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Abstract

The majority of phytophagous insects eat very fdanpspecies, yet the ecological and
evolutionary forces that have driven such specralgre not entirely understood. The
hypothesis that arbuscular mycorrhizal fungi cateeine phytophagous insect specialism,
through differential effects on insect growth, wwested using examples from the British flora.
In the UK, plant families and species in the fanmibpmiaceae that are strongly mycorrhizal
have higher proportions of specialist insects fegdbin them than those that are weakly
mycorrhizal. We suggest that AM fungi can affdet tomposition of insect assemblages on

plants and are a hitherto unconsidered factoraretfolution of insect specialism.
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INTRODUCTION

Many factors are thought to account for the gresgrele of specialism seen in the diets of
most phytophagous insects. These include gengtitated trade-offs in performance on
novel hosts, effects of interspecific competitipnmedation pressure, coevolution with plant
chemical defences or constraints on the neurabybil the phytophage (Jaenike 1990; Mitter
et al. 1991; Joshi & Thompson 1995; Bernays & Funk 1999pecialism may also be
associated with small body size, mode of overwintgrpersistency of food resource and
dispersal ability (Ward & Spalding 1993; Lodstral. 1998).

Many of these theories are founded in the respohsgsects to plant secondary metabolites
(Harborne 1994). By specializing on a narrow digsects encounter fewer toxic chemicals
and may even sequester these as part of their efemck. Hypotheses proposed to explain
the diversity of plant secondary chemicals are galye plant- or insect-centred, but
ecologists now realise that fungi existing withine troots or shoots of plants can significantly
affect the chemistry of the foliage and therebyrafihytophagous insect growth (Gange &
Bower 1997; Saikkoneet al. 1998). Arbuscular mycorrhizal (AM) fungi, whicolonize the
roots of most vascular plants, are known to allentpphysiology and chemistry. These
changes lead to increases in growth of specidistvang and specialist and generalist sucking
insects, but decreases in growth of generalist er@@Wsange & West 1994; Borowicz 1997,
Gangeet al. 1999a; Goverdet al. 2000). A number of ecological correlates of mybal
occurrence in the British flora have been docuntkeifieat & Fitter 1993), but since this
work, an important ecological and evolutionary diogs has arisen. This is whether the
differential effects of AM fungi on specialist amgneralist phytophagous insects lead to
different insect assemblages on mycorrhizal andmgeoorrhizal plants. Here we provide
evidence that plant families or species that axengty mycorrhizal have higher proportions
of specialist insects, higher proportions of sugkimsects and lower proportions of chewing
insects associated with them than do those that@a&ly mycorrhizal or non-mycorrhizal.

MATERIALSAND METHODS

We selected the dicotyledonous families in theidhriflora which only form an association
with AM fungi (Harley & Harley 1987). We excludddmilies that contain entirely non-

native species, or trees and shrubs or which hadrféhan three species in the family. This
produced a total of 37 families, containing 105&cses. The families were: Apiaceae,

Asteraceae, Balsaminaceae, Boraginaceae, BrasmgaCampanulaceae, Caryophyllaceae,



Chenopodiaceae, Clusiaceae, Convolvulaceae, Caass@, Dipsaceae, Euphorbiaceae,
Fabaceae, Fumariaceae, Gentianaceae, Geraniacaag@ackae, Linaceae, Lythraceae,
Malvaceae, Onagraceae, Oxalidaceae, Papaveracdaetagihaceae, Plumbaginaceae,
Polygonaceae, Polygalaceae, Portulacaceae, PrieaglacResedaceae, Saxifragaceae,
Scrophulariaceae, Urticaceae, Valerianaceae anddéae. The proportion of species within
each family that form an AM association was obtdifrem Harley & Harley (1987) and its
addenda. For 102 species for which there wereraaiqus records, we supplemented this
information with our own observations. Insect h@éant data were obtained from the
Phytophagous Insect Data Base (PIDB), which costauer 50,000 insect-host plant records
for over 6,000 species of insect and 2,000 plamard & Spalding 1993). Insect data were
expressed as proportions, because it is knowrtlleaabsolute numbers of insects associated
with any plant family is strongly dependent on thember of plant species within that family
(Ward & Spalding 1993).

