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Abstract Fungi with dematiaceous septate hyphae, termed
dark septate endophytes (DSE), are common in plant roots,
particularly in cold-stressed habitats, but their effects on their
host plants remain obscure. Here, we report a study that
assessed the effects of six DSE on the growth and nutrient
balance of Deschampsia antarctica when plants were
supplied with the same amount of nitrogen in organic
(casein hydrolysate) or inorganic (ammonium sulphate)
form under controlled conditions. After 60 days, the DSE,
that had each been isolated from D. antarctica and which
analyses of internal transcribed spacer and large subunit
regions indicated were similar to members of the Helotiales
(Oculimacula yallundae, Mollisia and Tapesia spp.) and
unassigned anamorphic ascomycetes, typically had no
effect on, or reduced by 33-71%, shoot and root dry
weights relative to uninoculated controls when plants had
been supplied with nitrogen in inorganic form. In contrast,
the DSE usually enhanced shoot and root dry weights by
51-247% when plants had been supplied with organic
nitrogen. In the presence of inorganic nitrogen, only sporadic
effects of DSE were recorded on shoot and root nitrogen or
phosphorus concentrations, whereas in the presence of
organic nitrogen, three to six of the DSE isolates increased
shoot and root nitrogen and phosphorus contents. Most of
the isolates decreased the phosphorus concentrations of
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shoots and roots when plants had been supplied with
nitrogen in organic form. Our data suggest that DSE are
able to mineralise peptides and amino acids in the
rhizosphere, making nitrogen more freely available to roots.
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Introduction

Fungi with dematiaceous septate hyphae, termed dark septate
endophytes (DSE), are frequent colonists of plant roots at high
latitudes and altitudes (Read and Haselwandter 1981; Currah
and van Dyk 1986; Stoyke and Currah 1991; Laursen et al.
1997; Newsham et al. 2009). These fungi, which often form
clusters of rounded cells termed microsclerotia in roots,
belong to a wide range of ascomycete taxa, but are often
members of the Helotiales, such as Phialocephala fortinii and
Leptodontidium orchidicola (Jumpponen and Trappe 1998;
Addy et al. 2005). In cold-stressed habitats, arbuscular
mycorrhizal fungi, the typical mutualists of herbaceous plant
roots at lower latitudes and altitudes, are either entirely absent
or occur only sporadically (Bledsoe et al. 1990; Kohn and
Stasovski 1990; Vire et al. 1992; Treu et al. 1996; Upson et
al. 2008; Newsham et al. 2009), and in the absence of
arbuscular mycorrhizas, it has been suggested that DSE might
act as surrogate root mutualists in cold-stressed soils (Bledsoe
et al. 1990). This is a rather controversial view: although there
is evidence in the literature to indicate that DSE can have
positive effects on plant growth and nutrient balance (e.g.
Haselwandter and Read 1982; Newsham 1999), other studies
indicate neutral or negative effects of these fungi on growth
(e.g. Wilcox and Wang 1987; Fernando and Currah 1996).
Even in cases where DSE have positive effects on plant
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growth, little is understood of the mechanisms by which these
fungi enhance the growth of their hosts (Mandyam and
Jumpponen 2005).

Nitrogen is usually present in cold-stressed soils in
organic form, owing to the inhibition of organic matter
decomposition at low temperatures (Kielland 1994). For
example, at Signy Island in the South Orkneys, Roberts et al.
(2009) analysed the different forms of nitrogen in the
rhizospheres of the two native maritime Antarctic vascular
plant species, Deschampsia antarctica and Colobanthus
quitensis, and found that the concentrations of dissolved
organic nitrogen were almost seven times higher than those
of inorganic (ammonium and nitrate) forms of the element.
DSE, which have recently been shown to be frequent in
the roots of D. antarctica and C. quitensis (Upson et al.
2008), could thus play important roles in these soils, since
they are able to utilise organic forms of nitrogen such as
proteins and peptides (Caldwell et al. 2000). Previous
research suggests that these fungi might allow plants to
access organic forms of nitrogen in the rhizosphere, which
would otherwise be unavailable to roots (Newsham 1999;
Mandyam and Jumpponen 2005). However, there are few
data in the literature to support this view.

