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Abstract

Arbuscular mycorrhizal fungal (AMF) colonisation of plant roots is one of the most ancient and widespread interactions in

ecology, yet the systemic consequences for plant secondary chemistry remain unclear. We performed the first metabolomic

investigation into the impact of AMF colonisation by Rhizophagus irregularis on the chemical defences, spanning above- and

below-ground tissues, in its host-plant ragwort (Senecio jacobaea). We used a non-targeted metabolomics approach to profile,

and where possible identify, compounds induced by AMF colonisation in both roots and shoots. Metabolomics analyses revealed

that 33 compounds were significantly increased in the root tissue of AMF colonised plants, including seven blumenols, plant-

derived compounds known to be associated with AMF colonisation. One of these was a novel structure conjugated with a

malonyl-sugar and uronic acid moiety, hitherto an unreported combination. Such structural modifications of blumenols could be

significant for their previously reported functional roles associated with the establishment and maintenance of AM colonisation.

Pyrrolizidine alkaloids (PAs), key anti-herbivore defence compounds in ragwort, dominated the metabolomic profiles of root and

shoot extracts. Analyses of the metabolomic profiles revealed an increase in four PAs in roots (but not shoots) of AMF colonised

plants, with the potential to protect colonised plants from below-ground organisms.

Keywords Arbuscular mycorrhizal symbiosis . Above-belowground interactions . Phytobiome . Microbiome . Metabolomics .

Pyrrolizidine alkaloids . Blumenols . Senecio jacobaea .Rhizophagus irregularis

Introduction

Plant-mediated interactions between organisms above- and

below-ground are increasingly recognised as a structuring

force in ecology, though in many systems there is still a need

for a more mechanistic understanding of the chemical basis of

these effects (Johnson et al. 2012, 2016; Wardle et al. 2004).

Microbial symbionts have significant impacts on the chemical

composition of their host plant, so are potentially key drivers

of these indirect interactions (Hartley and Gange 2009). One

of the most ancient and widely occurring plant-symbiont re-

lationships involves arbuscular mycorrhizal fungi (AMF)

(Smith and Read 2008). AMF are obligate symbionts that,

via specialised structures (arbuscules) within the roots of their

hosts, enhance plant uptake of macronutrients, particularly

phosphorus and nitrogen (Hodge 2016; Hodge and Storer

2015; Javot et al. 2007; Leigh et al. 2009; Thirkell et al.

2016). In return, AMF are wholly dependent on the host plant

for their carbon provision, usually acquiring around 10% of

host photosynthate (Bago et al. 2000). These nutrient and

carbon exchanges modify the nutrient status of the host plant,

but also affect the allocation to secondary metabolites and

other resistance mechanisms (Cameron et al. 2013; Minton

et al. 2016). For example, colonisation by AMF has been

shown to increase plant resistance to below-ground antago-

nists such as parasitic plants (Li et al. 2012) and plant parasitic

nematodes (Rodriguez-Echeverria et al. 2009), as well as to
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generalist below-ground herbivores (Vannette and Rasmann

2012). Plant interactions with above-ground herbivores can

also be affected by AMF colonisation (van der Putten et al.

2001), although usually to a lesser degree than below-ground

(VanWees et al. 2008), and outcomes vary with AMF species

identity, herbivore diet breadth and/or feeding mode

(Koricheva et al. 2009).

Early studies examining the impact of AMF colonisation

on the chemical protection of plant tissues usually targeted

specific chemical groups, limiting their power to detect the

full range of induced chemical responses to AMF presence

(de Deyn et al. 2009; Eftekhari et al. 2012). More recently,

non-targeted metabolomic approaches have been used to in-

vestigate the effects of AMF on a wide range of metabolites

(the metabolome) in foliar tissues (Fester et al. 2011;

Schweiger et al. 2014; Schweiger and Muller 2015). Again,

several of these did not measure effects on secondary metab-

olites, so much remains to be discovered about the potential

mechanisms by which AMF colonisation of plant roots can

affect above-ground plant-herbivore interactions (Gange et al.

2012; Schweiger and Muller 2015). Similarly, the impact of

AMF colonisation on the root metabolome has been little

studied, although Schliemann et al. (2008a) used a

metabolomic approach to show that both primary and

secondary metabolites differed between the roots of

Medicago truncatula L. individuals with and without AMF

colonisation, and Saia et al. (2015) studied impacts of coloni-

sation on the amino acid content of wheat. However, neither

of these studies examined above-ground foliar impacts, whilst

none of the foliar studies (Fester et al. 2011; Schweiger et al.

2014; Schweiger and Muller 2015) examined root tissue.

Therefore, hitherto there has been no metabolomic investiga-

tion into the concomitant above- and below-ground changes

in plant secondary chemistry following AMF colonisation, an

important omission given the growing interest in above-

belowground links and systemic defence responses (Johnson

et al. 2016).

This study addresses this knowledge gap by using non-

targeted metabolomics profiling techniques to examine the

simultaneous effects of arbuscular mycorrhizal (AM) coloni-

sation on plant secondary chemistry in foliar and root tissues

of ragwort (Senecio jacobaea L.), a species which forms sym-

biotic associations with AMF (Gange et al. 2002; Reidinger

et al. 2012). We used experimental and untargeted

metabolomic approaches to test the effect of AMF

(Rhizophagus irregularis) colonisation on the secondary

chemistry of ragwort roots and shoots. We aimed to identify

the chemicals induced or repressed in host root and shoot

tissues as a result of AM colonisation. Effects of colonisation

on host metabolites might be expected to differ between the

two tissue types given the established differences in local vs

systemic responses to AMF (Van Wees et al. 2008), and,

whilst recent research suggests high specificity in leaf

metabolomic responses to AMF (Schweiger et al. 2014), this

is as yet untested in roots. Hence, we address two questions:

1) How does colonisation by AMF affect the profiles of

secondary metabolites in ragwort and are the impacts

more pronounced in root vs. foliar tissue?

2) Are the metabolites induced by AM colonisation similar

to those identified in other plant-fungal systems, or is

there evidence of novel compounds, potentially indicat-

ing a degree of host specificity?

Materials and Methods

Microcosm Experiment

Ragwort plants were grown from seeds collected from a single

plant on the University of Sussex campus (Lat: 50°52′

18.6366″N, Long: 000°04′59.6860″W), sterilised in a 5%

bleach solution and germinated on double autoclaved vermic-

ulite. Thirty-one pots (1.7 L) received a double autoclaved

(121 °C; 60 min) growth medium comprising a 1:1 mixture

of silver sand:Terragreen® (an attapulgite clay; Turf-Pro Ltd.,

UK) and bone meal (0.25 g/L−1), a complex N and P source to

encourage mycorrhizal development (Hodge and Fitter 2010).

After mixing the growth media, all pots were twice flushed to

saturation with water, aiming to remove the pulse of nutrients

released following sterilisation (Troelstra et al. 2001).

Seedlings were assigned to replicate pots and randomly

assigned to AMF (n = 16) and control (n = 15) treatments.

Each replicate in the AMF treatment was inoculated with

50 g (dry weight) of granular Rhizophagus irregularis (see

Redecker et al. 2013 for recent changes in nomenclature;

obtained from PlantWorks, Kent, UK). Those replicates

assigned to the control treatment also had 50 g of this granular

inoculate added, but double autoclaved (121 °C; 60 min) to

kill the R. irregularis, to control for the input of organic ma-

terial with the inoculation (see Hodge 2001). In addition, non-

AM pots received 100 ml of filtered washings of the

R. irregularis inoculum, but with AMF propagules removed

to limit initial differences among pots in starter microbial com-

munities (as Atkin et al. 2009). To account for any differences

caused by the addition of water, 100 ml of deionised water

was applied to the AMF-treated microcosms. Eachmicrocosm

received a weekly dose of 50 ml of half-strength Rorison’s

solution (Hewitt 1966), but with the plant-available phosphate

removed to encourage AMF colonisation. The experiment ran

for 10 weeks in a greenhouse maintained at 15–25 °C with

supplementary lighting (400 W, high pressure sodium lamps)

on a 16:8 L:D photoperiod. Microcosms were watered with

tap water ad libitum.
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Plants were destructively harvested after 10 weeks in treat-

ment. From each replicate three new leaves (fully mature clos-

est to the centre of the rosette) and two old leaves (closest to

the edge of the rosette with no visible signs of senescence)

were excised, weighed, immediately snap frozen in liquid ni-

trogen to halt enzymatic processes and stored in a − 80 °C

freezer for metabolomic analysis. Two representative root

samples (each ~10% of the total root mass) per plant were

weighed and used for: i) plant metabolomic analysis (snap

frozen then stored at −80 °C) and ii) to measure AMF coloni-

sation (stored at 4 °C until processed). Root sections were

cleared in a 10% potassium hydroxide solution, ink-stained

(Vierheilig et al. 1998), slide mounted and the presence or

absence of AMF structures was recorded for a minimum of

100 root intersections using a compound microscope (× 200

magnification). The numbers of arbuscules, vesicles and root

length colonized (RLC; the percentage of total intercepts

where hyphae or other AM fungal structures were present)

were recorded for each intersection (as Hodge 2003). The

remaining shoot and root material was weighed and then

oven-dried (60 °C, 72 hr) to obtain dry biomass.

