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Abstract

Plant probiotic bacteria have been found to induce systemic plant defense and affect the interactions between plants and
insects across different trophic levels. In this research, the effect of a probiotic bacterium, Bacillus subtilis (strain S) on
life table parameters of Brevicoryne brassicae, and its parasitoid wasp, Diaeretiella rapae, on canola was investigated.
The results showed that the S strain significantly reduced the intrinsic rate of increase (r) of the cabbage aphid. The values
of the intrinsic rate of increase (r) were 0.302 + 0.012 and 0.237 + 0.007 (day™?) for control and plant probiotic bacteria-
treatments, respectively, while, net reproductive rates (Ro) were 16.60 + 1.90, and 33.71 £ 2.60 (offspring/individual),
respectively. The study on the biology of parasitoid wasp showed no significant differences in various life table
parameters, except for the mean generation time (T) between control and bacteria-treatments. Additionally, the gas
exchange was measured on the control and canola treated with the various strains of B. sabtilis including S, GBO3, INR?7,
AS, and BS. The results indicated that the highest and lowest photosynthetic rates were calculated in S and AS, with rates
of 21.66 and 5.91 umol (Coz)/m?/S, respectively. Based on our findings, the S strain of B. subtilis, by reducing the aphid's
capacity to increase its population, can be used as an effective agent in the integrated management of the cabbage aphid.
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Table 1. Mean (xSE) duration of different life stages of cabbage wax aphid (days) on the canola inoculated with S strain

of Bacillus subtilis and no-bacteria treatment (control).

Life stages Control S strain
Nymphl 1.22 +0.06 %" 1.18 + 0.05?
Nymph2 1.88 £ 0.15? 2.17+0.132
Nymph3 2.30+0.162 2.07+0.778
Nymph4 1.69 + 0.09? 150+ 0.112
Total preimaginal period 7.10+£0.148 6.98 £ 0.202
Pre-reproduction period 0.21 +0.07° 0.77 £0.162
Reproduction period 12.83 + 0.612 9.17 +0.71°
Post-reproduction period 3.76 £ 0.472 2.20+0.27°
Total adult longevity 16.80 + 0.832 11.89 +£0.91°
Total life cycle 23.90 + 0.86° 18.66 + 0.58°

*Means with different letters in each row, indicate significant difference between the treatments (Paired bootstrap test; a = 0.05)
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Figure 1. Curves of age-specific survival (ly), age-specific fecundity (my), age-stage specific survival (Sy) and age-stage
specific life expectancy (ey) of Brevicoryne brassicae on the canola inoculated with S strain of Bacillus subtilis and no-

bacteria treatment (control).
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Table 2. Life table parameters of cabbage wax aphid on the canola inoculated with S strain of Bacillus subtilis and no-

bacteria treatment (control).

Population parameters Control S strain
Intrinsic rate of increase (r) (day™?) 0.302 + 0.007%" 0.237 £ 0.012°
Finite rate of increase (1) (day?) 1.353 £ 0.0102 1.268 + 0.016°
Net reproduction rate (Ro) (offspring/individual) 33.71 + 2.60? 16.60 + 1.90P
Gross reproduction rate (GRR) (offspring/individual) 41.99 + 2.48? 26.24 +1.92°
Mean generation time (T) (days) 11.62 £0.232 11.79 £ 0.41°2

*The different letters in each row, indicate significant difference between the treatments (Paired bootstrap test)
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Table 3. Mean (SE ) duration of various developmental stages (days) of Diaeretiella rapae on canola inoculated with S
strain of Bacillus subtilis and no-bacteria treatment (control).

Preimaginal Adult Total life  Oviposition
period longevity cycle period

Treatment Gender Eggst+larvae Pupa

Control Female 8.77 £0.41%" 4.22+0.13* 13.00 +0.442 250+0.10° 1550+0.44* 250 +0.10°
Male 8.75+0.398 3.90+0.16* 12.81+0.502 2.00+0.19% 14.92+0.53 -
Male+female 8.76 £0.29% 4.12+0.10*° 1294 +0.33? 2.33+0.10° 1517+0.36% -

S strain Female 8.35+0.27* 3.46+0.13° 11.82+0.31° 2.78+0.15* 14.60+0.29F 2.78+0.152
Male 8.44+0.44% 3.44+0.24* 11.88+0.51? 250+0.18* 1456+0.24* -

Male+female 8.34+0.22°  3.46+0.11° 11.83+0.26° 2.72+0.12%8 1456+0.24* -
*The different letters in each column, indicate that there is significant difference in the data of the same sex between two different
treatments (Paired bootstrap test)
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Table 4. Life table parameters of Diaeretiella rapae on the canola inoculated with S strain of Bacillus subtilis and no-

bacteria treatment (control).