In this study, using isolates of DSE from the roots of D.
antarctica, identified by Upson et al. (2009) as currently
unassigned anamorphic ascomycetes or members of the
Helotiales, an order of fungi with known beneficial effects
on plant growth (Smith and Read 2008), we assess the
response of D. antarctica to DSE in the presence of inorganic
and organic forms of nitrogen.

Materials and methods

Taxonomic affinities of isolates

Six DSE were used in the present study. They were isolated,
in the survey described by Upson et al. (2009), from the roots

of D. antarctica plants sampled from South Georgia in the
sub-Antarctic and Signy, Coronation, King George and

Tables 1 Origins and identities of DSE isolates used in the study

Anchorage islands in the maritime Antarctic (Table 1).
Sequencing of the internal transcribed spacer (ITS) regions
of tDNA of three of the isolates, termed Da PoT1 C7,
Da MaP 19 and Da Gry H4 by Upson et al. (2009) but
hereafter referred to as C7, 19 and H4, indicated that the
isolates were members of the Helotiales and similar to
species of Mollisia and Tapesia (Table 1). Sequencing of the
28S large subunit region of the rDNA of another isolate,
referred to here as H3, similarly indicated close affinities
with species of Mollisia (Table 1). Sequencing of the ITS
regions of a further two isolates, referred to as Da Bac [4
and Da PoC C4 by Upson et al. (2009) but referred to
hereafter as 14 and C4, indicated that they were similar to
fungi in the Helotiales with close affinities to Oculimacula
yallundae and currently unassigned anamorphic ascomycetes
(Table 1). Sequences of all six isolates have been deposited
in GenBank (Table 1). The isolates were maintained on 1%
malt extract agar medium at 15°C until required for the
experiment reported here.

Growth experiment

Perlite was selected as the substrate for the experiment
because of its low cation exchange capacity and greater
porosity than vermiculite or sand. It was acid-washed by
placing it into fine mesh cotton bags, which were
submerged in 1% HCI for 48 h. The bags were then
submerged in distilled water for 12-h periods until the pH
of the perlite reached a value of 5, the mean pH value of
the soils that D. antarctica inhabits (Upson et al. 2008;
Roberts et al. 2009). The perlite was then drained, oven-
dried (145°C) and stored at room temperature until
required for the experiment.

Seeds of D. antarctica for use in the experiment were
collected from Grytviken on South Georgia during the
austral summer and were kept over desiccant in the dark at
5°C. The seeds were removed from their husks using
forceps and were surface-sterilised for 5 min in calcium
hypochlorite solution (1:28, w/v) on a vortexer. Under a
sterile hood, the sterilant was removed by filtering through

DSE isolate  Origin of DSE isolate

Taxonomic identity of DSE isolate® GenBank accession number

Cc7 Point Thomas, King George Island (62°09’ S, 58°29" W)
H3 Anchorage Island, Léonie Islands (67°36" S, 68°12" W)
19 Mansfield Point, Coronation Island (60°39" S, 45°44’ W)

H4 Grytviken, South Georgia (54°16' S, 36°30" W)
C4 Potter Cove, King George Island (62°14' S, 58°41' W)
14 Backslope, Signy Island (60°42" S, 45°35" W)

Tapesia sp. (Helotiales) FN178469
Mollisia sp. (Helotiales) FN178470
Tapesia sp. (Helotiales) FN178471
Mollisia sp. (Helotiales) FN178472
incertae sedis, anamorphic ascomycete FN178473
Oculimacula yallundae (Helotiales) FM207641

#Upson et al. (2009)
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filter paper, on which the seeds were repeatedly washed
with sterile water (500 mL). Using sterile technique, the
seeds were then transferred to Petri dishes containing
1.5% plant agar (Duchefa Biochemie, Amsterdam, The
Netherlands). Ten seeds were transferred to each dish. The
dishes were sealed with Parafilm and kept in the dark at
5°C for 15 days to stratify (Holtom and Greene 1967) and
were then incubated at room temperature. Any seeds with
bacterial or fungal contaminants were removed, along
with surrounding agar medium, using sterile technique.
Germination of seeds free from contaminants, of which
there were approximately 90, occurred in 2—4 weeks.

