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ABSTRACT

The Old, the Young, and the Dehydrated: comparing dehydration tolerance of
‘Gransden’ and ‘Villersexel’ ecotypes of Physcomitrella patens

Katherine Bollinger

Director: Dr. Karen L. Koster, Ph, D.

Plant tolerance of environmental stresses such as water deficit depends on genetic
factors that can vary in response to the climate in which the plants have evolved.
Such genetically distinct populations of a species that live in different regions are
referred to as ecotypes. The purpose of this research was to test the dehydration
tolerance of two ecotypes of the moss species Physcomitrella patens, one from Little
Gransden, England, which has been used for decades for research, and another more
recently cultured ecotype from Villersexel, France. Little Gransden receives nearly
half the yearly precipitation of Villersexel, which could have led to the ‘Gransden’
ecotype becoming more dehydration tolerant than the ‘Villersexel’ ecotype. To test
my hypothesis, I allowed samples containing contained both protonemata and
gametophores of each ecotype to equilibrate to a range of relative humidities (RH),
measured the extent of dehydration they experienced, and then assessed their
ability to survive dehydration using chlorophyll fluorescence as a measure of
metabolic recovery after rehydration. The data indicate that the ‘Gransden’ ecotype
survived and recovered from equilibration to RH as low as 89% RH, while the

‘Villersexel’ ecotype was less tolerant of dehydration, only surviving equilibration
down to 95% RH.
Keywords: Physcomitrella patens, dehydration tolerance, chlorophyll fluorescence,
ecotypic variation, ‘Gransden’, ‘Villersexel’
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INTRODUCTION

Life as we know it would not be possible without plants. Plants provide
many items we utilize in our daily life such as pharmaceuticals, food, textiles,
bioenergy, and even the oxygen in the air we breathe. Given the importance of
plants to life on Earth, it is alarming that plants in many parts of the world are facing
increasing threats of drought stress, which could lead to an agricultural, economic,
and global catastrophe (Reski and Frank, 2005; Wang et al., 2009). In response to
this threat, scientists are working to develop plants that are more dehydration
tolerant. Genomic research using plants that vary in their dehydration tolerance
may help us further understand plant adaptations to harsher, drier conditions
(Wang et al., 2009). Early land plants, specifically the mosses, have evolved over
time to survive environmental stresses, making them a valuable resource for plant
stress tolerance research (Cuming et al., 2007; Prigge and Bezanilla, 2010). One
moss species, Physcomitrella patens, has become a model species for studying stress
responses (e.g. Frank et al., 2005; Cuming et al., 2007; Koster et al., 2010), and
recent research reported the existence of ecotypes of this species with known
genomic variability (Hiss et al., 2017). My study compares the dehydration
tolerance of two of these ecotypes, the established ‘Gransden’ line and the more
recently isolated ‘Villersexel’ line, in order to understand how differing ecotypes of
this mesic bryophyte adapt to the environmental stresses of their climates.
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Background Information on Physcomitrella patens
Moss research provides a useful avenue for studying dehydration tolerance
due to the moss’s short life cycle and small size (Cove et al., 2006). Physcomitrella
patens (Hedw.) Bruch & Schimp. is a moss species that has been developed for use
as a model system for studying plant development, metabolism, and stress tolerance
(Kamisugi et al., 2008; Wang et al., 2009; Prigge and Bezanilla, 2010).
Physcomitrella patens is ideal for research because it requires low maintenance,
uses little laboratory space, and is rapidly propagated. Researchers are able to
genetically manipulate the moss and test hypotheses about gene function because of
P. patens’ completely sequenced genome and ability to undergo relatively frequent
homologous recombination events (Reski and Frank, 2005; Prigge and Bezanilla,
2010; Perroud et al., 2011).
The alternation of generations life cycle, shown in Figure 1, showcases the
dominant haploid phase of P. patens. The haploid phase produces gametes, which
combine to produce the diploid sporophyte, while the diploid phase produces
haploid spores using meiosis (Schaefer and Zrÿd, 2001, Cove, 2005; Reski and
Frank, 2005). The dominant haploid gametophyte stage of P. patens makes it an
attractive model for genetic analysis because it allows for simpler Mendelian genetic
crosses, targeting of genes, mutant isolations, and allele replacements (Cove, 2005;
Frank et al., 2005; Cove et al., 2006; Prigge and Bezanilla, 2010; Perroud et al.,
2011). An additional advantage of using P. patens for research is that it regenerates
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clonally from almost all cell types, forming filamentous protonemata tissue, as seen
in Fig. 1.3, after homogenization (Reski and Frank, 2005; Cove et al., 2006).
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Figure 1. The life cycle of P. patens. (1) Sporangium, or the main body of the sporophyte,
releases spores, (2) Spores start to divide to become primary protonema, (3) Protonema, or
a filamentous network of cells, branches and divides to form a young bud (not shown), (4)
Young bud divides to develop into a leafy shoot, or gametophore. The rhizoids, root-like
structures, are indicated by the red circle, (5) The gametophore produces both the
antheridium (male) and the archegonium (female), reproductive structures that produce
the sperm and egg, respectively. The sperm swims to the egg and fertilizes it. The diploid
4

sporophyte then forms on the apex of the gametophore. Through meiosis in the
sporangium, spores are produced and the life cycle begins again. [Figure adapted from one
by Schaefer and Zrÿd, 2001. Images from Wikimedia; free for use in public domain]

Defining the Dehydration Tolerance of P. patens

The purpose of this study is to compare the dehydration tolerance of two
ecotypes of P. patens. Throughout history, plants have adapted to their
environments, conserving genes that allow them to survive varying degrees of
dehydration (Frank et al., 2005; Cuming et al., 2007). Physcomitrella patens is ideal
for dehydration tolerance research because of its ability to survive an array of
environmental stresses and its recently sequenced genome, which combine to
enable the identification of stress adaptation genes (Frank et al., 2005; Reski and
Frank, 2005; Cuming et al., 2007). Physcomitrella patens is considered a
dehydration tolerant plant species and, according to one study, can survive water
potentials down to -13 MPa (Koster et al., 2010). In our study, we distinguish
between dehydration tolerance and desiccation tolerance. Although there is no
clear definition of dehydration tolerance, it can be categorized by the amount of
water left in the plant and the extent of the damage in the membranes and
macromolecules of the cell (Bryant and Wolfe, 1992; Koster and Bryant, 2006),
whereas desiccation tolerance for vegetative tissues is often defined in more
absolute terms as the ability to survive equilibration with air at ≤50% relative
humidity (RH) or water potentials less than approximately -100 MPa or below
(Alpert, 2005; Proctor et al., 2007; Oliver et al., 2010).
The morphology of the filaments of the P. patens protonema seemingly
allows it to be dehydration, but not desiccation, tolerant. Physcomitrella patens is
5

one cell layer thick (Pressel and Duckett, 2010), which enables rapid evaporation of
water and equilibration to the environment (Koster et al., 2010). Although P. patens
is not considered a constitutively desiccation tolerant moss, it can still survive
desiccation under certain circumstances (Oldenhof et al., 2006; Cuming et al., 2007;
Koster et al., 2010). This is termed inducible desiccation tolerance (IDT), where
desiccation tolerance can be turned on by environmental stresses or signals
(Proctor et al., 2007; Stark et al., 2016). Physcomitrella patens can survive
desiccation after the addition of exogenous abscisic acid (ABA) (Oldenhof et al.,
2006; Koster et al., 2010) or after a slow drying process (Wang et al., 2009; Stark et
al., 2016), which may induce the production of endogenous ABA (Rathnayake et al.,
2017, unpublished; Xiao et al., 2018). In many plant species with IDT, these
processes trigger induction of survival mechanisms, most commonly by
accumulating sugars, other solutes, and certain protective proteins (Hoekstra et al.,
2001; Oldenhof et al., 2006; Proctor et al., 2007). Dehydration and desiccation
tolerant plants generally accumulate large amounts of di- and oligosaccharides
(Hoekstra et al., 2001), which aid in preventing the loss of cellular water through
osmotic effects (Bryant et al., 2001; Walters and Koster, 2007).
Climatological Data of the ‘Gransden’ and ‘Villersexel’ Ecotypes of Moss
As P. patens loses water easily, it is crucial for the moss to grow in temperate
zones, near riverbanks, ponds, and streams (Cove, 2005; Prigge and Bezanilla,
2010). The growing season of P. patens in the northern hemisphere typically spans
from August to January, during which time the sporophyte capsules mature

