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The moss Physcomitrella patens has been used as a model organism to study
the induction of desiccation tolerance (DT), but links between dehydration
rate, the accumulation of endogenous abscisic acid (ABA) and DT remain
unclear. In this study, we show that prolonged acclimation of P. patens at
89% relative humidity (RH) [−16 MPa] can induce tolerance of desicca-
tion at 33% RH (−153 MPa) in both protonema and gametophore stages.
During acclimation, significant endogenous ABA accumulation occurred
after 1 day in gametophores and after 2 days in protonemata. Physcomitrella
patens expressing the ABA-inducible EARLY METHIONINE promoter fused
to a cyan fluorescent protein (CFP) reporter gene revealed a mostly uni-
form distribution of the CFP increasing throughout the tissues during accli-
mation. DT was measured by day 6 of acclimation in gametophores, but
not until 9 days of acclimation for protonemata. These results suggest that
endogenous ABA accumulating when moss cells experience moderate water
loss requires sufficient time to induce the changes that permit cells to sur-
vive more severe desiccation. These results provide insight for ongoing
studies of how acclimation induces metabolic changes to enable DT in
P. patens.

Introduction

Desiccation tolerance (DT) has long been studied as a
constitutive feature of many bryophytes, such as the
moss Syntrichia ruralis (Tortula ruralis) (Bewley 1973,
Bewley and Thorpe 1974). Recent analyses recog-
nize that DT can also be induced in some bryophyte
species previously considered to be desiccation-sensitive
(Wood 2007, Stark 2017), including the model moss
Physcomitrella patens. Physcomitrella patens has

Abbreviations – ABA, abscisic acid; AMCYAN, Anemonia majano cyan; CTCF, corrected total cell fluorescence; DT,
desiccation tolerance; dw, dry weight; EM, early methionine; hph, hygromycin B phosphotransferase gene; LEA, late
embryogenesis abundant; RH, relative humidity; WC, water content.

become a model for genomic, metabolic and pro-
teomic studies because it has a sequenced genome,
high efficiency of homologous recombination and a
dominant haploid stage (Cove 2005, Cove et al. 2006).
Early studies showed that P. patens could survive the loss
of about 92% of its initial water content (WC), but not
more extensive desiccation (Frank et al. 2005). This view
was supported by a study demonstrating that P. patens
survives moderate equilibrium drying to 91% relative
humidity (RH; −13 MPa), but not rapid desiccation to
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water potentials below −13 MPa (Koster et al. 2010).
In contrast, Wang et al. (2009) described P. patens as
desiccation tolerant based upon recovery of growth after
a one-month period of dehydration on agar.

Survival of desiccation depends on many factors,
including drying rate (Proctor and Pence 2002, Stark
2017). Greenwood and Stark (2014) determined that
slow drying over a 150-h period at high humidity could
induce DT in gametophores of P. patens, as measured by
improved survival and photosynthetic capacity. A recent
study by Xiao et al. (2018) also demonstrated that game-
tophores, but not filamentous protonemata, can survive
equilibration to water potentials below −100 MPa fol-
lowing a drying regime that features an initial phase with
a slow rate of water loss.

The process of partial dehydration or hardening prior
exposure to desiccating conditions can enhance or
induce DT in plants (Proctor and Pence 2002, Wood
2007, Stark 2017). Previous studies reported that par-
tial dehydration or hardening at high humidity can
induce DT in the mosses Atrichum androgynum (Beck-
ett 1999) and Rhynchostegium riparioides (Abel 1956).
Partial dehydration or hardening has also been used to
improve tolerance of rapid desiccation in plants that are
already desiccation tolerant, including the moss S. ruralis
(Schonbeck and Bewley 1981), the fern Polypodium vir-
ginianum (Bewley et al. 1993) and detached leaves of the
angiosperm Borya nitida (Gaff and Churchill 1976).

Exogenous application of the phytohormone abscisic
acid (ABA) can induce tolerance of rapid desiccation in
P. patens protonemata (Oldenhof et al. 2006, Khandel-
wal et al. 2010, Koster et al. 2010, Pressel and Duck-
ett 2010, Shinde et al. 2012) and gametophores (Koster
et al. 2010), and endogenous ABA accumulation dur-
ing dehydration has been reported in P. patens (Shinde
et al. 2012, Xiao et al. 2018). However, some questions
about the role of ABA in the induction of DT in P. patens
remain. For example, Shinde et al. (2012) measured a
rapid increase in the ABA content of protonemata dur-
ing dehydration at 75% RH, but they did not report
whether the moss survived the stress. Xiao et al. (2018)
recently reported that although ABA accumulated during
dehydration of P. patens gametophores and protonemata,
elevated ABA amounts did not always correspond with
DT in those tissues. Gametophores accumulated equal
amounts of ABA during a gradual drying regime that led
to DT and also during an equilibrium drying regime that
did not induce DT, while protonemata accumulated sig-
nificant amounts of ABA during gradual dehydration, but
did not become desiccation tolerant (Xiao et al. 2018). It
was suggested that factors in addition to ABA accumula-
tion contribute to DT in P. patens and that the initial dry-
ing rate may be particularly important. Thus we initiated

this study to further understand the link between ABA
and acquisition of DT.