Plant Extraction and Non-targeted Metabolomic
Profiling

A homogenised sub-sample (0.1 ± 0.01 g), of the root and

shoot tissue taken from each replicate was mixed with 2 mL

of a 3:3:2 solvent mix of isopropanol, acetonitrile and water

using a ball mill (Pulverisette 23. Fritsch, Germany). This

solvent mixture extracts both polar metabolites (carbohy-

drates, amino acids) and non-polar metabolites (lipids) (Sana

et al. 2010). Samples were spiked with two deuterated internal

standards; 17β-estradiol 2,4,16,16-d4 sodium 3-sulfate (E2-

d 4 - S , > 9 9 % D a t o m ) a n d p r o g e s t e r o n e -

2,2,4,6,6,17α,21,21,21-d9 (P-d9, 98% D atom) (Cambridge

Isotope Laboratories Inc. MA and CDN isotopes, Quebec,

Canada, respectively). The sample was vortexed (1 min) and

after overnight extraction at −20 °C, samples were centri-

fuged, the supernatant removed and the pellet extracted with

2 mL of 80% methanol for 12 hr. The supernatants were com-

bined and a 3 mL aliquot was evaporated to dryness under

vacuum and redissolved in 160 μl of methanol:water (3:1, v/

v). The extract was filtered (0.2 μm) prior to MS analysis. All

extraction chemicals used were purchased from Rathburn

Chemicals Ltd., Walkerburn, UK.

Metabolites were profiled using ultraperformance liquid

chromatography quadrupole time-of-flight mass spectrometry

(UPLC-QTOFMS) (Waters, Manchester, UK). Aliquots of

plant extracts were injected on to an Acquity UPLC BEH

C18 column (1.7 μm particle size, 2.1 × 100 mm, Waters,

UK). Metabolites were separated using a water-formic acid

and acetonitrile gradient as follows: 0–9.0 min, from 0 to

30.0% acetonitrile; 9.0–15.0 min, from 30.0 to 100%

acetonitrile; 15.0 to 23.0 min, 100% acetonitrile. The flow rate

was 0.2 mL min−1 and the column temperature was 30 °C.

The injection volume of plant extracts was 20 μl.

Metabolites were detected in both positive and negative

ESI modes using a Micromass TOF-MS system (Waters,

Manchester, UK). The mass spectrometer was tuned to 9000

mass resolution and data collected in full scan mode from 100

to 1200 m/z. The collision gas used was argon, a constant

collision energy of 10 eV was used for all experiments, and

the TOF penning pressures ranged from 4.63 × 10−7 to 4.83 ×

10−7 mbar. Capillary voltage was 2.6 in positive mode and

−2.9 in negative mode. In positive mode, the cone voltage

was set at 36 V, and the multiplier voltage was set at 654 V.

In negative mode the cone and multiplier voltage were set at

35 Vand 550 V respectively. Desolvation N2 gas flow was set

at 401 L h−1 for both ionisation modes.

MarkerLynx software (V 4.1, Waters, Manchester, UK)

was used to align, normalise and remove isotopic peaks from

the metabolomic profiles. Each metabolite signal was the de-

scription of an analyte using its specific retention time (r.t.)

and mass-to-charge ratio (m/z). Using SIMCA-P multivariate

analysis software (Umetrics UK Ltd., Windsor, UK) the data

were pareto scaled, log-transformed and modelled using par-

tial least square-discriminate analysis (PLS-DA) for >2 clas-

ses, or orthogonal partial least-square discriminate analysis

(OPLS-DA) for comparison of just 2 classes followed by ex-

amination of the loading plots to detect MS signals associated

with AMF colonisation (Liland 2011; Trygg and Wold 2002).

For all multivariate analyses, the explained variation (R2Y)

and the predictive power of the model (Q2) were examined

to assess the performance of the models.

Biochemical markers associated with AM colonisation

were extracted from ‘S’-plots derived from the OPLS-DA

models (Wiklund et al. 2008). The identity of biochemical

markers was determined from their accurate mass composi-

tion and isotopic fit using the elemental composition tool from

the MassLynx software (V 4.1, Waters, Manchester, UK).

Fragmentation data, obtained from collision induced dissoci-

ation (CID) using QTOFMS (collision energy between 20 and

50 eV) was used to confirm the putative identity of the

markers.

Analyses of Pyrrolizidine Alkaloids in Metabolomic
Profiles of Tissue Extracts

Metabolomic profiles of root extracts acquired in positive

electrospray ionization (ESI) mode were dominated by highly

abundant pyrrolizidine alkaloids (PAs) saturating the detector

response. PAs are the principal secondary metabolites in

Senecio species, synthesised in the roots (Hartmann et al.

1989) before being transported to the shoots (Hartmann and

Dierich 1998) where they are effective defences against gen-

eralist herbivores (Macel et al. 2005; Narberhaus et al. 2005;
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Thoden et al. 2009). In order to determine whether PA profiles

changed as a result of AM colonisation, an additional analysis

of a 0.5 μl injection of root extracts was undertaken to reduce

the highly abundant PA signals. The chromatograms (of both

root and shoot extracts) were manually searched, and the rel-

ative abundance of observed signals corresponding to PA me-

tabolites was determined relative to the internal standard using

MassLynx peak integration software. PAs were assigned pu-

tative identities as described above. Where possible, authenti-

cated standards were purchased to confirm PA identity: a

mixed standard of PAs seneciphylline and senecionine (Carl

Roth, GmbH & Co, Karlsruhe, Germany) and a retrorsine N-

oxide standard (PhytoLab GmbH & Co. KG, Nürnberg,

Germany). Details of the MS fragmentation data used for the

identification of each metabolite are outlined in the supporting

information.

Data Analysis

Adjusted fresh weights ((total fresh weight/100)*water con-

tent) of plant tissues were calculated to account for a signifi-

cant between-treatment difference in root and shoot water

content (water content = (fresh weight-dry weight)/(fresh

weight)*100). Statistical analyses of differences in plant bio-

mass, biochemical markers and AM colonisation between

treatments were performed in SPSS v11. Where the residuals

of the data met the assumptions, either before or following

transformations, of parametric models (normality, homogene-

ity of variance), then one-way ANOVA (for plant biomass) or

t-tests (for percentage RLC, metabolite and PA concentra-

tions) were used. For non-parametric data, Mann-Whitney U

tests were employed. Bonferroni corrections were used to ac-

count for the increased false discovery rate (FDR) associated

with the multiple testing of metabolic datasets containing

many thousands of metabolite signals (Broadhurst and Kell

2006). A less conservative Benjamini and Hochberg FDR

correction was applied to the univariate tests of PA concentra-

tions (Benjamini et al. 2001), as this was more appropriate for

these much smaller datasets. The association between

blumenol metabolites and percentage RLC were investigated

using Spearman rank-order correlations, as the data did not

meet the assumptions of parametric tests.

Results

AMF Colonisation and Plant Biomass

Mean percent RLC was 47 ± 4% in the R. irregularis

colonised plants. Frequency of arbuscules was 16 ± 1% and

vesicles 13 ± 2% respectively. There was no AMF colonisa-

tion of the non-AM controls. Shoot and root water content

were higher in control plants than in R. irregularis colonised

plants, though plant biomass was unaffected by R. irregularis

colonisation (Table S1).

