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Introduction

Currently, due to the adverse effects of climate change and rising global temperatures, agricultural yields are
declining, with the most severe impacts in arid and semi-arid regions. Drought stress is one of the most critical
abiotic factors limiting plant growth and productivity in many areas, including Iran. With limited water resources
and an average annual rainfall of only 250 mm, approximately two-thirds less than the global average (Biglari et
al., 2019). Iran is particularly vulnerable. The severity and duration of drought stress significantly alter the

ecophysiological, biochemical, and molecular characteristics of plants, adversely affecting both the quantity and
quality of growth and yield (Salehi-Lisar & Bakhshayeshan-Agdam, 2020). Arbuscular mycorrhizal fungi
(AMF), as biofertilizers, enhance plant tolerance to various biotic and abiotic stresses, including drought,
nutrient deficiency, heavy metal toxicity, and salinity. In medicinal plants, the application of AMF has been
shown to improve photosynthesis, enhance water uptake, increase chlorophyll and carotenoid levels, and boost
antioxidant enzyme activity under stressful conditions (Varma et al., 2018). Within the framework of sustainable
agriculture, the use of nanotechnology-based alternatives to conventional fertilizers is considered a promising
strategy to increase crop productivity and help meet the food demands of the rapidly growing global population
(Liu et al., 2015). Among nanomaterials, titanium dioxide nanoparticles (TiO> NPs) have been recognized as
effective plant growth stimuland (Ingle, 2021). Additionally, intercropping one of the most important sustainable
agricultural practices plays a crucial role in enhancing biodiversity and improving overall productivity.

Materials and Methods

This study was carried out at the Research Farm of the Department of Plant Production and Genetics, Faculty
of Agriculture, University of Maragheh. The experiment followed a split—split plot design within a randomized
complete block design (RCBD) with three replications, conducted over two consecutive years. The main factor
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consisted of three irrigation regimes: 25% (MAD2s), 50% (MADsp), and 75% (MAD7s) maximum allowable
depletion (MAD) of soil available water (SAW), representing normal irrigation, mild water stress, and severe
water stress, respectively. The sub-factor was planting pattern, including peppermint monoculture, sage
monoculture, and peppermint—sage intercropping. The sub—sub factor involved fertilizer treatments, including:
(i) no fertilizer (control), (ii) TiO, nanoparticles (100 mg.L™), (iii) arbuscular mycorrhizal fungi (AMF)
inoculation, and (iv) combined application of AMF and TiO, (AMF + TiO,). Each plot consisted of five planting
rows, with inter-row and intra-row spacings of 40 and 25 cm, respectively, for peppermint and sage. The AMF
inoculum (Funneliformis mosseae) was obtained from Varian Biotechnological Company, Karaj, Iran. At
planting, 80 g of soil containing fungal hyphae (equivalent to 1000 spores per 10 g of soil) was applied to each
row. Peppermint and sage seedlings were established at a density of 10 plants.m™2. The first irrigation was
applied immediately after transplanting. To facilitate seedling adaptation and optimal establishment, drought
stress treatments were initiated one month after planting. Soil moisture content was monitored using a moisture
meter to ensure accurate application of drought stress. At full flowering, dry matter yield, essential oil (EO)
content and yield, EO composition, and photosynthetic pigments were measured. Data were tested for normality
before analysis. A combined analysis of variance was performed using a two-way split—split plot design in SAS
(version 9.4). Mean comparisons were conducted using the least significant difference (LSD) test at the 5%
probability level, and graphical illustrations were generated in Microsoft Excel.

Results and Discussion

The results indicated that sage dry matter yield decreased by 27% and 64.1% under mild and severe drought
stress, respectively. Considering the interaction effect of cropping pattern and fertilizer sources, the highest sage
dry matter yield (172.7 g m2) was observed in monoculture with the combined application of AMF + TiO,. The

combined application of AMF + TiO, increased sage dry matter yield by 36.1% compared to the control
(absence of fertilizer). The highest essential oil (EO) content in sage (1.33%) was obtained under intercropping
with the integrated application of AMF + TiO,. Notably, EO content under mild drought stress was 41.2% higher
than that under normal irrigation. Chemical analysis of EO compounds revealed that the maximum levels of
dominant compounds, namely cis-thujone and 1, 8-cineole, were achieved in intercropping with AMF + TiO;
under both mild and severe stress conditions. Enhanced secondary metabolite production serves as an effective
defense mechanism in medicinal and aromatic plants, mitigating the adverse effects of drought stress. Typically,
EO formation and accumulation increase under environmental stress, protecting the plant against excessive light
and water deficiency. The observed increase in sage EO with AMF + TiO, application is associated with
improved photosynthetic activity, enhanced absorption and availability of key EO-forming nutrients such as
nitrogen and phosphorus, and the development of additional EO-secreting glands.

