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Introduction

Background and objectives: Drought stress is one of the most significant abiotic stressors, recognized as a
major constraint on agricultural plant growth and productivity worldwide. It adversely affects soil physicochemical
properties and plant physiological processes, altering soil microbial dynamics. Drought stress reduces crop yields
and degrades soil health in arid and semi-arid regions, where water scarcity is a critical challenge. Plant growth-
promoting rhizobacteria (PGPR) have emerged as a sustainable and eco-friendly strategy to enhance plant
resilience against abiotic stresses, including drought. These beneficial microorganisms improve nutrient uptake,
stimulate phytohormone production, and enhance stress tolerance mechanisms in plants, thereby mitigating the
negative impacts of water deficit. Considering that most of the regions of Iran are located in arid and semi-arid
climates and taking into account the advantages of plant growth-promoting rhizobacteria in reducing stress
compared to other physical and chemical methods, this research investigated the effect of plant growth-promoting
rhizobacteria on reducing drought stress in the tomato plant and biological characteristics of the soil.

Materials and Methods

A greenhouse experiment was conducted in a randomized complete block design (RCBD) with four
replications. Experimental treatments included four levels of drought stress (40, 60, 80, and 100% of FC) and five
bacterial strains: B19 (Lysinibacillus sphaericus), B60 (Bacillus sp.), B103 (Lysibacillus sp.), B124
(Achromobacter sp.), and GB03 (Bacillus subtilis). A control treatment (without bacteria and drought stress) was
also considered. To apply the treatments, 4 kg pots were prepared using soil passed through a 4 mm sieve. Nutrient
Broth (NB) medium was used for cultivation to enhance the bacterial population. The bacteria were grown under
controlled conditions at 30°C with continuous shaking at 120 rpm for 36 hours to ensure optimal growth. After
incubation, a bacterial suspension with a concentration of 10° CFU/mL was prepared in sterile distilled water.
Tomato seedlings' roots were then immersed in this suspension for 20 minutes to ensure proper colonization before
being transplanted into the potted soil. A control treatment (non-inoculated seedlings) was also included in the
experiment for comparative analysis. To ensure the establishment of the plants, all the pots were irrigated for 3 to
4 weeks. The desired drought stress was applied during the cultivation period by measuring soil moisture using
the gravimetric method. In this method, the weight of the pots was measured every day, and irrigation was
performed immediately after the soil moisture decreased. This method of applying treatments continued daily for
three months. The greenhouse temperature was 25°C and the lighting period was 12 hours. The characteristics of
the number of flowers, fresh weight of the aerial part and roots, stomatal resistance, fresh weight of the fruit, and
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the amount of the free proline content of the leaves were measured. In addition, soil biological characteristics,
including organic carbon mineralization, microbial biomass carbon, substrate-induced respiration (SIR), and
metabolic quotient (qCO) after plant harvesting, were determined in the soil. Before performing the analysis of
variance (ANOVA), the normality of the data was tested. In this study, Duncan's 5% probability level test was
used for mean comparisons, Excel software was used for graphing, and SAS 9.4 was employed for data analysis.

Results

The results of this study showed that all five bacterial strains used caused significant increases in the fresh
weight of the shoot, the number of flowers, and the fruit weight. The amount of free proline in the leaves increased
significantly compared to the control treatment (no inoculation). The results showed that the value of stomatal
resistance had a significant decrease compared to the control treatment (no inoculation). Also, the used strains
improved the quality of soil biological characteristics, so that basal respiration, substrate-induced respiration (SIR),
and microbial biomass carbon had a significant increase, but the metabolic quotient (qCO2) showed a significant
decrease compared to the control treatment (no inoculation). Among the five strains used, three strains, B19, B60,
and B103 showed the greatest effect in reducing the effects of drought stress.

