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Abstract

Plant growth-promoting rhizobacteria (PGPR) can enhance plant growth and defence.
Via plant-mediated effects, PGPR have been reported to impact the performance of
generalist leaf-chewing insects either negatively or positively. However, only a few in-
sect species, mainly feeding on aboveground tissues, have thus far been investigated.
Here, we investigated how addition of rhizobacteria to the soil in which cabbage plants
are growing affects the performance of three chewing insect herbivores, two leaf chew-
ers and one root feeder. In a greenhouse experiment, we grew white cabbage (Brassica
oleracea) plants in soil supplemented with and without the rhizobacterium Pseudomonas
simiae WCS417r. We investigated the consequences for three important insect pests of
Brassica species, larvae of the cabbage moth Mamestra brassicae, the diamondback moth
Plutella xylostella, or the cabbage root fly Delia radicum after 5 weeks of plant growth.
We recorded aboveground plant biomass, insect biomass, plant defence marker gene
expression levels and plant defence-related hormone concentrations. Rhizobacterial
inoculation increased aboveground plant biomass in non-infested plants but not in in-
fested plants. Rhizobacterial inoculation affected insect performance differently: on
PGPR-inoculated plants biomass of Plutella xylostella was lower, while biomass of Delia
radicum was higher than on control plants. However, no effect was found on Mamestra
brassicae biomass. Rhizobacterial inoculation increased the expression of the defence
marker gene LOX2 in P. xylostella-infested plants and MYC2 in M. brassicae-infested
plants. Transcription levels of the plant defence marker gene PAL1 showed upregula-
tion between inoculated and non-inoculated insect-free plants. Levels of the phyto-
hormones jasmonic acid, salicylic acid and abscisic acid were similar in inoculated and
non-inoculated plants. We conclude that rhizobacterial inoculation has potential to be
applied in the protection of cabbage crops against the diamondback moth whereas this

does not apply to reducing damage caused by the cabbage moth or cabbage root fly.
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1 | INTRODUCTION

Insect damage to crops is estimated to be five to twenty per cent of
global crop production (Deutsch et al., 2018). Increasing agricultural
output calls for effective insect pest control, which is at the same
time environmentally sustainable. One of the innovative contribu-
tions to sustainable pest control is the use of beneficial soil microbes.
Beneficial microbes can enhance plant growth and defence against
a range of attackers (Kloepper et al., 2004; Pieterse et al., 2014;
Pineda et al., 2010; Raaijmakers et al., 2009). A group of plant ben-
eficial microbes are plant growth-promoting rhizobacteria (PGPR).
Plants may gain benefits from the interaction with the bacteria, for
example through increased photosynthesis (Zhang et al., 2008) or
increased nutrient supply (Pii et al., 2015). There are also indirect
effects on plant fitness, such as the exclusion of pathogenic bacteria
(Massalha et al., 2017) or antibiotic production by rhizobacteria (de
Souza et al., 2003). Moreover, PGPR may mediate induced systemic
resistance towards attackers such as herbivorous insects and patho-
genic microbes (Pieterse et al., 1998, 2014; Pineda et al., 2010).

Rhizobacterial colonization primes plant defence against future
attack: defence responses to attack are induced faster and stron-
ger as a result of root colonization by PGPR (Conrath et al., 2006;
Pieterse et al., 2014). Rhizobacterially induced systemic resistance
(ISR) involves phytohormonal regulation, such as the jasmonic
acid (JA) signalling pathway (Pieterse et al., 2012). Generally, rhi-
zobacteria-triggered ISR has adverse effects on insect herbivores,
specifically on chewing insects that mainly trigger the JA defence
signalling pathway (Berendsen et al., 2012; Erb et al., 2012; Pineda
et al., 2010). Nevertheless, there are examples where rhizobacterial
colonization does not influence insect attackers (Disi et al., 2018) or
even favours insect performance (Boutard-Hunt et al., 2009; Megali
et al., 2014; Pineda et al., 2012).

The consequences for insect feeding on rhizobacteria-colonized
plants may depend on several factors, such as the plant organ at-
tacked. Therefore, the outcomes of rhizobacterial-treated plants on
insect antagonists are potentially plant and/or insect specific. Plant
defence can vary between belowground and aboveground tissues
(Biere & Goverse, 2016). For example, in response to belowground
herbivory, JA acid levels are enhanced in roots, but not as much as JA
levels in leaves in response to aboveground herbivory. This suggests
that hormonal sensitivity in roots is higher than in aboveground
tissues (Erb et al., 2012). Aboveground and belowground environ-
ments differ distinctly in biological, physical and chemical properties
as well as in the species of herbivorous insects that feed on them.
Root herbivores have different traits compared to aboveground
herbivores, such as longer life cycles and limited mobility (Johnson
et al., 2016). So far, the effect of PGPR on plant defence against be-
lowground-feeding insects has received little attention, which will
be addressed in this present study.