Conclusion

In summary, the integrative application of arbuscular mycorrhizal fungi (AMF) combining TiO: in the
intercropping system of sage with peppermint is highly recommended as a sustainable and effective approach to
improve both the yield and quality of essential oils, particularly under drought stress conditions. This strategy
not only enhances plant resilience against water deficit but also promotes more efficient nutrient uptake, leading
to healthier growth and higher production of valuable secondary metabolites. Implementing this combined
approach can be a practical,eco-friendly solution for farmers seeking to optimize essential oil production while
maintaining soil health and long-term agricultural sustainability.

Keywords: Bio-fertilizer, Drought stress, Essential oil, Medicinal plants, Sustainable agriculture



S$99LS (bl p g9 g g

Homepage: http://agry.um.ac.ir
pag p:/fagry R

VTV o N800 lg ) ojlad A Wl

3 AS 5 o5 3 Shes 5 13,0800 250 5 sl AeSTiss S350 okl sy Sl
Hoplai b b glsee iS55 (Salvia officinalis L) 8w o (S5 52508 Sl o
(Mentha piperita L.)

Vo Al ) gabinl e s el dilds
VECF/V/OY 3l 5 b

AN 7ALVA A IR Y &b

2SS

Salvia ) (Kws e il CsieS 9 e’ 1 liny950le @)LB 5 poslits peSlid S35l ecsylal il slag) i ooyt solaton;
JeolS slacSsh )b by 0sds )3 5L 93 o S g0 islejl (Mentha piperita L.) Jalselas b bolse oS s (officinalis L.
A 12l YA 5 VWA (sl Sl 53 adlpo olRuiils (5,5l oaSutily (LS S5 9 M58 (odiaee 09,5 (SLhuis aejo )3 )5 dw b (Dol
oy 00l e el lloy (o)l lgiedr gl Slme 4d5S iSlas 003 VO 5l ey ()bl ans )3 ()bl il sl Jgl Jele
oSl (o5 Jole g 105 (15 lsisar b jlome 455 ST 200 VO 5l ey )l g medle G5 Sl gl jlre 4SS
6395 e plie Jold (23 (258 Jole g ((Smaye 5 (Jaoglins boleo cutS o ISmpo alls cuiS (ilbglins alls i) cuiS ilisee
FU+ [)950be )8 (il 3018 5 52)950ke )8 cpolis dpuSlisd gl cals plgic s 12)950ke )8 5 poslis 3eaSlie> 39l Bpae pas)
PN 9 VY s oll Jlop b & s 101 5 e A5 )3 (S po St 00l 3 Shos o5 ol Lt gl g (sl dpuSlied
813 B+ 152)00le )8 (Al )8 b palls cutS )3 (@yeyie y3 £)5 WYIY) (B yo St 03lo 3 )Sos (i 8L ialS 0>
395 Byano pic & Capnd Juo)d YE/) (SS 00 p0 Suid 03lo 3, Sdoe pgilis aenSTlied ¢l + 15)5Sole BB (adls 5,8 b ool Cowd & pouilis
Pl aSlied P+ 1)950be )8 (il 0,)l5 L g bglse <l )3 (303 VYY) (S po (bl 03 oy (opizmen 8L ol
bl slaceS 5 plend i wllyy 292 Jlo s )bl 51 e 20> FIY Mo (15 53 (Beye uilsl 0y ol pogdle i ool
2 poslis deaSlied $l + 132)950ke )8 (Al 35 L g bglve i 13 (S ye U (gt Ag) 5 (25 ) S 5 (e 0y
5 Sr90 ke Oil38l (sl (659lS (ng sieSS l oslitul 5 )bl o e (giludingg & Sl e 3:S pl @l A Juols @ Me 15
ST S8k (65008 > () GlalS s

ool (e (9)ld LS (s 365 ol (g50liS” ( Suis s s galS gWojly

Ol 2y il Glalidl 4 ) SSgdssT Ll yd )3 Y gae dodo
CaieS o1 5 5 035 (So3leST Jgeol bl (655l (sl potises e\ Is ,

Salvia ) S0 Al o Loyl coeS 5l Snte Y g
olgils ayy 3laie g gyl dlwsis 4lblS -3 (officinalis L.

. ‘A_Cl)n o8l ‘d))9\_}.~|§ oaSiily AU!I:LS &bu) 9 .\_Jy (WA Bs)f -\
by 33 ol s 50 Lol el &l e dilaie o9 g ¥ lBles oyl e
(Email: a.javanmard@maragheh.ac.ir  :Jstue odiwag —3)

2- Lamiaceae https://doi.org/10.22067/AGRY.2025.95607.1254



http://agry.um.ac.ir/
mailto:a.javanmard@maragheh.ac.ir
https://doi.org/10.22067/AGRY.2025.95607.1254

