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Article Info ABSTRACT

Article type: Background and Objectives: Drought is one of the most important factors
Full Length Research Paper  restricting agricultural production, which seriously affects crop yield.
Water deficit in plants leads to disturbance in physiological processes such
as reduction of photosynthesis. Silicon is the second most abundant
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Received: 10.30.2023 element in the earth's crust, which plays a role in plant resistance to biotic
Revised: 11.20.2023 and abiotic stresses. Therefore, according to the medicinal importance
Accepted: 01.02.2024 of Satureja rechingeri Jamzad, the objective of this experiment is to

investigation the effect of silicon and nanosilicon on leaf length and width
traits, photosynthetic pigments and chlorophyll fluorescence parameters of

Keywords: Satureja rechingeri Jamzad under drought stress.

Irrigation regimes,

Photosystem II, . . . .
Sili siur¥1 Materials and Methods: this experiment was performed as factorial based

Silisium nanodioxide on the randomized complete design in three replications under greenhouse
conditions. The factors include drought stress in three levels of severe
stress, medium stress and none stress respectively (50-60, 70-80 and
90-100% of soil moisture based on field capacity) and silicon foliar
spraying in five levels (0, 50 and 100 mg/L of silicon, 50 and 100 mg/L of
nanosilicon).

Results: The interaction effect of silicon and drought stress on leaf
width, all chlorophyll fluorescence parameters and concentration of
photosynthetic pigments except carotenoid was significant (P<0.05). The
highest amount leaf width was obtained in the treatment of none stress with
foliar spraying of 50 mg/I silicon. the highest contents of chl-a and total
chlorophyll was obtained in the treatment of nanosilicon 50 mg/L under
none stress and the highest amount of chlorophyll b was achieved with
the treatment of nanosilicon 50 and silicon 100 mg/L under none stress
treatment. The lowest amount of minimal fluorescence (F,) belonged to the
control treatment and the highest amount of maximal fluorescence (F,,) and
variable fluorescence (Fy) was observed under medium stress without
foliar. Silicon 50, 100 mg/L and nanosilicon 50 mg/L treatments in none
stress in addition to zero and 50 mg/L silicon concentrations in medium
stress had the highest maximum quantum yield of photosystem II (F,/F,,).
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The highest efficiency of water splitting system (F./F,) was observed
in silicon 50 mg/L treatment under none stress. The highest electron
transport flux per RC (ET,/RC) was obtained in the treatment of 100 mg/L
nanosilicon in none stress. The highest trapped energy flux per RC
(TRo/RC) and dissipated energy flux per RC (DI,/RC) were obtained under
severe stress without foliar spraying. The highest quantum yield of electron
transport ($E,) was observed in control, silicon 50 and 100 mg/L and
nanosilicon 50 mg/L treatments under medium stress.

Conclusion: Severe drought stress caused a decrease in photosynthetic
pigments and chlorophyll fluorescence indices, and the application of
silicon and nanosilicon improved the destructive effects of drought stress
on the amount of photosynthetic pigments and fluorescence indices.
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Fig. 1. Image of silicon nanoparticles by scanning electron microscope (SEM).
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Table 1. Variance analysis of the effect of drought stress and silicon on leaf length and width photosynthetic
Pigments of Satureja rechingeri.

155358 Jdds s b Lis,ls a Jbs S Sp oo S dsb A}Ji s b
. Total Chlorophyll Leaf Leaf @303 Sources of
Carotenoid chlorophyll Chlorophyll'b a width length DF variations
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™ * and ** non-significant, significant at P<0.05 and P<0.01, respectively
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Fig. 2. Interaction of Silicon and drought on leaf length of Satureja rechingeri.
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Similar letter in each column denote nonsignificance (P<0.05).
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Fig. 3. Interaction of Silicon and drought on leaf width of Satureja rechingeri.
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Similar letter in each column denote nonsignificance (P<0.05).
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Table 2. Mean comparison of the effect of drought stress and silicon on photosynthetic Pigments of
Satureja rechingeri.