6

(eFloras.org, 2017). Extended drought during this period could adversely affect
reproduction and survival of the moss if the surrounding soil and air become too dry
for this mesic species. Both ‘Gransden’ and ‘Villersexel’ ecotypes used in this study
originated in temperate climates, but differences in annual precipitation received at
each site exist, as described below and shown in Table 1 (Merkel, 2015).
The ‘Gransden’ ecotype was cultured decades ago from a spore collected near
Little Gransden, England (Engel, 1968). The climate of Little Gransden is warm and
temperate. It has an average annual rainfall of 571 mm and temperature of 9.7 °C.
Little Gransden receives rainfall year-round, with even the driest month of February
getting 34 mm of precipitation. August, the usual start of the growing season for P.
patens, is also the wettest month of the year, peaking at 53 mm of rainfall.
Temperature is the highest in the month of July, reaching an average 16.6 °C, and
decreases steadily until the month of January, when the average temperature is 2.9
°C (Table 1).
The ‘Villersexel’ ecotype originated from the town of Villersexel, France
(Kamisugi et al., 2008), which is a considerably wetter habitat than Little Gransden.
Although the climate is also warm and temperate, Villersexel, France, with 979 mm
of precipitation per year, gets nearly double the annual precipitation of Little
Gransden, England. The driest month of April has an average of 69 mm of rain,
while November reaches 95 mm precipitation on average. In addition, Villersexel,
France is warmer on average than Little Gransden, England in the months of April
through September. The average annual temperature of Villersexel is 9.8 °C, with
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the warmest month averaging 18.6 °C (July) and the coolest month averaging 0.9 °C
(January) (Table 1).
Table 1. Climatological data of Villersexel, France and Little Gransden, England. Average
temperature (°C) and precipitation (mm) are shown for the months of January through
December. Data retrieved from Climate-Data.org website (Merkel, 2015), which averages
data collected between 1982-2012. No variances were given.

Average
Temperature of
Villersexel (°C)
Average
Temperature of
Little Gransden
(°C)
Average
Precipitation of
Villersexel (mm)
Average
Precipitation of
Little Gransden
(mm)

January

February

March

April

May

June

July

August

September

October

0.9

2.4

6

9.3

13.2

16.6

18.6

18.1

15.3

10.4

5.2

1.7

2.9

3.6

6

8.7

11.9

15

16.6

16.3

14.2

10.6

6.3

4.1

88

75

72

69

81

92

76

94

82

69

95

86

47

34

44

44

47

50

48

53

51

50

51

52

November December

Overall, Villersexel, France has a warmer climate and it receives more
precipitation on average than Little Gransden, England. Although both Little
Gransden and Villersexel reach their highest temperature in the month of July,
Villersexel is 2 °C warmer on average. In contrast, in the month of January, Little
Gransden is 2 °C warmer on average than Villersexel. Because Little Gransden has a
more consistent temperature throughout the growing season of P. patens, the
greater variability in the temperature of Villersexel could contribute to a difference
in its dehydration tolerance. In addition, the drastic differences in precipitation of
the two climates could also be a factor in the dehydration tolerance of the moss.
Villersexel receives more precipitation throughout the P. patens growing season
than Little Gransden, with an average of 514 mm of precipitation over Little
Gransden’s 304 mm precipitation in the months August through January.
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The varying geographic locations of Little Gransden and Villersexel, as shown
in Figure 2, can contribute to their differences in climate. Both Villersexel and Little
Gransden are categorized as temperate oceanic climates (Chen and Chen, 2013), but
Little Gransden is closer to the ocean, which could be a factor in its moderate
temperatures. The lower amount of precipitation and the lower temperatures
overall of Little Gransden may contribute to a more dehydration tolerant P. patens
ecotype.

9

Figure 2. Origin of ‘Gransden’ and ‘Villersexel’ moss ecotypes. Little
Gransden, England is located at the coordinates (52.18053, -0.14023) while
Villersexel, France is at (47.55102, 6.43221). (Google Maps, 2017)

The differences in precipitation and temperature of each climate during the
growing season of P. patens may have led to local adaptations at the molecular level,
allowing one ecotype to better survive drought and desiccating conditions.
Genomes for both ecotypes of moss have been sequenced (von Stackelberg et al.,
2006; Kamisugi et al., 2008; Rensing et al., 2008), which makes it possible to
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compare their sequences and look for differences that might lead to differences in
stress tolerance. According to a comparative genomics website
(www.genomevolution.org/coge), 2,670,127 single nucleotide polymorphisms
(SNPs) were found to differ between ‘Gransden’ and ‘Villersexel’, demonstrating that
the two ecotypes of moss are genetically distinct (Meyberg, 2016; Hiss et al., 2017).
SNPs represent variations in the genetic code between different organisms or
species (Brookes, 1999). Each SNP indicates the location that a single nucleotide is
altered in the DNA sequence (Hiss et al., 2017). Knowing that the P. patens ecotypes
are genetically distinct means that there may be a genetic basis for any differences
in dehydration tolerance. Moreover, it will enable the future identification of
additional candidate genes that may contribute to dehydration tolerance based on
SNPs that lead to different gene expression or different isoforms of protein being
made.
Rationale and Hypothesis
Knowing that the two ecotypes of moss are genetically distinct, and that they
originate from varying climates, we can hypothesize they may have evolved
genetically over time and that their responses to dehydration will differ, allowing
one ecotype to better tolerate dehydration. The importance of comparing ecotypes
is that if one ecotype is more equipped to survive dehydration, further genomic
research can be conducted, which would give additional insight into what genes are
regulated to help the plant survive dehydration.
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The purpose of this research was to test the dehydration tolerance of two
ecotypes of the moss species P. patens. Little Gransden, England receives nearly half
the yearly precipitation of Villersexel, France, which might have led the ‘Gransden’
ecotype to be evolve more dehydration tolerance than the ‘Villersexel’ ecotype. To
test my hypothesis, I allowed samples of each ecotype to equilibrate to a range of
water contents, then assessed their ability to survive dehydration using chlorophyll
fluorescence as a measure of metabolic recovery after the rehydration. The data
indicate that the ‘Gransden’ ecotype survived and recovered from equilibration to
89% RH, while the ‘Villersexel’ ecotype was less tolerant of dehydration, only
surviving equilibration with 95% RH, but not to 89% RH.
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MATERIALS AND METHODS

