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Abstract

Plants in dryland ecosystems experience extreme daily and seasonal fluctuations in light, temperature, and water
availability. We used an in situ field experiment to uncover the effects of natural and reduced levels of ultraviolet ra-
diation (UV) on maximum PSII quantum efficiency (F,/F,,), relative abundance of photosynthetic pigments and antioxi-
dants, and the transcriptome in the desiccation-tolerant desert moss Syntrichia caninervis. We tested the hypotheses
that: (i) S. caninervis plants undergo sustained thermal quenching of light [non-photochemical quenching (NPQ)]
while desiccated and after rehydration; (ii) a reduction of UV will result in improved recovery of F,/F,,; but (iii) 1 year
of UV removal will de-harden plants and increase vulnerability to UV damage, indicated by a reduction in F,/F,,. All
field-collected plants had extremely low F,/F,, after initial rehydration but recovered over 8 d in lab-simulated winter
conditions. UV-filtered plants had lower F,/F,, during recovery, higher concentrations of photoprotective pigments
and antioxidants such as zeaxanthin and tocopherols, and lower concentrations of neoxanthin and Chl b than plants
exposed to near natural UV levels. Field-grown S. caninervis underwent sustained NPQ that took days to relax and
for efficient photosynthesis to resume. Reduction of solar UV radiation adversely affected recovery of F,/F,, following
rehydration.

Keywords: Biological soil crust, desiccation tolerance, maximum PSII quantum efficiency (F./F.), Mojave Desert, moss, non-
photochemical quenching (NPQ), photosynthetic efficiency, photosynthetic pigments, Syntrichia caninervis, UV tolerance.

Abbreviations: ELIP, early light-inducible protein; F,/F.,, maximum PSII quantum efficiency; NPQ, non-photochemical quenching; PAR, photosynthetically active radi-
ation; ®PSII, operating PSII quantum efficiency; gE, energy-dependent quenching; gl, photoinhibitory quenching; ROS, reactive oxygen species.
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Introduction

Drylands represent the largest terrestrial biome, accounting for
at least 35% of Earth’s land mass (Middleton and Thomas, 1992;
Peel et al., 2007). These ecosystems experience extreme daily
and seasonal fluctuations in light, temperature, and water avail-
ability, often concomitantly. Interaction between extreme en-
vironmental conditions such as low water availability and high
light represents a particular challenge for plants. To survive dry
periods, many dryland bryophytes and a smaller number of
vascular plants have evolved vegetative desiccation tolerance,
defined as the ability to equilibrate to dry air and resume meta-
bolic activity after rehydration (Gaff, 1977; Proctor et al., 2007;
Stark, 2017).Yet, while desiccation tolerance allows these plants
to survive dry periods by limiting metabolic activity to periods
of adequate moisture availability, this adaptation implicates
long periods of exposure to high light intensity during full sun,
including unusable photosynthetically active radiation (PAR)
and direct ultraviolet radiation (UV), both of which may be
harmful.

Plants may respond to radiation stresses via photosynthetic
pigments and antioxidants (Demmig-Adams and Adams, 1996;
Frohnmeyer and Staiger, 2003; Li et al., 2009; Liguori et al.,
2017). During periods of exposure to high light, excess en-
ergy absorbed by chlorophylls forms reactive oxygen species
(ROS), which react with and damage the sensitive molecular
machinery (Li et al., 2009). Plants, therefore, face the trade-off
of maximizing light absorbance for use in photosynthesis while
also providing adequate photoprotection to minimize ROS
damage; desert mosses need to balance these requirements
both when metabolically active and when desiccated. One of
the major photoprotective mechanisms in plants is the dissipa-
tion of excess light energy as heat, a set of processes collectively
known as non-photochemical quenching (NPQ; Miiller et al.,
2001; Ruban, 2016; Malnoég, 2018). Light energy absorbed by
chlorophylls can follow one of several competitive pathways:
transformation into chemical energy via photochemistry and
photosynthetic electron transport, transfer to oxygen to form
ROS, re-emission as fluorescence from excited chlorophyll
molecules, or dissipation as heat via NPQ. This last pathway
of heat dissipation functions like a ‘safety valve’ for photosyn-
thesis (Niyogi, 2000) that prevents or reduces damage from
excess light.

Some carotenoids function in NPQ and directly quench
ROS such as singlet oxygen (Baroli ef al., 2000). Importantly,
a strong correlation between zeaxanthin accumulation and a
rapidly inducible form of NPQ, known as energy-dependent
quenching (qE; Horton et al., 1996; Niyogi, 2000), has been
demonstrated in several tracheophyte species (Demmig-Adams,
1990; Demmig-Adams and Adams, 1996). Sustained NPQ
mechanisms, often referred to as photoinhibitory quenching
(qI), result in a decrease in the quantum efficiency of photo-
synthesis and can also be associated with zeaxanthin, though
possibly through a different, pH-independent mechanism

(Verhoeven et al., 1996). Desert plants might be expected to
undergo the qE form of NPQ for diurnal fluctuations in light
intensity as well as ql or other sustained NPQ forms, such
as qH (Malnog, 2018), to deal with seasonal changes in light.
Indeed, desiccation-tolerant mosses have been shown to ex-
hibit strong, sustained mechanisms of NPQ after exposure to
high light or desiccation (Yamakawa et al.,2012;Yamakawa and
Itoh, 2013).

In addition to changes in overall light intensity, plants, like
other organisms, are sensitive to UV radiation, an important
stressor that plants must cope with in nature (Jansen ef al., 1998;
Wolf et al., 2010). An array of cellular components are damaged
by absorption of UV-B radiation (280-315 nm), including
components of the photosynthetic apparatus (Teramura and
Sullivan, 1994; Jansen et al., 1998). UV-B triggers the produc-
tion of carotenoids (Middleton and Teramura, 1993), and some
of the same high-light photoprotective mechanisms can also
protect plants from UV radiation. For example, it was demon-
strated that zeaxanthin contributes to UV stress protection and
damage prevention in tobacco (Gotz et al., 2002). Additionally,
some plants have evolved UV-absorbing chemical sunscreens
such as flavonoids that reduce the amount of UV reaching sen-
sitive molecules (Tohge and Fernie, 2017).

Exposure to UV radiation does not always yield a negative
effect for photosynthetic organisms, however. Recently there
has been a paradigm shift in understanding UV as a regula-
tory signal rather than solely a stressor, as UV perception is
involved in critical metabolic functions (Rozema et al., 1997,
Davey et al.,2012; Hideg et al.,2013; Morales et al.,2013; Singh
et al., 2014; Williamson et al., 2014; Neugart and Schreiner,
2018). Researchers have begun to instead classify UV radiation
as a ‘eustress’ (Hideg et al., 2013). In this framework, UV-B
is understood to stimulate a state of alert that includes acti-
vation defenses, especially if the radiation is experienced in
small doses. For example, UVRS, the UV-B receptor in plants,
mediates the accumulation of transcripts encoding early light-
inducible proteins (ELIPs) (Singh et al., 2014), which func-
tion in photoprotection (Hutin et al., 2003). Furthermore, low
doses of UV radiation can induce protective responses that in-
crease a plant’s tolerance to other abiotic and biotic stressors
(Frohnmeyer and Staiger, 2003). For instance, ELIPs are also
important for desiccation tolerance in resurrection plants
(Zeng, 2002; Oliver et al., 2004;Van Buren ef al., 2019).