Root metabolome

The metabolite profiles of root extracts from AM

colonised and non-AM control plants were clearly sep-

arated, indicating a shift in chemical composition of

plants in the different treatment groups; (see Fig. 1a

for the positive ESI mode dataset, and a similar scores

plot was obtained for the negative ESI mode in Fig.

S1a). OPLS-DA of both datasets (positive and negative

ESI modes) produced models that explained a large

amount of the variation in metabolite profiles between

treatments (negative: R2Y = 0.99, positive: R2Y = 0.98)

with good predictability (negative: Q2 = 0.53, positive:

Q2 = 0.48). This separation between treatment classes

was driven by increased concentrations of 33 metabo-

lites associated with AM colonisation (threshold values

after Bonferroni adjustment: positive mode: P < 5.20 ×

10−7; negative mode: P < 5.01 × 10−7). The fold increase

in concentration of the 33 metabolites associated with

AM roots was between two to many thousands (up to

37,995-fold in one instance). Eight of these metabolites

were assigned identities (Table 1); the remaining metab-

olites (n = 25) are listed in Table S2. Blumenol stan-

dards are not commercially available, so identifications

are derived from comparisons with published mass spec-

tra (cited in Strack and Fester 2006; Peipp et al. 1997;

Schliemann et al. 2008b); see supporting information

(Note 1, Fig. S2 and Table S3) for further details.

Seven of the identified metabolite signals were conjugates

of C13 cyclohexenones, i.e. blumenol apocarotenoids (metab-

olites 1-7, Table 1, Fig. 2). Metabolites 1 and 4 were identified

as blumenols with a 13-hydroxyblumenol C moiety

(C13H23O3). Metabolites 2, 3, 5, 6 and 7 were identified as

blumenols with a blumenol C moiety (C13H23O2). Whilst

identifiedmetabolites 1–7 share common blumenol structures,

they differed in the nature of conjugation (Fig. 2). Metabolites

1, 2 and 5 were conjugated with glycoside sugars, whereas

metabolites 4 and 7 were conjugated with malonylglycoside

sugars. Metabolites 3 and 6 were conjugated with an uronide

group consistent with a glucuronide (Strack and Fester 2006),

and so were identified as a glycosyl-glucuronide and a

malonylglycoside-glucuronide conjugate respectively.

Metabolite 6, blumenol C malonylglycosyl-glucuronide, is a

hitherto unreported structure, whereas metabolites 1–5 and 7

have been found to be associated with AM colonisation in

other species (Peipp et al. 1997; Schliemann et al. 2008b).

All blumenols were present as their molecular ions, which

were either [M + H]+ or [M-H]− in positive or negative ESI,

respectively. In positive ESI, some metabolites were also

present as the sodium adduct of the molecular ion

J Chem Ecol (2018) 44:198–208 201



(Table S3). Of those blumenols identified, two were ob-

served in both posi t ive and negat ive ESI modes

(metabolites 1 & 6, Table 1). The concentration changes

of the identified blumenols corresponded to large differ-

ences, with fold increases ranging from 250 to over 8000

in AM plants. The final identified metabolite (number 8)

was determined to be hexadecenoyl-glycero-phosphocholine,

a lysophospholipid.

All blumenol apocarotenoids were positively associated

with increasing percentage RLC in the AM colonised plants

(Spearman correlation coefficient 0.523–0.711, P ≤ 0.03–

0.002, Table 2). Levels of hexadecenoyl-glycero-

phosphocholine were not significantly correlated with RLC

(P ≥ 0.11). A number of unidentified metabolites were detect-

ed that were associated with AM colonisation (Table S2) and

these were likely to be conjugated phenolic compounds, two

Fig. 1 a Orthogonal partial least

square-discriminate analysis

(OPLS-DA) scores plot of the

chemical profiles of root extracts

from control and Rhizophagus

irregularis treated ragwort, b

Partial least square-discriminate

analysis (PLS-DA) scores plot of

the chemical profiles of leaves

from control and R. irregularis

treated ragwort. Open and closed

circles represent control and

R. irregularis treated ragwort

plants, respectively. In b, blue

symbols represent samples from

new leaves and orange symbols

those from old leaves and the

percentages of explained varia-

tion (R2Y) modelled by the first

two latent variables are displayed

on the axes. Both plots show

datasets from samples profiled in

positive ESI MS mode; data from

negative ESI mode revealed sim-

ilar model characteristics (Fig.

S1)
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additional conjugated blumenols and (in one case) a phospho-

lipid. Based on their empirical formula, none of the metabo-

lites (except for the phospholipid) were present in the plant

metabolite databases and so potentially represent new struc-

tures. However, their concentrations were too low to allow

further structural characterisation. Changes in the

concentrations of primary metabolites were not observed as

a result of AM colonisation, but this was most likely due to the

fact that some structures such as lipids and carotenoids were

not have been detected by ESI and small organic molecules,

including alkaloid precursors, would not have been retained

on the HPLC column.

Shoot Metabolome

PLS-DA models of the shoot dataset from positive ESI anal-

ysis revealed good predictability (Q2 = 0.66) and a high de-

gree of explained variation (total R2Y = 0.99 for six latent

variables) (Fig. 1b). PLS-DA recorded in negative ESI mode

revealed similar models that explained a high level of varia-

tion in shoot chemistry (R2Y= 0.62, 4 latent variables) with

lower predictability (Q2 = 0.36) than in positive mode (Fig.

S1b). In both positive and negative modes, the first latent

variable separated the metabolomes of old and new leaves.

The second, whilst separating AM and non-AM control

groups, only explained a relatively small amount of the ob-

served variation in metabolite profiles between these treat-

ments. OPLS-DA models with the highest predictability

(R2Y = 0.989, Q2 = 0.431) were associated with the positive

ESI profiles of old leaves from the different treatment groups.

Table 1 Metabolites identified in ragwort roots that were significantly increased after colonisation by Rhizophagus irregularis

Metabolite

number¶
Observed ion

(m/z)

UPLC-

TOFMS r.t.

Putative

formula

Theoretical mass

of ion

Putative identity Fold

change a
P-value b

1 389.2177 6.37 C19H33O8 389.2175 13-hydroxyblumenol C glycoside

[M +H]+
1151.2* 6.65 × 10−9

1 387.2018 6.37 C19H31O8 387.2018 13-hydroxyblumenol C glycoside

[M-H]−
746.6* 6.65 × 10−9

2 373.2228 7.23 C19H33O7 373.2226 Blumenol C glycoside [M +H]+ 8065.8 6.65 × 10−9

3 547.2389 7.30 C25H39O13 547.2391 Blumenol C glycosyl-glucuronide

[M-H]−
1553.3 6.65 × 10−9

4 475.2182 7.55 C22H35O11 475.2179 13-hydroxyblumenol C

malonylglycoside [M+H]+
489.7 2.99 × 10−7

5 373.2222 8.20 C19H33O7 373.2226 Blumenol C glycoside [M +H]+ 5032.0 6.65 × 10−9

6 635.2551 8.24 C28H43O16 635.2551 Blumenol C

malonylglycosyl-glucuronide

[M +H]+

3101.3* 6.65 × 10−9

6 633.2396 8.24 C28H41O16 633.2395 Blumenol C

malonylglycosyl-glucuronide

[M-H]−

250.4* 6.65 × 10−9

7 459.2232 9.38 C22H35O10 459.2230 Blumenol C malonylglycoside

[M +H]+
1109.2 6.65 × 10−9

8 494.3247 14.20 C24H49NO7P 494.3247 Hexadecenoyl-glycero-phosphocholine

[M +H]+
7.86 2.00 × 10–7c

¶ Structures given in Fig. 2

r.t. = retention time
a Fold change indicates the concentration increase in roots colonised with AMF when compared to the concentrations observed in control plants
b Significance determined using t-tests (c ) or Mann-Whitney U tests (unmarked) after Bonferroni adjustments

* Differences in estimation of fold change between [M +H]+ and [M-H]− signals for the samemetabolite were due to presence of a Na adduct competing

with the [M +H]+ ion in positive ESI mode

Fig. 2 Schematic structure of the identified blumenol apocarotenoids

associated with Rhizophagus irregularis colonisation of ragwort roots
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However, in all OPLS-DA models of shoot tissues, no metab-

olites were found to vary significantly in association with

AMF colonisation of ragwort.