Population parameters Control S strain
Intrinsic rate of increase (r) (day?) 0.160 £ 0.0122 0.186 +£0.011°
Finite rate of increase (1) (day™?) 1.172 +0.0142 1.204 +0.013?
Net reproduction rate (Ro) (offspring/individual) 9.90+1.53% 11.29+1.492
Gross reproduction rate (GRR) (offspring/individual) 34.08 £5.712 25.44 + 4,328
Mean generation time (T) (days) 14.32 +0.41° 12.96 £ 0.16"

*The different letters in each row, indicate significant difference between the treatments (Paired bootstrap test)
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Figure 2. Curves of age-specific survival (ly), age-specific fecundity (my), age-stage specific survival (Sy) and age-stage
specific life expectancy (ey) of Diaeretiella rapae on the canola inoculated with S strain of Bacillus subtilis and no-

bacteria treatment (control).
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Table 5. Mean values of traits related to gas exchange in canola with and without aphid infestation under the influence

of different strains of Bacillus subtilis and control.

Substomatal

cavity

Stomatal Transpiration S Photosynthetic
carbon dioxide Leaf temperature
conductance rate concentrations <) rate pumol (Coz)/
Treatment  Mol/mZs (mmol(H20)/m2.s) m2. s
(mmol)
Plant + Plant + Plant + Plant + Plant +
aphid Plant aphid Plant aphid Plant aphid Plant aphid Plant
Control 0.14%*  0.23>™"  5,03% 7.54°x 396.40%  396.83% 33.28%  33.36%*  5.90% 12.89%
INR7 0.18 0.17b 6.24%x  537% 388.50%*  363.60% 33323 32.326 8313 13,14
AS 0.53% 0.30 9.69% 8.40Px 427.75% 452.25% 31.25"  32.85 10.31*  5.91%
BS 0.26%x (.22 6.110 7.500 376.16% 387.60> 33.80%  33.86% 6.43% 14,22
S 0.21%y  0.70™ 6.94%y 1241  401.50% 446.00% 33.27&  31.48% 10.06%  21.66*
GBO3 0.30%x (.27 8.118x g 2gbx 420.20% 413,60 32,22 33,142 11.49%  11.93™

*Different letters (a, b & c) in the same column indicate significantly different among various treatments (P<0.05, LSD after one-way
ANOVA) and different letters (x and y) in the same row indicate a significant difference between plant and plant + aphid on the same

treatment (P < 0.05, t-test).

Frwgid €5 GRS crge (Sogll g Lulyd 0 AS alu
TP Al jpax 5o (Jy Sl oad vall jlans 4y Ced ol
Ul iy ol a9 el ools aolidl a4y | iangd
Egozme ;3 .Cowl 05505 o2l,8 oL lp |y 4t o ls o >

Lyls o BS glas slicul 4 adllas 5,50 sloaslos plos
Sial38l ol jled 4 G 1) liwgid £ cald 4 Sogll
O,les il Neves et al. (2006) zobs olwl o .alosls
ilites slaaslaz b oud zeadls GlalS yiawgid Sud s Solis
g lals O lus als e 4y Wl oo 4l jea> 0 525U
ok aals b avslie 0 5 xSL o 5 51,0 sl o Sles zals
Solae ol cwmoplis plwgd b slagy

slag,SL oS ols plas Gdod (pl @l ggerme 5o

J Aopl Res Plant Prot

Bacillus subtilis (¢, 5T b ous il s[5 y0 (587 oYola
claslos b oads e b g dalis 51518 (658 Yols )l

ol oals ooly las O Jgu o B. subtilis s 2SU calize
C po Slai3g, Colaa Jolds (o8 SYols @y atuly wlas
Fr 9 Sy sl @iy, SBUI S aST oo cdale (5,m
lales o (Dlas adS polie g ol (6 S ojlail iwgsd
Golds s 4y Sogll g Sogdl e Il g0 4o 40 5 calise
Oiy-ios (One way ANOVA; 0=0.05) aciils o g
s3> 3 (Sl g QaliS 5o Fiesid €55 5o Gl e
@id ol Sogll Ll i jo 0l svalin 5,50 S alo>
Sologxe oS S g BS wals slbajles jo juwgd &5
i 5B Sl g ol plas Sogdl e Lylid 4 Cas
aSul azgy BB s el ol jiiwgd (g, ald & lus

$




OF ) YEO-YOF (V) VY Kl 5olS 0 (g0, slo jing s

Yoo

b Slads g IS g3 S 5 5 0aiSe ST (g5, « Sigug
20,5 gy sl 50 g AL LeT bl 50 Ll

&l Sl
olisle S 531, Rl ssies 5 o Calom 5l HE s

References

Abd El-Salam AME, Nemat AM, Magdy A, 2011.
Potency of Bacillus thuringiensis and Bacillus
subtilis against the cotton leafworm, Spodoptera
littoralis (Bosid.) larvae. Archives of Phytopathology
& Plant Protection 44(3): 204-215.

