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Abstract The moss Physcomitrella patens is becoming the

model of choice for functional genomic studies at the cellular

level. Studies report that Physcomitrella survives moderate

osmotic and salt stress, and that desiccation tolerance can be

induced by exogenous ABA. Our goal was to quantify the

extent of dehydration tolerance in wild type moss and to

examine the nature of cellular damage caused by desiccation.

We exposed Physcomitrella to humidities that generate

water potentials from -4 (97% RH) to -273 MPa (13% RH)

and monitored water loss until equilibrium. Water contents

were measured on a dry matter basis to determine the extent

of dehydration because fresh weights (FW) were found to be

variable and, therefore, unreliable. We measured electrolyte

leakage from rehydrating moss, assessed overall regrowth,

and imaged cells to evaluate their response to drying and

rehydration. Physcomitrella did not routinely survive water

potentials \-13 MPa. Upon rehydration, moss dried to

water contents[0.4 g g dm-1 maintained levels of leakage

similar to those of hydrated controls. Moss dried to lower

water contents leaked extensively, suggesting that plasma

membranes were damaged. Moss protonemal cells were

shrunken and their walls twisted, even at -13 MPa. Moss

cells rehydrated after drying to -273 MPa failed to

re-expand completely, again indicating membrane damage.

ABA treatment elicited tolerance of desiccation to at least

-273 MPa and limited membrane damage. Results of this

work will form the basis for ongoing studies on the functional

genomics of desiccation tolerance at the cellular level.
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Introduction

The moss Physcomitrella patens is rapidly becoming the

model of choice for functional genomic studies of plants at

the cellular level (Cove et al. 2006; Quatrano et al. 2007;

Reski 1998). The morphology of this moss is relatively

simple; the dominant haploid stage comprises protonemal

filaments that differentiate into photosynthetic chloronema

and non-photosynthetic caulonema. The filamentous cells

are large (c. 50 to[100 lm in length) and easily observed

with a light microscope. The protonema can give rise to

erect gametophores with leaf-like phyllidia whose lamellae

are a single cell-layer in thickness. The simplicity of

morphology allows direct access to individual plant cells

without the complicating factor of tissue level organization

and barriers: it is this aspect that makes Physcomitrella

particularly attractive as a model. Moreover, Physcomit-

rella is amenable to genetic transformation, and the high

frequency of homologous recombination events permits

targeted gene replacement (Schaefer 2001). The recently
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sequenced genome (Rensing et al. 2008) provides a wealth

of information and opportunity for researchers.

One area of active research benefitting from the

Physcomitrella model has been the unraveling of genes and

genetic pathways involved in cellular dehydration toler-

ance. Physcomitrella is considered a mesic bryophyte

(Wood 2007) and does not, under normal circumstances,

tolerate desiccation, defined as equilibrium with a low

atmospheric relative humidity (RH) (Bewley 1979) or

equilibrium to water potentials less than about -100 MPa

(Alpert 2005; Oliver 2007). Several reports show, however,

that Physcomitrella colonies can recover from severe

dehydration, reported as the loss of 80–92% of their fresh

weight, after air-drying (Cuming et al. 2007; Frank et al.

2005) or exposure to osmotic and salt-stress (Frank et al.

2005; Saavedra et al. 2006). These studies have revealed a

large number of transcripts that respond to dehydration,

130 that are up-regulated and 75 that are down-regulated.

Within this population of transcripts, 52 (49 up- and 3

down-regulated) also respond to exogenous ABA (Cuming

et al. 2007). These data are testament to the complexity of

the cellular response to dehydration and underscore the

need for a precise understanding of the water relations and

limits of tolerance for this moss.