Although many mosses are found in cool, low-light envir-
onments, several species are abundant in drylands where they
are common and important members of biological soil crusts
(biocrusts). Biocrusts are complex communities of bryophytes,
lichens, fungi, cyanobacteria, and other microorganisms living
on the surface of soil in drylands (Belnap et al., 2003). These
communities provide critical ecosystem services such as re-
ducing erosion, increasing soil fertility and water infiltration,
and even facilitating germination of native seeds while redu-
cing germination of large-appendaged exotic seeds (Harper and
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Belnap, 2001; Belnap, 2002, 2006; Belnap et al., 2003; Hawkes,
2004; Li et al., 2005; Su et al., 2007). Mosses play important
roles in biocrusts, such as contributing to both soil stability via
rhizoids and soil formation via capture of nutrient-rich fine
particles (Seppelt et al., 2016). Moreover, in some dryland eco-
systems, biocrust mosses control the overall carbon balance by
reaching peak photosynthetic activity during winter months
when surrounding shrubs are dormant (Zaady et al., 2000;
Jasoni et al., 2005). However, Mojave Desert mosses are faced
with being quiescent during hot, dry summers and are thus un-
able to use any of the intense solar radiation for photosynthesis
(Stark, 2005). Furthermore, while many plants have morpho-
logical mechanisms to reduce absorption of excess light, such as
altering leaf angle or the production of a waxy cuticle, mosses
both lack thick cuticles (Jeffree, 2007) and are unable to alter
leat angle once desiccated. Although their dry state is often a
curled state, thought to be a protective adaptation for minim-
izing light absorption (Zotz and Kahler, 2007), it may not alone
be enough to protect desert mosses from the long-term excess
light and intense UV radiation they face while quiescent.

Studies on UV protection in mosses have been limited, with
most focus on Antarctic mosses and UV-B supplementation in
greenhouses or growth chambers (Gwynn-Jones et al., 1999;
Searles et al., 1999, 2001; Lud et al., 2002; Martinez-Abaigar
et al.,2003; Newsham, 2003; Green et al., 2005; Nanez-Olivera
et al., 2005; Robinson ef al., 2005; Dunn and Robinson, 2006;
Bjorn, 2007; Turnbull ef al., 2009). Thus, there is a need for
a better understanding of the effects of natural levels of UV
radiation in a field setting. While nearly all mosses tested in
nature appear to be minimally damaged by ambient UV levels
(Boelen et al., 2006), in some species UV protection appears
to be physiologically constitutive and in others it is plastic.
For example, the Antarctic mosses Ceratodon purpureus and
Bryum subrotundifolium exhibit sun forms that are tolerant to
UV, and shade forms that are not but can be acclimated to
UV within a week in natural sunlight (Green et al., 2005). On
the other hand, in the mosses Sanionia uncinata, Chorisodontium
aciphyllum, Warnstorfia sarmentosa, and Polytrichum strictum, also
from Antarctica, UV-B-absorbing compounds are not induced
by enhanced UV-B radiation (Boelen et al., 2006). Similarly,
field-collected plants of Syntrichia ruralis, a dryland moss, were
unaffected by supplemental UV-B radiation, based on chloro-
phyll fluorescence (Takécs et al., 1999; Csintalan et al., 2001).
Yet while this species appears to have sufficient UV protection,
it is unclear whether it is constitutive or inducible, whether
with UV or another environmental cue. Studies have shown
that UV tolerance correlates with desiccation tolerance (Takacs
et al.,1999), and that desiccation itself confers extra protection
from UV in two Antarctic mosses (Turnbull et al., 2009). Both
habitat and genetics are strong predictors of UV tolerance in
bryophytes, but there is much within- and among-genera vari-
ability (Hespanhol et al., 2014). Thus, the need to study each
species in its own environment is critical to understanding
how UV is tolerated in nature.

The desert moss Syntrichia caninervis is a highly desiccation-
tolerant (Proctor et al., 2007; Stark, 2017) important member
of western North American dryland biocrust communities,
including in the Mojave Desert (Stark ef al., 1998; Bowker
et al., 2000; Coe et al., 2012; Antoninka et al., 2016; Seppelt
et al., 2016). This species frequently forms continuous or semi-
continuous carpets in exposed, intershrub desert soil crusts,and
tolerates high levels of solar radiation while dry. Interestingly,
mature shoots of S. caninervis develop a dark brown or black
coloration in nature (Fig. 1A), but remain bright green when
grown in dim, artificial laboratory light (personal observation),
suggesting a plastic pigment accumulation reaction in response
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Fig. 1. Natural Syntrichia caninervis. (A) Desiccated S. caninervis shoots.
(B) Experimental set-up, showing UV-filtering and UV-transmitting windows
over S. caninervis cushions in the Mojave Desert. (C) Schematic of field
window design.
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to light exposure. Accumulation of dark pigmentation varies
in nature, too. Syntrichia caninervis plants are greener in very
low-light microhabitats (Ekwealor and Fisher, 2020) and when
UV is filtered out of natural sunlight (Ekwealor, 2020). This
apparent ‘suntan’ pattern suggests the possibility of an adaptive
response for UV protection, though that function has not yet
been tested in S. caninervis.

To this end, we conducted an integrated, four-part experi-
ment to test how desert mosses withstand solar radiation while
quiescent under natural and extreme fluctuations in climate
and solar radiation characteristic of the Mojave Desert. We
deployed a year-long, controlled UV reduction manipulation
on 20 in situ microsites of S. caninervis to test the hypotheses
that: (1) natural S. caninervis plants undergo sustained NPQ
while desiccated and after rehydration; (i) if UV radiation is
a stressor, then a reduction of natural levels of UV will result
in improved recovery of maximum PSII quantum efficiency
(F,/F,); but (ii1) 1 year of UV removal will de-harden plants
and thus increase vulnerability to UV damage, indicated by a
reduction in F,/F,, after a laboratory UV treatment. In order
to better understand the mechanisms of photoprotection, UV
tolerance, and recovery from desiccation, we measured the rela-
tive abundance of photosynthetic pigments and antioxidants in
field-manipulated plants, and quantified differential transcript
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Fig. 2. Integrated experimental design. The top panel represents
Syntrichia caninervis growth conditions, including field treatments and
growth chamber cultures. UV-Filtered refers to plants that had UV-filtering
windows in situ for 1 year. UV-Transmitted represents plants that had
UV-transmitting windows installed, and Site Reference represents
unmanipulated field-collected samples. Conditions in the field experiment
included ambient sunlight and natural desiccation-hydration cycles, while
conditions in the growth chamber included low light and continuous
hydration. Samples from each growth condition were used in various
laboratory experiments and measurements, including a simulated winter
recovery from desiccation (indicated with the 0.5-192 h time scale; hours
post-rehydration), measurement of relative abundance of photosynthetic
pigments and antioxidants (indicated with ‘P&A’), chlorophyll fluorescence
assays (indicated with ‘F’), and transcriptomics (indicated with ‘T’). Striped
arrows indicate that field-manipulated, desiccated plants received an
in-laboratory UV treatment to test for de-hardening and PSII protection
from UV radiation.

abundance on UV-reduced plants and controls. Finally, to
understand the effects of the high light and desiccating nat-
ural environment on the pigment and antioxidant profiles, we
compared field-collected, unmanipulated S. caninervis plants
with those cultured in a laboratory growth chamber.

Materials and methods

Code and data availability

Analyses and graphical visualizations were performed in R (R Core
Team, 2019) unless otherwise stated using the packages lubridate
(Grolemund and Wickham, 2011), rstatix (Kassambara, 20204), tidyverse
(Wickham et al., 2019), dplyr (Wickham e al., 2020), ggbiplot (Vu,2011),
ggplot2 (Wickham, 2016), Rmisc (Hope, 2013), and ggpubr (Kassambara,
2020b). The R function script, ibutton.functions.R. (https://github.com/
aammd/ibutton.functions), was used to process ibutton temperature and
relative humidity data. The analysis code and pigment, antioxidant, fluor-
escence, and microclimate data from this study are openly available on
GitHub at: https://github.com/jenna-tb-ekwealor/syntrichia_field UV.
Raw RNAseq data is available on the NCBI GenBank SRA under
BioProject PRJNA704617.

