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The changes in climate can result in several environmental stress factors. Among these, ultraviolet-B (UV-B)
and water-deficit have serious detrimental effects on plants at the physiological, morphological, and bio-
chemical levels. Biological soil crusts (BSCs), formed by an association between soil particles and photosyn-
thetic algae, cyanobacteria, lichens, and mosses in varying proportions, are a key functional feature of arid
and semi-arid areas. In this study, Bryum argenteum, isolated from BSCs found in the Tengger Desert, China,
was subjected to UV-B and water-deficit, singly and in combination, in a greenhouse for 10 days. The treat-
ments consisted of four UV-B levels (2.75, 3.08, 3.25, and 3.41 W/m?) and two water application levels (well-
watered and water-deficit). UV-B treatment and water-deficit singly caused a significant decrease in chloro-
phyll (Chl) fluorescence parameters, carotenoid (Car), total flavonoid contents, and a significant increase in
malondialdehyde (MDA) content. The combined application of UV-B and water-deficit produced signifi-
cantly higher Chl fluorescence parameters, Chl, Car and total flavonoid contents, but reduced MDA content.
These results suggest that water-deficit alleviates the negative effects on B. argenteum caused by enhanced
UV-B radiation. Our results provide novel insights into understanding the relationships between BSCs and
environmental factors, and supply a theoretical foundation for BSC assessment and protection in arid and
semi-arid regions.
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INTRODUCTION

The emission of ozone-depleting substances,
through human activities, has resulted in increased lev-
els of solar ultraviolet-B (UV-B, 280—320 nm) at the
earth’s surface, and has affected the global climate [1].
Previous studies have shown that increased UV-B levels
have deleterious effects on economically important
crop plants at the physiological, morphological, and
biochemical levels [2]. Water-deficit caused by drought
is also one of the main constraints to plant growth and
survival, and induces photosynthetic physiological pro-
cess modifications in plants.

I'This text was submitted by the authors in English.

Abbreviations: BSCs — biological soil crusts; Car — carotenoid;
Chl — chlorophyll; ETR — the relative electron transport rate;
F,/F, — maximum quantum yield of PSII photochemistry;
NPQ — non photochemical quenching; qP — photochemical
quenching; Yield — actual quantum yield of PSII photochemistry.
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Under natural conditions, plants usually exposed to
a number environmental factors simultaneously, in-
cluding inappropriate levels of CO,, salinity, tempera-
ture, water, and heavy metals [3]. Therefore, further re-
search on the relationship between UV-B and other en-
vironmental factors will lead to a more comprehensive
understanding of plant responses to abiotic stress fac-
tors. The interaction between UV-B and other environ-
mental factors may cause various responses in plants
which can be additive, synergistic, or antagonistic [4].

Desiccation, temperature extremes, high pH, in-
tense UV-B radiation, and high salinity environments
in arid and semi-arid areas, restricts the growth of ma-
ny types of vascular plants, but biological soil crusts
(BSCs) develops and are widely spread across the soil
surface. In many areas, they may constitute up to 70%
of the living cover [5]. BSCs are a key functional com-
ponent of arid and semi-arid areas, and are mainly
composed of photosynthetic algae, cyanobacteria, li-
chens, and mosses [6]. They greatly improve soil for-
mation, stability and fertility by preventing wind
and/or water erosion. They supply nutrients to the un-
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derlying soils, influence water runoff and vascular
plant colonization, and provide favorable microhabi-
tats for other microorganisms and protozoa [7]. Moss
crusts are dominated by non-vascular plants, includ-
ing Bryum argenteum, Didymodon vinealis (Brid.)
Zand and Syntrichia caninervis Mitt. They have criti-
cal ecological functions in desert regions, and form a
green bio-carpet covering large areas of land in the
Tengger Desert. They are also one of the bioindicators
of desertification, and are used to assess ecosystem
stability and restoration success in degraded ecosys-
tems [8]. B. argenteum is one of the most common spe-
ciesin the Tengger Desert, and usually grows in flat ar-
eas. Although moss physiological, morphological and
biochemical responses to UV-B radiation or water-
deficit have been extensively studied in Hungary, Aus-
tralia and the United States [9], knowledge about their
combined effects is extremely limited.

