
Abstract Ectomycorrhizal fungi have been shown to
survive sub-zero temperatures in axenic culture and in
the field. However, the physiological basis for resistance
to freezing is poorly understood. In order to survive
freezing, mycelia must synthesise compounds that pro-
tect the cells from frost damage, and certain fungal-spe-
cific soluble carbohydrates have been implicated in this
role. Tissue concentrations of arabitol, mannitol and
trehalose were measured in axenic cultures of eight 
Hebeloma strains of arctic and temperate origin grown at
22, 12, 6 and 2°C. In a separate experiment, mycelia
were frozen to –5°C after pre-conditioning at either 2°C
or 22°C. For some, especially temperate strains, there
was a clear increase in specific soluble carbohydrates at
lower growth temperatures. Trehalose and mannitol were
present in all strains and the highest concentrations
(close to 2.5% and 0.5% dry wt.) were recorded only 
after a cold period. Arabitol was found in four strains 
only when grown at low temperature. Cold pre-condi-
tioning enhanced recovery of mycelia following freez-
ing. In four out of eight strains, this was paralleled by 
increases in mannitol and trehalose concentration at low
temperature that presumably contribute towards cryopro-
tection. The results are discussed in an ecological con-
text with regard to mycelial overwintering in soil.
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Introduction

In order to survive winter temperatures in arctic and cool
temperate soils, ectomycorrhizal fungi might retreat into
either vegetative propagules (spores or sclerotia) or the
roots of the host plant. This would entail the loss of extra-
radical mycelium, which would then need to be re-grown
during the warmer seasons. At high latitudes, this period
can be short and it would, therefore, be of advantage for
perennial mycelia to be associated with perennial plants
(there are almost no arctic and alpine annuals). Ectomy-
corrhizal fungi have been shown to survive sub-zero tem-
peratures (Moser 1958; France et al. 1979), but the physi-
ological basis of resistance to freezing is poorly under-
stood. Extraradical mycelia might be able to survive the
winter freeze if able to accumulate substances that impart
cold hardening and cryoprotection. A recent review of
arctic and antarctic fungi concluded that the longevity of
basidiomycete mycelium through periods of cold remains
unknown (Robinson 2001).

The ability of ectomycorrhizal fungi to grow at low
temperatures has been shown in strains isolated across a
wide geographic range and it has been shown consistently
that low temperature (<12°C) greatly reduces growth of
the fungi grown in axenic culture (Melin 1925; Mikola
1948; Moser 1956, 1958; Hacskaylo et al. 1965; Cline 
et al. 1987; McInnes and Chilvers 1994; Tibbett et al.
1998); they may survive in these conditions for a number
of years (Tibbett et al. 1999). However, the ability to 
survive freezing in axenic culture has been documented
in only a few studies (Moser 1958; France et al. 1979).

The ability of ectomycorrhizas to survive winter
months in the field has also been reported. Alexander
and Fairley (1983) found that up to 75% of mycorrhizal
colonisation was retained in a mature Scottish spruce
plantation between September and December, although
autumn soil freezing was not established. Coutts and 
Nicoll (1990) reported the winter survival of spruce my-
corrhizas and mycelium of Thelephora terrestris in ex-
perimental soil columns, although the soil did not freeze
during the experiment.
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In studies where freezing is known to have occurred,
the findings are consistent with a freeze-resistant strate-
gy. Of 73 strains of ectomycorrhizal fungi frozen to
–10°C in vitro, 71 were shown to have a survival rate of
100%; however, in some cases, sub-cultures of the de-
frosted mycelia took over 5 weeks to show any signs of
growth (France et al. 1979). Under field conditions, an
alpine basidiomycete Clitocybe lateritia has been ob-
served to fruit at the same place for a number of years in
soils which fell to –7°C at 5 cm depth. Fungal biomass
measurements indicated that the same mycelial density
existed at the beginning and end of the cold season, 
suggesting that the carpophores arose from the same 
mycelium (Debaud 1983, 1987). This apparent mycelial
survival was qualified by reduced sporocarp production
after the severest winter.