A recent paper (Wang et al. 2009) claims that Physc-

omitrella is desiccation tolerant; the basis for this assertion

is that the moss, grown and assessed on an agar medium,

survived the loss of 90% of its fresh weight after lengthy

exposure to air in a chamber containing silica gel. Defining

Physcomitrella as desiccation tolerant contradicts previous

reports that the moss cannot survive extensive water loss

(Cuming et al. 2007; Frank et al. 2005; Saavedra et al. 2006),

nor can it survive equilibration to 35% RH (Oldenhof et al.

2006). Desiccation tolerant cells survive the loss of all bulk

water, plus the loss of interfacial water associated with

macromolecular surfaces; this generally occurs at water

contents less than about 0.1–0.3 g g dm-1 (dry matter)

(Alpert 2005; Hoekstra et al. 2001), although the precise

value depends upon the composition of the cells (Walters and

Koster 2007). Given these standard definitions, the descrip-

tion of Physcomitrella as desiccation tolerant (Wang et al.

2009) merits closer investigation.

Although most previous studies have shown that Physc-

omitrella is sensitive to desiccation, one study (Oldenhof

et al. 2006) demonstrated that application of exogenous

abscisic acid (ABA) for 1 week at a concentration of

100 lM can induce desiccation tolerance, including sur-

vival of equilibration at 35% RH (-140 MPa). At this RH,

the protonema were reported to lose 99.8% of their fresh

weight, corresponding to a water content of 0.02 g g dm-1

(Oldenhof et al. 2006). Moreover, Oldenhof and colleagues

reported that ABA treatment altered membrane phase

properties in the moss, supporting the idea that membrane

protection is one result of ABA-induced gene expression. In

other moss species, ABA treatment has been linked with

improved membrane stability during desiccation and with

the accumulation of specific proteins (Beckett 1999; Bopp

and Werner 1993; Guschina et al. 2002; Werner et al. 1991).

The hypothesis that an exogenous ABA treatment elicits a

cellular protection mechanism has been confirmed and

expanded upon in two recent publications (Khandelwal et al.

2010; Pressel and Duckett 2010).

Given the importance of Physcomitrella as a new model

for cellular level studies of stress responses, our goals were

to quantify the extent of dehydration tolerance in this

species and to examine the nature of cellular damage

caused by desiccation. We show that Physcomitrella does

not survive equilibration to atmospheric water potentials

lower than about -13 MPa and, therefore, cannot be

considered desiccation tolerant. Plasma membrane damage

results from lethal desiccation, as indicated by the exten-

sive leakage of electrolytes from the rehydrated moss and

failure of the plasma membrane and plastids to return to

their previous positions within the cell. Exposure to

exogenous ABA prior to drying induces both desiccation

tolerance, measured as survival of equilibration to 13% RH

(-273 MPa), and membrane protective mechanisms.

Results of this work will form the basis for ongoing studies

on the functional genomics of desiccation tolerance at the

cellular level.

Materials and methods

Physcomitrella patens ssp. patens (Hedwig) ‘Gransden’

was kindly provided by Ralph Quatrano and David Cove

and grown on cellophane discs atop solid BCDA medium

as described by Cove et al. (2009). Moss cultures were

maintained at 24�C with a 16 h photoperiod at 100 lmol

m-2 s-1 and were used between 4 and 6 weeks after sub-

culture. At this time, the moss cultures comprised both

protonemal filaments and gametophores. For ABA treat-

ments prior to drying, moss on cellophane was transferred

to fresh BCDA medium containing 50 lM cis–trans ABA.

To minimize tissue damage during handling, the moss was

left on its cellophane substratum during all assays other

than dry weight determination.