Ahmadi K, Ebadzadeh H, Hatami F, Mohammadnia
Afroozi SH, Esfandiaripour E, et al., 2021. Crop
Product Statistics for the Crop Year 2019-2020.
Ministry of Jihad Agriculture, Deputy of Planning
and Economy, Information Technology Center. 97
Pp.

Alekseev VY, Veselova SV, Rumyantsev SD,
Burkhanova GF, Cherepanova EA, et al., 2021.
Bacteria of the genus Bacillus and their lipopeptides
enhance endurance of wheat plants to the greenbug
aphid Schizaphis graminum rond. 4th International
Conference of Modern Synthetic Methodologies for
Creating Drugs and Functional Materials,
November 19th, Yekaterinburg, Russia. P. 30001.

Bernal JS, Gonzalez D, David-DiMarino E, 2001.
Overwintering potential in California of two Russian
wheat aphid parasitoids (Hymenoptera: Aphelinidae
et Aphidiidae) imported from central Asia. Pan-
Pacific Entomologist 77: 28-36.

Carey JR, 2001. Insect biodemography. Annual Review
Entomology 46: 79-110.

Choudhary DK, Johri BN, 2009. Interactions of Bacillus
spp. and plants—with special reference to induced
systemic resistance (ISR). Microbiological Research
164(5): 493-513.

Chi H, 1988. Life-table analysis incorporating both sexes
and variable development rate among individuals.
Environmental Entomology 17(1): 26-34.

Chi H, 1990. Timing of control based on the stage
structure of pest population: A simulation approach.

Journal of Economic Entomology 83(4): 1143-1150.

Ll olS (olas SlapanslSe Cusi b wiilys oo Ssmg
T ol &l S g 25kes delacsls oIS _age 4z (gl |,
B. sabtilis 55U S wlax jazine jsb 4 iy als |,
2 lgige g ol alh Comex Glalil cud )b galS Cage
Sledn 0,5 )18 Hlaine T opl (il o poe slaasl
oSt soaiss ple b (ST Sllllas o 005 e

Chi H, 1994. Periodic mass rearing and harvesting

based on the theories of both the age —specific life table
and the age-stage, two-sex life table. Environmental

Entomology 23(3): 535-542.

Chi H, Liu H, 1985. Two new methods for the study of
insect population ecology. Bulletin of the Institute of

Zoology, Academia Sinica 24(2): 225-240.

Chi H, Su HY, 2006. Age-stage, two-sex life tables of
Aphidius  gifuensis  (Ashmead) (Hymenoptera:
Braconidae) and its host Myzus persicae (Sulzer)
(Homoptera: Aphididae) with mathematical proof of
the relationship between female fecundity and the net
reproductive rate. Environmental Entomology 35(1):

10-21.

Chi H, 2019. TWOSEX-MSChart: A Computer program
for the age-stage, two sex life table analysis; National
Chung Hsing University, Taichung, Taiwan.

Denoirjean T, Ameline A, Couty A, Dubois F, Coutte F,
Doury G, 2022. Effects of surfactins, Bacillus
lipopeptides, on the behavior of an aphid and host
selection by its parasitoid. Pest Management Science
78(3): 929-937.

Dicke M, Baldwin LT, 2010. The evolutionary context
for herbivore-induced plant volatiles: beyond the ‘cry
for help’. Trends in Plant Science 15: 167-185.

Ellis PR, Pink DAC, Phelps K, Jukes PL, Breeds SE,
Pinnegar AE, 1998. Evaluation of a core collection of
brassica accessions for resistance to Brevicoryne

brassicae. Euphitica 103: 149-160.

Fahimi A, Ashouri A, Ahmadzadeh M, Hoseini Naveh,
V, Asgharzade A, et al., 2013. Effect of PGPR on
population growth parameters of cotton aphid,

Phytopathology & Plant Protection 74: 1274-1285.

J Appl Res Plant Prot

$




YoF

epplS (pog0 4d pwliiiCans; / 51 Sa0 g Lo S

Gadhave KR, Finch P, Gibson TM, Gange AC, 2016.
Plant  growth-promoting  Bacillus  suppress
Brevicoryne brassicae field infestation and trigger
density-dependent and density-independent natural
enemy responses. Journal of Pest Science 89: 985—
992.

