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Abstract As carnivorous plants acquire substantial amounts
of nutrients from the digestion of their prey, mycorrhizal
associations are considered to be redundant; however, fungal
root endophytes have rarely been examined. As endophytic
fungi can have profound impacts on plant communities, we
aim to determine the extent of fungal root colonisation of the
carnivorous plant Drosera rotundifolia at two points in the
growing season (spring and summer). We have used a
culture-dependent method to isolate fungal endophytes and
diagnostic polymerase chain reaction methods to determine
arbuscular mycorrhizal fungi colonisation. All of the roots
sampled contained culturable fungal root endophytes; addi-
tionally, we have provided molecular evidence that they also
host arbuscular mycorrhizal fungi. Colonisation showed
seasonal differences: Roots in the spring were colonised by
Articulospora tetracladia, two isolates of uncultured ecto-
mycorrhizal fungi, an unidentified species of fungal endo-
phyte and Trichoderma viride, which was present in every
plant sampled. In contrast, roots in the summer were
colonised by Alatospora acuminata, an uncultured ectomy-
corrhizal fungus, Penicillium pinophilum and an uncultured
fungal clone. Although the functional roles of fungal
endophytes of D. rotundifolia are unknown, colonisation
may (a) confer abiotic stress tolerance, (b) facilitate the
acquisition of scarce nutrients particularly at the beginning of
the growing season or (c) play a role in nutrient signalling
between root and shoot.
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Introduction

For over a century, the roots of carnivorous plants have
been classified as non-mycorrhizal (MacDougal 1899;
Juniper et al. 1989; Brundrett 2009). Although carnivorous
plants may occasionally be colonised by facultative
mycorrhizas, it is a common belief that they do not develop
mycorrhizal associations due to their mode of nutrient
acquisition, e.g. the absorption of animal-derived minerals
through their specialised leaf structures, which makes the
role of the fungal partner redundant. However, entering into
a mycorrhizal relationship bestows benefits to the host plant
which often exceed the facilitation of nutrient acquisition,
e.g. abiotic and biotic stress tolerance (Auge 2001; Pozo
and Azcon-Aguilar 2007), and therefore may provide the
host plant with a competitive advantage particularly in
high-stress environments.

Drosera rotundifolia (the round-leaved sundew) grows
in wet or waterlogged, acidic bog or fen soils that are poor
in plant-available nutrients (N, P, K, Ca and Mg; Adamec
1997). Therefore, the modification of the leaves into
adhesive traps, together with the secretion of a suite of
digestive enzymes, has evolved as a competitive strategy to
capture, digest and absorb nutrients from insect prey (and
other airborne organic substances, e.g. pollen grains) and
has allowed these plants to grow successfully in such
nutrient poor environments (Ellison and Gotelli 2009). Yet
early laboratory-based studies on Drosera demonstrated
that exclusive foliar uptake of nutrients from insect prey
was insufficient for normal growth, whereas growth could
be sustained by root mineral nutrition alone (reviewed by
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Adamec 1997). The roots of temperate Drosera are usually
short and weakly branched, with anatomical adaptations for
growth in oxygen deficient soils, and often have extremely
long root hairs (Adlassnig et al. 2005; Adamec 2005).
Whilst these roots have the ability to obtain nutrients from
the soil, uptake is inhibited by low nutrient levels, water-
logging and anoxic soils. However, Adamec (2002)
demonstrated that root nutrient uptake by several species
of Drosera is actually stimulated by leaf nutrient absorption
from insect prey.

Despite being regarded as non-mycorrhizal, several
studies have reported colonisation of Drosera roots by
mycorrhizal fungi (Crowder et al. 1990). Arbuscular
mycorrhizal fungi (AMF) and dark septate endophyte
(DSE) fungi sporadically colonise Drosera intermedia and
D. rotundifolia (Fuchs and Haselwandter 2004; Weishampel
and Bedford 20006); although the characteristic arbuscules of
AMF were not observed, the presence of vesicles and
aseptate hyphae were reported. As part of a larger study of
root-inhabiting fungi of Australian plants, Chambers et al.
(2008) isolated three fungal endophytes from the roots of
Drosera spatulata, and following restriction fragment length
polymorphism and sequence comparisons, one of the isolates
was identified as an ericoid mycorrhizal species. Further-
more, a high diversity of endophytic bacteria, including N,-
fixing species, has been isolated from the roots of Drosera
villosa (Albino et al. 2006), suggesting that carnivorous
plants may not have evolved to tolerate harsh environments
in isolation. There is even a suggestion that a tuberous
species of Drosera (this perennating adaptation allows these
species to survive the dry tropical heat of summers) is
capable of ectomycorrhizal associations (Venugopal and
Raseshowri Devi 2007).