Ao 55 5,8

J5 s

b Jas s

a Jis ks

R S s
Carotenoid Total chlorophyll Chlorophyll b Chlorophyll a -
I I Drought
(mg/g F.W) (mg/g F.W) (mg/g F.W) (mg/g F.W) Silicon (mg/l Toug
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00 O Sl 5L
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Table 3. Variance analysis of the effect of drought stress and silicon on chlorophyll fluorescence indices
of Satureja rechingeri.
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Fig. 4. Interaction of Silicon and drought on minimal fluorescence of Satureja rechingeri.
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Similar letter in each column denote nonsignificance (P<0.05).
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Similar letter in each column denote nonsignificance (P<0.05).
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Similar letter in each column denote nonsignificance (P<0.05).
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Fig. 7. Interaction of Silicon and drought on maximum quantum yield of photosystem II (F,/F,,)

of Satureja rechingeri.
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Similar letter in each column denote nonsignificance (P<0.05).

Frn 2als 51 sl a8 (88) s e olis 1T
2 S i oces Foo Ll s FuFn Fy
(BN 580 TY) 5l 02y 2o Logd 5 Lo ) cddos
Sl el 05 S L5 S 1S SR 5
(AV) ad i glacedils s Fy/Fm 5 Fo Fn
sl & ol Ol s Sl @l
5 Spa S 5 FFn il el 0 Sl
Chlls b ol oS s Sir 15 cou S
S flie s (S 15 38 5 EA) s
ol dos S dleal sl s O
3 BFVF) I s O o slile S
@E0) 0550 JUisl asilS o Shes arls
(Sl alis S b (7 s dd ol s
5 FUFo Sl pae als Col i wus i
Sol 05 5L 5 0SSl eslinad s QE,
(s 0 b K8 W bgaxls ol sl
0+ Ll 3 (0/AV) Fu/Fy Laxls jluae o 5 i
RAS 5 G pe S8 OSGhen 1 0 S ke

s als olalS s (F704) Laxls cpl Sl

R

L g |

55 e OF e Sl s syl Ol 35S 4 oYL
SR (E)) das e by Sis (VL A Ll
Bl ks Gl F) Sl il ls
53 g edlos o Pl Sl 25 kol s (Fo)
Al il e fals (1Y) cl T s 56
ot bl edasglis S As S s
Cle (07) Wil LS Opon olawd g 8
DSy S e les Vol Blas by sls 2l
okl 510 SN 0L > 5l &S el TT (s 5
G 5 S e S B s sS A 05 S
o2 D e s 550 Il el
SRS 3 Shes Sl atld (LalS e
Glsllss G Sas 5 (F/Fy) I s
SESSE RS U S
S5 Ol ssas gloss bls slbSil
0 RS g e L ol e 5 1S e
bl i G el e o F/Fn
PESUIPES G [PL 5V SO IS C [ W 3=

ol



V€40 L) b)l.o.\:’ XY 2,95 « LS Wgi G pidgi A sl

2 p Sk Vo e s (/80) asls Do o pobe (A JS8) db stalin Kot sy
A edalie L.«N‘)IA U:”‘; o Q}gﬁl?wfb oy ('/O/\) QJJLQ\ JLS.:;\ d"}:"‘}s AJQA& upu
@IS ok A s Sk 0 e L

m0 ®mSil =Si2 mNSil ®mNSi2

=l

1 2 ab ab a ab ap

lay
(FV/ Fo)

[ S w E [} [« =
L

et

—_
1

I
(=]

90-100 70-80 50-60
Drought stress (%FC) s s

Sy 05 0 (FF) T (s 55 Ol s dlbele L5 5 (Kas 5 0Kk bl 1A K2
Fig. 8. Interaction of Silicon and drought on efficiency of water splitting system of photosystem II (F,/F,)
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Similar letter in each column denote nonsignificance (P<0.05).
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Similar letter in each column denote nonsignificance (P<0.05).
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Similar letter in each column denote nonsignificance (P<0.05).
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Similar letter in each column denote nonsignificance (P<0.05).
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Similar letter in each column denote nonsignificance (P<0.05).