Perlite (9 g) and nutrient solution (20 mL), also acidified
to pH 5, were added to 90 glass conical flasks (100-mL
capacity). Half of the flasks received one fifth Rorison's
nutrient solution (Hewitt 1966), with N, in the form of
ammonium sulphate, at a concentration of 11.2 mg L.
The remaining flasks received casein hydrolysate added
to a basal medium of N-free one fifth Rorison's nutrient
solution so that N was also present at a concentration of
11.2 mg L™". Casein hydrolysate was used as the organic
N source because it contains a range of peptides and
monomeric amino acids and so covers a range of
different organic N forms. At the start of the growing
season at Signy Island, the mean total dissolved nitrogen
concentration in soil under D. antarctica and C. quitensis
is approximately 8 mg L™' (Roberts et al. 2009).

The necks of the 90 flasks were stoppered with non-
absorbent cotton wool, which was covered with aluminium
foil, and the flasks were then sterilised at 121°C for 15 min
and cooled to room temperature. An individual seedling at
the one-leaf stage was then aseptically transferred to each
flask under a sterile hood. An inoculate, made by
macerating either uncolonised or colonised pieces of 1.2%
water agar medium (approximately 20x10x6 mm) in
sterile distilled water (15 mL) for 1 min, was then added
to the perlite in each flask. The colonised pieces of agar
medium had been cut under sterile conditions from the
growing margin of 2-week-old colonies of DSE, grown at
18°C in the dark. Eleven to 12 flasks were prepared for
each of the six DSE isolates and the uninoculated control,
with five or six of these flasks each containing either an
inorganic or organic N source. The flasks were then placed
into a growth room set to a 16-h cycle of light (300 pwmol
m % s ') at 6°C and 8 h of darkness (4°C). At 30 days after
the start of the experiment, sterile distilled water (10 mL)
was added to each flask, again under a sterile hood.

Sampling
A single sampling was made of the plants at 60 days.

We chose not to make more than one sampling in order
to retain five to six replicates for each level of N form

and DSE isolate in subsequent statistical analyses. Each
individual plant was removed from its flask and split into
shoot and root material, and the roots were washed in
water and cleaned of debris. Depending on the size of
the root system, between ten and 25 segments of root
(10-mm length) were randomly selected and removed,
leaving 90% fresh weight of roots. This remaining
material was dried, along with shoots, at 80°C for 48 h
to predict the dry weight of the entire root system. The
selected root segments were either surface-sterilised, in
order to re-isolate DSE, or were used for microscopy
analyses, as described below.

Re-isolation of DSE

Using sterile technique, root segments were agitated briefly
in 5% calcium hypochlorite solution and were then serially
washed in sterile dH,O. They were then washed under
sterile conditions in batches of three for 5 min, with ten
changes of 10 mL sterile dH,O in 25 mL 'Universal’ screw-
capped bottles, using a wrist-action flask shaker. Between
each wash, root segments were transferred from one bottle
to the next with fine forceps using sterile technique. Root
segments were then blotted briefly on sterile filter paper
and cut into 1- to 2-mm segments. Five root segments were
placed equidistantly into 1% malt extract agar medium in
90-mm Petri dishes. Approximately 30 segments of root
were plated from each plant. The dishes were incubated at
18°C, close to the temperature optimum for Antarctic soil
fungi (Kerry 1990; Azmi and Seppelt 1997), for 12 weeks.

Microscopy analyses

Root segments, cleared in 10% KOH and stained with
0.05% aniline blue using the cold-staining method of
Grace and Stribley (1991), were mounted on glass slides
in lactoglycerol and scored at 400x magnification for the
percentage of root length colonised by hyphae and
microsclerotia using the method of McGonigle et al.
(1990). Approximately 30 intersections were scored per
slide.