Study site and samplings

The study was conducted in the southwestern Mojave Desert at the
Sweeney Granite Mountains Desert R esearch Center,an ecological reserve
of the University of California Natural R eserve System, using an integrated
four-part field and laboratory design (Fig. 2). Experimental treatments and
sampling took place within a cove in the Granite Mountains (~1360 m
elevation) dominated by Cylindropuntia acanthocarpa, C. echinocarpa, Larrea
tridendata, and Yucca schidigera (34.7849°N, 115.6620°W). The terrain in
this area is relatively flat with some gentle slopes, and is characterized
by abundant, large granitic boulders and seasonal washes. The climate is
arid, with a mean annual precipitation of 217 mm, a mean summer (May
through October) daily high temperature of 29 °C, a mean summer daily
low of 18 °C, a mean winter (November through April) daily high of
16 °C, and a mean winter daily low of 6 °C (data from UC Sweeney
Granite Mountains Desert Research Center, Sweeney Granite Reserve
Weather Station, RGSC1, 34.78°N, 115.65°W, 1304 m elevation).

To test for the effects of prolonged reduction of UV radiation in a nat-
ural habitat, UV-filtering and UV-transmitting windows were installed
over S. caninervis plants in situ. In June 2018, twenty 12.7 cm*12.7 cm
(5”7%x5”) UV-filtering windows (Fig. 1B, C), 3.175 mm (1/8”) thick
(OP-3 acrylic, Acrylite, Sanford, ME, USA), were installed over target
S. caninervis cushions at the study site (a voucher specimen, Ekwealor 015,
has been deposited in the UC herbarium). The UV-filtering windows
transmit ~90% of radiation across the visible spectrum with a sharp drop
to ~0% transmittance between 425 nm and 400 nm (www.sdplastics.
com/acryliteliterature/ 1682ACRYLITEOP3techData.pdf). In a paired
design, 20 UV-transmitting, but otherwise identical, acrylic windows
(Polycast Solacryl SUVT acrylic, Spartech, Maryland Heights, MO, USA)
were placed over target cushions located within 1 m of their UV-filtering
counterpart (Fig. 1B). These UV-transmitting windows transmit at least
90% across the visible and UV-A/B spectrum and then drop to near 0%
transmittance between 275 nm and 250 nm (www.polymerplastics.com/
transparents_uvta_sheet.shtml). Both types of windows transmit 90% of
PAR (400-700 nm). Additionally, three pairs of windows were installed
for microclimate measurements (see below). All windows were installed
using #8-32 threaded nylon legs so that each window was nearly flush
with the ground on the south edge and ~2.5 cm off the ground on the
north edge, creating an approximately 13° angle with the soil surface.
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Window installations were monitored and re-secured monthly until
sample collection in June 2019. At that time, one UV-filtering window
had been lost to weather and that pair was excluded from downstream
analyses. Although it is not possible to determine when the mosses were
last naturally hydrated in their habitat, it had rained 1.6 cm 1 month prior
to collection, at which time samples were not observed to be hydrated be-
neath the windows. Cushions were collected dry using 9 cm diameter cul-
ture dishes from each of the remaining 19 pairs along with an additional
third, unmanipulated site reference (within 1 m of the window pair). This
latter ‘site reference’ was used to test for effects of a window treatment
per se. Specimens were stored dry (Fig. 1A) and in the dark until analyses.

Light measurements

PAR and UV-A/B radiation (250—400 nm) were measured under win-
dows and at nearby unmanipulated site reference mosses in April 2019
using LightScout UV and Quantum Sensors and the LightScout Sensor
Reader (Spectrum Technologies, Aurora, IL, USA). Light under each pair
of windows was measured at the same time, though measurements of
all pairs were completed over the course of 2 h. Data were first tested
for normality with the Shapiro—Wilk test (Shapiro and Wilk, 1965).
Differences in PAR between field treatments were tested for with two-
tailed paired Student’s t-tests, and differences in UV were tested for with
Wilcoxon signed-rank tests (Wilcoxon, 1945). Significance was adjusted
with the Benjamini and Hochberg (BH) correction (Benjamini and
Hochberg, 1995) to account for the false discovery rate of multiple tests
(Jatari and Ansari-Pour, 2019).

In addition to PAR and UV point measurements, total light inten-
sity was monitored under three UV-filtering and UV-transmitting
window pairs every 30 min for 4 months from February 2019 until 3 d
before sample collection in June 2019 with an Onset HOBO Pendant
Temperature/Light (relative light intensity from 0 to 320 000 lux) Logger
(UA-002, Onset Computer Corporation, Bourne, MA, USA). Data were
summarized to mean daily highs and lows per month for each treatment
per microsite pair. Mean daily highs and lows per month were tested for
treatment effects with a one-way repeated measures ANOVA for each
pair.

Microclimate

In order to quantify the effects of the window treatments on the micro-
climate, climate sensors were deployed under three pairs of windows and
at nearby soil surface mosses. These windows were installed specifically
for this purpose and moss samples were not collected from them.To log
relative humidity every 5 min, iButton hygrochrons (Maxim Integrated,
San Jose, CA, USA) were deployed under three pairs in winter (February)
and one pair in summer (September) 2019 for a period of 4 d and 2
d, respectively. In September, an iButton hygrochron was also used to
measure the relative humidity of a nearby (within 1 m of windows)
unmanipulated site reference moss cushion. Relative humidity data from
iButtons were summarized to mean daily highs and lows per site and by
treatment (UV-filtered, UV-transmitted, plus site reference for summer)
and tested for significance of treatment effects with a one-way repeated
measures ANOVA for the winter and summer data sets. Tukey’s HSD
tests were performed as post-hoc analyses (Tukey, 1949).

Temperature was monitored under three UV-filtering and
UV-transmitting window pairs every 30 min for 4 months from February
2019 until 3 d before sample collection in June 2019 with an Onset
HOBO Pendant Temperature/Light (relative light intensity from 0 to
320 000 lux) Logger (UA-002, Onset Computer Corporation). Data
were summarized to monthly mean daily highs and lows for each treat-
ment and site, and to pooled means across all sites. Mean daily highs and
lows for each treatment per site per month were tested for significance of
treatment effect with a one-way repeated measures ANOVA.

Laboratory cultures

To understand the effects of the natural environment on the pigment and
antioxidant profiles, we compared lab-cultured S. caninervis plants with
those collected from the field. Shoots from a previously isolated clone of
a S. caninervis herbarium specimen from southern Nevada, USA (Stark
NV-107, USA, Nevada, Clark County, Newberry Mts, Christmas Tree
Pass; UNLV) were cultivated in a growth chamber set to an 18 h photo-
period (18 °C light, 12 °C dark), at ~30 pmol m 25" PAR.. Cultures of
a single genotype were grown from fragments in lidded 77 mx77 mx97
m Magenta GA-7 plant culture boxes (bioWORLD, Dublin, OH, USA)
on 1.2% agar made with an inorganic nutrient solution (Hoagland and
Arnon, 1950).