Here, we investigated the effects of a PGPR on cabbage plants.
We focus on host plant traits such as plant growth, plant carbon and
nitrogen content and defence gene expression and biomass growth

of three chewing insect herbivores, one root-feeding species and
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two leaf feeders. The cabbage root fly Delia radicum is considered a
pest insect herbivore on roots of cruciferous crops, mainly in north-
ern Europe. The females lay eggs near the stem of the plant, and
after hatching the larvae mine into the plant's main root. The larvae
pupate in the soil. The diamondback moth Plutella xylostella is the
most important pest herbivore of cruciferous crops and has a global
distribution (Zalucki et al., 2012). The first instar larvae are leaf min-
ers, and the older larvae feed on the underside of the leaves with
a preference for the younger leaves. The cabbage moth Mamestra
brassicae feeds on several crop species and is a pest insect in Europe
and Asia. The larvae feed first on the older leaves, but will later tun-
nel through the crop head, leaving behind frass that contributes to
crop rotting.

We employed the rhizobacterium Pseudomonas simiae WCS417r,
formerly P. fluorescens WCS417r, and the crucifer crop Brassica oler-
acea cv capitata. We addressed the following research questions: (a)
How does P. simiae WCS417r inoculation affect the performance of
P. xylostella, M. brassicae and D. radicum larvae? (b) How does P. simiae
WCS417r colonization and insect feeding affect plant defence re-
sponses? Based on previous research on the effect of P. simiae soil
inoculation on growth of B. oleracea plants and on performance of
P. xylostella and M. brassicae, we hypothesized that rhizobacterial
inoculation increases plant biomass and negatively affects perfor-
mance of the three chewing insect herbivores, which would advo-
cate support the use of these microbes in a sustainable agriculture.

2 | MATERIALS AND METHODS

2.1 | Rhizobacterium Pseudomonas simiae WCS417r
and plant growth conditions

The non-pathogenic epiphytic rhizobacterium Pseudomonas simiae
WCS417r, a rifampicin-resistant strain, was grown on King's B (KB)
medium agar plates containing 25 pg/ml rifampicin during 48 hr at
28°C (Pieterse et al., 1996). Prior to soil inoculation, a bacterial solu-
tion was made with sterilized 10 mM MgSO,, and adjusted to a cell
density of 1 x 107 colony forming units CFU/ml (ODyyo = 1.0).
Seeds of white cabbage (Brassica oleracea cv. Christmas
Drumhead, provided by the Centre for Genetic Resources,
Wageningen, The Netherlands) were surface-sterilized with 80%
ethanol for 1 min, followed by 15 min in 1% hypochlorite solution
and washed three times with sterilized tap water. Seeds were in-
cubated at 5°C for 3 days to synchronize germination and sown on
twice autoclaved (121°C, 20 min, 24 hr in between treatments) soil
(Horticoop b.v., Slingerland Potgrond) mixed 1:3 with Perlite (Agra-
perlite, grain size 3). Either rhizobacterial solution or 10 mM MgSO,,
solution was added to the soil at 50 ml/kg. After one week, plants
were transplanted to 11 x 11 x 12 cm pots with soil that was treated
with P. simiae as previously described or with control soil treated
with sterilized 10 mM MgSO,,. Plants were watered twice per week
such that the soil stayed moist as visually judged from the soil sur-

®

face, and 50-ml fertilizer Hyponex™ was added once per week
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after transplant. Plants were grown at 20 + 2°C and 70% RH in a
greenhouse. Photoperiod was maintained at 16:8 hr (light:dark) with
additional lighting provided by halide bulbs (400 W) when photo-
synthetic active radiation (PAR) dropped below 400 pmol/s/mz. The
plants used in the experiments were 5 weeks old when they were

infested with insects.