As families cannot be considered strictly independkata points (Harvey & Pagel 1991), we
calculated standardized independent contrasts gfglsin 1985) using the model
Comparative Analysis by Independent Contrasts (BufvRambaut 1995). We used the
strict consensus tree (given at http://www.cis.upedu/~krice/treezilla/index.html) derived
from the data matrix of analysis Il (Chageal. 1993), as a phylogeny for plant families. To
examine the relations between degree of speci@izabf associated insects and the
proportion of AM species within each family, we ds& standard regression technique, with
all proportional data being subjected to the anginansformation prior to analysis. Although
statistical theory states that such regressionglgho fitted without a constant (Garlaetchl.
1992), it could be argued that such a situatiobigdogical meaningless in our data. For
example, a plant family could contain no mycorrhisgzecies, yet one would still expect some
insects to be associated with it. As a compromisefitted regressions with and without a
constant.

The family Lamiaceae was selected for a detailedlystbecause it is believed to be a
monophyletic group (Wagsta#t al. 1998). To avoid confounding effects of life bist, we
restricted our analysis to native perennials arlbcted material of 21 species. These were:
Ajuga reptans, Ballota nigra, Clinopodium ascendens, C. vulgare, Glechoma hederacea,
Lamium album, Lamiastrum galeobdolon ssp. montanum, Lycopus europaeus, Marrubium
vulgare, Mentha aquatica, M. arvensis, Nepeta cataria, Origanum vulgare, Prunella vulgaris,
Salvia pratensis, S verbenaca, Scutellaria galericulata, Sachys officinalis, S. palustris, S

sylvatica and Teucrium scorodonia (Nomenclature follows Stace 1991). Each specias w



collected from at least 20 different localities@ss England, with at least 5 plants collected at
each locality. All collections took place in Julyhen plants were mature. Roots were
washed and AM colonization recorded using auto#aoence microscopy (Gange al.
1999b). Percent AM colonization was calculateddach species as the mean of all values
obtained over all localities. Insect host plamorels were obtained from the PIDB, as above.
We again calculated standardized independent atsjraising the model Comparative
Analysis by Independent Contrasts, applicable wérerapproximate phylogeny is available
(Cantino 1992). Relations between the degree etisgfization of associated insects and
extent of AM colonization within this family werexamined using linear regression, in which
relationships were fitted with and without a constas before.

To examine in detail the response of generalist spatialist insects to AM colonization of
the Lamiaceae, we reared pairs of insect specos the same family, one of which is a
specialist on Lamiaceae and one a generalist whiltiHeed on this family. All pairs were
chosen because they occurred commonly togethéeimatural communities from which we
sampled our 21 species of plants (above). We tlsedchewing insectsicopula ornata
Scopoli (specialist) antlaca aversata L. (generalist) (Lepidoptera: Sterrhinae) feedory
Origanum wvulgare and Pyrausta aurata Scopoli (specialist) andldea prunalis Denis &
Schiffermiller (generalist) (Lepidoptera: PyrauaghonClinopodium vulgare. The sucking
insects wereCryptomyzus ribis L. (specialist) andMyzus persicae Sulzer (generalist)
(Homoptera: Aphididae) feeding o&tachys sylvatica. Plants were collected from one
locality and the mycorrhizal funguslomus fasciculatum (Thaxt.) Gerd. & Trappe isolated
from the roots of all three species. Test plangsewgrown from seed in sterilized soil to
which an inoculum of5. fasciculatum was added to half and sterilized inoculum to tthep
half, creating mycorrhizal and non-mycorrhizal widuals. A filtered soil wash was added to
all pots to correct for the non-mycorrhizal micralbilora (Koide & Li 1989). Soil P content
was relatively high (16ig P g* (bicarbonate extractable)) and no supplementalamnis were
given to either treatment. Plants were grown fghtmonths, until mature. At this time,
insects were reared singly from birth to tenerallta¢suckers) or for six weeks (chewers),
with one individual on 20 replicate mycorrhizal amah-mycorrhizal plants respectively. Dry

weight was used as the insect growth parameter.