TRYRC [l asle ymmsd 055
ol A 55 S s O el eS| lgn oias0lis
S Jame B 0gd S 4l os S Ll S e oS
L Q) 35,5 o 550 MWl Jall el amys
O3S Jlal ulasl s Jaas ETO/RC oS ol s a5

O Sl3l pl oo 358 e Ol [2S1s dled ST e s

1- Quinone

A3

o I i 3 O 2 e 218

S QLS 3 (gt g il Sl el Sl
bess sdasOlis bl pl JRalS Lol i
O AN Wl & s 5 S50 5 2L 3,5 13
- s s Sl s S ale, s (o) e
U sl 05 sS ek 3 LobO sliS]

JLS.IJ\ oj.:ed)' B u:..hls aJJJSU»&ALd B J‘)Jruﬁ



OS2 9 (Mo b s PN wen 33 (9K gil g (g8l 5T (o) 2

Cod S > I e s e 5 PS5 S
(YY) sls

5 55 a

L gte 5 S (gt 55 (5o 5555 (sl e

Of ials el Ko s i bl el il 5l
o ool 05 5 5 05 (slaslet A5
Ssgpme Sl (Sas Ldd 155 S Ol
05, 8 8 5 65 SW Bl il 5l
Hhd e mils Jlisa 1y (ST S e o sl
Clio b s Zel 05 sU 5 Ok
Al sl SEE LaE 5 eaes L
2L Gerte Geilassh s Slas il sl sk
ST g8 55158 5 Shas oo 455 Slale
Clles i 0 Ul eglS s Shas
sk bbbl al e 05k 50 5 05w

ks Al el (g ols e

1.Jamzad, Z. (2009). Thymus and Satureja
species of Iran. Research Institute
of Forest and Rangelands. 171p.
[In Persian|

2.Hadian, J., Akramian, M., Heydari, H.,
Mumivand, H., & Asghari, B. (2012).
Composition and in vitro antibacterial
activity of essential oils from four
Satureja species growing in Iran. Natural
product research, 26 (2), 98-108.

3.Kafi, M., Borzoee, A., Salehi, M.,
Kamandi, A., Masoumi, A., & Nabati, J.
(2009). Physiology of environmental
stresses in plants. Jahad Daneshgahi
Mashhad Press. [In Persian]

4.Yang, X., Lu, M., Wang, Y., Wang, Y.,
Liu, Z., & Chen, S. (2021). Response
mechanism of plants to drought stress.
Horticulturae, 7 (3), 50.

Yo

A 05558 5 cl Jld e ST il slasolis
B 0S4 mllS &soa 1 0,0 L5 e
3 Shes Ll il 25l OF Ol opl ply (S e
Sl 0L 55 (80) canl anl zals 05 S
sl ploerdigd 2 OAd Bl (S
S plardipd 003 Bl S
TN S R e N
LS 505 Ko 0 5l Sl 5 [hals s
o aS Sl sds (5SS (8Y) Wb e Sl
5 TRYRC ETYRC sl esls YU sles
(1) sls al5l exS 55 1, DIVRC
23 Ok 2,08 L s 5 Sas 25
Sl gsdane alse 4 Ol5 e 1) Sis Cow OalS
G Shs eyt LS, s akex
S ol iy (RIS N
OalS s IS e 2alS 5 sl
Clled Sl b IS (oIl ks Sy g

Do silsied w3l C Sy

5.Seleiman, M. F., Al-Suhaibani, N., Alj,
N., Akmal, M., Alotaibi, M., Refay, Y.,
Dindaroglu, T., Abdul-Wajid, H. H., &
Battaglia, M. L. (2021). Drought stress
impacts on plants and different
approaches to alleviate its adverse effects.
Plants, 10 (2), 259.

6.Said-Al, A., Omer, E. A., & Naguib,
N. Y. (2009). Effect of water stress and
nitrogen fertilizer on herb and essential
oil of oregano (Origanum vulgare L.).
International Agrophysics, 23, 269-275.

7.Taiz, L., Zeiger, E., Moller, I. M., &
Murphy, A. (2015). Plant physiology
and development (No. Ed. 6). Sinauer
Associates Incorporated.

8.Yamori, W. (2016). Photosynthesis
and respiration. In Plant factory
(pp. 141-150). Academic Press.



