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Abstract
In an attempt to better understand polar auxin transport in the sporophytes of Polytrichum ohioense, a 5.3 fold increase in basipetal
and acropetal transport was observed when temperature and precipitation varied significantly throughout the growing seasons. Wild
plants were transferred into cultures and allowed to develop in temperatures that represented a “Warm Summer, Cold Winter”
condition. Spores were grown on soil and watered to represent precipitation of a “Wet Fall, Winter” year.   Traditional polar auxin
transport assays were done on all sporophytes to calculate the amount of auxin transported in a polar fashion. The amount of water
available to the developing sporophyte appears to be critical to polar auxin transport physiology; the temperature has less of an effect.
This study also suggests that as climate change occurs, moss will be unequally affected by the environmental factors. An additional
benefit of this study suggests that polar auxin transport assays may be developed to monitor climatic change.
Keywords: Polar auxin transport, Bryophytes, Polytrichum ohioense, climate change, monitoring

1. Introduction

New hormones like jasmonic acid and brassinosteroids have
entered plant physiology, yet it is the “classical five” hormones
that are effective in all plants, including the bryophytes [1].
Indole-3-acetic acid (IAA) is recognized as the most abundant
and most researched auxin [2] because in higher plants, auxin
has been developmentally influential in tropic responses,
inhibition of abscission, promoting fruit, apical dominance,
stem elongation, root initiation, phyllotaxis, embryogenesis,
and meristem development [3], [4], [5], [6], [7]. Moss
gametophyte development is directly influenced by auxin
metabolism, including the formation of structures such as
rhizoids, thallus segments, protoplasts and protonemata [8],
[9], [10], [11], [12]. Liverworts exhibit apical dominance and
show increased rhizoid formation with the presence of IAA
[13], [14], [15], [16], [17].

Auxin can be transported in vascular tissue for quick and large
movement or moved polarly for more control of final auxin
action.  Polar auxin transport (PAT) has been described by the
chemiosmotic model [18], [19] which proposes that a proton-
symporter is involved in cellular uptake of auxin and that this
protein is affected by the uptake inhibitor 1-Naphthoxyacetic
acid (NOA) [20]. Uptake of IAA is facilitated by AUX1/LIKE
AUX1 (AUX1/LAX) channel proteins located all around the
cell (reviewed in [6]).   The unidirectional transport of IAA is
determined by the polar positioning of PIN-FORMED (PIN)
and MULTIDRUG RESISTANCE/P-GLYCOPROTEIN
(MDR/PGP) proteins which mediate efflux [21], [22], [23],
[24], [25], [26]. Auxin is the only hormone able to be
transported polarly which suggests that the hormone is
necessary for proper axis formation of the organism. Most
would argue that auxin is the master hormone in all plants and
that it’s availability through transport allows a plant to regulate
development [27].  PAT knowledge comes mostly from
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experiments done in higher plant model systems, such as
Arabidopsis thaliana and Zea mays, however PIN proteins are
known to exist in all land plants (reviewed in [28]).

Auxin transport has been reported in certain hepatics, such as
Marchantia polymorpha [29], [30] however the methods
employed could not distinguish between differences in uptake
versus those in transport leaving questions as to the true
mechanism of auxin mediation in these plants. Research has
indicated that IAA has played an important part in the
development and shape of all land plant sporophytes [31] yet
different versions of IAA transport are utilized by bryophyte
sporophytes [32]. Hornwort sporophytes transport IAA via
simple, basic diffusion. Liverwort sporophytes are more
complex, using apolar facilitated diffusion to move IAA. Moss
sporophytes move IAA basipetally and showed sensitivity to
the efflux inhibitor N-[1-naphthyl]phthalamic acid (NPA),  a
known PAT inhibitor in higher land plants [31], [32]. Fujita et
al. [33] reported that moss gametophytes do not transport auxin
polarly, however this study analyze photographic images and
did not actually measure transport. Vascular plants have been
shown to transport IAA basipetally, with minimal acropetal
transport [18], [34]. Rothwell and Lev-Yadun [35] reported
evidence of polar auxin flow in fossilized wood dating back
375 million years. These studies suggest that the increasing
complexity of the sporophyte body plan required different
methods of IAA transport.

