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Abstract A study was conducted to establish whether the
wild thyme [Thymus polytrichus A. Kerner ex Borb�s ssp.
britannicus (Ronn.) Kerguelen (Lamiaceae)] growing in
the metal-contaminated soils along the River South Tyne,
United Kingdom, is colonised by arbuscular mycorrhizal
(AM) fungi, and whether the degree of colonisation
increases (perhaps suggesting increasing mycorrhizal
dependence) or decreases (indicating possible inhibition
of AM growth) with increasing degree of soil contami-
nation. Seasonal changes in AM colonisation were also
assessed. The AM fungal communities colonising T.
polytrichus were also investigated, using the polymerase
chain reaction with restriction fragment length polymor-
phism and sequencing of fungal DNA to establish
whether AM species richness varied between sites, and
whether fungal ecotypes specific to sites with different
amounts of metal contamination could be identified. All
plants examined were heavily colonised by AM fungi,
and mean percentage root length colonised did not
increase significantly with increasing soil metal contam-
ination. However, AM vesicle abundance (percentage of
mycorrhizal root length containing vesicles) at the most
contaminated site was significantly greater than at the
other sites. No significant seasonal variation in degree of
colonisation or vesicle abundance was found. Glomus was
the predominant AM genus detected at all sites. The
number of AM genotypes colonising T. polytrichus roots
was similar at all sites but, although some were common
to all sites, certain strains appeared to be specific to either
the most- or the least-contaminated site. This variation in

species may account for the difference in vesicle abun-
dance between sites. The consistently heavy AM coloni-
sation of T. polytrichus found suggests that these fungi are
not inhibited by soil heavy metals at these sites, and that
the host derives some benefit from its AM symbiont.

Keywords Thymus polytrichus (wild thyme) · Heavy
metal tolerance · Arbuscular mycorrhiza · Restriction
fragment length polymorphism · DNA sequencing

Introduction

There is considerable evidence that colonisation by
arbuscular mycorrhizal (AM) fungi can reduce plant
uptake and/or phytotoxic effects of soil heavy metals (e.g.
Gildon and Tinker 1983; Dehn and Sch�epp 1989;
Hetrick et al. 1994; Hildebrandt et al. 1999). However,
mycorrhizal colonisation represents an energetic cost to
the host in the form of carbon supplied to the mycobiont
(Douds et al. 2000). It has therefore been suggested (e.g.
Sanders and Fitter 1992a) that selective pressure would
act to reduce colonisation unless the symbiosis provided
some benefit to the host. Thus, in situations where
mycorrhizal colonisation protects plants against heavy
metal toxicity, colonisation may be positively correlated
with plant-available metal concentrations.

There is also evidence, however, that heavy metals can
inhibit mycorrhizal spore germination (Hepper and Smith
1976), growth of extraradical hyphae (del Val et al. 1999),
and AM colonisation (Gildon and Tinker 1983), and that
metal tolerance of mycorrhizal fungi differs between
fungal species and ecotypes (del Val et al. 1999; Liao et
al. 2003). As a consequence, both fungal spore density
and species richness (Shetty et al. 1995) have been shown
to vary with soil metal concentration, although most field
studies of these phenomena have compared sites that also
differ in other ways, for example, pH, organic matter
content, and level of fertilisation—all factors that affect
mycorrhizal growth and colonisation (Leyval et al. 1997).
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The shingle banks along the Rivers Tyne and South
Tyne in northern England tend to be heavily contaminated
with Pb, Zn and other heavy metals, the result of centuries
of mining of the local orefields (Raistrick and Jennings
1965), yet wild thyme [Thymus polytrichus A. Kerner ex
Borb�s ssp. britannicus (Ronn.) Kerguelen (Lamiaceae)]
grows in abundance on these shingles, along with
metallophytes such as Armeria maritima and Minuartia
verna. A recent study (Whitfield 2002) demonstrated that
these plants have a greater Zn tolerance than plants from
populations growing at uncontaminated sites, and that
offspring from the former grown in uncontaminated soil
also had a high tolerance. High Zn tolerance in this
subspecies does not, therefore, appear to be constitutive;
rather, tolerant ecotypes have developed at these sites.
However, although colonisation of T. polytrichus by AM
fungi has been reported briefly (Grime et al. 1988),
whether AM colonisation varies with soil metal concen-
trations, or reduces plant metal concentrations, in these
populations is unknown.