Concentrations of PA Metabolites in the Root
and Shoot Metabolome

Analysis of the UPLC-QTOFMS chromatograms from the

metabolomics study revealed that signals of PA metabo-

lites were saturated in samples of the root extracts.

Analysis of lower volumes of samples revealed 19 PA

signals that could be resolved in the metabolomic profiles

of roots, however more PA structures (potentially up to 33

metabolites, Kostenko et al. 2013) were likely to be pres-

ent, which were not detected due to masking of their sig-

nals by the most abundant PA signals. The concentration

of individual PAs within a species or genotype varies

greatly in both roots and shoots (Cheng et al. 2011ba).

Of the detected PAs, four were significantly increased in

AM plants (Table 3). The PAs that responded to AMF

colonisation were identified as senecionine, jacoline N-

oxide, jaconine N-oxide, and usaramine N-oxide. Of these

four PAs, only levels of senecionine were significantly

correlated with RLC (Spearman correlation coefficient −

0.560, P ≤ 0.02). Details of the identification of the differ-

ent PA structures are given in supporting information.

The relative abundance of PAs was also determined

in the metabolomics datasets of the shoot extracts. A

total of 17 abundant PA structures were resolved in

the metabolomics profiles of the shoot extracts out of

a potential of 29 PA metabolites (Kostenko et al. 2013).

However, there were no significant differences in con-

centrations (after FDR corrections) of PA signals be-

tween control and AMF-colonised treatment groups

which was consistent with the lack of discriminating

metabolites observed in the above study on the shoot

metabolome (Table S4).

Discussion

This study, the first to use a non-targeted metabolomic ap-

proach to assess the effect of AMF colonisation on host plant

secondary chemistry in both roots and shoots, showed that

colonisation by AMF could increase the concentrations of

33 metabolites in roots by between two and many thousand

fold. The extent of AMF colonisation was positively correlat-

ed with levels of compounds thought to be associated with

establishing and maintaining AMF colonisation, specifically

seven C13 cyclohexenone blumenol structures, including one

with a hitherto unidentified structure. In addition, AMF colo-

nisation affected the levels of the main anti-herbivore defences

in root tissues, with four PAs significantly increased in con-

centration. Despite these below-ground changes, no signifi-

cant changes in the metabolome of above-ground tissues were

detected in response to AMF colonisation of roots, although

there were clear metabolomic differences between leaf tissues

of different ages. This is noteworthy as had changes been

found in aboveground tissues then it would indicate the AM

fungus had a direct impact upon the plant. However, as differ-

ences were only found in the ‘mycorrhizal’ (literally, ‘fungus-

root’) root tissue, an unknown fraction of the metabolomics

response observed here, and in other studies (e.g. Rivero et al.

2015; Saia et al. 2015), may be due directly to the fungal

partner. Experimentally distinguishing between responses

driven by the AMF, the root and the mycorrhizal root is ham-

pered by the fact that many of these fungal symbionts cannot

be grown in the absence of a host plant (Hodge et al. 2010).

Nevertheless, our results demonstrate that colonisation of

roots by AMF results in clear metabolomics differences com-

pared to the un-colonised condition, a significant finding giv-

en that c. two-thirds of land plants form this type of close

symbiotic association (Hodge and Fitter 2013; Smith and

Read 2008).

The process of initiating and maintaining the plant-AMF

relationship involves a range of metabolic changes within the

host (Fester et al. 2011; Schliemann et al. 2008a), and the

Table 2 Spearman rank-order

correlations (N = 16) between the

concentration of the blumenol

metabolites measured in ragwort

roots andRhizophagus irregularis

colonisation in the AMF-treated

plants

Metabolite structure (see

Fig. 2)

Putative identity Correlation

coefficient

P-value¶

1 13-hydroxyblumenol C glycoside 0.852 1.16 × 10−9

2 Blumenol C glycoside 0.902 4.33 × 10−12

3* Blumenol C glycosyl-glucuronide 0.828 9.37 × 10−9

4 13-hydroxyblumenol C

malonylglycoside

0.841 3.21 × 10−9

5 Blumenol C glycoside 0.844 2.41 × 10−9

6 Blumenol C

malonylglycosyl-glucuronide

0.832 6.39 × 10−9

7 Blumenol C malonylglycoside 0.855 9.36 × 10−10

*Result from MS analysis in -ESI mode (required to detect metabolite 3); all other results from +ESI mode
¶All P-values significant after Bonferroni adjustment

204 J Chem Ecol (2018) 44:198–208



bumenol metabolites we detected in our non-targeted analysis

are of particular significance, as they are thought to be in-

volved in the chemical signalling underpinning the plant-

AMF interaction (Walter et al. 2010; Maier et al. 1995). It

has been suggested that blumenols and C14 polyene

apocarotenoids have a role in maintaining the plant-AMF in-

teraction once formed (Fester et al. 2002). For instance, con-

centrations of root C14 polyenes and blumenols increase

(Peipp et al. 1997; Schliemann et al. 2006, 2008b) as the

plant-AMF interaction progresses, particularly in root cells

hosting AMF structures (Fester et al. 2002). Mutant plants,

where blumenol production is reduced, are associated with

an increased amount of dead and degenerating mycorrhizal

structures (Floss et al. 2008), providing further evidence that

these blumenol C13 cyclohexenones may have a role in the

persistence of AMF colonisation (Walter et al. 2010).

In support of this hypothesis, and in accordance with other

studies (Maier et al. 2000; Schliemann et al. 2008a), the con-

centrations of the seven blumenols we identified were all pos-

itively related to levels of AMF colonisation. One of these

induced blumenols (metabolite 6) was conjugated with a

malonyl-sugar and glucuronic acid moiety, a combination that

has never been reported before. Species-specific blumenol

metabolites have been observed in a range of plant taxa

(Fester et al. 2002, 2005; Maier et al. 2000; Peipp et al.

1997; Schliemann et al. 2006, 2008a), and have been sug-

gested as a mechanism of species recognition between the

AMF and its host (Strack and Fester 2006). This is a hypoth-

esis we raise for further testing, but current data is sparse. So

far, only a few other plant species, such as the legume

Medicago truncatula colonised by Glomus intraradices

(Schl iemann et al . 2008a) , tomato colonised by

R. irregularis and Funneliformis mosseae (Rivero et al.

2015) and wheat colonised by multiple AM species (Saia

et al. 2015) have had the root tissue response to AMF coloni-

sation been examined in an untargeted metabolomic approach.

Until a wider variety of plant-AMF species combinations are

tested, it is too early to conclude whether any species-specific

signalling exists in AMF-plant interactions. It is notable, how-

ever, that one recent study (Schweiger et al. 2014) which

compared the impacts of the AMF Rhizophagus irregularis

on the leaf metabolome of five different plant species found

that species-specific metabolic changes following colonisa-

tion far out-numbered more generic cross-species responses.

Table 3 Average relative concentrations (±S.E.) of the pyrrolizidine alkaloid (PA) signals measured in the positive ESI UPLC-TOFMS profiles of

control (N = 15) and Rhizophagus irregularis colonised (N = 16) ragwort roots

Theoretical mass of

ion

Putative

formula

UPLC-TOFMS

r.t.