VF+0 Hle Vojlods IA wlor ((65ygLas (bl pgs &gyl ¥

SIS PPl (piomed 9 048 (it SIS, a5 > S
Sl & el > el (o a3 a8 |, Lae
Lo (Anjum et al., 2011) 35,5 o oL (5,90 40 § -5,
kel )3 ulul adg a8 ol ol ool LB elaimgi
bl ) 3 b o Gl @Ml (Suid 15 Cod (0 LS
9 A3 E) Jiwg (LS g i) (b A oo (5
3929 (S e olS )3 lapuilal jiiw (sl o) slrosle iy
OB Jdaan ol )18 oS 5 g badeh 5 g aom 3 )
e Gl Ty 555 5 Los sl > Lo 5 ) il
Uhe iy oL S (59 slaslllas j5 (Llusia et al., 2006)
O zolaw ]38l b &S 0 sdalie (Origanum vulgare L.)
355 iy 3nlS (6 b sine by il 380as 5 5 55 St
89y S ikl ,o .(Said-Al Ahl & Hussein, 2010)
Loy il Bl 4 e bawgie (Suid A5 4S5 ()15 (S ye
Ol Oy e b 20l 4y s oS uill 3 Slas
Jols Logio (SCis 815 )5 j500lS 5 St Ag) o W
.(Govahi et al., 2015) 15,5
04 Jo die (sl L g Lag )b (sol> (s slasS
255 Lo SLE 53,5 (el b Vgano o5 witn lié yule
5 o ol slacS 5l polis ol iladlil el gy il
g g0 ol Lawgs byl Gls il 3l 4 e doeis jd g o
S Sojgsn Jole 31 (S YsSos 52)55lo sl 6
o Jlsas 5 sy oo o (a8l Joay o a0 (5
o it polie plo g Hiud Clo GBI LUl 5 ol aw
Slind 018 > M slaceSp g blind ol colld dlauly
LS s Lag )8 ol 5l ) oditol gn Jgonol
o8 oo (Willmann et al., 2013) cowl oad
9 ) SR Sl ol ol 53 oS Cnglia gy ppSula
9 o 8 gy B8 dlge dgueS o (St B 5l e
ol (S sl ingh @l cul pogdle i o0 d9s 1) ()95
e (93 QLS 53 ohage 12 )eSele )8 2 )8 &S el o3l
5 Jd9)lS Sl «SB 5l i casby Glo rigd (il 4
Ot balyd 5> Sl Bl (slam BT e el g 43655,
Tarraf et ) -l)LSe 9 81,5 .(Varma et al., 2018) cul o
S 03,8 B B 9 gl @838 L (al., 2017

s slplil (Farruggia et al., 2024) >4 0 cuiS o
e sitwd il dag5 BB glaime (olyls WSy 0594 g olS
VIO LY e Yoo g ol Sglite anlil Lyl yd dy diiny uibisl
ol 023 JSiS (LS 5 cp St d9de U1 Moy
Jgiame —Ag) 5 295§ 9ielS (P e Jold (S e
a tiw oo > I8 5. (Farahpour et al., 2020) usb
b (Ol s o8l aodles Gl e o)l lyie
3 edlal 3)90 Gl jwdd g EiAS uansileg )i o9 Spets
e sloadsny )b plhdlas Clogad pues )5 o
o sl JsSUse olS oyl o las ;I oozl b 45 ol 05 capes
oesilogy 2iile (ye5e (oladl slacs o Glop> (sl (gi0,8
m 4 lo g (Slb oyt g b a5 (glodg) Ll ol
ol gols (L yo LS, (Govahi et al., 2015) 545
wPled s g adlioe (B CLaS 5 5 Laadeisds 5l el
N S 5 15 b sman g s
.(El-Haddad et al., 2020)
6lod a5l 5 aalBl Sl i e ) Alaolges 0 0l
Sosba sl Sl & 5y (65)5liS DY gz 3 Slas (Sl
s 3y Shos ol ol olae Sittos 5 K5 3bbo
248 D9 (wjped Jelse (ke S| (Sutd G5 B
Al oliml adex Sl Glaa (2195 5 sl 53 3o g A3,
Lwgio g 039 Cudgime s o plie L33 LLsd jl lpl
pow 93 39> 45 LBl o o Lo YO lpl o AVle Sw)b
Jolye b yo (Biglari et al., 2019) cul She pmSke 5l xS
A el ady) Ay el el (Suis (15 o olS g,
S JbslS 55 LaJsls (45 ) e plié g 5
Gaoetal., ) ogd o Sy o g abg gLyl il uwgd o5y
Ol 39eS 05000 5 plgd ¢ yloy e 4 dngi b (Suis a5 (2020
(Bldpg ((BLICSY) (S Gho ) s 4 e
Ay S g CuoS Bl o0 9 003 GaLS JsUge 9 2liordon
Salehi-Lisar & ) a_sb aily —ite U oLalS 5, Sles
4 IS a5 o opl poesdl (Bakhshayeshan-Agdam, 2020
«S )00l CO2 Lis ials el (lasje, colia ials” L)s
il bilyy (S A nimen 29 0 ) dmwgi g 4Bl glis)|
Sloul el g ooy ials |y OT Gyme o) 03405 Jiee | olS