Perhaps the most convincing evidence of overwinter-
ing through a period of sub-zero temperatures was 
reported by Marx and Bryan (1975). They found that 
mycelium of Pisolithus tinctorius survived winter in the
absence of a host and successfully colonised the roots of
pine seedlings after 4 months in the soil. During this time,
the soil was subject to sub-zero temperatures with a mini-
mum of –8°C. Similar results have been reported more
recently for arbuscular mycorrhizal (AM) fungi (Addy et
al. 1997), although in this instance soil temperatures did
not fall much below 2°C. Thus, it seems likely that ecto-
mycorrhizal mycelia can tolerate freezing under appropri-
ate conditions. However, mycelia may experience some
hyphal damage and impairment to growth, presumably
related to minimum incident temperature. The extent of
injury and the rate of subsequent recovery and re-growth
probably contribute towards the ecological fitness of
ectomycorrhizal fungi subjected to low-temperature
stress. Determining their ability to survive and recover
from freezing, together with the physiological basis for
cryoprotection, are important elements in understanding
the physiological ecology of ectomycorrhizal fungi.

Mechanisms that confer protection against freezing
injury may include the accumulation of cryoprotective
compounds such as sugars and sugar alcohols (Meryman
1966; Crawford 1989; Robinson 2001). Acclimatisation
at low temperatures has been shown to be important in
enhancing the survival of the hyphae of Fusarium oxy-
sporum f.sp. lycopersici (Robinson and Morris 1984)
and AM fungi after freezing (Addy et al. 1998) and
might be related to elevated levels of specific solutes. 
In mycorrhizas these may be in the form of fungal carbo-
hydrates and sugar alcohols such as trehalose, mannitol
and arabitol, which have been found previously in 
mycorrhizal roots and mycelium (Söderström et al. 1988;
Cairney and Alexander 1992; Wallenda et al. 1996).
Each of these three compounds is thought to act as 
compatible solutes under water stress (Jennings 1990)
and might, therefore, also play a role in cryoprotection.
Trehalose concentration in particular has been shown to
double in excised mycorrhizas of Norway spruce (Picea
abies) when exposed to low temperature (Niederer et al.
1992). Peaks in seasonal trehalose concentration also

seem to reflect soil temperature minima in a range of
mycorrhizas in spruce (Niederer et al. 1992) and red
pines (Pinus Resinosa) (Koide et al. 2000). The accumu-
lation of these compounds may, thus, confer enhanced
freezing tolerance on ectomycorrhizal fungi.

The purpose of the current work was to test two related
hypotheses for ectomycorrhizal fungi from the geographi-
cally widespread genus Hebeloma. First, that growth tem-
perature experienced by mycelium affects the accumula-
tion of specific carbohydrates that may have a role in
freeze tolerance. Second, that low temperature pre-condi-
tioning of mycelium increases tolerance to freezing. Eight
strains of Hebeloma spp. of arctic and temperate origin
were tested for improved freezing survival after pre-expo-
sure to low temperature and the accumulation of the po-
tential cryoprotectant compounds arabitol, mannitol and
trehalose over a range of growth temperatures.

Materials and methods

Strains and media

Of the eight strains of Hebeloma used in this study, four were of
arctic origin (A, B, C, H), and four of temperate origin (J, K, L, M)
(Table 1). Seven of the strains used were of four known species: 
Hebeloma marginatulum (Bruchet), H. polare (Vesterholt), H. crust-
uliniforme (Bull. Ex. Fr) Quél., and H. cylindrosporum (Romagn),
with one unidentified Hebeloma sp. (Table 1). Stock cultures were
maintained on potato dextrose agar (PDA). Experimental cultures
were grown in 9-cm-diameter Petri dishes containing 25 ml liquid
medium of the following composition: (l–1) 500 mg (NH4)2HPO4,
300 mg KH2PO4, 140 mg MgSO4.7H2O, 50 mg CaCl2.6H2O, 25 mg
NaCl, 3 mg ZnSO4, 12 mg FeEDTA, 0.1 mg thiamine, 0.1 mg biotin
and 10 g glucose.