Control G. intraradices

colonised

P-valuea Fold

changeb,c
Putative identityc

334.1654 C18H23NO5 6.00 49.7 (±5.3) 59.2 (±5.3) 0.188

336.1811 C18H25NO5 6.86 211.7 (±17.7) 289.8 (±21.6) 3.63 × 10−3 1.37 Senecionine

350.1604 C18H23NO6 6.34 220.5 (±27.7) 223.2 (±21.6) 0.571

C18H23NO6 9.01 24.5 (±3.2) 38.6 (±6.2) 0.054

352.1760 C18H25NO6 4.89 23.7 (±8.7) 52.0 (±14.2) 0.033

C18H25NO6 5.82 76.1 (±11.3) 55.3 (±5.4) 0.216

C18H25NO6 6.13 327.9 (±23.9) 303.8 (±17.9) 0.711

C18H25NO6 6.99 48.8 (±2.5) 53.0 (±2.4) 0.029

C18H25NO6 7.16 108.8 (±4.2) 113.0 (±3.5) 0.110

366.1553 C18H23NO7 4.29 193.2 (±46.1) 174.4 (±31.4) 0.598

C18H23NO7 4.98 126.0 (±33.8) 141.9 (±39.5) 0.891

368.1709 C18H25NO7 5.24 45.9 (±6.7) 65.2 (±10.2) 4.81 × 10−3 1.42 Usaramine

N-oxide

C18H25NO7 5.62 93.8 (±20.2) 119.3 (±18.8) 0.231

C18H25NO7 6.39 550.5 (±54.4) 530.8 (±38.6) 0.953

370.1866 C18H27NO7 5.94 24.0 (±2.2) 25.8 (±2.8) 0.379

376.1760 C20H25NO6 9.55 118.5 (±12.1) 118.4 (±14.3) 1.000

386.1815 C18H27NO8 3.68 34.6 (±9.9) 105.6 (±16.0) 2.01 × 10−3 3.05 Jacoline N-oxide

392.1709 C20H25NO7 9.77 196.5 (±26.17) 194.0 (±31.4 0.740

404.1476 C18H26NO7Cl 5.22 39.3 (±9.73) 122.2 (±13.5) 5.87 × 10−5 3.11 Jaconine N-oxide

Relative concentrations were quantified as the ratio of the analyte signal: internal standard signal per 0.3 mg plant mass
aResults that were significant after Benjamini and Hochberg corrections (Benjamini et al. 2001) are displayed in bold
b Fold change indicates the concentration increase in roots colonised with AMF when compared to the concentrations observed in control plants
cOnly given for those PAs that differed significantly between treatment groups
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Similarly, Rivero et al. (2015) detected fungus-specific as-

pects of the AM-associated changes in the tomato

metabolome.

Despite substantial changes to the root metabolome in-

duced by AMF colonisation, there were no concomitant shifts

in the aboveground metabolome. Conceivably, changes in the

shoot metabolome may have been too small or inconsistent to

have been detected, but this seems unlikely given that our

UPLC-QTOFMSmethodology clearly discriminated between

the metabolomes of old and new leaves (Fig. 1b), and that we

have used the same technique to successfully detect differ-

ences in the metabolomes of above-ground tissues in ragwort

previously (Hartley et al. 2012). Previous studies have dem-

onstrated that AMF-mediated changes occur in above-ground

plant tissues, with effects on gene expression (Taylor and

Harrier 2003) and on herbivore performance (Koricheva

et al. 2009), but changes in foliar secondary metabolites in

response to colonisation seem more inconsistent. It has been

suggested that induction of chemical defences by beneficial

microbes are localised rather than systemic (Van Wees et al.

2008), which may explain why the increases in PA concentra-

tion in AMF colonised ragwort we observed were confined to

the roots. Increases in PA concentrations in the roots may even

reduce PA levels in the shoots. Although our study did not

detect such a reduction in foliar allocation to PAs, Reidinger

et al. (2012) showed that leaf concentrations of both total PAs

and jacoline were negatively correlated with AMF colonisa-

tion of ragwort in the field.

The increased PA levels that we found in AMF colonised

roots could impact on trophic interactions. AMF colonisation

has been shown to have a negative influence on generalist

below-ground herbivores such as parasitic nematodes (Li

et al. 2006; Rodriguez-Echeverria et al. 2009) and beetle lar-

vae (Gange et al. 1994), but positive effects on the root-

feeding larvae of specialist weevils (Currie et al. 2011).

Overall, generalist herbivores, whether above or below

ground, seemmore affected byAMF colonisation of their host

plants than specialists (Gange et al. 2012; Koricheva et al.

2009). In ragwort, the highly toxic PAs deter generalist herbi-

vores (Joosten and van Veen 2011; Thoden et al. 2009), whilst

specialist herbivores have the capacity to use PAs to locate and

select hosts (Cheng et al. 2013), to detoxify them, and even

sequester these compounds for their own defence against

predators (Beuerle et al. 2007; Narberhaus et al. 2003). Most

previous studies have demonstrated these effects on above-

ground herbivores (e.g. Cheng et al. 2011b; Wei et al. 2015);

far less is known about the impacts of PAs on root-feeding

herbivores (Cheng et al. 2011a) and we have found no pub-

lished studies on how AMF colonisation modifies those ef-

fects. It has been shown that root damage increases PA levels

(Hol et al. 2004) and that PAs affect root fungi and the com-

position of the rhizosphere (Hol and van Veen 2002;

Kowalchuk et al. 2006), so there is potential for significant

ecological consequences deriving from the changes in PAs we

observed in AM roots.

In summary, this study has shown that colonisation by the

AMF species R. irregularis causes numerous and significant

changes in the root metabolome of ragwort, but not in the

shoot metabolome. In root tissues, the key changes were in

groups of chemicals associated with AMF-plant signalling

(blumenols) and anti-herbivore defence (PAs). We showed

strong correlations between the levels of blumenols and

AMF colonisation, supporting the idea that these metabolites

play a key role in the interactions between AMF and their

hosts. The discovery that one of these was a novel structure

not previously reported raises questions about the significance

of structural modifications in species recognition and signal-

ling that would repay further study.

Acknowledgements For advice and practical assistance with the

metabolomic analysis we would like to thank Dr. Raghad Al-Salhi and

Ms. Julia Horwood. Dr. Stefan Reidinger and Dr. Kate Storer provided

mycorrhizal cultures and advice on experimental procedures. We also

thank the University of Sussex and the Centre for Ecology and

Hydrology (project NEC03605) for co-funding this project.

Open Access This article is distributed under the terms of the Creative

Commons At t r ibut ion 4 .0 In te rna t ional License (h t tp : / /

creativecommons.org/licenses/by/4.0/), which permits unrestricted use,

distribution, and reproduction in any medium, provided you give

appropriate credit to the original author(s) and the source, provide a link

to the Creative Commons license, and indicate if changes were made.

References

AtkinOK, SherlockD, Fitter AH, Jarvis S,Hughes JK,Campbell C,HurryV,

Hodge A (2009) Temperature dependence of respiration in roots colo-

nized by arbuscular mycorrhizal fungi. New Phytol 182:188–199.

https://doi.org/10.1111/j.1469-8137.2008.02727.x

Bago B, Pfeffer PE, Shachar-Hill Y (2000) Carbonmetabolism and trans-

port in arbuscular mycorrhizas. Plant Physiol 124:949–957. https://

doi.org/10.1104/pp.124.3.949

Benjamini Y, Drai D, Elmer G, Kafkafi N, Golani I (2001) Controlling the

false discovery rate in behavior genetics research. Behav Brain Res

125:279–284. https://doi.org/10.1016/s0166-4328(01)00297-2

Beuerle T, Theuring C, Klewer N, Schulz S, Hartmann T (2007) Absolute

configuration of the creatonotines and callimorphines, two classes of

arctiid-specific pyrrolizidine alkaloids. Insect BiochemMol Biol 37:

80–89. https://doi.org/10.1016/j.ibmb.2006.10.005

Broadhurst DI, Kell DB (2006) Statistical strategies for avoiding false dis-

coveries in metabolomics and related experiments. Metabolomics 2:

171–196. https://doi.org/10.1007/s11306-006-0037-z

Cameron DD, Neal AL, Van Wees SCM, Ton J (2013) Mycorrhiza-

induced resistance: more than the sum of its parts? Trends Plant

Sci 18:539–545. https://doi.org/10.1016/j.tplants.2013.06.004

Cheng D, Kirk H, PPJ M, Vrieling K, PGL K (2011a) Pyrrolizidine alkaloid

variation in shoots and roots of segregating hybrids between Jacobaea

vulgaris and Jacobaea aquatica. New Phytol 192:1010–1023. https://

doi.org/10.1111/j.1469-8137.2011.03841.x

Cheng D, Kirk H, Vrieling K,Mulder PPJ, Klinkhamer PGL (2011b) The

relationship between structurally different pyrrolizidine alkaloids

206 J Chem Ecol (2018) 44:198–208

https://doi.org/10.1111/j.1469-8137.2008.02727.x
https://doi.org/10.1104/pp.124.3.949
https://doi.org/10.1104/pp.124.3.949
https://doi.org/10.1016/s0166-4328(01)00297-2
https://doi.org/10.1016/j.ibmb.2006.10.005
https://doi.org/10.1007/s11306-006-0037-z
https://doi.org/10.1016/j.tplants.2013.06.004
https://doi.org/10.1111/j.1469-8137.2011.03841.x
https://doi.org/10.1111/j.1469-8137.2011.03841.x


and western flower thrips resistance in F-2 hybrids of Jacobaea

vulgaris and Jacobaea aquatica. J Chem Ecol 37:1071–1080.