Asymptomatic inter- and intracellular fungal hyphae
found colonising root tissue are often endophytic species,
which colonise living tissue without any apparent negative
effects, e.g. DSE fungi (Mandyam and Jumpponen 2005).
As endophytic fungi are impossible to identify by mor-
phology alone, it is probable that in some previous
investigations, fungal colonisation of roots has been
misidentified as mycorrhizal. Whilst their function is not
known, it is becoming apparent that fungal endophytes are
ubiquitous and abundant (Rodriguez et al. 2009) with the
vast majority yet to be characterised. In this study, we aim
to determine the extent of root colonisation by fungi of the
carnivorous plant D. rotundifolia throughout the growing
season. We hypothesise that despite their leaf adaptations,
which allow them to acquire additional sources of nutrients,
carnivorous plants do host mycorrhizal and endophytic
fungi. To test this hypothesis, we have used a culture-
dependent method to isolate fungal endophytes and
diagnostic polymerase chain reaction (PCR) methods to
determine AMF colonisation.
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Materials and methods
Plant and soil collection

Fourteen individual D. rotundifolia (28 plants in total)
plants were collected on both 15 May 2008 (spring
samples) and 24 July 2008 (summer samples) over an area
of ca. 100 mz, from the Cwm Idwal area of the Snowdonia
National Park, Gwynedd, UK (altitude ca. 350 m above sea
level; annual rainfall, 3 m; soil type, humic podzol;
dominant vascular plant species, Nardus stricta, Festuca
ovina, Erica cinerea, subject to free-range grazing of sheep
during the summer, together with a significant cover of
bryophytes). Whole plants, including the substrate sur-
rounding the roots, were transferred to the lab in sealed
plastic bags and stored at 4°C overnight before processing.
Plants from the spring sample were very small, often with
only two or three true leaves, whilst plants from the
summer samples were fully grown and had started to
flower. Additionally, substrate samples from the root zone
were collected for chemical analyses.

Isolation of fungal endophytes

For each sampling point, roots of seven individual plants were
held under running tap water until all of the soil and detritus
had been removed. Healthy roots (approximately 30—40 mm
per plant) were then cut into three sections of roughly equal
length (approximately 10 mm) and surface-sterilised by
vigorous shaking in 10% household bleach solution contain-
ing 1% Triton-X for 5 min (Wilberforce et al. 2003). Roots
were serially rinsed in three washes of 10 ml sterile water,
being shaken vigorously for about 2 min for each rinse. The
three root sections from each replicate plant were then blotted
dry on sterile paper towel and plated out on 10% modified
Melin—Norkrans (MMN) agar in 90 mm Petri dishes. As a
positive control, all root segments were briefly plated onto
the surface of MMN agar medium for several minutes before
being transferred to a second plate; this was to ensure that all
isolated fungi were endophytic rather than just spores or
hyphae on the root surface that had managed to survive the
sterilisation procedure. All plates were incubated in the dark
at 18°C. After 7, 14 and 21 days, fungal colonies were
isolated by sub-culturing them onto 10% MMN.

Molecular characterisation of fungal isolates

A sterile scalpel was used to carefully scrape a small
amount of mycelium (without agar contamination) from
single isolates of 3-week-old fungal cultures, which was
then frozen in liquid nitrogen. Whilst still frozen, the
mycelium was ground to a fine powder with a micropestle
(Anachem Ltd., Luton, UK), and DNA was extracted with the
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DNeasy Plant Mini kit (Qiagen Ltd., Crawley, UK) following
the manufacturer’s protocol. PCR amplifications were carried
out with the fungal-specific primer ITS1F (Gardes and Bruns
1993) and the universal eukaryotic primer ITS4 (White et al.
1990) in 25 pl reactions containing 2 pl template DNA with
the following conditions: initial denaturing step of 95°C for
2 min, followed by 30 cycles of 95°C for 60 s, 54°C for 60 s,
72°C for 70 s and a final extension step of 68°C for 10 min.
PCR products were purified (QiaQuick PCR purification kit;
Qiagen), and target rDNA nucleotide sequence data were
obtained by DNA sequencing (Macrogen, Seoul, South
Korea) employing the same primers (ITS1F and ITS4).
Sequences obtained from both forward and reverse primers
were aligned (approximately 550 bp) using BIOEDIT ver.
7.0.9.0 (Hall 1999), initially with the CLUSTALW option
(Thompson et al. 1994) and thereafter manually by visual
inspection. Sequences were searched against those in the
GenBank database using the Basic Local Alignment Search
Tool (BLAST) algorithm, and in every case, the top hit was
recorded.

