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Summary
Plants are involved in multitrophic interactions between different organisms below and
above-ground. These interactions can be either beneficial or detrimental to plant growth
and development. There are several beneficial soil borne micro organisms involved in
these interactions. Among those, rhizobacteria and mycorrhiza fungi are well
documented in promoting plant growth and induce systemic resistance (ISR) against
pathogens and herbivore insects. However, little is known about the effects of
rhizobacteria ISR on indirect defense against herbivores. In the current study, plant
mediated effects of rhizobacteria on aphid parasitoid have been explored.
In this study the model plant Arabidopsis thaliana Col-0, the rhizobacteria Pseudomonas
fluorescens wcs417r, the aphid Myzus persicae and the parasitoid Diaeretiella rapae
were used. Behavioral response, oviposition preference and performance of aphid
parasitoids were investigated in control and rhizobacteria-treated plants. Using Y-tube
olfactometer, the behavioral response of D. rapae to volatiles from plants with or without
rhizobacteria and aphids was investigated. Simultaneously, volatiles from control and
rhizobacteria treatment were trapped for analysis and quantification. For oviposition
preference, one mated female wasp was allowed to oviposit on control and rhizobacteriatreated plants for 24 hours, and the number of mummies was recorded. To investigate
the effects of rhizobacteria on the performance of D.rapae, the development of parasitoid
on control and rhizobacteria-treated plants was assessed based on developmental time
to mummy and to adult, sex ratio, and dry weight of adult wasps.
Females of D.rapae were strongly attracted towards control-aphid infested rather than to
rhizobacteria-aphids infested plants. However, in uninfested plants (no aphids)
rhizobacteria did not trigger a different behavioral response of parasitoids. For oviposition
preference of D.rapae, the number of mummies was not significant different between
control and rhizobacteria treatment, however, a higher number of mummies was
recorded on control plants. The overall performance the parasitoid was not significantly
differ between control and rhizobacteria-treated plants.
It was concluded that rhizobacteria modify HIPV, however the volatile blend was not
attractive to parasitoid D. rapae. The performance and oviposition preference of aphid
parasitoid were not affected with colonization of rhizobacteria. Understanding plant
mediated effect of beneficial rhizobacteria on aphid parasitoid at molecular level using
mutants is necessary for drawing a final valid conclusion.
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1 Introduction
1.1 Background and problem statement
Multitrophic interactions are powerful forces shaping the structure and diversity of living
communities in natural and agricultural ecosystems. Plants are involved in below and
above ground interactions that can be detrimental (e.g. insect herbivores, etc.) or
beneficial (e.g. plant growth-promoting rhizobacteria, parasitoids, etc) (Van der Putten et
al 2001,Van Dam et al. 2003, Guerrieri et al. 2004, Bezemer and van Dam 2005, Antoun
and Prevost 2005, Pineda et al. 2010). To defend themselves from herbivore attack,
plants employ constitutively or induced

direct and indirect defenses (Kessler and

Baldwin 2002, Kost and Heil 2006, Dicke1999). Direct defense are any plant
characteristic such as toxins, trichomes, thorn etc. that have direct effect on physiology
and performance of insect herbivore (Schoonhoven et al. 2005,). While indirect defense
are plant characteristic that enhanced the effectiveness of natural enemies of herbivores
for example extra floral nectar as alternative food, domatia as shelter and production of
volatile organic compounds, which attract herbivore natural enemies (Dicke and Van
Loon 2000, Kessler and Baldwin 2001, Dicke . 2009). In recent years, there is increasing
evidence that below ground organisms have a significant role in induced plant defense
responses aboveground (Bezemer and van Dam 2005).
Diverse groups of beneficial soil-borne microbes (e.g. mycorrhiza fungi, plant
growth-promoting rhizobacteria) are capable of inducing systemic resistance (ISR) in
plant against pathogens and herbivores (Van Wees et al.2008, Guerrieri et al 2004,
Zehnder et al. 1997, Hartely and Gange 2009, Van Loon 2007, Choudhary et al. 2007,
van Oosten et al. 2008). The signaling pathway that control ISR and herbivore induced
defenses are partly overlap, as they both involve octadecanoid (OD) pathway with
jasmonic acid as the key signaling compound (Dicke and Van Poecke 2002, Pieterse et
al.2000). Hence, it is suggested that ISR may also affect herbivore induced plant volatile
(HIPV) which is dependent on Jasmonic acid pathway (Dicke et al. 2009). Nonetheless,
to date only few study has been done to understand effect of beneficial soil microbes on
the composition and quality of herbivores induced plant volatile (Fontana et al 2009,).
However, in that study behavior of natural enemies on emitted volatile was not tested .
Therefore, in this study effect of rhizobacteria on composition and quality of HIPV
1

investigated in parallel with bioassay experiment to investigate behavior change
parasitoid on emitted volatile.