Cultivation Methods
Both the ‘Gransden’ 2013 and ‘Villersexel’ ecotypes of P. patens (Hedw.)
Bruch & Schimp. were provided by Dr. Stuart McDaniel from the University of
Florida. The two ecotypes were cultured using the technique of Cove et al. (2009),
as follows. Using sterile technique in a biosafety hood, moss samples of
approximately 3-4 weeks post-homogenization, comprising primarily protonemata,
were homogenized in water and pipetted onto cellophane discs, obtained from AA
Packaging Ltd., England, courtesy of Dr. Mel Oliver (USDA-ARS), layered on agar
culture medium in 9 cm diameter Petri dishes. All instruments and supplies had
been sterilized in an autoclave prior to use.
The initial trials of ‘Gransden’ and ‘Villersexel’ were grown on BCDAT
medium, containing ammonium tartrate, while the latter trials (Trials 2 and 3) were
grown on BCD medium, which only has nitrate as a source of nitrogen (Cove et al.,
2009). The species of nitrogen available influences development, affecting the
abundance of the two types of protonema: caulonema and chloronema, which differ
in their morphology and growth rate (Cove et al., 2006). Caulonema cells are
rapidly growing and less branched than chloronema, which are slow-growing and
more branched (Cove et al., 2006). The addition of ammonium tartrate promotes
chloronema branching and decreases the formation of caulonema (Cove et al.,
13

2006). However, caulonema filaments, and not chloronema, give rise to the buds
that form gametophores (Cove et al., 2006). Therefore, gametophore formation is
delayed in cultures grown in the presence of ammonium tartrate.
After propagation, both ecotypes of moss were placed in a Percival 136-LLX
(Perry, IA) growth cabinet at 24 C with a 16 h light: 8 h dark cycle at a light
intensity of 50-75 µmol·m-2·s-1. Moss was grown for 4-6 weeks, producing samples
that contained both protonemata and gametophores prior to use in dehydration
tolerance trials.
Sample Dehydration
For experimental trials, the 9 cm cellophane discs covered with moss tissue
were cut into 2x2 cm squares, yielding 6 samples per plate. Three samples were
removed from the cellophane and placed on pre-weighed aluminum foil squares,
while the other three samples were kept on cellophane. All 6 samples were then
placed in small plastic Petri dishes measuring 4 cm diameter and 5 mm height. The
samples placed on aluminum foil were used for measurements of water content
since foil, unlike cellophane, does not absorb water and therefore does not confound
moss water content determinations. Previous tests in the Koster lab showed that
moss dehydration rates on foil did not differ significantly from rates on cellophane
(Niemann and Koster, unpublished data). Samples kept on cellophane were used to
determine the survival of each ecotype after drying to equilibrium with different RH
levels.
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Controlled RH chambers were made to equilibrate samples of P. patens to
different levels of RH. Each chamber was made using 500 mL screw-top Nalgene
jars. Saturated salt solutions were made for each chamber to achieve distinct RH
levels. The RH levels, water potential values at 25 C, and the corresponding salts
used to create the salt solutions were: 93% (-10 MPa) KNO3; 89% (- 16 MPa) MgSO4;
86% (- 21 MPa) KCl; 75% (- 40 MPa) NaCl; 33% (- 153 MPa) MgCl2 (Rockland, 1960;
Winston and Bates, 1960). Samples were equilibrated at 24 C, which should have
negligible effect on the predicted RH values, based on the data tables found in the
literature, which show no difference greater than 1% between RH values at 20 and
24 C (Rockland, 1960; Winston and Bates, 1960). Five RH chambers were made for
each ecotype so that each chamber only contained samples of one ecotype. All RH
chambers were prepared 24 h before the beginning of a trial to allow the chambers
to come to equilibrium at their designated RH. A Petri dish of saturated salt solution
was prepared by gradually adding water to a layer of salt until a slurry was created,
approximately 1 cm deep with no more than 1 mm of liquid water on top. This
slurry buffers the RH within a narrow range, as long as excess water absorbed from
samples is removed and water is added to the high RH chambers that lost water due
to evaporation each time the lids were taken off. A Petri dish containing the
appropriate salt slurry was then placed at the bottom of each chamber and the lid
closed. After 24 h, the six 2x2 cm moss samples in their small Petri dishes were
placed inside a single RH chamber on top of a plastic mesh, which allowed
separation of the dishes from the salt solutions.
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To ensure accuracy of the RH chambers, SHT31 RH probes (Sensirion, Staefa
ZH, Switzerland), which measure at ±2% RH accuracy, were taped inside the lid of
each chamber. Five humidity probes were used and were transferred every 24 h
between each set of chambers to monitor humidity. Water was taken out or added
if chamber RH levels were inconsistent with the values established in the literature
for each salt. Data were transmitted via Bluetooth and recorded each time and day
sample weights were recorded.
The initial weights of the samples on aluminum foil were recorded before
samples were placed in the RH chambers. Sample weights were measured using a
Mettler MT-10 microbalance with readability to 1 μg. After moss samples were
placed in their respective RH chambers, the chambers were placed in the incubator
with a 16 h light: 8 h dark cycle, at 24 C, to start the dry down period. Weights of
the 3 samples on foil were measured quickly at 24 h intervals to monitor water loss
at each RH. The samples were held in the RH chambers for 6 d (144 h), by which
time constant weights were attained, indicating that the moss had equilibrated to
the RH of the chamber. Only samples at 93% RH (KNO3) for Trial 3 of both
‘Villersexel’ and ‘Gransden’ stayed in the salt chambers another 24 h to ensure full
equilibration. The samples at 168 h showed that even after an additional 24 h dry
down period, the samples were already fully equilibrated, losing no additional
water. After weights were recorded at 144 or 168 h, the three samples on
aluminum foil were placed in the oven at 70 C for 48 h to remove remaining water
from the moss tissue. Oven-dried samples were transferred to the microbalance in
containers with approximately 1 cm silica gel to prevent rehydration prior to
16

recording the dry weight. Water contents on a dry matter basis were calculated
using the formula

𝑊𝐶 =

(𝐹𝑊 − 𝐷𝑊)
𝐷𝑊

where WC is the water content in g H2O/ g dry matter (dm), FW is the fresh weight
of moss after equilibration to RH, and DW is the weight of the moss after oven
drying.
Rehydration
After equilibration in the RH chambers for 144 h, moss samples for viability
measurements were placed, still on their cellophane, in a 9 cm Petri dish on two
sheets of Whatman #1 filter paper that had been soaked with 2 mL sterile water.
Three samples were placed together in each Petri dish. The dishes were then
sealed, wrapped in aluminum foil, and placed back into the incubator for 1 h to
rehydrate. Rehydration was done in darkness to limit any potential photobleaching.
Chlorophyll fluorescence
Survival of moss samples was primarily determined through measurements
of the chlorophyll fluorescence ratio Fv/Fm. Chlorophyll fluorescence (Fv/Fm)
measurements indicate the maximal possible activity of Photosystem II reaction
centers in the electron transport chain, thereby providing a gauge of metabolic
recovery and survival of the moss tissue (Maxwell and Johnson, 2000; Greenwood
and Stark, 2014). In short, some of the light energy that is absorbed in the
chlorophyll molecules is re-emitted as light, which can then be measured by a
17