The first objective of the present study, therefore, was
to establish whether the T. polytrichus plants growing in
the heavy-metal-contaminated soils along the River South
Tyne are mycorrhizal, and whether the degree of AM
colonisation increases (suggesting increasing mycorrhizal
dependence) or decreases (indicating possible inhibition
of AM fungi) with increasing soil contamination. The
second objective was to assess the range of AM fungal
species colonising T. polytrichus at each site, to establish
whether AM species richness varies between sites, and
whether fungal ecotypes specific to sites with different
metal contamination levels could be identified.

Since it is not possible to identify AM fungi to species
from their intraradical hyphal morphology (Gerdemann

1965), identification has traditionally been based on the
morphology of the resting spores found in the rhizo-
sphere. However, there is some evidence that fungal
species diversity based on spore frequencies may not be
well correlated with the species mix actively colonising
plant roots (Clapp et al. 1995; Turnau et al. 2001);
increasingly, therefore, molecular genetic methods are
being used to characterise the AM fungal DNA within the
roots. In this study a section of the 18S small subunit
(SSU) ribosomal DNA (rDNA) was isolated from fungal
DNA in root samples using specific primers, amplified
using the polymerase chain reaction (PCR), and analysed
using restriction fragment length polymorphism (RFLP)
and DNA sequencing.

Materials and methods

Assessment of percentage root length colonised

Root and soil samples (15 cm �15 cm �10 cm deep) were collected
from 15 mats of T. polytrichus at each of three sites along the River
South Tyne (see Table 1 for details of sites and collection dates).
The mats were at least 2 m apart and separated by areas with no
visible thyme shoots, and were therefore assumed to be different
clones or genets. Analysis of the soil samples showed that these
sites had significantly different soil heavy metal concentrations but
were otherwise very similar, being alluvial deposits with a near-
neutral pH, and small concentrations of extractable P and organic
matter (Table 1). Because some studies have shown mycorrhizal
colonisation rates to fluctuate seasonally (Ietswaart et al. 1992;
Sanders and Fitter 1992b), and because the above samples were
collected at different times of year, root samples were collected
from the same part of eight of the clones at two sites on 21 May, 26
July and 1 October 2000, and assessed for temporal changes in AM
colonisation.

Samples of fine roots were washed and preserved by storing in
50% ethanol at 5�C. The roots were cleared with 5% KOH and hot-

Table 1 Site locations, sampling dates and soil characteristics

Site code

M1 M3 M4

Site name Warden Broomhouse Fourstones
UK grid reference NY 900 665 NY 695 628 NY 893 672
International map reference 54:59:35 N, 2:09:28 W 54:57:32 N, 2:28:40 W 54:59:57 N, 2:10:08 W
Root collection dates 22 September 1999 (8 samples) 30 July 1999 (8 samples) 16 August 1999 (9 samples)

26 July 2000 (7 samples) 26 July 2000 (7 samples) 22 September 1999 (6 samples)
No. of soil samplesa 23 23 16

Soil concentrations (mean€SE)

Total metals (mg kg–1)
Cd 2.68€0.10 ab 5.08€0.40 b 9.43€0.34 c
Pb 573.8€11.02 a 966.7€32.05 b 1,358€29.37 c
Zn 912.8€43.52 a 2,024€145.8 b 3,641€84.90 c

EDTA-extractable metals (mg kg–1)

Cd 1.55€0.08 (n=15) a 2.50€0.15 (n=15) b 3.84€0.13 c
Pb 299.9€7.61 a 525.4€15.76 b 513.7€16.15 c
Zn 286.4€10.06 a 616.5€29.35 b 937.3€30.38 c
Extractable P (mg kg–1) 2.95€0.26 a 2.86€0.22 a 3.17€0.20 a
Total C (g kg–1) 24.64€4.85 a 22.66€1.48 b 22.39€1.65 b
pH (mean, range) 6.6 (6.2–7.0) 6.9 (6.5–7.2) 6.8 (6.4–7.0)

a Additional random soil samples collected from the roots of other Thymus polytrichus clones and included in soil analysis. See Whitfield
(2002) for full details of analytical methods used
b Within each row, values followed by the same letter are not significantly different (P<0.05, t-test)
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stained with acid fuchsin, then cut into 1 cm sections, and 20–30
randomly selected sections analysed by the line intersection method
under �200 magnification (McGonigle et al. 1990). Percentage root
length colonised by AM hyphae (counting only those connected to
an identifiable mycorrhizal structure), as well as percentage of
mycorrhizal root length containing vesicles (vesicle abundance)
and arbuscules, was assessed based on 150 intersections per
sample.