Dehydration

Excess water was wicked away from moss-covered cello-

phane using tissue paper; the moss-covered cellophane then

was cut into sections approximately 2 cm in diameter using

sterile scissors. These sections were transferred into pre-

weighed plastic petri dishes (3.5 cm diameter) and quickly

weighed to obtain the fresh weight of the moss plus
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cellophane. The petri dishes were sealed in chambers con-

taining atmospheres of known RH, generated by saturated

salt solutions, and these were placed in an incubator at 17�C

with a 16 h light, 8 h dark cycle. The RH used, corre-

sponding water potential values at 17�C, and the salt

solutions used to obtain them were: 97% (-4 MPa),

K2SO4; 95% (-7 MPa), KNO3; 91% (-13 MPa), MgSO4;

86% (-20 MPa), KCl; 75% (-39 MPa), NaCl; 68%

(-52 MPa), NH4NO3; 33% (-149 MPa), MgCl2; and 13%

(-273 MPa), LiCl (Rockland 1960; Sun 2002; Winston and

Bates 1960). Petri dishes containing moss samples were

weighed daily until there was no further change in mass,

indicating that the moss had equilibrated to the RH within

the chamber. Samples were then tested for survival, elec-

trolyte leakage, and water content, using triplicate samples

for each.

Survival

Dehydrated moss on cellophane was placed on fresh

BCDA medium and held in darkness for 24 h at 24�C as

the moss absorbed water from the medium. The rehydrated

moss was then exposed to light and monitored for 7 days.

Survival was scored as the maintenance of green colour by

the moss tissues and the beginning of further protonemal

growth. In some instances, survival of the colonies was

patchy; when about 30–70% of the colony on the cello-

phane became chlorotic, samples were scored as 50%

survival. If less than about 30% of the sample remained

green, it was scored as dead, even if the remaining green

patches could eventually regenerate new moss. We used

this scoring system because our interest is in studying

mechanisms of dehydration tolerance at the cellular, rather

than the organismal level.

Electrolyte leakage

Petri dishes containing dehydrated moss on cellophane

were placed in a chamber lined with wet paper towels to

permit absorption of water vapor for 2 h prior to the

leakage assay and so to limit possible damage caused by

the rapid influx of water into the completely dry cells. Four

mL of deionized water were then added gently to each

sample, and the cellophane inverted to submerge the moss.

Samples were swirled at low speed (40 rpm) on an orbital

shaker for 15 min, then the bathing solution was trans-

ferred to a test tube and conductivity measured using a

Mettler Toledo Seven Easy conductivity meter. Pre-

liminary experiments showed that 15 min was sufficient to

bypass the initial rapid increase in conductivity, believed to

arise primarily from extracellular electrolytes; thus, leak-

age at 15 min fell within the linear phase of leakage that

reflects membrane permeability. Total electrolyte content

for each sample was determined by adding the moss back

to its bathing solution and freezing the tissue at -80�C to

disrupt the cellular membranes. Samples were warmed to

room temperature and agitated vigourously with a vortex

mixer, and the conductivity measured again. Leakage is

expressed as the percent of total electrolytes that had

leaked into the bathing solution during the initial 15 min

exposure.

Water content

After achieving a constant weight at a given RH, dehy-

drated moss tissue was quickly scraped from its cellophane

substrate and transferred into a pre-weighed aluminum

dish. Samples were weighed to obtain the fresh weight of

the dehydrated tissue, and oven dry weight was measured

after drying 48 h at 70�C. Water content, expressed on a

dry matter (dm) basis, was calculated as the difference

between the fresh weight and the oven dry weight, divided

by the oven dry weight.

Microscopy

Physcomitrella was observed prior to drying (fresh con-

trols), after dehydrating at 91% and 13% RH, and after

rehydration. Dehydrated samples were removed carefully

from the cellophane and placed on a microscope slide for

viewing. Images were collected quickly to limit the expo-

sure of the sample to the ambient RH of the room. Samples

were rehydrated by wicking liquid water on the slide to the

edge of the sample, then allowing water to move by cap-

illary action into the sample. Materials were observed in

situ using an Olympus (Center Valley, PA USA) IX71

inverted light microscope with epifluorescence and D.I.C.

capability and imaged digitally. Micrographs of entire ga-

metophores were imaged at 10X using a Leica MZFLIII

(Heerbrugg, Switzerland) stereomicroscope (Fig. 4a,

brightfield). Protonemal images were captured at 100X

using either brightfield (Fig. 4b) or D.I.C. (Fig. 5a–e).

