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Article Info ABSTRACT

Article type: Background and Objectives: Drought is one of the environmental stresses
Full Length Research Paper  that significantly affects plant growth, impacting morphological and
physiological characteristics. This stress can lead to a reduction in
photosynthesis, transpiration, and stomatal conductance, ultimately

Article history:

Received: 07.28.2024 resulting in decreased crop yield. Plant growth-promoting bacteria (PGPB)
Revised: 08.13.2024 are recognized as a factor in enhancing plant resistance to drought stress.
Accepted: 10.05.2024 The objective of this study was to evaluate the simultaneous effect of

inoculation with various strains of PGPB and foliar application of
potassium nitrate on the growth characteristics and gas exchange of lime

K ds: . 7 .
cywores (Citrus aurantifolia) to enhance drought resistance.

Drought stress,
Plant growth-promoting
bacteria, Materials and Methods: In this study, the effect of PGPB at five levels

Potassium nitrate (Enterobacter cloacae El, Bacillus subtilis CSI, Enterobacter cloacae
R33, a consortium of the three mentioned strains, and a control with no
bacterial inoculation) along with foliar application of potassium nitrate at
two levels (0 and 20 grams per liter) under three different irrigation
regimes (40%, 70%, and 100% evapotranspiration potential) was evaluated
on the growth characteristics and gas exchange of one-year-old lime
seedlings (Mexican lime). The dry weight of the aerial parts and leaf area
were measured once at the end of the experiment, while other parameters
were collected at three time points: 60, 120, and 180 days after the start of
the experiment. This study was conducted as a factorial experiment in a
completely randomized block design with three replications, totaling 90
experimental units.

Results: The results showed that drought significantly reduced the gas
exchange and growth characteristics of lime seedlings. Inoculation with
PGPB along with the foliar application of 20 grams per liter of potassium
nitrate improved the dry weight of the aerial parts under the highest
drought stress, with a 36.5% increase compared to the control. The highest
leaf area, measuring 1111 square meters, was observed in plants inoculated
with the R33 strain and treated with 20 grams per liter of potassium nitrate.
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Inoculation of lime seedlings with the bacterial consortium along with the
foliar application of 20 grams per liter of potassium nitrate resulted in a
61.2% increase in seedling height and a 16.6% increase in leaf number
under the highest drought stress level. At the end of the experiment, the
photosynthesis rate decreased by 29.9% compared to the start. Foliar
application of 20 grams per liter of potassium nitrate and inoculation with
PGPB improved photosynthesis. Specifically, photosynthesis in plants
inoculated with Bacillus subtilis CS1 and the three-strain consortium, along
with foliar application of 10 grams per liter of potassium nitrate, increased
by 56.1% and 43.8%, respectively, compared to plants without potassium
nitrate application and no bacterial inoculation under the same irrigation
regime. Under the highest stress level, the 40% evapotranspiration potential
irrigation regime, inoculation with the three-strain consortium along with
foliar application of 20 grams per liter of potassium nitrate improved
stomatal conductance by 333.3% compared to untreated plants. Additionally,
transpiration in plants inoculated with Bacillus subtilis CS1 increased by
138.7% compared to the control. Sub-stomatal carbon dioxide concentration
also increased by 69.4% in plants inoculated with Enterobacter cloacae
R33 and treated with potassium nitrate compared to the control.

Conclusion: The findings indicated that drought had significant negative
effects on the growth characteristics and gas exchange of lime seedlings. In
this experiment, foliar application of 20 grams per liter of potassium nitrate
along with inoculation with Bacillus subtilis CS1, Enterobacter cloacae
R33, and the three-strain consortium is suggested as the best treatment
combination, leading to improved growth indices and gas exchange. This
combination could be used as an effective strategy in managing drought
stress to mitigate the adverse effects of drought on lime plants.
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3- Drought Escape
4- Plant-growth promoting rhizobacteria (PGPR)
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1- Reactive Oxygen Species
2- Reactive Nitrogen Species
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3- Potassium Nitrate
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Table 1. The physicochemical analysis of the soil includes the concentration of mineral elements, organic
carbon content, pH, and electrical conductivity (EC).
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4- Water Use Efficiency
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6- SAS
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SSls 0031 pebal p KuSS 4 o (g5l sl (gl ls cied S e Dy glols S e Kl O gt jp s