2.2 | Insectrearing

Cabbage root fly, Delia radicum L. (Diptera: Anthomyiidae), was
caught in 2013 near Zeewolde, The Netherlands, and reared at
22 + 2°C, natural daylight, and fed on 1:1:1 mix of milk powder, sugar
and yeast flakes. Larvae were reared on roots of Rutabaga, Brassica
napus. Cabbage moth larvae Mamestra brassicae L. (Lepidoptera:
Noctuidae) were reared on Brassica oleracea L. gemmifera cv. Cyrus
at 22 + 2°C, 40%-50% RH, 16L:8D photoperiod. Larvae of the dia-
mondback moth Plutella xylostella L. (Lepidoptera: Plutellidae) were
reared on B. oleracea L. gemmifera cv. Cyrus (22 + 2°C, 40%-50% RH,
16L:8D photoperiod. Newly hatched larvae of all three species were

used in the experiments.

2.3 | Insect performance, plant growth
measurements and plant sampling

Plants were covered by a nylon mesh bag. On each plant either 5
neonate larvae of M. brassicae or P. xylostella were placed per plant
(Kroes et al., 2016). For the root herbivore D. radicum, 20 neonate
larvae were added carefully to the exposed top segment of the
roots at the transition between root and shoot (Soler et al., 2010).
Aboveground insects were weighed on day 4 and day 10 post-in-
festation (dpi) on a microbalance (CP2P, Sartorius AG, Germany) to
the nearest 0.001 mg. Belowground insects emerging as adults from
the soil in the pots were caught in the mesh bags and collected once
every 24 hr. Flies were then frozen and weighed on a microbalance
(CP2P, Sartorius AG) to the nearest 0.001 mg. After insect removal,
plants were harvested and their fresh weight was determined.
Subsequently, plants were dried at 70°C for 48 hr and weighed indi-
vidually to the nearest 0.1 mg (Mettler Toledo). For nutrient analysis,
the fifth leaf was collected, counted from the top. Leaves from four
plants were pooled for infested plants, and from two plants for un-
infested plants. The leaves were freeze-dried, ground in liquid nitro-
gen and weighed. Dried samples were stored at -20°C until analysis.
Carbon and nitrogen content were assessed with a CHNS analyser
(TruSpec CN determinator, LECO Corporation).

By the end of the experiment, the B. oleracea roots were in-
spected to confirm the presence of Pseudomonas bacteria. Root
material (1 g fresh biomass) was collected and shaken vigorously
for 1 min in 9 ml of 10 mM MgSO, containing 0.5 g of glass beads
(425-600 pm, Sigma-Aldrich), and the solution was serially diluted.
Dilutions were plated with 50 pl solution in duplicate onto KB agar

medium supplemented with 25 pg/ml rifampicin, cyclohexamine

100 m/ml, chloramphenicol 13 mg/ml and ampicillin 50 mg/ml to
select for fluorescent Pseudomonas spp. (Pieterse et al., 1996). The
dilution plates were incubated for 48 hr at 28°C.

2.4 | Plant gene expression analysis

From the same batch of plants used for insect performance, we evalu-
ated gene expression of the JA/ET associated Lipoxygenase-2 (LOX2),
transcription factor (MYC2) and SA associated genes Phenylalanine
ammonia-lyase-1 (PAL1) and Pathogenesis-related protein-1 (PR1) in
leaves. One leaf disc (1 cm diameter) was collected 24 hr after in-
festation. For M. brassicae- or P. xylostella-infested plants, the first
fully expanded herbivore-damaged leaf was sampled. For D. radi-
cum-infested plants and control plants, the fourth leaf from the top
was sampled. Tissue was immediately frozen in liquid nitrogen and
stored at -80°C for RNA extraction. Leaf discs from four plants were
pooled for each insect treatment and from two plants for the control
treatment without insects. Leaf samples were ground with pestle
and mortar in liquid nitrogen.

Total RNA was isolated with an RNA extraction kit (Isolate Il
RNA Plant Kit, Bioline), according to the manufacturer's proto-
col. Synthesis of cDNA was carried out with a cDNA synthesis kit
(SensiFAST, Bioline) following the manufacturer's instructions and
diluted five times. Stock primers were diluted four times. Efficiency
of each primer was determined before gRT-PCR analysis (CFX96™
Real-Time System, Bio-rad). For the full primer list, see Table S1. A
Bio-rad 1000 machine was used to carry out qPCR. Reaction mix-
tures (25 pl) contained 10 pl of SYBR Green gPCR master mix (Bio-
rad), cDNA and 5 pl of each primer. The thermocycle parameters
were as following: initial polymerase activation, 10 min at 95°C, fol-
lowed by 40 cycles of 30 s at 95°C, 60 s at 57°C and 30 s at 72°C.
Conditions were determined by temperature gradient testing for all
primers and a mixture of eight random samples cDNA from the ex-
periment. From six reference genes (Act-2, Btub, EF1a, GAPDH, PER4,
SAR1a), SAR1a and Act-2 were selected as optimal reference genes.
Relative gene expression was calculated from primer efficiency with
the software gBase + 3.1 (Biogazelle), through the CNRQ (Calibrated
Normalized Relative Quantity) method.