Assessment of AM fungal species diversity

Fresh root samples were collected from three T. polytrichus clones
at the most (site M4) and least contaminated (site M1) of the above
sites on 2 June 2001, washed with tap water and distilled water,
dried overnight at 70�C, stored in a desiccator and analysed within
a few days. The other site (site M3) could not be accessed owing to
foot and mouth disease restrictions, so two samples collected and
dried the previous year had to be used for molecular analysis.

Subsamples of root were placed in a glass homogeniser with
liquid nitrogen and ground, then ground with 500 ml hexade-
cyltrimethylammonium bromide (CTAB) buffer, and transferred to
an Eppendorf tube, rinsing out the residue with a further 300 ml
buffer. The mixture was incubated at 65�C for 1 h, and DNA
extracted by addition of an equal volume of phenol/chloroform,
followed by centrifugation, then addition of an equal volume of
chloroform to the aqueous layer and further centrifugation. The
DNA was precipitated with 1.5 volumes of isopropanol, incubated
on ice for 15 min, centrifuged, and the dried pellet resuspended in
100 ml H2O, then purified using a BRL Life Technologies Concert
purification column (Gibco-BRL, Paisley, UK).

Primary PCR was performed using the universal eukaryotic
primer NS31 (Simon et al. 1992) and the general fungal primer
AM1 (Helgason et al. 1998) to isolate a section of the 18S SSU
rDNA (ca. 550 bp) of any fungi present (Helgason et al. 1999), with
amplification using Pfu DNA polymerase (Stratagene, La Jolla,
Calif.). The reaction was performed with 0.2 mM dNTPs,10 pmol
of each primer, and the manufacturer’s reaction buffer on a PTC-
100 thermal cycler (M.J. Research, Boston, Mass.). The PCR was
carried out for 29 cycles (9 cycles at 94�C for 1 min, 58�C for 1 min
and 72�C for 1.5 min, 19 cycles at 94�C for 30 s, 60�C for 1 min
and 72�C for 1.5 min, and 1 cycle at 94�C for 30 s, 58�C for 1 min,
and 72�C for 10 min).

Following verification by gel electrophoresis, the PCR products
were cloned by ligation with the pBluescript vector (Stratagene),
and transformation into Escherichia coli competent cells. The
transformed cells were spread onto LB agar plates containing
ampicillin, X-gal (5-bromo-4-chloro-3-indolyl-b-d-galactopyra-
noside), and IPTG (isopropyl b-d-thiogalactoside) and incubated
overnight at 37�C. Eight randomly selected colonies per sample
were replica-plated, and used as the basis of a second PCR with the
T3 and T7 universal primers to isolate and amplify individual
cloned 18S sequences.

The secondary PCR products were digested with the restriction
enzymes HinfI and HSP92-II (Promega, Madison, Wis.) according
to the manufacturer’s instructions, and grouped according to the
resulting fragment sizes, measured by eye against known size
standards on an electrophoretic gel. A selection of the T3/T7-
amplified products, chosen to represent most of the RFLP types
found, were purified using Qiaquick PCR purification spin columns
(Qiagen, Seattle, Wash.) and sequenced on a Perkin-Elmer ABI 310
Genetic Analyser (Perkin-Elmer, Boston, Mass.) according to the
manufacturer’s instructions, using both T3 and T7 primers. As the
sequences obtained (NS31-AM1 sequence plus flanking vector
sequences) were about 650 bp long, and clear sequences could
generally be obtained for the first 400–450 bases with each primer,
it was possible to verify most of each sequence by checking against
its reverse complement.