Assessment of AMF colonisation by PCR

The roots of four individual plants from each time point
were cleaned under running tap water and sterilised as
described above. Roots were then frozen in liquid nitrogen,
ground to a fine powder with a micropestle and DNA
extracted with the DNeasy Plant Mini kit (Qiagen); total
DNA was eluted in 100 pl elution buffer. PCR reactions
were carried out with the AMF-specific primers AML1 and
AML2 (Lee et al. 2008) in 25 pl reactions containing 2 pl
template DNA with the following conditions: initial
denaturing step of 94°C for 2 min, followed by 30 cycles
of 94°C for 30 s, 58°C for 40 s, 72°C for 55 s and a final
extension step of 72°C for 5 min. Positive (DNA extracted
from leek roots colonised with Glomus mosseae) and no
DNA negative control reactions were run at the same time.
PCR products were visualised by gel electrophoresis, and
the presence of a band of ca.795 bp deemed to signify root
colonisation by at least one AMF species.

Chemical analyses of soil solution

Soil samples from the root zone were collected as either the
surface organic horizon which was mainly composed of
decaying Sphagnum and surface water or the underlying soil
which consisted of waterlogged peat to a depth of
approximately 5 cm. Surface samples were centrifuged
(4,000%g, 10 min, 20°C) to obtain a solution suitable for
chemical analyses. Soil solution was extracted from the soil
samples by gently shaking 5 g of soil with 25 ml of distilled
water, centrifuging as above and recovering the supernatant.
All solutions were passed through Whatman 42 filter paper

and frozen at —20°C prior to chemical analysis. Nitrate was
determined colorimetrically by the vanadium reduction and
acidic Griess reaction (Miranda et al. 2001) and ammoni-
um by the salicylate—nitroprusside hypochlorite method
(Mulvaney 1996); limit of detection was 0.1 mg N 17", A
measure of the soluble phosphate concentration was
determined by the colorimetric method of Murphy and
Riley (1962). Soil solution pH was either measured
directly or in a 1:1 (w/v) soil-deionised water extract with
standard electrodes. Moisture content was determined by
drying soil samples overnight at 105°C, and soil organic
matter was calculated by measuring loss on ignition at
450°C.

Results
Characterisation of fungal endophytes

All D. rotundifolia plants sampled contained culturable
fungal root endophytes, with 19 of 42 (45.24%) root
segments showing evidence of fungal colonisation (Table 1).
A total of eight morphotypes were distinguished (five from
spring samples and four from summer samples) of which
only one (morphotype III) was common to both sampling
points. Of the 14 plants sampled, only three of them
harboured more than one morphotype in their root system,
and all of these were from the spring samples. Agar plates
used as a positive control remained microbe-free, confirm-
ing the endophytic nature of the fungal cultures isolated.

PCR products of ca. 600—1,000 bp were obtained from
all of the 21 isolates, and DNA sequence analysis identified
eight different species of fungi. A single morphotype (I)
was isolated from all seven of the plants sampled in the
spring (Table 1), and following sequencing was identified
as Trichoderma viride (DQ846665 or FJ872073; Table 2).
T. viride was either the sole coloniser or was isolated
together with Articulospora tetracladia (EU998926), two
species of uncultured ectomycorrhizal fungal clones
(DQ233873 and FJ554196) or an unidentified fungal
endophyte (EU68189). Four morphotypes were isolated
from the summer samples (Table 1) with the most common
morphotype being identified as Alatospora acuminata
(AY204589; Table 2). Single isolates of an uncultured
ectomycorrhizal fungal clone (DQ233873), Penicillium
pinophilum (AB369480) and an uncultured fungal clone
(EF434082) were also isolated from the summer root
samples.

Assessment of arbuscular mycorrhizal colonisation

PCR products, obtained from DNA extracted from steri-
lised roots of D. rotundifolia and amplified with the AMF-
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Table 1 Fungal cultures isolated from root segments of D. rotundifolia