O T g 0 3 hos 1 13505050 g5 9 pgwilins dpnST60 35l syl S5 1ol Kon g 5 poil

heslaz wl lasl (65,5Li8" 4> (Toksha et al., 2021) sl
el gy Ko plgsar g cale l 6 e ($59lesS
A5 3 Gle by 4 9) Cumer 21 5 el g 5 I3
sy 20,3636 4y oLS gy (LU €t al., 2015) s o 43 )5
Cowl oy Ol & LS 1 Sy )0 padlis wusSTl6d 03 &b
Sy lpisdn paslins awSlgo $U (Manzer et al., 2015)
LwSlisd 8 S 5yl 4 .(Ingle, 2021) and o &) calise
225 3l 5 Gl 1y (a1 Bl lam 51 clled Ll oo poslis
Jobw Sl sla oo o ol g (s Jlb (ladi S ¢l
i il 4 e peslid uSTed 9l Cpman wilel Cosles
9 Fagd (D 9 8) Jdg)lS (slgme (059t 9 yaud) (238 polis
35U wizen (Chaudhary & Singh, 2020) 35,5 e oLS 3,
OlalS ) 45l lacdglie W Gl ) peslis auSled $U
; Khater et al., 2021) cowl a8 )3 )1, 8 o)y 350 calize
Caold ghyls paslig uusT oo 4L (Shabbir et al., 2019;
JLisl el g ddisn o daup 1y jo8 o 5 Al o U g8
2 g lerd 53 an Lagl s 5 oy iUl 4 g (555
S cpizmon 0,5 o MuSli6d 9y S cad il el
931599 Sl 3l collad Gl b Wl e paslis puslisd
OBl eel g oS dgue ) i g (g i ol lins
Ingle, ) 53,5 augb slacdplio Mg § g ¢ oo 3l clled
ol oyl b —imgh 50 (2021; Ahmad et al., 2018
bul)d 5 (Pl ¥ 9 Ve o) poslis 2euSlies 9U cile
Dracocephalum ) syl (g, Seid (5 g Jloy ()bl
L bl 3y Slas o i 48 050,845,158 (moldavica L.
i bly b oo posili 1Sl 9l pligia Vo Shsle
9 =M (Mohammadi et al., 2016) sl cows 4 Sis
et Yo 3,,LS &S 65,5 s,l;5 (Golami et al., 2018) Ko
SlacaS 5 g3, Shos a8l 4 poxie poslis 2uSlied b el
(odgmose —Lall 5 ulidgs ST (529 951 ¢Jgtisms Ag)) il
45,5 (Rosmarinus officinalis L.) ¢;l;,
ool g ol YL 3, Shee )y alls cuiS s pn

S Std (g oS p 2 Gl ate 1y gSole )6 )8
olwl lacuS 5 g doyd (uilwl 00z 5 (claos e (ST
Hln L 650 adlas )3 .003)5 355 Bpan pis & Cod
slacdplio 5 039 i) d9u0 5 Ii2p950le slag B ¢lyl
s yoyl5S (Salvia miltiorrhiza Bge) (JSws pe | (glas5 455
g ) by Gl coam 1ysole slag)L8 b (g jon oS
5 sl el (Wu et al., 2021) 13,5 456 ccygbi
2,8 2,5,5 L (Abdollahi Arpanahi & Feizian, 2020) \l.28
Rhizophagus intraradices, Funneliformis )15 ,,0L »
saalie (Thymus vulgaris L.) L odogl (59, (MOSSEaE
Gl |y (S5 5 rge S 3 psSele 6 b il oS 8
o8l an 52)950 e )8 b gl (15 Ll 53 a5 (g pgboey ol
22y oo il 0, Slas g do)> Bl cdy) SIS ()
OB Ll 5 5 o laulpd ) Jsess (liwe oyl e
Ol s 99 69y 4 K> s )3 il G 4y 100l
2 asedie 1Csgotg2 ¢ 1Cso036s (OCimum gratissimum L.)
ccly (Rhizophagus intraradices)!s;;oSGle ;L8 5,8 oS
S 9] 93 2 50 il dopd g S St 59 il
o3 &S ol ol > 39 03,5 by ) a5 s SlalS 4
iz U5 ol laddy) b (gujon b JS25 L 13650
ol am e Gl (555 g shed e (lie olis 5 O
s 355 5 LSy 45 sl (glio Slgo & i sl
Ol Onyiir (e 98 e (il Aiile 456 s glie
o LS 53 35 ol - 5 Sl IS by tiadl LS
Ly s )8 ol dad o L &S W sdalie 15,50k 2,6 L
ORIl 5 1) il plond oS aSly ddu e 35 |y olS
(Thokchom et al., 2020) &> .
Mo @) )3 ey e o9ld (£ 9 Olgisas $U (55l
2193 ol (i cele Sladose | ()l 3 B35S
3yl (295 SISl ol oaibuy Il 4 (gjyeliS pole
Py OY s ame gl Milgs o Cunl 0dly (L &S WSl o s
Voo LY ojlsl Ly (golge o3l camy (yiolsdl (Sis i ply
Loyl L9 o0 oleS Gl (gl o5 Ngd o o yiogils
Coluwe dlos 15,84 pasio glewd 5 (SS5d Gluogad o)l
oS (S35 sl T (s pis iy e Sk e