Conclusion

Various stressful conditions, including the moisture stress prevailing in Iran's agriculture, cause a decrease in
the growth and yield of agricultural products; therefore, the use of inoculants containing microorganisms, including
plant growth-promoting rhizobacteria, whose activity has been proven to improve stress conditions, is essential.
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Table 2- Variance analysis of drought stress and bacterial inoculation treatments on morphological and physiological
characteristics of tomato

©lapo (a0ke
Mean of squares

Sources of variation led Il 5 39 Ay B 03

oy 39 JS Sl Slajey Cwglie Sy alil gy

Shoot wet weight Root wet weight Fruit weight Flower No. Stomatal resistance Leaf-free proline

l .
I 3 11.50 * 7.00 ** 36.60 ns 3.50 ** 52.70 ** 0.32 ns
Rep
5t 5 377.00 ** 22.00 ** 561.40 ** 21,30 ** 284 ** 6.50 **
Bacteria
i 3 401.00 ** 16.00 ** 15.20ns  60.30 ** 2232 ** 13.50 **
Drought
eI 15.00 ** 0.61ns 227.00 * 1.20 ** 93.70 ** 1.10 **
Bacteriax Drought
2ol ells
el 72 3.50 1.00 44.50 0.41 6.60 0.36
Error
oS oy
G ataty 9.50 7.50 8.80 10.50 12.50 7.80

CV (%)

s I e BMEBINS g 4ly ixe doyd gy 5 SO o )3 b ity ¥ g*F
**and * significant at 1% and 5% and ns, not significant respectively
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Table 3- Comparison of average morphological and physiological characteristics of tomato under drought stress and
bacterial inoculation treatments

o S8 Hlow
LS Clio Sbs IS Bacterial strain .
Plant characteristics Drought b Lysinibacillus  Bacillus s Lysibacillus  Achromobacter BaCI[Igs
stress ysinit p- Ly subtilis
Control Sphaericus B19 B60 sp.B103 sp. B124 GBO03
Pl 5 5 40% FC  12.50] 23.00 de 19.30 fg 18.50 fg 14.20 ij 18.50 fgh
60% FC 13.00 j 23.50 de 20.50 ef 23.60 de 16.40 hi 20.50 ef
sl 80% FC  16.00 hi 26.60c 23.00 de 27.20 be 17.20 ghi 23.40 de
Shoot Wet Weight (g/pot)  100% FC  16.20 hi 34.50 a 29.60 b 3450 a 23.00 de 24.80 cd
40% FC  14.00¢ 18.00 g 16.00 g 15.00 g 16.00 g 16.50 g
090 ()39 60% FC  16.00g 38.00 bcde 19.00 g 17.00 fg 18.00 g 23.00 efg
Fruit Weight (g/pot) 80% FC 18.00 g 40.00 bed 32.00 cdef ~ 32.00 cdef 20.00 fg 29.00 defg
100% FC  25.00 fg 49.00 abc 62.00 a 45.00 bcd 41.00 bcd 27.00 fg
40% FC 3.00k 3.20k 3.20k 3.20k 3.70 jk 5.00 hi
U3 slass 60% FC 3.20k 5.50 fghi 4.50 ij 3.50k 470i 6.50 def
No. of flower 80% FC 3.50k 6.20 efg 5.20 ghi 5.00 hi 6.50 def 8.50 ab
100% FC  5.20 ghi 8.00 bc 7.00 de 7.50cd 7.00 de 9.00a
i conlie 40%FC  87.00a 63.00 cde 64.00 cd 74.00 b 75.00 b 65.00 c
S1009) =5 60% FC  60.00 def 46.00 m 59.00 efgh 53.00 ijkl 59.00 efg 57.00 fghi
Stomatal resisance 80% FC 57.00 fghi  54.00 hijk 50.00 kim  57.00 fghi 56.00 fghi 55.00 ghij
sec) (mmol/m 100% FC 53.00ijkl  51.00 jkim 39.00n  51.00 jkim 49.00 Im 49.00 Im
40% FC  2.20 ghi 4.80 ab 520 a 3.70 cd 3.80 cd 530a
Syl gy 60% FC 1.90 hi 3.60 cd 3.60 cde 3.60 cde 3.50 cde 4.00 bc
L eaf-free pro|ine (umo|/g) 80% FC 1.80i 3.30 cdefg 3.30 cdefg 3.30 cdef 3.40 cdef 3.10 cdefg
100% FC 1701 3.20 cdefg 3.20 cdefg  3.10 cdefg 3.20 cdefg 3.00 cdefg

)5 a0y3 O Jlosinl o 3 (6 I3 ime BB 4SSl 9051 a5l wliie g (gl (o pSile gty 4
In each column, means with similar letters are not significantly different in probability level of 5%, from the Duncan's multiple range

tests.