Plant/ Root Fungal Morphotype
plate segment isolate
Spring DrSp001 1 DrSp001_1 1
2 DrSp001_2 I
3 _
DrSp002 1 -
2 DrSp002_2 I
3 _
DrSp003 1 -
2 DrSp003_2 1
3 _
DrSp004 1 DrSp004 1 I
2 —
3 _
DrSp005 1 DrSp005_1 I
2 DrSp005_2A 1T
DrSp005_2B v
3 _
DrSp006 1 -
2 DrSp006_2 I
3 DrSp006_3 I
DrSp007 1 -
2 DrSp007_2 A%
3 DrSp007_3A 1
DrSp007_3B I
Summer DrSu001 1 DrSum001 1 VI
2 _
3 _
DrSu002 1 DrSum002_1 11
2 DrSum002_2 11T
3 _
DrSu003 1 -
2 DrSum003_2 VI
3 _
DrSu004 1 -
2 DrSum004_2 VI
3 _
DrSu005 1 DrSum005_1 VII
2 _
3 _
DrSu006 1 DrSum006_1 VI
2 _
3 _
DrSu007 1 DrSum007_1 VIII
2 —
3 —

specific primers AML1 and AML2, were visualised by gel
electrophoresis. For both the spring and the summer
samples, four individual plants were analysed for AMF
colonisation. A single plant from the spring samples and
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three of the plants from the summer samples produced a
positive band of ca. 795 bp.

Soil properties

Both the soil and surface layer were characterised by their
acidic pH and low concentrations of available nutrients
(Table 3). Although the level of PO, in the soil remained
fairly constant from the spring to summer, it was undetect-
able in the surface layer at either time. The concentrations
of NH," and NO;  decreased in both the soil and surface
layer, with NO; becoming undetectable by the summer.
Soil organic matter and moisture content were high in both
seasons, with the soil remaining waterlogged in the
summer.

Discussion

The diversity of fungal endophytes (in both roots and
leaves) and the ubiquity of mycorrhizas in a wide range of
plants are currently being embraced by both mycologists
and plant scientists (Rodriguez et al. 2009; Brundrett 2009).
In this study, we have demonstrated that the roots of the
carnivorous plant D. rotundifolia host at least eight species
of fungal endophyte, although as culture-dependent
approaches are known to bias the species isolated, e.g.
favouring fast-growing species, and the number of repli-
cates was small, the true figure could be much higher.
Additionally, we have provided molecular evidence that D.
rotundifolia does host arbuscular mycorrhizal fungi.

Fungal colonisation of D. rotundifolia roots showed
seasonal differences, most probably reflecting the life cycle
of the fungus or the developmental stage of the host plant
together with the dynamics of the abiotic environment. Soil
nutrient levels were generally low in both seasons; however,
the levels of soluble ammonium and nitrate were slightly
higher in the spring most likely due to the process of
decomposition restarting more quickly than plant growth
following the winter. With the exception of 7. viride in the
spring, none of the fungal endophytes was ubiquitous, and
fungal species often colonised the roots of individual plants
in isolation.

Identity of the fungi isolated from D. rotundifolia roots
T. viride

Whilst every plant sampled in the spring was colonised by
T. viride, it was absent from the roots of plants sampled in
the summer. 7. viride is found in a wide range of
environments as a natural inhabitant of soils and is often
isolated as an endophyte (Jaklitsch et al. 2006). In addition
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Table 2 Sequence analysis of the ITS region (ITS1-5.8S-ITS2) of fungal endophytes isolated from the roots of D. rotundifolia

Isolate Top BLAST match® Accession Maximum identity (%)  Sequence length (bp)
Spring DrSp001 1 Trichoderma viride DQ846665 100 567
DrSp001_2 Articulospora tetracladia EU998926 99 511
DrSp002_2 Trichoderma viride FJ872073 100 536
DrSp003 2 Trichoderma viride DQ846665 100 566
DrSp004 1 Trichoderma viride DQ846665 100 566
DrSp005_1 Trichoderma viride DQ846665 100 573
DrSp005 2A  Uncultured ectomycorrhizal fungus clone DQ233873 99 516
DrSp005_2B  Uncultured ectomycorrhiza (Leotiomycetes) clone  FJ554196 98 516
DrSp006_2 Trichoderma viride DQ846665 100 569
DrSp006_3 Trichoderma viride DQ846665 100 566
DrSp007_2 Fungal endophyte sp. EU686189 98 546
DrSp007 3A  Trichoderma viride DQ846665 100 569
DrSp007 3B Trichoderma viride DQ846665 100 569
Summer DrSumO001 1  Alatospora acuminata AY204589 95 691
DrSum002 1  Uncultured ectomycorrhizal fungus clone DQ233873 99 518
DrSum002 2 Uncultured ectomycorrhizal fungus clone DQ233873 99 518
DrSum003 2 Alatospora acuminata AY?204589 95 691
DrSum004 2 Alatospora acuminata AY204589 95 691
DrSum005_ 1 Penicillium pinophilum AB369480 99 541
DrSum006 1  Alatospora acuminata AY204589 95 691
DrSum007_1  Uncultured fungus clone EF434082 91 466

#The E value for all sequences was 0, except for isolate DrSum007_1 (2.00E-176)

to its pathogen suppressive qualities, strains of 7. viride are
able to solubilise tricalcium phosphate in vitro and can
significantly improve growth, yield parameters and P
uptake in chickpea fertilised with rock phosphate as the
sole source of P (Rudresh et al. 2005).