1.2 Plant growth-promoting rhizobacteria
Plant roots encounter a great diversity of organisms, due to the nutritious
exudates of plant roots. The area of the roots that encounters a large number of
organisms is known as rhizosphere (Antoun and Prevost 2005). Among those
organisms, bacteria are present in large population densities. According to Van Loon
(2007) the density of bacteria in the rhizosphere are probably 100 - fold higher than in
bulk soil and 15% of the roots surface may be covered by micro-colonies of a variety of
bacteria strains. Some of rhizosphere microorganisms have beneficial effects to plants
since they promote plant growth and induced resistance (Van Loon 2007, Pieterse and
Dicke 2007, Antoun and Prevost 2005).
Plant growth-promoting rhizobacteria are non-pathogenic soil bacteria that provide
beneficial effects on plant through symbiosis relationship (Van Loon 2007, Antoun and
Prevost 2005). Numerous studies have been done on

the beneficial effects of

rhizobacteria on plant growth and protection (Van Loon 2007, Lugtenberg and Kamilova
2009, De Vleesschauwer and Hofte 2009). Growth promotion can be direct or indirect.
Direct mechanism include nutrients acquisition, hormonal stimulation and protection
against attackers (Van Loon 2007, Lugtenberg and Kamilova 2009, De Vleesschauwer
and Hofte 2009). While indirect mechanism is when rhizobacteria used as biocontrol
agents, biopesticide, stimulate other beneficial symbiosis etc. (Antoun and Prevost
2005).
To protect plant against attackers rhizobacteria use various mechanism such as
antagonism, nutrients competition and induced resistance in plant (Van Loon 2007,
Lugtenberg and Kamilova 2009, Antoun and Prevost 2005). Induced resistance is an
enhancement of the plant defensive capacity against broad spectrum of pathogen and
pests that acquired after appropriate stimulation. The induction of resistance by nonpathogenic bacteria such as beneficial rhizobacteria is termed induced systemic
resistance (ISR) and mediated by priming (Van Wees et al. 2008, De Vleesschauwer and
Hofte 2009). According to Conrath et al. (2009), priming is a state of the plant with
enhanced capacity to activate stress-induced defense responses. Apart from beneficial
2

microbes, priming also can be elicited by pathogens, herbivores, and some synthetic
compound such as benzothiadiazole (BTH) and β-aminobutyric acid (BABA) (Conrath et
al. 2006, Frost et al. 2008). Moreover, priming mediated by rhizobacteria is based on
increased sensitivity to the plant signaling regulated by the plant hormones jasmonic acid
(JA) and ethylene (ET) (Pieterse et al.2000,2002, Van der Ent et al. 2009). Interestingly,
directly and indirectly plant defence against herbivores are also mediated by these
hormones, thus an interaction between rhizobacteria and herbivores is expected.
Until now the effects rhizobacteria ISR on protecting plants against aboveground
insect herbivores has been revealed in several studies (Van Oosten et al., 2008,
Ramamooorthy et al., 2001, Saravanakumar, et al. 2007, 2008.). Rhizobacteria –
mediated ISR activate chitinases, proteinases, polyphenol oxidases and lipoxygenases,
and all of them are involved in direct and induced defense against insect herbivores
(Saravanakumar, et al. 2007, 2008 ). Polyphenol oxidase (PPO) and Lipoxygenase
(LOX) are known to be involved in jasmonic acid pathway (Vieira et al 2001, Luo et al.
2005a,). Direct defense effect of rhizobacteria ISR has been demonstrated in chewing
insects e.g. Spodoptera exigua, cucumber beetle, and rice leaffolder respectively (Van
Oosten et al., 2008, Zehnder et al 1997 and Saravanakumar, et al. 2007, 2008) .In all
above

studies the development of herbivores where dramatically reduced in

rhizobacteria treated plant.
However, little is known about effect of rhizobacteria ISR on indirect defense
against herbivores insect (Saravanakumar, et al. 2008, Van Oosten et al., 2008).
Saravanakumar, et al. (2008) observed increased natural enemies on rice plots treated
with rhizobacteria. While Van Oosten et al., (2008) didn’t found any significant effect of
rhizobacteria on attraction of natural enemies. In many study of rhizobacteria herbivores
interactions, chewing insect were widely used (Zehnder et al. 1997 Saravanakumar, et
al. 2008, Van Oosten et al., 2008). The effect of ISR on phloem feeders has been less
studied, it seems that rhizobacteria-ISR can have positive or no effect on aphids (De Vos
et al. 2007,Pineda et al., in prep). Boutard- Hunt et al., (2009) reported the impact of
plant growth promoting rhizobacteria

on attracting natural enemies of aphid (Myzus

persicae) in Pepper under field condition. However, in that study effect of PGPR(
Bacillus amyloliquefaciens GB99 and Paenobacillus macerans GB122) on direct and
indirect defenses against aphids were not observed probably due to contamination.
Therefore, it is worthy to investigate the effect of rhizobacteria on indirect defense
against aphids under controlled condition.
3