Several researchers have argued that moss can be bioindicators
for heavy metals on land and water [36], [37], [38] and air
pollution [39], [40], [41] due to their direct connection to their
immediate environment. Since bryophtyes have been shown to
react to climate change (i.e. [42]) and because PAT is essential
for proper development of plants, examining PAT in relation to
climate change became intriguing. Because moss sporophytes
are best understood in relation to PAT and because they are
easily manipulated during PAT experiments, this paper
examines the role of temperature and precipitation on PAT in
the moss sporophyte of Polytrichum ohioense in the hopes that
the assay could be used to monitor environmental change
impacts.

2. Method

2.1. Habit

Polytrichum ohioense gametophytes bearing immature
sporophytes were collected at the University of Maryland in
College Park, Maryland, USA campus during the months of
April and May and stored in the refrigerator until ready to be
used; plants were removed from the refrigerator for 3 days
prior to experimentation. Plants were grown on soil from the
original habitat at room temperature under 100 µmol · m-2 ·  s-1

of fluorescent light until the sporophytes reached the desired
length of 1 cm (referred to as ‘young’). Older moss
sporophytes (called ‘pre-capsule’) 2-3 cm in length were also
used in certain experiments.

2.2. Experiments with variable conditions

When variations in PAT were witnessed in 2003-2004 growing
season sporophytes, specifically in the basipetal direction,
modifications to the above experiments were carried out to
investigate changes in PAT if temperature and humidity
changed. All experiments follow the below auxin transport

assays protocol but sporophytes were grown under specific
conditions to test the effects of temperature or humidity on
PAT.

2.2.1. Determination of temperature and precipitation trends

Average climate data was determined for College Park MD by
using the U.S. Climate Data website
(http://www.usclimatedata.com/climate/college-
park/maryland/united-states/usmd0100).  All control plants for
the Temperature and Precipitation experiments were grown
under the same conditions as the experimental plants except for
the temperature or precipitation amounts.  For control plants in
the temperature experiment, three months to represent Spring
at an average temperature of 15° C, plants were exposed to
three months to represent Summer at an average temperature of
27° C, three months to represent Fall an average temperature of
10°  C, and three months to represent Winter at  4°  C.  Control
plants in the precipitation experiment were exposed to three
months to represent Spring at an average rainfall of 3.2 inches
each month, three months to represent Summer at an average
rainfall of 4.2 inches each month, three months to represent
Fall at an average rainfall of 3.2 inches each month, and three
months to represent Winter at an average rainfall of 3.3 inches
each month.  Sporophytes in both variations were allowed to
develop for another month at 15 ° C or rainfall of 3.2 inches
prior to experimentation to ensure that the setae were
approximately 1 cm; capsules were not expanding.

2.2.2 Temperature experiment

Polytrichum ohioense sporophytes with mature capsules were
collected from the wild in Roanoke VA during late May;
capsules were surface sterilized using 5% commercial Clorox
and Triton X-450 (Sigma Chemical Co., St. Louis, Missouri,
USA) for 10 minutes, then rinsed in a double-distilled water.
The capsule was then opened with sterile forceps in a sterile
Petri dish and 2.5 ml of double distilled water was added.  The
resulting spore solution was spread among 6 Petri dishes of
Knops media supplemented with 1% glucose, plus 1 mL/L iron
and formulation VII micronutrient solutions (Basile 1978;
Sztein et al. 1999) in a 1% Phytagar tissue culture grade agar,
pH 6 (Gibco BRL, Grand Island, New York, USA). Plants
were established under a 12 h day/night cycle, 23ᵒ C, at 100
µmol · m-2 · s-1. Light was provided by grow lights in a
modified low temperature incubator (Fisher Scientific).  Plant
cultures were monitored under a microscope weekly to ensure
the proper life cycle was occurring. Mature gametophytes for
were established for 2 months in culture and then temperatures
were regulated to represent the 2003-2004 growing season
(Warm Summer, Cold Winter):  three months to represent
Spring at an average temperature of 15° C, three months to
represent Summer at an average temperature of 29 ° C, three
months to represent Fall an average temperature of 10° C, and
three months to represent Winter at 2° C.  Sporophytes were
allowed to develop for another month at 15° C prior to
experimentation to ensure that the setae were approximately 1
cm; capsules were not expanding.