Results

Physcomitrella samples lost water when exposed to atmo-

spheric RH 97% and lower. The dehydration rate was rapid

for moss exposed to the lowest RH; samples at 13% RH

(-273 MPa) equilibrated within 24 h, while moss held at

RH above 86% (-20 MPa) took more than 4 d to equilibrate

(Fig. 1a). Water loss was monitored by recording the fresh

weights of the samples until no further change was noted; for

samples used in experiments assessing viability and leakage,

final weights ranged from ca. 14–30% of the initial weight

(Fig. 1a). These weights include the cellophane substrate,
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kept to minimize handling damage to the moss, and so

cannot be compared directly to other published reports in

which water loss from Physcomitrella is reported as a per-

centage of the initial FW. In some experiments, replicate

samples were dried without their cellophane substrate to

determine whether the cellophane changed the drying rate.

As seen in Fig. 1b, the presence of the cellophane did not

significantly affect the drying rate for samples at the same

RH; the lines more or less parallel one another. Moss sam-

ples without cellophane that equilibrated to atmospheres

with water potentials from -4 to -52 MPa lost between

about 85–95% of their fresh weight, corresponding to water

contents between 1.9 and 0.23 g g dm-1 (Fig. 1c). The

relationship between the extent of water loss on a fresh

weight basis and the water content on a dry matter basis

differed significantly between experiments (data not

shown), reflecting differences in water contents of fully

hydrated moss. These occurred because of variation in the

amount of surface water coating the protonemal filaments

and gametophores. When excess water was wicked carefully

away from the cellophane with blotting paper, the water

contents of the moss (taken after removal from the cello-

phane) ranged from 11 to 23 g g dm-1 and depended on the

density of the protonema. Therefore, using the loss of fresh

weight to describe the extent of cellular dehydration was

deemed misleading, and thus uninformative, so water con-

tents on a dry matter basis are used in subsequent

experiments.

Physcomitrella routinely survived mild dehydration to

RH of 95% or greater (water potentials [-7 MPa), as

indicated by maintenance of green color and resumption of

growth when returned to moist BCDA medium (Fig. 2a).

Water contents of samples at 95% RH averaged

0.64 g g dm-1 (Fig. 2b). When equilibrated at 91% RH

(-13 MPa), colonies exhibited more variable response:

half were able to survive, with at least 50% of the sample

retaining green colour throughout the 7 day recovery per-

iod; while others became chlorotic upon rehydration. The

mean water content of non-ABA-treated controls at 91%

RH was 0.32 g g dm-1 and did not vary significantly

between samples that survived and those that died

(Fig. 2b). Physcomitrella equilibrated to RH less than 91%

became almost completely chlorotic upon rehydration,

indicating that this moss is not tolerant of extensive des-

iccation. However, when pre-treated with 50 lM ABA

prior to drying, Physcomitrella survived equilibration to

13% RH (-273 MPa), the lowest value tested in these

experiments (Fig. 2a).
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Plasma membrane damage, measured as electrolyte

leakage from rehydrating samples, occurred in Physc-

omitrella that did not survive dehydration (Fig. 3). Repli-

cates of moss samples that lost more than 65% of their total

electrolytes upon rehydration failed to maintain their green

color and resume growth; this was observed in moss

samples dried to water contents less than approximately

0.4 g g dm-1 (Fig. 3). Fresh moss samples leached

between 21 and 27% of their total electrolyte content, even

without drying (data not shown); these salts are presumed

to originate primarily from the extracellular solution

coating the protonema. Pre-treatment with ABA signifi-

cantly decreased the leakage from dried moss during

rehydration, even from moss dried to water contents as low

as 0.05 g g dm-1 (Fig. 3). ABA pre-treatment also enabled

Physcomitrella equilibrated to -52 MPa (68% RH) or

higher to retain more water than untreated controls during

drying (P \ 0.01, Fig. 2b). At -273 MPa (13% RH), dif-

ferences in water content between ABA-treated and control

moss were not apparent; all samples reached water contents

less than 0.1 g g dm-1 (Fig. 2b).

