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Abstract

Introduction

Iran has an arid and semi-arid climate, making the cultivation of stress-tolerant crops and the use
of strategies to mitigate water stress particularly important. Camelina, an oilseed crop from the
Brassicaceae family, is tolerant to unfavorable environmental conditions, and its seeds possess
desirable nutritional qualities for both human consumption and animal feed. The use of plant
growth-promoting rhizobacteria represents an environmentally friendly approach to alleviating
the adverse effects of water stress in plants. This study aimed to evaluate the ability of plant
growth-promoting rhizobacteria to improve the growth and yield performance of camelina under
drought stress conditions.

Materials and Methods

The experiment was conducted as a split-plot arrangement within a randomized complete block
design with three replications at the research farm of the Agricultural Sciences and Natural
Resources University of Khuzestan during the 2021-2022 growing season. The experimental
factors included different irrigation levels (A: normal irrigation as the control, B: irrigation cut
off at the flowering stage, and C: irrigation cut off at the pod formation stage) in the main plots,
and different bacterial applications (non-application, Pseudomonas aeruginosa, Pseudomonas
fluorescens, Bacillus subtilis, Bacillus amyloliquefaciens, and mixtures of Pseudomonas and
Bacillus strains) in the subplots.

Results and Discussion

Analysis of variance showed that the interaction between irrigation and bacterial treatments was
significant for plant height, number of siliques per plant, seed yield, biological yield, seed oil
percentage, and oil yield. As water stress intensified, both seed and biological yields decreased.
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Irrigation cut off at the flowering stage reduced seed and biological yields by 40% and 36.7%,
respectively, while irrigation cut off at the pod formation stage reduced them by 18.4% and
14.5% compared with normal irrigation. The highest seed yield (1285 kg ha™) and biological
yield (5832 kg ha™') were obtained with Bacillus subtilis under normal irrigation. Under irrigation
cut off at the flowering stage, application of the bacterial mixture increased seed yield to 813 kg
ha™ and biological yield to 3882 kg ha’, representing a 27% improvement compared with the
control. In the same treatment, the highest oil yield (286 kg ha™) was achieved with the bacterial
mixture, corresponding to a 34.2% increase over the control. Overall, Bacillus subtilis was more
effective under normal irrigation and mild stress at the pod formation stage, whereas the bacterial
mixture proved more effective under severe stress (flowering stage), enhancing the tolerance of
camelina to irrigation withholding more than individual bacterial strains.

Conclusion

The results suggest that under normal irrigation and irrigation cut off at the podding stage,
inoculation with Bacillus subtilis significantly increased camelina seed and biological yields
compared with other treatments. Under irrigation cut off at the flowering stage, the bacterial
mixture produced the highest increases in seed and biological yields. Overall, the use of a
mixture of plant growth-promoting rhizobacteria was more effective in enhancing tolerance to
severe drought stress than the application of individual strains. These findings highlight the
potential of plant growth-promoting rhizobacteria as a sustainable and eco-friendly approach for
improving camelina productivity under water-limited conditions, offering valuable implications
for arid and semi-arid regions.
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Table 1. Physical and chemical properties of soil at the experiment site

Total organic carbon N P K PH EC Soil texture
(%) (%) (mgkg') (mgkg!) (ds m)
04 0.05 8.1 120 8 4.1 Silty clay
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Table 2. Meteorological data from Ahvaz meteorological station during the experimet period

Meteorological Parameters December January  February March April May
Minimum temperature (°C) 10.7 6.8 6.5 11.7 14.7 20.1
Maximum temperature (°C) 23.7 18.2 20.6 25.1 325 36.3
Precipitation (mm) 44.1 65.1 134 43 0 9.8
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Table 3. Analysis of variance for effects of irrigation, bacteria and their interactions on some agronomic
traits of camelina

Sub-

Plant Siliques Length of  Siliques per  Seeds per 1000 seed
df . branches . s o .
S.0.V height diameter silique plant silique weight
per plant

Block 2 187.08 0.1235 0.08 1.21 1198.4 2.33 0.0078
Irrigation (A) 2 2795.3" 19.21™ 2.94" 0.3559™ 15920.5™ 14.44" 0.1336"
Error (a) 4 314.07 0.1741 0.55 0.6911 404.80 1.30 0.0175
Bacteria (B) 5 178.28™ 221 0.03" 0.2070™ 1742.3™ 1.797 0.0016™
AxB 10 198.69" 0.5502" 0.05" 0.0584™ 411.7" 0.26™ 0.0004™
Error (b) 30 89.55 0.2569 0.16 0.1832 174.6 0.69 0.0139
CV (%) 11.16 6.83 8.51 5.00 7.50 8.02 11.65

)b@uﬁij\.a)b@‘giﬁ_Jw’!c]aﬂja)la‘_g'augf.;jqnsjemw&

¥, ** and ns: are significant at 5 and 1% probability levels and non-significant, respectively