2.5 | Analysis of phytohormones jasmonic acid,
salicylic acid and abscisic acid

From the same samples that were used for phytohormone analysis, a
portion was lyophilized (Snijders type 2040 lyophylizer, Tilburg, The
Netherlands) and extracted with methanol. Phytohormone analy-
sis was performed on an Agilent 1200 series HPLC system (Agilent
Technologies) coupled to a tandem mass spectrometer (Vadassery
et al., 2012), with the modification that a tandem mass spectrometer
QTRAP 6500 (SCIEX) was used. Total concentration of jasmonates
(JAs) was calculated by summation of the concentrations of JA, JA-
lle, cis-OPDA, OH-JA, OH-JA-Ile and COOH-JA-lle.
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2.6 | Statistical analysis

To check normality and homogeneity of the data, we used Shapiro-
Wilk's test, and inspecting residuals through visualization using qqg-
plots and Cullen and Frey graphs. Insect performance data were
analysed with a linear mixed model or generalized linear mixed
model, depending on normality and homogeneity of the data with
plant and emergence day for D. radicum, fit by the REML method, as
random factors. Plant biomass, gene expression, phytohormone and
plant carbon and nitrogen data were analysed with Student's t test
or generalized linear model depending on normality and homogene-
ity of the data, with « = 0.05. All plants were included in analyses. If
suitable, post hoc Tukey's tests were run with a maximum likelihood
fit (Laplace Approximation). The statistical tests were carried out
with RStudio version 1.1.423 (R Core Team, 2018) using packages
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car (Fox & Weisberg, 2019), Imtest (Zeileis & Hothorn, 2002), readxl,
ggplot2, fitdistrplus and Ime4 (Bates et al., 2015).

3 | RESULTS
3.1 | Effects of P. simiae soil inoculation on
P. xylostella larval biomass and plant traits

The effects of rhizobacterial soil inoculation resulted in significant
decrease of the body mass of P. xylostella larvae by 20% (LMM:
;(2 = 7.25, df = 1, p = .007; Figure 1c) compared to the control
after 10 days of insect feeding. For an overview of all experiments,
measurements made and numbers of replicates, see Table 1. Shoot

dry weight, leaf carbon and nitrogen content of plants infested by
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FIGURE 1 Effects of Pseudomonas simiae soil inoculation on Plutella xylostella growth performance and plant parameters. (a) Shoot dry
weight of P. xylostella-infested cabbage plants growing in inoculated or non-inoculated soil. (b) Carbon and nitrogen content of leaves with

P. xylostella feeding on inoculated or non-inoculated cabbage plants in g/kg dry weight. (c) P. xylostella larval biomass 10 days post-infestation
feeding on inoculated or non-inoculated cabbage plants. (d) Concentrations of the plant hormones jasmonic acid (JA) and total jasmonates
(JAs), salicylic acid (SA) and abscisic acid (ABA) in leaves of P. xylostella-infested plants growing in inoculated or non-inoculated soil in ng/g
dry weight. (e) Plant defence marker gene expression in leaves of P. xylostella-infested plants growing in inoculated or non-inoculated soil
relative to expression of housekeeping genes. Bars show mean + SE; numbers in bars are number of replicates per treatment. Asterisk

(*) indicates significant difference between control plants and plants grown on P. simiae inoculated soil [Colour figure can be viewed at

wileyonlinelibrary.com]
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TABLE 1 Overview of experiments performed and the numbers of replicates for each of the plant and insect variables measured