We hypothesized that the deleterious effects of in-
creased UV-B may be mitigated by a concurrent water-
deficit environment. Therefore, the objective of our
study was to explore the interactive effects of UV-B and
water-deficit on B. argenteum chlorophyll (Chl) fluo-
rescence parameters; Chl, carotenoid (Car), malondi-
aldehyde (MDA), and total flavonoid contents under a
controlled environment. This study improves our un-
derstanding of the single and combined effects of in-
creased UV-B and water-deficit under future climate
change in the arid and semi-arid regions of China.

MATERIALS AND METHODS

Plant materials and experimental design. The
Bryum argenteum crusts were selected for our study.
The samples were taken from the desert steppe region
at the southeastern fringe of the Tengger Desert, Chi-
na (37°32°'—37°36" N, 105°02°—104°30" E) in Sep-
tember 2011. The mean annual precipitation is
186 mm, of which 80% occurs between May and Sep-
tember, and the average annual temperature is 10.6°C,
with a daily minimum and maximum of —25.1°C and
38.1°C, respectively. The annual evapotranspiration is
approximately 3000 mm/year.

The B. argenteum crusts were divided into eight
groups, each one consisting of six plants. In each
group of samples, one of the following treatments was
performed over a 10 day period: (i) well-watered with
2.75 W/m? UV-B (T,, control, UV-B radiation level
on a clear summer day at Shapotou); (ii) well-watered
with 3.08 W/m? UV-B (T, equivalent to that simulat-
ed by a 6% stratospheric ozone decrease at Shapotou);
(iii) well-watered with 3.25 W/m? UV-B (T,, equiva-
lent to that simulated by a 9% stratospheric ozone de-
crease at Shapotou); (iv) well-watered with 3.41 W/m?
UV-B (T;, equivalent to that simulated by a 12%
stratospheric ozone decrease at Shapotou); (v) water-
deficit with 2.75 W/m? UV-B (W, field capacity was
maintained at 30% by watering); (vi) water-deficit
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with 3.08 W/m? UV-B (T,W); (vii) water-deficit with
3.25 W/m? UV-B (T,W) and (viii) water-deficit with
3.41 W/m? UV-B (T,;W).

UV-B treatments. The B. argenteum crusts were ex-
posed to UV-B radiation over an 8 h (9:00—17:00) pe-
riod. UV-B radiation was provided by UV-B fluores-
cence lamps (“Chenchen Lighting and Electronics
Company”, China) that were oriented perpendicular
to the sample rows and suspended above the samples.
The distance between the lamps and the top of the
samples was adjusted to obtain the different UV-B ra-
diation levels. The UV-B lamps were filtered, using
0.13 mm thick cellulose acetate (“Courtaulds Chemi-
cals”, UK), to eliminate UV-C radiation [10]. The
spectral irradiance from the lamps at the sample level
was determined by a UV digital spectroradiometer
(“Photoelectric Instrument Factory, Beijing Normal
University”, China). During the UV-B treatment,
white light was also applied in order to supply photo-
synthetically active radiation (400—700 nm) at
150 pmol/(m? s), as measured by a quantum sensor
(“LI-COR”, USA).

Chl fluorescence. Chl fluorescence was measured
in situ using a fluorimeter (PAM-2000, MFMS-2,
“Hansatech”, UK) at midday. Three samples from
each treatment were induced by a photon flux density
equal to 400 pmol/(m? s) for 5 s and then adapted to
the dark for 20 min. The initial fluorescence (£,) was
determined by modulated light (<0.1 pmol/(m? s))
and the maximum fluorescence (F,,) was measured
with a 0.8 s saturating pulse at 8000 umol/(m? s) [11,
12]. The maximum quantum yield of PSII photo-
chemistry (F,/F,,), the actual quantum yield of PSII
photochemistry (Yield), the relative electron transport
rate (ETR), photochemical quenching (qP) and non
photochemical quenching (NPQ) were recorded, and
calculated using the following formulas:

Fo/ o= (Fo = Fo)/ F,

Yield= ( Fm — F)/ Fm,
ETR = Yield x 0.84 x 0.5 x PPFD,

aP=(Fn —F)/(Fm — Fy),

NPQ = (F,,— Fn)/F,,
where F,, — denotes maximal fluorescence under dark

adaption, F,, — denotes maximal fluorescence level af-
ter application of a saturating light pulse and F, — rep-
resents the fluorescence during the steady state of pho-
tosynthesis.