1.3 Multitrophic Interactions between aphids, plants and parasitoids
Aphids ( Homoptera; Aphidiae) are among major pests of many crops in the
world. According to Guerrieri and Dagilio (2008) there is no parts of terrestrial plants that
is not attacked by an aphids, either above or below ground. Aphids feed passively by
sucking the sap from vascular tissues especially phloem by using long slender and
flexible stylets. They cause both direct and indirect damage to plants, through depletion
of photosynthates and as virus vector. There are more than 4300 aphid species, most of
them living on one or a few plant species and some are alternate between two, often
very different, plant taxa (Goggin, 2007). Aphids predominantly reproduce through
parthenogenesis giving rise to a live nymph, however, in some case a sexual stage may
be present (Guerrieri and Dagilio 2008). This results in dramatically fast population
growth and rapid adaptation to environment changes. In most case aphids produce
wingless progeny (apterous) and when the condition is not favorable winged (alate)
aphids are produced. These winged progeny have to migrate to find a new suitable host
plant. During host finding, winged aphids use chemical and visual cues at a long
distance, while contact and chemical cues are used after landing to assess the plant
before start feeding (Powell et al. 2006). Walling (2008) reported that the modified
mouthparts (stylets) and the feeding habit of aphids is very accurate and produce little
mechanical damage compared to that of chewing insects e.g. caterpillars. Interestingly,
plants are capable to detect aphids damage and activate direct and indirect defenses.
According to Walling (2008), aphids and other phloem feeding insect are known
to activate the SA pathway while the JA pathway remains unchanged or decline. While
chewing insect such as caterpillars, predominantly activate JA signaling pathway
(Kessler and Baldwin 2002). Moreover, in many insect - plant interactions, JA, and SA
are key signaling compounds for defense responses against herbivores (Pieterse and
Dicke 2007, Van Poecke and Dicke 2002, Garling et al. 2008.). Interestingly, these two
signaling pathways cross-talk with an antagonist effect, which is stronger of SA on the
induction of the JA pathway than the opposite (Zhang et al. 2009, Thaler et al. 2002a).
However, recent works show that in addition to the SA pathway, aphids also induce (with
a lower intensity) the JA pathway (De Vos et al. 2005, Pineda et al. unpublished). It has
been proposed that in this way phloem feeder such as aphids and whiteflies use this
advantage of cross talk for escaping plant defenses (Zhang et al 2009, Walling 2008).
4

Production of herbivore-induced plant volatiles (HIPV) is an important defense line
used by plant to attract natural enemies (Cost and Heil 2006, Dicke 2009, Luo 2005b,
Van Poecke et al. 2001). The HIPV blend is a complex mixture of different compounds
for example tepernoids, methyl salicylate, green leaf volatiles etc. (Zhang et al. 2009,
Dicke 2009, Luo 2005a,b, Van Poecke et al. 2001). The emission of HIPV that attract
parasitoids is mainly regulated by the JA and ET pathway (Van Poecke and Dicke 2002,
Kessler and Baldwin 2002). The interference of JA signaling pathway lead to changes in
volatile blend composition (Dicke et al. 2009, Thaler et al. 2002). However, most existing
studies on HIPV have been performed with chewing insects and their parasitoids.
Recently it has been shown that the SA pathway also play a major role in production of
HIPVs in aphid–plant interactions (Girling et al 2008, Kaloshian and Walling 2005). For
instance, methyl- salycilate appear to be a key chemical compound released by plant
when infested with aphids which attract aphid natural enemies (Sasso et al. 2007, Zhu
and Park 2005 ). Due to the fact that rhizobacteria increases JA responses in plant
which is responsible for induction HIPV. Therefore, it is important to understand how
increased JA response in rhizobacteria treated plant affect induction of HIPV. To
investigate this it is worthwhile to study the multitrophic interaction between
rhizobacteria, plant, aphids and aphids parasitoid.
The objective of this study is to investigate the effect of plant growth-promoting
rhizobacteria (Pseudomonas fluoresnce wcs417r) in a multitrophic interaction with the
aphid and the aphid parasitoid ( Diaeretiella rapae) in Arabidopsis thaliana.

More

specifically the following questions and hypotheses were addressed:

1.4 Research questions and hypothesis
1- Do rhizobacteria modify the emission of plant volatiles that attract aphid parasitoid in
Arabidopsis thaliana?
Hypothesis 1: The volatile organic compounds produced by rhizobacteria infested plant
will be different from non rhizobacteria treated plants.

2- Does the presence of rhizobacteria modify the preference of the parasitoid D. rapae in
A. thaliana?
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Hypothesis 2: The presence of rhizobacteria will enhance the attraction of aphid
parasitoids

3- Does the presence of rhizobacteria modify the performance of the parasitoid D. rapae
in A. thaliana?
Hypothesis 3: Performance of the parasitoid will be higher on rhizobacteria treated
plants.

4-Does the presence of rhizobacteria modify the behavior and oviposition preference of
the parasitoid D. rapae?
Hypothesis 4: Larger number of female mated parasitoid will prefer to oviposit on
rhizobacteria-treated plants
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2. Materials and methods.
2.1 Plants, rhizobacteria and insects
Arabidopsis thaliana accession Col-0 (wild type) seeds were grown in a soil
mixture for Arabidopsis (Lentse potgrond) at 21 ± 20C, with a 8L/16D ( light/dark)
photoperiod which stimulates vegetative growth and prevents flowering. The soil was
autoclaved twice for 20 min at 121oC with a 24 h interval. Ten days after sowing the
seedlings were transferred separately to individual 100ml pots. Just before transferring
the seedlings, the soil was supplemented with either a suspension of rhizobacteria or an
equal volume of solution of 10mM MgSO4 for the control treatment. Six to seven weeksold plants were used in all the experiments.
A