Microscopic examination revealed that Physcomitrella

colonies 4–6 weeks after subculture contained both ga-

metophores and filamentous protonemata (Fig. 4). Prior to

drying, protonemal cells appeared turgid, with numerous

green plastids around the periphery of the cell (Fig. 4b).

When Physcomitrella samples were dehydrated at either

13% (Fig. 5a) or 91% RH (Fig. 5b) there were similar

gross morphological alterations in cell morphology and

organelle displacement. Protonemal cells were flattened

and highly twisted. The cytoplasm was concentrated,

sometimes near the end walls and sometimes nearer to the

midpoints. In many cases, thin strands of cytoplasm and

plastids also could be discerned along the peripheral edges

of the flattened cells. When material dried at 13% RH

(-273 MPa) was rehydrated, protonemal filaments quickly

filled with fluid and the cell walls returned to a cylindrical

orientation. However, the plasma membrane in many cases

failed to realign with the cell walls and had a plasmolyzed

appearance (Fig. 5c). Additionally, plastids were indistinct

and the cytoplasm appeared dense (Fig. 5c). Plant material

rehydrated after drying at 91% RH (-13 MPa) revealed
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differential cell morphology and degree of organelle

reconstitution. Many filaments rapidly rehydrated and

appeared indistinguishable from fresh controls, with plas-

tids located around the cell periphery, suggesting that a

central vacuole was present (Fig. 5d). However, the

appearance of protonemata was variable. After rehydration,

cells at and near the tip of chloronemal filaments often

appeared indistinguishable from fresh controls, while cells

distal from the tips often revealed a disorganized internal

structure and a dense cytoplasm (Fig. 5e).

Discussion

Bryophytes in general are tolerant of a certain amount of

cellular dehydration. The morphology of their leaves and

filaments does not allow for much in the way of water

retention and thus they require efficient capillary driven

transport of water and liquid water on their surfaces to

maintain growth and efficient photosynthesis. Once liquid

water is removed from the surfaces, cells quickly lose

water and equilibrate to the water potential of the air. Since

this is a common occurrence in many bryophyte habitats, it

is clear that most species have developed some means of

surviving periods, however short, of dehydration (reviewed

by Oliver 2009). Many grow in mesic habitats and can only

survive mild dehydration; others grow in more challenging

habitats and can survive prolonged periods of dehydration

to levels where all bulk water is lost from their tissues. The

latter are considered desiccation tolerant. Many species,

whether desiccation sensitive or tolerant, have evolved a

clump growth strategy as a means of retaining liquid water

for as long as possible in drying atmospheres (Proctor

1980; Rice et al. 2001).

Desiccation sensitivity in bryophytes has been loosely

defined as the ability to survive equilibration with air no

drier than between 80 and 70% RH, which equates to

maximum limits of dehydration to water potentials of -30

to -48 MPa (Wood 2007). Although this is considered

desiccation sensitive for a bryophyte, the level of dehy-

dration tolerance in these mosses is far beyond that

reported for most angiosperms, which can rarely survive

-4 to -6 MPa (Oliver 2007). Desiccation tolerant bryo-

phytes (as well as their angiosperm counterparts) can sur-

vive equilibration to dry atmospheres, 50% RH and below,

that generate water potentials less than -100 MPa (Alpert

and Oliver 2002; Wood 2007). Given the uncertainty as to

where Physcomitrella fits into this classification, it was

important to establish its level of dehydration tolerance in

order to make sense of the growing physiological, bio-

chemical, and molecular data relating to the response of

this moss to water loss.