Nitrogen and phosphorus analyses

Dried shoots and roots (typically 2.5-3.5 mg) were each
digested at 370°C for 6 h in 1 mL of a mixture of salicylic
acid dissolved in concentrated sulphuric acid (33 g L™)
with lithium sulphate and copper sulphate (500 mg L ).
The digests were diluted to 10 mL with UHP grade reverse
osmosis water, and total N and P were determined using a
modification of the Kjeldahl method (Allen 1989). Root N
and P contents were corrected for the material removed for
re-isolation of DSE and microscopy analyses.
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Statistical analyses

One- and two-way analyses of variance were used to
determine the main and interactive effects of N form and
DSE inoculation on the dry weights and the N and P
contents and concentrations of shoots and roots. Tukey's
pairwise comparisons test was used to compare individual
means. Pearson's correlations were used to determine
associations between root lengths colonised by DSE and
shoot or root dry weights, nutrient contents or concen-
trations. Data from uninoculated plants were excluded from
the latter analyses. All errors reported below are standard
errors.

Results
Colonisation of roots by DSE

Hyphae or microsclerotia were not observed in the roots
of uninoculated control plants (Table 2). All isolates
except H3 colonised between 91% and 98% of root length
(Table 2). The roots of inoculated plants were typically
colonised by hyaline hyphae, although dematiaceous
hyphae were formed in the roots of all inoculated plants.
Hyphae or microsclerotia were only observed in the
epidermis or cortex: colonisation of the stele was not
observed. Microsclerotia were observed in the roots of
plants inoculated with isolates C7, 19 and H4. The mean
percentages of root length colonised by the microsclerotia
formed by these isolates were 10.42 (+2.64)%, 8.00
(£2.3)% and 0.36 (£0.33)%, respectively. Those formed
by isolates C7 and H4 were dematiaceous, whereas those
formed by 19 included dematiaceous, stained and unstained
hyaline microsclerotia. Individual cells in the microsclerotia

Table 2 Percentage of root length of plants grown with inorganic and
organic N sources colonised by hyphae of DSE isolates

DSE isolate N form
Inorganic Organic

None (control) 0.0 (£0.0) 0.0 (£0.0)
Cc7 91.2 (£3.1) 94.2 (£1.4)
H3 69.4 (£6.4) 87.8 (£3.3)
9 96.7 (+1.4) 97.8 (£1.1)
H4 93.0 (£1.6) 94.0 (£1.5)
c4 92.0 (1.8) 95.4 (£1.9)
14 94.2 (£2.4) 95.3 (£2.0)

Values are means of five or six replicates (SEM). See Table 1 for
taxonomic identities of isolates
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formed by each of the three isolates measured approxi-
mately 10x5 pm.

Re-isolation of DSE

DSE were re-isolated from the roots of all plants except
those inoculated with the C7 and H3 isolates. Contam-
inants were not isolated from the roots of any plants.

Biomass

N form had a highly significant main effect on shoot dry
weights (Table 3): the mean dry weight of shoots grown
with an organic N supply was 18% lower than that of
shoots supplied with inorganic N (2.367+0.10 vs. 2.883+
0.11 mg; Fig. 1). Similarly, there was a highly significant
main effect of N form on root dry weight (Table 3): the
roots grown with an organic N supply were 20% lighter
than those of plants grown with inorganic N (3.929+0.22
vs. 3.149+0.18 mg; Fig. 1). DSE isolate also had highly
significant main effects on shoot and root dry weights
(Table 3), with a wide range of responses being recorded
to the six different DSE isolates (Fig. 1). Moreover, highly
significant interactive effects of N form and DSE isolate
were also recorded on shoot and root dry weights
(Table 3). The shoot dry weights of plants supplied with
N in inorganic form and inoculated with the 19 and H4
isolates were reduced by 42% and 45%, relative to
uninoculated control plants, respectively (Fig. 1). In
contrast, all DSE isolates except H4 increased the shoot
dry weights of plants supplied with organic N, by between
51% and 178%, relative to uninoculated controls (Fig. 1).
Similar responses were recorded for root dry weights: all
isolates except C7 and H3 reduced root dry weights by
between 33% and 71%, relative to uninoculated controls,
when plants had been supplied with inorganic N. In
contrast, when N had been supplied in organic form, all
isolates except H4 and C4 increased root dry weights by
159-247%, relative to control plants (Fig. 1).

