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Introduction

Physcomitrella patens is a bryophyte belonging to early diverging 
lineages of land plants and one of the few extant primitive land 
plants with a publicly available genome sequence.1 P. patens is a 
non-vascular plant, with a relatively simple morphology and single-
cell layered anatomy, thereby requiring a constant co-equilibration 
of tissue water content with the environment.1-5 This may explain 
the restriction of mosses to refugial habitats.6 Such simple ana-
tomical features necessitate the evolution of considerable intrinsic 
cellular and molecular mechanisms in response to abiotic stresses 
and there is evidence to suggest that P. patens is highly tolerant 
to abiotic stresses.5,7,8 P. patens can survive moderate dehydration 
stress but it is not desiccation tolerant.8,9 However, pre-treatment 
of P. patens with abscisic acid (ABA) can confer desiccation tol-
erance.8-10 We showed previously that dehydration stress-induced 
oscillatory increases in the steady-state levels of two Group 3 LEA 
protein genes (Phypa_166566 and Phypa_211998), and that the 
amplitudes of the oscillatory increases are reflective of the sever-
ity of the dehydration stress.10 Additionally, we also showed that 
dehydration stress increased ABA levels in P. patens and that ABA 
can also induce dosage-dependent oscillatory increases in steady-
state transcript levels of these Group 3 LEA protein genes. These 
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data suggest, at least in the context of the moss, that dehydration-
induced temporal dynamics in steady-state transcript levels that is 
responsive to the severity of the stress may contribute to survival 
under periodic fluctuations of water availability and confer evolu-
tionary advantages during colonization of land by plants.10

In addition to its ability to survive moderate dehydration stress, 
P. patens has also been shown to be highly tolerant of salt and 
osmotic stress,7,11,12 as P. patens can survive exposure to 350 mM 
NaCl and 500 mM sorbitol.7 In this study, we aimed to address 
whether dosage-dependent oscillatory increases in steady-state 
transcript levels of stress-responsive genes are a more general phe-
nomenon in moss, or whether it is restricted to dehydration stress. 
Our results showed that salt- and osmotic-stress also induced dos-
age-dependent oscillatory increases in steady-state transcript levels 
of Group 3 LEA protein genes, suggesting that temporal dynamics 
in steady-state transcript levels of abiotic stress-induced genes may 
be a general phenomenon in P. patens and that these oscillatory 
increases may contribute to abiotic stress tolerance.

Results and Discussion

Physcomitrella patens has been shown to be highly tolerant of 
salt and osmotic stress,7,11,12 and they can survive exposure to 
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1A and B) and Phypa_211998 (Fig. 1C and D). The results 
show that salt stress can induce oscillatory increases in the 
steady-state transcript levels of Phypa_166566 (Fig. 1A and B) 
and Phypa_211998 (Fig. 1C and D). Our data appears to be 
at odds with Cuming et al.14 who showed, using microarray 
analysis, that expression of Phypa_211998 is not upregulated 
by salt stress. However, it is important to note that the microar-
ray data reflected gene expression at only one time interval (2 h) 
following salt-stress treatment.14 Additionally, we also observed 
dosage responsiveness of these two genes, as evident from the 
greater amplitudes of the temporally dynamic increases in tran-
script levels at higher salt concentration (0.3 M NaCl) (Fig. 1B 
and D) compared with a lower salt concentration (0.2 M NaCl) 
(Fig. 1A and C).

350 mM NaCl and 500 mM sorbitol.7 Microarray analysis has 
revealed substantial accumulation of two Group 3 LEA pro-
tein genes, Phypa_166566 and Phypa_211998, in response to 
various abiotic stress treatments.14 We previously showed using 
qPCR that dehydration stress-induced elevations in the steady-
state transcript levels of Phypa_166566 and Phypa_211998 take 
the form of oscillations.10 Expression of these two Group 3 LEA 
protein genes was also upregulated by osmotic stress.14 However, 
Phypa_211998 was shown to be upregulated under osmotic 
stress and not salt stress.14 We were interested to determine 
whether salt- and osmotic-stress treatments can also induce 
temporally dynamic changes in the expression of these two 
Group 3 LEA protein genes. Figure 1 shows the effects of salt 
stress on steady-state transcript levels of Phypa_166566 (Fig. 

Figure 1. Salt stress-induced elevations in steady-state levels of the Group 3 LEA protein genes, Phypa_166566 and Phypa_211998 in Physcomitrella 
patens protonemata. Elevations in steady-state levels of Phypa_166566 induced by (A) 0.2 M NaCl and (B) 0.3 M NaCl (three independent biologi-
cal replicates represented by closed symbols). Elevations in steady-state levels of Phypa_211998 induced by (C) 0.2 M NaCl and (D) 0.3 M NaCl (three 
independent biological replicates represented by closed symbols). Relative expression levels were determined by normalization of transcript levels of 
Phypa_166566 and Phypa_211998 with the geometric mean of stably expressed 18s rRNA, actin (Phypa_109052) and tubulin (Phypa_170860).
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We showed previously that dehydration stress and ABA can 
induce temporally dynamic changes in steady-state transcript 
levels of the Group 3 LEA protein genes, Phypa_166566 and 
Phypa_211998 that take the form of oscillations that is inde-
pendent on circadian rhythms.10 Additionally, we also showed 
that the temporally dynamic nature of the steady-state transcript 
levels is responsive to the severity of dehydration stress or ABA 
dosage.10 Our current observations that other abiotic stresses like 
salt- and osmotic-stress can also induce oscillatory increases in 
steady-state levels of stress-induced transcripts suggest that non-
circadian, temporally dynamic changes in stress responsive tran-
scripts may be a general phenomenon in P. patens.