V€2 ) D)Low:} XY 093 ALS Wi gL pidg 5y g i

9.Yan, Z., Ma, T., Guo, S., Liu, R. & Li, M.
(2021). Leaf anatomy, photosynthesis and
chlorophyll fluorescence of lettuce as
influenced by arbuscular mycorrhizal
fungi under high temperature stress.
Scientia Horticulturae, 280, 109933,

10.Maxwell, K., & Johnson, G. N. (2000).
Chlorophyll fluorescence-a practical
guide. Journal of experimental botany,
51 (345), 659-668.

11.Mareckova, M., Bartak, M., & Hajek,
J. (2019). Temperature effects on
photosynthetic performance of Antarctic
lichen Dermatocarpon polyphyllizum: a
chlorophyll fluorescence study. Polar
Biol. 42 (4), 685-701.

12.Zhang, H., Hu, H., Zhang, X., Wang, K.,
Song, T., & Zeng, F. (2012). Detecting
Suaeda salsa L. chlorophyll fluorescence
response to salinity stress by using
hyperspectral reflectance. Acta
Physiologiae Plantarum, 34, 581-588.

13.Etesami, H., & Jeong, B. R. (2018).
Silicon (Si): Review and future
prospects on the action mechanisms in
alleviating biotic and abiotic stresses in
plants. Ecotoxicology and environmental
safety, 147, 881-896.

14.Laane, H. M. (2018). The effects of
foliar sprays with different silicon
compounds. Plants, 7 (2), 45.

15.Tubana, B. S., & Heckman, J. R. (2015).
Silicon in soils and plants. Silicon and
plant diseases, 7-51.

16.Rizwan, M., Ali, S., Ibrahim, M., Farid,
M., Adrees, M., Bharwana, S. A., &
Abbas, F. (2015). Mechanisms of
silicon-mediated alleviation of drought
and salt stress in plants: a review.
Environmental Science and Pollution
Research, 22, 15416-15431.

17.Yan, G. C., Nikolic, M., YE, M. J.,
Xiao, Z. X., & Liang, Y. C. (2018).
Silicon acquisition and accumulation in
plant and its significance for agriculture.
Journal of Integrative Agriculture,
17 (10), 2138-2150.

18 Maswada, H. F., Mazrou, Y. S.,
Elzaawely, A. A., & Eldein, S. M. A.
(2020). Nanomaterials. Effective tools
for field and horticultural crops to
cope with drought stress: A review.

Spanish journal of agricultural research,
18 (2), 15.

19.Liu, W. T. (2006). Nanoparticles and
their biological and environmental
applications. Journal of bioscience and
bioengineering, 102 (1), 1-7.

20.Mathur, P., & Roy, S. (2020). Nanosilica
facilitates silica uptake, growth and
stress tolerance in plants. Plant Physiology
and Biochemistry, 157, 114-127.

21.Shariat, A., Karimzadeh, G., Assareh,
M. H., & Hadian, J. (2017). Variations
of physiological indices and metabolite
profiling in Satureja khuzistanica in
response to drought stress. [ranian
Journal of Rangelands and Forests
Plant Breeding and Genetic Research,
25 (2), 232-246. [In Persian]

22.Baghbani-Arani, A., Modarres-Sanavy,
S.A.M., Mashhadi-Akbar-Boojar, M., &
Mokhtassi-Bidgoli, A. (2017). Towards
improving the agronomic performance,
chlorophyll fluorescence parameters and
pigments in fenugreek using zeolite and
vermicompost under deficit water
stress. Industrial Crops and Products,
109, 346-357.

23.Ahmadi, H., Babalar, M., Askari
Sarcheshmeh, M. A., & Morshedloo,
M. R. (2020). The effect of water
deficiency stress and citrulline on
essential o0il content, photosynthetic
pigments and chlorophyll fluorescence
of hyssop (Hyssopus officinalis L.) in
different harvests. Iranian Journal of
Horticultural Science, 52 (3), 593-604.
[In Persian|

24.Ahmad, B., Khan, M. M. A., Jaleel, H.,
Shabbir, A., Sadiq, Y., & Uddin, M.
(2020). Silicon nanoparticles mediated
increase in glandular trichomes and
regulation of photosynthetic and quality
attributes in Mentha piperita L. Journal
of Plant Growth Regulation, 39, 346-357.