The sequences were checked visually against their chro-
matograms using ProSequence release 2.9 (Filatov 2001) and
accurate RFLP fragment lengths calculated for each restriction
enzyme digestion. Closest matches to each sequence were found in

the National Center for Biotechnology Information (NCBI) GenBank
database (http://www.ncbi.nlm.nih.gov/Genbank), and ClustalX ver-
sion 1.81 (Thompson et al. 1997) was used to align the sequences
along with reference sequences from the database. Phylogenetic
relationships between the sequences were examined with a neigh-
bour-joining method (Saitou and Nei 1987) using ClustalX, and
displayed using TreeView version Win32 (Page 1996). Confidence
levels for the resulting sequence groupings were assessed by
bootstrap analysis using ClustalX (1,000 bootstrap iterations).

Statistics

Percentage mycorrhizal colonisation data were arcsine-transformed
where necessary to fit the data to a normal distribution (assessed by
the Kolmogorov-Smirnoff test). Variations in colonisation between
sites were examined using one-way analysis of variance (ANOVA)
with least significant difference (LSD) tests, or by Student’s t-test if
variances could not be homogenised. Seasonal colonisation data
were analysed by repeated-measures ANOVA. Significance of
correlations between soil metal concentrations and mycorrhizal
colonisation were tested using linear regression analysis. All
analyses were performed using the SPSS statistical package, release
10 (SPSS, Statsoft, Cary, N.C.).

Results

Mycorrhizal colonisation

All of the root samples examined were found to be
colonised by AM fungi, and mycorrhizal vesicles were
generally abundant, but although arbuscules were seen in
most samples, the numbers counted were low and very
variable (means for sites M1, M3, M4: 4.7%, 8.8%, 2.9%
of colonised root length; not significant, ANOVA). This
was felt to be because the roots were difficult to clear, and
frequently coated with a brown fungus (probably Rhizoc-
tonia spp.), so that although the hyphae and vesicles could
be seen, the finer arbuscules were often obscured.
Arbuscule numbers were therefore probably underesti-
mated, and are not analysed in any more detail below.

There was no significant seasonal variation in mean
percentage root length colonised with AM fungi at either
site M1 or site M3 (Fig. 1). The mean vesicle abundance
at site M3 showed a small decrease in October, but there
was no significant seasonal variation at either site (Fig. 2).
In addition, comparison of the root samples from site M4
collected on 16 August and 22 September 1999 showed
no significant difference in vesicle abundance (means
52% and 59% respectively; P=0.32; t-test). To minimise
any possible effect of seasonal variation, however, the
samples collected from sites M1 and M3 in July 2000
were used for the main analysis (below).

Mean percentage root length colonised did not differ
significantly between sites (sites M1, M3, M4: 59.8%,
66.0%, 69.0%) (Fig. 3a). There was, however, significant
variation in the mean vesicle abundance (sites M1, M3,
M4: 44.8%, 43.3%, 56.8%; P<0.005, ANOVA), with no
significant difference between sites M1 and M2, but a
significantly greater vesicle abundance in roots from site
M4 than in those from sites M1 (P<0.01) and M2
(P<0.005) (Fig. 3b).
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Vesicle abundance showed positive relationships with
extractable soil Cd and Zn concentrations, but only that
with extractable Zn was significant (r2=0.13; F1,43=6.39;
P=0.015).

Mycorrhizal DNA diversity

A total of 21 different RFLP types were found from visual
inspection of the gel banding patterns from 60 cloned
sequences (22 from site M1, 16 from site M2, and 22 from

site M4). Full NS31-AM1 sequences (ca. 500 bp, exclud-
ing primers) representing different RFLP types were
obtained for 16 samples (Table 2).