https://doi.org/10.1007/s10886-011-0021-6

Cheng D, van der Meijden E, Mulder PPJ, Vrieling K, Klinkhamer PGL

(2013) Pyrrolizidine alkaloid composition influences cinnabar moth

oviposition preferences in Jacobaea hybrids. J Chem Ecol 39:430–

437. https://doi.org/10.1007/s10886-013-0257-4

Currie AF,Murray PJ, Gange AC (2011) Is a specialist root-feeding insect

affected by arbuscular mycorrhizal fungi? Appl Soil Ecol 47:77–83.

https://doi.org/10.1016/j.apsoil.2010.12.002

de Deyn GB, Biere A, van der Putten WH, Wagenaar R, Klironomos JN

(2009) Chemical defense, mycorrhizal colonization and growth re-

sponses in Plantago lanceolata L. Oecologia 160:433–442. https://

doi.org/10.1007/s00442-009-1312-2

Eftekhari M, Alizadeh M, Ebrahimi P (2012) Evaluation of the total

phenolics and quercetin content of foliage in mycorrhizal grape

(Vitis vinifera L.) varieties and effect of postharvest drying on quer-

cetin yield. Ind Crop Prod 38:160–165. https://doi.org/10.1016/j.

indcrop.2012.01.022

Fester T, Hause B, Schmidt D, Halfmann K, Schmidt J,Wray V, Hanse G,

Strack D (2002) Occurrence and localization of apocarotenoids in

arbuscular mycorrhizal plant roots. Plant Cell Physiol 43:256–265.

https://doi.org/10.1093/pcp/pcf029

Fester T, Wray V, Nimtz M, Strack D (2005) Is stimulation of carotenoid

biosynthesis in arbuscularmycorrhizal roots a general phenomenon?

Phytochemistry 66:1781–1786. https://doi.org/10.1016/j.

phytochem.2005.05.009

Fester T, Fetzer I, Buchert S, Lucas R, RilligMC, Hartig C (2011) Towards a

systemic metabolic signature of the arbuscular mycorrhizal interaction.

Oecologia 167:913–924. https://doi.org/10.1007/s00442-011-2037-6

Floss DS, Hause B, Lange PR, Kuster H, Strack D, Walter MH (2008)

Knock-down of the MEP pathway isogene 1-deoxy-D-xylulose 5-

phosphate synthase 2 inhibits formation of arbuscular mycorrhiza-

induced apocarotenoids, and abolishes normal expression of

mycorrhiza-specific plant marker genes. Plant J 56:86–100. https://

doi.org/10.1111/j.1365-313X.2008.03575.x

Gange AC, Brown VK, Sinclair GS (1994) Reduction of black vine

weevil larval growth by vesicular-arbuscular mycorrhizal infection.

Entomol Exp Appl 70:115–119

Gange AC, Bower E, Brown VK (2002) Differential effects of insect

herbivory on arbuscular mycorrhizal colonization. Oecologia 131:

103–112. https://doi.org/10.1007/s00442-001-0863-7

Gange AC, Eschen R, Schroeder V (2012) The soil microbial community

and plant foliar defences against insects. In: Iason GR, Dicke M,

Hartley SE (eds) The ecology of plant secondary metabolites: from

genes to global processes. Cambridge University Press, New York,

pp 170–189

Hartley SE, Gange AC (2009) Impacts of plant symbiotic fungi on insect

herbivores: mutualism in a multitrophic context. Annu Rev Entomol

54, Palo Alto:323–342. https://doi.org/10.1146/annurev.ento.54.

110807.090614

Hartley SE, Eschen R, Horwood JM, Robinson LA, Hill EM (2012) Plant

secondary metabolites and the interactions between plants and other

organisms: the potential of a metabolomic approach. In: Iason GR,

Dicke M, Hartley SE (eds) The ecology of plant secondary metab-

olites: from genes to global processes. Cambridge University Press,

New York, pp 204–225

Hartmann T, Dierich B (1998) Chemical diversity and variation of pyr-

rolizidine alkaloids of the senecionine type: biological need or co-

incidence? Planta 206:443–451. https://doi.org/10.1007/

s004250050420

Hartmann T, Ehmke A, Eilert U, Vonborstel K, Theuring C (1989) Sites

of synthesis, translocation and accumulation of pyrrolizidine alka-

loid N-oxides in Senecio vulgaris L. Planta 177:98–107. https://doi.

org/10.1007/bf00392159

Hewitt EJ (1966) Sand and water culture methods used in the study of

plant nutrition. CAB, Farnham Royal

Hodge A (2001) Arbuscular mycorrhizal fungi influence decomposition

of, but not plant nutrient capture from, glycine patches in soil. New

Phytol 151:725–734. https://doi.org/10.1046/j.0028-646x.2001.

00200.x

Hodge A (2003) N capture by Plantago lanceolata and Brassica napus

from organic material: the influence of spatial dispersion, plant com-

petition and an arbuscular mycorrhizal fungus. J Exp Bot 54:2331–

2342. https://doi.org/10.1093/jxb/erg249

Hodge A (2016) Accessibility of inorganic and organic nutrients for my-

corrhizas. In: Johnson NC, Gehring C, Jansa J (eds) Mycorrhizal

mediation of soil: fertility, structure, and carbon storage. Elsevier,

Amsterdam, pp 129–148

Hodge A, Fitter AH (2010) Substantial nitrogen acquisition by arbuscular

mycorrhizal fungi from organic material has implications for N cycling.

Proc Natl Acad Sci U S A 107:13754–13759. https://doi.org/10.1073/

pnas.1005874107

Hodge A, Fitter AH (2013) Microbial mediation of plant competition and

community structure. Funct Ecol 27:865–875. https://doi.org/10.

1111/1365-2435.12002

Hodge A, Storer K (2015) Arbuscular mycorrhiza and nitrogen: implica-

tions for individual plants through to ecosystems. Plant Soil 386:1–

19. https://doi.org/10.1007/s11104-014-2162-1

Hodge A, Helgason T, Fitter AH (2010) Nutritional ecology of arbuscular

mycorrhizal fungi. Fungal Ecol 3:267–273. https://doi.org/10.1016/

j.funeco.2010.02.002

Hol WHG, Van Veen JA (2002) Pyrrolizidine alkaloids from Senecio

jacobaea affect fungal growth. J Chem Ecol 28:1763–1772.

https://doi.org/10.1023/A:1020557000707

Hol WHG, Macela M, van Veen JA, van der Meijden E (2004) Root

damage and aboveground herbivory change concentration and com-

position of pyrrolizidine alkaloids of Senecio jacobaea. Basic Appl

Ecol 5:253–260. https://doi.org/10.1016/j.baae.2003.12.002

Javot H, Pumplin N, Harrison MJ (2007) Phosphate in the arbuscular

mycorrhizal symbiosis: transport properties and regulatory roles.

Plant Cell Environ 30:310–322. https://doi.org/10.1111/j.1365-

3040.2006.01617.x

Johnson SN, Clark KE, Hartley SE, Jones TH,McKenzie SW, Koricheva

J (2012) Aboveground-belowground herbivore interactions: a meta-

analysis. Ecology 93:2208–2215. https://doi.org/10.1890/11-2272.1

Johnson SN, Erb M, Hartley SE (2016) Roots under attack: contrasting

plant responses to below- and aboveground insect herbivory. New

Phytol 210:413–418. https://doi.org/10.1111/nph.13807

Joosten L, van Veen JA (2011) Defensive properties of pyrrolizidine

alkaloids against microorganisms. Phytochem Rev 10:127–136.

https://doi.org/10.1007/s11101-010-9204-y

Koricheva J, Gange AC, Jones T (2009) Effects of mycorrhizal fungi on

insect herbivores: a meta-analysis. Ecology 90:2088–2097. https://

doi.org/10.1890/08-1555.1

Kostenko O, Mulder PJ, Martijn Bezemer T (2013) Effects of root her-

bivory on pyrrolizidine alkaloid content and aboveground plant-

herbivore-parasitoid interactions in Jacobaea vulgaris. J Chem

Ecol 39:109–119. https://doi.org/10.1007/s10886-012-0234-3

Kowalchuk GA, Hol WHG, van Veen JA (2006) Rhizosphere fungal

communities are influenced by Senecio jacobaea pyrrolizidine alka-

loid content and composition. Soil Biol Biochem 38:2852–2859.

https://doi.org/10.1016/j.soilbio.2006.04.043

Leigh J, Hodge A, Fitter AH (2009) Arbuscular mycorrhizal fungi can

transfer substantial amounts of nitrogen to their host plant from

organic material. New Phytol 181:199–207. https://doi.org/10.