Carbon-nitrogen analysis

and phytohormones

Gene expression

24 hr PI

Plant growth

Number of insect individuals

measured for biomass

Number of
plants

Number of samples

Number of samples

12 weeks

6 weeks

Inoculation

Insect treatment
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80
76
82

20
20
20
20
10
10
21

None

Plutella xylostella

Pseudomonas simiae

None

Mamestra brassicae

87

Pseudomonas simiae

None

No insect

Pseudomonas simiae

122

None

Delia radicum

89

20
10
10

Pseudomonas simiae

None

No insect

Pseudomonas simiae

P. xylostella were not affected by rhizobacterial soil inoculation (shoot
dry weight: > = 0.08, df = 1, p = .78; Figure 1a; carbon content: t
test: t = -1.01, df = 8, p = .34; nitrogen content: t test: t = -0.73,
df = 8, p = .49; Figure 1b). We explored possible phytochemical
mechanisms for the reduced larval growth by examining defence-
related plant traits. The concentrations of the phytohormones JA,
SA and ABA in P. xylostella-infested leaves were not affected by soil
inoculation with P. simiae (JA: t test: t = 0.66, df = 8, p = .52; total jas-
monates: GLM: 42 = 1.07, df = 1, p = .30; SA:GLM: 4% = 1.47, df = 1,
p=.23; ABA: t test: t =0.45, df = 8, p = .66; Figure 1d). The transcript
level of the plant defence marker gene LOX2 was higher in leaves of
plants grown in P. simiae inoculated soil compared to leaves of con-
trol plants after 24 hr of insect infestation; transcript levels for the
other three genes were not affected by P. simiae inoculation (LOX2:
GLM: 42 = 13.07, df = 1, p < .001; GLM: MYC2: 42 = 0.24, df = 1,
p =.63; PAL1: GLM: 42 = 3.39, df = 1, p = .065; PR1: GLM: 42 = 0.45,
df =1, p = .50; Figure 1e).

3.2 | Effects of P. simiae soil inoculation on
M. brassicae larval biomass and plant traits

The effects of rhizobacterial soil inoculation did neither influ-
ence the body mass of M. brassicae larvae after 10 days of feeding
(GLMM: ;{2 = 0.25, df = 1, p = .61; Figure 2c), nor plant shoot dry
weight, carbon or nitrogen leaf content (shoot dry weight: GLM:
;(2 =0.08,df =1, p=.77; Figure 2a; carbon content: t test: t = -0.86,
df = 4.44, p = .43; nitrogen content: t test: t = -0.35, df = 8, p = .74;
Figure 2b) of M. brassicae-infested plants. Rhizobacterial inoculation
did not affect phytohormone levels of JA, total jasmonates, SA or
ABA in leaves (JA: t test: t = 0.73, df = 8, p = .48; total jasmonates:
ttest: t = 1.16, df = 8, p = .28; SA: GLM: 42> = 0.78, df = 1, p = .38;
ABA: GLM: 12 < 0.01, df = 1, p = .93; Figure 2d) of plants infested
by M. brassicae. Finally, rhizobacterial soil inoculation affected tran-
script levels of marker gene MYC2, whereas the levels of the three
other marker genes were not affected in leaves after 24 hr of cat-
erpillar feeding (LOX2: GLM:;{2 =0.05,df =1, p =.83; MYC2: GLM:
7*=6.02,df=1,p=.014; PAL1: GLM: 42 < 0.01, df = 1, p = .96; PR1:
GLM: 42 = 2.65, df = 1, p = .10; Figure 2e).

3.3 | Effects of P. simiae soil inoculation on
D. radicum adult biomass and plant traits

Rhizobacterial inoculation resulted in increased adult weight of D. radi-
cum (LMM:;(2 = 6.85,df =1, p < .001; Figure 3c). The effect size of the
random factor plant was 25%, indicating that the individual plant was
important for the fly weight. The effect size of random factor of emer-
gence day was 6%. Development time until insect adult emergence
was similar for inoculated and non-inoculated plants (non-inoculated:
median = 37 days post-infestation DPI, 3rd quartile = 39 DPI, n = 38;
inoculated: median = 38 DPI, 3rd quartile = 39 DPI; GLMM:;(2 =2.07,
df =1, p =.15, n = 39). Shoot dry weight of D. radicum-infested plants
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FIGURE 2 Effects of Pseudomonas simiae inoculation on Mamestra brassicae growth performance and plant parameters. (a) Shoot dry
weight of M. brassicae-infested cabbage plants growing in inoculated or non-inoculated soil. (b) Carbon and nitrogen content in leaves with
M. brassicae feeding on inoculated or non-inoculated cabbage plants in g/kg dry weight. (c) Mamestra brassicae larval biomass 10 days post-
infestation feeding on inoculated or non-inoculated cabbage plants. (d) Concentrations of the plant hormones jasmonic acid (JA) and total
jasmonates (JAs), salicylic acid (SA) and abscisic acid (ABA) in leaves of M. brassicae-infested plants growing in inoculated or non-inoculated
soil in ng/g dry weight. (e) Plant defence marker gene expression in leaves of M. brassicae-infested cabbage plants growing in inoculated