J:.;..._J Aoy c'q: ch»a BL)
Means within each column followed by the same letter(s) are not significantly different at P<0.05
according to Duncan's test
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Fig. 2. Comparison of the mean interaction effect of bacteria x potassium nitrate X irrigation on leaf area index.
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Means within each column followed by the same letter(s) are not significantly different at P<0.05
according to Duncan's test
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Table 2. Comparison of the Mean Interaction Effects of Time x Bacteria x Potassium Nitrate x Irrigation on
seedling height and leaf number.
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The letters are arranged in order from a; to z;. After the letters a; to z; have been completed, the letters start from a, and

continue up to z,

Means that share common letters do not have statistical differences from each other based on Duncan's test at the P<0.05 level
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Table 3. Comparison of the Mean Interaction Effects of Time x Bacteria x Potassium Nitrate x Irrigation on
Photosynthesis and Transpiration Rates.
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The letters are arranged in order from a; to z;. After the letters a; to z; have been completed, the letters start from a, and

continue up to z,

Means that share common letters do not have statistical differences from each other based on Duncan's test at the P<0.05 level
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Table 4. Comparison of the Mean Interaction Effects of Time x Bacteria x Potassium Nitrate x Irrigation on
Stomatal Conductance and Sub-Stomatal CO,,

(umol.m?s™) leiss, 13 oS deSlss
Sub-Stomatal CO, (pmol m* s'l)

(mmol.m?s™) Sl cola

Stomatal Conductance (mmol m™ s'l)

(b3l g, 31 mt 335) GRSl Ol

Measurement Time

(Days After Start of Experiment)

(b3l g 31 et 355) GRSl Obes

(Days

Measurement Time
After Start of Experiment)

5
)
] 29
DT < ‘? E
38 o B 2 £
180 120 60 180 120 60 ‘t S \?ﬂw S jj 5
~ 5 m *{ =
= LA
o XE
3
36740577 373640881 386648192  O062£0:000 006520000 60, 00y
jakaliminsop igjakqlimy 20
esfy dy C1 cadsesfigy
P11 Nn101 E1
30240577 367£0577  304=0577  C00E000T g 066s 0000 070005
N101P1q1l181 s figahaisjaks 0
X1Y1 esfy by t izjikalamyng 1
1Ug 1My
362+0.577 388 +0.577 397+0.577 0.076 +0.000 0.082+0.000  0.103+0.003
. 20
aif C1 by esfigihaiy cadsesfy a;by
CSl1
309+0.577 362+0.577 408 +5.567 (.]"062 £0.000 0.074 +£0.000 0.09 +0.005
Jjakalymyng 04 . 0
ViWy aif ap eafigihaiaja c1dy
P11
349.6 +0.881 377.3+£0.881 394.5+£2.020 0.084 +0.000 0.081£0.000  0.083 +0.003 20
1 dy by cadse; cadsesfy cadse;
100%
R33 ETC
333+0.577 352 +1.527 374.3 £0.881 0.079 +£0.000 0.08 +0.000 0.09 +0.005
. 0
lymy hyiy dy dieafigahy cadsesfigy c1dy
336+0.577 361+0.577 350.6 £0.881 0.063 +£0.000 0.077 £0.000 0.08+0.005
.. . . 20
kaly aihy 11)1 Jjakaliminio1py esfigihaiy cadsesfigy
| CONSERTIUM
328340881  3366+1201  359+5507 006100000 00720000, 09, 4 o
My71,0, Kyl gy kalimyn;01p; figahaisjaks s 0
qaly lymy
311.6 £0.881 316.3 £0.881 318.3+£2.962 0.082 +0.000 0.012£0.000  0.013+0.003 20
UpVy I181t1Ug Qal181 cadsesfy h, f2g2h,
CONTROL
296 +0.577 303 +0.577 315+1.732 0.072 +£0.000 0.092+£0.000  0.110+0.005 0
27, X1y1 STELE esfigahikalajs bicy ag

)

oy



AEXZ AN o b)m ¥y 249 c@l; .\995 dL&:MQ;) 4%)‘“"’

