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Abstract

Background and objectives: In nature, plants are continuously exposed to both abiotic and
biotic stresses. Along altitudinal gradients, changes in temperature, radiation, and moisture can
adversely affect plant growth. Among the environmental factors that vary with altitude, high
radiation is one of the most important factors limiting plant growth. Under such conditions, plants
have developed various morphophysiological and biochemical adaptations, collectively referred
to as photoprotection mechanisms, to mitigate the harmful effects of high-intensity radiation. In
this study, the roles of high-light (HL) and UVB stress in regulating photoprotection mechanisms
were investigated for the first time in two ecotypes of Nepeta crassifolia. A controlled level of
UVB radiation may also stimulate the accumulation of secondary metabolites in medicinal plants,
thereby enhancing their medicinal and economic value.
Methodology: Three to five seeds of Nepeta crassifolia were sown on the surface of cylindrical
plastic pots (30 cm in diameter and 40 cm in depth) containing a mixture of sandy soil, peat moss,
and perlite. The seeds were grown for 12 weeks and irrigated with distilled water every seven
days. Plants were maintained at 25 °C during the day and 14 °C at night under a 16-h photoperiod,
with a daytime photon flux density of 400 pmol m™ 2 s~ %, in an environmentally controlled
growth chamber for three months before the experiments began. Mature plants were subsequently
exposed to UVB radiation at three levels (control, 15, and 30 kI m~ 2d~ 1) and high-intensity light
(HL; 800 umol m~ 25~ 1) for 10 days. Chlorophyll fluorescence measurements, as described in
the following section, and other analyses were performed using fully expanded, mature leaves.
For biochemical analyses, leaf samples were immediately frozen in liquid nitrogen and stored
until analysis.
Results: Following exposure to UVB and HL stress, plants from the high-altitude site (3500 m)
exhibited greater tolerance to photoinhibition than plants from the low-altitude site (2400 m).
Under combined stress conditions, low-altitude plants exhibited lower photochemical activity,
which was associated with reduced chlorophyll levels and, consequently, the development of
photoinhibition. Photoinhibition of photosystem Il (PSIl) under combined stress was assessed
based on the maximum quantum yield of PSII (Fv/Fm), which was consistent with the reduction
in the activity of the oxygen-evolving complex, as indicated by the Fv/Fo ratio. The greater
tolerance of high-altitude plants was associated with higher phenolic content under UVB and HL
stress, together with higher carotenoid levels and, consequently, better maintenance of
photochemical function.
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Conclusion: Overall, exposure of high-altitude plants to HL and UVB radiation resulted in
increased phenylalanine ammonia-lyase (PAL) activity and enhanced accumulation of phenolic
compounds, rosmarinic acid, and chlorogenic acid (CGA). These responses appear to play an
important role in enhancing tolerance to combined stress compared with low-altitude plants. The
present findings provide valuable information for the selection of stress-tolerant ecotypes with
high concentrations of economically valuable secondary metabolites. The results may have
applications in scientific research, agriculture, and the pharmaceutical and related industries.

Keywords: Chlorogenic acid, ecotypes, phenylalanine ammonia lyase, photochemical activity,
Nepeta crassifolia, UVB radiation
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Table 1. Geographical characterization of Nepeta crassifolia ecotypes collection sites

Ecotype Collection site Latitude and Longitude Altitude (m)
Low elevation ecotype Pol-e Zanguleh, Mazandaran province 36°19° N, 51°33’E 2400
High elevation ecotype Labashm Pass, Baladeh, Mazandaran 36° 13’ N, 51° 27’ E 3500

