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Summary

Impatiens glandulifera is one of the most widespread invasive plant species in the UK.
Although aspects of its biology are known, there is little information about its association
with microbial communities both above- and below-ground. Furthermore, it is unknown
whether this species exhibits any form of plant-soil feedback (PSF), commonly seen in other
invasive weeds. We conducted a PSF experiment, in which plants of | glandulifera were
grown in soil that supported the species, and compared with those in a control soil from the
same locality. Soil nutrients were measured and the soil and foliar microbial communities
were assessed. I. glandulifera grew larger and faster in conditioned soil compared to the
control. Higher levels of phosphate were also found in conditioned soils. Arbuscular
mycorrhizal fungal (AMF) colonisation was lower in conditioned soils, suggesting that I.
glandulifera may rapidly alter AMF communities in invaded areas. PSFs had a significant
effect on the foliar endophyte community, with clear separation of species between
conditioned and control soils. These results show that I. glandulifera displays a positive PSF
and the PSF mechanism extends beyond the soil microbial community to affect foliar
endophytes. The observed increase in endophytes in plants grown in conditioned soil could
enhance resistance to herbivory, thus further accentuating the invasive properties of this

species.

Key-words: endophytes, non-native invasive species, multitrophic interactions, mycorrhizal

fungi, plant-soil biota interactions
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Introduction

There is increased evidence that certain plant species can selectively alter the soil microbial
community, creating a plant—soil feedback (PSF) that can directly influence plant growth and
fitness (Kulmatiski et al., 2008). The direction of the feedback, whether positive or negative,
is dependent on the net effect of antagonistic and mutualistic soil microbes on plant growth
and fitness. Positive PSF can result in improved performance of conspecifics, whereas
negative PSF can result in soil conditions that decrease the performance of conspecifics and
promote the co-existence of other species (Kulmatiski et al., 2011). An accumulation of
pathogenic microbes in the soil can have negative effects on plant species that cultivate them
(Reinhart & Callaway, 2006), but aid species turnover and succession which leads to greater

biodiversity in plant communities (Callaway et al., 2004).

Invasive non-native plant species tend to be associated with less negative PSF
compared to native plants (Klironomos, 2002). Changes to the soil microbial community
specific to individual invasive species may occur through various mechanisms. Nutrient
changes in the soil, mediated by leaf litter and associated microbial decomposers, can alter
nutrient availability within a plant community. In addition, shifts in soil nutrient levels as a
result of root exudation or soil microbes, coupled with the accumulation of local pathogens,
such as soil bacteria, may benefit conspecifics, whilst having detrimental effects on native

plant species (Ehrenfield, 2010).
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One such invasive non-native species is Impatiens glandulifera Royle (Himalayan
balsam). I. glandulifera is an annual species native to high altitude meadows in the Western
Himalayas, first introduced into Europe as a garden ornamental in the early 19" century
(Beerling & Perrins, 1993). In the UK, I. glandulifera forms dense monocultures along
riverbanks and within damp woodlands, where each plant can produce up to 2,500 seeds that
are propelled from ripened seed-pods up to 7 m from the maternal plant. Synchronous
germination of the seed bank, coupled with fast growth, enables the population to gain an
early season advantage over native annual herbs (Beerling & Perrins, 1993). Negative
impacts for this species have been recorded on ecosystem services (Chittka & Schurkens,
2001), native vegetation (Hulme & Bremner, 2006) and associated invertebrate populations

(Tanner et al., 2013). However, little is known about its effects on microbial communities.

Arbuscular mycorrhizal (AMF) and endophytic fungi form a ubiquitous symbiosis
with the majority of plant species within native habitats, and these associations are generally
mutualistic (Hartley & Gange, 2009). 1. glandulifera is known to be weakly dependent on
AMF, and may act to significantly deplete the mycelial network below established
monocultures (Tanner & Gange, 2013; Ruckli et al., 2014). Initial studies suggest that this
can act to significantly reduce the fitness of native plants known to be associated to habitats
that I. glandulifera invades (Tanner & Gange, 2013). However, we are unaware of any
studies that have evaluated effects on the whole microbial community (both above- and

below-ground) as a result of the presence of I. glandulifera.