Table 3 Edaphic properties of D. rotundifolia habitat

Spring Summer
Surface layer
pH 4.86+0.03 4.87+0.10
Ammonium (mg/1) 1.76+0.33 0.20+0.01
Nitrate (mg/1) 1.25+0.28 BDL
Phosphate (mg/I) BDL BDL
Substrate
pH 5.06+0.10 5.12+0.05
Ammonium (mg/kg) 4.94+0.97 4.22+0.63
Nitrate (mg/kg) 2.12+0.66 BDL
Phosphate (mg/kg) 3.05+0.21 3.85+0.15
Soil moisture (%) 83.2+2.6 78.9+2.9
Organic matter (%)—Iloss on ignition 33.0+2.4 40.9+7.0

Values are the mean of four replicates+SE
BDL below detection limit

Ingoldian fungi (aquatic hyphomycetes)

Aquatic hyphomycetes commonly occur in running
freshwater and play a major role in the breakdown of
dead plant material. However, recent evidence supported
by molecular data has suggested that some Ingoldian
species spend at least part of their life cycle living
endophytically in plant tissues (Sokolski et al. 2006;
Selosse et al. 2008). The reasons behind this remain
elusive although an endophytic stage may facilitate a
sexual stage of these otherwise asexual species or may
have an important role in propagule dispersal (Selosse et
al. 2008). In the present study, two species of Ingoldian
fungi were isolated from the roots of D. rotundifolia: A.
tetracladia (isolated once from the spring samples) and
A. acuminata (isolated four times from the summer
samples). Both species have previously been isolated from
riparian plant roots (Fisher et al. 1991; Sridhar and
Barlocher 1992; Sati and Belwal 2005).

Ectomycorrhizas
Two species of uncultured ectomycorrhizal clones were

isolated from the roots of D. rotundifolia in the spring
samples, and one of them was again isolated from the
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summer samples, although none of the roots collected in
this study showed the morphology characteristic of ecto-
mycorrhizal colonisation. However, a previous study from
India has reported characteristic ectomycorrhizal colonisa-
tion of the corms and lateral foliar organs of the tuberous
species Drosera peltata (Venugopal and Raseshowri Devi
2007). A similar investigation of wild growing members of
Drosera subgen. Ergaleium (Conran 2008) found no such
ectomycorrhizal structures; however, branching fungal
hyphae of opportunistic saprophytes (presumed to be DSE
fungi) was observed within the papery remnants of previous
epidermal layers.

P. pinophilum

A single isolate of this species was isolated from the roots
of D. rotundifolia collected during the summer. The
decomposition of organic matter by this saprophytic fungus
in cellulose-amended soil has been demonstrated to have a
synergistic effect on AMF, e.g. by stimulating sporulation
(Gryndler et al. 2002). Recently, it has been proposed that
P. pinophilum 1is itself capable of forming arbuscular
mycorrhizal associations: Following inoculation of straw-
berry roots, it was found to increase biomass, N and P
content and the photosynthetic rate of strawberry plants
(Fan et al. 2008). However, this claim has been questioned
by Hempel (2009), who suggested that the sterile soil used
by Fan et al. (2008) was probably contaminated by genuine
(Glomeromycotan) AMF propagules.

Unidentified fungal endophytes

Two isolates remained unidentified: The sequence similar-
ity of the isolate from the spring sample most closely
matched a fungal endophyte (EU686189) originally isolated
from a liverwort (Davis and Shaw 2008), whilst the isolate
from the summer sample most closely matched an
‘uncultured fungus’ (EF434082) from humic horizon soil
(Taylor et al. 2007).

Arbuscular mycorrhizas

Roots from both spring and summer samples amplified
PCR products of an appropriate size to suggest
colonisation by AMF, with a greater number of plants
colonised in the summer (although with such a small
number of replicates, this seasonal observation must be
interpreted with caution). Other reports have also shown
Drosera root colonisation by AMF to be seasonal, e.g.
higher colonisation in the spring than the autumn of D.
intermedia (Fuchs and Haselwandter 2004). In another
study, the simultaneous colonisation of D. rotundifolia
roots by AMF and DSE was observed in the late summer
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(Weishampel and Bedford 2006). In both of these studies,
the occurrence of AMF was inferred by the presence of
vesicles.

