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Abstract

This study evaluated the effects of humic acid and mycorrhizal species on chlorophyll index,
quantum yield, malondialdehyde (MDA) content, and wheat traits under varying irrigation
regimes using a factorial experiment in a randomized complete block design with three
replications. Conducted at the University of Mohaghegh Ardabili research farm (38°15' N,
48°15" E) during 2018-2019, treatments included three irrigation levels (full irrigation, severe
water limitation at booting [BBCH 45], and moderate limitation at heading [BBCH 59]) and
eight combinations of humic acid and mycorrhizal species (Glomus intraradices, G. mosseae,
their combinations, and a control). Severe water limitation without amendments resulted in the
highest electrical conductivity (341.1 pS/cm), MDA (0.17 pmol/g FW), and H>O, (0.36 umol/g
FW). At the same treatment, full irrigation with humic acid and both mycorrhizal species
yielded the lowest values (115.4 uS/cm, 0.019 pumol/g FW, and 0.14 pmol/g FW, respectively).
Maximum leaf protein (14.09%) and grain yield (951.2 g/m?) were recorded under full irrigation
with combined treatments, compared to minimum values (11.3% and 701.43 g/m?) under severe
drought without amendments. Among severe water limitations, humic acid with G. mosseae and
G. intraradices increased grain yield by ~24% over the control. These results underscore the
efficacy of bio-organic fertilizers in enhancing wheat yield and drought tolerance by improving
agrophysiological traits.
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Introduction

Water scarcity represents one of the most significant abiotic stressors affecting plant growth and productivity
on a global scale. This condition disrupts critical physiological processes, including hormone synthesis,
transpiration, photosynthesis, and nutrient translocation, while simultaneously elevating ethylene
concentrations in roots and altering metabolic activities. Mitigating the deleterious effects of water deficit by
applying humic acid offers a promising, cost-effective, and sustainable strategy for promoting resilient
agricultural systems. Additionally, bio-organic fertilizers, such as arbuscular mycorrhizal fungi (AMF),
constitute an effective approach to bolstering plant tolerance to environmental stresses. AMF enhances
drought resistance and optimizes plant growth by maintaining ionic equilibrium, enhancing photosynthetic
apparatus functionality, and improving photosynthetic efficiency, quantum yield, and chlorophyll content.

The combined application of humic acid and mycorrhizal inoculation is hypothesized to be an
environmentally sustainable method for improving drought tolerance in crops such as wheat. Accordingly,
this study seeks to evaluate the effects of humic acid and AMF on key physiological parameters—namely,
chlorophyll index, quantum vyield, malondialdehyde levels, and selected agronomic traits—in wheat
subjected to varying irrigation regimes.

Material and Methods

This factorial experiment was a randomized complete block design with three replications at the Faculty of
Agriculture and Natural Resources research farm, University of Mohaghegh Ardabili, during the 2018-2019
growing season. The experimental site is located at 38°15’ N latitude and 48°15" E longitude, at an elevation
of 1,350 m above mean sea level. The region is characterized by a wet climate zone with severe winters and
hot summers in northwestern Iran, classified under the K&ppen system as a semiarid, cold temperate climate.
The experimental factors comprised irrigation at three levels—full irrigation, irrigation withholding at 50%
of the booting stage (severe water limitation, BBCH code 45), and irrigation withholding at 50% of the
heading stage (moderate water limitation, BBCH code 59)—and the application of humic acid combined
with mycorrhizal species at eight levels: Glomus intraradices, G. mosseae, combined G. intraradices and G.
mosseae, humic acid alone, humic acid with G. intraradices, humic acid with G. mosseae, humic acid with
both G. intraradices and G. mosseae, and a control (no humic acid or mycorrhizal inoculation).

Each experimental plot consisted of five 2-m-long rows, with 1.5-m unplanted buffers separating plots and
blocks. Mycorrhizal inoculum (G. mosseae) was sourced from Zist Fanavar Turan Corporation, and soil
treatments were applied following the protocol of Gianinazzi et al. (2001). Chlorophyll index measurements
were obtained using a SPAD-502 device (Konica Minolta Sensing, Inc., Japan), with three readings per plot
taken from the top, middle, and base of leaves, and the mean value per plot was recorded. Quantum yield
was assessed on the uppermost fully expanded leaf using a chlorophyll fluorometer (Optic Science-OS-30,
USA). For this measurement, plants were dark-adapted for 20 minutes using specialized clamps, and
fluorescence was quantified at 1000 pmol photons m? s, Grain yield was determined by harvesting the
three central rows (equivalent to 1 m?) of each plot. Data were subjected to analysis of variance (ANOVA)
and mean comparisons using the SAS software package (version 9.12). Significant differences among main
effects and interactions were evaluated using the least significant difference (LSD) test at P < 0.05.