Experiment 1. The effect of growth temperature 
on soluble carbohydrate accumulation

Each Petri dish was inoculated with ten 4-mm-diameter plugs of
fungus cut from the actively growing edge of mycelia on PDA and
incubated in the dark at 22°C (±1°C), 12°C (±1°C), 6°C (±0.1°C),
or 2°C (±0.1°C). Mycelium was harvested at each incubation tem-
perature after ca. 33, 78, 125, 176 days, respectively. Three repli-
cate cultures were incubated at each temperature for each strain.
Each replicate (independent) culture was used for carbohydrate
determination.

Carbohydrate determination

At harvest, mycelia were gently removed from Petri dishes and
blotted on Whatman No. 1 filter papers prior to washing in modi-
fied universal buffer (Skujins et al. 1962). This was prepared by 
titrating 50 ml of a stock buffer containing 3.025 g Tris (hydroxy-
methyl) aminomethane, 2.9 g maleic acid, 3.5 g citric acid, 1.57 g
boric acid; 122 ml 1 M NaOH solution made up to 250 ml with
distilled H2O and 0.1 M HCl to pH 4. Mycelia were re-blotted and
the procedure repeated. Soluble carbohydrates were extracted by
homogenising mycelia with a motorised Teflon pestle in pre-
weighed Eppendorf tubes to which 200 µl of 80% ethanol had
been added. Samples were pelleted in a microfuge at 15,000 rpm
and the supernatant decanted. The pellets were re-suspended in a
further 200 µl of 80% ethanol and the procedure repeated. Pooled
supernatants were stored at –20°C prior to analysis. The remaining
pellets were dried at 80°C and weighed.

Prior to analysis, extracts were dried in a vacuum desiccating
centrifuge in order to remove all ethanol prior to injection into the
chromatograph. Samples were re-suspended in 1 ml distilled water
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10 min prior to injection. Analysis of carbohydrates was by anion
exchange chromatography, with pulsed amperometric detection on
a Dionex 4000i chromatograph. Carbohydrates were separated on
a CarboPac PA1 column with isocratic 75 mM NaOH at 0.8 ml
min –1 flow rate. Post-column addition of 0.3 M NaOH assured a
high pH at the detectors.

A range of single sugar standards (10–200 µM) were run after
every sixth fungal extract. Mixed standards were also introduced
to account for interference or drift occurring when multiple sugars
were present.

Experiment 2. Freezing tolerance of mycelia

From each strain, 16 Petri dishes were inoculated with three 4-mm-
diameter plugs cut from the actively growing edge of mycelia on
PDA. All dishes were incubated in the dark at 22°C for 14 days, 
after which they were either transferred to a pre-conditioning tem-
perature of 2°C or maintained at 22°C for a further 14 days (Fig. 1).
From each pre-conditioned temperature treatment, three Petri dishes
of each strain were either frozen for 40 h at –5°C (± 2°C) or main-
tained at 2°C. All Petri dishes were randomised within the freezer or
incubator. The remaining Petri dishes were harvested at the start of
the freezing treatment by filtration through 0.8-µm membrane fil-
ters, dried (80°C) and weighed for pre-freezing treatment biomass
estimate. After 40 h, the frozen cultures were returned to 22°C for
10 days for further growth prior to harvesting (as above). Differ-
ences between post- and pre-treatment biomass were calculated and
a two-way analysis of variance performed on the data.

Results

Experiment 1. The effect of growth temperature 
on soluble carbohydrate accumulation

Trehalose concentration varied with Hebeloma strain and
growth temperature. For strains A, B, and C, trehalose
concentration was highest at 22°C and decreased at lower

temperatures (Fig. 2). For strains H, J, and K, trehalose
concentration was highest at 6°C, with only relatively
small amounts produced at other growth temperatures.
For strains L and M, trehalose concentration was highest
at lower growth temperatures (2–6°C). Only strains H, J,
L, and M had concentrations of trehalose in excess of
6 mg g–1 dry wt. and this only at low temperatures. Rela-
tive to other strains, only traces of trehalose were found
in strain K at any temperature.