Chlorophyll fluorescence of field-manipulated samples

In order to measure recovery of maximum PSII quantum efficiency
(F,/F,) and operating PSII quantum efficiency (PPSII) over a simu-
lated winter recovery period, chlorophyll fluorescence was determined
according to a modified version of the protocol used in Clark (2020)
at three time points over 192 h. Ten to fifteen shoots of each specimen
were sampled by selecting shoots randomly from each cushion. Shoots
were hydrated and quickly assembled into Hansatech FMS/LC dark-
acclimation leaf clips (Hansatech Instruments, Norfolk, UK) that were
modified with a deeper cavity to allow tall moss shoots to stand upright
on a small, circular piece of filter paper created with a hole-punch, as de-
scribed in Clark (2020). This system allows the entire moss ‘bouquet’ to
be easily removed by grabbing the filter paper with forceps, so that the
same shoots could be measured in the same orientation across recovery
time points.

Immediately after moss bouquet assembly, the clip was closed for
30 min to allow shoots to acclimate to darkness (i.e. PSII reaction cen-
ters open). At precisely 30 min, the clip was attached to a Hansatech
Pulse-Modulated chlorophyll fluorescence probe (FMS 2, Hansatech
Instruments) and fluorescence was measured with the following param-
eters: actinic light of 150 pmol m™2s™" for 200 s; and a saturation pulse
of 3000 umol m™? 57! for 0.8 s applied before and after actinic light
to measure dark- and light-acclimated fluorescence metrics, respectively.
Fluorescence was measured three times over 8 d in a recovery series:
Ty5 (0.5 h post-rehydration), T,, (24 h post-rehydration), and Ty, (192 h
post-rehydration). Between recovery measurements, bouquets were re-
covered in a growth chamber on modified 24-well plates called ‘water
thrones’ as described in Clark (2020), which allowed bouquets to re-
main hydrated and near 100% relative humidity through a water-wicking
system using filter paper and pools of water (Supplementary Fig. S1).
The Percival E30B growth chamber (Percival Scientific, Perry, IA, USA)
was set to simulate winter recovery conditions consisting of a 10 h
photoperiod (12 °C light, 5 °C dark) with 70-85% relative humidity
at 150 pmol m™2 s™" in which temperature and relative humidity were
monitored with an iButton data logger (Maxim Integrated).

Raw fluorescence data were used to calculate F,/F,, and ®PSII. F,/F,,
is equal to (F,—F,)/F,, where F, is maximal fluorescence in the dark-
acclimated sample and F, is minimal fluorescence in the dark-acclimated
sample. ®PSII is equal to (F,—F)/F,’, where F,’ is maximal fluor-
escence in the light-acclimated sample and F, is steady-state terminal
fluorescence. F,/F,, and ®PSII data were first tested for normality with
the Shapiro—Wilk test (Shapiro and Wilk, 1965), which revealed non-
normality, and subsequently all F,/F,, and ®PSII were compared pairwise
using Wilcoxon signed-rank tests (Wilcoxon, 1945) at each time point.
Significance was adjusted for multiple testing with the BH correction.

Test for UV de-hardening at PSII

To test the hypothesis that UV filtering in situ would de-harden plants
and increase vulnerability to subsequent UV exposure while dry, plants
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from all three field treatments were subjected to a laboratory UV ex-
posure—recovery assay. An additional 10—-15 shoots per sample were ran-
domly selected from the field samples and given a UV-A/B treatment
while dry. Samples were placed under four T8 reptile bulbs (ReptiSun
10.0 UVB, Zoo Med Laboratories Inc., San Luis Obispo, CA, USA)
in culture dishes covered by UV-transmitting acrylic (Polycast Solacryl
SUVT acrylic, Spartech) to filter out UV-C wavelengths, which, in na-
ture, are absorbed by the earth’s atmosphere. Lamps were placed 2.5 cm
from specimens for UV-A/B flux of 80 umol m 2 s™", PAR of 160 pumol
m %5 ! and UV-B fluence rate of 0.36 mW cm 2 for 14 h (rotated once
during treatment) with a fan to circulate air under the lamp. UV-B flu-
ence was measured at several locations under the lamps with a handheld
radiometer that was last calibrated in 2014 and independently evalu-
ated in 2016 (SKU 430, Apollo Display Meter, Skye Instruments Ltd,
Llandrindod Wells, UK) and a UV-B sensor that was covered with the
same UV-transmitting acrylic. Temperature and relative humidity were
monitored with an iButton data logger (Maxim Integrated; 26 °C mean
temperature, 0=1.1 °C, 19% mean relative humidity, 0=1.4%). After UV
treatment, shoots were prepared for an 8 d chlorophyll fluorescence re-
covery series as above. To test laboratory UV effects, we compared these
laboratory-treated samples with their respective field subsets (UV-filtered,
transmitted, and site reference) at each time point (T 5, Tsy, and T g,)
using Wilcoxon signed-rank tests on F,/F,, and ®PSII.

Photosynthesis pigment and antioxidant content

To explore potential photoprotective responses to in situ UV exposure,
the relative abundance of eight pigments and antioxidants was measured
in field samples at the end of the 1 year study. Pigment and tocopherol
content were quantified by HPLC in at least three biological replicates
for each of the 57 field samples for a total of 188 HPLC measurements.
Approximately 5 mg (about five shoots) of dry, soil-free plant material
was collected from each field triplicate (UV-filtered, transmitted, and
site reference) and homogenized in 100% acetone using a FastPrep-24
5G bead beater (MP Biomedicals, Irvine, CA, USA). Additionally, 5-10
shoots of lab-cultured S. caninervis were prepared in at least triplicate.
After homogenization in acetone, samples were centrifuged at 14 000 ¢
for 30 s. Supernatants were passed through a 0.45 pm nylon filter (part
F2504-1, ThermoFisher Scientific, Waltham, MA, USA) prior to injec-
tion of 25 pl onto a ProntoSIL 200-5-C30, 5.0 um, 250 mmX4.6 mm
column equipped with a ProntoSIL 200-5-C30, 5.0 pm, 20 mmx4.0 mm
guard column (Bischoft Analysetechnik, Leonberg, Germany) following
the HPLC method and gradient conditions of Dautermann et al. (2020).
Tocopherols were measured by fluorescence light detection (FLD) and
compared with the retention time of commercial tocopherol standards.
Replicates of resulting pigment quantities were normalized to total pig-
ment content, and tocopherols were normalized to total chlorophyll con-
tent in moles. All 188 replicates were screened for outliers using Cook’s
distance threshold of eight (Cook, 1977; Kim and Storer, 1996) which
eliminated 17 replicates from downstream analyses. Variation in pigment
and antioxidant relative abundances in all field and laboratory replicates
was reduced to two dimensions using principal components analysis
(PCA). Pigment and tocopherol data were then tested for normality with

the Shapiro—Wilk test (Shapiro and Wilk, 1965) prior to subsequent tests.
The field site reference and lab-cultured plants were compared using the
mean of HPLC biological replicates in a Mann—Whitney U-test (Mann
and Whitney, 1947), and field treatments were compared with each other
using the mean of HPLC biological replicates in paired Wilcoxon signed-
rank tests (Wilcoxon, 1945) with BH adjustments. The pool size of viola-
xanthin, antheraxanthin, and zeaxanthin (VAZ) was compared across field
triplicates, with paired Wilcoxon signed-rank tests and multiple com-
parison adjustments as before.

Transcriptomics

To explore potential mechanisms of UV tolerance, transcript abundance
was compared in field UV-filtered and UV-transmitted plants. Samples
were collected in June 2019 from six window pairs (those which had
sufficient tissue remaining after previous analyses) and stored dry, at
room temperature in the dark until processing in July 2020. Stems were
selected from each window sample, and dead tissue and debris were re-
moved. Approximately 20 mg of dry weight per sample were placed into
microcentrifuge tubes and sent to Novogene (Sacramento, CA, USA)
for RINA extraction, library preparation, and transcriptome sequencing.
Samples were processed according to the standard Novogene protocol,
including preliminary quality check gel electrophoresis, quantitation, and
purity assessment with NanoDrop (ThermoFisher Scientific, Waltham,
MA, USA), and sample integrity assays with a Bioanalyzer 2100 (Agilent,
Santa Clara, CA, USA). After quality checking procedures, oligo(dT)
beads were used to enrich eukaryotic mRINA, and rRNA was removed
with the Illumina Ribo-Zero kit (Illumina, Inc., San Diego, CA, USA).
RINA samples were then reverse-transcribed into double-stranded cDNA
libraries and sequenced on the 150 bp paired-end Ilumina NovaSeq
6000 platform.