Nitrogen

The form of N that plants were supplied with did not
influence shoot or root N content (Table 3). However, a
main effect of DSE isolate was found on the N contents of
shoots and roots (Table 3), with a range of responses
recorded to the different isolates (Fig. 2a). Highly signif-
icant N form x DSE interactions were also found for shoot
and root N contents (Table 3). Relative to uninoculated
controls, the DSE isolates had no effect on, or showed a
tendency to reduce, the N contents of shoots when N had
been supplied to plants in inorganic form (Fig. 2a), but
with N supplied in organic form, the C7, H3, 19 and 14
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Table 3 Main and interactive

effects of N form and DSE on Response Factor F ratio P value
the biomasses, N and P contents

and concentrations of shoots and Biomass Shoot dry weight N form 30.35 <0.001

roots of D. antarctica plants DSE 22.61 <0.001

N form x DSE 11.25 <0.001

Root dry weight N form 29.53 <0.001

DSE 38.49 <0.001

N form x DSE 17.92 <0.001

Nitrogen Shoot N content N form 0.30 0.587

DSE 11.05 <0.001

N form x DSE 6.42 <0.001

Root N content N form 3.67 0.060

DSE 11.37 <0.001

N form x DSE 4.74 <0.001

Shoot N concentration N form 18.91 <0.001

DSE 5.24 <0.001

N form x SE 4.57 0.001

Root N concentration N form 4.99 0.029

DSE 18.36 <0.001

N form x DSE 6.32 <0.001

Phosphorus Shoot P content N form 15.09 <0.001

DSE 10.94 <0.001

N form x DSE 6.65 <0.001

Root P content N form 17.48 <0.001

DSE 17.48 <0.001

N form x DSE 8.57 <0.001

Shoot P concentration N form 3.22 0.078

DSE 4.74 <0.001

N form x DSE 5.55 <0.001

Root P concentration N form 2.33 0.132

Significant P values are marked DSE 5.33 <0.001

in bold. Error df'in all analyses N form x DSE 5.04 <0.001

were 63—-65

isolates each enhanced shoot N contents by between 52%
and 123% compared with uninoculated controls (Fig. 2a).
Similarly, root N content was unaffected by DSE isolates
when N was supplied in inorganic form, but all DSE
isolates except H4 enhanced root N contents by 55-104%
when N was supplied in organic form, relative to
uninoculated controls (Fig. 2a).

Significant main effects of N form on shoot and root
N concentrations were recorded (Table 3): the N concen-
trations of shoots grown with inorganic and organic N
supplies were 11.34 (+0.44) and 13.48 (+0.48) pg mg ',
and those of roots were 7.34 (+0.39) and 8.04 (£0.31) pg
mg ', respectively. DSE isolate similarly had highly
significant main effects on shoot and root N concentrations
(Table 3). Highly significant interactions of N form and
DSE isolate was also recorded on shoot and root N
concentrations (Table 3). The only isolate to influence
shoot N concentration when plants had been grown with

an inorganic N supply was 19, which increased the
concentration of N in shoots by 53% compared with
control plants (Fig. 2b). In contrast, the H3 isolate
decreased shoot N concentration by 32%, relative to
uninoculated controls, when plants had been grown with
an organic N source (Fig. 2b). Root N concentrations
showed similar effects: relative to uninoculated controls,
when plants had been supplied with inorganic N, the 19
and H4 isolates increased root N concentration by 50%
and 152%, respectively, but when plants had been grown
with an organic N supply, the H3 isolate decreased root N
concentration by 42% (Fig. 2b).

Phosphorus
Main effects of N form on shoot and root P contents

were recorded (Table 3): plants grown with an inorganic
N supply had a higher mean shoot P content than those

@ Springer
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Fig. 1 Shoot and root dry weights of uninoculated control plants
(‘con’, open bars) and of plants inoculated with six DSE isolates
(filled bars) supplied with inorganic (left-hand block of bars) or
organic (right-hand block of bars) nitrogen. Values are means of five
to six replicates + SEM. Values for inoculated plants differing from
those of uninoculated control plants within each group of seven values
are denoted by *P<0.05, **P<0.01 and ***P<0.001