The primary benefits conferred to plant species differ between AMF and foliar
endophytes, where the former provides enhanced nutrient acquisition through a mycelial

network and the latter provides resistance to environmental stresses and natural enemy



96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

pressure (Hartley & Gange, 2009). Both AMF and endophytic fungi require photosynthate
from the host plant, which may lead to indirect competition between them, expressed through
the host plant (Eschen et al., 2010). Thus, as I. glandulifera is able to manipulate soil
microbes, these changes could affect foliar endophytes. This in turn may enhance resistance
to insect herbivores (Gange et al., 2012) or plant pathogens, producing a novel mechanism
for invasiveness. Endophytes may enhance the competitive nature of invasive plants
(Aschehoug et al., 2012), but whether PSFs affect the endophyte communities of invasive

plants is unknown.

The aim of this study was to determine whether I. glandulifera exhibits any form of
PSF. Our objectives were to investigate whether soil bacterial abundance, AMF and nutrient
availability differ in soils that have and have not supported growth of the plant. Additionally,
we explored whether a PSF can extend above ground, to affect foliar endophytic

communities.

Methods

The PSF experiment was based on a two-staged approach, which involved the conditioning of
soil using I. glandulifera (Phase 1) and using I. glandulifera as a measure of soil changes

(Phase 2), following Kulmatiski & Kardol (2008).

Impatiens glandulifera seeds were collected from a large population at
Harmondsworth Moor, Middlesex, UK: 51°29 ‘58.2N, 000° 29.02.3"E in 2010. Seeds were
stored at 4°C for 6 months in order to break time-dependent dormancy. For each
experimental phase, seeds were surface sterilised and germinated on moist filter paper within

sterile Petri dishes, which were placed in an incubator at 4°C for approximately 4 weeks.
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Phase 1 — conditioning the soil

Forty pots, each 13 cm in diameter, were filled with 500 g of soil collected from
within the grounds of the CABI Campus in Egham, Surrey, UK (51°25'10.7"N, 000°34 '
16.9"W). The area where the soil was collected had not been cultivated for over 30 years,
with vegetation dominated by 1. parviflora DC., Urtica dioica L., and Quercus robur L., and
had not been previously invaded by I. glandulifera. The site was cleared of vegetation prior
to experimental set-up in order to create space to position the pots. Control soil was treated in

the same manner as conditioned soil.

Two germinated seeds were placed in 20 pots, 1cm below the surface of the soil. The
remaining 20 pots were filled with soil but no seeds were added (control soil). All pots were
sunk into the ground with the rim flush against the soil surface, in a randomised block design.
After 14 days the weaker seedling was removed in each sown pot. Plants were maintained for
a total of 8 weeks (to maturity) ensuring individuals did not flower (I. glandulifera is listed
under Schedule 9 of the Wildlife and Countryside Act, 1981). At this point, leaves from each
plant were randomly selected and the endophytic community was sampled (see below for full
methodology). Following this, plants were harvested, roots were removed from the soil and 5
randomly selected pots from each treatment were analysed for soil nutrients (see below for
full methodology). All soil, both conditioned and control, was then left to air dry for 2
weeks, and thereafter stored in a cool, dark room for 8 months until commencement of the

feedback experiment (Phase 2) the following season.

Phase 2 — evaluating I. glandulifera performance and microbial interactions in

conditioned soil
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For the second phase of the experiment, 20 pots were filled with 500 g of each soil treatment
i.e. that conditioned by plants the previous year and the unconditioned (control) soil. Two
germinated seeds from the same locality as above were placed in each of the 40 pots, though
this time pots were placed in a Controlled Environment Facility (16 h light/8 h dark at 23 +
1°C, 35% relative humidity) for five weeks before placing outside to ensure seedling
establishment. Seedlings were watered daily with 100ml of water and after 14 days the
weaker seedling was removed. After 5 weeks, the pots were transferred to the same site as
above and sunk into the soil in a randomised block design, 4 m x 4 m in size. Plants were
maintained outside for 7 weeks and were watered 5 times a week with approximately 250 ml
of water. Individual plant height and leaf number was measured every 7 days. As before,
plants were harvested before flowering and total fresh biomass was recorded. The plants were

subsequently dried and weighed.