Transcriptome data were cleaned with Trimmomatic version 0.39
(Bolger et al., 2014) using a sliding window of 4 bp with a Phred quality
score cut-off of 20, a minimum length of 20, and a leading and trailing
minimum of three. The software packages Bowtie2 (Langmead and
Salzberg, 2012) and Tophat2 (Kim et al.,2013) were used to make indexes
of the reference S. caninervis genome (Silva et al., 2020) for mapping and
assembly. Htseq-count version 0.9.1 (Anders ef al., 2015) was used to esti-
mate read counts per sample per gene, and final analyses were performed
in R (R Core Team, 2019) using DESeq2 (Love ef al., 2014) to test for
differential transcript abundance in UV-filtered and UV-transmitted sam-
ples. To test for candidate genes associated with UV reduction and UV
tolerance, transcript abundance was assessed with the DESeq2 formula:
~pairtwindow_treatment. In these comparisons, transcript counts were
normalized with DESeq2’s default model and significance was adjusted
with the BH correction. For each comparison, transcripts were con-
sidered candidates for that effect if they had an absolute logarithmic (base
2) fold change (LFC) of at least 1 and an adjusted P-value (P-adj) of
<0.005. Normalized transcript counts were log2-transformed and LFCs
were shrunken with the approximate posterior estimation for the gen-
eralized linear model for plotting and ranking genes (Zhu et al., 2019).
Variation in transcript abundances was reduced to two dimensions with
PCA.

Table 1. Temperature in UV-filtered and UV-transmitted Mojave Desert microsites

February March April May June DF,, DF4 F P-value
Mean daily low temperature (°C) UV-filtered -1.0£2.2 3.6+2.2 9.0+£3.54 9.7+3.1 16.4+3.8 1,28 0.004 NS
UV-transmitted -0.75+2.1 3.8+2.2 9.1+£3.62 9.8+3.2 16.3+3.4
Mean daily high temperature (°C) UV-filtered 24.2+10.8  43.4+8.9 61.5+7.2 61.7+8.0 68.0+10.4 1,28 0.006 NS
UV-transmitted 23.8£10.7  43.4+8.6 61.4+7.0 61.0+£7.9 66.9+9.6

Mean +SD. P-values are reported for a one-way ANOVA with repeated measures; DF,=degrees of freedom in the numerator, DF =degrees of freedom in

the denominator, F=F-statistic, NS=not significant.
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Results
Light measurements

PAR was measured in each field treatment to assess to what
extent it 1s affected by the windows. There was no significant
difference in PAR between UV-filtering and UV-transmitting
windows. The mean PAR in UV-filtered plots was 1324 pmol
m ?s ' and the SD (0) was 348 umol m™*s™'. The mean PAR
in UV-transmitted plots was 1343 umol m ™2 s™' (0=340 pmol
m ?s '), PAR in site reference sample sites (mean=1472 pmol
m 2 57!, 0=345 umol m™? s7') was slightly but significantly
higher than both UV-filtered and UV-transmitted windows
(P=0.0002 and P=0.006, respectively). UV was significantly
lower under UV-filtering windows relative to UV-transmitting
windows (~98% reduction from 91.3 pmol m 25" to 1.6 umol
m 2 s ! P<0.0001, 60=25.5 pmol m2s!and 05 pmol m >

7!, respectively). Reference sites had higher UV than both
UV-filtered and UV-transmitted sites (mean=105 pmol m >
s7l 0=34.5 pmol m 2 s P<0.0001 and P=0.001, respect-
ively). Mean total light intensity of each treatment per month
did not differ between the two windows (DF, =1, DF;=28,
F=0.954, P=0.337).

Microclimate

Temperature and relative humidity were measured in order
to test for the effects of UV-filtering and UV-transmitting
windows on microclimate. Neither the mean daily low tem-
perature per month nor the mean daily high temperature
per month differed significantly between the UV-filtering
and UV-transmitting windows over the 4 month monitoring

period (Table 1).

Table 2. Relative humidity in UV-filtered, UV-transmitted, and site reference Mojave Desert microsites

Site reference UV-filtered UV-transmitted n F DF,, DF4 P-value
Winter Mean daily low relative humidity (%) NA 29.2+23.3 30.3+22.3 4 0.057 1,22 NS
Mean daily high relative humidity (%) NA 100+0 88.9+8.8 4 2.306 1,22 NS
Summer Mean daily low relative humidity (%) 16.6+£2.8 3.4+0.5 6.0+3.7 2 13.441 2,3 0.032
Mean daily high relative humidity (%) 56.8+5.3 36.2+22.9 36.9+23.9 2 0.727 2,3 NS

Mean +SD. P-values are reported for a one-way ANOVA with repeated measures; n=number of days, DF,=degrees of freedom in the numerator,
DF4=degrees of freedom in the denominator, F=F-statistic, NS=not significant, NA=data not available.
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Fig. 3. Maximum potential PSII quantum efficiency of UV-filtered, UV-transmitted, and site reference Syntrichia caninervis over a simulated winter
recovery period. F./F, at each time point were compared pairwise using Wilcoxon signed-rank tests and adjusted for multiple testing with the Benjamini
and Hochberg method. *P<0.05, **P<0.01, **P<0.001, ***P<0.0001.
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Relative humidity was monitored in winter and summer. In
the winter, the mean daily low and high relative humidity did not
differ significantly between the two window treatments (Table
2). Summer microclimate monitoring included both treatment
windows as well as nearby, unmanipulated site reference meas-
urements. There was no significant difference in mean daily high
relative humidity among the two treatment windows or site ref-
erence sample sites (Table 2). Treatment did have a significant
effect on summer mean daily low relative humidity (Table 2);
however, the post-hoc test found no significant differences in
summer mean daily low relative humidity between UV-filtered
and UV-transmitted windows. Summer daily low relative hu-
midity was significantly higher in the site reference plot than in
the UV-filtered window (adjusted P=0.033). It should be noted
that relative humidity sensors are known to be unreliable at very
high humidities and when wet. It is possible that some of the
high relative humidity measurements recorded, especially those at
100% relative humidity, actually represent times when the sensors
were wet from condensation.

Chlorophyll fluorescence of field-manipulated samples

F,/F,, and ®PSII were measured at three time points over a
simulated winter recovery period (192 h) to assess recovery
of photosynthetic efficiency from desiccation. At Tys, re-
hydrated samples from all three field treatment groups had
very low F,/F, values (mean UV-filtered=0.044, 0=0.036;
mean UV-transmitted=0.049, 0=0.045; and mean site refer-
ence=0.108, 0=0.122). There was no statistical difference in
F,/F,, between any groups at Ty 5 (Fig. 3). After 24 h in simu-
lated winter recovery conditions, F,/F, had increased in all
samples. At Ty, F,/F,, of samples from UV-transmitting win-
dows were significantly higher than those from UV-filtering
windows (mean  UV-filtered=0.532, 0=0.091; mean
UV-transmitted=0.599, 0=0.054). Site reference samples had
significantly higher F,/F, values (mean=0.631, 0=0.045)
than UV-transmitted samples. At Tygy, F,/F, values of all
treatments were also significantly different from each other
in the same rank order: UV-transmitted were higher than
UV-filtered treatments, and site reference samples were higher
than UV-transmitted treatments (mean UV-filtered=0.790,

Table 3. Mean quantum efficiency of PSII (®PSII) in UV-filtered
and UV-transmitted Syntrichia caninervis plants over a simulated
winter recovery period

Time in re- OPSII DOPSII n P-adj
covery (h) UV-filtered UV-transmitted
0 0.030+0.028 0.041+0.038 19 NS
24 0.329+0.061 0.389+0.060 19 0.001
192 0.584+0.037 0.606+0.032 19 0.003

Adjusted P-values are reported for Wilcoxon signed-rank tests with
Benjamini and Hochberg correction. Mean +SD. n=number of pairs,
NS=not significant.