chlorophyll fluorometer. The amount of fluorescence emitted depends on how
effectively chlorophyll in the photosystems uses absorbed light to stimulate the
electron transfer reactions that start the photosynthetic light reactions (Maxwell
and Johnson, 2000). The ratio Fv/Fm compares the variable fluorescence (Fv) to the
maximal fluorescence (Fm) and is calculated according to the formula:
𝐹𝑣 (𝐹𝑚 −𝐹𝑜 )
=
𝐹𝑚
𝐹𝑚
where Fo represents the minimum fluorescence yield and Fm is the maximum
fluorescence yield. The difference between maximum fluorescence and minimum
fluorescence equals Fv (Maxwell and Johnson, 2000). Using a ‘light doubling’
technique, a high intensity and quick flash of light closes the PSII reaction centers.
During the short flash of light, the fluorescence reaches its maximum fluorescence
(Fm) and emits the fluorescence from energy that is not used in the electron
transport chain during illumination. Comparing the maximum fluorescence to the
fluorescence in the absence of light (Fo) indicates the efficiency of photochemical
quenching, and therefore, the activity of PSII. When the photosystem is damaged, it
emits more fluorescence, so Fm and Fo would be high. As the photosystem repairs
itself, the Fo decreases because more energy can be diverted into the electron
transport, leading to a higher Fv/Fm measurement. Higher Fv/Fm measurements
denote healthier moss tissue and therefore better survival than samples that may
have lower measurements.
Before samples of moss were dried down, the control chlorophyll
fluorescence ratio Fv/Fm was measured at 0.7 s exposure using an Opti-Sciences
18

Modulated Fluorometer model OS-100 (Opti-Sciences Inc., Hudson, NH) with an 8
mm diameter probe. Measurements were taken on 3 separate, randomly selected
areas of moss. If samples contained patches lacking growth, fluorescence
measurements were avoided in those areas.
After 1 h of rehydration in 1 mL of sterile water on filter paper, moss samples
were again measured for chlorophyll fluorescence, using the parameters described
earlier, to gauge survival of the moss tissue. Chlorophyll Fv/Fm ratios were recorded
at three randomly selected locations on each 2x2 cm sample of moss, avoiding areas
of no growth. After Fv/Fm measurements were taken, moss samples were removed
from the filter paper and placed on sterile BCD or BCDAT medium in 9 cm Petri
dishes. The dishes were covered in aluminum foil for 24 h at 24 C to prevent
photobleaching.
After 24 h, the aluminum foil was removed, and the chlorophyll fluorescence
measurements were again recorded for all samples of both ecotypes. One mL of
sterile water was added to the BCD plates and each plate was sealed with surgical
tape (3M Micropore 1.25 cm width) in order to keep the samples sterile while still
allowing gas exchange to occur. Chlorophyll fluorescence measurements were
repeated every 24 h for three days. The aluminum foil was removed after 24 h and
the plates were placed in the dark for 10 min for dark adaptation before Fv/Fm
measurements were taken.
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Visual assessments were also used to gauge moss survival. Living moss cells
retain chlorophyll, so they appear green, allowing a quick assessment of the moss
viability after recovery from dehydration (Koster et al., 2010).
Statistical analyses were performed using Microsoft Excel software. T-tests
were used to compare water content and survival data between ecotypes at each RH
value, while ANOVAs were used to assess ecotypic differences between the drying
curves. Details of each statistical analysis are given along with the data.
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RESULTS

To assess the ‘Villersexel’ (VX) and ‘Gransden’ (GR) ecotypes’ ability to
tolerate dehydration, samples were dried to varying degrees. Weights were
recorded during the dehydration period to calculate water content, and chlorophyll
fluorescence was measured throughout the rehydration period to determine
survival of the tissue. Using the water content and fluorescence data can give a
valuable comparison of the survival of the ‘Villersexel’ and ‘Gransden’ lines at five
RH levels.
Equilibration period
Figures 3-7 display the water content measurements over the 144 h
dehydration period for both ecotypes of moss at five RH levels. The water content
measurements denote the amount of water lost from the samples as they
equilibrated to the surrounding atmospheric humidity. In addition, the following
drying curves compare how quickly each ecotype equilibrated to the varying RH
levels.
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Figure 3: Rate of water loss of VX and GR samples over saturated
KNO3. Each line shows the mean water contents (gH2O/gDW) for
moss samples measured during equilibration to the chamber RH.
Three biological replicate samples were measured in each
experiment, and three experimental trials were conducted. Error
bars represent standard deviation (n=3). Saturated KNO3 should
generate an RH of 93% at 25C.
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Figure 4: Rate of water loss of VX and GR samples over saturated
MgSO4. Each line shows the mean water contents (gH2O/gDW) for
moss samples measured during equilibration to the chamber RH.
Three biological replicate samples were measured in each
experiment, and three experimental trials were conducted. Error
bars represent standard deviation (n=3). Saturated MgSO4 should
generate an RH of 89% at 25C.
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Figure 5: Rate of water loss of VX and GR samples over saturated KCl.
Each line shows the mean water contents (gH2O/gDW) for moss
samples measured during equilibration to the chamber RH. Three
biological replicate samples were measured in each experiment, and
three experimental trials were conducted. Error bars represent
standard deviation (n=3). Saturated KCl should generate an RH of
86% at 25C.
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Figure 6: Rate of water loss of VX and GR samples over saturated
NaCl. Each line shows the mean water contents (gH2O/gDW) for
moss samples measured during equilibration to the chamber RH.
Three biological replicate samples were measured in each
experiment, and three experimental trials were conducted. Error
bars represent standard deviation (n=3). Saturated NaCl should
generate an RH of 75% at 25C.
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Figure 7: Rate of water loss of VX and GR samples over saturated
MgCl2. Each line shows the mean water contents (gH2O/gDW) for
moss samples measured during equilibration to the chamber RH.
Three biological replicate samples were measured in each
experiment, and three experimental trials were conducted. Error
bars represent standard deviation (n=3). Saturated MgCl2 should
generate an RH of 33% at 25C.

The drying curves, shown in Figures 3-7, reveal that GR samples equilibrated
faster than VX samples when placed in the KNO3 salt chamber, but dehydrated at a
similar rate to VX samples in the MgSO4, KCl, NaCl, and MgCl2 salt chambers. This is
supported by statistical analysis using two-factor (ecotype x drying time) ANOVA
tests with replication on data from each salt chamber (i.e. from each figure), which
show that the only chamber that showed a significant difference in the drying
curves between the two ecotypes was KNO3, with a P-value of 0.0009. For KNO3, GR
samples had equilibrated by 72 h, but VX samples did not equilibrate until 120 h, as
indicated in Figure 5. The GR and VX samples that were placed in MgSO4, KCl, NaCl,
and MgCl2 salt chambers showed similar water loss rates and all had P-values
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ranging from 0.1 to 0.9, showing no significant differences between the drying
curves of each ecotype. At 89% RH, both ecotypes equilibrated by 72 h. At 86% RH,
GR samples equilibrated by 48 h and VX samples equilibrated at 72 h, but the
AVOVA test showed that the two sets of data were not statistically different. Both
ecotypes of moss equilibrated by 48 h in the NaCl RH chambers and within 24 h in
the MgCl2 RH chambers, as shown in Figures 6 and 7.
The time it took for the moss to fully equilibrate positively correlates with
the RH level. For example, at higher RH levels, it took both ecotypes much longer to
lose all of their cellular water, whereas at lower RH levels, the all water content was
lost by 24 h. The rate at which water was lost also can be connected to the moss’s
ability to withstand intracellular water loss during dehydration conditions and the
moss’s morphological structure, which will be further described in the discussion.
Final Water Contents
The final water contents were measured after the 144 h equilibration period
in order to assess the amount of water left in the tissue on a dry matter basis.
Figures 8 and 9 compare the final water content for both ecotypes of P. patens.
Figure 8 displays the mean of all three trials, while Figure 9 shows the adjusted
average by using rearranged data for chambers in which the RH was measured
higher or lower than the expected RH (described more fully below).
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Final Water Content (gH2O /gDW)