The low nutrient status, low pH and waterlogged habitat
of D. rotundifolia would result in a particularly stressful
environment for rhizosphere microorganisms, and it is clear
that some fungal endophytes avoid this stress through plant
colonisation. Recently, Rodriguez et al. (2008) have defined
this occurrence as a ‘habitat-specific, symbiotically-
conferred stress tolerance’ and suggest that it is responsible
for the establishment of plants in high-stress environments.
Similar assumptions have been made about DSE fungi,
which dominate extreme environments and stressed con-
ditions (Newsham et al. 2009). Every single plant in the
current study was colonised by at least one fungal species,
raising the question of whether colonisation is essential or
at least confers an advantage for D. rotundifolia to live in
its stressful habitat. For example, in acidic waterlogged
soils, the decomposition of organic matter may lead to high
levels of toxic H,S, and a low redox potential can solubilise
Fe and Mn to levels toxic to plant roots; additionally, under
these conditions, some micronutrients will become unavail-
able to plants.

The role of fungal endophytes in the roots of carnivorous
plants is complicated by the unique mode of nutrition of
these plants. As carnivorous plants acquire substantial
amounts of their nutrients from the digestion of their prey,
a role in facilitating nutrient acquisition by a fungal partner
seems unlikely. However, the physiological effect of
absorbing nutrients from prey into the leaf is known to
stimulate root nutrient uptake (Adamec 2002), although
whether this is a result of increased fungal activity in the
root clearly needs to be tested. Additionally, the ability of
carnivorous plants to efficiently re-utilise nutrients from
their senescing leaves and roots (Adamec 2002) may be
facilitated by the saprophytic nature of endophytic fungal
extracellular enzymes, which would be better suited to
utilise and recycle this complex source of nutrients.

This work has also raised questions about interspecies
colonisation dynamics of carnivorous plants. In contrast to
the pervasive colonisation in the spring, 7. viride was
absent in the summer samples, which could equally be host
or endophyte dependent. At the beginning of the growing
season, when carbohydrates from photosynthesis are limit-
ed and insect prey is scarce (and easily washed away during
heavy rain), hosting 7. viride may be a cost-effective way
for D. rotundifolia to gain nutrients from the soil. 7. viride
may also suppress colonisation by other fungal species,
particularly AMF which are known to demand significant
amounts of carbon from their host plants. Alternatively, T.
viride may be parasitising necrotic endophytic hyphae
present from the previous year; hence, its presence only
being detected early in the season.
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The microbial competition in this high-stress environ-
ment is also complicated by the selective fungicidal
properties characteristic of the Droseraceae. Many Drosera
species produce large quantities of the secondary metabo-
lites plumbagin and 7-methyljuglone (water-soluble 1,4-
naphthoquinones), which are known for their antifungal
activity (Meazza et al. 2003; Babula et al. 2009) particu-
larly against plant pathogens. Interestingly, the production
of 7-methyljuglone in Drosera capensis grown in vivo was
affected by the ratio of nitrate to ammonium, with
production decreasing at lower nitrate concentrations
(Ziaratnia et al. 2009), although the authors conclude that
this result may be an artefact of variations in the pH of the
media due to differential uptake of the two ions. In the
current study, the nitrate to ammonium ratio of the substrate
decreased later in the growing season. Whether this acts as
a signal to reduce the production of naphthoquinone and
allows colonisation by a functional group of fungal
endophytes and AMF more advantageous for the changing
abiotic conditions requires further experimental data.

Acknowledgements This project was funded by a Botanical Society
of the British Isles research grant awarded to RSQ. We thank Philip
Swarbrick for advice on DNA sequence analysis.

References

Adamec L (1997) Mineral nutrition of carnivorous plants: a review.
Bot Rev 63:273-299

Adamec L (2002) Leaf absorption of mineral nutrients in carnivorous
plants stimulates root nutrient uptake. New Phytol 155:89—100

Adamec L (2005) Ecophysiological characterization of carnivorous
plant roots: oxygen fluxes, respiration, and water exudation.
Biologia Plant 49:247-255

Adlassnig W, Peroutka M, Lambers H, Lichtscheidl IK (2005) The
roots of carnivorous plants. Plant Soil 274:127-140

Albino U, Saridakis DP, Ferreira MC, Hungria M, Vinuesa P, Andrade
G (2006) High diversity of diazotrophic bacteria associated with
the carnivorous plant Drosera villosa var. villosa growing in
oligotrophic habitats in Brazil. Plant Soil 287:199-207

Auge RM (2001) Water relations, drought and vesicular—arbuscular
mycorrhizal symbiosis. Mycorrhiza 11:3-42