Ladols”™ (2133 Slao 2 (S 3L 9 ST S5m0 1 uSlo dwlic -F Jou>

Table 4. Mean comparison for the interaction between irrigation and bacteria on agronomic traits of

camelina
. Sub-branches Siliques per
L . Plant height Y ques p
Irrigation Bacteria (cm) per plant plant
(number) (number)
Non- inoculation 90.1°¢ 7 g7b-d 191.4>¢
B. amyloliquefaciens 95.2% 8.55% 209°
B. subtilis 111.9* 9.33% 246.8°
Normal irrigation P. aeruginosa 84.7d°F 7.67% 185.7°F
P. fluorescens 108.2% 8.57% 206.6%
Bacterial mixture 92.3% 8.60% 19434
Non- inoculation 64.7¢ 593 134.6/
B. amyloliquefaciens 73.4% 5.93¢" 138.48
B. subtilis 72.17% 6.50™ 152.6™
Irrigation cut-off at flowering
stage P. aeruginosa 76.1°¢ 6.63°¢ 135.9f
P. fluorescens 64.6* 5.73" 148.5™
Bacterial mixture 82.0°" 7 47 166.8™"
i i . gi
Non- inoculation 78 4de 7 07t 160.3
B. amyloliquefaciens 80.7¢" 7.23%f 174.8%¢
o B. subtilis 84.9¢f 8.30™ 197.9%
Irrigation cut-off at the pod
formation P. aeruginosa 89.6°¢ 7.07% 167.2%"
P. fluorescens 83.7°F 7.03%f 170.4¢"
. . b-e
Bacterial mixture 93 7b4 3 10M 191.49

51 (6 )15 snn VI LSD 0 g05T 3 do 53 gty (sllast Jlozm | pelans 53 60 gt 2 53 S 2 Up o 611 sla 0 Kile

Means with same letters in each column, are not significantly different based on the LSD test atthe 5% probability level.
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Figure 1. Effect of different irrigation levels on

silique diameter of camelina. Means with the same

letters are not significantly different at P <0.05
(LSD test).
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Figure 2. Effect of irrigation levels on number of seeds
per silique of camelina. Means with the same letters are
not significantly different at P <0.05 (LSD test).
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Figure 3. Effect of bacteria on number of seeds per
silique of camelina. Means with the same letters are

not significantly different at P <0.05 (LSD test).
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Figure 4. Effect of different irrigation levels on 1000
seed weight of camelina. Means with the same letters
are not significantly different at P < 0.05 (LSD test).
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Table 5. Analysis of variance for the effects of irrigation, bacteria and their interaction on quantitative and
qualitative traits of camelina

df Biological Seed Harvest Seed oil Oil Seed Protein
S.0.V yield yield index content yield protein yield
content
Block 2 13976.7 75393 7.78 2.59 1228 0.22 96.9
Irrigation (A) 2 15279703 819775™ 5.03™ 484.6™ 284191™ 36.14%* 12692%*
Error (a) 4 301097 6865 9.73 8.70 1002 14.37 342
Bacteria (B) 5 965216™ 43705™ 2.06™ 30.10 185117 7.53™ 1317™
BxA 10 351374° 20975° 2.66™ 14.40 8334™ 6.17™ 420™
Error (b) 30 159006 8697 8.33 6.37 1620 4.06 887
CV (%) 9.64 10.52 13.40 6.73 11.78 9.77 16.84

)‘:@Aﬁbjwjécl.;‘g&dw‘chﬂ):)hw%j45IlS‘9** &

* ** and ns: are significant at 5 and 1% probability levels and non-significant, respectively

Lakols™ (s” 9 (05 Dloo 3 S35 9 ST i 0B 3 1 (ilae duslin —F J9or
Table 6. Mean comparison for the interaction between irrigation and bacteria on quantitative and
qualitative traits of camelina

Biological Seed vield Seed oil  Oil yield
Irrigation Bacteria yield (k lzla") content (kgha')
(kgha) T° (%)
Non- inoculation 4712%¢ 1131%¢ 40.08>¢ 453.2%
B. amyloliquefaciens 5208 10584 43.70% 459.6"
B. subtilis 5832° 1285 47.70° 613°
Normal irrigation P. aeruginosa 4327%¢ 931%¢ 38.81°° 36150
P. fluorescens 5099 1163 4358.24° 503.7°
Bacterial mixture 4740>° 1009 40.21%¢ 405.4°¢
non- inoculation 2834) 504 31.66" 188.11
B. amyloliquefaciens 2802) 623! 29.02" 179.6'
L B. subtilis 32674 680M 32.41%h 219.7%
Irrigation cut-off at
flowering stage P. aeruginosa 3109 6441 31.89¢ 205.28
P. fluorescens 3047 663" 31.72¢ 210
Bacterial mixture 38826 §138 35.23¢%¢ 2864
non- inoculation 3771 g]7¢h 35.20%¢ 288¢
B. amyloliquefaciens 4172¢¢ 850" 37.58°¢ 319.4%
L. B. subtilis 4826>¢ 1017%¢ 40.96" 417.6°¢
Irrigation cut-off at
the pod formation P. aeruginosa 4076 837" 3638 304.8%
P. fluorescens 4247%¢ 860 38.98¢ 335.1¢¢
Bacterial mixture 44810 985" 40.37"¢ 397.5¢¢

I (gl e M ILSD 0503 o .u):c'._“;lla;'- JLnb-lcla,djsco}:.n,a):észi» yyes 6‘)‘36h@§;l¢‘
Means with same letters in each column, are not significantly different based on the LSD test at the
5% probability level.
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