nonpathogenic

rhizobacteria,

rifampicin-resistant

strain,

Pseudomonas

fluorescens WCS417r, was used for induction of ISR (Pieterse et al., 2000). The strain
was grown for 48h at 28 ± 1oC on King’s medium B (KB) agar plates. Thereafter bacteria
colony were carefully collected and resuspended in 10mM MgSO4 to a final density of
109 cfu/ml (optical density (OD660 = 1.0) before being mixed thoroughly with autoclaved
soil to a final density of 5 x 107 cfu/g (Pieterse et al., 2000).
The peach-potato aphid (Myzus persicae) was maintained on radish (Raphanus
sativus) in a greenhouse at 24 ± 2 oC, with 16L/8D ( light/dark) photoperiod. Plants were
renewed weekly. A continuous rearing of Diaeretiella rapae was maintained on
M.persicae grown on radish at 24 ± 2 oC, with 16L/8D photoperiod.

2.2 Behavioral response
To investigate the effects of rhizobacteria on the attraction of the aphid parasitoid,
a dual –choice test using Y-tube was conducted (Girling et al., 2006). A glass Y-tube
olfactometer ( 4 cm in diameter with a 13 cm stem and 11 cm arms at a 100o angle) was
used. Air was pumped through two activated charcoal filter, through Teflon tubing and
divided by a Y- junction. The two airflows then passed through two separate flow meters
(Brooks instrument B.V, Veenendaal- Holland), which regulated the flow rate at 2 L/min.
The air then passed through two air tight 5 L bottles sealed with a viton-lined glass lid
with an inlet and outlet. The Y-tube olfactometer was placed on a table with above
lighting by four 36 W fluorescent lamps. All sides of this structure were covered with
white paper to avoid influence of other light sources. All experiments were performed at
average room temperature 21 ± 1 oC and relative humidity 61 ±5%.
7

Four plants per treatment were used as source of volatiles during bioassay. For
the aphid-infested treatments, sixty aphids of first and second nymphal stages were
placed on each plant 72 hr prior the experiment. According to Girling et al., (2006) 40
aphids used 72 hours (hr) prior experiment showed weak responses by wasps, whereas
100 aphids led to a high parasitoid response. However for this experiments 100 aphids
may override the effects of rhizobacteria.
Mummies were removed from radish plants and allowed to hatch in a separately
cage with no stimulus from the plant nor the aphids. The emerged wasps were then
supplied with honey and water on cotton wool until tested. Females of the same age (2-3
days old ) were

used in these experiments (Du et al 1996). Prior to be used in

experiments, the wasps were given 1hr oviposition experience in Arabidopsis plants
infested with aphids due to the low response of naive wasps of this species (Girling et al.
2006). When in the choice test a control plant (without rhizobacteria) was tested against
a rhizobacteria-treated plant, then half of the female wasps become experienced in
control plants and the other half on plants inoculated with rhizobacteria. The response
was recorded when a single female wasp reached a line marked at 1 cm from the end of
olfactometer arm, and spent 30 seconds beyond 8 cm from such end. All non-respondent
wasps (no choice within 10 min.) were discarded from statistical analysis. Ten to twenty
female wasps and one set plants were tested per day. Four set of plants were evaluated
for each choice combination, and the total number of females used ranged from 70 to 80
female per combination. The following combinations were evaluated:
1. Control without aphids (C) vs. control and aphid-infested (CA)
2. Rhizobacteria and aphid-infested (RA) vs. control and aphid-infested (CA)
3. Control without aphids (C) vs. rhizobacteria without aphids (R)
4. Rhizobacteria and aphid-infested (RA) vs. rhizobacteria without aphids ( R ) .

8

2.3 Headspace collection and volatile analysis

Simultaneously to the olfactometer experiments, the dynamic headspace of the
tested plants was collected. To avoid plant-root damage the plastic pots were not
removed. However, in order to prevent the volatile form plastic and soil, aluminium foil
was used to cover the plastic pots and soil surface (Image 1). Before each experiment
jars were cleaned by blowing clean air for 1 minute, and thereafter clean air was allowed
for 2 hr . During four hours, air was sucked out of the bottles trough the Tenax TA
adsorbent material tube (CAMSCO,TX, USA) for volatile collection at a flow rate of 200
ml/min. Collected samples were dry-purged using Nitrogen ( 20 psi) for 10 minutes to
remove moisture and oxygen, and then stored at -20 oC until analysis.
The headspace sample were then analyzed using Thermo Trace GC Ultra
(Thermo Fisher Scientific, Waltham, USA) coupled with Thermo Trace DSQ (Thermo
Fisher Scientific, Waltham, USA) quadruple mass spectrometer (MS) were used for
separation and detection of plant volatiles. The collected volatiles were released from the
Tenax TA thermally on Ultra 50:50 thermal desorption unit (Markes, Llantrisant, UK) at
250 oC for 10 min under helium flow of 20 ml/min while re-collecting the volatiles in a
thermally cooled universal solvent trap at 10 oC using Unity (Markes, Llantrisant, UK).
Once the desorption process is completed, the temperature of the cold trap was raised to
280 °C in a ballistic heating at a fast rate (40 oC s-1) and was kept for 10 min while, the
volatiles were transferred to a ZB-5 analytical column [30m L x 0.25 mm I.D. x 1.00 m
F.T. (Phenomenex, Torrance, CA, USA)], in a splitless mode for further separation.
The analytical column was set at initial temperature of 40 °C and immediately
raised at 5 oC min-1 to 280 °C and kept for 4 min under a column flow of 1 ml min-1 in a
constant flow mode. The DSQ MS was operated in a scan mode with a mass range of 35
– 350 amu at 5.38 scans s-1 and ionization was performed in EI mode at 70 eV. MS
transfer line and ion source were set at 275 and 250 oC, respectively. Identification of
compounds was based on comparison of mass spectra with those in the NIST 05, Wiley
and Wageningen Mass Spectral Database of Natural Products MS libraries.
Experimentally calculated linear retention indices (LRI) were also used as additional
criterion for confirming the identity of compounds. Relative quantitation (peak areas of
individual compounds) was performed using a single (target) ion, in selected ion
monitoring (SIM) mode. These individual peak areas of each compound were further
used for characterization of the different plant using statistical approach.
9