Another factor that could be important is the length of
time between the accumulation of ABA and the loss of
water needed to enable metabolic responses. Therefore,
one aim of our study was to determine how the length
of time allowed for the moss to respond to endogenous
ABA influences the development of DT. A second aim
was to examine the location of ABA accumulation in
the tissues of P. patens as dehydration occurs in order
to determine whether tissue-specific differences exist in
the distribution of the phytohormone and whether these
could account for reported differences in DT between
gametophores and protonemata. Our results suggest that
induction of DT in P. patens requires both ABA accu-
mulation and sufficient time for tissues to respond with
structural and metabolic changes and that ABA does not
differentially accumulate between tissues.

Material and methods

Plant material and growth conditions

Physcomitrella patens (Hedw.) Bruch and Schimp.,
‘Gransden’ ecotype, kindly provided by Dr Daniel
Lynch (Williams College), was grown on 9-cm-diameter
cellophane discs on top of solid BCDA medium as
detailed by Cove et al. (2009). Cultures were maintained
in a Percival 136-LLX (Perry, IA) growth chamber at 24∘C
with a 16/8-h light/dark cycle at 55–60 μmol m−2 s−1

light intensity. Samples were collected for protonema
and gametophore acclimation experiments 3 and
5 weeks after subculturing, respectively.

Acclimation and desiccation protocols

Protonema- and gametophore-covered cellophane
discs were cut into samples of approximately 2× 2 cm
using sterile scissors, and excess water was wiped from
the moss surface using sterile Kim-wipe® tissue paper.
Samples on cellophane were placed into aluminum
weighing dishes (12-mm depth, 50-mm diameter)
for ease of handling during acclimation and desiccation
treatments. Moss samples were allowed to acclimate
in sealed chambers over a saturated slurry of MgSO4,
which generates about 89% RH (−16 MPa) at 25∘C
(Winston and Bates 1960). This salt was chosen because
it led to significant, but not lethal, dehydration in a prior
study of P. patens (Koster et al. 2010). In that study, the
temperature was 19∘C, so the initial RH was slightly
higher, at about 91%. RH was monitored using sensors
(AcuRite 00325 W or SHT-31 probes, Sensirion Inc. with
±2% precision) in the chambers prior to and during each
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Fig. 1. Diagram of overall exper-
imental design. Diagram repre-
sents acclimation at 89% RH
(−16 MPa), desiccation at 33%
RH (−153 MPa), rehydration, and
the recovery period with assigned
temperatures and the time peri-
ods for both protonemata and
gametophores of Physcomitrella
patens.

experiment. After acclimating for designated periods
between 5 and 10 days for protonemata and 3 to 12 days
for gametophores, samples were desiccated at 33% RH
(−153 MPa) for an additional 3 days at 25∘C (Fig. 1) in
sealed chambers containing a saturated slurry of MgCl2
(Rockland 1960). This salt was selected for desiccation
because it dried the moss to WCs that did not differ from
those attained by equilibration at 13% RH in the prior
study (Koster et al. 2010), and there are fewer possible
toxic effects of MgCl2 than for the LiCl used before.
Chambers for acclimation and desiccation were kept in
a growth chamber at 25∘C with a 16/8-h light/dark cycle
at 55 to 60 μmol m−2 s−1 light intensity.

WC measurements

The WCs of four biological replicate samples were
tracked throughout each acclimation and desiccation
experiment. Four samples selected from those described
above were transferred from cellophane to pre-weighed
squares of aluminum foil, which do not hold water
as the cellophane does and thus do not themselves lose
water as the samples dehydrate, and weighed using a
microbalance. These WC samples were placed in alu-
minum weighing dishes and randomly placed among
the other samples in the chambers for acclimation at 89%
RH. WC samples were weighed every 24 h until the end
of the desiccation phase of the trial, oven dry weights
(DWs) were measured after 48 h at 70∘C. Weights of the
aluminum foil squares were subtracted from all sample
weights to obtain the weights of the moss. Drying curves
plotting WC on a DW basis were generated by calculat-
ing the difference between the moss weight at each time
(Wt) and the oven DW, divided by the oven DW as given
in the following formula:

WC
(
gg−1 dw

)
=
(
Wt − DW

)
∕ (DW)

Survival estimations

At the end of the 3-day desiccation period at 33% RH
(−153 MPa), four biological replicates on cellophane
were placed on two sterile, 9-cm diameter, Whatman
#1 filter papers moistened with 3 to 4 ml of sterile
water and allowed to slowly rehydrate for 1 h at 24∘C.
These samples were then transferred to solid BCDA
medium and kept in darkness for 24 h at 24∘C for further
rehydration (Fig. 1). Following rehydration, samples were
returned to the light conditions described above for
acclimation for 7 days to observe if they maintained their
green color and resumed growth.