25.El-Shetehy, M., Moradi, A., Maceroni,
M., Reinhardt, D., Petri-Fink, A.,
Rothen-Rutishauser, B., & Schwab, F.
(2021). Silica nanoparticles enhance
disease resistance in Arabidopsis plants.
Nature Nanotechnology, 16 (3), 344-353.

26.Haghighi, M., & Pessarakli, M. (2013).
Influence of silicon and nano-silicon on



OS2 9 (Mo b s PN wen 33 (9K gil g (g8l 5T (o) 2

salinity tolerance of cherry tomatoes
(Solanum lycopersicum L.) at early
growth stage. Scientia Horticulturae,
161, 111-117.

27.Lightenthaler, H. K. (1987). Chlorophylls
and carotenoids: pigments of
photosynthetic biomembranes. Methods
in Enzymology 148, 350-382.

28.Rostami, G., Moghaddam, M., Saecedi
Pooya, E., & Ajdanian, L. (2019).
The effect of humic acid foliar
application on some morphophysiological
and biochemical characteristics of
spearmint (Mentha spicata L.) in drought
stress conditions. Environmental Stresses
in Crop Sciences, 12 (1), 95-110.
[In Persian|

29.Ramezan, G., & Abbaszadeh, B. (2016).
The effect of drought stress on yield,
content and percentage of essential oil of
Nepeta pogonosperma Jamzad et Assadi
under different plant density. [ranian
Journal of Medicinal and Aromatic
Plants Research, 31 (6), 1071-1085.
[In Persian|

30.Anjum, S. A., Ashraf, U., Zohaib, A.,
Tanveer, M., Naeem, M., Al 1., &
Nazir, U. (2017). Growth and
developmental responses of crop plants
under drought stress: a review.
Zemdirbyste-Agriculture, 104 (3).

31.Malik, M. A., Wani, A. H., Mir, S. H.,
Rehman, 1. U., Tahir, 1., Ahmad, P., &
Rashid, I. (2021). Elucidating the role of
silicon in drought stress tolerance in
plants. Plant Physiology and
Biochemistry, 165, 187-195.

32.Seyed lor, L., tabatabaei, J., & Fallahi,
E. (2009). The effect of silicon on the
growth and yield of strawberry grown
under saline conditions. Journal of
Horticultural Science, 23 (1). [In Persian]

33.Alsaeedi, A., El-Ramady, H., Alshaal,
T., El-Garawany, M., Elhawat, N., &
Al-Otaibi, A. (2019). Silica nanoparticles
boost growth and productivity of
cucumber under water deficit and
salinity stresses by balancing nutrients
uptake. Plant  Physiology  and
Biochemistry, 139, 1-10.

34.Gorgini Shabankareh, H., &
Khorasaninejad, S. (2017). Effects of

YY

sodium nitroprusside on physiological,
biochemical and essence characteristics
of savory (Satureja khuzestanica) under
deficit water regimes. Journal of plant
production, 24 (3), 55-70. [In Persian]

35.Sayyari, M., Moradi Farsa, M., & Azizi,
A. (2022). The Effect of Drought Stress
at Different Developmental Stages on
Growth and Some Phytochemical
Parameters of Nepeta crispa. Journal
of Crops Improvement, 24 (2), 545-561.
[In Persian|

36.Ghaderi, A. A., Fakheri, B. A. R. A. T.
A. L. 1., & Nezhad, N. M. (2018).
Evaluation of the morphological and
physiological traits of thyme (thymus
vulgaris L.) under water deficit stress
and foliar application of ascorbic
acid. Journal of Crops Improvement,
19 (4). [In Persian|

37.Zaefyzadeh, M., Quliyev, R. A,
Babayeva, S., & Abbasov, M. A. (2009).
The effect of the interaction between
genotypes and drought stress on the
superoxide dismutase and chlorophyll
content in durum wheat landraces.
Turkish Journal of biology, 33 (1), 1-7.

38.Dastborhan, S., & Ghassemi-Golezani,
K. (2015). Influence of seed priming and
water stress on selected physiological
traits of borage. Folia Horticulturae, 27
(2), 151-159.