Results and Discussion

The results indicated that the highest values of electrical conductivity (341.1 puS/cm), malondialdehyde
(MDA), and hydrogen peroxide (H,O») content (0.17 and 0.36 umol/g fresh weight [FW], respectively) were
recorded under severe water limitation (irrigation withholding at the booting stage) in the absence of humic
acid and mycorrhizal inoculation. Conversely, the lowest values for these parameters (115.4 uS/cm, 0.019,
and 0.14 pmol/g FW, respectively) were observed under full irrigation with the combined application of
humic acid, Glomus mosseae, and G. intraradices. The maximum leaf protein content (14.09%) and grain
yield (951.2 g/m?) were achieved under full irrigation with the combined application of humic acid, G.
mosseae, and G. intraradices. The minimum values for these traits (11.3% and 701.43 g/m?, respectively)
were recorded under irrigation withholding at the booting stage without humic acid or mycorrhizal
application. Notably, under severe water limitation (irrigation withheld at the booting stage), the combined
application of humic acid with G. mosseae and G. intraradices resulted in a grain yield increase of
approximately 24% compared to the control (no humic acid or mycorrhizal application) at the same irrigation
level.
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Conclusion

Based on the findings, bio-organic fertilizers' individual and combined application (humic acid and
mycorrhizae) can enhance wheat grain yield under water-limited conditions by improving key
agrophysiological traits.
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Table 3- Analysis of variance the effects of mycorrhiza and humic acid on yield and some traits of wheat under different irrigation

Mean square

SOV af leaf Malondial Hydrogen chlorophyll  Quantum maximum minimum electrical grain
e protein dehyde peroxide index yield fluorescence fluorescence conductivity yield
replication 5 2,98 #0.00031 #0.0183 1553.15*  0.295* 487676.7° 30174.99> 445829+ 376597
Idrrigation 2 *10.71 *0.0147 #0.0261 91.764* 0.109 * 44933 6+ 1604.67° 27509.7+ 125465
JB(Fertilizer *21.6 »0.0187 #0.0316 284.83" 0.023* 67213 * 3350.12 11201.5* 42@18'
S
IxB 14 =1.53 ©0.000494  +0.00067 5.64 0.0019 7788.7 512.08 486.1° 3 73*1 3
Error 46 0.49 0.0000000 4 509162 6.27 0.0014 5764.8 448 127.1 351.36

1

M)Ji{a_)@JL&L’:Jé&d}b)b@m})‘:@mﬂ.b%;q**,*,ns

ns,* and** indicating non-significant and significant at 5 and 1% level, respectively
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Table 4- Means comparison the effects of mycorrhiza and humic acid on some traits of wheat under different irrigation regimes

treatment leaf [zrotein Malondialdehyde Hydrogen peroxide coenl(ehclt:rtli(i/ailty grain yield
(%) mol/g FW)(n mol/g FW)(n )s/m(u )g per plant(
I,xF "P9.5 °0.14 cde0.33 265.24de *681.19
LxF °P9.29 °0.16 ©0.35 295cd k657.06
I;xF P9.21 %0.17 %0.36 315.65a 1645.05
IixA 97.99 £0.136 °¢0.31 216.1kl ¢779.3
LxA "P9 41 40.15 bed(.33 262.8def £1740.6
I;xA 931 0.16 ab0.34 314.34a k1659.92
I,xB ikimy 0,8 "0.083 imnQ.25 225.57kj ¢1787.48
LxB kimnop ) 19 i0.122 £10.29 249.79¢fgh "734.01
I;xB mnoPg 69 f0.14 defp.32 298.6ab 1699.07
I,xA,B bedef] 9 7 0.059 P21 186.27mn 915.32
LxA,B kimno .39 0.116 hig.28 258.31drfg "736.19
LxA,B imnop] "0.129 feh0.3 276.47¢cd "714.52
I;xH edefe]2.39 *0.051 0.2 184.69mn 844.2
LxH hiikl] 1 *0.109 ik0.27 243.54ghj £768.18
LxH Jkimn1 ) 5 ™0.09 kim) 26 250.42efgh *677.44
I,xH,A abed] 3,09 '0.033 *0.18 184.68mn b888.97
LxH,A cfehi]].79 ?0.069 "°r().23 230.49jk ¢f792.08
LxH,A ehik] 1.3 '0.101 Mg.27 246.15fgh 1701.43
I,xH,B ®13.79 v0.023 0.16 183.23n 2946.68
LxH,B bede]2.89 0.041 rs0.19 202.6ml °875.28
I;xH,B fehij11.59 °0.077 meQ.24 235.3hj h741.44
I,xH,A,B *14.09 *0.019 V0.14 155.40 %951.27
LLxH,A,B 13.39 v0.026 tu0.17 185.77mn °875.28
L;xH,A,B defeh]n ] 90.066 °P90.22 200.27mnl '800.27
LSD 1.16 0.0002 0.021 18.53 30.8