or non-inoculated soil relative to expression of housekeeping genes. Bars show mean + SE; numbers in bars are number of replicates per
treatment. Asterisk (*) indicates significant difference between control plants and plants grown on P. simiae inoculated soil [Colour figure can

be viewed at wileyonlinelibrary.com]

was similar for inoculated and non-inoculated plants (t test: t = -1.61,
df = 39, p = .12; Figure 3a). Soil inoculation did not influence leaf car-
bon or nitrogen content (carbon content: t = -1.23, df = 8, p = .25;
nitrogen content: t test: t = -1.62, df = 8, p = .14; Figure 3b) of plants
infested by D. radicum. Insect infestation and rhizobacterial inocula-
tion did not affect the foliar concentrations of the phytohormones JA,
total jasmonates or ABA, but did have an effect on SA levels (JA: t test:
t = -0.31, df = 8, p = .76; total jasmonates: GLM: ;(2 =049, df =1,
p = .48; SA: GLM: 42 = 5.34, df = 1, p = .021; ABA: GLM: ;2 = 2.46,
df =1, p = .12; Figure 3b) or defence marker gene expression in leaves
of D. radicum-infested plants after 24 hr of herbivory (LOX2: GLM:
7 <001, df =1, p = .97, MYC2: GLM: % = 0.47, df = 1, p = .49; PALI:
GLM: 42 = 1.00, df = 1, p = .32; PR1: GLM: 42 = 0.16, df = 1, p = .69;
Figure 3e).

3.4 | Effect of P.simiae soil inoculation on traits of
uninfested plants

The addition of P. simiae to the soil increased shoot dry weight of
uninfested cabbage plants after 6 weeks of exposure by on average
33% (t test: t = -2.99, df = 17, p = .008; Figure 4a), whereas carbon
or nitrogen content of leaves were not affected (carbon content:
t test: t = -0.79, df = 7, p = .46; nitrogen content: t test: t = 0.83,
df = 7, p = .44; Figure 4b). Foliar concentrations of SA were higher
and concentrations of ABA lower for plants inoculated with bac-
teria compared to control plants, whereas JA concentration was
unaffected by bacterial inoculation (JA: t test: t = -0.26, df = 7,
p = .80; total jasmonates: GLM:;(2 =0.82,df=1,p =.37; SA: t test:
t = -2.64, df = 7, p = .033; ABA: GLM: 4% = 13.3, df = 1, p < .001;
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FIGURE 3 Effects of Pseudomonas simiae inoculation on Delia radicum growth performance and plant parameters. (a) Shoot dry weight of
D. radicum-infested cabbage plants growing in inoculated or non-inoculated soil. (b) Carbon and nitrogen content in leaves with D. radicum
feeding on inoculated or non-inoculated cabbage plants in g/kg dry weight. (c) Delia radicum adult weight by emergence feeding on
inoculated or non-inoculated cabbage plants. (d) Concentrations of the plant hormones jasmonic acid (JA) and total jasmonates (JAs), salicylic
acid (SA) and abscisic acid (ABA) in leaves of D. radicum-infested plants growing in inoculated or non-inoculated soil in ng/g dry weight. (e)
Plant defence marker gene expression in leaves of D. radicum-infested cabbage plants growing in inoculated or non-inoculated soil relative
to expression of housekeeping genes. Bars show mean + SE; numbers in bars are number of replicates per treatment. Asterisk (*) indicates
significant difference between control plants and plants grown on P. simiae inoculated soil [Colour figure can be viewed at wileyonlinelibrary.

com|]

Figure 4c). Bacterial inoculation resulted in lower expression level
of the marker gene PAL1 in leaves, whereas the expression levels of
PR1, LOX2 and MYC2 were unaffected (LOX2: GLM:;(2 =3.76,df=1,
p=.053; MYC2: GLM: * =0.26,df = 1, p = .61; PAL1: GLM: 4? = 7.07,
df =1, p =.008; PR1: GLM: 42 = 0.01, df = 1, p = .91; Figure 4d).
For 12-week-old plants, rhizobacterial inoculation did neither
affect shoot dry weight (t = -0.75, df = 18, p = .46; Figure 5a) nor
foliar carbon or nitrogen content (carbon: t test: t = -1.80, df = 7,
p = .11; nitrogen: GLM: 3% = 1.31, df = 1, p = .25; Figure 5b), nor fo-
liar levels of JA, SA and ABA (JA: t test: t = 0.55, df = 7, p = .60; total
jasmonates: GLM: 42 = 0.52, df = 1, p = .47; SA: GLM: 4? = 1.61,
df =1, p=.20; ABA: GLM:;{2 =0.43,df =1, p = .51; Figure 5c).