Chlorophyll fluorescence measurements

Chlorophyll fluorescence of the rehydrated moss sam-
ples was measured using an Opti-Sciences modulated
fluorometer model OS-100 (Hudson, NH, USA). Four
biological replicates from each treatment were dark
adapted for 10 min prior to measurements, and the
Fv/Fm parameter was measured every 24 h for 3 days
using a saturation pulse method as described by Maxwell
and Johnson (2000). Chlorophyll fluorescence of four
control samples that had not been dehydrated was also
measured at each time point.

Endogenous ABA analysis

Samples were collected from four biological replicates
for analysis of endogenous ABA at 24-h intervals dur-
ing acclimation, and control samples collected prior
to acclimation. Samples were flash frozen immedi-
ately in liquid nitrogen and ground to a fine powder
using a pre-cooled mortar and pestle. Samples were
lyophilized for 48 h prior to extraction. Endogenous
ABA was extracted using the method in Yobi et al.
(2017) with modifications as follow. For each replicate,
50 to 100 mg of lyophilized tissue was extracted using
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1 ml of acidified 80% isopropanol (80:19:1, v/v/v,
isopropanol/water/acetic acid) containing 6 ng ml−1 of
(+)-cis,trans-ABA-d6 (d6-ABA) as the internal standard.
The analysis was performed using an Agilent 1260
liquid chromatograph coupled with a single quadruple
Mass Spectrometer equipped with electronic ionization
mode as described by Xiao et al. (2018). In contrast
to Xiao et al. (2018), where internal standard and
endogenous ABA peaks were run in the same signal
side-by-side, internal standard and endogenous ABA
peaks were quantified from two independent signals
during the same run to improve accuracy of quantifica-
tion. Endogenous ABA concentrations for each sample
were calculated using the slope of calibration curves
constructed from peak area ratios of ABA to d6-ABA in
a series of ABA:d6-ABA dilutions.

Plasmid construction

To characterize endogenous ABA localization during
acclimation, a reporter construct consisting of an
ABA-inducible wheat (Triticum aestivum) EARLY
METHIONINE (EM) promoter (PTaEM) fused to a
CYAN FLUORESCENT PROTEIN (CFP) reporter gene
and Cauliflower mosaic virus (CaMV) 35s terminator
was used. The EM promoter has previously been used to
measure ABA responses in P. patens (Knight et al. 1995).
This ABA-regulated CFP reporter construct was derived
from a PTaEM::GUS::35s construct that had been
cloned into the pGEM®-3Z vector (Promega, Madi-
son, WI) and was kindly provided by Pierre-François
Perroud and Ralph Quatrano (Washington University).
The PTaEM::GUS::35s cassette was amplified with
M13-F1(−40) and M13-R1 primers (Table S1) and was
cloned into the pCR®8/GW/TOPO vector (Invitro-
gen by Thermo Fisher Scientific, Carlsbad, CA). The
PTaEM was amplified with the GW1-F1 primer and
the EMBamHI-R1 primer (Table S1) to incorporate the
BamHI restriction site to the 3′ end of the promoter.
The Anemonia majano cyan (AMCYAN) gene in the
pAmCyan vector (Clontech Laboratories, Mountain
View, CA) was amplified with the primers Cyan-F1 and
CyanPstI-R1 (Table S1) to incorporate the PstI site to
the 3′ end of the gene. Amplified PTaEM and AMCYAN
genes were digested with restriction enzymes HindIII
and BamHI, and BamHI and PstI, respectively. Appro-
priate bands were cut after digestion and were ligated
to the pCR®8/GW vector, which had been digested
with HindIII and PstI restriction enzymes to remove
PTaEM::GUS. The sequence of PTaEM::CFP::35s was
verified by Sanger sequencing. The PTaEM::CFP::35s
in pCR®8/GW vector was used as an entry vector for
LR Clonase™ reaction (Invitrogen, Carlsbad, CA) to

transfer the cassette into the plant expression vector,
xk2, between the P. patens Pp108 locus homologous
recombination flanking regions and which contains
the HYGROMYCIN B PHOSPHOTRANSFERASE gene
(HPH) for selection.