Soil nutrient analysis

Financial and logistical (ensuring sufficient soil for phase 2) constraints meant that soil could
not be sampled from all pots in the two growth phase experiments. Analysis of soil nutrients
was performed at the end of Phase 1, using soil from five randomly selected pots for each
treatment. The soil analysis was repeated at the end of Phase 2, where 10 pots were
randomly selected from each treatment. Following the soil nutrient analysis, the same 10
replicate units were subsequently assessed for phospho-lipid fatty acids (PLFA’s),
endophytes and AMF colonisation (see below for methods). Approximately 30 g of soil was
removed weighed, dried and reweighed to calculate water content of the soil. Both fresh and
dried soil was used for the analyses. The extractable nitrate (NO3) and phosphate (PO,)

content for each treatment was measured using a Skalar segmented flow analyser according
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to manufacturer’s instructions. Potassium (K) was analysed by flame spectrometry using a

Perkin Elmer atomic absorption spectrometer Analyst 800.

Phospho-lipid fatty acid profiling

PLFA analysis was conducted to assess soil microbial communities following Frostegard et
al. (1993). Briefly, 3.00g £0.05 (fresh weight) of soil was used from each pot. Lipids were
extracted by Bligh/Dyer solvent and phase separation performed with chloroform as an
organic solvent. Silica acid columns were used to fraction lipid material into neutral
(NLFAs), glyco- and phospholipids (PLFAs). Lipid methanolysis of PLFA and NLFA
fractions to obtain fatty acid methyl esters (FAMES) was conducted in 0.2M methanolic KOH
and methylnonadecanoate (C19:0) was added as an internal standard. FAMEs were identified
by chromatographic retention times and bacterial PLFAs verified with a standard bacterial
FAMEs mix (Sigma-Aldrich, St Louis, USA). Analysis was performed by a Hewlett Packard
(HP) 5890 gas chromatograph equipped with a flame ionization detector and a DB-5 capillary
column (30 mm x 0.25 mm i.d., film thickness 0.25 um). The injection temperature was
250°C and the detector temperature regime started at 100 C, increasing at 20'C min™ before
being held at 160°C for 5 minutes. Temperature increased again at 3.5 C min™ to 280°C
where it was held for 3 minutes before finally increasing at 20°C min™ to 320°C. Injection
was splitless and helium was used as a carrier gas. FAMEs were identified on an HP 5970

mass spectrometer.

Fatty acid nomenclature followed Frostegard et al., (1993). The abundance of
individual PLFA’s is expressed as equivalent responses to the internal standard, in pg g dry
weight of soil (modified from Hedrick et al., 2005). Microbial markers were used to

characterize the community. The PLFAs 18:2w6,9 (Frostegard et al., 2011) and 20:109
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(Sakamoto et al., 2004) were used as indicators of fungi while C14:0i, C15:0i, C15:0ai,
Cl6:1i, C16:0i, C16:1w7¢, C16:0(10Me), C17:0i, C17:0ai, C17:0cy, C17:0(10Me),
C18:109c, C18:0(10Me) and C19:0cy (Zelles, 1999) were used to characterize total soil

bacteria.

Endophytic fungal community

Towards the end of Phase 1 and 2, plants from each treatment (i.e. phase 1 plants, plants in
conditioned and control soil in phase 2) were evaluated for endophytic fungal communities.
Three asymptomatic mature leaves from each plant were removed and three 9mm? leaf pieces
were cut from each leaf and surface sterilised using the following procedure, modified from
Schulz et al., (1993). Fragments were subjected to a sequence of 30 immersions in 100%
ethanol, sterile water, 4.7% household bleach, 100% ethanol and finally by four rinses in
sterile water. Sterilised leaf pieces were placed on potato dextrose agar (PDA) with
antibiotics (60 mg I™* penicillin G and 80 mg I"* streptomycin sulphate to inhibit bacterial
contamination). Plates were maintained at 20 C for 2 weeks, until fungal colonies were seen.
Emerging fungal colonies were transferred to potato carrot agar (PCA) plates by using a
sterile blade to remove approximately a 3 mm? piece of the developing fungal hyphae. Once
sporulation had occurred, slides were prepared and the cultures were identified by B.C.
Sutton. Previous work indicated that there was almost no difference in endophyte species
richness obtained by culturing and molecular methods within a range of annual plants
(Hodgson, 2010). Therefore this method was chosen, particularly as cultures were needed for

future manipulative experiments to be undertaken.