Image 1. Y-tube olfactometer set-up for behavioral bioassays and simultaneous plant
volatile collection

2.5 Oviposition preference
Naive mated female wasps (2-3 days old) were used to investigate the effects of
rhizobacteria on the oviposition preference of the parasitoid. Plant were infested with 7
adults aphids and allowed to reproduce for 3 days. Therefore, during experiment
approximately (60 ±5) aphids of different life stage were used per plant to mimic aphid
colonies in the field. Four plants per treatment were arranged in groups in one cage
(approx 35 cm apart) and one mated female wasp was released at a distance of about
40 cm from plant . Most female did not show any response within 1 hrs, hence females
were allowed to oviposit for 24 hrs and

time spent to oviposit were not recorded.

Number of mummies per plant were counted 8 days after oviposition. Those replicates
10

where no mummies were recorded in any of the tested plants, were excluded from the
statistical analysis. Two treatments Control and Rhizobacteria treated plants with 36
replicate were used in this study.

2.6 Parasitoid performance
To investigate the effects of rhizobacteria on the performance of the D.rapae in
Arabidopsis, two treatments were arranged: control plants and plants with rhizobacteria.
According to Sequeira and Mackauer (1992) parasitoid performance is highly dependent
on the age of parasitized aphids. Hence aphids of the same age second instar (3 days)
were used in this experiment. Naive mated female wasps (2-4 days old) were used to
parasitized aphids. The parasitization was conducted on cabbage leaves in a petridish,
since in a preliminary experiment, parasitization with radish leaves showed that long hair
and trichomes on the leaves difficulties wasp movement and oviposition. Six aphids
were parasitized by one female wasp, thereafter 3 aphids were placed on one plant of
each treatment . The development of wasps on the two treatments was assessed
regarding

several performance parameters:

developmental time to mummy and to

adult, sex ratio, and dry weight of adult wasps. Time to mummy formation was recorded ,
and mummies were removed and kept individually until hatched. Freshly hatched wasps
were immediately frozen

and their development time was recorded until all wasps

emerged. Sex ratio of the emerged wasps were identified before the wasps killed and
dried at 80 oC for 24hrs and weighed. A total of 37 independent replicates were
analyzed.

11

Image 2. Set-up for oviposition preference test of D.rapae

Image 3. Cage used for oviposition preference
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2.7 Statistical Analysis

All bioassay, oviposition preference and performance data were analyzed using
SPSS 17. Binomial test (0.50) was used to determine preference of D.rapae between
control and rhizobacteria treatments. Due to the non-normality of the data, oviposition
preference and development time of D.rapae were statistically analyzed using Wilcoxon
test. After confirmation of the assumptions of normality and homogeneity, paired sample
t-test was used to compare weight of male and female D.rapae on the two treatments
(control vs. rhizobacteria).
The quantitative composition of volatile mixtures was evaluated by principal
components analysis (PCA) and partial least squares – discriminant analysis (PLS-DA)
using the software program SIMCAP+ 12.0.1.0 (Umetrics, MKS, MA, USA). In PCA
scores are obtained by projecting data observations onto model planes, which are
defined by the extracted principal components (PCs). PLS-DA used to find a model that
discriminates the data according to the plants treatments in the best possible way. The
peak areas of the 20 compounds with highest VIP values were log transformed and then
compared between control and rhizobacteria-treated plants with a t-test.

13

3. Results
3.1 Behavioral response
To evaluate the effects of rhizobacteria on attraction of the aphid parasitoid
Diaeretiella rapae, several choice tests were conducted. Experienced females were
strongly more attracted towards control and aphid-infested (CA) than to rhizobacteria and
aphid-infested plants (RA) (P < 0.001, binomial test) (Fig. 1A) . This effect was observed
regardless of the treatment where they acquired their oviposition experience P < 0.05
(Fig. 2A) and P < 0.01 (Fig.2B). Furthermore, the response of D.rapae was very weak
and not significantly different between uninfested control (C) and rhizobacteria ( R) (P =
0.193 ) (Fig. 1D). This effect was observed regardless of the treatment where they
acquired their oviposition experience (Fig. 3A&B). The number of non-responses were
very high in control uninfested (C) vs. rhizobacteria uninfested (R) combination
compared to the aphid infested combinations (Fig. 1E ).
Parasitoid D. rapae showed strongly significant response ( P<0.001) towards
control – aphid infested (CA) when compared with control uninfested (C) plants (Fig.
1C). Similarly, when they were given a choice between rhizobacteria - aphid infested
(RA) vs. rhizobacteria uninfested (R) they strongly responded (P< 0.01) towards
rhizobacteria–aphid infested plants (Fig. 1B). In both of the above experiment the female
D. rapae were given experienced on control and rhizobacteria treated plant respectively.