Babula P, Adam V, Havel L, Kizek R (2009) Noteworthy secondary
metabolites naphthoquinones—their occurrence, pharmacological
properties and analysis. Curr Pharm Anal 5:47-68

Brundrett MC (2009) Mycorrhizal associations and other means of
nutrition of vascular plants: understanding the global diversity of
host plants by resolving conflicting information and developing
reliable means of diagnosis. Plant Soil 320:37-77

Chambers SM, Curlevski NJA, Cairney JWG (2008) Ericoid
mycorrhizal fungi are common root inhabitants of non-
Ericaceae plants in a south-eastern Australian sclerophyll forest.
FEMS Microbiol Ecol 65:263-270

Conran JG (2008) Aestivation organ structure in Drosera subgen.
Ergaleium (Droseraceae): corms or tubers; roots or shoots? Aust
J Bot 56:144-152

Crowder AA, Pearson MC, Grubb PJ, Langlois PH (1990) Biological
flora of the British Isles: Drosera L. J Ecol 78:233-267

Davis EC, Shaw AJ (2008) Biogeographic and phylogenetic patterns in
diversity of liverwort-associated endophytes. Am J Bot 95:914-924

Ellison AM, Gotelli NJ (2009) Energetics and the evolution of
carnivorous plants—Darwin’s ‘most wonderful plants in the
world’. J Exp Bot 60:19—42

Fan YQ, Luan YS, An LJ, Yu K (2008) Arbuscular mycorrhizae
formed by Penicillium pinophilum improve the growth, nutrient
uptake and photosynthesis of strawberry with two inoculum-
types. Biotechnol Lett 30:1489-1494

Fisher PJ, Petrini O, Webster J (1991) Aquatic hyphomycetes and
other fungi in living aquatic and terrestrial roots of Alnus
glutinosa. Mycol Res 95:543-547

Fuchs B, Haselwandter K (2004) Red list plants: colonization by
arbuscular mycorrhizal fungi and dark septate endophytes.
Mycorrhiza 14:277-281

Gardes M, Bruns TD (1993) ITS primers with enhanced specificity for
Basidiomycetes—application to the identification of mycorrhizae
and rusts. Mol Ecol 2:113-118

Gryndler M, Vosatka M, Hrselova H, Chvatalova I, Jansa J (2002)
Interaction between arbuscular mycorrhizal fungi and cellulose in
growth substrate. Appl Soil Ecol 19:279-288

Hall TA (1999) BioEdit: A user-friendly biological sequence
alignment editor and analysis program for Windows 95/98/NT.
Nucleic Acids Symp Ser 41:95-98

Hempel S (2009) The formation of arbuscular mycorrhizae by an
Ascomycete? Biotechnol Lett 31:155-156

Jaklitsch WM, Samuels GJ, Dodd SL, Lu BS, Druzhinina IS (2006)
Hypocrea rufa/Trichoderma viride: a reassessment, and descrip-
tion of five closely related species with and without warted
conidia. Stud Mycol 56:135-177

Juniper BE, Robins RJ, Joel DM (1989) Carnivorous plants.
Academic, London

Lee J, Lee S, Young JPW (2008) Improved PCR primers for the
detection and identification of arbuscular mycorrhizal fungi.
FEMS Microbiol Ecol 65:339-349

MacDougal DT (1899) Symbiotic saprophytism. Ann Bot 13:1-46

Mandyam K, Jumpponen A (2005) Seeking the elusive function of the
root-colonising dark septate endophytic fungi. Stud Mycol 53:
173-189

Meazza G, Dayan FE, Wedge DE (2003) Activity of quinones on
Colletotrichum species. J Agric Food Chem 51:3824-3828

Miranda KM, Espey MG, Wink DA (2001) A rapid, simple
spectrophotometric method for simultaneous detection of nitrate
and nitrite. Nitric Oxide-Biol & Chem 5:62-71

Mulvaney RL (1996) Nitrogen-inorganic forms. In: Sparks DL et al
(eds) Methods of soil analysis. Part 3. SSSA book Ser. 5. SSSA,
Madison, pp 1123-1184

Murphy J, Riley JP (1962) A modified single solution method for the
determination of phosphate in natural waters. Anal Chim Acta
27:31-36

Newsham KK, Upson R, Read DJ (2009) Mycorrhizas and dark
septate root endophytes in polar regions. Fungal Ecol 2:10-20

Pozo MJ, Azcon-Aguilar C (2007) Unraveling mycorrhiza-induced
resistance. Curr Opin in Pl Biol 10:393-398

