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Abstract

Background and Objectives: Bread wheat (Triticum aestivum L.), as one of the world's most vital
cereals, plays a decisive role in ensuring food security. However, its production faces serious challenges,
including drought stress. Drought, as one of the primary limiting factors, causes reduced yield and
disruption of physiological processes in plants. In this regard, the use of bio-fertilizers such as mycorrhizal
fungi and Plant Growth-Promoting Rhizobacteria (PGPR) has been proposed as a sustainable strategy to
enhance plant resilience against stresses and improve water use efficiency. These microorganisms
contribute to improved plant growth and performance through various mechanisms, including facilitating
water and nutrient uptake, producing growth hormones, and inducing stress resistance. The objective of
this research was to investigate the individual and combined effects of mycorrhizal fungus (Rhizophagus
intraradices) and plant growth-promoting bacteria (Pseudomonas fluorescens and Azospirillum
brasilense) on physiological processes, biochemical resistance, and yield of wheat under different
irrigation levels.

Materials and Methods: This research was conducted during the 2021-2022 agricultural year at the
Jahad Keshavarzi research farm in the Arshaq region (Meshginshahr, Ardabil province) as a factorial
experiment based on a randomized complete block design with three replications. Experimental treatments
included four levels of bio-fertilizer (control, mycorrhizal fungus, plant growth-promoting bacteria, and
combination of both) and three levels of irrigation regime (no irrigation, irrigation at 50% of water
requirement, and full irrigation), totaling 12 treatments. Wheat seeds were inoculated using the coating
method with a bacterial suspension (concentration of 108 CFU/ml) and fungal inoculant (containing 100
live spores per gram). Various traits were measured, including root colonization percentage, electrolyte
leakage, malondialdehyde (MDA) content, total soluble sugars, leaf area index (LAI), root dry weight,

number of grains per spike, 1000-grain weight, grain yield, gluten index, and water use efficiency (WUE).
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Findings: Results of variance analysis showed that the main effects of bio-fertilizers, irrigation regime,
and their interaction were significant on all measured traits. The highest root colonization percentage
(79.6%), grain yield (4891.6 kg/ha), leaf area index (6.08), number of grains per spike (36.7), 1000-grain
weight (43.5 g), and gluten index (45.72%) were observed in the combined bio-fertilizer treatment under
full irrigation. In contrast, the highest values of electrolyte leakage (42.53%), malondialdehyde (27.73
nmol/g), and total soluble sugars (18.37 mg/g) were recorded in the control treatment (no fertilizer and no
irrigation). Water use efficiency under 50% irrigation (1.38 to 1.61 kg/m?) was significantly higher than
under full irrigation (0.84 to 0.98 kg/m?), and under both conditions, bio-fertilizer treatments, especially
the combined treatment, improved this index. The highest root dry weight (5.51 g) was observed in the
combined bio-fertilizer treatment under 50% irrigation, indicating root system development for better
access to limited water resources.

Conclusion: The combined application of mycorrhizal fungus and plant growth-promoting bacteria was
the most effective treatment, increasing plant resilience against drought stress by coordinately improving
physiological, biochemical, and performance traits of wheat. These bio-fertilizers, through synergistic
mechanisms such as increased root colonization, reduced oxidative damage, development of root system
and leaf area, and improved water uptake, provided the basis for realizing wheat yield potential even
under water-limited conditions. Therefore, the use of these bio-fertilizers can be recommended as an
effective and sustainable strategy in wheat cultivation management to reduce the negative effects of
drought stress and increase yield and water use efficiency.

Keywords: Electrolyte Leakage, Gluten Index, Leaf Area Index, Total Soluble Sugars, Water Use
Efficiency