RESULTS

When controlling for phylogeny, there is a strommpsitive relationship between the
mycorrhizal status of plant families in the Britiflora and the percentage of associated
insects which feed only on members of that famgpécialists’) (without constant,* 0.763,

P < 0.001; with constant? = 0.321,P < 0.001; Fig. 1a). Plant families in which thejomiy

of species is mycorrhizal have higher proportiofisspecialist insects in their associated
assemblages than do families in which the minooityspecies is mycorrhizal. A similar
relationship exists for sucking insects (withouhs&@nt, f = 0.605,P < 0.001; with constant,
r> = 0.166,P < 0.05; Fig. 1b). However, the reverse relatigmsixists for chewing insects; as
strongly mycorrhizal families have associated ihsssemblages with lower proportions of
chewers than do families in which the minority pésies is mycorrhizal (without constarft, r
= 0.822,P < 0.001; with constant’ = 0.189,P < 0.01; Fig. 1c).

Within the Lamiaceae, native perennial speciesigmfamily which are strongly mycorrhizal
have an associated fauna dominated by insects ahéctestricted to that species (‘extreme
specialists’) (without constanf,* 0.691,P < 0.001; with constant? = 0.485,P < 0.001; Fig.
2a). Furthermore, species in the Lamiaceae whehe@avily colonized by AM fungi have
insect assemblages with higher proportions of surkisect species (without constaft:r
0.654,P < 0.001; with constant? = 0.522,P < 0.001; Fig. 2b) and lower proportions of
chewers (without constant, # 0.335,P < 0.01, with constant? = 0.207,P < 0.05; Fig. 2c).

AM colonization increased the larval growth of tgecialist chewing insects by 30-40%
(Fig. 3). However, generalist chewing insects oesied in the opposite manner; larval
growth was reduced on mycorrhizal plants. Wherrigfist and generalist sucking insects
were examined, both species grew better on the myzal plants. AM colonization
therefore had a positive effect on the growth @keug insects and specialist chewers, but a

negative effect on generalist chewers.

DISCUSSION

It is clear that the composition of insect commiasiassociated with highly mycorrhizal plant
families differs from those associated with weaklycorrhizal families. Families with a high
proportion of mycorrhizal plant species have indacihas dominated by specialist insects.
Insect faunas on strongly mycorrhizal plant famsilieave higher proportions of sucking
insects and lower proportions of chewing insedtarthermore, within the family Lamiaceae
plant species that are strongly mycorrhizal haweaated faunas that are also dominated by

specialist and sucking insects.



In the Lamiaceae, we suggest that the enhancedrpenfice of specialist insects and reduced
performance of generalists on mycorrhizal plantshsas in our controlled experiment, has,
over evolutionary time, led to the associated ihsassemblage being dominated by
specialists. We believe that the AM-induced efeah insect growth are due to chemical
changes in the foliage. The Lamiaceae are richsenondary metabolites, including
terpenoids, flavonoids and iridoid glycosides (Siomais & Blaney 1992). The latter group
contains two chemicals in particular, aucubin amdalpol, which have activity against
generalist insects, while being an important congmonof the diet of specialist insects
(Bowers & Puttick 1988). Furthermore, AM fungi laveen shown to increase
concentrations of both chemicals in foliage, widsulting growth decreases in a generalist
chewing insect (Gange & West 1994).

It is possible that soil fertility acts as a confding factor in the mycorrhizal-insect
relationship. For example, plants growing in resetpoor soils would be expected to invest
in defence, rather than growth (Herms & Mattson 2099 Meanwhile, in such soils,
mycorrhizal-induced benefits to growth should baenarevalent (Smith & Read 1997), thus
resulting in a situation in which mycorrhizal plartend to be more heavily defended by
secondary metabolites. These might then be exgpdctesupport higher proportions of
specialist insects (Jaenike 1990). Clearly, wittfatther research one cannot know if this is
so. However, we attempted to account for variationsoil fertility by sampling Lamiaceae
from 20 different localities, encompassing a wi@eiation in soil fertility. We are therefore
confident that our results are real and not entiegplained by soil nutrient availability.
Sucking insects are positively affected by AM catation, irrespective of whether they are
specialists or generalists. The mechanism is thiotlagbe one in which AM fungi alter plant
physiology, making the phloem elements more acoks§Gangeet al. 1999a). This effect
appears to be general across plant families, reguh those which are strongly mycorrhizal
having a greater proportion of sucking insects.