0=0.023; mean UV-transmitted=0.812, 6=0.015; and mean
site reference=0.839, 0=0.021). All treatment groups had
relatively constant F, over the simulated winter recovery
period, while F,, increased from near 100 to at least 700 bits
(Supplementary Fig. S3).

The pattern of ®PSIT measured at 150 pmol photons m™>
s~! over the recovery period was similar to that of F,/F,,. There
was no statistical difference in ®PSII between UV-filtered
samples and UV-transmitted samples at T 5 or between @PSII
values of site reference plants and UV-transmitted plants
(Table 3; Supplementary Fig. S2B). After 24 h in recovery,
OPSIT of all samples had increased. @PSII of samples from
UV-transmitting windows were significantly higher than those
from UV-filtering windows. Site reference mean ®PSIT was
0.425 (0=0.044), and there was no significant difference be-
tween site reference and UV-transmitted samples. At Tg,, nei-
ther UV-filtering and UV-transmitting, nor UV-transmitting
and site reference ®PSII values were significantly different
from one another (site reference mean=0.630, 0=0.039).

Test for UV de-hardening at PSII

To test the hypothesis that UV filtering would de-harden plants
and increase vulnerability to UV damage at PSII, desiccated
plants from all three field treatments were subjected to a la-
boratory UV treatment, and F,/F,, and ®PSII were measured
during simulated winter recovery conditions. There were no
significant differences in F,/F, within each treatment group
(UV-iltered, UV-transmitted, and site reference) at T 5 and T'q,
after the laboratory UV treatment (Supplementary Fig. S2A). At
T4, UV-transmitted field plants that received a laboratory UV
treatment had significantly higher F,/F, than UV-transmitted
plants that did not. Similarly, ®PSII of each treatment group was
not significantly different after the laboratory UV treatment at
T, 5 and Ty, but at Ty, was significantly higher in laboratory
UV-treated UV-transmitted samples than UV-transmitted sam-
ples with no laboratory UV treatment (Fig. S2B).

Photosynthesis pigment and antioxidant content

Photosynthesis pigments and antioxidants were measured in
field-collected plants from all treatments as well as in lab-
cultured plants. Zeaxanthin levels and the Chl a:b ratio increased
with UV filtering, while neoxanthin and Chl b decreased (Fig.
4). Unmanipulated site reference samples also had significantly
more zeaxanthin, lutein, B-carotene, and a higher Chl a:b ratio,
as well as lower violaxanthin, neoxanthin, Chl a, and Chl b
than UV-transmitted samples. There was no significant differ-
ence in violaxanthin, antheraxanthin, lutein, 3-carotene, or Chl
a between UV-filtered samples and UV-transmitted samples,
though the VAZ pool was larger in UV-filtered plants than in
UV-transmitted plants (P=0.048).

The three field treatment groups (UV-filtered,
UV-transmitted, and site reference) and the laboratory cultures
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Fig. 4. Relative content of photosynthetic pigments in UV-filtered, UV-transmitted, and site reference Syntrichia caninervis. Pigment and antioxidant
content were quantified by HPLC in at least triplicate and normalized to total pigment content by moles. Means were compared across field treatments
using Wilcoxon signed-rank tests with the Benjamini and Hochberg correction for multiple tests. *P<0.05, **P<0.01, **P<0.001, ***P<0.0001.
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Fig. 5. Principal components biplot of first and second PCA scores based on relative photosynthesis pigment and tocopherol content in UV-filtered,
UV-transmitted, unaltered field-collected (site reference), and laboratory-cultured Syntrichia caninervis. Vectors are overlaid and scaled to show the
strength of correlation. Composition 68% probability ellipses show the means (ellipse centers) and variation by treatment. Pigment and antioxidant

contents were quantified by HPLC in at least triplicate and n

ormalized to total pigment content. Replicates were screened for outliers.
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Table 4. Mean relative abundance of photosynthesis pigments in
field-collected and laboratory-cultured Syntrichia caninervis plants

Field- Lab- Ng, N P-adj

collected cultured

(% of total (% of total

pigment in pigment in

mol) mol)
Violaxanthin 0.661+0.172 4.42+0.819 61,9 <0.0001
Antheraxanthin 1.569+0.294 1.63+£0.317 61,9 NS
Zeaxanthin 8.33+1.33 1.55+0.331 61,9 <0.0001
Neoxanthin 4.12+0.699 4.81+0.333 61,9 0.0005
Lutein 21.4+2.54 17.9+1.14 61,9 <0.0001
B-Carotene 12.6+4.20 8.42+1.62 61,9 0.002
Chla 39.7+4.37 42.8+2.27 61,9 0.024
Chlb 10.8+2.01 18.6+0.696 61,9 <0.0001

Adjusted P-values are reported for Wilcoxon tests with Benjamini and
Hochberg correction. Mean +SD. ne.=number of field-collected replicates,
n =number of lab-cultured replicates, NS=not significant.

Table 5. Mean relative abundance of tocopherols in UV-filtered
and UV-transmitted Syntrichia caninervis plants

UV-filtered UV-transmitted n P-adj
(mmol mol™) (mmol mol™)
a-Tocopherol 16.7+3.59 14.7+3.43 19 0.026
B-Tocopherol 5.69+1.58 4.17+1.54 19 0.002

Adjusted P-values reported are for Wilcoxon signed-rank tests with
Benjamini and Hochberg correction. Data normalized by Chl a. Mean +SD.
n=number of pairs.

separated along PCA axis PC1, which explained 43.6% of the
variation (Fig. 5). The field treatments were largely overlapping
with each other, and the laboratory cultures were relatively dis-
tant. Field-collected site reference plants had a lower proportion
of Chl g, Chl b, violaxanthin, and neoxanthin than lab-cultured
plants (Table 4). The field-collected plants also had more
zeaxanthin, lutein, and f-carotene than lab-cultured plants
(Table 4).There was no significant difference in antheraxanthin
abundance between site reference and lab-cultured plants.

Normalized 0- and B-tocopherols increased with removal
of UV (Table 5). Site reference samples had higher o- and
P-tocopherols than UV-transmitted samples (Fig. 6). Field-
collected plants had a much higher relative abundance of o~
and P-tocopherols than lab-cultured plants (Table 6).

Transcriptomics

Differential transcript abundance analyses performed on six pairs
of field-manipulated samples (UV-filtered and UV-transmitted)
revealed a total of 6885 genes in the 12 transcriptomes. In
the transcript PCA, the two field treatments (UV-filtered and
UV-transmitted) did not separate along PC1, which explained
41% of the variation, nor along PC2, which explained 24% (Fig.
7). However, the pairs tended to cluster near each other along
these two PC axes. After filtering for an absolute LFC of at least
one, 19 genes were identified as significantly differentially abun-
dant between field treatments (P-adj <0.005;Table 7; Fig. 8).