VP28 jle oylods VA ol (55 9Lis sul.i.& P Ayl 4

e ot Gl oyt ol jogdle 29yl 4Lj),
iy 53 bolsn i (5550 5 (Sl 5 Syl dp) il
Comwd b My Syze sl g 58L 205 L g Log cady g0 + &L,
4 a5 b wlol ol » (Rezaei-Chiyaneh et al., 2020) Ll
Slamy Sl guoyp Baa b Giogh (pl 01555 3)l50 Cueal
CaaS 2 155550le )8 g posilis 2aSTisd )39l (bl il

b el (Jilselias b bglse culS )3 (ISwye il CudeS

g, 9 2190
eyie 0 WA 5 WAA cl)) cla Jlos 53 imgiy ol
Vo gan ¥ oLl Job b alie oKl (gj,9lis oasliily
VEAD elasyl b g (Jloud aadd YV g ax 2 YV 5ye g (i adidd
S dges dw o yinlajl lyal 51 B o 1yal b)yd pdaws 1y
asldy ilojl slal Joe calisce (slaciond | Bolas o)guoas
() Jsiz) 5 pSoihl ol bien 5 (Sujid Sluogasd
p9me (sl Jio lale (slod ilie 5 sk 3030 e posdle

Gl oad o0y L ¥ Jads 0 Giulej]

o (Hy S o0 Bl oo (18 M) 4 ) Cumonr i slajl
Jor el (Blidpg p ol g anily jlo oYL 56l g auge
locglons bl I3l ¢ e sl (Sogll alen 51 (ML
e ) £95 GRRE g b plie 58) o Sl G lacile
byl 9 65008 Jglie slasdyy ) 6Kk cnlply 95
g DS Gl s wlie 5l a9y dlistsl 4y by
bglse ¢S (Nasiri Mahallati et al., 2015) cewl (gy90
Sl g ol 6555l Sl (2 inke S| S Olgisa
Cgenl I Gloj g o 2ol 5 gyl 5l Lol 5w 5 £55 33l
G e |y bl cutS 3 g Ltalidl .adl 15,08 (gl
oo doglon 5 CBl Ojlus oS e (slacile 1) talS
S pllas ol Comd o puod ) mlie 5l yips oolasiwl § yidus A
U ol 6 sisd o doly 45 WaaisS sluss 2lidl | bglee
Monti ) ol o dlgicdiy 48yt (65,9LiS" 53 Adgi iul38l gl y
aSbjly bl S yd 48 oy s gy ol (et al., 2016
Lol b bl cuss” slagSl 418" )5 (Foeniculum vulgare L.)
Cpmomen Dg ol Ll cusS | i (Phaseolus vulgaris L.)
Wbjly ) ¥ bole S 6981 )5 il 40> (e oy
0SS 4 Cand 1o VY g el o 4 Log Caud, Y+

iabol (glal oo SB aload 5 (K508 Gluogad (S0 Jgsr
Table 1- Some physical and chemical properties of the soil where the experiment was conducted

alai Jols b
R v et B j8aud @ m o ol B
;Jo ey O S P & et ol “abe ek
cél =5 s & e e Cation ayamol SN Organic
Texture Field ~ Total Absorbable  Absorbable exchange pH EC matter
i+ Permanent i i : _
capacit e nitrogen  phosphorus  potassium capacity ( s m-l) (g.kg 1)
(o) wilting kot ma.kat ma.kg?t ~ .
yoo) WS kg)(make?) (ke (i)
Sandy clay
loam 27.1 13.7 0.87 9.7 563.85 26.5 7.73 1.17 8.1
o) Py

Sy )95 Job p3 wildle (15,1 £gecme 9 Lo (eSle -Y Jgsr

Table 2- Mean temperature and cumulative monthly precipitation throughout the growth period
29 R Mage g Bl Cudgud)l ondyesd (3,56l da ) ble slod (il

September  August  July  June May April Monthly mean temperature (°C)
22.1 27.8 276 257 18.5 104 2019
23.8 25.1 28 242 19.1 11.8 2020
(o) ailalo (39,1
Monthly precipitation (mm)
0 0 0 4.2 37.8 51.3 2019

0 1.2 0.1 2:6 12 63.3 2020




VoS 5 o8 0has 1515050k g5 5 pouilind waSTisd Gly39ib skl a3y 51 oy 50n g 0 yoilga