Ol aals (Branson et al., 1967) 595 o oLS 3,Slas ¢ glis)|
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95 1 Lawyp ,» (Jabbari & Khaleghnezhad, 2014) sl 5l
2956 olS p ad) Syme yhwni) sl Sl g pomgiy g
4 Cod (SWiB IS5 Candy ) 1G9y Colin &5 1035 ()18
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axs yd oS (Vikram, 2007) Seb o oS 5 sl Sy
Cle g o yws (Galleguillos et al., 2000) ads, s, o,
I, (Narula et al., 2000) 59y 5 youwd dlox I olie ol
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Table 4- Analysis of variance on the effect of drought stress and bacterial strains on soil biological characteristics

©lapo (aS0be
Oyt 2alio Mean squares
Sources of variation Sl was WSSl gy gudiS (9550 8395 Cuunnd § (3355 SIglio pws

Basal respiration Substrate-induced respiration Microbial Biomass Carbon Metabolic quotient

S 3 0.51 ** 1398.00 ns 511.50 ns 0.0002 ns
Rep
st 5  1239.00 ** 708317.00 ** 559223.00 ** 0.04 **
Bacteria
2 3 3084.00 ** 122720.00 ** 742915.00 ** 0.01*
Drought
Us“f XSt g5 13340 % 45732.00 ** 42159.00 ** 0.002 **
Bacteriax Drought
losl ollas
e & 72 2.40 93.70 76.80 0.0006
Error
oS o g
S RO 15.80 1450 22.40 2.30
CV (%)

s Yl ize BMEBINS 5 )b me duoyd iy 9 S o )d Cud a™ g

**k

**and * significant at 1% and 5% and ns, not significant, respectively
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Table 5- Mean comparison on the effect of drought and bacterial strains interactions on soil biological factors

) . o SASL ey
SB ) SR i3 Bacterial strain
3? ;L:é?é?,?slﬁi Drought b L)s/:)'t?;;?iccllljlsus Bacillus  Lysibacillus sp. Achromobacter sp. B_af;illus
stress Control B19 sp. B60 B103 B124 subtilis GB03
S a5 40% FC 5.20j 12.48d 14.36 bc 6.93 hi 11.90d 5.90 ij
T 60% FC 7.10 hi 13.24 cd 148D 10.11e 12.00d 6.10 ij
Basal respiration 80% FC  7.70 gh 16.86 a 14.96 b 10.20 e 15.10b 8.40 fy
(mg C-COzkkg) 10006 FC  9.20 ef 16.92a 1655a 12.44d 17.00a 10.17 ¢
as Sy s 40% FC 550 p 27.83d 20.17¢g 7.300 12.80 jk 10.80 Im
Substrate-induced 60% FC 8.25no 3117¢ 22.00 f 15.58i 18.30h 12.75 jk
respiration 80% FC  19.17 mn 31.25¢ 2597 e 16.50 hi 20.39 fg 12.80 jk
(mg Cl/kg) 100% FC ~ 11.00 kI 34.83b 40.30 a 17.40 hi 25.67e 13.75j
(295550 0355 Caus (pyS 40% FC 84.40 k 296.00 hij 448.00 fg 398.00 gh 237.00 ij 348.00 ghi
Microbial biomass 60% FC  114.00 k 593.00de  646.00 de 613.00 de 348.00 ghi 367.00 ghi
carbon 80% FC  224.00j 599.00de  844.00 ab 685.00 cd 412.00 fg 548.00 ef
(mg/kg) 100% FC  228.00j 775.00 bc 909.00 a 696.00 cd 846.00 ab 896.00 a
40% FC 0.06 a 0.04c 0.03d 0.02e 0.05b 0.02e
SIglie S 60% FC 0.06 a 0.02e 0.02e 0.02e 0.03d 0.02e
Metabolic quotient 80% FC 0.03d 0.01f 0.01f 0.01f 0.04c 0.02e
100% FC 0.04 c 0.02e 0.01f 0.03 ij 0.02 e 0.01f

)5 00,3 O Jlossl a3 (gl ime BMB] 5SSl yg05T a5l wlie g (s (slapSile e ya 4
In each column, means with similar letters are not significantly different in probability level of 5%, from the Duncan's multiple
range tests.
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