Gadhave KR, Gange AC, 2022. Soil-dwelling Bacillus
spp. affects aphid infestation of calabrese and natural
enemy responses in a context-specific manner.
Agricultural & Forest Entomology, 24(4): 618-625.

Geetha I, Paily KP, Manonmani AM, 2012. Mosquito
adulticidal activity of a biosurfactant produced by
Bacillus subtilis subsp. subtilis. Pest Management
Science 68(11): 1447-1450.

Hempel S, Stein C, Unsicker SB, Renker C, Auge H,
2009. Specific bottom-up effects of arbuscular
mycorrhizal fungi across a plant-herbivore-parasitoid

system. Oecologia 160: 267-277.

Jayakumar A, Krishna A, Mohan M, Nair IC,
Radhakrishnan EK, 2019. Plant growth enhancement,
disease resistance, and elemental modulatory effects
of plant probiotic endophytic Bacillus sp. Fcll.
Probiotics & Antimicrobial Proteins 11: 526-534.

Kahia M, Nguyen TTA, McCune F, Naasz R, Antoun H,
Fournier V, 2021. Insecticidal effect of Bacillus
pumilus PTB180 and Bacillus subtilis PTB185 used
alone and in combination against the foxglove aphid
and the melon aphid (Hemiptera: Aphididae). The
Canadian Entomologist 153: 726-740.

Kazemi M, Talebi AA, Tazerouni Z, Fathipour Y, Rezaei
M, Mehrabadi M, 2020. Thermal requirements of
parasitoid wasp, Diaretiella rapae (Hym.:
Braconidae) reared on Schizaphis graminum (Hem.:
Aphididae) under laboratory conditions. Plant Pest
Research 10(2): 1-13.

Kloepper JW, Ryu CM, Zhang S, 2004. Induced systemic
resistance and promotion of plant growth by Bacillus
spp. Phytopathology 94(11): 1259-1266.

Montazersaheb H, Zamani AA, Sharifi R, Darbemamieh
M, 2023. How the plant probiotic bacteria and
herbivore-induced plant volatiles (HIPVs) alter

@D OB

.org/licenses/by-nc/2.0/)

functional response of Phytoseiulus persimilis
(Phytoseiidae) on the two-spotted spider mite.
Acarologia 63(3): 834-843.

Neves AD, Oliveria RF, Parra JRP, 2006. A new concept
for insect damage evaluation based on plant
physiological variables. Annals of the Brazilian
Academy of Sciences 78(4): 821-835.

Pangesti N, Weldegergis BT, Langendorf B, van Loon JJ,
Dicke M, Pineda A, 2015. Rhizobacterial
colonization of roots modulates plant volatile
emission and enhances the attraction of a parasitoid
wasp to host-infested plants. Oecologia 178(4):
1169-1180.

Pineda A, Zheng SJ, van Loon JJA, Dicke M, 2012.
Rhizobacteria modify plant—aphid interactions: a case
of induced systemic susceptibility. Plant Biology 14:
83-90.

Pineda A, Soler R, Weldegergis BT, Shimwela M, Van
loon JAA, et al., 2013. Non-pathogenic rhizobacteria
interfere with the attraction of parasitoids to aphid-
induced plant volatiles via jasmonic acid signaling.
Plant, Cell & Environment 36(2): 393-404.

Raymer PL, 2002. Canola: an emerging oilseed crop. In:
Janick J, Whipkey A, (eds). Trends in New Crops
And New Uses. ASHS Press, Alexandria, VA. Pp.
122-126.

Solhjouy-Fard S, Talaei-Hassanloui R, Maali-Amiri R,
Sword GA, 2023. Effect of endophytic Beauveria
bassiana on growth traits of five rapeseed varieties
(Brassica napus). Journal of Applied Research in
Plant Protection 12 (1): 87-94.

Xun-Chao C, Hui L, Ya-Rong X, Chang-Hong L, 2013.
Study of endophytic Bacillus amyloliquefaciens
CCO09 and its antifungal cyclic lipopeptides. Journal
of Applied Biology & Biotechnology 1: 001-005.

Yi

HS, Yang JW, Ryu CM, 2013. ISR meets SAR
outside: additive action of the endophyte Bacillus
pumilus INR7 and the chemical inducer,
benzothiadiazole, on induced resistance against
bacterial spot in field-grown pepper. Frontiers in
Plant Science 4: 122.

This is an open access article under the CC BY NC license (https://creativecommons