Protoplast transformation and selection
of transgenic lines

Protoplasts isolated from 5-day-old P. patens protone-
mata were transformed with linearized PTaEM::CFP::35s
plasmids using polyethylene glycol-mediated transfor-
mation (Roberts et al. 2011). Briefly, 5 days after trans-
formation, first round selection was performed using
25μg ml−1 hygromycin B incorporated into solid BCDA.
After 7 days on selection medium, colonies were trans-
ferred to BCDA medium for 1 week and subsequently
back to selection medium for a week. Two stable
transgenic lines survived after the second round of
selection. Integration of the PTaEM::CFP::35s DNA cas-
sette into the Pp108 locus of the genome by homolo-
gous recombination was confirmed by polymerase chain
reaction using the Pp1085′-F1 primer specific to the
genomic region flanking the homologous region and
35shphCaMV-R1 primer which primes within the donor
cassette (Table S1).

Confocal imaging

Both protonemata and gametophores of the PTaEM:CFP
T1 line were subjected to acclimation at 89% RH
(−16 MPa); samples were collected throughout the
course of acclimation as described above. Acclimated
protonemata and gametophores were rehydrated on
moistened Whatman #1 filter paper approximately 1
to 2 h before imaging with a 40× water objective on
a Leica TCP SP8 laser scanning confocal microscope
equipped with fixed argon laser lines and a tunable
super continuum white light laser. CFP was excited at
458 nm by the argon laser line and the emission band-
pass was 465–520 nm. Samples of the PTaEM:CFP line
treated with 50μM ABA for 48 h were used as positive
controls, and untransformed P. patens (both with and
without ABA treatment) were used as negative controls.
Fiji software (Schindelin et al. 2012) was used to analyze
the corrected total cell fluorescence (CTCF) intensities
of unprocessed images as explained by McCloy et al.
(2014). All images collected from confocal microscopy
to be used in figures were then processed for brightness
and contrast using Adobe Photoshop CC 2017.

Statistical analysis

Data were statistically analyzed using IBM®SPSS® V25
software. One-way ANOVA was performed followed by

320 Physiol. Plant. 167, 2019

The Trial Version



comparison of means using Tukey’s test (P< 0.05) for
endogenous ABA data and CTCF data. Student’s t-test
was used to the compare the significant differences
(P< 0.05) of the survival among treatments.

Results

Survival and WC of the acclimated moss

Protonema samples that acclimated for 5 to 8 days did
not survive desiccation upon rehydration and became
completely chlorotic after 3-day recovery on the BCDA
medium (Fig. S1). However, protonema samples that
acclimated for 9 and 10 days at 89% RH (−16 MPa)
stayed green after rehydration and started re-growth
on BCDA medium during the recovery period (Fig. S1).
Protonemata lost water gradually during the acclima-
tion period at 89% RH and further desiccated during
3 days at 33% RH (−153 MPa). Average WCs at the end
of the acclimation at 89% RH and at the end of 33%
RH desiccation for protonemata were 0.59± 0.042
and 0.12±0.063 g g−1 dw, respectively (Fig. 2A).

Gametophores acclimated for 6, 9 or 12 days survived
desiccation at 33% RH and remained green after rehy-
dration, while samples acclimated for 3 days did not
recover after desiccation and rehydration (Fig. S2). The
average WC of the gametophores at the end of accli-
mation (89% RH) was 0.57± 0.039 g g−1 dw and at the
end of desiccation (33% RH) was 0.06±0.012 g g−1 dw
(Fig. 2B).

Chlorophyll fluorescence

The Fv/Fm ratio, an indicator of Photosystem II (PSII) effi-
ciency, was measured for both protonemata and game-
tophores upon rehydration. The chlorophyll fluorescence
of protonema samples that acclimated for 5 to 8 days
declined over the course of the first 72 h of recovery
(following rehydration), while 9 and 10 days acclimated
samples showed gradual increases in chlorophyll fluo-
rescence (Fig. 3A). In gametophores, the Fv/Fm values
of 3-day-acclimated samples gradually decreased dur-
ing the first 72 h of recovery after rehydration. In con-
trast, 6, 9 and 12 days acclimated gametophores showed
increased Fv/Fm values (Fig. 3B), indicating recovery of
photosynthetic capacity in PSII. Survival percentages of
each treatment were also quantified by comparing the
maximum quantum efficiency (Fv/Fm) of each sample
after 72-h recovery period to the Fv/Fm ratio of unstressed
controls of the same age. Using this measure of sur-
vival, the 9 and 10 days acclimated protonema sam-
ples had survival percentages above 70% (Fig. 4A), while
gametophore DT was maximal after 6 days of acclima-
tion (Fig. 4B). Survival percentage of 6 days acclimated

Fig. 2. WC of Physcomitrella patens during acclimation and desiccation
on dw basis. Drying curves of (A) protonemata and (B) gametophores
show the gradual decrease of WC during acclimation at 89% RH
(−16 MPa) and additional drop in WC when samples were desiccated at
33% RH (−153 MPa) beginning on the days indicated. Data shown are
means± SD of pooled replicate moss samples, where eight samples were
removed from the total pool and desiccated at each indicated time. For
protonemata, n=48 samples in the total pool, and for gametophores,
n= 32 samples. Error bars are not visible when they are smaller than the
symbol.

gametophores were significantly different from 9 and
12 days acclimated gametophores (Fig. 4B). The Fv/Fm
ratio of gametophores acclimated for longer periods (9
and 12 days) did not recover to the same level as undried
controls, although recovery to levels above 50% of the
initial value were measured (Fig. 4B).