S o bl Jola I B (Y JSS) cdpin pbl s oKl
5 balie () 2 py 5o V+) o O Ly psles Sl
Oiod Al wgdy 3,5 sl an d YO lod ;o el 90 Glony
el G Slods sdalCuwndts Joloxo (puw A5 035 ob (SilKe
ol Jgdowe U ad oaly j1)8 4oy Sl I ol&iws Jobs 5o
235 5 B dls e 3 odelcundas Joloee coles p3 03,5 oSS
Hlelin g (Lwpe sy 59y yd 32 p)S e Ver clale L
25 ol e
Jilgl 53 resdass s «ulS (gl pwoj (silwodlel jlatads
(b o3 3l ey Yo 5 5 P8l SIS (15 s sl
s A5 oLl pb p dges Suwd Cug 90 I SB 08 p 5 6l
5979 0 ool b sio o Jgbo 4 IS s 5 ol &8
D (e g gL sl o il VO 5 ¥ ity i)
e SlizypSale 8 43 48,5 5 )3 qoye o TIA 05 Colus
S, 3l (Funneliformis mosseae) yirgioy oyl 55 oslaiwl
pyS A cedls plSin b ans 2,8 byly b Hldcum )
il a8 eolatwl cuiS s a0 (S pS V e a jd gl
31U 23,8 plosl a8 el asee Llyis 53 13 p9Sile
D9 Jole lisebl Lajlas (81680 5 ada) 5o (pgmmljisls
L S 3 5 (sl esls) ols adgl )il als yo )3 idls
(=l cdsbo dmopp Zo=Ve ) )5 cullad (sl canlio oo,
130500 cdlad g 039000 40 Wby laus (glod .85 Oy
lg5 o 45 (650 b 368 3l g A Laas (5] )5 il a)d YAYY)
8‘._..\:.: 9 U'KW’)"’ LthL.w WA TS umlf |) uy.wl).u}lf
S (yta Bl Vo Boe )3 gapeie 3 i Ve STy L all
o ol cog gl alolddl us atslS o jen O ygods
A ol Jate ol b )85 lp .l pbol cuisls
Jles! Lol G595 g Caws ole )0 iy My 4y ol g Sk

Sl b aly Toad 25 )k 9> oS &jpod Sl
-5y Jol Jele s 1a] 51,5 4w L (RCBD) ol JolS" sl
3 o olel lJloy o)lel lgisas (MAD2s) gl jlome 4il5s
OB olysan (MADso) (gb) jlome adss pSlus o)y 0+
by jLome adss s 1o 3 VB Sl ey )l 5 e
slagdl PRSI WA N W Py R W S S P (MAD75)
Lo pAls S albglin LS cuts) cuts Gl
ool 5 (S pn ey o+ Jlsglin i) S, boloe et
Olpiedn 595 Bpme pre ol (0355 cilitio wlio (058 (258
Funneliformis ) 15,5550e 2,8 pawlis o uSligd ¢ cnlis
poolis dwsSTed gl + 15,55k 7B aal 5,0, 4 (MOSSEAE
g
S 0y e Hlacde Tl cpgulis MunST s> lydgil i (gl
L (35 8l amps j00) 3 Laald 3 TslaS g ol pouilis
D9 JoSts TSy m gl gy B A 035 ob 4 sy
P e 9 gy slaio Ol b 3l ds 1S9 )00 poslis g
ool ks (Rea g Blas ol b s o S5y Al
Iy ol Joles paulis amSlied 6 algi (gl ol jo RO O
5 byl syl b Y0+ iy )31 Jgo a4 gl Joloxo |
A 0l 48 01)8 il a0 Fee glod b (S sl 0y6S 30 s
9 g paslid A wSTli e g dols Jaame welw 40 jl dm
53 odlawl yloj b otsad g poslis amSled 9 .05)5 (gy9laes
S bpeSe (Nagaveni et al., 2004) 15,5 (6,105 M5yl
o3l amje owyp g (V JSCi) Zeiss EM-09 oKy L@ TEM
U5 ol jl odlawl L ¢ % Seolind yo (SasSTy [hgyds <l )d
Sbyy pode B 9yl (938 Sliig S pe p3 5 Y )b
dg yagl Vo B 2o yole oyd ol 1 Sle .d s pbol 3 05
35 o o8 tlol 13 SEM* (gl )y e pppizmon (¥ JS2)

1 - Split split plot

2 - Titanium isopropoxide

3 - TiO(OH);

4 - Homogeneous titanyl nitrate [TiO(NO3),] solution
5 - Transmission electron microscopy

6 - Dynamic light scattering

7 - Zetasizer Nano ZS90- Malvern, ZEN3600

8 - Scanning electron microscopy
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Fig. 1- TEM image of the titanium dioxide nanoparticles used in this experiment
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Fig. 2- Size of the titanium dioxide nanoparticles used in this experiment
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Fig. 3- SEM image of the titanium dioxide nanoparticles used in this experiment
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Table 3- Results of variance analysis of the effect of different treatments on colonization percentage, dry matter yield, EO
content and yield of sage
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VY

S 9 05 3 ,5as 51 135050k 3 5 pawiliod w1 60 1y59L (5 ylul Gy STl o 9 3 poils

Root colonizaton (%)

OControl BTiO- SAMF BETiO: + AMF

LSD 5=4.75

...