province
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Table 1. Effect of light intensity and UVB on shoot dry weight of different Nepeta crassifolia ecotypes
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Figure 1. Effect of light intensity and UVB on leaves chlorophyll 2 content of different Nepeta crassifolia ecotypes
Means (+ SD) followed by the same letter are not significantly different at 5% probability level (Tukey test).
Treatments included high light (HL, 800 pmol m=2s71) and three UV -B levels (0, 15, and 30 kJ m=2d™1). The control treatment was 400 pmol m=2s71
without UV-B (0 kI m=2d™2).
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Figure 2. The Effect of light intensity, UVB and their combination on the chlorophyll b contents in leaves of
Nepeta crassifolia plants growing at low and high altitudes.
Bars indicated with the same letter within each altitude site are not significantly different (p<0.05 Tukey test). VValues are the mean + SD (n=4).
Treatments consisted of high light (HL, 800 pmol m~2s71) and three UV-B levels (0, 15, and 30 kJ m~2d™1). The control treatment was 400 pmol m2
s™t without UV-B (0 ki m™2d™2).
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Figure 3. The Effect of light intensity, UVB and their combination on the carotenoids contents in leaves of
Nepeta crassifolia plants growing at low and high altitudes.

Bars indicated with the same letter within each altitude site are not significantly different (p<0.05 Tukey test). VValues are the mean + SD (n=4).
Treatments consisted of high light (HL, 800 pmol m~2s71) and three UV-B levels (0, 15, and 30 kJ m~2d™1). The control treatment was 400 pmol m2
s~ without UV-B (0 ki m™2d™).
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Figure 4. The Effect of light intensity, UVB and their combination on the proline contents in leaves of Nepeta
crassifolia plants growing at low and high altitudes.
Bars indicated with the same letter within each altitude site are not significantly different (p<0.05 Tukey test). VValues are the mean + SD (n=4).
Treatments consisted of high light (HL, 800 pmol m™2s72) and three UV -B levels (0, 15, and 30 kJ m™2d™?). The control treatment was 400 pmol m™2
st without UV-B (0 ki m™2d™).
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Figure 5. The Effect of light intensity, UVB and their combination on the soluble sugars contents in leaves of
Nepeta crassifolia plants growing at low and high altitudes.

Bars indicated with the same letter within each altitude site are not significantly different (p<0.05 Tukey test). Values are the mean + SD (n=4).
Treatments consisted of high light (HL, 800 pmol m~2s71) and three UV-B levels (0, 15, and 30 kJ m=2d™t). The control treatment was 400 pmol m=2
st without UV-B (0 ki m™2d™).
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Figure 6. The Effect of light intensity, UVB and their combination on the maximum quantum yield (Fv/Fm) in
leaves of Nepeta crassifolia plants growing at low and high altitudes.

Bars indicated with the same letter within each altitude site are not significantly different (p<0.05 Tukey test). VValues are the mean + SD (n=4).
Treatments consisted of high light (HL, 800 pmol m~2s71) and three UV-B levels (0, 15, and 30 kJ m=2d™t). The control treatment was 400 pmol m=2
s without UV-B (0 ki m™2d™).



Yay Y oooled XY e o)l 5 oo olE Slades aslilas

15
BNo UV Low-altitude plants
BUVBI13
g UVB30
10 +
)
= a a
s = -
0
High-altitude plants
10
o
=
-\-\-\'ﬂ
= B a a
) - T
0

Control High light
GBS 1 5 (F/Fo) T e 53 53 o 508 50 538 oSS clab s T S 5 5 (2l 3 55 58 ot il - s

Nepeta crassifolia) s ) sty o515 LS gl oS 5w e bl slacas S|

Figure 7. The Effect of light intensity, UVB and their combination on the oxygen-evolving complex efficiency of
PSII (Fv/Fo) in leaves of Nepeta crassifolia plants growing at low and high altitudes.

Bars indicated with the same letter within each altitude site are not significantly different (p<0.05 Tukey test). Values are the mean + SD (n=4).
Treatments consisted of high light (HL, 800 pmol m~2s71) and three UV-B levels (0, 15, and 30 kJ m~2d™1). The control treatment was 400 pmol m=2
st without UV-B (0 ki m™2d™).
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Figure 8. The Effect of light intensity, UVB and their combination on the performance index (Plabs) in leaves of
Nepeta crassifolia plants growing at low and high altitudes.