Accumulation of endogenous ABA

Endogenous ABA accumulated to concentrations signifi-
cantly greater than in unstressed controls (P< 0.05) after
3 days of acclimation for protonemata and after 1 day of
acclimation for gametophores (Fig. 5A, B). After 9 and
10 days of acclimation of protonemata, ABA amounts
increased by ninefold compared to unstressed protone-
mata; endogenous ABA concentrations were also signif-
icantly (P<0.05) higher in 9 and 10 days acclimated
protonemata than in all other time points (Fig. 5A).
In gametophores, the endogenous ABA concentration
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Fig. 3. Changes in Fv /Fm parameter during recovery. Fv /Fm ratio changes
in (A) protonemata and (B) gametophores during 72-h rehydration on
BCDA medium. Data shown are means± SD of eight replicates for each
developmental stage. Error bars are not visible when they are smaller
than the symbol.

Fig. 4. Survival percentages of moss after rehydration. Survival percent-
ages were calculated as the chlorophyll Fv /Fm ratio of the recovered
sample after 72-h rehydration compared to the Fv /Fm ratio of unstressed
controls of the same age. Each bar shows the mean of eight biolog-
ical replicates (mean± SD) of (A) protonemata and (B) gametophores.
Each set of moss samples was first acclimated for the designed accli-
mation period at 89% RH and desiccated at 33% RH for 3 days. In each
graph, bars labeled with the same letters are not significantly different
(P <0.05), while different letters above bars indicate significant differ-
ences among results.

reached a maximum concentration of 1119±39 ng g−1

dw after 12 days of acclimation (Fig. 5B). The maximum
concentration of ABA accumulated in protonemata was
6022± 308 ng g−1 dw, which was significantly (P< 0.05)
higher than in gametophores.

Endogenous ABA localization in moss during
acclimation

To investigate the localization of endogenous ABA
production during acclimation, moss was transformed
with PTaEM::CFP::35s cassette (Fig. S3). The construct
was targeted for homologous recombination into the
Pp108 gene in the genome as described by Schaefer
and Zrÿd (1997). After two rounds of selection with
hygromycin B, two stable transgenic lines were isolated
(PTaEM::CFP T1 and T2). The expected ≈2.5-kb band
in Fig. S4 confirmed the integration of PTaEM::CFP::35s
DNA fragment into the moss genome. The PTaEM::CFP
T1 line was chosen for further study because it had
greater intensity of the ≈2.5-kb band and, on preliminary
examination with confocal microscopy of ABA-treated
samples, it exhibited the strongest fluorescence intensity.

Confocal microscopy observations of the PTaEM::CFP
T1 transgenic line revealed CFP signal in the cytoplasm
of cells of both developmental stages of P. patens. Moss
cells lost some water during acclimation, leading to flat-
tening and twisting of protonemal filaments; cytoplasm
of the cells was concentrated either to the middle of the
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Fig. 5. Endogenous ABA concentration changes on a dw basis dur-
ing acclimation. Endogenous ABA accumulation in (A) protonemata
and (B) gametophores that were subjected to acclimation at 89% RH
(−16 MPa) for 1 to 10 days and 1 to 12 days, respectively. Data shown
are means± SD of three replicates for each developmental stage of the
moss including non-acclimated controls. In each graph, bars labeled with
the same letters are not significantly different (P <0.05), while different
letters above bars indicate significant differences among results.

cell or to the ends near the transverse walls (Fig. S5).
Upon rehydration, cells in all treatments regained their
original shapes although plastids were scattered in the
cytoplasm of the cells (Fig. 6). Many small vesicles were
present in the chloronemal cells of 2- to 10-day accli-
mated protonemata after rehydration (Fig. 6). However,
those small vesicles were not detected in chloronemal
cells of the ABA-treated T1 line nor in non-transformed
wild-type controls, neither of which had been acclimated
and thus dehydrated (Fig. 6). The CFP signal increased
in protonema cells during the acclimation period, indi-
cating accumulation of endogenous ABA in chloronemal
cells (Fig. 7A). Protonemata acclimated for 9 and 10 days
had significantly greater (P< 0.05) CTCF intensities than
1 to 8 days acclimated protonemata.