1111/j.1469-8137.2008.02630.x

Li HY, Yang GD, Shu HR, Yang YT, Ye BX, Nishida I, Zheng CC (2006)

Colonization by the arbuscular mycorrhizal fungus Glomus

versiforme induces a defense response against the root-knot nema-

tode Meloidogyne incognita in the grapevine (Vitis amurensis

J Chem Ecol (2018) 44:198–208 207

https://doi.org/10.1007/s10886-011-0021-6
https://doi.org/10.1007/s10886-013-0257-4
https://doi.org/10.1016/j.apsoil.2010.12.002
https://doi.org/10.1007/s00442-009-1312-2
https://doi.org/10.1007/s00442-009-1312-2
https://doi.org/10.1016/j.indcrop.2012.01.022
https://doi.org/10.1016/j.indcrop.2012.01.022
https://doi.org/10.1093/pcp/pcf029
https://doi.org/10.1016/j.phytochem.2005.05.009
https://doi.org/10.1016/j.phytochem.2005.05.009
https://doi.org/10.1007/s00442-011-2037-6
https://doi.org/10.1111/j.1365-313X.2008.03575.x
https://doi.org/10.1111/j.1365-313X.2008.03575.x
https://doi.org/10.1007/s00442-001-0863-7
https://doi.org/10.1146/annurev.ento.54.110807.090614
https://doi.org/10.1146/annurev.ento.54.110807.090614
https://doi.org/10.1007/s004250050420
https://doi.org/10.1007/s004250050420
https://doi.org/10.1007/bf00392159
https://doi.org/10.1007/bf00392159
https://doi.org/10.1046/j.0028-646x.2001.00200.x
https://doi.org/10.1046/j.0028-646x.2001.00200.x
https://doi.org/10.1093/jxb/erg249
https://doi.org/10.1073/pnas.1005874107
https://doi.org/10.1073/pnas.1005874107
https://doi.org/10.1111/1365-2435.12002
https://doi.org/10.1111/1365-2435.12002
https://doi.org/10.1007/s11104-014-2162-1
https://doi.org/10.1016/j.funeco.2010.02.002
https://doi.org/10.1016/j.funeco.2010.02.002
https://doi.org/10.1023/A:1020557000707
https://doi.org/10.1016/j.baae.2003.12.002
https://doi.org/10.1111/j.1365-3040.2006.01617.x
https://doi.org/10.1111/j.1365-3040.2006.01617.x
https://doi.org/10.1890/11-2272.1
https://doi.org/10.1111/nph.13807
https://doi.org/10.1007/s11101-010-9204-y
https://doi.org/10.1890/08-1555.1
https://doi.org/10.1890/08-1555.1
https://doi.org/10.1007/s10886-012-0234-3
https://doi.org/10.1016/j.soilbio.2006.04.043
https://doi.org/10.1111/j.1469-8137.2008.02630.x
https://doi.org/10.1111/j.1469-8137.2008.02630.x


Rupr.), which includes transcriptional activation of the class III

chitinase gene VCH3. Plant Cell Physiol 47:154–163. https://doi.

org/10.1093/pcp/pci231

Li AR, Smith SE, Smith FA, Guan KY (2012) Inoculation with arbuscular

mycorrhizal fungi suppresses initiation of haustoria in the root

hemiparasite Pedicularis tricolor. Ann Bot 109:1075–1080. https://

doi.org/10.1093/aob/mcs028

Liland KH (2011) Multivariate methods in metabolomics - from pre-

processing to dimension reduction and statistical analysis. Trends

Anal Chem 30:827–841. https://doi.org/10.1016/j.trac.2011.02.007

Macel M, Bruinsma M, Dijkstra SM, Ooijendijk T, Niemeyer HM,

Klinkhamer PGL (2005)Differences in effects of pyrrolizidine alkaloids

on five generalist insect herbivore species. J Chem Ecol 31:1493–1508.

https://doi.org/10.1007/s10886-005-5793-0

Maier W, Peipp H, Schmidt J, Wray V, Strack D (1995) Levels of a

terpenoid glycoside (blumenin) and cell wall-bound phenolics in

some cereal mycorrhizas. Plant Physiol 109:465–470. https://doi.

org/10.1104/pp.109.2.465

MaierW, Schmidt J, NimtzM,Wray V, Strack D (2000) Secondary products

in mycorrhizal roots of tobacco and tomato. Phytochemistry 54:473–

479. https://doi.org/10.1016/s0031-9422(00)00047-9

Minton MM, Barber NA, Gordon LL (2016) Effects of arbuscular my-

corrhizal fungi on herbivory defense in two Solanum (Solanaceae)

species. Plant Ecol Evol 149:157–164. https://doi.org/10.5091/

plecevo.2016.1176

Narberhaus I, Theuring C, Hartmann T, Dobler S (2003) Uptake and

metabolism of pyrrolizidine alkaloids in Longitarsus flea beetles

(Coleoptera : Chrysomelidae) adapted and non-adapted to

alkaloid-containing host plants. J Comp Physiol B 173:483–491.

https://doi.org/10.1007/s00360-003-0356-6

Narberhaus I, Zintgraf V, Dobler S (2005) Pyrrolizidine alkaloids on three

trophic levels - evidence for toxic and deterrent effects on phytophages

and predators. Chemoecology 15:121–125. https://doi.org/10.1007/

s00049-005-0302-z

Peipp H, Maier W, Schmidt J, Wray V, Strack D (1997) Arbuscular

mycorrhizal fungus-induced changes in the accumulation of second-

ary compounds in barley roots. Phytochemistry 44:581–587. https://

doi.org/10.1016/s0031-9422(96)00561-4

Redecker D, Schussler A, Stockinger H, Sturmer SL, Morton JB, Walker C

(2013) An evidence-based consensus for the classification of arbuscular

mycorrhizal fungi (Glomeromycota). Mycorrhiza 23:515–531. https://

doi.org/10.1007/s00572-013-0486-y

Reidinger S, Eschen R, Gange AC, Finch P, Bezemer TM (2012)

Arbuscular mycorrhizal colonization, plant chemistry, and above-

ground herbivory on Senecio jacobaea. Acta Oecol 38:8–16.

https://doi.org/10.1016/j.actao.2011.08.003

Rivero J, Gamir J, Aroca R, PozoMJ, Flors V (2015)Metabolic transition in

mycorrhizal tomato roots. Front Microbiol 6:598. https://doi.org/10.

3389/fmicb.2015.00598

Rodriguez-Echeverria S, de la Pena E, Moens M, Freitas H, van der

Putten WH (2009) Can root-feeders alter the composition of AMF

communities? Experimental evidence from the dune grass

Ammophila arenaria. Basic Appl Ecol 10:131–140. https://doi.org/

10.1016/j.baae.2008.01.004

Saia S, Ruisi P, Fileccia V, Di Miceli G, Amato G, Martinelli F (2015)

Metabolomics suggests that soil inoculation with arbuscular mycor-

rhizal fungi decreased free amino acid content in roots of durum

wheat grown under N-limited, P-rich field conditions. PLoS One

10:15. https://doi.org/10.1371/journal.pone.0129591

SanaTR, Fischer S,WohlgemuthG,KatrekarA, JungKH,Ronald PC, Fiehn

O (2010) Metabolomic and transcriptomic analysis of the rice response

to the bacterial blight pathogen Xanthomonas oryzae pv. oryzae.