Chl and Car analysis. Chl and Car were extracted
from fresh material, incubated in 25 mL 100% ice cold
ethanol and then centrifuged twice for 30 min at
12000 g [13]. The absorbance of the extracts was mea-
sured at 470, 649, and 665 nm with a 752 N ultraviolet
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visible spectrophotometer (“Shanghai Precision and
Scientific Instrument Company, Ltd”, China). Chl a,
Chl b, Chl a/b and Car contents were calculated using
the following formulas:

Chla = 13.95A44,5 — 6.884449,
Chl b =24.96A¢49 — 7.32A¢:s,
Chl a/b = Chl a/Chl b,
Car = (10004, — 2.05Chl a — 114Chl b) /245,
x=CVn/m,

where x — is the pigments content (mg/g fr wt), C — is
the pigments concentration (mg/L), V' — is the extract
volume (L), n — is the dilution multiple, and m — is the
fresh weight (g).

MDA analysis. MDA content was determined
spectrophotometrically according to Farzadfar et al.
[14]. B. argenteum was homogenized in 10 mL of a
solution containing 10% (w/v) tri-chloroacetic acid
and 0.25% (w/v) thiobarbituric acid. The mixture was
heated in boiling water for 30 min and immediately
cooled. The absorbance of the supernatant at 532 and
600 nm was recorded after centrifugation at 5000 g for
10 min. MDA content was calculated from the absor-
bance values using the following formula:

MDA = 6.45(As5, — Agoo) V/1000 m,

where V'is the extract volume (L) and m is the fresh
weight (g).

Determination of total flavonoid content. The total
flavonoid content was measured by spectrophotome-
try using the aluminium chloride colorimetric method
[15]. Samples were extracted with 10 mL of 70% (v/w)
ethanol by shaking the solutions in a water bath at
50°C for 20 min. The obtained extract was centrifuged
for 10 min at 10000 g and then 1 mL of supernatant
was added to a 10 mL test tube containing 1 mL of 70%
(v/v) ethanol. Following this, 0.3 mL of 5% (w/v) Na-
NO, was added to the mixture and after 6 min, 0.3 mL
of 10% (w/v) AICIl; was added. The mixture was al-
lowed to stand for 6 min and then 2 mL of 4% (w/v)
NaOH was added. After mixing, the solution was in-
cubated for 10 min, after which, the absorbance of the
reaction mixtures was measured at 510 nm and com-
pared to a calibration curve prepared using samples
containing 0, 1, 2, 3,4, 5, 7, 10, and 15 pg of rutin. The
results are expressed as milligrams of rutin equivalents
per gram of fresh tissue. The total flavonoid content
was calculated using the following formula:

Total flavonoid content = (y X V| X V,/V3)/m,

where y — is the flavonoids content in the samples
(pg/g fr wt), V, — is the concentration of flavonoids
from calibration curve (ug/mL), V, — is the volume of
sample solution (mL), V; — is the constant volume of
the sample (mL) and m is the fresh weight of sample
add to the color reaction (g).
®U3NOJIOTHS PACTEHUM Ne 2
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Statistical analysis. The experiment contained
three replications. The Chl fluorescence, Chl, Car,
MDA, and total flavonoid content values are the
mean * standard deviation (SD) of three samples.
Where appropriate, the data were tested by one-way
analysis of variance (ANOVA) using the SPSS 16.0
statistical package (“SPSS”, USA), followed by Dun-
can’s test. Differences where P < 0.05 were considered
to be statistically significant.