After 1 to 2h rehydration on the filter papers, visual
evidence shows that most of the cells in the leaf-like phyl-
lids of 2 to 10 days acclimated gametophores had intact

plasma membranes with scattered ovoid plastids (Fig. 8).
A few dead cells without contents were seen in phyl-
lids of 10 days acclimated gametophores (Fig. 8). Game-
tophore samples acclimated for 1 to 3 days showed low
CTCF intensities after rehydration (Figs 7B, 8), indicating
low concentrations of endogenous ABA had accumu-
lated in the cells during this period. Further acclimation
for 7 to 10 days increased the CFP fluorescence intensity
(Figs 7B and 8), and 7 and 8 days acclimated samples
had significantly (P< 0.05) higher CTCF intensities com-
pared to 1 to 3 days acclimated moss. The CTCF inten-
sity data align with the endogenous ABA concentrations
measured using LC–MS for acclimated protonemata and
gametophores.

Based on our sample size, CFP intensities did not
appear to differ systematically among cell types with
the exception of gametophore buds. Fig. S6A shows
that apical cells in the lower level of the buds with
leaf primordia had strong CFP signals even by 3 days of
acclimation, whereas CFP was absent in the rest of the
bud during the early stage of the acclimation. Over the
time of acclimation, the CFP signal slowly accumulated
throughout the bud; however, the intensities remained
lower than those in the apical stem cells at the base of
the bud (Fig. S6B).

Discussion

Bryophytes vary in their ability to tolerate desiccation.
Some mosses, such as S. ruralis, have constitutive DT
with cellular protection mechanisms that appear to be
independent of ABA signaling; they can survive rapid
dehydration without priming (Bewley et al. 1993). Oth-
ers have inducible DT that depends on factors such as
the drying rate, period of exposure to desiccation, extent
of desiccation and the rate of rehydration (Bewley 1979,
Proctor and Pence 2002, Stark 2017). Physcomitrella
patens is classified as inducibly desiccation tolerant,
as exogenous ABA induces DT in protonemata (Olden-
hof et al. 2006) and gametophores (Koster et al. 2010).
Recent studies have also shown that very slow dehydra-
tion of P. patens gametophores, but not protonemata,
can induce DT (Greenwood and Stark 2014, Xiao et al.
2018).

The results of this study demonstrate that P. patens
protonemata can also become desiccation tolerant if
they acclimate during non-lethal dehydration [89% RH
(−16 MPa)] for a prolonged period of 9 to 10 days prior
to desiccation. Both the drying rate and the length
of acclimation were important factors in the acquisi-
tion of DT. During acclimation, protonemata required
120 h (5 days) to achieve a constant weight at 89% RH
(Fig. 2A), and further 3 days were needed for DT to
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Fig. 6. CFP localization in accli-
mated protonemata. Protonemata
were allowed to acclimate for
periods indicated to the left of
each row, prior to rehydration
for 1 to 2 h and imaging using
confocal microscopy. Brightfield
images of chloronema cells are
shown with their corresponding
CFP signal and merged images.
Note numerous cytoplasmic vesi-
cles (arrows) in cells of moss
exposed to 89% RH (−16 MPa).
ABA-treated moss (positive con-
trol) and wild-type (negative con-
trol) lacked similar vesicles. No CFP
signal was detected in the WT con-
trols. All pictures were taken using
a 40× objective. Scale bar repre-
sents 25 μm.

develop (Fig. 2A). The equilibrium WCs reported here at
89% RH are slightly higher than those reported by Koster
et al. (2010) for mixed protonemata and gametophores
at 91% RH (0.32 g g−1 dw), which may be a result of
the smaller sample sizes used in the earlier study. The
very slow drying rate measured here is slower than that
reported for protonemata by Xiao et al. (2018). In that
study, protonemata reached equilibrium with 50% RH
(−100 MPa) after 96 h (4 days) and did not survive the
desiccation. We hypothesize that the very slow dehydra-
tion phase in the current study triggered the induction
of DT in protonemata, with the extended acclimation
period enabling the cells to mobilize protective metabo-
lites and proteins.

Induction of DT typically involves signaling by ABA
(Marella et al. 2006, Khandelwal et al. 2010), although
ABA-independent pathways are also known (Shinozaki
and Yamaguchi-Shinozaki 1997) and have been impli-
cated in responses of P. patens to dehydration (Cuming
et al. 2007). During the first 3 days of acclimation,
endogenous ABA in the protonemata rose to about
3000 ng g−1 dw, concentrations approximately fourfold
greater than those measured in the control. ABA con-
centrations were then constant from day 3 through day
8, after which they rose further to about nine times the

concentration in control protonemata tissues (Fig. 4A).
Xiao et al. (2018) also reported a significant increase in
ABA to about 400 ng g−1 dw in gradually dried protone-
mata, although in that case, the tissue did not survive
desiccation, either because insufficient ABA accumu-
lated or because there was insufficient time to respond to
the ABA before desiccation. In general, the amounts of
ABA we report here are considerably higher than those
reported in the previous work by Xiao et al. (2018). The
discrepancy may lie in part from the 2 to 5 times larger
sample sizes used in the current study, which improves
the accuracy of detection by the LC–MS. The improve-
ment in the internal standard methodology (described in
materials and methods) that improved accuracy of the
quantification may also explain the discrepancy.