14

% no response

E

Fig. 1. Response of D. rapae females in a Y-tube olfactometer to odors from different
combination of control and rhizobacteria treatments. Horizontal bars indicate the
percentage of female Diaeretiella rapae attracted in dual choice. Asterisks indicate a
significant difference in a choice test *** P < 0.001, ** P < 0.01, * P < 0.05 and ns means
no significant ( Binomial test). Fig. 1E. Indicate the number of female Diaeretiella rapae
used (N ) and (nr) number not respond and percentage of no response wasps.
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N

Fig. 2. Response of D. rapae for the different oviposition experience. Half of the
females had experience on RA (Fig. 2A) and CA (Fig 2B). Asterisks indicate a significant
difference in a choice test ** P < 0.01, * P < 0.05.

N

nr

Fig. 3. Oviposition experience of female Diaeretiella rapae on RA (Fig. 3A) and CA (Fig
3B). There are no significant in choice of Diaeretiella rapae between control without
aphids and rhizobacteria without aphids (P > 0.05).
16
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3.2 Volatile Analysis
The blends of volatiles emitted by rhizobacteria (RA) and control aphid-infested
plants (CA) were analyzed The overall result of principle component analysis (PCA) plot
score indicates that volatile blends of RA and CA were different (Fig. 4A ), but with some
overlap. Further analysis with partial least squares – discriminant analysis (PLS-DA),
showed clear difference of RA and CA blends (Fig. 4B). Differences in composition of the
volatile blends were significantly differ in RA and CA ( Table 1.). All the compounds that
signifficantly differed between control and rhizobacteria-treated plants, were more
emitted by rhizobacteria-treated plants.

Fig. 4A. Principle components analysis (PCA) score plot of the volatile blends from RA and CA
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Fig. 4B. Partial least squares – discriminant analysis (PLS-DA) score plot of volatile
blends from RA and CA
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Table 1. Volatile compounds detected in the headspace of RA and CA
Compound

VIP
values

2-Ethylhexyl_acetate

1.574

Mean
5.90

SE
0.02

Mean
5.99

4-Methyldioxolane

1.428

5.83

0.14

2-Nonenal

1.423

5.89

Butyl_acetate

1.368

Pentyl_salicylate

Control

Rhizobacteria

Ratio
RA/CA

t

df

P values

SE
0.02

1.22

-3.41

8

0.009**

5.87

0.07

0.97

-0.28

8

0.79

0.02

5.98

0.02

1.22

-2.90

8

0.02*

5.44

0.09

5.70

0.03

1.71

-2.68

8

0.028*

1.357

5.68

0.05

5.92

0.10

1.88

-2.23

8

0.056

Cyclohexanone

1.304

6.44

0.04

6.67

0.07

1.75

-2.81

8

0.023*

Isocaryophyllene

1.218

5.15

0.04

5.33

0.10

1.61

-1.87

7

0.103

2-Cyclopenten-1-one

1.215

6.37

0.06

6.56

0.04

1.50

-2.48

8

0.038*

R-Verbenone

1.185

5.41

0.06

5.62

0.05

1.60

-2.63

8

0.03*

cis-Nerolidol

1.175

5.60

0.27

5.33

0.04

0.38

1.35

8

0.226

Isovaleric_acid

1.145

5.87

0.09

6.24

0.11

2.48

-2.57

8

0.033*

(E)-2-Heptenal

1.137

5.75

0.04

5.87

0.02

1.28

-2.40

8

0.043*

Dimethyl_Sulfoxide

1.129

5.79

0.12

6.20

0.11

2.48

-2.49

8

0.037*

1-Pentanol

1.118

5.86

0.10

6.15

0.05

1.80

-2.47

8

0.039*

5,5-Dimethyl-2(5H)furanone

1.117

5.91

0.05

6.07

0.04

1.44

-2.39

8

0.044*

Styrene

1.116

6.92

0.13

6.80

0.07

0.69

-0.82

8

0.434

alpha-Thujaplicinol

1.097

6.29

0.08

6.35

0.06

1.11

-0.59

8

0.572

2-Pentylfuran

1.097

5.90

0.03

6.05

0.05

1.44

-2.62

8

0.03*

6-Methylheptan-2,4dione

1.084

5.72

0.03

5.82

0.09

1.33

-0.99

8

0.349

2-Butoxy_Ethanol

1.082

5.60

0.06

5.76

0.04

1.42

-2.23

8

0.056

3.3 Oviposition Preference
To study the effect of rhizobacteria on oviposition preference of D. rapae, number
of formed mummies was evaluated after a choice experiment. The overall number of
mummies formed did not significantly differ between control and rhizobacteria treatments
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(P= 0.884, Wilcoxon test) (Fig. 5). However, more mummies were found in control plants
than in rhizobacteria-treated plants

Number of mummies

100
90
80
70
60
50
40
30
20
10
0

Control

Rhizobacteri

Fig. 5. Oviposition preference of D. rapae indicated by number of mummies. Bars
indicate mean ± SE of mummies formed in control and rhizobacteria treatments. The
means are not significant differ between treatments (P > 0.05).