Studies intended to elucidate cellular mechanisms of

dehydration tolerance depend upon reproducible methods

of dehydration and accurate definitions of the hydration

status of the tissues. One of our goals was to establish a

baseline data set defining the limits of dehydration toler-

ance by Physcomitrella. Most previous studies of this

species have found that colonies can survive some dehy-

dration brought about by exposure to ambient air of

unknown RH (Frank et al. 2005) or to air at 75% RH

(Cuming et al. 2007), although the moss did not survive

equilibrium to either atmosphere. Therefore, we set out to

quantify the extent of tolerance in terms of the equilibrium

RH, or atmospheric water potential, survived by cells of

Physcomitrella. Direct measurement of the water potential

of the plant is difficult, and below -10 MPa almost

impossible with current instrumentation. However, the

equilibrium atmospheric water potential by definition is a

surrogate measurement. As shown in Fig. 2a, Physcomit-

rella was able to survive equilibrium with 95% RH

(-7 MPa) and, in many instances, with 91% RH

(-13 MPa). The moss was routinely killed by equilibrium

to RH 86% (-20 MPa) and lower (Fig. 2). The colonies

used in these experiments had grown 4–6 weeks after

subculturing and contained both protonemata and

Fig. 4 Brightfield images of Physcomitrella prior to dehydration. Panel a shows a gametophore with associated protonemal filaments, and

b shows a chloronemal cell. Scale bar in a = 1 mm; in b = 25 lm
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gametophores. In some experiments with older colonies

(7–10 weeks after subculturing), patchy survival was

observed after equilibration to RH as low as 68%

(-52 MPa), although survival was never great at RH

below 86%. This suggests that the age and associated

density of the colony contributed to tolerance of lengthy

exposure to low RH. These data demonstrate that at least

the lab strain of Physcomitrella, under normal conditions,

is not capable of surviving dehydration that results in

sustained water potentials of less than ca. -13 MPa, which

clearly places it amongst the desiccation-sensitive

bryophytes. It is possible and probable that Physcomitrella

growing in its natural habitat is more dehydration tolerant,

perhaps reaching the levels seen in other desiccation sen-

sitive bryophytes (-30 to -48 MPa).

The patchy survival of some colonies at RH less than

95%, or water potentials below -7 MPa, also illustrates

the need to distinguish between cellular and organismal

tolerance of dehydration. From an ecological perspective,

an organism, organ, or tissue may be judged desiccation

tolerant if it can regenerate new cells upon rehydration; this

despite the fact that the majority of cells in the tissue may

Fig. 5 Physcomitrella protonemal cells dehydrated at 13% RH

(-273 MPa) (a) and 91% RH (-13 MPa) (b). Protonemal cells

approximately 30 min after rehydration following drying at 13% RH

(c) and 91% RH (d, e). Asterisk in (e) indicates the tip cell of a

filament. Scale bar = 25 lm
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be irreparably damaged by the desiccation stress. Partial

survival may result from differences in desiccation sensi-

tivity among tissues within the same organism or from

differences in the actual extent of water loss among cells or

tissues. Physcomitrella, like many bryophytes, can regen-

erate new cells from damaged tissue, allowing stressed

colonies to recover by replacing the damaged cells (e.g.

Frank et al. 2005; Saavedra et al. 2006). Moreover, when

ageing, stressed or treated with ABA, Physcomitrella forms

dehydration tolerant reproductive cells at the tips of pro-

tonemal filaments; these brood cells or brachycytes can

regenerate new colonies (Goode et al. 1993; Pressel and

Duckett, 2010; Rowntree et al. 2007). Our observations

confirm that the tip cells of Physcomitrella protonemata

generally appeared to regain an organized internal structure

upon rehydration, even when many or most of the other

cells in the same sample appeared disorganized (Fig. 5e).