Our gametophore survival results are supported by the
Greenwood and Stark (2014) study showing some game-
tophore survival to water potentials below −100 MPa
after slow dehydration to 30 or 50% RH. Water added
to the samples before dehydration in that study resulted
in the elevation of the ambient RH to 95% for approxi-
mately the first 175 h of dehydration, after which the sam-
ples dried rapidly. Greenwood and Stark (2014) hypoth-
esized that the prolonged drying rate induced DT, and
Xiao et al. (2018) supported this by showing that very
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Fig. 7. Quantitative analysis of CFP signal in acclimated moss. CFP
intensities in acclimated (A) protonemata and (B) gametophores were
calculated as CTCF using Fiji image analysis software for randomly
selected cells (n=10) in each sample. In each graph, bars labeled with
the same letters are not significantly different (P <0.05), while different
letters above bars indicate significant differences among results. Data
shown are means± SD of 10 cells for each treatment.

slow drying regimes could induce DT in P. patens game-
tophores. Xiao et al. (2018) also demonstrated that ABA
accumulated to high concentrations in dehydrating tis-
sue; however, ABA accumulation did not always corre-
late with DT. ABA concentrations in gametophores that

dried gradually over 5 days were similar to the con-
centrations of ABA found in tissue that had been dried
quickly, and then held at 90% RH for 3 to 5 days. How-
ever, only gradually dried gametophores survived subse-
quent desiccation (Xiao et al. 2018). Similarly, we show
here that 3 days of acclimation at 89% RH did not induce
DT, but 6 days of acclimation led to almost complete DT,
as quantified by recovery of photosynthetic efficiency
(Fv/Fm) and maintenance of green color (Figs 4B and S3).

In this study, ABA concentrations in both protonemata
and gametophores increased throughout the acclima-
tion period (Fig. 5A, B), and it is possible that the high
concentrations of ABA accumulating during the initial
days of acclimation were not sufficient to reach a thresh-
old for response. Given the relatively high amounts of
ABA detected here during the early stages of acclima-
tion compared to the amounts reported to induce DT
elsewhere (e.g. Shinde et al. 2012, Xiao et al. 2018),
we think this possibility is less likely than a require-
ment for sufficient time to respond. We also note that
significantly higher amounts of ABA were measured in
desiccation tolerant protonemata compared to desic-
cation tolerant gametophores, suggesting that the two
tissues might have different thresholds for response to
the same stress. This idea is supported by Zhang et al.
(2015) who showed that expression levels of nuclear
factor YC5 (PpNF-YC5), which acts synergistically with
ABI3 in regulation of ABA responses (Yotsui et al. 2013),
differed widely among P. patens developmental stages,
with unstressed gametophores having from 6- to 120-fold
the amounts detected in protonemata. Perhaps this sug-
gests that gametophores are already primed to respond to
dehydration, while protonemata require additional ABA
or time to respond, or perhaps it reflects developmental
differences in the sensitivity to the hormone.

ABA acts as a signaling molecule to activate
stress-responsive genes and protective proteins, includ-
ing some late embryogenesis abundant (LEA) proteins,
in vegetative tissues and seeds of different plant species
(Lane 1991, Berjak et al. 2007, Shinde et al. 2013).
ABA biosynthesis and some key signaling core com-
ponents such as ABI3 and ABI1 are well characterized
in P. patens (Marella et al. 2006, Komatsu et al. 2009,
Takezawa et al. 2015). Proteomic (Wang et al. 2010,
Wang et al. 2012) and genomic (Cuming et al. 2007,
Richardt et al. 2010) studies showed that application of
exogenous ABA could activate ABA-responsive genes
and initiate the production of some LEA proteins and heat
shock proteins presumed to protect P. patens cells during
desiccation. Thus, endogenous ABA accumulating early
during acclimation could trigger ABA-responsive genes
and the synthesis of protective proteins and thereby limit
cellular damage when desiccation occurs.
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Fig. 8. CFP localization in accli-
mated gametophores. Brightfield
images of rehydrated cells on
leaf-like phyllids of gametophores
after certain acclimation period
with their corresponding CFP
signal are indicated along with
merged images. Arrows indi-
cate dead cells on phyllids of
gametophores after rehydration.
ABA-treated moss was used as
the positive control and wild type
used as the negative control,
which had only the autofluores-
cence for plastids. All pictures
were taken using 40× objective.
Scale bar represents 25 μm.