2.2.3. Precipitation experiment

Forty mature capsules of Polytrichum ohioense were collected
in Roanoke VA, USA during late May and the spores were
sprinkled onto soil and allowed to develop at 23 C, for a 12h
day/night cycle, at 100 µmol · m-2 · s-1 light. Light was
provided by grow lights in the same chamber as the above
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experiments. Precipitation experiments were regulated by how
much of an average rainfall (watering) was provided to
samples. Plants were misted 3 times a week at irregular
intervals to represent a “natural” rain pattern but rainfall was
determined as an average to be the following for a “Wet Fall or
Winter”:   three months to represent Spring at an average
rainfall of 3.2 inches each month, three months to represent
Summer at an average rainfall of 4.2 inches each month, three
months to represent Fall at an average rainfall of 4.0 inches
each month, and three months to represent Winter at an
average rainfall of 4.2 inches each month.  Sporophytes were
allowed to develop for another month at a rainfall of 3.2 inches
prior to experimentation to ensure that the setae were
approximately 1 cm; capsules were not expanding.

2.3. Auxin transport assays

Experiments to measure auxin transport in Polytrichum
ohioense sporophytes were carried out as outlined in Poli et al.
2003, using conventional agar-block methods [43], [44]
modified to fit small cross sectional radius of the moss. Donor
blocks of 1.8% Bactoagar contained 10-6 M [3H]-IAA (specific
activity of 25 Ci/mmol, American Radiolabeled Chemicals, St.

Louis, Missouri, USA), and receiver blocks were composed of
water agar only. Mid-region sporophyte sections were cut 5

2.4. Data analysis for transport experiments

The liquid scintillation counter provided counts per minute
(cpm) that were divided by the counting efficiency to yield the
corresponding disintegrations per minute (dpm).  Dpm was
then converted into curries (2.2 x106 dpm = 1 Ci) and then into
moles by dividing by the specific activity of the [3H]-IAA (25
Ci/mmol). The data are presented as the mean ± the standard
error among replicate sections.

3. Results

3.1. Original PAT experiments and variable design

Several years of PAT work in Polytrichum ohioense provided
continuously reproducible results in young and pre-capsule
sporophytes [32], but in 2003-2004 basipetal transport jumped
approximately 5.4 fold in young plants when exposed to auxin
at a concentration of 10-6 M (Table 1).  A similar trend resulted
in pre-capsule plants in the acropetal direction but in this case,
the amount dropped approximately 5.3 fold (Table 1).  Plants
were collected from the same population, stored in the same
containers, and exact protocols were used. Therefore, the area’s
weather may have been different during the experimental time
frame changing the population’s development. To begin to
dissect what could potentially be causing such a shift in
transport amounts, we examined four years of weather data for
the trials in question.

Table 1: Representative PAT in Polytrichum ohioense sporophytes that were harvested from University of Maryland
at College Park, Maryland USA over three growing seasons.  Young basipetal transport increases 5.5 times in year

2003-2004 plants, while acropetal transport decreases in pre-capsule plants

Stage Transport
Direction

2003-2004 2000-2001 2001-2002

Transport
(fmoles)

Replicate
Number

Transport
(fmoles)

Replicate
Number

Transport
(fmoles)

Replicate
Number

Young Basipetal 456.0±71.3 9 85.4±8.1 15 54.4±7.3 5

Acropetal 2.8±0.5 12 9.2±0.8 5 9.2±1.3 5

Pre-
Capsule

Basipetal 54.0±25.6 10 44.7±0.7 6 68.2±10.8 10

Acropetal 7.0±1.4 11 37.1±0.3 6 77.1±18.4 10

Using the US Climate Data website, two variables provided
testable hypotheses across the years (Figure 1).  In 2000-2001
temperatures and precipitation throughout the year were
average in College Park, Maryland but temperature and
precipitation averages vary after 2001.  Temperatures shifted
from cool summers and warm winters to two years with warm
summers and a cold winter.  Therefore, the hotter summer,
colder winter model became the basis for temperature
experiments.
Examining trends in precipitation provided two possible
experiments (Figure 1).  Using data from 2001-2003, a wet
summer could be the cause of the transport amounts changing,
but in 2002-2004, fall and winters were wetter than average for
College Park, Maryland.  Since temperature experiments used
trends from the 2002-2004 years, we decided to test
Polytrichum ohioense with cooler falls and winters.