Although definitions of dehydration tolerance at the

organismal level that include the ability to regenerate from

specialized cells or structures are important for ecological

inferences, they should not be confused with definitions of

desiccation tolerance that are directed at understanding

how plant vegetative cells tolerate dehydration.

The relationship between survival and water content can

be seen in Fig. 2, which shows that moss that dried to water

contents less than ca. 0.3 g g dm-1 did not routinely sur-

vive unless pre-treated with ABA. Water contents in this

study are expressed on a dry matter basis, which reflects

how much water remains to solvate and separate cellular

contents, rather than the extent of water lost from the ori-

ginal hydrated tissue. In contrast, most previous studies of

the dehydration tolerance of Physcomitrella have reported

water loss in terms of fresh weight (Cuming et al. 2007;

Frank et al. 2005; Pressel and Duckett 2010; Saavedra et al.

2006; Wang et al. 2009), which is common for measures of

drought tolerance, but which may be less useful for studies

of moss, whose fresh weight may include significant, but

variable, amounts of surface water. In our studies, the

initial water content of the colonies varied extensively;

therefore, water losses corresponding to 90% of the fresh

weight could leave from 0.2 to 2 g g dm-1 water remain-

ing in the sample (e.g. Fig. 1c).

High rates of electrolyte leakage were observed from

colonies that did not survive drying (Fig. 3), indicating that

plasma membrane damage is a component of dehydration

damage. Similarly high leakage rates have been reported

for other bryophytes damaged by drying (e.g. Beckett

1999, 2001; Brown and Buck 1979; Oliver et al. 1993;

Schonbeck and Bewley 1981) and were reported for

Physcomitrella patens damaged by freezing (Minami et al.

2003; Nagao et al. 2006). In those studies, researchers

observed that the extensive leakage from lethally frozen

cells was associated with ultrastructural changes in plasma

membranes, including the formation of aparticulate

domains, fracture jump lesions, and regions of non-bilayer

hexagonal II phase (Nagao et al. 2005). These types of

membrane damage arise when membranes are brought into

close apposition during cellular dehydration (Koster and

Bryant 2006) and are often seen in cells damaged by

freezing, when extracellular ice draws water out of cells

(Steponkus et al. 1993; Uemura and Steponkus 2003).

When plasma membrane integrity is compromised in this

way, cells typically become unresponsive to osmotic

changes (Steponkus et al. 1993; Uemura and Steponkus

2003). The failure of Physcomitrella protoplasts to

re-expand with their walls when rehydrated after drying at

-273 MPa (Fig. 5c) further suggests that plasma mem-

brane semipermeability was compromised by lethal desic-

cation. In contrast, protonemal cells rehydrated after drying

at -13 MPa (91% RH) appeared to have osmotically

functional plasma membranes (Figs. 5d, e), although some

cells exhibited dense cytoplasm, suggesting that metabolic

damage, and perhaps precipitation of some cytosolic con-

stituents, had occurred. These observations support the

hypothesis that membranes are an important site of dehy-

dration damage in Physcomitrella, as they are in most

organisms (e.g. Hoekstra et al. 2001; Koster and Bryant

2006; Walters et al. 2002).

Membranes may be lethally damaged by desiccation,

but they are not the only vulnerable structures within cells.

Pressel and Duckett (2010) recently published a detailed

study on the effects of dehydration on the anatomy of

protonemata from several mosses. They show that con-

trolled cytoskeletal disassembly, changes in organellar

morphology, and reorganization of endomembranes are

key to survival of dehydration. These changes can be

brought about by slow drying (2–3 days) in some species,

or by the application of exogenous ABA (Pressel and

Duckett 2010). Pressel and Duckett (2010) confirm that

Physcomitrella does not survive slow drying, but does

survive dehydration to 10% of its initial water content after

ABA-treatment. They also noted the twisting of flattened

protonemata that we observed in Physcomitrella dehy-

drated to water potentials ca. -13 MPa and lower.