1

Average

0.9

Gransden

0.8
0.7

Villersexel

0.6
0.5
0.4
0.3
0.2
0.1
0
93%

89%

86%

75%

33%

Relative Humidity

Figure 8: Average final water content (gH2O/gDW) for VX and GR
samples at five RH levels after 144 h equilibration period. Three
experimental trials, each with three biological replicates, were
repeated for each ecotype at five RH levels. Each bar shows the
average of all three experimental trials at one RH level. Error bars
represent standard deviations (n=3).
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Figure 9: Adjusted average final water content (gH2O/gDW) for
VX and GR samples at five RH levels after 144 h equilibration
period. Three experimental trials, each with three biological
replicates, were repeated for each ecotype at five RH levels.
Samples where measured RH was 3% higher or lower than
expected RH were combined with data of the closest RH chamber.
Each bar shows the average of all the experimental trials at one
RH level. Error bars represent standard deviations (n= 2-4).
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Figure 8 shows the average final water content of the three trials at each
humidity level. Statistical analysis using unpaired, two-tailed Student’s T-tests with
α = 0.05, reveal that there are no significant differences between equilibrium water
contents for the two ecotypes at each RH.
The adjusted average graph, shown in Figure 9, uses recategorized data in
order to more accurately represent the final water content measurements per RH.
In some cases, RH monitors indicated that the expected RH was not maintained by
the salt slurry in the chamber. In these cases, the relative humidities were greater
than 3% above or below expected values, so sample water contents were averaged
with data from other chambers with similar measured RH values, instead of being
grouped with other data from the same salt solution. This changed four data points.
VX Trial 2 over MgSO4 (expected 89% RH) measured 93% RH, so the data from this
trial were combined with VX 93% RH data (KNO3). GR Trial 3 over KNO3 (expected
93% RH) and MgSO4 (expected 89% RH) both measured at 85% RH, so data were
combined with the GR 86% RH data (KCl). In addition, the GR Trial 3 over KCl
(expected 86% RH) measured at 88% RH, so the data were combined with the 89%
RH data. The result of adjusting these samples is that there is less variability in final
water contents within the trials and between ecotypes. The P-value from T-tests
changed from 0.28 to 0.81 at 93% RH and from 0.12 to 0.47 at 86% RH.
Rearranging the data points narrowed differences in water contents between the
ecotypes because inaccuracies of the RH were factored out.
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Survival Determined by Chlorophyll Fluorescence Measurements
Control chlorophyll fluorescence measurements were taken before the drydown period and were used as a comparison for moss throughout the rehydration
period. After the 144 h equilibration period, initial chlorophyll fluorescence ratios
(Fv/Fm) were recorded on rehydrated samples of moss and measurements were
repeated every 24 h throughout the rehydration period.
In addition, visual assessments were used to determine the survival of the
moss tissue based on the amount of green tissue.
Control Chlorophyll Fluorescence Measurements
Control fluorescence values indicate that the moss was alive and not under
measurable stress at the start of the dehydration period (Tables 2-3). Plant tissue in
good health typically has measurements with a theoretical maximum of 0.832 ±
0.004 Fv/Fm (Henrique, 2009), and values ranging between approximately 0.6 and
0.8 have been reported for unstressed mosses (e.g. Proctor and Smirnoff, 2000;
Mayaba et al. 2001; Proctor et al., 2007). Testing the viability of the moss before
the equilibration period is essential so that we know the Fv/Fm measurements taken
during the rehydration period are not skewed by the initial health of the tissue.
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Experimental
Trial 1

Experimental
Trial 2

Experimental Trial
3

0.693 ± 0.016

0.693 ± 0.029

0.625 ± 0.023

Plate 2

0.692 ± 0.007

0.666 ± 0.019

Plate 3

0.656 ± 0.038

0.679 ± 0.024

Plate 4

0.671 ± 0.019

0.703 ± 0.017

0.678 ± 0.018

0.669 ± 0.033

Plate 1

Plate 5
Mean ± SD

0.693

Table 2: Control chlorophyll fluorescence (Fv/Fm) measurements of healthy
‘Gransden’ ecotype tissue prior to dehydration. Each value is the mean of three
separate readings on one plate of moss tissue, before 6 samples were cut for
drying experiments. The means of each experimental trial were calculated along
with standard deviations (n=3).

Experimental
Trial 1

Experimental
Trial 2

Experimental
Trial 3

0.681 ± 0.015

0.639 ± 0.025

0.686 ± 0.025

Plate 2

0.604 ± 0.044

0.674 ± 0.021

Plate 3

0.605 ± 0.005

0.687 ± 0.014

Plate 4

0.620 ± 0.027

0.686 ± 0.008

Plate 1

Plate 5
Mean ± SD

0.659 ± 0.022
0.681

0.617 ± 0.016
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0.678 ± 0.012

Table 3: Control chlorophyll fluorescence (Fv/Fm) measurements of healthy
‘Villersexel’ ecotype tissue prior to dehydration. Each value is the mean of three
separate readings on one plate of moss tissue, before 6 samples were cut for
drying experiments. The means of each experimental trial were calculated along
with standard deviations (n=3).