T1EEN
Mild stress

Different irrigation regims

Severe stress

Normal irrigation

152595k 258 9 ool a1 63 O,395L (g sl Blitien (5 iU COT (5 02 po Aty (gl 59985 (eSSl oyl £ JSUS
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Fig. 6- Mean comparison of sage dry matter yield under the influence of different irrigation regimes, nano titanium dioxide
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Fig. 7- Mean comparison of sage dry matter yield under the influence of different planting patterns (Monoculture and
intercropping with peppermint), nano titanium dioxide (TiO2), and arbuscular mycorrhizal fungi (AMF)
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Fig. 8- Mean comparison of the essential oil content of sage under the influence of different irrigation regimes, nano titanium
dioxide, and arbuscular mycorrhizal fungi
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Fig. 9- Mean comparison of the sage essential oil content under the influence of different irrigation regimes and planting
patterns (Monoculture and intercropping with peppermint)
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Fig. 10- Mean comparison of the sage essential oil content under the influence of different planting patterns (Monoculture
and intercropping with peppermint), nano titanium dioxide (TiO2) and arbuscular mycorrhizal fungi (AMF)
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Fig. 11- Mean comparison of the sage essential oil yield under the effect of different irrigation regimes,
nano titanium dioxide and arbuscular mycorrhizal fungi (AMF)
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TiO2: Nano titanium dioxide and AMF: Arbuscular mycorrhizal fungus
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Table 7- The analysis of variance the effect of planting patterns of monoculture and intercropping with peppermint, nano
titanim dioxide and arbuscular mycorrhizal fungi (AMF) on chl a, b, total and carotenoids under different irrigation regimes

Ol (1255ke
Mean of squares
Wy - : - P
O i @lio e a Judg I b Jedg 5 JS Judg i5 Mg,
SO.V B hiorophyll Chlorophyll b Total c id
df ophyll a orophy chlorophyll arotenol
(mg. g* Fresh (mg. g* Fresh (mg. g™ Fresh (mg. g* Fresh
weight) weight) weight) weight)
b 1 0.03' 0.02' 0.11ns 0.005"*
Year
a sl 4 4.62 0.41 7.77 0.43
E(ror a
ol sl 2 66.30" 3.84" 9931+ 9.84™
Irrigation regimes
kel 3, X Jlo 2 0.07"s 0.02' 0.03n:s 0.01"
Year x Irrigation regimes
Error b 8 0.20 0.01 0.22 0.12
i 555 1 24.30° 3.80" 47.66* 3.95's
Planting patterns
ol ey X S sl 2 0.27s 0.08" 0.17ns 0.05"
Irrigation regimes x Planting patterns
i S X 1 0.02"¢ 0.02"s 0.03n.s 0.09"*
Year x Plantmg patterns
i o X bl o, X Jo 2 0.047 0.008"* 0.06n.5 0.003"*
Year x Irrigation regimes x Planting patterns
€ sl 12 0.37 0.008 0.39 0.06
Errorc
(2550ke &8 + 9ol 10u5is3) . . .
(Nano titanium dioxide + Arbuscular mycorrhizal 3 16.55 1.08 25.59** 119
fungi)
(55950 @B + postis usTis2) X ()bl w23,
Irrigation regimes x (Nano titanium dioxide + 6 3.14™ 0.29™ 4.88** 0.16™

Arbuscular mycorrhizal fungi)
(1550l g8 + poslis 1usSligo) X cuiS sl
Planting patterns x (Nano titanium dioxide + 3 1.76" 0.26™ 3.31* 0.05"*
Arbuscular mycorrhizal fungi)
258 o X i 55X ikl ) 6 1.49" 0.08" 1.72%* 0.01"¢
Irrigation x Planting patterns x Fertilizer sources
(52095l @) + poslis duSligd) X JLo
Year x (Nano titanium dioxide + Arbuscular 3 0.02" 0.004"¢ 0.03n.s 0.008"*
mycorrhizal fungi)
(33950ke 2B+ postlis wauSTi63) X ()bl oy X Jlo
Year x Irrigation regimes x (Nano titanium dioxide + 6 0.02"* 0.015"* 0.07n.s 0.007"*
Arbuscular mycorrhizal fungi)
(I95ole 8 + paslis 1puSis) X S (50 X Jlo
Year x Planting patterns x (Nano titanium dioxide 3 0.15"s 0.008"s 0.21n.s 0.008"*
+Moycorrhizal fungi)
@B+ poslis 4puSi3) X cutS (oS X ()l 5, X Sl
(3255l