3.4 Parasitoid performance
To evaluate the plant-mediated effect of rhizobacteria on parasitoid performance, several
parameters concerning development and growth of parasitoid in control and
rhizobacteria-treated plants were compared for each sex separately. The development
time (days to mummies and days to adults) of female and male parasitoids did not differ
significantly in control and rhizobacteria treated plants (P>0.05, Wilcoxon test)(Fig.
6A&6B). The overall development time days to mummies 7± 1, and days to adult
emergence was 12±1.
Dry weight of adult females and males did not differ significantly (P = 0.466 and P
= 0.235 respectively, paired t-test) in control and rhizobacteria treated plants (Fig. 6C).
Average weight of 65µg and 55 µg were recorded for female and male respectively in
both treatments. Larger number of males was observed in rhizobacteria-treated plants
compared with control plants, however statistically there was no significant difference in
the proportion of emerged females and males in control and rhizobacteria- treated plants
(P = 1.00 and P = 0.281 respectively, binomial test) (Fig. 6D).
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Fig. 6A. Mean development time days to mummies formation of Diaeretiella rapae
. Bars indicate mean ± SE of female and male in control and rhizobacteria treatments.
The mean were not significant (P > 0.05) for both sexes.
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Fig. 6B. Development time to adult emergence of D. rapae . Bars indicate mean ±
SE of female and male in control and rhizobacteria treatments. Means were not
significant (P > 0.05, Wilcoxon test) for both sexes.
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Fig. 6C. Dry weight of D. rapae adults. Bars indicate mean ± SE of female and
male weight in control and rhizobacteria treatments. Means were not significant (P >
0.05, paired t-test) for both sexes.

Fig. 6D. Sex ratio of Diaeretiella rapae in control and rhizobacteria treatments. The
Percentage of female and male were not statistically significant (P >0.05, binomial test).
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4. Discussion
Most studies of the effect of beneficial microbes against herbivores were focused on
direct defenses and very few on indirect defenses ( Saravanakumar et al. 2007, 2008,
Zhender et al 1997, Van Oosten 2008). Indirect defense is often associated with
herbivore-induced emission of volatile organic compounds (VOCs) that attract herbivore
natural enemies. So far there is no study have been done to investigate effect of
rhizobacteria on herbivore induced plant volatile emission. Here I provide first evidence
that rhizobacteria treated plants infested with aphids (RA) modifies the composition of
VOCs. The large increasing in amount of some VOCs was observed on RA than non
treated plants infested with aphids ( CA). (Table 1.). These results support for the first
hypothesis, that the volatile organic compounds produced by rhizobacteria infested plant
differ from non rhizobacteria treated plants.
Phytohormones Jasmonic acid(JA), ethylene (ET) and salicylic acid (SA) are key
regulators of induced plant defense (Kessler and Baldwin 2002, Pieterse and Dicke
2007). The JA signaling is the most important signaling transduction pathway involved in
induction of HIPV (Van Poecke and Dicke 2004, Thaler et al. 2002, Ament et al. 2004).
Little is known about role of SA signaling pathway in the induction of HIPV (Girling et al.
2008,Van Poecke and Dicke 2002). Girling et al. (2008) believe that interconnection
signal transduction between JA, and SA pathways are required to produce full blends of
HIPV that

attract aphids parasitoid. Furthermore, JA appear as key player in the

regulation of rhizobacteria-mediated ISR (Van der Ent et al. 2009, Pieterse et al. 2002 ).
Various studies showed that rhizobacteria-mediated ISR is often manifested with priming
to enhanced JA responsiveness (Conrath et al. 2009, Van Wees et al. 2008).
Saravanakumar et al. (2008) reported that rhizobacteria treated plant increase activity of
LOX . Which in several studies already showed it increase synthesis of JA and volatile
production that attract natural enemies (Vieira et al 2001, Luo et al. 2005a Van Poecke
and Dicke 2002). Thus, I hypothesized that the presence of rhizobacteria enhanced the
attraction of aphids parasitoids. However, in the present study it showed modification of
HIPV by rhizobacteria application was decrease attractiveness of aphids natural
enemies. The experienced D. rapae females were strongly attracted towards (CA) than
RA. No previous study was done in this kind of interaction with phloem feeder. Therefore,
this is the first study to verify that rhizobacteria modify composition of HIPV, and the
blends become less attractive to natural enemies.
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Fontana et al. (2009) reported that Arbuscular mycorrhiza modified the emission
of VOCs. This is the only study which I found that investigate effect of soil microbes on
composition and emission rate of VOCs. In that study Arbuscular mycorrhiza showed to
increase amount of green leave volatile, while the amount of three major sesquiterpenes,
and the C11 homoterpene, DMNT were decreased. According to Dicke (1999)
mentioned that when chemical analysis show difference between odour blends, such as
qualitative differences in major blends components natural enemies can discriminate
between them. Guerrieri et al. (2004) observed that mycorrhiza treated tomato plants
infested with aphids were more attractive to parasitoid Aphidius ervi than untreated
tomato plants infested with aphids. Hence, it seems that