AMF colonization
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Plants from Phase 2 were evaluated for AMF colonisation using the acidified ink staining
method of Vierheilig et al. (1998). Plants were removed from their pot and roots washed free
of soil. A 2-5 g sub-sample from each root system was immersed in a 10% potassium
hydroxide solution (10% w/v: 10g KOH in 100ml aqueous solution) and placed in a water
bath at 80°C for 25 minutes. Thereafter roots were rinsed with water and blotted dry. Roots
were placed in clean vials and covered with staining solution (84.4: 15: 0.6, dH20: 1% HCI:
Quink blue pen ink) in the water bath for a further 15 minutes. Colonisation was measured

using the cross hair eye piece method of McGonigle et al. (1990).

Statistical analysis

All analyses were conducted using plants from Phase 2 as replicates. All data sets were
checked for normality and homogeneity of variances prior to analyses and all percentage data
were arc sine transformed. All data violating assumptions of homogeneity were transformed
with logarithmic or reciprocal transformations. Linear mixed effect models (LMM) using the
nlme package in R (Pinheiro et al., 2012) was used to assess plant height and total leaf
number, as a response to the interaction between treatment and time. Plant replicate was
assigned as a random effect. Exploratory analyses of the data revealed that the explanatory
variable ’time’ was quadratic. The quadratic term was only retained within the model
alongside the associated main effect when significant. A one-way ANOVA was used to
examine soil treatment effects on fresh and dry biomass, as well as soil NO3z, PO4 and K
content and percentage root length colonized (% RLC) by AMF. One-way ANOVA’s were
used to compare total mass of PLFAs, mass of bacteria attributed PLFASs alone and mass of
fungal attributed PLFAs alone between invaded and native (control) soil. PLFA community

analysis (Principal Component Analysis; PCA) was performed in R (R Core Team, 2014) by
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including concentrations of individual PLFA’s. Principal components were then extracted

and interpretation based on factor loadings. LMM’s and ANOV As were performed in R.

Endophyte isolation frequency (IF) was calculated for each fungal species by dividing
the number of isolations (individual colonies) of a fungal species per plant by the total
number of isolations of all fungal species in that plant (Gange et al., 2007). Differences in
endophyte species richness and IF of fungal species between treatments were examined with
a one-way ANOVA, following transformation of percentage data. Treatments where a
particular fungus was absent were excluded from these analyses. All analyses were conducted
with the UNISTAT® statistical package. NMDS was performed to examine differences in the
species composition of foliar endophyte communities between treatments. The significance
of the overall separation and subsequent differences between treatments was quantified with
Analysis of Similarity (ANOSIM) using the Community Analysis Package (CAP5) (Pisces

Conservation, Lymington).

Results

Vegetation growth

Soil conditioning with 1. glandulifera had a marked impact on subsequent vegetative growth.
There was a significant interaction between time and treatment for both height (P <0.01, See
supplementary material Table 1a) and leaf number (P < 0.01, See supplementary material
Table 1b), highlighting the faster growth rate of plants grown in conditioned soil compared to
control (Fig. 1a and b). The changes in stature were also seen in plant biomass. Both total
fresh (F134 = 63.4, P <0.01) and dry (F1 34 = 50.6, P < 0.01) biomass was almost three times

greater in conditioned soil compared with control soil (Fig. 1c).

11
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Fig 1 near here

Soil nutrient analysis

Conditioned soil had a significantly greater amount of PO, than control soil at the end of
Phase 1 (F212=20.0, P <0.001) and Phase 2 (F; 15 = 8.5, P < 0.01) (Fig. 2a). There was no
difference in K content between the soils after Phase 1 (F,1, = 1.9, P > 0.05), but control soil
contained more K than conditioned soil after Phase 2 (F11s = 16.1, P < 0.01) (Fig. 2b). There
was no difference in NO3 content between the soils after either Phase 1 (F,,1, = 2.8, P > 0.05)

or Phase 2 (F115=3.0, P >0.05).