RESULTS

Effects of UV-B, water-deficit and their combination
on Chl fluorescence parameters

Compared to T, the T,, T,, T;, and W treatments
had significant effects on F,/F,,, Yield, ETR, and qP,
i.e. F,/F, decreased by 31.12, 52.36, 58.70 and 36.14%,
respectively (fig. 1a). However, the UV-B and water-
deficit combination treatments increased the Chl flu-
orescence parameters (fig. 1), and the T;W treatment
values were close to T,. F,/F,, increased more under
the UV-B treatments when the crusts were well-wa-
tered, i.e. they significantly increased by 45.61, 6.502,
and 22.50% for the T, W, T,W, and T;W treatments
when compared to T,, T,, and T3, respectively (P <
<0.05; fig. 1la). The NPQ values significantly in-
creased under UV-B radiation or drought stress, and
were 14.86% (T,), 43.96% (T,), 48.61% (T5), and
26.63% (W) higher than the control (T;) (P < 0.05;
fig. 1e). When B. argenteum was exposed to the UV-B
and water-deficit combination treatments, NPQ de-
creased by 20.49% (T,W), 8.60% (T,W), and 11.88%
(T5W) compared to T, T,, and T, respectively.

Effects of UV-B, water-deficit and their combination
on Chl and Car contents

UV-B alone and water-deficit alone significantly
inhibited Chl a, Chl b, Chl a/b and Car contents. The
average B. argenteum Chl a content significantly de-
creased by 26.15, 68.97, 74.87, and 32.56% (P < 0.05;
fig. 2a), and Car content significantly declined by
43.87, 61.40, 67.05, and 27.81% under the T,, T,, T5,
and W treatments (P < 0.05; fig. 2d) compared to T,
respectively. There were no significant T;W treatment
induced differences for Chl a, Chl b, Chl a/b, and Car
content compared to the T,,. However, photosynthetic
pigment contents were significantly stimulated by the
UV-B and water-deficit combination. Chl a content
increased by 37.50% for the T,W treatment compared
to T}, 38.02% for the T,W treatment compared to T,
and 30.61% for the T;W treatment (fig. 2a) compared
to T;. The Car content showed similar trends to Chl a,
and increased by 85.47% after the T\W treatment,
18.30% after the T,W treatment, and 22.22% after the
T;W treatment (fig. 2d).
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Fig. 1. F,/F,, (a), Yield (b), ETR (c), and gP (d) values for B. argenteum in response to stress caused by UV-B, water-deficit, and
their combination. Results represent means and standard dev1at10n (SD) (n > 3), and different letters 1nd1cate differences at P <

<0.05 (Duncar21 s test). T — well-watered with 2.75 W/m UV-B; T, —

well-watered with 3.08 W/m UV-B; T, — well-watered

with 3.25 W/m UV-B; T5 — well-watered with 3.41 W/m UV—B W — water-deficit with 2.75 W/m UV-B; T1W water-deficit
with 3.08 W/m UV- B T,W — water-deficit with 3.25 W/m UV B and T3W — water-deficit with 3.41 W/m UV-B.

Effects of UV-B, water-deficit and their combination
on MDA content

UV-B or water-deficit alone increased the MDA
content in B. argenteum. Under the T, T,, T3, and W
treatments, MDA content significantly rose by 17.50,
157.5, 205.0, and 52.50% (P < 0.05; fig. 3) when com-
pared to T, respectively. Surprisingly, MDA content
after the T, W treatment was significantly lower than

after the T, treatment, but was not significantly differ-
ent to the T,. Moreover, the decrease in MDA content
exhibited by B. argenteum crusts exposed to the UV-B
and water-deficit combination was similar to the well-
watered crusts exposed to UV-B radiation. There were
reductions of 14.89, 34.95, and 43.44% under the
T,W, T,W, and T;W treatments when compared to the
T,, T,, and T; treatments (fig. 3), respectively.
Ne 2 2016

®U3NOIOTUI PACTEHUM  Ttom 63



EFFECTS OF UV-B, WATER DEFICIT AND THEIR COMBINATION 235

(@)

0.40
a 0.35
wo 30
5"0.25
50.20
g
8 0.15
IS
Z0.10
0.05

35
3.0
2.5

=20
L

(9]

1.0
0.5

O

0

T, T3 W T,W T,W T;W
Treatment

(b)

° o o o
o o — —_
>N & o )

Chl b content, mg/g fr wt
o
o
S

Car, mg/g fr wt
e e
o ()] o W o

o
9

T, T, T, Ts
Treatment

W T,W T,W T3W

Fig. 2. Chl a (a), Chl b (b), Chl a/b (c), and Car (d) results for B. argenteum in response to UV-B and water-deficit stresses, and

their combination. Designations as in fig. 1.