doddo

5 e Sl el 3 e diS kg 45 Sl Olgr M o 5 Sl Sl SO (Triticum aestivum L) ot oS
3o Yo Sl i olS ol () dmte e (5058 5 Ll Olesla Sl Gillas ls Olgr Ay b s Comar 4 diS
Jolss Jds @ s pmly Jpame ol W55 sy onl b S oo el Oler mhaw 3 1y Ol 5L 2558 85 5 IS
ol 03l sy e Glailr b s sl i iS5 T e 35S (el Ol Al Sl 0 ooty
Syl s 5o Pl o Sles 2ol 4 e Wl wdiSoston belss kel 5 S Olse 6 S Ol
Lok 5 St bl S0 a4 (al s o 53 (V) 558 plie ol gl st o Salg 5o 5 olS S5 s
Lly opl 53 sl (55,0 S0l el G e (60 L) 5 a2 ol 3 OLS (6Tl 2l 6l s s
b s gy S Olse 4 (PGPR) (s i, Ad5 S e glags S 5 15055 ozl Jold ey slas S
G 3 bl Sl (1) dilods e Jame la 25 e SIS RS 6l g3l 5 plesd glas S
il s Caslie Ul 5 ALS S, slal s pp A csdie 3lae 5 O o g Ogmen (302 slaLS 550
Jes b Rhizophagus o 4 glaze slasi S o550 s 55e slag B () A o S OS5 Shes 5 45 3 50
b e ;sfa,,vs&m,puqugi i3 3 0303 Rl ety Gl e (S s s 63 28 glaaSid
Canslie 155 oo 15255500 Slag B Sl ealisil 4 L3S sdalin 3550 Jag 5o YOI OLMSas 5 K305 .0) ddoy o 350 1y
(8) dms a5l laS Taul 5 s 1y pdiS s Shas 5 A, o SE5 4

SES o 5 oS! s AS l0sas s W5 L(PGPR) oS ai S e (s iy lag 5SU immen
O 5l S iass laasl (V) LS o il 0llS 5 Slos 5 Ady 35 53 oge Lo (b L20 4 Coaslie Gl 5 lins
oS 5 Shas Gl Bl ol o s s F s (JBsIS Gl Rl Comge Wil e e SL pl 58 S e

o S Pseudomonas fluorescens s .5 az $ aoes (YOA) OLKan 5 oo L(A) 550 Six 25 S



(YY) OGn 5 58 hass Gab (4) L (g5 g (slao 1S5, dlad 5wty Jsb (2l Compe (S 25 ol 2
o 3 Slae Gl ad g oo3ls SialS doys 00 Ly Ofssnd 565 4 Seeol, AzOspirillum brasilense U el
5B LIS mil oS as pasiie (s laalllas 3 L (10) S o oS G o (UL 5 o ool 4 «sl3 e
V) 3580 (S 25 Ll 8 55 Shas (I o g L85 S e slags S

OLLS r olS Aty S e sy S SL L 15,580 lag,l 6Bl 20 5 08t etdebnl Slallas 2l
a5 I g 25 S sl (olal Il b o 0S5 Shes 5 A3 23 ol Olesan DI )2 5 e S s
3 0byen G0 s andllan ul ol Gn das o 0L 1y ny ol 3 5l Sl plil 530 ils SIS ol
JS Jsloe sladid dhaxr 5l A5 w0 b e pliacd o Slio o Slas 4l S e lagg U 5 155550 glag 6 S8
035 okl ke slags3, L3 S aiy; Slssax TG an LS a0l slgme s S ots S
e
%9, 9 319

Oliwygd mlsh 5 Gl adee (55LiS sler Slided wised aye 3 VYoo VF) el Jle s Lol ey
OF a5 5 4ids OF 5 ax ;3 YV L oy adlate ol olslas dgb (25 S ool sl Ol 3 Bl g St
A plol SLSEY s sl JalS GlacS il - b B s Lo sSB o Ghlesl nl s 4i3s YA 5 er 3 YA L
Sheslinad d558n 2B s 355 5l eslinal cald Sl S be mskae opl g mhe Sl 03 e oS g sl S
CE.NT" sl ol =50 ps2 0SB g Ady S e la SU g 1, S G)G 3 (‘U: aslatal 5 iy S e o SU
slasled ol .odls 54 w@“ﬂ Oled VY foomme 2 25 (s Gl 5 ol L;.T Sk dess 00 bl (ol 0s)
SIS bl paS kS ST 5L ol sy lesl asl, VP faoms 53 5 BAd el ST 3 plaS s slasl
IS sl LS 53 CaSle ze 00 vy Jslee caidaie wliilsn slaesls 5 Eumlom iy g Sl eslial by (65,3LES sl o
wlsl &ls O Al e gleml By 5Ll (CaslS 51 o S5, Yo s5u) Soamy a e 51 lag bl LOVY) Wi 5,50 5 sy 0,00