Accurate analysis of RFLP fragment sizes showed that
the RFLP patterns originally typed as 2 and 10 were very
similar, as were patterns for types 19 and 21, indicating
that the differences in banding patterns on the electro-
phoresis gels were probably produced by variable flank-
ing vector sequences, or insertion in the vector in opposite
directions. Matching with sequences from GenBank
confirmed that types 2 and 10 both seemed to be closely

Fig. 2a, b Seasonal variation in percentage of mycorrhizal root
length containing vesicles in T. polytrichus roots from two South
Tyne sites. a Site M1, b site M3 (mean€SE). Repeated-measures

ANOVA showed no significant difference between sampling
periods (site M1: F2,12=0.21, P=0.82; site M3: F2,14=3.11, P=0.08)

Fig. 1a, b Seasonal variation in percentage of Thymus polytrichus
root length colonised by arbuscular mycorrhizal (AM) fungi at two
South Tyne sites. a Site M1, b site M3 (mean€SE). Repeated-

measures ANOVA showed no significant difference between
sampling periods (site M1: F2,12=0.32, P=0.73; site M3: F2,14=
0.55, P=0.59)

Fig. 3 a Percentage root length colonised by AM fungi in T.
polytrichus samples from three South Tyne sites (mean€SE): there
was no significant difference between sites (ANOVA: F2,42=1.46,
P=0.25). b Percentage of colonised root length containing vesicles

(mean€SE), which varied significantly between sites (ANOVA:
F2,42=6.61, P<0.005). Significant between-site differences: M1
versus M4, P<0.01; M3 versus M4, P<0.005
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similar to Glomus sp. Glo4, and both clustered with this
species on the neighbour-joining tree, although the
sequences were not identical (Table 2; Fig. 4). However,
although the type 19 and 21 sequences both clustered
together with G. fasciculatum (Fig. 4), type 21 matched
most closely with a different Glomus isolate (Glomus sp.
Glo8; Table 2) according to the GenBank analysis.

Discussion

The present study appears to be the first to compare AM
colonisation in a single wild host species, between sites
with a long-term history of heavy metal contamination
from the same source type, and with soils that differ in
heavy metal content but are similar in origin (alluvial
silts), pH, organic matter and available P concentration.
The results bear out those of the above studies in that T.
polytrichus at all three sites was well colonised by AM
fungi, which would support the hypothesis that these
fungi provide some benefit to their host, helping them to
survive in these toxic soils.

The only significant between-site difference in coloni-
sation was an apparent increase in vesicle abundance at
site M4, the most contaminated site. This accords with the
findings of Turnau et al. (1996), who noted greater AM
vesicle numbers in the roots of Oxalis acetosella plants
from woodland plots experimentally contaminated with
Cd and Zn, compared with control plots. The vesicles
produced by AM fungi are generally regarded as lipid
storage structures (Gerdemann 1968; Mosse 1973), but
their role—especially in relation to metal tolerance—has
been little studied. One study investigating localisation of
heavy metals and other elements in mycorrhizal tissues
showed elevated concentrations of Zn associated with
mycorrhizal hyphae, but the only elements found con-
centrated in vesicles were K, Fe and Ni (Kaldorf et al.
1999). However, in a microelement study of the grass
Cynodon dactylon growing on gold and uranium mine
tailings (Weiersbye et al. 1999), AM vesicles were found
to accumulate Mn, Cu, Ni and U, leading the authors to
suggest that sequestration of metals and radionuclides by
the vesicles might reduce their toxicity to the host.

Table 2 Identification of ribosomal small subunit (SSU) rDNA
sequences: restriction fragment length polymorphism (RFLP)
fragment sizes and closest match with those registered in the

GenBank database. Partial sequences obtained for two type 1
samples matched most closely (GenBank) with Glomus geosporum/
G. mosseae strains

RFLP
type based
on gels

GenBank
accession
number

Site(s) of
origin of
RFLP type

Closest match in GenBank database RFLP fragment lengths,
primer sequences excluded (bp)