3.5 | Re-isolation of Pseudomonas from plant
rhizosphere

Pseudomonas bacterial concentration was higher in inoculated soil
than in non-inoculated soil after both 6 weeks and 12 weeks of
plant growth on agar media selective for Pseudomonas. The control
soil contained on average 2.7 x 10 Pseudomonas bacterial CFU/g
of rhizosphere after 6 weeks. The inoculated soil contained ap-
proximately 76 times more, that is on average 2.05 x 108 CFU/g
of rhizosphere. After 12 weeks of plant growth, control soil had
on average 5.74 x 10® CFU/g, and inoculated rhizosphere soil had
2.5x 10’ CFU/g.
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FIGURE 4 Effects of Pseudomonas simiae inoculation on 6-week-old cabbage plants. (a) Shoot dry weight of cabbage plants growing in
inoculated or non-inoculated soil. (b) Carbon and nitrogen content in leaves of cabbage plants growing in inoculated or non-inoculated soil in
g/kg dry weight. (c) Concentrations of the plant hormones jasmonic acid (JA) and total jasmonates (JAs), salicylic acid (SA) and abscisic acid
(ABA) in leaves of cabbage plants growing in inoculated or non-inoculated soil in ng/g dry weight. (d) Plant defence marker gene expression
in leaves of cabbage plants growing in inoculated or non-inoculated soil relative to expression of housekeeping genes. Bars show mean + SE;
numbers in bars are number of replicates per treatment. Asterisk (*) indicates significant difference between control plants and plants grown
on P. simiae inoculated soil [Colour figure can be viewed at wileyonlinelibrary.com]

4 | DISCUSSION

Our study shows that inoculation of Pseudomonas simiae WCS417r
into the soil differentially influences the performance of three chew-
ing insect herbivores feeding on cabbage plants. Insect biomass data
for P. xylostella showed decreased growth when cabbage plants were
colonized by P. simiae WCS417r, suggesting an induced systemic
plant defence response. This suggestion is supported by higher
transcript levels of the defence marker gene LOX2 in P. xylostella-
infested leaves of rhizobacteria-inoculated plants. Plutella xylostella
feeding has been previously shown to upregulate LOX2 as part of
plant defence in cabbage (Li et al., 2016). Upregulation of plant de-
fence marker genes has previously been reported in conjunction
with P. simiae-treatment in A. thaliana plants (Pangesti et al., 2016).
Concentrations of JA, SA or ABA in P. xylostella-infested leaves were

not affected by rhizobacterial inoculation. A plausible explanation

of why JA and ABA concentrations were not affected whereas the
expression of LOX2, functioning in the biosynthetic pathway of JA
and ABA biosynthesis, was upregulated is the long time interval be-
tween taking tissue samples for gene expression analysis (24 hr) and
phytohormone quantification (6-12 weeks).

Rhizobacterial soil inoculation did not affect biomass of M. bras-
sicae larvae. Previous work shows that upregulation of LOX2 is
part of plant defence against M. brassicae feeding on cabbage (Li
etal.,, 2016). In our study, M. brassicae-induced transcription of LOX2
nor jasmonate production was affected by rhizobacterial inocula-
tion; however, JA-dependent transcription of MYC2, was upregu-
lated by rhizobacterial inoculation without an effect on growth of
M. brassicae larvae. This finding shows that the three chewing herbi-
vores have different effects on the regulation of expression of genes
in the JA pathway. Studies on other plants show various effects of

P. simiae inoculation on M. brassicae performance. When feeding on
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FIGURE 5 Effects of Pseudomonas simiae inoculation on 12-week-old cabbage plants. (a) Shoot dry weight of cabbage plants growing in
inoculated or non-inoculated soil. (b) Carbon and nitrogen content in leaves of cabbage plants growing in inoculated or non-inoculated soil in
g/kg dry weight. (c) Concentrations of the plant hormones jasmonic (JA) and total jasmonates (JAs), salicylic acid (SA) and abscisic acid (ABA)
in leaves ng/g dry weight. Bars show mean + SE; numbers in bars are number of replicates per treatment [Colour figure can be viewed at

wileyonlinelibrary.com]

Arabidopsis thaliana plants, P. simiae WCS417r colonization can both
negatively or positively affect M. brassicae larvae, depending on soil
nutrient concentration and drought stress (Fernandez de Bobadilla
et al., 2017; Pangesti et al., 2015). Addition of fertilizer in our study
may have offset potential negative effects of P. simiae on M. brassi-
cae growth.