c.\.:wldi_.“,._..mg:,._.:j:qA‘BcFcH.Q.Li‘_;lugg-‘_g¢l>f)>‘_;)l:{'|—da§¢‘sm4.&}>‘-‘54l>f)>‘_;)l:{Tda§¢J.al§‘_g)LﬁTgﬁSJI4.33)2&1

ol )l saa ol T oMt O gz 3 alie o9 > b L;Ls&:ijl:ﬁ .Aals 9 Glomus intraradices J'J_)}K:» «Glomus mosseae Ju_),i:n

5l o2 LLSD Ose31

1, 2 and 3: full rrgaton, wthholdng rrgaton at headng, wth holdng rrgaton at bootng stage. H, A, B and F: humc acd, Glomus mosseae,
Glomus intraradices and control, respectvely. Means n each column followed by smlar letter(s) are not sgnfcantly dfferent usng LSD

test.
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LSl Gl a8 51 ide s4d (F Jods)
XY S P S F A GO P P G PO S PR WY
ol o3 il Las e (0 Jsue) WT (63 O le (gl s
Cosgdoee Lol 5 s oS dimils Slebl of Kangs bl
ST 2l L) sSile 256 L ods las OLLS T
T 558 51 a6 HET fodw 5 slanst i 51 st

b Rl 05 g s dnSTl (gl g 457 355 0 o g0

039598 ds 1 2
5 6okl Caliten o o ol $Sn g 5 1305 50 3 )18
LSy Gl Jole 5o ) ol S5 !
Jsdon) A 5ls fme Lo )3 &S0 Szl peba 53 05958
Slsms i &S sl Ol b Sle awlie (Y
(55 5 055 0.5 2 dsmsSon TY9) 03500a ST
ol 5 el S sn 5 152050 Sl eolisl pute Ll 5 5o
D555 NE) OT (508 5 (T sl 0 55 LT
3208 5 JoS LT Luld 55 (8, 5 055 05 4
Joi) el oy Ssn el 5 )5S oI5
—05 8 e (51585 Ll b L arlse Ol 55 OIS (F
03 Ko 0y 4 S o A5 058 U sl
JUast o oy 51 J8s JS7 ilnshe 51 s 87 ola
O35S L o(Habb et al., 2014) Lles S7 s 09 =Sl
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Table 4- Means comparson the man effects of rrgaton levels and mycorrhza and hume acd applcaton on some trats of wheat

chlorophyll Quantum maxmum mnmum
treatments
ndex yeld fluorescence fluorescence
full rrgaton 46.52a 0.815a 777.65a 186.35b
rrgaton levels wthholdng rrgaton at headng 45.55a 0.782b 751.37a 192.28ab
wthholdng rrgaton at bootng stage 42.75b 0.68¢ 693.10b 202.51a
LSD 1.45 0.0219 44.11 12.29
control 32.72¢ 0.66¢ 595.52¢ 234.86a
hume acd 41.66d 0.722d 678.65d 199.21b
Glomus mosseac 45.28¢ 0.745cd 711.88cd 195.67b
Glomus intraradices 46.25¢ 0.773bc 727.01cd 193.87b
mycorrhza and . .
hume acd levels Glomus intraradices + Glomus mosseae 46.87be 0.78bc 749 24bed 191.26b
Glomus mosseae +hume acd 46.74bc 0.778bc 766.63bc 185.38bc
Glomus intraradices +humc acd 49.11ab 0.8ab 813.7ab 180.54bc
G lomus mosseae +humc acd +
Glomus intraradices 50.89a 0.83ab 883.03a 168.94¢
LSD 2.37 0.0358 72.04 20.08

c.x.:.,uldi.:ax.csgf.;jsgA‘B‘F‘H.QJ..'::‘_glu.(g-dwf)adjLﬁT&éau.Ma}s-641>-f)>‘_;)LﬁT&5¢le§‘_g)LﬁT;ﬁ:j4{3jzEl

ol s gme (LT OBl O g o 3 wlies (o5 b sla . SLe . als 5 Glomus intraradices 5, Sen (Glomus mosseae 5 5§

il oa LLSD (e 5T

1, 2 and 3: full rrgaton, wthholdng rrgaton at headng, wthholdng rrgaton at bootng stage. H, A, B and F: humc acd, Glomus mosseae,
Glomus intraradices and control, respectvely. Means n each column followed by smlar letter(s) are not sgnfcantly dfferent usng LSD

test.
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