Overall patterns of change in mannitol concentration
were similar to those of trehalose (Fig. 3). Strains A and
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Table 1 Strains of Hebeloma used in a freezing tolerance study

Strain Species Supplied coding (source) Isolated from/under Origin (habitat)

A H. marginatulum 9331 (I.J. Alexander) Salix Dryas mix Svalbard, Norway (arctic tundra)
B H. polare 9301 (I.J. Alexander) Salix Dryas mix Svalbard, Norway (arctic tundra)
C H. crustuliniforme VT 1925 (O.K. Miller) Alnus tenuifolia Near Fairbanks, Alaska (taiga)
H Hebeloma sp. VT 1930 (O.K. Miller) Alnus sp. Near Fairbanks, Alaska (taiga)
J H. crustuliniforme 89.001 (R.D. Finlay) Pinus sylvestris Nancy, France (temperate forest)
K H. cylindrosporum 90.005 (R.D. Finlay) Pinus pinaster Landres, France (temperate forest)
L H. crustuliniforme 073 (D.J. Read) Picea abies Bush Estate, Scotland (cool temperate forest)
M H. crustuliniforme (D.J. Read) Picea abies Bush Estate, Scotland (cool temperate forest)

Fig. 1 Protocol for determining the effect of low temperature pre-
conditioning on the tolerance to subsequent freezing in mycelia of
eight Hebeloma spp.

Fig. 2 Changes in trehalose concentration in mycelia of eight
strains of Hebeloma spp. (A, B, C, H, J, K, L, M) when grown at
temperatures in the range 22–2°C. Bars represent 2 standard errors
of the means (ND not determined)



B had highest concentrations at the warmer growth tem-
peratures but only trace amounts at 2°C. Strain C had ap-
proximately twice the concentration of mannitol at 12°C
compared with any other growth temperature, whereas
this was the case for strains H and J at 6°C. Very little
mannitol accumulated in strain K at any temperature. For

strains L and M, mannitol concentration was highest at
lower growth temperatures. Only strains J, L and M pro-
duced tissue concentrations of mannitol in excess of
1 mg g–1 dry wt. and then only at low temperature.

Arabitol was detected in only four strains (Fig. 4).
Trace concentrations were found in strains A and J at
low temperature. In strains L and M, up to 3 mg g–1 dry
wt. was found at low temperatures and only trace
amounts at 22°C.

Experiment 2. Freezing tolerance of mycelia

With the exception of strain K, which did not grow after
pre-conditioning at 22°C, all strains survived freezing
for 40 h at –5°C (Table 2). The ‘freezing effect’, the dif-
ference in growth between not frozen (NF) and frozen
(F) treatments, was positive in nearly all cases. Excep-
tions were strains H and M, both pre-conditioned at 2°C,
and strain B, regardless of pre-conditioning, where there
was no significant effect of freezing.
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Table 2 The effect of temperature pre-conditioning on biomass
production (mg dry wt.) and increase in soluble carbohydrates 
after freezing of eight Hebeloma strains. The freezing effect is the
difference in growth between not frozen (NF) and frozen (F) treat-

ments. The carbohydrate data represent a doubling in arabitol
(Ara), mannitol (Man) or trehalose (Tre) levels between growth at
warm (22° or 12°C) and low temperatures (6° or 2°C), where con-
centrations were at least 1 mg g–1 dry wt. (NG no growth)

Strain Pre-conditioning at 22°C Pre-conditioning at 2°C Carbohydrates

F NF Freezing effect F NF Freezing effect

A 3.6 4.5 +0.9*** 5.0 5.1 +0.1 None
B 2.1 1.7 –0.4 2.4 2.3 –0.1 None
C 1.2 2.1 +0.9*** 2.2 2.6 +0.4 None
H 2.8 2.9 +0.1 2.6 2.5 –0.1 Tre
J 1.1 2.4 +1.3*** 1.5 2.1 +0.6* Man, Tre
K NG NG – 1.5 2.4 +0.9*** None
L 0.9 3.0 +2.1*** 1.5 2.3 +0.8** Ara, Man, Tre
M 1.7 2.4 +0.7** 2.1 1.6 –0.5 Ara, Man, Tre

*P ≤0.05, **P ≤0.01, ***P ≤0.001

Fig. 3 Changes in mannitol concentration in mycelia of eight
strains of Hebeloma spp. (A, B, C, H, J, K, L, M) when grown at
temperatures in the range 22–2°C. Bars represent 2 standard errors
of the means (ND not determined)

Fig. 4 Changes in arabitol concentration in mycelia of four strains
of Hebeloma spp. (A, J, L, M) when grown at temperatures in 
the range 22–2°C. Bars represent 2 standard errors of the means
(ND not determined)



Low temperature pre-conditioning tended to reduce
the freezing effect. The difference in the freezing effects
after pre-conditioning at low or higher temperatures
(2–22°C) indicated a beneficial effect of low-tempera-
ture pre-conditioning in all strains except B (Table 2).
Strain K was excluded from this analysis, as it did not
grow after the warmer pre-conditioning treatment.

