (Table S2) were used for genotyping,
and mutant progeny were advanced for phenotypic evaluation.

Epidermal peel preparation and stomatal density analysis

M3 plants derived from homozygous (sto, yda) or heterozygous
(epf2, spch) mutants were grown under standard growth chamber
conditions (16 h light/8 h dark, 26/22°C, 60% humidity). Fully
expanded leaves were sampled from four replicate plants per
genotype at the reproductive stage. Epidermal peels were pre-
pared from four quadrants per leaf using cyanoacrylate glue as
described (Allsman et al., 2019). Two fields of view were imaged
from each peel at 109 magnification using an EVOS M5000TM

inverted microscope. SD (stomata mm�2) was quantified by count-
ing stomata in multiple microscope images per leaf and dividing
the number of stomata by the calibrated image area (in mm2) to
yield density per unit area.

To increase throughput, stomatal count was initially quanti-
fied using StomataCounter (Fetter et al., 2019) with default set-
tings. Then, all images were manually reviewed to correct
false-positives and omissions where they occurred. Statistical
analysis of SD differences was conducted using unpaired,
two-tailed Welch’s t-tests in Excel. For TRV-infected M0 plants
carrying AmCyan constructs, two fluorescent leaves from two bio-
logical replicates were sampled at 3 weeks post-infection. Peels
were taken from four quadrants using 8-mm punches and pro-
cessed as above.

Thermal imaging of homozygous mutant lines

To assess leaf temperature differences linked to altered SD, M04

homozygous mutant lines (sto, epf2, yda, spch) were grown in vitro
under 12 h light/12 h dark conditions (80–100 lmol m�2 sec�1, 26/
22°C, 60% humidity). Infrared images were captured using a Ther-
maCAM T400 camera (22.9–31.3°C range, rainbow palette) at a
fixed distance under ambient room temperature.
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