grown with organic N (10.63£0.22 vs. 9.51+0.34 pg) and
a higher mean root P content (10.01+0.45 vs. 8.46+
0.34 pg). DSE isolate also had highly significant main
effects on shoot and root P contents (Table 3), with a range
of responses to each of the six isolates (Fig. 3a).
Moreover, there were highly significant N form x DSE
interaction terms for shoot and root P contents (Table 3):
compared with uninoculated controls, isolates H3 and H4,
increased and decreased shoot P content by 20% and 19%
when N had been supplied in inorganic form, respectively
(Fig. 3a), but the H3, 19 and 14 isolates each increased the
shoot P contents of plants grown with an organic N supply
by 47-65% compared with uninoculated controls
(Fig. 3a). Root P contents showed similar effects: relative
to uninoculated controls, only the H3 and H4 isolates
affected root P content when N was supplied in inorganic
form, increasing and decreasing P content by 38% and
51%, respectively (Fig. 3a), whereas the C7, H3, 19 and 14
isolates each increased the root P content of plants
supplied with organic N by 90-106% (Fig. 3a).
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Main effects of N form were not recorded on shoot
or root P concentrations (Table 3). However, highly
significant main effects of DSE isolate were found on the
P concentrations of shoots and roots (Table 3). There were
also highly significant N form x DSE interactions for
shoot and root P concentrations (Table 3). Relative to
uninoculated controls, the 19 isolate increased shoot P
concentration by 70% when plants had been supplied with
inorganic N (Fig. 3b), but all isolates except H4 decreased
shoot P concentration by 26-41% when N had been
supplied in organic form (Fig. 3b). Similarly, when plants
had been supplied with inorganic N, only the 19 and H4
isolates affected P concentration in roots, increasing P
concentration by 45% and 77%, respectively (Fig. 3b), but
when plants had been grown with an organic N supply, the
C7, H3, 19 and I4 isolates each decreased shoot P
concentration by 29-50% compared with uninoculated
controls (Fig. 3b).

Correlative analyses

When N had been supplied in inorganic form, significant
negative associations were found between the percentage of
root length colonised by DSE hyphae and shoot and root
dry weights, root N content and shoot and root P contents
(Table 4). In contrast, when organic N was supplied to
plants, no associations were found between the percentage
of root length colonised by DSE hyphae and any plant
performance parameters (P>0.05; Table 4). Plant perfor-
mance also did not correlate with the percentage of root
length colonised by microsclerotia, either when N had been
applied in inorganic or organic form (P>0.05; data not
shown).

Discussion

Koch's postulates (Koch 1882) were satisfied for most of
the DSE used in our study, with four of the six fungi being
re-isolated from the roots of D. antarctica onto which they
were inoculated and contaminants not being isolated from
any roots. Although the C7 and H3 isolates were not
recovered from the roots, C7 formed microsclerotia and
both isolates formed dematiaceous hyphae in roots, both of
which were similar to those recorded in roots sampled from
maritime and sub-Antarctica (Upson et al. 2008). We are
thus confident that the effects observed in our study
were attributable to the inoculated DSE which are each
present in the roots of D. antarctica in the natural
environment (Upson et al. 2009).

Our study recorded consistent interactions between
nitrogen form and DSE isolates on plant biomass and
nutrient status, indicating that the form in which nitrogen
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Replication and notation as in Fig. 1

was supplied to plants altered their responses to the
different DSE isolates. The clearest responses were
observed for plant biomass: in the presence of inorganic
nitrogen, shoot or root dry weights were either unaffected
by inoculation with DSE or were reduced by 33-71%
compared with uninoculated control plants. These data
were confirmed by correlative analyses, which showed
close negative associations between the percentage of
root length colonised by DSE hyphae and biomass when
plants had been supplied with ammonium sulphate. In
the presence of organic nitrogen, however, the DSE
usually increased plant biomass by 51-274%, relative to
uninoculated controls. In the absence of the DSE, D.
antarctica was apparently unable to access nitrogen present
in organic form: the differences between the shoot and root
weights of uninoculated and inoculated plants supplied with
casein hydrolysate were apparently owing to the inability of
the former plants to access organic nitrogen. This was
similar to the response of Pinus contorta to P. fortinii
recorded by Jumpponen et al. (1998) who found that
inoculation with the DSE significantly increased the
biomass of the host plant species, but only in the presence
of urea. Similarly, Usuki and Narisawa (2007) found that
the dry weights of Brassica campestris plants supplied with
four amino acids as sole nitrogen sources were increased
when plants were grown with the DSE Heteroconium
chaetospira, relative to inoculated control plants. As has
been done for H. chaetospira (Usuki and Narisawa 2007), it
would be useful for future studies to assess whether other
DSE affect plant growth differently in the presence of
individual amino acids or peptides.