We also examined the effects of osmotic stress on changes in 
steady-state levels of these two Group 3 LEA protein genes (Fig. 
2). We observed a transient elevation (within 2–4 h) in steady-
state transcript levels of Phypa_166566 following exposure to 0.3 
M mannitol (Fig. 2A). Greater upregulation of Phypa_166566 
was observed when P. patens protonemata were treated with 0.4 
M mannitol (Fig. 2B) and the elevations in steady-state levels of 
Phypa_166566 appear to be temporally dynamic (oscillatory) at 
0.4 M mannitol (Fig. 2B). Similar variations in steady-state levels 
of Phypa_211998 transcripts were also observed when protone-
mata were subjected to osmotic stress treatment using 0.3 M (Fig. 
2C) and 0.4 M mannitol (Fig. 2D).

Figure 2. Osmotic stress-induced elevations in steady-state levels of the Group 3 LEA protein genes, Phypa_166566 and Phypa_211998 in Physcomi-
trella patens protonemata. Elevations in steady-state levels of Phypa_166566 induced by (A) 0.3 M mannitol and (B) 0.4 M mannitol (three independent 
biological replicates represented by closed symbols). Elevations in steady-state levels of Phypa_211998 induced by (C) 0.3 M mannitol and (D) 0.4 M 
mannitol (three independent biological replicates represented by closed symbols). Relative expression levels were determined by normalization 
of transcript levels of Phypa_166566 and Phypa_211998 with the geometric mean of stably expressed 18s rRNA, actin (Phypa_109052) and tubulin 
(Phypa_170860).
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trace element solution (Alternative TES- 10 μM H
3
BO

3
, 2 μM 

MnCl
2
, 0.22 μM CuSO

4
, 0.23 μM CoCl

2
, 0.19 μM ZnSO

4
, 0.1 

μM Na
2
MoO

4
 and 0.17 μM KI) and 0.8% w/v agar as previ-

ously described (Nishiyama et al. 2000) under controlled condi-
tions: light intensity (50 μmol s-1 m-2), 24 h light, 50% relative 
humidity (RH) and temperature (23°C) in a constant tempera-
ture growth room.

Salt- and osmotic-stress treatments. Ten to 12-d-old P. patens 
protonemata were used for salt- and osmotic-stress treatments over 
24 h. Salt- and osmotic-stress treatments were performed by gently 
pipetting 1.5 ml of sterile liquid BCDAT medium containing 0.2 
and 0.3 M NaCl (for salt stress) and 0.3 and 0.4 M mannitol (for 
osmotic stress) onto thin lawns of moss protonemata on cellophane 
overlays over BCDAT medium. Tissue samples were also harvested 
at regular 2 h time intervals (0, 2, 4, 6, 8, 10, 12, 14, 16, 18, 20, 22 
and 24 h) and snap-frozen using liquid N

2
 before RNA isolation.

RNA isolation, real-time, quantitative PCR (qPCR). 
Total RNA was isolated, and qPCR was performed as previ-
ously described.10 qPCR reactions were run in triplicate for 
each experimental time interval using gene-specific primers 
(Table S1). Relative expression was determined by normal-
izing transcript levels using the geometric mean of three ref-
erence genes (18sRNA, actin: Phypa_109052, and tubulin: 
Phypa_170860).13 Three technical replicates were performed 
for each data point in the time series and the variations were 
< 3% for all genes tested.
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In mammals, non-circadian oscillations have been well-
documented. For example, expression of the Hes1 gene, which 
encodes a basic helix-loop-helix (bHLH) transcriptional repres-
sor, has been shown to oscillate, and the oscillatory expression 
is regulated by negative feedback and rapid degradation of the 
gene product.17 In neural progenitor cells, oscillations in Hes1 
expression has been shown to contribute to the maintenance 
of the undifferentiated state,18 whereas oscillatory expression of 
Hes1 in mouse embryogenic cells contributes to heterogeneous 
responses,19 suggesting that oscillatory expression of Hes1 may 
have different functions in various cell types.

What might be the significance of such non-circadian oscil-
latory expression of genes in plants? Benfey and colleagues have 
demonstrated that non-circadian oscillations in gene expression 
may be important for developmental regulation of periodic root 
branching in Arabidopsis.15,16 Our observations of non-circadian 
oscillations in expression of two Group 3 LEA protein genes in 
response to dehydration stress10 and salt- and osmotic-stress (this 
study) that is reflective of the severity of the stress suggest that 
such a temporally dynamic system may confer responsiveness 
in speed and efficiency to abiotic stresses and may confer evolu-
tionary advantages during colonization of land by plants. Future 
work will focus on understanding the underlying signaling 
mechanisms regulating this temporally dynamic abiotic stress-
responsive gene expression system. The contribution of post-tran-
scriptional stability of mRNA in the shaping of this temporally 
dynamic system should also be addressed. Additionally, it will be 
important to gain a global view of these oscillatory increases in 
transcriptional responses and to determine if levels of gene prod-
ucts also exhibit temporal dynamics.

Materials and Methods

Plants and growth conditions. Physcomitrella patens ecotype 
“Gransden 2004” was propagated on cellophane overlay plates 
containing BCDAT media (1 mM MgSO

4
, 1.84 mM KH

2
PO

4
 

pH 6.5 adjusted with KOH), 10 mM KNO
3
, 45 μM FeSO

4
, 5 

mM ammonium tartrate, 1 mM CaCl
2
 and supplemented with a 
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