the modification of HIPV by

mycorrhiza enhanced attraction of natural enemies, but evidence for that is lacking.
Saravanakumar (2008) observed increased natural enemies of rice leaffolder in
rhizobacteria treated plots. This indicate that there are some HIPV emitted by
rhizobacteria treated plant that attract natural enemies. However, the natural enemies
observed were mainly generalist predators i.e. spider and damsel fly. But no evidence
which show that those predators were attracted by increased HIPV in rhizobacteria plots
or just because of easily available food. Based on this fact it is I am convinced to
conclude that beneficial soil microbes

modify composition of HIPV and the emitted

blends could be attractive or not attractive to natural enemies. In the present study it
showed the modified blends from rhizobacteria-treated plants were less attractive to
parasitoid D.rapae.
The present study shows that the oviposition preference of D. rapae females was
not affected by the presence of rhizobacteria. Number of mummies formed did not differ
significantly between RA and CA. This results are converse to my hypothesis, that the
larger number of female mated parasitoid preferred to oviposit on rhizobacteria-treated
plants. Harvey (2005) described various criteria used by female koinobionts parasitoid to
select best host for oviposition. Gange et al. (2003) mentioned various mechanism which
may affect parasitization in Arbuscular mycorrhiza-treated plant and they include, plant
architecture/size, HIPV and density of host. In the present study many criteria i.e. host
size, and host density, were approximately equal for both treatments, except plant
architecture which is big for rhizobacteria-treated than control plants. Interestingly,
D.rapae showed interest of visiting CA plant in a cage because number of mummies
were higher in CA than RA although they are not statistically differ (Fig. 5.), in a similar
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way to the bioassay on behavior responses. Possible reasons that may affect the
present results can be a cages used during the experiment, because most female wasps
flew upward and stay on top of cage soon after released (Image. 2 &3). Also time, 24
hours given to female wasps to oviposit may be too much and they forced to stay for long
in one place. Moreover, in the other study, Boutard- Hunt et al., (2009) did not find
impact of plant growth promoting rhizobacteria on aphid natural enemies in the field.
Similar, Gange et al. (2003) observed lower parasitism of leaf mining fly Chromatomyia
syngenesiae by parasitoid Diglyphus isaea on mycorrhiza plants in the field, although in
the laboratory they observed that effect of parasitism rate is species dependent some
fungal increase and other decrease parasitism.
Plant nutritional quality has direct effects on the morphology, behavior and life
history of insect herbivores (host) which in turn may affect their parasitoid performance
(Schoonhoven et al.2005, Bukovinszky et al. 2008, Emden and Kifle 2002, Gange et al.
1999). According to Harvey (2005) host size at parasitism is strongly correlated with
adult parasitoid size, which in turn is known to affect other fitness measure such as
mating capacity, reproductive success, dispersal efficiency and longevity. Since the
intrinsic growth rate as well as adult weight of aphids (Myzus persicae) were observed to
increase in rhizobacteria and mycorrhiza treated plants (Gange et al. 1999, Pineda et al.
in prep), although their size was not doubled. However, its expected some bottom up
effect of rhizobacteria treated plant on aphids parasitoid and I hypothesized that
performance of parasitoid increased on rhizobacteria treated plants. However, according
to the results of this study no bottom up effect of rhizobacteria observed. The overall
development time, dry weight and sex ratio of parasitoid were not significantly differ
between control and rhizobacteria treated plants. Therefore, the slight variations in
aphids size may not affect the performance of the parasitoid D. rapae. Therefore, the
above facts could be possible reason for equal performance of parasitoid D. rapae in RA
and CA. Based on current results and evidence from other studies I conclude that the
plant growth promoting effect of rhizobacteria (Pseudomonas fluorescens WCS417r)
have positive effect on plant, positive, or neutral effects on performance of phloem feeder
(second trophic level) and no effect on performance of their parasitoid (third trophic
level).
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5. Conclusion and Recommendation
Thus far I concluded that, rhizobacteria modify the composition HIPV and the
female D. rapae were able to discriminate compositional changes of VOCs emitted from
rhizobacteria-treated and control plants with aphid infestation. I had expected female D.
rapae would prefer volatile from RA , but instead female D.rapae were strongly attracted
to the volatile from CA plants. However, it is still unclear which pathway was interfered
and cause changes on composition of HIPV emitted. Therefore, further study on this
interactions using JA and SA mutant is worthwhile for understanding particular pathway.
Female D. rapae showed some preference to oviposit on CA than RA, the number of
mummies were slightly higher on CA although the difference was not significant.
Probably number of replication was small to show significant results. Therefore I
recommended further investigation with more replication. Further, it was shown that the
performance of D. rapae were similar in RA and CA treatment.

This indicated that

rhizobacteria were unable to influence parasitoid performance. It was well known that
different strain of rhizobacteria differ in ISR (Saravanakumar et al. 2008, Van Wees et
al. 2008). Therefore, it is interesting to study the plant mediated effect of rhizobacteria on
aphids parasitoid using different strain of rhizobacteria and mixture of rhizobacteria
strain. Generally, in depth understanding of plant mediated effect of beneficial
rhizobacteria on aphid parasitoid at molecular level using mutants is necessary for
drawing a final valid conclusion.
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