Species/accession number %
match

No. of
gapsb Hsp92-II

fragments
HinfI
fragments

2 AY330273 M1, M3, M4 Glomus sp. Glo4a 95 1/508 144, 93, 271 169, 334, 5
AJ309440.1

3 AY330274 M1 Glomus sp. Glo4a 96 4/510 142, 93, 274 167, 90, 247, 5
AJ309440.1

4 AY330275 M1, M3, M4 Glomus sp. Glo4 99 1/508 237, 271 169, 334, 5
AJ309460.1

5 AY330276 M1, M3, M4 Glomus sp. Glo1 isolate m22bseqa 98 2/511 95, 143, 273 260, 246, 5
AF074358.1

6 AY330277 M1 Glomus sp. Glo4 isolate h32dseqa 96 1/508 86, 57, 94, 271 259, 244, 5
AF074353.1

7 AY330278 M1 Glomus sp. Glo10a 98 0/508 237, 271 120, 49, 334, 5
AJ309463.1

10 AY330279 M1, M3, M4 Glomus sp. Glo4 isolate m42bsa 94 7/514 144, 93, 277 169, 340, 5
AF074354.1

11 AY330280 M1 Glomus sp. Glo10a 97 4/512 241, 271 121, 386, 5
AJ309463.1

12 AY330281 M1 Glomus sp. Glo1 isolate m22ba 96 3/511 96, 143, 271 13, 492, 5
AF074358.1

15 AY330282 M4 Glomus sp. Glo4 98 2/509 237, 272 169, 90, 245, 5
AJ309460.1

16 AY330283 M3, M4 Acaulospora sp. Aco1 isolate Cd3.1 98 2/502 148, 91, 23, 247 509
AF131035.1

17 AY330284 M4 Glomus sp. Glo1 isolate m22bseqa 98 1/510 96, 143, 271 505, 5
AF074358.1

18 AY330285 M4 Glomus mosseae strain DAOM198394 96 2/511 96, 143, 23, 249 506, 5
U96142.1

19 AY330286 M4 Glomus fasciculatum 97 3/511 95, 142, 274 120, 386, 5
Y17640.2

20 AY330287 M4 Glomus sp. Glo8 isolate D_Gl_1.39 97 0/508 95, 142, 271 120, 139, 244, 5
AF074362.1

21 AY330288 M4 Glomus sp. Glo8 98 4/511 96, 142, 272 121, 384, 5
AJ309462.1

a Equal match with several records, all the same or closely related strains
b Number of spaces that had to be inserted to make GenBank reference sequence same length as sample sequence
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One other possibility that should be considered is that
some of the “vesicles” counted in this study were
intraradical spores, such as those produced by Glomus
intraradices. These look much like, and may be formed
from, vesicles (Gerdemann and Trappe 1974), and could
be mistaken for these structures. Turnau (1998) reported
large numbers of intraradical spores in E. cyparissias
roots growing in Zn wastes, and suggested that since large
metal concentrations are known to inhibit spore germi-
nation, this may be a fungal strategy to avoid exposure to
toxic metals.

Whatever its functional significance, it is not known
whether the greater vesicle concentration detected in roots
from site M4 in the present study represented an increase
in vesicle production by the same fungi, or an increased
frequency of fungal species with a tendency to produce
vesicles. However, the results of the DNA analyses,
which show differences in the suites of fungal strains

isolated from the most- and least-contaminated sites (M4
and M1), support the latter hypothesis. Moreover, in later
experiments in which T. polytrichus plants were grown
with AM inoculum from one of the field sites (Whitfield
et al. 2003), vesicle abundance was just as great in
mycorrhizas grown in uncontaminated soil as in those
grown in Zn-spiked soil. This would suggest that the
increased vesicle production seen in the field was related
to differences in the AM species present, rather than a
different response by the same fungi.

The results of the DNA analyses in the present study
indicate that Glomus species predominate in the metal-
contaminated alluvial sediments along the River South
Tyne, but the suite of strains found in T. polytrichus roots
differed between the most and the least contaminated site.
RFLP types 1 and 5, which cluster most closely with the
Glo1/G. mosseae/G. geosporum group, appeared to be the
most common strains; these and types 2, 4 and 10 (Glo4

Fig. 4 Neighbour-joining tree
showing relationships between
NS31-AM1 rDNA sequences
from T. polytrichus (see Table 2
for details of RFLP types and
GenBank accession numbers)
and reference sequences from
GenBank, with Blastocladiella
emersonii (ancestral to the
Glomales) as the outgroup. All
bootstrap values >70% are
shown (1,000 replicates). Codes
following reference isolates are
GenBank accession numbers:
see Table 2 for accession num-
bers of unlabelled isolates.
Species in square brackets fol-
lowing reference isolates are the
most closely related named
species according to GenBank
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group) were found at all three sites, suggesting that these
species can tolerate a range of heavy metal concentra-
tions.