ABA-treated Physcomitrella in our study was tolerant of

desiccation at -273 MPa (13% RH) (Fig. 2a), which led to

water contents of 0.075 g g dm-1 (Fig. 2b). Similar

observations have been documented for other desiccation-

sensitive mosses such as Atrichum androgynum (Beckett

1999, 2001) and Funaria hygrometrica (Werner et al.

1991). ABA-treatment prior to dehydration led to signifi-

cantly decreased leakage from rehydrated cells, indicating

that membrane-protective mechanisms had been induced in

the moss by ABA. A similar effect was measured in the

moss A. androgynum after ABA treatment (Beckett 2001).

Previous studies with Physcomitrella found that ABA
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treatments affected both the thermodynamic and ultra-

structural properties of membranes. ABA treatment con-

ferred desiccation tolerance and prevented increases in the

fluid-gel phase transition temperature of dried Physcomit-

rella membranes; untreated controls had elevated transition

temperatures and failed to survive desiccation (Oldenhof

et al. 2006). Moreover, plasma membranes of ABA-treated

and, therefore, freezing-tolerant cells did not have any of

the ultrastructural lesions that had been observed in freeze-

damaged cells (Nagao et al. 2005). These studies indicate

that ABA treatments confer protection to membranes via

mechanisms that prevent dehydrative damage. One pro-

tective mechanism, observed in both studies, is the accu-

mulation of sucrose and other non-reducing sugars, which

can act as osmotic spacers between membranes and other

cellular structures that are drawn together as water exits

cells. By limiting the close approach of these structures,

sugars can minimize hydration forces that otherwise cause

physical damage to membranes, including membrane phase

changes and fusions that can cause leakage of the internal

solutes from the cell (Bryant et al. 2001; Koster and Bryant

2006; Koster et al. 2000).

Another potentially protective feature induced by

exogenous ABA is the synthesis of various proteins that

may strengthen cellular glasses that form as the viscosity of

intracellular solutions rises during dehydration (Oldenhof

et al. 2006). ABA treatment triggers the expression of

numerous genes in Physcomitrella, including those of

several homologs to stress proteins that accumulate in other

plants as part of the dehydration response (Cuming et al.

2007; Machuka et al. 1999). Included among these are two

dehydrin-like proteins, one of which has been demon-

strated to play a role in osmotic and salinity tolerance in

Physcomitrella (Saavedra et al. 2006). Recently, Khan-

delwal et al. (2010) demonstrated that the Physcomitrella

homolog of the Arabidopsis gene Abscisic acid Insensitive

3 (ABI3) is required for desiccation tolerance to be induced

by the application of ABA. As in wild-type Physcomitrella,

exogenous ABA induced the expression of 22 ABA up-

regulated genes during desiccation of moss in which the

ABI3 homolog had been removed by gene targeting.

However, the same genes were dramatically down-

regulated during the rehydration phase compared to

ABA-treated wild-type levels. This result reiterates the

importance of the rehydration phase of a wet-dry-wet cycle

in the overall mechanism of dehydration tolerance in bry-

ophytes (Oliver 2009).

It must be pointed out here that Physcomitrella patens is

desiccation sensitive in its natural habitat and completes its

life cycle as an ‘‘annual’’ during relatively wet periods

(Mishler, personal communication). It does survive mod-

erate dehydration, but when desiccated it relies on spore

regeneration to recolonize its habitat. Although it is clear

that ABA is important in the dehydration tolerance of this

moss, it is also empirically clear that the response of the

moss to an increase in endogenous ABA is insufficient to

render the moss desiccation tolerant. That the moss becomes

desiccation tolerant when exogenous ABA is added in rel-

atively large amounts indicates that during evolution, the

sensitivity of Physcomitrella to ABA has diminished, if one

ascribes to the hypothesis that primitive plants were desic-

cation tolerant when they colonized the land.
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