Year x Irrigation regimes x Planting patterns x (Nano 6 0.12" 0.006™ 0.17ns 0.003
titanium dioxide + Arbuscular mycorrhizal fungi)
Sl 72 0.24 0.02 0.25 0.07
Total error
P 16.22 19.79 13.25 22.02
CV (%)

* B

I gine gl pas g dopd gy g S 50 5 gixe A NS ¢
, "and ns: are significant at the 1 and 5 percent levels, respectively, and there is no significant difference.
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Table 8- Mean comparisons of the sage chl a, b, and total under treatment combination of irrigation regimes, planting
patterns of monoculture and intercropping with peppermint, nano titanium dioxideand and arbuscular mycorrhizal fungi

i a Judy I8 D Judg f5 S5 Jsd i
B lowi ChloroPhyII a ChIoroPhyII b Total chlorophyll
Treatments (mg. g™ Fresh (mg. g™ Fresh (mg. g* Fresh
weight) weight) weight)
aald 2.10 0.35 2.45
Control
ol deuSlisd il 451 0.79 5.30
Nano titanium dioxide
oAb cuss lss5ole )6 2 4.72
Monoculture AMF 38 090 '
JSlied g+ 1350500 )6
o poslis o 521 1.30 6.51
Jey ol Avrbuscular mycorrhizal fungi + Nano titanium
Normal dioxide
irrigation sals 3.89 0.92 481
Control ' ' '
ol deuSlisd i 451 1.26 5.77
bylse caiS Nano titlgniirrpdi(l)éxideand
I [ I © . : .
ntercropping Arbuscular mycorrhizal fungi 500 099 599
poslsd dnuSlied g+ 152050 le g,
Avrbuscular mycorrhizal fungi + Nano titanium 5.56 133 6.89
dioxide
Aals
1.56 0.22 177
Control
ol JeuSlisd il 243 0.75 3.18
Nano titanium dioxide
oAl i rosile 8 2.49 0.72 321
Monoculture Arbuscular mycorrhizal fungi ' ' '
oS Tied $b +5,50GLe z )8
poslis o 3.24 0.76 4.00
oo 25 Arbuscular mycorrhizal fungi + Nano titanium
Mild stress d'OXL'Se
- 2.95 0.95 3.90
Control
porlis 2eSless S 335 1.08 443
[INESY y ;182 .
I [ RO &) 2.72 . 7
ntercropping AMF 0.98 3.70
Pl dpmlied g+ 13,5500 g )8
Avrbuscular mycorrhizal fungi + Nano titanium 3.90 1.22 5.12
dioxide
wald 1.09 0.22 131
Control
ol JeuSlisd il 136 0.47 183
Nano titanium dioxide
oAl s bgile g6 115 0.22 137
Monoculture Arbuscular mycorrhizal fungi ' ' '
SeuS1e5 9l + 13,50k 7,18
— pols o 240 0.30 2.70
LA D Avrbuscular mycorrhizal fungi + Nano titanium
Severe dioxide
stress aald 2.26 0.53 2.79
Control
poliad S o 2.84 0.79 3.63
bl oS Nano |t~itin§)itm dl;oxide
Int [ HIPLE & 1.18 0.30 1.48
nIereropping Arbuscular mycorrhizal fungi
poslid ASleed g+ 15,550k )8
Arbuscular mycorrhizal fungi + Nano titanium 3.05 0.58 3.63
dioxide
LSDo 05 0.4855 0.1085 0.5848
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JS8) 403)5 355 Bpae pis 4 Cund AS9g)lS clals (hop
)
Ol (St (i Gal581 L a8 o (LS mls S jsbe
bls)l oS 5> Jidg)ls (slyome .8l ials’ JS 9 b @ idg)lS
)3 Jgmaze 90,40 9 (P pmolis (e it b (S35
OS5 il b e IS e Lials” s (Varma et al., 2018)
Lo & ool ((g5ngid SlaalSS) tals @ g |y (Sts
Al J89 ) Ggraliensl g Jdg)lS jlopin coy58 wundlyy IS
e 3 A8 ol Caad e Jlub sla S0l olpme talsd
Mohammadi et al., ) s s algs Jug,lS" jiwen Hloe 4 o
(Shivakrishna et al., 2018) -, San 5 Ly S1sui (2019
OBl e (Sid 5 )3 olS (8,5 )18 &5 xS 51
el 355 gy yal 1yl 4 01 yieaS] Jlb (slo JIS63), olsse
2520 (S ian 5 2alg LS 5,1 3 s5mg Ly lS
olis @i GialS a pleSee |y Jdg)lS (liee (ialS LY
3 cod oL il sl JsSgonn il 5 5y jolaiedy pli
A algs b8 ) S o el 0 ) ol 5
Uibgin b L sk > (Emami Bistgani et al., 2017)
(Bahreininejad et al., 2013) ,)LSe g 3155 (o0 < )l>
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