Interactive effects of DSE inoculation were also ob-
served on the nitrogen and phosphorus contents and
concentrations of plants: in broad terms, the inoculation of
plants with DSE in the presence of inorganic nitrogen had
only sporadic effects on the nutrient status of plant parts. In
contrast, in the presence of organic nitrogen, between three
and five of the six DSE isolates increased the nitrogen and
phosphorus contents of shoots and roots relative to
uninoculated controls. When plants had been supplied with
organic nitrogen, few effects of DSE inoculation were
found on the nitrogen concentrations of plant parts, but all
but one or two of the isolates decreased phosphorus
concentrations in shoots and roots. This suggests that most
of the isolates were able to maintain an adequate supply of
nitrogen, but not of phosphorus, to roots to support plant
growth in the presence of an organic nitrogen source. Five
of the six isolates used in our study were members of the
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<« Fig. 3 Shoot and root phosphorus contents (a) and concentrations (b)

of uninoculated control plants (‘con’, open bars) and of plants
inoculated with six DSE isolates (filled bars) supplied with inorganic
(lefi-hand block of bars) or organic (right-hand block of bars)
nitrogen. Replication and notation as in Fig. 1

Helotiales, an order of fungi known to contain mutual-
istic fungi, notably Rhizoscyphus ericae, which are
capable of enhancing the flow of nitrogen into roots from
the acidic soils that their host plants inhabit (Smith and
Read 2008). From the data shown here, it is apparent that
the same might be true for the Helotialian fungi similar to
O. yallundae, Mollisia and Tapesia spp. that occur in the
roots of D. antarctica (Upson et al. 2009). However, the
ability to enhance plant growth in the presence of an
organic nitrogen source is not restricted to members of the
Helotiales, since isolate C4, which could not be confi-
dently assigned to any order but was tentatively ascribed
to the Dothideales by Upson et al. (2009), was also found
to increase the growth of D. antarctica in the present
study.

Previous reports similarly indicate that DSE in the
Helotiales can enhance plant growth. In a study on
Northern European Deschampsia flexuosa, three DSE
isolates belonging to the Helotiales were found to enhance
the shoot nitrogen content of seedlings (Zijlstra et al.
2005). L. orchidicola, which has close taxonomic affini-
ties with O. yallundae (Upson et al. 2009), also has
positive effects on the shoot and root biomass of Picea
glauca, but has mildly pathogenic effects on Potentilla
fruticosa and Dryas octopetala (Fernando and Currah
1996). DSE bearing close rDNA sequence homologies to
the reference (ex-type) strain of L. orchidicola have also
been shown to have positive effects on the shoot biomass
and height of the alpine plant species Saussurea involu-
crata (Wu and Guo 2008) and to be associated with the
early-season uptake of soil nitrogen by the alpine snow
buttercup, Ranunculus adoneus (Mullen et al. 1998;
Schadt et al. 2001).

It is unlikely that the DSE studied here acted as true
mycorrhizal symbionts. In the mycorrhizal symbiosis,
nutrients are transferred directly through hyphae into plant
tissues from beyond the nutrient depletion zones around
roots (Smith and Read 2008). In order to effect the transfer
of nutrients via hyphae, true mycorrhizal fungi form
branched or convoluted fungal structures in roots, such
as the highly branched arbuscules formed by arbuscular
mycorrhizas or the convoluted coils formed by ericoid
mycorrhizas. Such structures were not observed in the
roots of D. antarctica. In mycorrhizal associations, these
structures are enclosed by a host-derived perifungal
membrane or interfacial matrix material, which allows
the active exchange of nutrients between plant and fungus
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Table 4 Correlation coefficients
(r) and probability (P) values for Response N form
associations between percentage - ]
of root length colonised by DSE Inorganic Organic
hyphae and the biomasses, N
and P contents and concentra- r P value r P value
tions of shoots and roots of D.
antarctica p]ants grown with Biomass Shoot dry weight —0.573 0.001 —0.181 0.297
inorganic and organic N sources Root dry weight -0.526 0.002 -0.187 0.282
Nitrogen Shoot N content —0.165 0.376 —-0.125 0.475
Root N content -0.410 0.020 —-0.053 0.761
Shoot N concentration 0.343 0.056 0.041 0.614
Root N concentration 0.303 0.092 0.180 0.302
Phosphorus Shoot P content —0.477 0.006 —0.168 0.335
Root P content —0.496 0.004 -0.035 0.841
Significant P values are marked Shoot P concentration 0.344 0.054 0.020 0.911
in bold. Error df'in analyses Root P concentration 0.263 0.146 0.165 0.344