Fig 2 near here

Microbial communities

Mass of total fatty acids was higher in conditioned than in the control soils (F; 13 = 6.70, P <
0.05). Mass of bacterial fatty acids was higher in the conditioned soil than in control soil (Fy,
18 = 4.70, P < 0.05), but there were no differences in fungal fatty acids between the two soil
treatments (Fy, 15 = 2.02, P > 0.05) (Fig. 3). Two principal components (PC’s) explained the
majority of the variance, with PC1 explaining 69% and PC2 explaining 21% (See
supplementary material Table 2). Moreover, there was a clear separation between PLFA

communities in control and conditioned soils, with conditioned soils less variable in
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abundance of PLFA’s than control soil (Fig 4). It is important to note, however, that there

was overlap between PLFA’s found in each soil treatment.

Fig 3 near here

Fig 4 near here

AMF root colonization was observed in all plants. Roots of plants from conditioned
soil had mean colonisation levels of 22.8% + 3.69, significantly less than the 44.6% + 1.91 in

plants from control soil (F115=27.6, P < 0.01).

Plants at the end of Phase 1 contained an average of 3.1 + 0.44 endophyte species per
individual. In addition, this figure did not differ from the equivalent (i.e. control soil) plants
in Phase 2, which contained 2.7 + 0.39 fungal species. However, However, plants from
conditioned soil in Phase 2 contained significantly more fungi (4.2 + 0.35) than their
respective controls (F11s = 7.9, P < 0.05). In Phase 1, a total of 14 endophyte species were
isolated from all plants (data not shown), while in Phase 2, 11 species were isolated from I.
glandulifera. Only five species, Alternaria alternata, Cladosporium cladosporioides,
Colletotrichum gloeosporioides, Co. dematium and Epicoccum nigrum were found in plants
from both soil treatments in Phase 2. All of these species were found in Phase 1. Tritirachium
dependens and Sordaria humana were only found in plants from conditioned soil, while
Colletotrichum acutatum and Fusarium culmorum were found in control soil plants only.
Statistical analyses were possible for three endophyte species in Phase 2, because other
species were so rare that data sets contained high numbers of zero values. The isolation

frequency of A. alternata in conditioned soil plants (31.9%) was over twice that in plants
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from control soil (13.1%) (F11s = 5.9, P < 0.05). C. cladosporioides showed a similar
difference between conditioned (23.6%) and control (9.4%) soil plants (Fy 15 = 14.1, P <
0.01). E. nigrum too showed a similar trend (conditioned soil: 13.3%; control soil 9.4%), but

this was not significant (F1 15 = 0.5 P > 0.05).

The NMDS ordination clearly separated the endophyte fungal assemblages of control
and conditioned soil treatments (ANOSIM R = 0.198, P < 0.001) (Fig. 5). ANOSIM
demonstrated that differences were between control and conditioned soil-grown plants in
phase 2 (R =0.178, P < 0.01), and between plants in Phase 1 and conditioned soil plants in
Phase 2 (R = 0.255, P < 0.01). However, there was no difference in fungal communities in
plants grown in Phase 1 and those in control soil in Phase 2 (R = 0.011, P > 0.05), indicating

that the potential community of endophytes infecting plants was the same in each year.

Fig 5 near here

Discussion

Invasive forb species frequently exhibit positive plant-soil feedbacks, yet all previous studies
have focused on below-ground processes (Meisner et al., 2014). We have shown that not only
does I. glandulifera exhibit a positive PSF, but that these effects extend to above-ground
microbial assemblages also. The finding that 1. glandulifera manipulates below-ground
communities of AMF and bacteria and above-ground foliar endophyte communities could
provide important insights in our understanding of microbial community interactions,
especially in light of the recent release of a fungal biological control agent against this

species in the UK (Tanner et al., 2015).
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When grown in previously conditioned soil, I. glandulifera was taller, produced more leaves,
grew at a faster rate, and produced higher biomass, suggesting that it displayed a positive
PSF. Characteristics such as increased size are used as correlates of fitness in PSF
experiments, with positive PSFs demonstrated through an increase in biomass of individuals
grown in previously conditioned conspecific soil (Kulmatiski et al., 2008). High growth rate
of invasive plants can often be attributed to available N in the soil (Dassonville et al., 2008).
However NO; content did not differ between the soil treatments in this study, suggesting that
variation in growth response may instead be due to increased P via root exudation or

differences in the soil microbial community.