Delia radicum performed better on plants in rhizobacteria-treated
soil compared to D. radicum on control plants. The effects of rhi-
zobacterial inoculation of plants on D. radicum have not been stud-
ied so far. However, root microbial community structure is altered
when D. radicum is feeding on oilseed rape (Brassica napus) (Ourry
et al., 2018). Additionally, another belowground chewer, the beetle
Diabrotica speciosa Germar (Coleoptera: Chrysomelidae), is nega-
tively affected by rhizobacterial inoculation of Azospirillum brasilense
in maize (Santos et al., 2014).

We propose three non-mutually exclusive mechanisms that may
explain the increased D. radicum biomass. First, cabbage root bio-
mass may have increased due to rhizobacterial inoculation, thereby
increasing food availability to D. radicum larvae. How cabbage root
biomass is affected by P. simiae is not yet known, although in the
related plant A. thaliana, P. simiae WCS417r increased root and shoot
biomass (Pangesti et al., 2017). Second, root production of secondary
metabolites such as glucosinolates may be affected by PGPR coloni-
zation. PGPR inoculation may reduce glucosinolate levels in A. thali-
ana roots when colonized by Kosakonia radicincitans rhizobacteria
(Witzel et al., 2017). However, glucosinolate levels did not influence
D. radicum performance in five wild cabbage populations (Van Geem
et al., 2015). Yet, glucosinolates stimulate oviposition by D. radicum

(Roessingh et al., 1992), but it is not known whether the behaviour of
D. radicum larvae is affected by glucosinolate levels. A third explana-
tion may be found in direct interactions between the PGPR and the
insect. Compounds secreted by P. simiae may either act as feeding
stimulants, or interact with insect gut microbes to increase nutrient
acquisition. The gut microbiome of D. radicum larvae may contain
PGPR. For example the PGPR strain Pseudomonas sp. PRGB06 has
been found in the gut of P. xylostella (Indiragandhi et al., 2008), but
has yet to be found in belowground feeders. Further research is
needed to determine whether P. simiae WCS417r stimulates feeding
by D. radicum.

Uninfested rhizobacteria-inoculated plants exhibited downreg-
ulated expression of the marker gene PAL1, whereas expression of
JA-associated marker genes was similar to that in uninfested con-
trol plants. Previous studies showed an upregulation of JA-related
marker genes in P. simiae colonized A. thaliana plants (Pangesti
etal., 2016).

We found that rhizobacterial inoculation increased plant biomass,
a result in line with previous research. Our results present the first
report of cabbage growth promotion in response to colonization by
P. simiae WCS417r. Cabbage plants have previously been shown to
respond to rhizobacterial colonization by increased growth; several
rhizobacterial species increase plant growth (Turan et al., 2014). Plant
growth promotion by P. simiae WCS417r has been shown in other plant
species such as grapevine, radish and banana (Berendsen et al., 2015).
Yet, for some plant species this strain did not promote growth, such
as tobacco (van Loon et al., 2008). Hence, the strain possesses speci-

ficity to plant species. This study's observed growth-promoting effect
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was lacking in herbivore-infested plants. This may be explained by
increase of plant defence in infested plants. According to the hypoth-
esis of a growth-defence trade-off, plant resources will be distributed
to either expansion or protection, where one will be adjusted for the
other. An increase of defence in the experimental plants would thus
be expected to result in lowered plant growth.

In conclusion, growth and defence of cabbage plants can benefit
from the beneficial rhizobacterium P. simiae WCS417r. Interestingly,
we found a positive effect on the performance of the root herbi-
vore D. radicum whereas for other chewing root herbivores nega-
tive effects have been recorded. Thus, promotion of plant growth
and improving resistance to chewing insect herbivores through soil
inoculation with rhizobacteria has potential to be applied in the
protection of cabbage crops against the diamondback moth. Our
experiments did not demonstrate similar protective effects of rhi-
zobacterial inoculation with P. simiae against cabbage moth larvae or

larvae of cabbage root fly.
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