3.2. Temperature experiment

In order to maintain all variables, especially a constant
humidity, it was necessary to run these experiments under the
most controlled conditions that tissue culture provided.
Developmental timing of control plants appeared to only be
lagging approximately 3 weeks behind a normal Polytrichum
ohioense life cycle in habit. This developmental lag may be
due to the constant light source or continued humidity that
were the result of the experimental design.
Experimental plants were exposed to average temperatures 2°C
warmer in the summer portion of the tissue culture life cycle,
and 2°C colder during the winter portion of the tissue culture
life cycle. The overall developmental timing and plant
appearance was not affected any more than what was witnessed
in the control plants.
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Year Temperature Precipitation

2000-2001 Average year Average year round

2001-2002 Cool Summer, Warm Winter Wet Summer, Dry Winter

2002-2003 Warm Summer, Cool Winter Wet Summer, Wet Fall

2003-2004 Warm Summer, Cool Winter Dry Summer, Wet Winter

Figure 1: Graphical representation of precipitation and temperature data from the US Climate Change website

When both control and Warm Summer, Cool Winter plants
were exposed to 10-6 M IAA during the PAT experiments,
young control sporophytes exhibited lower basipetal transport
than any previous year by at least 10 fmol (Table 1).  Acropetal
transport in control plants was within the range of previous
acropetal transport amounts in young sporophytes (Table1).
The Warm Summer, Cool Winter sporophytes, showing similar
basipetal and acropetal transport amounts as the control
sporophytes (Table 2), exhibited lower transport data than
previous years (Table 1).  These differences were within 4-40%
less, not over 500%.

Table 2: PAT in young sporophytes of Polytrichum ohioense after
being treated to average yearly temperatures for Maryland or a
“Warm Summer, Cool Winter” treatment.  Notice that neither
basipetal nor acropetal transport changes by a significant amount
from average temperatures for the same location.

Transport
Direction

Warm Summer, Cool
Winter Treatment

Average Treatment

Transport
(fmoles)

Replicate
Number

Transport
(fmoles)

Replicate
Number

Basipetal 52.3±22.3 10 49.6±15.8 9
Acropetal 5.5±0.5 13 6.2±1.1 11
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In conclusion, the sporophytes from the temperature trials did
not show the same large increase or decrease that was
witnessed in the 2003-2004 samples.  However, there were
some differences in transport amounts that could suggest that
PAT may be slightly temperature dependent.

3.3. Precipitation experiment

Variables were held constant for this experiment in a different
way than the temperature experiment because in order to vary
moisture availability, we needed to water plants easily and
without compromising the design.  Therefore, tissue culture
was not an option for this experiment.  Plants grown in the
growth chamber were not developmentally delayed from
Polytrichum ohioense growing in nature.

Experimental sporophyte were exposed to 0.8 in./month more
water during the Fall portion of their development cycle, and
0.9 in./ month more water during the Winter portion of their
development cycle.  This increase in water availability during
three month intervals increased basipetal transport in
experimental sporophytes by 4.3 times but acropetal transport
did not change more than 1.5 times than the control plants
(Table 3).  When compared to the original data from 2000-
2004, this treatment did increase transport at a more significant
amount similar to the 2003-3004 trials suggesting that water
availability does impact PAT in Polytrichum ohioense (Table
1).

Table 3: PAT in young sporophytes of Polytrichum ohioense after
being treated to average yearly precipitation for Maryland.  Notice
that precipitation change mimicked the data from the 2003-2004
growing season suggesting precipitation is a critical factor affecting
PAT quantities.

Transport
Direction

Wet Winter Treatment Average Treatment
Transport
(fmoles)

Replicate
Number

Transport
(fmoles)

Replicate
Number

Basipetal 265±42.1 12 61.6±5.5 12
Acropetal 4.7±0.8 12 7.0±1.2 10

4. Conclusion

Polytrichum ohioense sporophytes grow as a bipolar structure
with apical cells at either end and an intercalary meristem at the
base of a future capsule [45], [46], [47], [48]. The seta is
comprised of several cell layers and requires substantial cell
differentiation to mature and the complexity of axial
development in a seemingly simple, short lived structure
should require regulation that is provided by auxin transport
[32].

This work does demonstrate that not all environmental factors
are of equal importance to PAT physiology.  Temperature does
seem to cause PAT rates to vary slightly, but water availability
provides a larger influence on the system’s development.
Future studies that can examine a combination of temperature
and humidity would provide a real life scenario, but also
confirm the synergistic effects of variables.

This work may not be critical to understanding the importance
of temperature or water availability during moss growth and
development, but it does provide us with real time
physiological stress data on a population using PAT assays. It
also allows even small changes in yearly climate to be
measured accurately. To make this system more

comprehensive, researchers could pool data for similar species
and use the data for environmental, ecological, and
evolutionary monitoring.  The need for a small sample size
necessary for data production (less than 40 plants) creates a
protocol that leaves less environmental impact and is relatively
easy to do with minimal equipment needs.  The protocol is also
inexpensive once a scintillation counter is available.  Our
experiments equate to reliable ways gain data on environmental
changes or impacts from disasters.
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