Golel Jls 53 s S dlesl 5 ales A LS S5 5 S O 5 S el gy g Sse @bl <l



3o WS bl 00 Sl 53 e e o5 S b IV ssde 4 S Cusb &S AS el A Ll (Jols
s ot Gl S 5ty 5 S e 3 o3l b (el Sles adS L pll e sb o 100 4 00
Sloles Jleel (gl o5 Joab b Gla il 4 (S e ol 0a Sles 300y plnil O i s kit o
Dl Sl sl Ay S s lags SU Jal slaslas 53 (V) s ealinad Loy s (sl slad 5o 50 IS5 SO 5 s
fluorescens (slaSL sl smdbmsm 31 oslizal L paS bk (S5 Lles 5 oS & oSL
S oosb a4 s anzel s tia by, « CFUMMI Y chle L Azospirillum brasilense ; Pseudomonas
5 26 @ ol sl Sl aeh) 15K 206 Bl slasles oo s a8 K5 s S 55 ) ) Ol g B pme Sl
il e 5 S A 53 ey sl Vv (oo Rhizophagus intraradices <8 i =il wle 5 (S 5 oles
o3le by s pas gy oyt adlie 5 ol 4 2B e JWH I Oleabsl (gl ad eslial (lesly lil 5 o pel S
b (Wag ol sbin b SU O gl bS8 5 Sl 53 ) byl & g oy 608, I & i s
¢J§}L§ﬁ§IJ|g€)G fjjjsji‘f;\" i Sl b Jal osle Ol Lo el S5 250 il wle 5l b gl
Olas 55 5 &kl o =dly (slasdy olad culg 3 ey Sl 4 S50 H5b 4 ba gl B s b gl
5 el Sl s 58 51 3 0SSO0 5 o 5 Slid g 058 S 3 p S LS 00 il S e Ll il s )
L Lol oS s plonl sLobT Vs csls Slles A oslizal Ll 355 Olgew o5l 355 s s SIS Vv s
Vool dob by e Sl YUY Gas jo Loyl pbdl ot D pon 5 OB )) 2w 550 5l ealind

Ao Y Ol o0 5 20 Y0 e S Jsb s o e 20 53 5 YO0 Jslee Co3IS (ST 5 0 o3l 13 SuSG 5l e il
o2 3 oR e SBlaaty a5 5 e S S5k aboll 5 e o0 S SG s S ol roan
59 Y 53 coslizal 5 4 o3 d Colta (ot Sl g e sl sl Ol 65 8 i) gl dUS sl L .ls g ol 10
ol 5l o38N (Sosd ol 5 o3 A0 (VL 4l 058 L eslinul 5550 Slasdy olo pn 40 Jammto 5 05l 03 &S
il 0 gy ] plnil oo St (sla S5y V Jsir 55 s g Jud)) amb mlie 5 (53,5158 Slidos

Gra S YU i Gas 3 Sibesl plml Jowo S abend 5558 s (S ) s
Table 1- Physicochemical properties of the soil used in the experiment at a depth of 0 to 30 cm
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Soil Ol Ol o) o) pH Silt (%)  Clay (%) Sand

Texture Available  Available  Organic Total (%)
Potassium Phosphorus ~ Matter Nitrogen
mgkgh  mgkg"h (%) (%)
s 150 12 13 0.08 7.2 25 43 32
Clay loam
U:‘A}}% r\;'u| J:u J‘"L“;‘-’h QLF)\-H -y J}-\?
Table 2- Meteorological information of the research site
ole Los oo bes 4SS SAL Ol
Month T Maximum (°C) T Minimum (°C) Precipitation (mm)
7 215 105 43
October
oLl
) 11.7 3.3 26.3
November
53l
8.7 -0.6 18
December
<2 7 -2 41
January
o 4 -8.5 23.4
February
X!
12.4 1.9 30.2
March
o2 14.4 4.2 28
April
SV
e 17.5 6.7 80.2
May
s
T 23 10.2 12
June
” 24 13 18
July
|
o 27.1 14.1 0.5
August
SRS 22.8 11 11
September
Olo (655831051 2950
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Table 4- Comparison of the means of interaction effects between bio-fertilizers and irrigation regimes on yield
and morpho-physiological traits of wheat
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Table 5- Comparison of the means of interaction effects between bio-fertilizers and irrigation regimes on some
physiological traits of wheat
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Means with different letters in each column indicate significant differences at the 5% probability level based on LSD's test.
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