Tables 2 and 3 reveal that both GR and VX samples had mean Fv/Fm ratios
above 0.600 and so could be considered alive and healthy before dehydration. It is
also seen that the Fv/Fm ratios of VX samples in Trial 2 were lower than ratios from
other trials of VX, and this was confirmed using an unpaired, two-tailed Student’s Ttest (P = 0.00034).
Chlorophyll Fluorescence Measurements Throughout Rehydration
After the 144 h dehydration period, the moss was placed back on BCD agar
plates to start the rehydration period. Fv/Fm was measured after 1 h, and
measurements were repeated every 24 h for 3 days. Monitoring the chlorophyll
fluorescence data over time during rehydration helped determine the point at which
the tissue was no longer viable, the ability of moss tissue to survive at each RH level,
and which ecotype had more viable tissue.
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Adjusted Average VX
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Figure 10: The mean chlorophyll fluorescence (Fv/Fm) measurements
during rehydration of the ‘Villersexel’ ecotype. Samples where measured
RH was 3% higher or lower than expected RH were combined with data
of the closest RH chamber. The adjusted mean changed four data points:
VX Trial 2 at 89%, GR Trial 3 at 93%, 89%, and 86% RH. Error bars
represent standard deviation (n= 2-4).
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Figure 11: The mean chlorophyll fluorescence (Fv/Fm) measurements
during rehydration of the ‘Gransden’ ecotype. Samples where measured
RH was 3% higher or lower than expected RH were combined with data
of the closest RH chamber. The adjusted mean changed four data points:
VX Trial 2 at 89%, GR Trial 3 at 93%, 89%, and 86% RH. Error bars
represent standard deviation (n= 2-4).
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Figures 10 and 11 reveal the adjusted mean Fv/Fm measurements for Trials
1-3. The adjusted means includes four changed data sets, as described above for
water content. Data from each trial can be seen in the Appendix.
Figures 10-11 reveal that the chlorophyll fluorescence measurements are
similar between ecotypes, with the exception of the moss exposed to 89% RH. All
data sets from moss at the highest RH have large variability, indicating that there
was extensive trial-to-trial variability in the Fv/Fm ratios of the moss during
recovery, as will be discussed further below. Nonetheless, some trends can be
detected. Unlike VX samples, the GR samples with a measured 89% RH recovered
some of their initial photosynthetic capacity, averaging Fv/Fm ratios of 0.410 at 48 h
and 0.325 at 72 h, while VX samples never had Fv/Fm ratios greater than 0.2 during
rehydration after equilibration to 89% RH (Fig. 10). For all three trials at a
measured 89% RH, VX samples did not show increasing Fv/Fm measurements
throughout the rehydration period and hovered around 0.100 (Fig. 10). The
difference in the chlorophyll fluorescence measurements at 89% RH most
distinguishes the two ecotypes and could indicate ‘Gransden’’s ability to tolerate
lower humidity levels. Based on Fv/Fm ratios, neither GR nor VX ecotypes survived
RH levels lower than 89% (Figs. 10-11). Consistent with this, no GR samples in Trial
3 recovered (Fig. A6); however, the RH values measured for the chambers in this
trial did not exceed 88%. The samples for both ecotypes at 86%, 75%, and 33% RH
consistently maintained Fv/Fm ratios of 0.100 and below during rehydration (Figs.
10-11), suggesting that they were too dehydrated to revive.
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Percentage of Initial Chlorophyll Fv/Fm Ratio
To showcase the difference between the health of the dehydrated and
rehydrated moss to the health of the moss initially, recovery as a percentage of the
initial chlorophyll fluorescence ratio was calculated. This calculation also minimizes
effects of variability in the absolute values of the initial Fv/Fm ratios among the
trials, as was noted for the VX samples in Trial 2 (Table 3). We can consider this
measure of recovery as a quantitative indicator of tissue survival.

Adjusted Average Percent of Initial Fluorescence
Survival (% recovery of Fv/Fm ratio)

120%

100%

80%

VX Average
GR Average

60%

40%

20%

0%
33% RH

75% RH

86% RH

89% RH

93% RH

Figure 12: Survival of VX and GR ecotypes after equilibration to a range of
RH. Survival was calculated as the percentage of the initial, predehydration Fv/Fm ratio that was recovered after 3 d rehydration. The
adjustment changed two data points as described in the text. The number
of samples differs for some means due to the rearrangement of data. Error
bars represent standard deviation (n= 2-4).

Figure 12 shows GR samples recovered a high percentage of their initial
fluorescence after dehydrating at 93% RH and 89% RH. VX samples recovered
more than 60% of their pre-drying chlorophyll fluorescence ratios during recovery
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from drying at 93% RH, but no other samples recovered more than 10% of their
Fv/Fm values (Fig. 12). Unpaired, two-tailed T-tests comparing data at each RH
reveal no significant differences between recovery of GR and VX samples at any RH.
The greatest apparent difference between the ecotypes is seen for survival data
after dehydration at 89% RH (Fig. 12). The data for the GR samples were highly
variable at this RH, as indicated by the large standard deviation of the mean seen in
Fig. 11. Individual trials (Appendix, Figs. A4-A6) showed variable responses for GR
at 89% RH: samples from Trial 1 had 50% survival, samples from Trial 2 had 87%
survival, and samples from Trial 3 had only 5% survival. In contrast, the VX samples
at 89% RH had a maximal recovery indicating only 5% survival (Figs. 12, A1-A3).
Another way of quantifying survival is to look at individual samples in each
trial. Based on the recovery of chlorophyll fluorescence ratios during rehydration,
with 50% of the initial ratio taken as the minimum criterion for survival, five out of
nine samples of the GR ecotype survived dehydration to equilibrium with 89% RH,
whereas no samples of the VX ecotype survived this RH.
Visual Observations of Survival
In addition to the chlorophyll fluorescence measurements, visual
assessments were made to indicate survival. Visual estimates suggest that moss
samples with high Fv/Fm measurements had more than 30% of the tissue remaining
green, as described by Koster et al. (2010). Moss tissue that became brown during
rehydration had low Fv/Fm measurements.
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DISCUSSION AND CONCLUSION