were 30

(Bonfante and Perotto 1995). These structures, which are
the hallmarks of active biotrophic fungal associations, are
apparently not formed by DSE (Peterson et al. 2008).
Recently, Usuki and Narisawa (2007) argued that organic
nitrogen could be transferred directly into the roots of B.
campestris via the hyphae of H. chaetospira, which
extensively colonise the roots of plants supplied with an
amino acid as a sole nitrogen source. However, Peterson et
al. (2008) point out that intracellular hyphae of H.
chaetospira in the roots of B. campestris are not enclosed
by a perifungal membrane, but instead by fibrillar
material, and that host cell cytoplasm has a degraded
appearance. Whilst the association between H. chaeto-
spira and B. campestris might represent a special case, we
postulate that the majority of DSE most probably utilise
proteolytic enzymes, which they are known to produce
(Caldwell et al. 2000), to mineralise organic nitrogen in
the rhizosphere, making the nitrogen more freely available
to roots in inorganic form. This was put forward as an
explanation for the positive growth responses of a
temperate grass to the DSE Phialophora graminicola
(Newsham 1999). Similarly, Mandyam and Jumpponen
(2005) suggest that DSE may be able to mobilise nutrients
from amino acids, which are abundant in soil. There is a
small possibility that respiratory CO, release contributed a
further fertilising effect upon the plants grown in the
presence of decomposable organic N, but since the
ambient CO, concentration (approximately 380 ppm) to
which plants in all treatments were exposed in the growth
room was well above that normally considered to be
limiting for photosynthesis, this is unlikely to have had a
major impact on plant growth.

Other than hyphae, the only structures formed in roots
by the fungi studied here were microsclerotia. The
possibility that microsclerotia might act as sites of

nutrient exchange between fungus and plant (Herrmann
1990) is not supported by our study, since only two of the
five DSE isolates that increased the shoot or root biomass
of D. antarctica in the presence of organic nitrogen
formed microsclerotia in roots, and correlations between
plant performance parameters and root lengths colonised
by microsclerotia were not recorded. Furthermore, it is
unlikely that these structures acted as sites of active
nutrient exchange between DSE and plant: compared with
the coils of ericoid mycorrhizal fungi and arbuscules,
these structures have a low surface area in contact with
root cells (e.g. Wu and Guo 2008). Fernando and Currah
(1996) similarly concluded that microsclerotia were not
sites for active nutrient exchange and were most probably
resting structures.

The frequencies of DSE hyphae in roots in the
current study were higher than are recorded in roots
sampled from the Antarctic natural environment: Upson
et al. (2008) report that between 3% and 75% of the root
length of D. antarctica sampled from 14 locations in the
sub- and maritime Antarctic is occupied by DSE hyphae.
It is hence likely that the current study overestimates the
effects of these fungi on the grass in its natural habitat.
However, the pH of the substrate used in the experiment
reported here was the same as that of the soil in which D.
antarctica grows, the temperatures at which the experi-
ment was conducted were representative of daytime soil
surface temperatures recorded in maritime Antarctic
habitats, and the concentration of dissolved organic
nitrogen supplied to plants was similar to that available
to plants in their natural habitat (Roberts et al. 2009).
Hence, given that much of the nitrogen present in
maritime Antarctic soils is present in organic form
(Roberts et al. 2009), we anticipate that at least some of
the positive benefits reported here of DSE on plant growth

@ Springer



10

Mycorrhiza (2009) 20:1-11

might be expected in the field, and that these could have
significant impacts on the growth and survival of D.
antarctica in the natural environment.
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