Metabolomics 6:451–465. https://doi.org/10.1007/s11306-010-0218-7

Schliemann W, Schmidt J, Nimtz M, Wray V, Thomas F, Strack D (2006)

Accumulation of apocarotenoids in mycorrhizal roots of Ornithogalum

umbellatum. Phytochemistry 67:1196–1205. https://doi.org/10.1016/j.

phytochem.2006.05.005

Schliemann W, Ammer C, Strack D (2008a) Metabolite profiling of my-

corrhizal roots of Medicago truncatula. Phytochemistry 69:112–

146. https://doi.org/10.1016/j.phytochem.2007.06.032

Schliemann W, Ammer C, Strack D (2008b) Metabolite profiling of my-

corrhizal roots of Medicago truncatula. Phytochemistry 69:1446–

1447. https://doi.org/10.1016/j.phytochem.2008.02.004

Schweiger R, Muller C (2015) Leaf metabolome in arbuscular mycorrhi-

zal symbiosis. Curr Opin Plant Biol 26:120–126. https://doi.org/10.

1016/j.pbi.2015.06.009

SchweigerR,BaierMC, PersickeM,Muller C (2014)High specificity in plant

leaf metabolic responses to arbuscular mycorrhiza. Nat Commun 5:11.

https://doi.org/10.1038/ncomms4886

Smith SE, Read DJ (2008) Mycorrhizal symbiosis. Academic, San Diego

Strack D, Fester T (2006) Isoprenoid metabolism and plastid reorganiza-

tion in arbuscular mycorrhizal roots. New Phytol 172:22–34. https://

doi.org/10.1111/j.1469-8137.2006.01837.x

Taylor J, Harrier LA (2003) Expression studies of plant genes differentially

expressed in leaf and root tissues of tomato colonised by the arbuscular

mycorrhizal fungus Glomus mosseae. Plant Mol Biol 51:619–629.

https://doi.org/10.1023/a:1022341422133

Thirkell TJ, Cameron DD, Hodge A (2016) Resolving the 'nitrogen paradox'

of arbuscular mycorrhizas: fertilization with organic matter brings con-

siderable benefits for plant nutrition and growth. Plant Cell Environ 39:

1683–1690. https://doi.org/10.1111/pce.12667

Thoden TC, Boppre M, Hallmann J (2009) Effects of pyrrolizidine alka-

loids on the performance of plant-parasitic and free-living nema-

todes. Pest Manag Sci 65:823–830. https://doi.org/10.1002/ps.1764

Troelstra SR, Wagenaar R, Smant W, Peters BAM (2001) Interpretation of

bioassays in the study of interactions between soil organisms and plants:

involvement of nutrient factors. New Phytol 150:697–706. https://doi.

org/10.1046/j.1469-8137.2001.00133.x

Trygg J, Wold S (2002) Orthogonal projections to latent structures (O-

PLS). J Chemom 16:119–128. https://doi.org/10.1002/cem.695

van der Putten WH, Vet LEM, Harvey JA, Wackers FL (2001) Linking

above- and belowground multitrophic interactions of plants, herbivores,

pathogens, and their antagonists. Trends Ecol Evol 16:547–554. https://

doi.org/10.1016/s0169-5347(01)02265-0

VanWees SCM,Van der Ent S, PieterseCMJ (2008) Plant immune responses

triggered by beneficial microbes. Curr Opin Plant Biol 11:443–448.

https://doi.org/10.1016/j.pbi.2008.05.005

Vannette RL, Rasmann S (2012) Arbuscular mycorrhizal fungi mediate

below-ground plant-herbivore interactions: a phylogenetic study.

Funct Ecol 26:1033–1042. https://doi.org/10.1111/j.1365-2435.

2012.02046.x

Vierheilig H, Coughlan AP, Wyss U, Piche Y (1998) Ink and vinegar, a

simple staining technique for arbuscular-mycorrhizal fungi. Appl

Environ Microbiol 64:5004–5007

Walter MH, Floss DS, Strack D (2010) Apocarotenoids: hormones, my-

corrhizal metabolites and aroma volatiles. Planta 232:1–17. https://

doi.org/10.1007/s00425-010-1156-3

Wardle DA, Bardgett RD, Klironomos JN, Setala H, van der Putten WH,

Wall DH (2004) Ecological linkages between aboveground and below-

ground biota. Science 304:1629–1633. https://doi.org/10.1126/science.

1094875

Wei X, Vrieling K, Mulder PPJ, Klinkhamer PGL (2015) Testing the

generalist-specialist dilemma: the role of pyrrolizidine alkaloids in resis-

tance to invertebrate herbivores in Jacobaea species. J Chem Ecol 41:

159–167. https://doi.org/10.1007/s10886-015-0551-4

Wiklund S, Johansson E, Sjostrom L, Mellerowicz EJ, Edlund U,

Shockcor JP, Gottfries J, Moritz T, Trygg J (2008) Visualization of

GC/TOF-MS-based metabolomics data for identification of bio-

chemically interesting compounds using OPLS class models. Anal

Chem 80:115–122. https://doi.org/10.1021/ac0713510

208 J Chem Ecol (2018) 44:198–208

https://doi.org/10.1093/pcp/pci231
https://doi.org/10.1093/pcp/pci231
https://doi.org/10.1093/aob/mcs028
https://doi.org/10.1093/aob/mcs028
https://doi.org/10.1016/j.trac.2011.02.007
https://doi.org/10.1007/s10886-005-5793-0
https://doi.org/10.1104/pp.109.2.465
https://doi.org/10.1104/pp.109.2.465
https://doi.org/10.1016/s0031-9422(00)00047-9
https://doi.org/10.5091/plecevo.2016.1176
https://doi.org/10.5091/plecevo.2016.1176
https://doi.org/10.1007/s00360-003-0356-6
https://doi.org/10.1007/s00049-005-0302-z
https://doi.org/10.1007/s00049-005-0302-z
https://doi.org/10.1016/s0031-9422(96)00561-4
https://doi.org/10.1016/s0031-9422(96)00561-4
https://doi.org/10.1007/s00572-013-0486-y
https://doi.org/10.1007/s00572-013-0486-y
https://doi.org/10.1016/j.actao.2011.08.003
https://doi.org/10.3389/fmicb.2015.00598
https://doi.org/10.3389/fmicb.2015.00598
https://doi.org/10.1016/j.baae.2008.01.004
https://doi.org/10.1016/j.baae.2008.01.004
https://doi.org/10.1371/journal.pone.0129591
https://doi.org/10.1007/s11306-010-0218-7
https://doi.org/10.1016/j.phytochem.2006.05.005
https://doi.org/10.1016/j.phytochem.2006.05.005
https://doi.org/10.1016/j.phytochem.2007.06.032
https://doi.org/10.1016/j.phytochem.2008.02.004
https://doi.org/10.1016/j.pbi.2015.06.009
https://doi.org/10.1016/j.pbi.2015.06.009
https://doi.org/10.1038/ncomms4886
https://doi.org/10.1111/j.1469-8137.2006.01837.x
https://doi.org/10.1111/j.1469-8137.2006.01837.x
https://doi.org/10.1023/a:1022341422133
https://doi.org/10.1111/pce.12667
https://doi.org/10.1002/ps.1764
https://doi.org/10.1046/j.1469-8137.2001.00133.x
https://doi.org/10.1046/j.1469-8137.2001.00133.x
https://doi.org/10.1002/cem.695
https://doi.org/10.1016/s0169-5347(01)02265-0
https://doi.org/10.1016/s0169-5347(01)02265-0
https://doi.org/10.1016/j.pbi.2008.05.005
https://doi.org/10.1111/j.1365-2435.2012.02046.x
https://doi.org/10.1111/j.1365-2435.2012.02046.x
https://doi.org/10.1007/s00425-010-1156-3
https://doi.org/10.1007/s00425-010-1156-3
https://doi.org/10.1126/science.1094875
https://doi.org/10.1126/science.1094875
https://doi.org/10.1007/s10886-015-0551-4
https://doi.org/10.1021/ac0713510

	Arbuscular Mycorrhizal Fungi and Plant Chemical Defence: Effects of Colonisation on Aboveground and Belowground Metabolomes
	Abstract
	Introduction
	Materials and Methods
	Microcosm Experiment
	Plant Extraction and Non-targeted Metabolomic Profiling
	Analyses of Pyrrolizidine Alkaloids in Metabolomic Profiles of Tissue Extracts
	Data Analysis

	Results
	AMF Colonisation and Plant Biomass
	Root metabolome
	Shoot Metabolome
	Concentrations of PA Metabolites in the Root and Shoot Metabolome

	Discussion
	References