It has been well documented that AMF facilitate the acquisition of P to plants
(Richardson et al., 2009). However, AMF also require C from their hosts, which can lead to
negative effects on plant growth at high levels of colonisation (Gange & Ayres, 1999). Here,
AMF root colonisation in conditioned soil was half that of plants grown in control soil. What
is interesting is that higher AMF colonisation seen in the control soil did not result in greater
vegetative growth, indicating that this species may have a low threshold of AMF
colonisation, after which the mutualistic association declines. Symbiosis between plant and
AMF is optimum when increased P uptake leads to an increase in plant growth. Colonisation
above this optimum may result in AMF taking carbon from the plant, changing the

association from mutualistic to parasitic (Gange & Ayres, 1999).

The reduced colonisation by AMF in conditioned soil is similar to that seen by Ruckli
et al (2014), who found that I. glandulifera invasion reduced the AM colonisation of

sycamore (Acer pseudoplatanus L.) saplings. What is not known is whether the reduction in
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AMF by I. glandulifera is a generic depletion of fungal species or the result of certain fungal
species failing to associate with the plant and so being eliminated from the soil community
(Tanner & Gange, 2013). Certainly, molecular analyses of the fungal species present in soil
would be most instructive, and this is the subject of our current research. Whatever, the
mechanism, it is clear that the reduction in AMF could have important consequences for
other plant species establishing post I. glandulifera removal. For example, Tanner & Gange
(2013) found that two native species (Plantago lanceolata L. and Lotus corniculatus L.) had
reduced mycorrhizal colonisation and fitness when grown in soil previously dominated by I.

glandulifera.

In contrast to mycorrhizas, . glandulifera appeared to increase bacterial biomass,
with that in conditioned soil being almost twice that in the control soil. Invasive species have
been shown to alter soil communities, but effects can be variable. For example, increases in
bacterial biomass have been observed after invasions of Amaranthus viridis L. in Senegal
(Sanon et al., 2009) but a recent meta-analysis (Meisner et al., 2014) suggests that, in most
cases, exotic species have little effect on soil bacterial biomass. In the field, bacterial biomass
manipulation by the invasive plant may additionally be influenced by the native species
present (Belnap & Phillips, 2001), further complicating interpretation of soil biota effects on
invasives. Thus, species and location specific responses are observed and with little data
available for this phenomenon in 1. glandulifera, this paper provides a first step in analysing

specific responses for its invasive properties.

In addition, there is extensive evidence that invasive plants alter soil bacterial
community structure (Coats & Rumpho, 2014) and our results support this. Sanon et al.,

(2009) studied bacterial rRNA’s in soils invaded by invasive A. viridis and found that certain
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species were more prevalent within invaded soils than in others. Our PCA results reflect this,
with some of the community shared in both soils. Sanon et al., (2009) demonstrate that rRNA
analysis on soil biota is possible and can obtain high resolution data, so this could be a
credible next step in studies of I. glandulifera PSF, building on the findings of the current

study and give insights into direct and indirect effects of soil bacteria on plant growth.

Invasive plant research has generally focused on phytocentric parameters and more
recently, the effect on soil microbial communities. However, whether PSF effects extend to
foliar microbial communities has been ignored. Endophytic fungi in forbs can have profound
effects on plant fitness as well as possible protection against plant pathogens (Currie et al.,
2014) and insect herbivores (Gange et al., 2012). Conditioning of soil by I. glandulifera had a
significant effect on subsequent infection by fungal endophytes with I. glandulifera plants

grown in conditioned soil more susceptible to infection.