My results suggest that the ‘Gransden’ and ‘Villersexel’ ecotypes of P. patens
differ in their dehydration tolerance, specifically at 89% RH, possibly due to the
climatological differences in each ecotypes’ origin. Unlike samples of the
‘Villersexel’ ecotype, samples of the ‘Gransden’ ecotype survived at 89% RH, making
it more dehydration tolerant. Specifically, among the three experimental trials, five
out of nine GR ecotype samples equilibrated at 89% RH recovered chlorophyll
fluorescence ratios similar to their pre-drying values. This ratio is similar to that
reported by Koster et al. (2010), who studied the ‘Gransden’ ecotype and found
approximately 50% survival at 91% RH. No ‘Villersexel’ samples survived
dehydration to the RH value in the current study.
Analyzing the water contents for each ecotype determines the extent of
dehydration, the potential cellular and membrane damage, and the resistance to
water loss at various humidity levels (Koster et al., 2010). The final water contents
of ‘Gransden’ and ‘Villersexel’ ecotypes in my study are comparable to those of
Koster and colleagues’ 2010 study, where P. patens at 95% RH had water contents of
0.64 g H2O/g DW and 0.32 g H2O/g DW at 91% RH. In that study, samples with
water contents less than 0.4 g H2O/g DW lost their green color and did not resume
growth (Koster et al., 2010). These findings are similar to those of my study. On
average, ‘Gransden’ samples equilibrated at 89% RH had water contents of 0.623 g
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H2O/g DW and recovered about 50% of their initial chlorophyll fluorescence ratio
after rehydration, while samples at 86%, 75% and 33% RH had final water contents
less than 0.4 g H2O/g DW, lost their green color, and did not survive. When
comparing the final water contents though, there were no significant differences
between the two ecotypes at any RH level (Fig. 9).
Due to the difference in Little Gransden, England’s yearly precipitation,
which is only half that of Villersexel, France, it is possible that the drier climate
contributes to the ‘Gransden’ ecotype’s ability to survive lower RH levels. Similar
findings have been shown in other plant species, such as the grass Dactylis
glomerata and giant cane Arundo donax, where variations in climate zones led to
differences in drought and dehydration tolerance among ecotypes. In one study,
Kallida et al. (2012) examined six ecotypes of Dactylis glomerata from various
climates of Morocco. After exposing each ecotype to drought conditions from 21
until 33 days, they determined that the ecotypes had varying dehydration tolerance
and that only D1 and D6 ecotypes, which were from areas of low hydration and low
soil water content, were able to survive a 33 day drought with only 1% soil moisture
(Kallida et al., 2012). A similar study by Ahrar et al. (2017) used two ecotypes of
Arundo donax: a Bulgarian (BG) ecotype, which originated from a drier climate, and
an Italian (IT) ecotype, which originated from a more mesic environment. After 4-6
weeks of severe drought stress, photosynthesis was significantly higher in the BG
ecotype and the intrinsic water use efficiency was much higher in BG than in the IT
ecotype (Ahrar et al., 2017). Ahrar and colleagues stated that the BG ecotype most
likely developed a better strategy to protect the photosynthetic apparatus and leaf
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chloroplasts (Ahrar et al., 2017). Both studies reveal that differences in drought
tolerance can be attributed to the climatological differences in each ecotypes’ origin.
The drying rate of the moss can also have an impact on its dehydration
tolerance (Stark et al., 2016; Xiao et al., 2018). Plants with extremely slow drying
times sometimes have better dehydration tolerance than plants that are rapidly
equilibrated (Stark et al., 2016; Xiao et al., 2018). Because ‘Villersexel’ ecotype
samples took longer to equilibrate than ‘Gransden’ ecotype samples at 93% RH (Fig.
3), we might expect to see improved survival and higher chlorophyll fluorescence
ratios in the ‘Villersexel’ ecotype. But, at 93% RH, there was no significant
difference in the survival as measured by recovery of initial fluorescence (Fig. 12).
It is doubtful that the difference in chlorophyll fluorescence and survival of the moss
ecotypes at 89% RH can be attributed to the rate at which the moss dried because
the equilibration period was not long enough to have made a difference between the
two ecotypes. According to Greenwood and Stark (2014), to greatly improve the
dehydration tolerance, the equilibration period should be prolonged to >150 h.
Samples in my study all equilibrated to 89% RH by 72 h, so the drying rate should
not have changed the dehydration tolerance of either ecotype.
The only difference in drying rate measured in my study was in the KNO3
chamber (93% RH), in which ‘Villersexel’ samples took longer than ‘Gransden’
samples to reach equilibrium. The difference in drying rate may have been a result
of difference in growth morphology between the ecotypes (Hiss et al., 2017). The
gametophore stems in the ‘Villersexel’ line appeared to be denser, increasing the
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boundary layer resistance to diffusion of water out of the moss. According to Fick’s
Law, the rate of diffusion is determined by the density of the moss clump, relative
humidity, the stillness of the air, and the temperature (Taiz et al., 2014). Fick’s Law
for water vapor diffusion is shown by the following equation,
𝐽𝑤𝑣 = Δ𝑐𝑤𝑣 /𝑅𝑤𝑣
where Jwv is the flux of water vapor out of the clump of moss, Δcwv is the
water vapor concentration gradient, which is dependent on the RH, and Rwv is the
resistance to water vapor movement. Because of ‘Villersexel’’s denser clump
morphology, the boundary layer resistance to water diffusion to the air of the
chamber would be greater than that of ‘Gransden’. This would decrease the overall
rate of diffusion of water across the surface, increasing the time it took ‘Villersexel’
to equilibrate, specifically at 93% RH (Fig. 3). At lower humidity levels, where the
density of the moss had less effect on the diffusion rate because the water vapor
concentration gradients were much steeper, both ecotypes of moss equilibrated at
similar rates.
Other studies using P. patens have also shown that the drying rate depends
on the RH (Koster et al., 2010; Xiao et al., 2018). According to a Koster et al. (2010)
study, ‘Gransden’ samples at 97% RH and 91% RH equilibrated at 144 h, which is
slower than drying rates in my study, where ‘Gransden’ at both 93% RH (KNO3) and
89% RH (MgSO4) equilibrated at 72 h (Figs. 3 and 4). In the Koster et al. study, at
86% RH, ‘Gransden’ samples equilibrated by 120 h, whereas my 86% RH ‘Gransden’
samples equilibrated by 48 h. Lastly, both the 75% and 68% RH ‘Gransden’ samples
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in the Koster et al. (2010) study equilibrated by 72 h, whereas the 75% RH
‘Gransden’ samples in my study equilibrated by 48 h. ‘Gransden’ ecotype samples
equilibrated faster at all RH levels in the current study when compared to the
samples in the Koster et al. 2010 study. Xiao et al. (2018) also found slower drying
rates for ‘Gransden’ samples exposed to both 20% and 50% RH; however, samples
of moss in this study were equilibrated with water added so that high RH values
(70-90%) were maintained in the chamber for about 72 h before dropping. In the
study by Xiao et al. (2018), the very slow drying rates allowed the plants to develop
increased tolerance of desiccation.
The recovery of initial chlorophyll fluorescence ratios validates the
‘Gransden’ ecotype’s ability to revive after drying at 89% RH. When comparing the
chlorophyll fluorescence prior to drying to the chlorophyll fluorescence after
rehydration and recovery, the mean values for both ecotypes reached above 60% of
the initial Fv/Fm ratio after mild dehydration at 93% RH (Fig. 12). For samples dried
at 89% RH, only ‘Gransden’ samples recovered to over 40% of the initial Fv/Fm,
whereas ‘Villersexel’ samples did not revive (Fig. 12). This indicates that both
ecotypes could repair PSII after mild dehydration, but only ‘Gransden’ could recover
after more severe water loss.
The chlorophyll fluorescence measurements for both ecotypes in my study
were comparable to those of other studies of moss desiccation tolerance. In a study
conducted by Mayaba et al. (2001), Fv/Fm of the moss Atrichum androgynum after
desiccation and rehydration ranged from 0.400 to 0.500. Survival of the moss in
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that study was improved by a pre-treatment with the stress hormone abscisic acid
(ABA). Another study conducted by Beckett et al. (2000) also pretreated the moss A.
androgynum with ABA and measured the desiccation tolerance using chlorophyll
fluorescence. During rehydration, the moss had chlorophyll fluorescence ratios
ranging from 0.600 to 0.650. Although my study did not use ABA treatments, the
Fv/Fm data for moss that survived desiccation in the studies by Mayaba et al. (2001)
and Beckett et al. (2000) were comparable to those of the Physcomitrella
dehydrated at 89% and 93% RH. After 72 h of rehydration, samples of the
‘Villersexel’ ecotype had adjusted average Fv/Fm measurements of 0.418 after
recovery from drying at 93% RH (Fig. 10). For lower RH levels, ‘Villersexel’ samples
did not survive, and their Fv/Fm measurements were 0.000 (Fig. 10). After 72 h of
rehydration, samples of the ‘Gransden’ ecotype had mean Fv/Fm measurements of
about 0.524 after drying at 93% RH and 0.324 at 89% RH (Fig. 11). The chlorophyll
fluorescence measurements reveal that ‘Gransden’ samples did not revive as well as
‘Villersexel’ samples at 93% RH, but had better survival at 89% RH.
Other studies of moss with intrinsic desiccation tolerance by Proctor and
colleagues (Proctor and Smirnoff, 200; Proctor et al., 2007) found much more rapid
recovery of chlorophyll fluorescence ratios during rehydration than were seen in
our study. In those studies, full recovery after desiccation was measured in less
than 24 h, suggesting that the intrinsically tolerant moss species experience less
damage during water loss than experienced by constitutively tolerant P. patens.
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Various human factors affected the accuracy of the research. Moss used in
Trials 2 and 3 was not grown with ammonium tartrate, and as a result, had
increased caulonema growth, rather than chloronema. This is because the chemical
form of nitrogen used by Physcomitrella influences development, with nitrate
leading to more caulonema and ammonium leading to more chloronema (Cove et al.,
2006). Since caulonema more frequently gives rise to gametophores rather than
protonema (Cove, 2005), this change in the medium composition led to a less dense
growth of gametophores in later trials. In addition, RH was not measured in Trial 1,
due to the lack of RH meters. Because of the lack of RH meters for Trial 1, it is not
certain that the RH levels were accurate.
Future studies should randomize the samples of moss in RH chambers, so
that any variability among RH chambers with the same salt solutions affects both
ecotypes equally. In addition, RH should be closely monitored in order to assure
accuracy in the measurements.
The results reported in this thesis support the hypothesis that the ‘Gransden’
ecotype is more tolerant of dehydration than the ‘Villersexel’ ecotype. However,
because of the possible sources of error noted above, additional replication will be
needed in order to affirm this conclusion.
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APPENDIX