Some types, however, were found only at the least
contaminated site (M1), possibly indicating more metal-
sensitive strains: these too included types grouping with
Glo1 (type 12) and Glo4 (types 3 and 6), but also types 7
and 11, which show the closest similarity to Glomus sp.
Glo10. Some of the types only found at the more
contaminated sites (M3 and M4) again clustered with
Glo1 (types 17 and 18) and Glo4 (type 15), but others
seem to be most similar to other species, including G.
fasciculatum (types 19 and 21) and an Acaulospora
isolate (type 16), perhaps indicating that these species are
particularly able to tolerate large metal concentrations.
The last group also included a sequence (type 20)
matching most closely with a Glo8 isolate in the GenBank
database, but clustering in the phylogenetic analysis more
(but not very) closely with the Glo1/Glo4 groups.

Note, however, that it has recently been pointed out
(Daniell et al. 2001) that, although the NS31-AM1 primer
pair amplifies DNA sequences from the well established
Glomalean families (Glomaceae, Acaulosporaceae and
Gigasporaceae), it can amplify only a proportion of
sequences from two newly proposed families with much
more divergent SSU sequences, the Archaeosporaceae
and the Paraglomaceae (Morton and Redecker 2001). It is
possible, therefore, that other AM species than those
detected are present in T. polytrichus at the South Tyne
sites.

Daniell et al. (2001) found that Glomus species were
predominant in roots at various arable sites, and suggested
one reason for this may be the ability of the Glomaceae
(unlike the Gigasporaceae) to recolonise roots from
mycelial fragments, coupled with the ability of Glomus
species, unlike Gigaspora or Scutellospora, readily to
establish anastomoses between separate mycelia. These
species may, therefore, be particularly well adapted to
recolonise roots following disruption of the soil myceli-
um. The South Tyne sites are regularly affected by
flooding (Macklin and Smith 1990), presumably causing
major soil disturbance, and this could be another factor
contributing to the predominance of Glomus species at
these sites.

Daniell et al. (2001) also reported that AM species
diversity at the arable sites investigated was very low,
with just two Glomus species dominating colonisation in a
range of crops. In contrast, a much greater rDNA
sequence diversity was reported for AM fungi colonising
bluebell roots in an undisturbed woodland (n=8; Helgason
et al. 1999) and in a grassland ecosystem (n=24;
Vandenkoornhuyse et al. 2002). A similar number of
different sequence types to that found in the latter study
was isolated from the sites with the greatest and smallest
degrees of metal contamination in the present study,
which would indicate a similar, and relatively large, AM
species diversity at the two sites.

These results should, however, be treated with some
caution, since there is increasing evidence that several

different versions of the equivalent DNA sequence can
occur within the same AM isolate, and even within a
single spore (e.g. Antoniolli et al. 2000; Clapp et al. 2001;
Rodriguez et al. 2001). Since AM mycelia and spores
contain many nuclei, this has led to the intriguing
suggestion (Clapp et al. 2001) that the phenotype
exhibited by an AM fungus could be dictated by the
relative proportions within it of nuclei containing differ-
ent DNA sequences, with the possibility of “morpholog-
ical switching” mediated by exchange of nuclei between
fungal mycelia via anastomoses. These authors point out
that such a mechanism would explain the continuum in
spore morphology exhibited between some Glomalean
species.

In conclusion, this study has shown that T. polytrichus
plants growing in soils containing phytotoxic concentra-
tions of heavy metals are well colonised by AM fungi,
suggesting that the host plant may derive some benefit
from the symbiosis. The nature of this relationship is
investigated in more detail in Whitfield et al. (2003). The
greater vesicle abundance found at the most contaminated
site probably reflects a difference in the fungal species
mix colonising the roots—a theory borne out by the RFLP
results—but whether vesicle production has any func-
tional significance for the host or the mycobiont in
relation to metal tolerance is uncertain. Glomus species
predominated in the colonised roots at all sites, supporting
findings from earlier studies that suggest that members of
this genus are particularly tolerant of large concentrations
of heavy metals. Identification and isolation of the most
tolerant strains may have important implications for the
future phytoremediation of heavy-metal-contaminated
soils (Khan et al. 2000).
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