Rodriguez RJ, Henson J, Van Volkenburgh E, Hoy M, Wright L,
Beckwith F, Kim YO, Redman RS (2008) Stress tolerance in
plants via habitat-adapted symbiosis. ISME 2:404-416

Rodriguez RJ, White JF Jr, Arnold AE, Redman RS (2009) Fungal
endophytes: diversity and functional roles. New Phytol 182:314—
330

Rudresh DL, Shivaprakash MK, Prasad RD (2005) Tricalcium
phosphate solubilizing abilities of Trichoderma spp. in relation
to P uptake and growth and yield parameters of chickpea (Cicer
arietinum L.). Can J Microbiol 51:217-222

Sati SC, Belwal M (2005) Aquatic hyphomycetes as endophytes of
riparian plant roots. Mycologia 97:45-49

@ Springer



348

Mycorrhiza (2010) 20:341-348

Selosse MA, Vohnik M, Chauvet E (2008) Out of the rivers: are some
aquatic hyphomycetes plant endophytes? New Phytol 178:3—7

Sokolski S, Piche Y, Chauvet E, Berube JA (2006) A fungal
endophyte of black spruce (Picea mariana) needles is also an
aquatic hyphomycete. Mol Ecol 15:1955-1962

Sridhar KR, Barlocher F (1992) Endophytic aquatic hyphomycetes of
roots of Spruce, Birch and Maple. Mycol Res 96:305-308

Taylor DL, Herriott IC, Long J, O’Neill K (2007) TOPO TA is A-OK:
a test of phylogenetic bias in fungal environmental clone library
construction. Environ Microbiol 9:1329-1334

Thompson JD, Higgins DG, Gibson TJ (1994) Clustal-W—improving
the sensitivity of progressive multiple sequence alignment
through sequence-weighting position-specific gap penalties and
weight matrix choice. Nucleic Acids Res 22:4673-4680

Venugopal N, Raseshowri Devi K (2007) An interesting observation
on the mycorrhizal symbiosis in the insectivorous plant, Drosera

@ Springer

peltata Sm., in Meghalaya, north-east India. Carniv Plant Newsl
36:9-13

Weishampel PA, Bedford BL (2006) Wetland dicots and monocots
differ in colonization by arbuscular mycorrhizal fungi and dark
septate endophytes. Mycorrhiza 16:495-502

White TJ, Bruns T, Lee S, Taylor J (1990) Amplification and direct
sequencing of fungal ribosomal RNA genes for phylogenetics.
In: Innis MA, Gelfand DH, Shinsky JJ, White TJ (eds) PCR
protocols: a guide to methods and applications. Academic, San
Diego, pp 315-322

Wilberforce EM, Boddy L, Griffiths R, Griffith GW (2003)
Agricultural management affects communities of culturable
root-endophytic fungi in temperate grasslands. Soil Biol Biochem
35:1143-1154

Ziaratnia SM, Kunert KJ, Lall N (2009) Elicitation of 7-methyljuglone
in Drosera capensis. S Afri J Bot 75:97-103



	Fungal root endophytes of the carnivorous plant Drosera rotundifolia
	Abstract
	Introduction
	Materials and methods
	Plant and soil collection
	Isolation of fungal endophytes
	Molecular characterisation of fungal isolates
	Assessment of AMF colonisation by PCR
	Chemical analyses of soil solution

	Results
	Characterisation of fungal endophytes
	Assessment of arbuscular mycorrhizal colonisation
	Soil properties

	Discussion
	Identity of the fungi isolated from D. rotundifolia roots
	T. viride
	Ingoldian fungi (aquatic hyphomycetes)
	Ectomycorrhizas
	P. pinophilum
	Unidentified fungal endophytes
	Arbuscular mycorrhizas


	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e5c4f5e55663e793a3001901a8fc775355b5090ae4ef653d190014ee553ca901a8fc756e072797f5153d15e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc87a25e55986f793a3001901a904e96fb5b5090f54ef650b390014ee553ca57287db2969b7db28def4e0a767c5e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020d654ba740020d45cc2dc002c0020c804c7900020ba54c77c002c0020c778d130b137c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor weergave op een beeldscherm, e-mail en internet. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for on-screen display, e-mail, and the Internet.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <FEFF004a006f0062006f007000740069006f006e007300200066006f00720020004100630072006f006200610074002000440069007300740069006c006c0065007200200037000d00500072006f006400750063006500730020005000440046002000660069006c0065007300200077006800690063006800200061007200650020007500730065006400200066006f00720020006f006e006c0069006e0065002e000d0028006300290020003200300031003000200053007000720069006e006700650072002d005600650072006c0061006700200047006d006200480020>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing false
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