Discussion
F/F,, recovery

Field-collected S. caninervis plants from all treatments had
very low maximum potential PSII quantum efliciency,
F,/F,, when initially rehydrated, but recovered over 8 d in
simulated winter conditions in which F,/F,, increased from
<0.1 to 0.81. In unstressed land plants, F,/F,, is nearly con-
stant around 0.83 (Bjorkman and Demmig, 1987; Proctor,
2001). Often a low F,/F,, is assumed to indicate stress related
to PSII damage primarily attributed to inactivation of the
core reaction center D1-protein (Demmig and Bjorkman,
1987; Csintalan et al., 1999), and thus increasing F,/F,, is
interpreted as repair of PSII as part of the D1 cycle (Melis,
1999). However, because F,/F,, is a normalized ratio, it is
important to determine which component is driving F,/F,,
depression or recovery. As F,.=F,—F,, F,/F, is equivalent to
(Fy—F,)/F,, and the ratio can increase over time (i.e. during
recovery) due to increasing F,, or decreasing F,, or both.
Understanding change in these variables over time can pro-
vide insight into the underlying biological processes con-
tributing to observed change in F,/F,. For example, F, is
high when PSII is damaged (Rintamiki ef al., 1994; Ritchie,
2006; Murchie and Lawson, 2013). An increase in F,/F, due
to a decrease in F, with a relatively constant F,, would be
strongly indicative of PSII damage and subsequent repair.
On the other hand, an increase in F,/F,, driven by rising F,,
is consistent with a relaxation of NPQ (Miiller et al., 2001).
This latter scenario is what we observed in S. caninervis re-
covering from F,/F, depression: an increase in F,/F, over
the recovery period driven by F,,, which suggests relaxation
of sustained NPQ rather than repair of damaged or inacti-
vated PSII (Supplementary Fig. S3).

Different pigment and antioxidant profiles in field-
collected and lab-cultured plants

Comparison of the photosynthetic pigment profiles in field-
collected and lab-cultured S. caninervis supports this hypothesis
of relaxation of sustained NPQ. Zeaxanthin, which is associated
with both rapidly reversible (qE) and sustained NPQ mechan-
isms such as photoinhibitory quenching (ql; Demmig-Adams,
1990;Verhoeven et al., 1996), was more than five times higher
in field-collected plants than in lab-cultured plants (Table 4). In
fact, the relative VAZ pool was larger in field-collected plants,
which is unsurprising as these pigments increase in abundance in
high-light environments (Siefermann-Harms, 1985; Demmig-
Adams, 1990; Jahns et al., 2009). Zeaxanthin accumulation is
associated with sustained NPQ in desiccation-tolerant mosses,
specifically accumulating when desiccation occurs in natural
light conditions (Verhoeven ef al., 2020). The higher levels of
zeaxanthin in field-collected plants suggest accumulation due
to the desiccation in the natural habitat but not in the labora-
tory cultures. Similarly, in field-collected plants, the proportion
of chlorophyll of the total pigment content was reduced and
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Fig. 6. Relative tocopherol content in UV-filtered, UV-transmitted, and unaltered site reference Syntrichia caninervis. Tocopherol content was quantified
by HPLC in at least triplicate and normalized to total chlorophyll content. Means were compared across field treatments using Wilcoxon signed-rank tests
with the Benjamini and Hochberg correction for multiple tests. *P<0.05, **P<0.01, **P<0.001, ***P<0.0001.

Table 6. Mean relative abundance of tocopherols in field-
collected and laboratory-cultured Syntrichia caninervis plants

Field-collected Lab-cultured ng,"n. P-adj
(mmol mol™) (mmol mol™)
a-Tocopherol 20.6+6.27 9.56+3.08 61,9 <0.0001
B-Tocopherol 5.95+2.21 1.28+0.764 61,9 <0.0001

Adjusted P-values are reported for Wilcoxon tests with Benjamini and
Hochberg correction. Data normalized by Chl a. Mean +SD. ng=number of
field-collected replicates, n,.=number of lab-cultured replicates.

the Chl a:b ratio was increased, also consistent with acclimation
to high-light intensity (Bjorkman, 1981; Leong and Anderson,
1984; Lindahl et al., 1995). Tocopherol abundance was also
much higher in field-collected plants than in those cultured in
the lab (Table 6). Tocopherols are membrane-bound phenolic
antioxidants that may be increased due to the higher light in-
tensity and UV exposure in the field site (Delong and Steffen,
1998;Yao et al., 2015) or due to other stresses such as desic-
cation and freezing that these plants frequently face in their
natural habitat (Munné-Bosch, 2005).

Altered F/F,, recovery following UV filtering

Surprisingly, F,/F,, was not affected in rehydrated S. caninervis
when natural levels of UV were reduced for 1 year, but the
recovery of F,/F, was impaired during at least 192 h in
winter recovery conditions (Fig. 3). In contrast, many plants
respond to supplemental UV radiation with reduced F,/F,,
(Bradshaw, 1965; Strid et al., 1990; He et al., 1993; Pukacki and
Modrzyniski, 1998; Ranjbarfordoei et al., 2011; but see Takacs
et al., 1999; Csintalan ef al., 2001; Lau et al., 2006; Basahi et al.,
2014). Furthermore, the relative abundance of the xanthophyll
zeaxanthin was also increased in UV-filtered plants (Fig. 4),a re-
sponse also typically seen with UV supplementation (Agrawal
et al., 2009). Why should removal of UV radiation, presumably
a stressor, result in altered recovery of F,/F,, and more antioxi-
dant xanthophylls in S. caninervis? One possible explanation for
the observed reduction in F,/F, recovery is that removal of
UV somehow causes an impairment in relaxation of sustained
NPQ. As with unmanipulated field-collected plants, the ob-
served F,/F, increase over the recovery period for UV-filtered
and UV-transmitted plants was driven by an increase in F,, and
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Fig. 7. Principal components biplot of first and second PCA scores based on normalized transcript counts for six field-manipulated microsite pairs
(UV-filtered and UV-transmitted) of Syntrichia caninervis. Lines connect pairs from each of the six collection sites in the paired design.

thus is consistent with relaxation of sustained NPQ. Indeed,
the increased abundance of zeaxanthin with removal of UV
is consistent with the hypothesis that UV filtering induces a
sustained zeaxanthin-related NPQ (Verhoeven et al., 1996).
Although zeaxanthin is not required for sustained quenching,
its accumulation probably contributes to sustained NPQ when
present (Verhoeven ef al., 2020).

It is possible that UV radiation is a photomorphogenic (Gitz
and Liu-Gitz, 2003) or regulatory signal rather than (or in add-
ition to) being a stressor, such that the absence of this signal
indirectly affects F,/F,, recovery (Hideg ef al., 2013). For ex-
ample, UV may induce production of enzymatic antioxidants
or phenolics (Cooper-Driver ef al., 1998; Clarke and Robinson,
2008; Waterman et al., 2017) that may have roles beyond UV
protection, such as in desiccation tolerance (Gitz and Liu-Gitz,
2003; Poulson et al., 2006; Robson et al., 2015). Without these
UV-associated responses, desiccation in the field might cause
more photo-oxidative stress. In addition to increased VAZ pool
size, the relative abundance of tocopherols increased with re-
moval of UV from S. caninervis in the field (Fig. 6; Table 5),

suggestive of increased ROS activity. Tocopherols quench
singlet oxygen from the PSII reaction center (Trebst ef al.,
2002; Trebst, 2003; Krieger-Liszkay, 2005), and a-tocopherol
has been shown to confer antioxidant protection to thyla-
koid membranes in UV-B-exposed spinach plants (Delong
and Steffen, 1998). There are a number of stress protection
mechanisms mediated by UVRS, the UV-B-sensing protein
receptor (Singh et al., 2014), many of which could result in
slower F,/F,, recovery and increased antioxidant abundance
without UV-induced signaling. In fact, the UV-B response
pathway and the photomorphogenesis pathway have substan-
tial overlap (Stanley and Yuan, 2019).