We believe that AM fungi affect the proportions gibecialist insects in phytophagous
assemblages because: a) growth of specialist chgeinsects is enhanced on mycorrhizal
plants, but growth of generalist chewers reducgdyrbwth of sucking insects is enhanced
and c) the majority (85%) of sucking insects in Btish fauna are specialist (Ward &
Spalding 1998 The underlying mechanism is one in which AM fumdfer host plant
chemistry, to the advantage of specialist insecd the detriment of generalists. This

conclusion does not contradict other theories séah specialism (Mittegt al. 1991; Joshi &



Thompson 1995; Bernays & Funk 1999), but redefthes in that the chemical diversity on
which they are based may be fungal-induced, rdtter plant produced.

ACKNOWLEDGEMENTS

We are grateful to the Natural Environment Rese@uhncil for financial support.

REFERENCES

Bernays E.A. & Funk D.J. (1999) Specialists makstei decisions than generalists:
experiments with aphids€Proceedings of the Royal Society of London B, 266, 151-156.
Borowicz V.A. (1997) A fungal root symbiont modiéig@lant resistance to an insect
herbivore. Oecologia, 112, 534-542.

Bowers M.D. & Puttick G.M. (1988) Response of gafist and specialist insects to
qualitative allelochemical variationlournal of Chemical Ecology, 14, 319-334.

Cantino P.D. (1992) Toward a phylogenetic clasaifan of the Labiatae. Ifdvancesin
Labiate Science (eds Harley R.M. & Reynolds T.), pp. 27-37. RoBatanic Gardens, Kew.
Chase M.W. and 41 others (1993) Phylogeneticsed péants: an analysis of nucleotide
sequences from the plastid gebel. Annals of the Missouri Botanic Garden, 80, 528-580.
Felsenstein J. (1985) Phylogenies and the companatethod American Naturalist, 125, 1-

15.

Gange A.C. & Bower E. (1997) Interactions betweesects and mycorrhizal fungi. In:
Multitrophic Interactions in Terrestrial Systems (eds Gange A.C. & Brown V.K.), pp. 115-
131. Blackwell Science, Oxford.

Gange A.C., Bower E. & Brown V.K. (1999d&)ositive effects of mycorrhizal fungi on aphid
life history traits.Oecologia, 120, 123-131.

Gange A.C., Bower E., Stagg P.G., Aplin D.M., GillaA.E. & Bracken M. (1999b) A
comparison of visualization techniques for recogdarbuscular mycorrhizal colonization.
New Phytologist, 142, 123-132.

Gange A.C. & West H.M. (1994) Interactions betwesbuscular-mycorrhizal fungi and
foliar-feeding insects iRPlantago lanceolata L. New Phytologist, 128, 79-87.

Garland T. Jr., Harvey P.H. & Ives, A.R. (1992) ¢adures for the analysis of comparative
data using phylogenetically independent contraSygstematic Biology, 41, 18-32.

Goverde M., van der Heijden M.G.A., Wiemken A., &ars |.R. & Erhardt A. (2000)
Arbuscular mycorrhizal fungi influence life historiyaits of a lepidopteran herbivore.
Oecologia, 125, 362-3609.



Harborne J. (1994ntroduction to Ecological Biochemistry. Academic Press, Oxford.

Harley J.L. & Harley E.L. (1987) A check-list of mgrrhizas in the British floraNew
Phytologist (Suppl), 105, 1-102.

Harvey P.H. & Pagel M.D. (199TThe Comparative Method in Evolutionary Biology. Oxford
University Press, Oxford.

Herms D.A. & Mattson W.J. (1992) The dilemma ofnifa to grow or defend.Quarterly
Review of Biology, 67, 283-335.