Bars indicated with the same letter within each altitude site are not significantly different (p<0.05 Tukey test). Values are the mean + SD (n=4).
Treatments consisted of high light (HL, 800 pmol m~2s71) and three UV-B levels (0, 15, and 30 kJ m~2d™1). The control treatment was 400 pmol m2
st without UV-B (0 ki m™2d™).
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Figure 9. The Effect of light intensity, UVB and their combination on the total flavonoids in leaves of Nepeta
crassifolia plants growing at low and high altitudes.

Bars indicated with the same letter within each altitude site are not significantly different (p<0.05 Tukey test). Values are the mean + SD (n=4).
Treatments consisted of high light (HL, 800 pmol m~2s71) and three UV-B levels (0, 15, and 30 kJ m~2d™1). The control treatment was 400 pmol m=2
s without UV-B (0 ki m™2d™).
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Figure 10. The Effect of light intensity, UVB and their combination on the anthocyanin content in leaves of
Nepeta crassifolia plants growing at low and high altitudes.

Bars indicated with the same letter within each altitude site are not significantly different (p<0.05 Tukey test). Values are the mean + SD (n=4).
Treatments consisted of high light (HL, 800 pmol m~2s71) and three UV-B levels (0, 15, and 30 kJ m~2d™1). The control treatment was 400 pmol m2
s~t without UV-B (0 kI m™2d™1).



Cslacw S g, cblas S5l Y.

[}

?E ONo UV Low-altitude plants
E oUVB15
_§ 13 muven a
£9
=l
g".‘u 1 .
-l
=
205t
g
=
2
2 0
—.': High-altitude plants
Eo1s |
= a a
& k] %
z R b
o
L)
- g
=8 o5 |
=
i)
s s :
R i . :
3 Control High light

Gblis sl S s ;55 (PAL) 3L sl VT Jtb w5l el Wl o 5 5 (il 3 5 5 s b -1 S
(Nepeta crassifolia) s ,3) sluss s o315 oS &UJJI oS s &

Figure 11. The Effect of light intensity, UVB and their combination on the activity of phenylalanine ammonia-
lyase (PAL) in leaves of Nepeta crassifolia plants growing at low and high altitudes.

Bars indicated with the same letter within each altitude site are not significantly different (p<0.05 Tukey test). VValues are the mean + SD (n=4).
Treatments consisted of high light (HL, 800 pmol m~2s71) and three UV-B levels (0, 15, and 30 kJ m~2d™1). The control treatment was 400 pmol m=2
s without UV-B (0 ki m™2d™).
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Figure 12. The Effect of light intensity, UVB and their combination on the content of chlorogenic acid in leaves
of Nepeta crassifolia plants growing at low and high altitudes.

Bars indicated with the same letter within each altitude site are not significantly different (p<0.05 Tukey test). Values are the mean + SD (n=4).
Treatments consisted of high light (HL, 800 pmol m~2s71) and three UV-B levels (0, 15, and 30 kJ m~2d™1). The control treatment was 400 pmol m2
st without UV-B (0 kI m™2d™).
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Figure 13. The Effect of light intensity, UVB and their combination on the content of caffeic acid in leaves of
Nepeta crassifolia plants growing at low and high altitudes.
Bars indicated with the same letter within each altitude site are not significantly different (p<0.05 Tukey test). VValues are the mean + SD (n=4).
Treatments consisted of high light (HL, 800 pmol m~2s71) and three UV-B levels (0, 15, and 30 kJ m~2d™1). The control treatment was 400 pmol m2
s~t without UV-B (0 kI m™2d™).
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Figure 14. The Effect of light intensity, UVB and their combination on the content of rosmarinic acid in leaves of

Nepeta crassifolia plants growing at low and high altitudes.

Bars indicated with the same letter within each altitude site are not significantly different (p<0.05 Tukey test). Values are the mean + SD (n=4).
Treatments consisted of high light (HL, 800 pmol m~2s71) and three UV-B levels (0, 15, and 30 kJ m~2d™1). The control treatment was 400 pmol m2
st without UV-B (0 kI m™2d™).
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