-t Jgd> anlsl
Continue Table 4.
(pmol.m’zs'l> S35 3 oSSl (mmol.m?s™) Sl colda
Sub-Stomatal CO, (pmol m* s'l) Stomatal Conductance (mmol m” s'l)
(b3l g 31 e 335) G Sl Ol (b3l g, 31 e 355) SRSl Ol
Measurement Time Measurement Time
(Days After Start of Experiment) (Days After Start of Experiment)
=
)
72 18
— <
B % B =S
180 120 60 180 120 60 bs 53 1%
i 5 m : i ‘50
o ~ E
5
231 £0.577 251 +0.577 265+ 1.73 0.056+0.001 0.061 +0.000 0.07 :E'O:OOS
g1, hyiy f, N101P1q1l181 kqlymyns01ps figahaisjaks 20
tiug Qul lymy
El
214.3 £0.881 248 +£0.577 256.3 £2.185 0.048 +£0.000 0.047 £ 0.000 0.05 +0.005 0
Q2 izjzkz 22hy S1t1U1Vi Wy tUViW1Xg qal181t1U1Vy
27741527 317340881  352£1732  0.051+0.001 0‘2507 20900 0,080,005 2
cadze; Qal1S1tUy hyiy P1qar1S1tiUsvy * ;ftll i cadsesfigy
CS1
237641452 25040577 2616=0881 0043 =0:000 00660001 0.073+0.008
N ini fe, axU1V1W1Xg hyiqjikqly elfl.glhlll 0
Y121 myng Jjaka
326340333 339.6+0881 35561201  0.034+0.001 0‘24:) :\t/()\;IOOO 00520005
N;101P1 k1 hyiy abycaday171 2727 qal181t1U1 Ve
X1Y1Z1 70%
R33
0.043 £0.002 ETC
294 £ 1.000 309+0.577 32240577 0.028 +0.000 AV WX 0.046 +£0.012 0
71 ViWy P1daly cadze; Za it tU1VIW1X1Y1
Y121
31240577 34130666 3723+1452 00520000 907 EODOL09BEO0IE
tiugvy ky dieq P1dariSitiUsvy thalitals Crhigifuly 0
mqny Jjaka
CONSERTIUM
251340881  2793+1452 30431763 004420000 003 irO'O?"’ JU60005
hi bacads Wiky UiViW1XeY1Zs 01P1qa 118111 1M1 N1 01P1q1
vy 18
+
280+0.577 311.6 £0.881 328+0.577 0.033 +£0.000 0.053£0.000 0.05 +£0.005
01P1qar181ty 20
bcad, U1y m;n; 01 a2b,C2d574 Wy qal181t1U1 Ve
CONTROL
273 +0.577 283.3+£0.881 294.6 +1.666 0.025 +£0.000 055)7:\)(3.())(00 0.046 £0.012 0
e b, 71 cadzerfog, 2 2y ZZ i tU1VIW1X1Y1
141
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Continue Table 4.

(umol.m?s™) leiss, 13 o S deSlss
Sub-Stomatal CO, (pmol m* s'l)

(mmol.m?s™) sl cola

Stomatal Conductance (mmol m” s'l)

(b3l g 31 e 335) G Sl Ol

Measurement Time

(Days After Start of Experiment)

(b3l gt 31 e 355) G Sl Ol

Measurement Time

(Days After Start of Experiment)

3
3
)
0 35
DT < ‘? E
B % B =S
180 120 60 180 120 60 ‘t S \:15 § Jj g
g S
5 5E
5
25300666 2323+0881 26330881 OO0 =000 00220000 65, 0005
1120 1,my f, azbycaw1xg P1daTisity Qurr$1tUsVe
Y121 U1Vy
El
202 +0.577 2253+0.333  252.6+0.881 0.031 +0.000 0.037+0.000 0.046 +0.012
. abycaW1xg 0
S2 nz02 hyi, abycadzer tU1VIW1X1Y1
Y1z
2940577 2630577 291320881 004320000 O 000000600012
izjok f. a 1151t Ug V1 W, MN101P1hls haizjakaly 0
2Kz 2 2 181t1U1 VW1 ity man,
CSl1
225.6 +0.881 244 +0.577 283.6+1.333 0.035 £ 0.000 0.045 £ 0.000 0.05+0.011 0
n202 k2 b abycadaXay1zs tiUsViWiXgys Qal1S1t1U1Ve
318.6+0.881 323+0.577 329+0.577 0.025+0.000  0.024+0.000  0.03+0.005 20
Qal181 01P1q1 myny cadzerfog, daezfagohy bacadze:
40%
R33 ETC
274.6 +1.527 302 +0.577 317.6+0.881 0.013+0.000  0.018+0.000  0.026 +0.008 0
daez X1Y1 Qul1Saty f2g2h, ezf282h, cadze
26740577 27540577 28213527 005240000 0670000 0.07:0.005
gihyigjikaly figahaisjaks 20
f daez bac, P1dariSitiUsvy many 1,m,
CONSERTIUM
5152 2620577 29830881 005040000 00 =000 0060005
Jj2ka 22, Y1Z1 P1dar1SitiUsvy 1P1u(hv1 o o r1 1
1V1 151
193 +£0.577 198.3 +0.881 222 +1.527 0.018£0.000  0.025+0.000  0.03 £0.005 20
tauz Satz 02P2 ezf282h, Cadzexfz bacadze:
CONTROL
188 +0.577 208 +£0.577 218+0.577 0.012 £0.000 0.013 £0.000 0.02 +£0.005 0
uz Iz P29z 22hy f2g2h, ezf282h,

XS o g welsl 22 G 5 355 e 3T A 3l Gs = 21 Bag G 0LL Sl Llas S 15 s wzy bay ) Gy >~

et Ao C]ﬁ—w)é oSSl RIS wbijﬁ&qwd)bf Sl (ghyls (s S i oy sl &S ole Kl
The letters are arranged in order from a; to z;. After the letters a; to z; have been completed, the letters start from a, and
continue up to z,
Means that share common letters do not have statistical differences from each other based on Duncan's test at the P<0.05 level
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