Jaenike J. (1990) Host specialization in phytophagnsectsAnnual Review of Ecology and
Systematics, 21, 243-273.

Joshi A. & Thompson J.N. (1995) Trade-offs and #wslution of host specialization.
Evolutionary Ecology, 9, 82-92.

Koide R.T. & Li M. (1989) Appropriate controls for vesicular arbuscular myhaal
research.New Phytologist, 111, 35-44.

Loder N., Gaston K.J., Warren P.H. & Arnold H.R998) Body size and feeding specificity:
macrolepidoptera in BritairBiological Journal of the Linnean Society, 63, 121-139.

Mitter C., Farrell B. & Futuyama D.J. (1991) Phyéogtic studies of insect-plant interactions:
insights into the genesis of diversify.ends in Ecology and Evolution, 6, 290-293.

Peat H.J. & Fitter A.H. (1993) The distributionabuscular mycorrhizas in the British flora.
New Phytologist, 125, 845-854.

Purvis A. & Rambaut A. (1995) Comparative analysrsndependent contrasts (CAIC) — an
Apple Macintosh application for analyzing comparatdata.Computer Applications in the
Biosciences, 11, 247-251.

Saikkonen K., Faeth S.H., Helander M. & Sullivan].T(1998) Fungal endophytes: a
continuum of interactions with host planténnual Review of Ecology and Systematics, 29,
319-343.

Simmonds M.S.J. & Blaney W.M. (1992) Labiate-insateractions: effects of Labiate-
derived compounds on insect behaviour. . Ashzances in Labiate Science (eds Harley R.M.

& Reynolds T.), pp. 375-392. Royal Botanic Garddéfey.

Smith S.E. & Read D.J. (199K)ycorrhizal Symbiosis. Academic Press, San Diego.

Stace, C. (1991)ew Flora of the British Isles. Cambridge University Press, Cambridge.
Wagstaff S.J., Hickerson L., Spangler R., Reevés & Olmstead R.G. (1998) Phylogeny in
Labiatae s.l., inferred from cpDNA sequence®lant Systematics and Evolution, 209, 265-
274.



Ward L.K. & Spalding D.F. (1993) Phytophagous Biitiinsects and mites and their food-
plant families: total numbers and polypha@yological Journal of the Linnean Society, 49,
257-276.



10

FIGURE LEGENDS

Figure l. Relationship between specialisation of assotiptgtophagous insects and
mycorrhizal status of different plant familieMycorrhizal status is positively related (i)

the proportion of the insect fauna associated wittimily which feeds on only members of
that family (‘specialists’) angh) the proportion of the insect fauna which feed bgksug but
negatively related t(c) the proportion which feed by chewing. The raw datapresented
here for visual clarity, but analyses were perfatm&h Phylogenetic Independent Contrasts.
Figure 2. Relationship between specialisation of assotiptgtophagous insects and
mycorrhizal status of different species in the Lareae.Mycorrhizal status is positively
related ta(a) the proportion of the insect fauna on a plant Wheeds on only that plant
(‘extreme specialists’) arfld) the proportion of the insect fauna which feed bgksug but
negatively related t¢c) the proportion which feed by chewing. The raw datapresented
here for visual clarity, but analyses were perfatméh Phylogenetic Independent Contrasts.
Figure3. The percentage change in growth of three phygpbs insect pairs, when reared
on mycorrhizal plants, relative to the growth om+oycorrhizal plants. O€linopodium
vulgare, growth ofScopula ornata (specialist) was increased by mycorrhizal colota(t =
4.34,P < 0.001) but that dfdaea aversata (generalist) was decreased (t = 3B% 0.001).

On Origanum vulgare the specialisPyrausta aurata showed increased growth on
mycorrhizal plants (t = 5.5% < 0.001), but the generalidtdea prunalis showed decreased
growth (t = 2.48P < 0.05). OrStachys sylvatica, both the specialist aph@ryptomyzusribis
and the generalist aphMyzus persicae showed increased growth on mycorrhizal plants (t =
3.75,P < 0.001 forC. ribisand t = 2.27P < 0.05 forM. persicae).
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Figure 2
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Figure 3
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