Effects of UV-B, water-deficit and their combination
on total flavonoid content

The total flavonoid content was significantly lower
in B. argenteum when it was exposed to UV-B or water-
deficit alone, compared to the T,. Total flavonoid
content decreased by 25.08, 51.24, 67.09, and 35.78%
under the T,, T,, T;, and W treatments (P < 0.05;
fig. 4), respectively. However, water-deficit treated
B. argenteum produced significantly higher total fla-
vonoid contents compared to the well-watered B. ar-
genteum under UV-B radiation, and reached their
highest values under the T, W treatment. The increases
were 44.77% for T,W compared to T}, 34.01% for T,W
compared to T,, and 81.78% for T;W compared to T,
(P<0.05; fig. 4).

DISCUSSION

The Chl fluorescence parameters are used to inves-
tigate and monitor the effect of environmental stress
on photosynthesis. The F,/F,, and Yield reflect the
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Fig. 4. B. argenteum total flavonoid content when subject-
ed to UV-B and water-deficit stresses, and their combina-
tion.Designations as in fig. 1.

conversion efficiency of primary light energy and the
PSII capture efficiency of primary light energy [16].
The significant reduction in F,/F,, (fig. 1a) and Yield
(fig. 1b) with increasing UV-B and water-deficit indi-
cated that PSII was impaired in B. argenteum when
under UV-B and water stress. The ETR is the electron
transport rate of the PSII reaction center, and it rep-
resents the number and rate of light quanta that are ab-
sorbed in the electron transport process [17]. ETR was
also adversely affected by UV-B and water-deficit in
our experiment (fig. 1¢). This response may be associ-
ated with blocking of electron transport to secondary
plastiquinone [18]. The qP is regarded as an ‘indica-
tor’ of the openness of the PSII reaction centers, while
NPQ is a mechanism employed by plants to protect
themselves from the adverse effects of high light inten-
sity [19]. Our results showed that UV-B and water-
deficit treatment resulted in a reduction in qP (fig. 1d)
and an increase in NPQ (fig. le), suggesting that the
PSII reaction centers had become less open, which
then led to blockage in photosynthetic electron trans-
port [20]. As the stress levels increased, the rise in
NPQ can be insufficient to maintain the required num-
ber of partially oxidized PSII electron acceptors [21].

For most plants, a decrease in Chl content is one of
the most common symptoms of photosynthetic damage
caused by environmental stress. In our study, reductions
in Chl a, Chl b, and Chl a/b occurred under all treat-
ments, except for the T;W treatment. This indicated
that UV-B radiation or water-deficit alone caused more
severe damage to B. argenteum. Our findings are in
agreement with the results reported for several other
species, which also indicated a significant decrease in
Chl content as UV-B intensity increased [22]. A de-
crease in photosynthesis is often associated with a re-
duction in Chl pigment contents, probably caused by
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suppression of Chl synthesis, accelerated Chl destruc-
tion, and/or damage to chloroplasts [23]. Moreover,
our results showed that photosynthetic pigment con-
tents were significantly stimulated by the UV-B and wa-
ter-deficit combination. The masking of UV-B radia-
tion effects in the presence of water-deficit may be due
to pigment accumulation adjustments by drought,
which also protect plants from UV-B radiation through
various screening mechanisms [24, 25]. It is well known
that pigment accumulation is an important mechanism
that increases tolerance to UV-B radiation.

UV-B irradiation stress leads to disturbance of
plant metabolism, which causes an increase in MDA
production. The MDA level is determined by the
membrane lipid peroxidation rate and is used as an in-
dicator of membrane impairment and free radical pro-
duction under stress conditions [26]. Our data showed
that UV-B caused membrane damage since MDA was
considerably enhanced in UV-B treated plants. The
increased quantity of MDA is associated with the neg-
ative effects of UV-B on biomembrane integrity,
which result in peroxidation and fragmentation of un-
saturated fatty acids [27]. Furthermore, Li et al. [28]
showed that drought also significantly increased MDA
content. However, other results showed that combined
water-deficit and UV-B treatment led to a decline in
MDA content, suggesting that UV-B induced damage
was partly alleviated. Similar results have been previ-
ously reported by Wang et al. [10] for maize pollen.