Chlorophyll Fluorescence Data: Individual Trials
Data from individual experimental trials showed variability in the
chlorophyll fluorescence recovery during rehydration. Those data are described
here for reference.
Figures A1 and A2 show Fv/Fm measurements throughout the rehydration
period for both ‘Gransden’ and ‘Villersexel’. The figures reveal that the Fv/Fm
measurements were very similar between both ecotypes of moss, except for
samples that had been placed in 89% RH chambers. For ‘Villersexel’, the samples
that had equilibrated to 93% RH started the rehydration period with Fv/Fm at about
0.450, but values increased to around 0.700 at 72 h, showing substantial recovery.
‘Gransden’ samples that had equilibrated to 93% RH started with lower chlorophyll
fluorescence than ‘Villersexel’ at Fv/Fm equal to about 0.350, but values increased to
almost 0.700 by the end of the rehydration period, also demonstrating revival of the
moss.
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Figure A1: Chlorophyll fluorescence (Fv/Fm) measurements during rehydration for
Trial 1 of the ‘Villersexel’ ecotype. Three measurements were taken on each of
three samples after the 144 h equilibration period, starting after 1 h of being
rehydrated on BCD medium. Recordings were repeated every 24 h for 3 days. Each
point represents the mean Fv/Fm for the three replicate measurements of three
samples and error bars represent standard deviations (n=3).
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Figure A2: Chlorophyll fluorescence (Fv/Fm) measurements during rehydration for
Trial 1 of the ‘Gransden’ ecotype. Three measurements were taken on each of three
samples after the 144 h equilibration period, starting after 1 h of being rehydrated
on BCD medium. Recordings were repeated every 24 h for 3 days. Each point
represents the mean Fv/Fm for the three replicate measurements of three samples
and error bars represent standard deviations (n=3).
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The ecotypes differ most drastically after equilibration to 89% RH, where the
Fv/Fm decreased in ‘Villersexel’ and increased in ‘Gransden’ over time. Both
ecotypes started with Fv/Fm around 0.100 but ‘Villersexel’ dropped down to 0.000
by 72 h, while ‘Gransden’ increased considerably, reaching Fv/Fm of 0.600 by 48 h,
only to decline slightly by 72 h.
As for the samples that had been dehydrated at 86%, 75%, and 33% RH, the
Fv/Fm measurements during rehydration were very similar between the two
ecotypes. Chlorophyll fluorescence for the three lowest humidity levels originated
at about 0.050 after 1 h of rehydration, and declined slightly until reaching 0.000 at
72 h for all samples.
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Figure A3: Chlorophyll fluorescence (Fv/Fm) measurements during rehydration for
Trial 2 of the ‘Villersexel’ ecotype. Three measurements were taken on each of
three samples after the 144 h equilibration period, starting after 1 h of being
rehydrated on BCD medium. Recordings were repeated every 24 h for 3 days. Each
point represents the mean Fv/Fm for the three replicate measurements of three
samples and error bars represent standard deviations (n=3).
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Figure A4: Chlorophyll fluorescence (Fv/Fm) measurements during rehydration for
Trial 2 of the ‘Gransden’ ecotype. Three measurements were taken on each of three
samples after the 144 h equilibration period, starting after 1 h of being rehydrated
on BCD medium. Recordings were repeated every 24 h for 3 days. Each point
represents the mean Fv/Fm for the three replicate measurements of three samples
and error bars represent standard deviations (n=3).
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The data in Figures 12 and 13 reveal similar findings as in Figures 10 and 11.
In Trial 2, the figures reveal that the Fv/Fm measurements are very similar between
both ecotypes of moss, excluding samples that were placed in 89% RH chambers.
‘Villersexel’ started with higher Fv/Fm measurements for samples that had
equilibrated to 93% RH, but by 72 h, they both recovered similarly, with chlorophyll
Fv/Fm measurements at 0.600.
Similarly to Trial 1, the ecotypes differed in their recovery for the samples
held over MgSO4 in Trial 2. It is important to note that the ‘Villersexel’ samples held
over MgSO4 had an expected RH of 89%, but measured at 93% RH during the
dehydration period. Both ecotypes had chlorophyll fluorescence measurements
around 0.100, but only ‘Gransden’ recovered. ‘Villersexel’ declined in Fv/Fm, where
‘Gransden’ recovered slightly, reaching 0.400.
The three lowest humidities for both ecotypes had Fv/Fm that fluctuated
between the 0.000 and 0.100 range, showing higher chlorophyll fluorescence
measurements than Trial 1, but still no indicated photosynthetic recovery.
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Figure A5: Chlorophyll fluorescence (Fv/Fm) measurements during rehydration for
Trial 3 of the ‘Villersexel’ ecotype. Three measurements were taken on each of
three samples after the 144 h equilibration period, starting after 1 h of being
rehydrated on BCD medium. Recordings were repeated every 24 h for 3 days. Each
point represents the mean Fv/Fm for the three replicate measurements of three
samples and error bars represent standard deviations (n=3).

Trial 3 GR

0.8

Chlorophyll Fluorescence Fv/Fm

0.7

GR 93%
RH

0.6

GR 89%
RH

0.5
0.4

GR 86%
RH

0.3
GR 75%
RH

0.2

GR 33%
RH

0.1
0
0

24

48

72

Time Rehydrated (h)
Figure A6: Chlorophyll fluorescence (Fv/Fm) measurements during rehydration for
Trial 3 of the ‘Gransden’ ecotype. Three measurements were taken on each of three
samples after the 144 h equilibration period, starting after 1 h of being rehydrated
on BCD medium. Recordings were repeated every 24 h for 3 days. Each point
represents the mean Fv/Fm for the three replicate measurements of three samples
and error bars represent standard deviations (n=3).
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The data for Trial 3 reveal much lower Fv/Fm measurements during
rehydration than were found in Trials 1 and 2. For samples that were held over a
KNO3 salt slurry, ‘Villersexel’ reached a Fv/Fm of 0.400 by 72 h while ‘Gransden’ only
increased to 0.100 at 24 h and then decreased until to 0.000 at 72 h. Again, it is
important to note that the ‘Gransden’ KNO3 chamber had a measured RH of 85%,
rather than the expected 93% RH. The low chlorophyll fluorescence for samples
held over KNO3 indicates the poor health of the moss; death of moss at 93% RH is
not common. The samples of moss in the KNO3 chamber for ‘Gransden’ Trial 3 had
Fv/Fm measurements of 0.000 by 72 h, which skewed the overall mean for
‘Gransden’ KNO3.
In Trial 3, ‘Villersexel’ samples that had equilibrated to 89%, 86%, 75%, and
33% continued the trend as seen in Trials 1 and 2. But, in ‘Gransden’ the Fv/Fm
measurements for all humidity levels remained under 0.140. Again, the low
chlorophyll fluorescence measurements in Trial 3 of ‘Gransden’ skewed the average
data for all three trials.
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