The lengthy time required for the ABA response during
acclimation in this study may be a result of increased cel-
lular viscosity and slowed metabolism in the moss cells
at the lowered WC (approximately 0.58 g g−1 dw, Fig. 2).
As cells dehydrate, cytoplasmic viscosity increases (Lep-
rince and Hoekstra 1998), and thus metabolism either
slows down or occurs at a minimal level. Leprince
and Hoekstra (1998) showed that cytoplasmic viscos-
ity increased exponentially in dehydrated cowpea (Vigna
unguiculata) cotyledons and Typha latifolia pollen when
WC fell below about 0.8 g g−1 dw. Respiratory O2 and
CO2 exchange slowed steadily as the cells dried, and
reached about 50% of the fully hydrated value as at WCs
around 0.6 g g−1 dw (Leprince and Hoekstra 1998). A
similar slowing of respiratory O2 uptake was measured
by Bewley and Thorpe in the moss S. ruralis at WCs 31to
36% fresh weight (Bewley and Thorpe 1974). Therefore,
we speculate that the accumulation of protective proteins
and metabolites may take longer periods to reach suffi-
cient abundance at low WCs compared to hydrated cells.
However, further investigation is necessary to understand
how prolonged acclimation alters metabolic responses

in P. patens to minimize the damage that could occur
during desiccation and rehydration.

Increased chlorophyll fluorescence (Fv/Fm) ratios mea-
sured in 9 to 10 days acclimated protonemata and 6 days
acclimated gametophores upon rehydration indicate that
acclimation minimizes the PSII damage that otherwise
occurs during desiccation or rehydration (Fig. 3A, B).
However, recovery was slow: Fv/Fm ratios increased by
only 0.1 during the first 24 h and had not reached control
levels in most treatment during 3 days of recovery in
protonemata (Fig. 3A). In contrast to the slow recovery
of PSII measured in our study, the moss A. androgynum,
when pre-treated with exogenous ABA had a rapid
recovery of PSII efficiency within 8 h of rehydration fol-
lowing desiccation over silica gel (Mayaba et al. 2001).
Mayaba et al. (2001) further reported rapid recovery of
respiratory activity and increased non-photochemical
quenching in the ABA-treated A. androgynum. Air-dried,
desiccation tolerant Anomodon viticulosus, also showed
a rapid recovery of PSII in less than an hour (Proctor and
Smirnoff 2000). The slower recovery of PSII measured
in acclimated desiccation tolerant P. patens suggests
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that acclimation might activate different metabolic
pathways compared to the mechanisms present in con-
stitutively desiccation tolerant moss or DT induced by
exogenous ABA.

Constitutively DT organisms divert energy from repro-
duction and growth to maintain the protective mech-
anisms required for DT (Toldi et al. 2009). Inducible
DT in P. patens has both advantages and disadvantages:
while energy is not continually diverted from growth
and reproduction, P. patens cannot survive rapid desic-
cation because sudden desiccation stress does not give
enough time to induce DT. Although most cells in a P.
patens plant do not survive rapid desiccation, a few cells
often do remain green and gradually regenerate a colony
(Koster et al. 2010). One possible explanation for this is
that some cells respond more quickly to water loss by
producing ABA and so can prime themselves to survive
desiccation. Understanding the localization of endoge-
nous ABA in different cell types of P. patens during accli-
mation might indicate whether some cell types will sur-
vive desiccation better than others. Our observations of a
transgenic ABA-reporter line during acclimation did not
reveal a difference between the distribution of ABA in dif-
ferent cell types with the exception of buds. In buds, high
concentrations of the CFP signal were observed early
during acclimation, but only in the apical stem cells at
the base of the gametophore buds (Fig. S6A). The CFP sig-
nal was absent in the early stages of acclimation in leafy
buds, although it gradually accumulated there at the later
stages of acclimation (Fig. S6B). Fluorescence intensities
were higher in protonemata than in gametophores, in
accord with the differences in ABA measured between
the two tissues (Fig. 5). Overall, our observations indi-
cate that most of the cell types in P. patens accumulate
endogenous ABA in response to dehydration. The struc-
tural changes observed in cells during acclimation, such
as flattening and twisting of the protonemata (Fig. S5),
appear to be reversible after rehydration (Fig. 6). Further-
more, the small vesicles observed in the chloronemal
cells are likely to fuse to form larger vacuoles during
recovery after rehydration. Pressel and Duckett (2010)
reported a similar pattern of vesicle formation in slowly
dehydrated protonema cells after rehydration, as well as
fusion of those vesicles over several hours of rehydration
indicating recovery of cells.

Our study demonstrates that P. patens can acquire DT
to water potentials below −150 MPa in both protone-
mata and gametophores if cells acclimate for a prolonged
period at high humidity prior to desiccation. Further-
more, we conclude that in addition to a slow initial
drying rate to trigger acclimation, the length of the accli-
mation period and endogenous ABA accumulation are
both important factors for the development of DT in P.

patens. Furthermore, we hypothesize that endogenous
ABA accumulating early in acclimation triggers produc-
tion of protective metabolites and proteins that accumu-
late and minimize desiccation damage. Further research
will investigate how metabolic pathway alterations dur-
ing acclimation contribute to DT in P. patens.
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