Carotenoids, which have a vital role in the plant re-
sponse to UV-B radiation and water-deficit stresses,
are a large group of isoprenoid molecules that are syn-
thesized by all photosynthetic and non-photosynthet-
ic organs [29]. In our study, the B. argenteum Car con-
tent decreased under UV-B and water-deficit, and in
combination (fig. 2d). The decrease in Car content
may have been caused by Car synthesis inhibition or by
breakdown of Car or its precursors, which indicated
that the accumulation of radical oxygen species was
causing considerable oxidative stress [30]. In addition,
flavonoid compounds are good radical scavengers and
prevent photochemical damage [31]. Their synthesis is
thought to be accelerated by UV-B radiation. Many
studies have shown that there is a positive relationship
between UV-B levels and flavonoid content [32].
However, our results showed that the total flavonoid
content in B. argenteum significantly decreased as
UV-B radiation, the water-deficit and their combina-
tion rose, except for the T, W treatment (fig. 4) where
the total flavonoid levels may have reached saturation
point, which would stop flavonoid synthesis. In addi-
tion, the total flavonoid contents were significantly
higher after the UV-B and water-deficit combination
treatments than after UV-B radiation alone (fig. 4).
The “first line of defense” against UV-B radiation
damage induced in plants is UV-B absorbing com-
pounds. Increased levels of UV-B absorbing com-
pounds provide a shield against UV-B before its effects
reach a sensitive target [33] The accumulation of UV-B
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absorbing flavonoids, which are effective radical scav-
engers, can strengthen photoprotection and reduce
the effects of enhanced UV-B radiation [34].

Our results also showed that for B. argenteum, water-
deficit was especially important in enhanced UV-B ra-
diation environments because it can alleviate the nega-
tive effects of UV-B radiation. The reason why water-
deficit can diminish the effect of UV-B radiation and
why the effects depended on the dose of UV-B can be
attributed to two aspects. Firstly, water-deficit consid-
erably improves B. argenteum’s physiological capability
to resist UV-B radiation. Water availability is the pre-
dominant limiting factor that governs desert structure
and functioning. BSCs have essential ecological func-
tions in deserts, and the fact that they can continue to
grow under high UV-B levels, and at low available water
levels is especially important because they can sustain
their essential ecological functions when UV-B radia-
tion is high. Alternatively, the combined action of UV-B
radiation and water deficit can change the response pat-
terns when B. argenteum are exposed to UV-B radiation.
They can interact in additive or shielding manner
during increasing stress [335]. Both the UV-B radiation
and the water deficit treatments enhanced the genera-
tion of reactive oxygen species (ROS), which cause
damage to proteins, lipids, carbohydrates, and DNA.
Secondary metabolites accumulate in epidermal cells,
which effectively screen UV-B irradiation and reduce
injury to plant tissue [35]. Polyamines, tocopherol, Car,
alkaloids, and flavonoids participate in the removal of
ROS under increased UV-B radiation. The combina-
tion of UV-B radiation and water deficit induces re-
sponses that can be antagonistic in comparison with the
action of single stresses. So water deficit may enhance
resistance to UV-B radiation and vice versa [24].

In conclusion, UV-B radiation significantly affect-
ed Chl fluorescence parameters, photosynthetic pig-
ment levels, and MDA and total flavonoid contents in
B. argenteum. However, water-deficit conditions can,
to some extent, help B. argenteum alleviate the nega-
tive effects caused by UV-B radiation. These findings
further our understanding of how BSC photosynthetic
capacity responds to environmental change, and pro-
vides a theoretical foundation for their assessment and
protection in arid and semi-arid regions. Our under-
standing of the relationships between BSCs and envi-
ronmental factors has substantially improved over the
past few decades. However, environmental change and
its impact on BSCs need to be investigated further be-
cause global climate change will become more critical
in the future.
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