Transcriptomic response to reduced UV

Transcriptomic profiling of the UV-filtered and UV-transmitted
plants revealed an altered transcript abundance of genes in-
volved in flavonoid biosynthesis and essential plant func-
tion. Commonly located in vacuoles or cell walls, flavonoids
are phenolic secondary metabolic compounds important for
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Fig. 8. Normalized transcript counts of the top 10 most differentially abundant (P<0.005) transcripts with UV filtering in field-treated Syntrichia caninervis.

tolerance to UV (e.g. via antioxidant function or UV absorp-
tion) and a variety of other stresses in plants (Cooper-Driver
et al., 1998; Graham, 1998; Markham et al., 1998; Grace and
Logan, 2000; Wolf et al., 2010). Two of the 19 differentially
abundant transcripts, including the most differentially abun-
dant transcript, were for the o-xylosidase 1-like genes, Sc_
201390 and Sc_g08662, which were nearly 1.5 and 0.76
log2-fold higher, respectively, with UV filtering. A glycoside
hydrolase, a-xylosidase 1-like, may be involved in the break-
down of flavonol glycosides, as glycosylation is necessary for
stable flavonoid accumulation in other plants (Luo ef al., 2007,
Lee et al.,2017).In both rice and Arabidopsis thaliana, the abun-
dance of flavonol glycosides including kaempferol and quer-
cetin glycosides increases with UV-B radiation (Graham, 1998;
Markham et al., 1998;Veit and Pauli, 1999). Correspondingly,
glycosyl hydrolase transcript abundance decreases with UV-B
exposure in Artemisia annua, suggesting inhibition of break-
down (Pan et al., 2014). In contrast, we found increased abun-
dance of glycoside hydrolase a-xylosidase 1-like transcripts
with UV filtering in S. caninervis, suggesting increased glyco-
side breakdown and reduced glycoside accumulation, which
may negatively affect UV tolerance. Similarly, transcripts of the
gene Sc_g05612, 3-galactosidase 8-like isoform X1, increased
with UV filtering and also codes for a glycoside hydrolase
and may be involved in inhibition of flavonoid biosynthesis.
Importantly in A. thaliana, B-galactosidase has been shown to
increase in activity during drought- and senescence-induced
photoinhibition (Mohapatra ef al.,2010; Pandey et al., 2017), a
form of photosynthetic down-regulation.

Two genes associated with oxidoreductase activity, Sc_g11402,
probable polyamine oxidase 2; and Sc_g07907, acyl-lipid
(9-3)-desaturase-like, significantly increased in abundance with
UV filtering in S. caninervis. Polyamine oxidases are involved
in ROS homeostasis in A. thaliana, and some are up-regulated
by drought stress in A. thaliana and the resurrection plant
Craterostigma plantagineum (Alcazar et al., 2011; Andronis et al.,

2014). Increased abundance of these transcripts with UV fil-
tering may suggest increased oxidative stress with UV removal.

In addition to being involved in oxidoreductase activity, the
fatty acid desaturase Sc_g07907, acyl-lipid (9-3)-desaturase, is
involved in biosynthesis of fatty acids such as gamma linolenic
acid (Sayanova et al., 1997). Linolenic acid is a critical player in
maintenance of membrane integrity and functionality of mem-
brane proteins, including photosynthetic machinery proteins
(Upchurch, 2008). Along with the second most differentially
abundant transcript (Sc_g07909: omega-6 fatty acid desaturase,
chloroplastic), the increased abundance of these two fatty acid
biosynthetic pathway genes suggests biosynthesis or repair of
membranes, perhaps chloroplast membranes, with UV filtering
in S. caninervis. In fact, lipid hydroperoxidation of membranes is
a major form of ROS damage (Foyer ef al., 1994; Alscher et al.,
1997; Shigeoka et al., 2002) Together, differential abundance of
transcripts involved in oxidative stress and membrane biosyn-
thesis supports our hypothesis that removal of natural levels of
UV radiation can lead to oxidative stress in S. caninervis.

Laboratory UV treatment of field-treated samples

In our study, application of an additional UV treatment to
field window samples had no significant effect on F,/F,, of
UV-filtered plants over the 192 h simulated winter recovery
period (Supplementary Fig. S2).This result suggests either that
the 1 year of reduced UV in the field was not sufficient to re-
move previously acquired acclimation or that these plants may
have a physiologically constitutive level of protection in this
assay. However, the mechanism of protection in the UV-filtered
and UV-transmitted plants might have been different, as there
were differences in their pigment and antioxidant profiles.
For example, zeaxanthin was higher in UV-filtered plants and
zeaxanthin has been found to contribute to UV stress protec-
tion and UV damage prevention in tobacco plants (Gotz et al.,
2002). It is also possible that any PSII damage incurred by the
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UV treatment was repaired in the 30 min dark acclimation
period prior to the first fluorescence measurement. Curiously,
UV-transmitted plants had significantly higher F,/F,, at T,,
after the laboratory UV treatment, and UV-filtered plants
showed the same pattern, though it was not significant. This
result lends further support to the hypothesis that UV ex-
posure has beneficial effects on photosynthetic efficiency in
S. caninervis following desiccation, as even a moderate dose
of UV applied to these desiccated mosses improved F,/F,,
recovery.

Conclusions

In summary, we find evidence that Mojave Desert S. caninervis
plants undergo a sustained form of NPQ that takes days to
relax and for efficient photosynthesis to resume in simulated
winter conditions. As these plants spend much of the summer
season in a dry, quiescent state under extremes in PAR and
UV exposure, the 8 d F,/F, recovery we observed suggests
strong recovery potential which may be mediated by sea-
sonal photoprotective thermal dissipation (Demmig-Adams
et al., 2012). Furthermore, reduction of UV radiation from
natural sunlight had unexpected and adverse effects on re-
covery of photosynthetic efficiency in S. caninervis following
rehydration. This counterintuitive finding is consistent with
photoinhibitory effects from heightened levels of singlet
oxygen and other ROS, and may be driven by exposure to
high visible light in the absence of a UV regulatory signal that
probably induces multiple protective responses. Evidence to
support this hypothesis includes the three photoprotective
response metrics we observed in our UV-filtered plants: sig-
nificantly higher zeaxanthin and tocopherols—both potential
antioxidants—and increased abundance of transcripts associ-
ated with oxidative stress. Yet, all field plants in this study had
high levels of these antioxidants, which, along with the chloro-
phyll fluorescence results, suggests that they undergo a strong
and sustained form of NPQ, which in this system takes as long
as 8 d post-rehydration before highly efficient photosynthesis
can resume. It 1s difficult to distinguish PSII damage due to
ROS in the presence of sustained NPQ and it is possible that
UV-reduced plants have higher NPQ. More research is needed
to determine to what extent these two processes, ROS damage
and sustained NPQ), are contributing to the observed altered
recovery of F,/F, in UV-reduced plants, and how these factors
interact with desiccation in natural populations.

Supplementary data

The following supplementary data are available at JXB online.

Fig. S1. Modified 24-well plates known as ‘water thrones’
described in Clark (2020), which allow mosses to re-
main hydrated and near 100% relative humidity through a
water-wicking system.

Fig. S2. Mean maximum potential PSII quantum efficiency
and PSII operating quantum efliciency £SE of UV-filtered,
UV-transmitted, and site reference plants over a simulated
winter recovery period, with and without a laboratory UV
treatment.

Fig. S3. Baseline (F,) and maximum (F,) fluorescence of
UV-filtered, UV-transmitted, and site reference plants over a
simulated winter recovery period.
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