It should be noted that the endophyte community within plants in Phase 1 and in
plants grown in control soil in Phase 2 was almost identical. The main source of infection by
endophytes is likely to be spore rain from the air, causing many localised infections, but not
resulting in systemic growth (Yan et al., 2015). Furthermore, infection of seedlings within
soils seems not to occur either (Currie et al., 2014), supporting the idea that foliar
colonization occurs exclusively by an aerial route. Moreover, litterfall did not occur in this
study, reducing the possibility of leaf endophytes producing spores that could enter the local
soil. Thus, we can discount inter-annual variation in endophyte spore rain as an explanation
for the differences observed between control and conditioned-soil plants. Instead, it would
appear that the PSF caused by I. glandulifera has a considerable influence on the foliar

endophytic community.
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Of the most common endophyte species identified, both A. alternata and C.
cladosporioides occurred more frequently in plants grown in conditioned soil. These species
are known to be ubiquitous in nature, yet still showed a difference in infection levels between
I. glandulifera plants grown in close proximity. Strains of both species can be
entomopathogenic and occur as endophytes (Vega et al., 2008), but whether they were so in
this study is unknown. Endophyte species richness was greater in plants grown in conditioned
soil and there was a clear separation in endophyte fungal communities between conditioned
and control soil treatments. This indicates that I. glandulifera generates a PSF that can
influence fungal endophyte communities. Taken together, the observations that |
glandulifera appears to acquire more endophytes and higher levels of certain species as a
result of its conditioning of soil could have important consequences for biological control of
this weed. A plant with more endophytes may be better defended against natural enemies and
thus any biological control agent (see Tanner et al., 2015). Indeed, Aschehoug et al (2012,
2014) have shown that A. alternata infection can have dramatic impacts on the highly
invasive Centaurea stoebe L., through increases in its competitive ability and allelopathic

potential.

Both soil nutrients and AMF are known to affect plant growth. However, their effects
on foliar endophyte communities are less well known. The size of a plant seems to have little
effect on the endophyte community within (Currie et al., 2014) and therefore the variation in
size between conditioned and unconditioned soil may not be the cause of differences in
endophyte communities seen here. Soil nitrogen and AM fungi have been shown to affect the
composition of endophyte species in the perennial forb, Cirsium arvense L. (Eschen et al.

2010). However, there was no difference in nitrate content between the two soil treatments in
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this study. The influence on endophyte community composition in the current study may
therefore be due to the reduction in AMF inoculum potential in soil by this plant (Eschen et
al., 2010). This interaction has not previously been considered as a mechanism that might

promote invasiveness (Bennett, 2013) and deserves further investigation.

Conclusion

Our results show that I. glandulifera produces a positive PSF, manipulating both the
soil microbial and foliar endophyte community, as well as altering nutrient levels in the soil.
The effect on the foliar endophytes may be a secondary one, caused by changes in the
mycorrhizal levels and/or species in the soil. These findings may have profound implications
for understanding the invasive nature of weed species. Changes in the soil microbial
community, caused by a weed, may lead to changes in the foliar endophytes associated with
these plants. These changes may result in a ‘perfect storm” whereby the weed is better
protected against predators and pathogens, making invasiveness more likely and biological
control more difficult. We conclude that future efforts at biological control and weed

management must take the plant-associated microbiome into account.
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Figure legends

Fig. 1. The change in mean (a) height and (b) leaf number over time for I. glandulifera,
between conditioned (closed circles) and control (open circles) soil treatments. Total mean
plant biomass (c) of I. glandulifera between conditioned and control soil treatments. Closed

bars indicate fresh, open bars indicate dry biomass. Error bars represent SEM.

Fig. 2. Differences in mean (a) phosphate and (b) potassium content of dry soil at the end of

the Phase 2 experiment. Error bars represent SEM.

Fig. 3. (a) Total, (b) bacterial and (c) fungal PLFAs in pg g™ dry weight between the two soil

treatments. Error bars represent SEM. Stars (*) denote a significant difference at the < 0.05

level.
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Fig. 4. Principal Components Analysis (PCA) ordination of soil phospholipid fatty acids
(PLFAs) from the two soil treatments carried out in phase two. Data points denoted by open
circles represent control treatments, open squares represent conditioned soil. Grey crosses,

presented for illustrative purposes, denote individual fatty acids (‘species’).

Fig. 5. Non-metric multidimensional scaling (NMDS) ordination of endophytic fungal
communities of I. glandulifera leaves from the three soil treatments. Data points denoted by
crosses represent plants at end of Phase 1, open circles represent plants in control soil in

Phase 2 and open triangles, plants grown in conditioned soil in Phase 2.
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