39 Kimiaei, M. R., Sirousmehr, A., &
Fakheri, B. A. (2022). The Effect of
Silicon on Quantitative and Physiological
Characteristics of Borage (Borago
officinalis L.) under Irrigation Regimes.
Jowrnal  of Crops  Improvement,
24 (2), 631-643. [In Persian|

40.Bhardwaj, S., & Kapoor, D. (2021).
Fascinating regulatory mechanism of
silicon for alleviating drought stress
in plants. Plant Physiology and
Biochemistry, 166, 1044-1053.

41.Lauriano, J. A., Ramalho, J. C., Lidon,
F. C, & doCéu Matos, M. (2006).
Mechanisms of energy dissipation
in peanut under water  stress.
Photosynthetica, 44, 404-410.

42 Ranjbar, F. A., & Dechghani, B. R.
(2016). Impact of salinity stress on
photochemical efficiency of photosystem



V€2 ) D)Low:} XY 093 ALS Wi gL pidg 5y g i

ii, chlorophyll content and nutrient
elements of nitere bush (Nitraria
schoberi L.) Plants.

43.Lee, T. Y., Woo, S. Y., Kwak, M. J.,

Inkyin, K., Lee, K. E., Jang, J. H., &
Kim, I. R. (2016). Photosynthesis and
chlorophyll fluorescence responses of
Populus sibirica to water deficit in
a desertification area in Mongolia.
Photosynthetica, 54, 317-320.

44 Falqueto, A. R., da Silva Junior, R. A.,

Gomes, M. T. G., Martins, J. P. R,,
Silva, D. M., & Partelli, F. L. (2017).
Effects of drought stress on chlorophyll
a fluorescence in two rubber tree clones.
Scientia Horticulturae, 224, 238-243.

45.Afshar Mohamadian, M., Omidipour,

M., & Jamal Omidi, F. (2018). Effect of
different drought stress levels on
chlorophyll fluorescence indices of two
bean cultivars. Journal of Plant
Research (Iranian Journal of Biology),
31 (3), 511-525. [In Persian]

46.Soheili Movahhed, S., Esmaeili, M.,

Jabbari, F., Khorramdel, S., & Fouladi,
A. (2017). Effects of water deficit on
Relative Water Content, Chlorophyll
Fluorescence indices and seed yield in
four pinto bean genotypes. Journal
of Crop Production, 10 (1), 169-190.
[In Persian|

47 Mehraban Joubani, P., Barzegar, A.,

Barzegar  Golchini, B., Ramezani
Sayyad, A., & Abdolzadeh, A. (2019).
Comparison of effects of iron excess and

YA

application of silicon on fluorescence of
chlorophyll in shoot and developmental
changes in root of rice seedlings. Iranian
Journal of Plant Biology, 11 (3), 17-32.
[In Persian|

48.Verma, K. K., Song, X. P., Zeng, Y.,
Guo, D. J,, Singh, M., Rajput, V. D., ...
& Li, Y. R. (2021). Foliar application of
silicon boosts growth, photosynthetic
leaf gas exchange, antioxidative
response and resistance to limited water
irrigation in sugarcane (Saccharum
officinarum L.). Plant Physiology and
Biochemistry, 166, 582-592.

49.Zhang, Y., Yu, S. H. I, Gong, H. J.,
Zhao, H. L., Li, H. L., Hu, Y. H,, &
Wang, Y. C. (2018). Beneficial effects
of silicon on photosynthesis of tomato
seedlings under water stress. Journal of
Integrative Agriculture, 17 (10), 2151-2159.

50.Moradi, M., abedy, B., Aroiee, H.,
Aliniaeifard, S., & Ghasemi Bezdi, K.
(2023). Effect of Different Light
Spectral on Photosynthetic Performance,
Growth Indicators and Essential Oil
Content of Salvia officinalis L. Journal
Of Horticultural Science. [In Persian]

51.Mathur, S., Allakhverdiev, S. 1., &
Jajoo, A. (2011). Analysis of high
temperature stress on the dynamics of
antenna size and reducing side
heterogeneity of Photosystem II in
wheat leaves (Triticum  aestivum).
Biochimica et Biophysica Acta (BBA)-
Bioenergetics, 1807 (1), 22-29.