Of the fungi pre-conditioned at 22°C, only strains B
and H showed no significant difference in growth after
freezing (Table 2). All other differences were highly sig-
nificant (P≤0.01–0.001), with post-freezing growth re-
duced to as much as one-third of that of unfrozen cul-
tures (in the case of strain L). Strain K did not grow 
further after pre-conditioning at this temperature.

Of the fungi pre-conditioned at 2°C, only strains J, K
and L showed a significant difference in growth after
freezing. Differences in growth between pre-treatments
in J and L were smaller than when pre-conditioned at
22°C and no longer significant at the 0.1% level. In all
other strains, there was no significant difference in
growth between frozen and unfrozen cultures.

Discussion

The ability to survive mild freezing was inherent in all
Hebeloma strains tested, in agreement with the findings
of France et al. (1979) that most strains of ectomycorrhi-
zal fungi tested, including H. crustuliniforme, were able
to survive freezing to –10°C without low-temperature
pre-conditioning., The only strain (K) that did not con-
tinue to grow after pre-conditioning in the present study
(only after warm pre-conditioning) is an extremely fast-
growing strain in axenic culture (Tibbett et al. 1998,
1999). The observed failure to grow is almost certainly
because the biomass gained during the initial growth
phase plus the warm pre-conditioning phase (see Fig. 1)
was the maximal biomass attainable by this strain in the
batch culture.

While some strains were little affected by freezing 
(B and H), freezing had a marked impact on the sub-
sequent growth of others (A, C, J and L) (Table 2). 
For these strains, the negative effect of freezing was alle-
viated by pre-conditioning at 2°C. This is the first clear
demonstration that exposure to low temperatures can
harden the mycelia of ectomycorrhizal fungi to a subse-
quent freeze. Curiously, this is also the first time this has
been demonstrated for arctic fungi (Robinson 2001).
Cold pre-conditioning reduced injury in all strains except
B, which had a negative response. Strains H, J, K and L
accumulated the highest concentrations of at least one of
the three carbohydrates (trehalose, mannitol or arabitol)
at 6°C rather than at 2°C, which may be too cold for 
acclimatisation. Some strains may have accumulated
more cryoprotectant carbohydrates with slightly warmer
pre-conditioning or a graduated chilling period.

Low temperature pre-conditioning had a further, un-
expected, effect in some strains, that of stimulating
growth of some not-frozen treatments. Subsequently, a

spurt in growth of many arctic Hebeloma spp. removed
from cold to warmer conditions has been observed (M.
Tibbett, unpublished observation). We hypothesise that,
under favourable conditions, carbohydrates such as man-
nitol and trehalose may act as storage compounds and/or
cryoprotective agents (Thevelein 1984; Söderström et al.
1988; Van Laere 1989; Cooke and Whipps 1993) and 
be rapidly re-metabolised into energy and carbon for
growth. Active growth from translocatable reserve car-
bohydrates may be important early in the growing sea-
son, at a time when plant photosynthetic organs are im-
mature and host carbon is directed towards shoot growth.

In experiment 1, mycelia from colder growth temper-
atures were chronologically older than mycelia from the
warmer treatments, since they grew for longer periods to
achieve the same biomass. Nevertheless, the cultures in-
cubated at low temperature may be physiologically
younger than those at warmer temperatures. Earlier car-
bohydrate analysis of ectomycorrhizas of different mor-
phological age has shown changes in levels of trehalose
(Ineichen and Wiemken 1992; Wallenda et al. 1996) and
mannitol (Cairney and Alexander 1992). In contrast,
however, these studies also showed no effect of chrono-
logical ageing on levels of mannitol (Wallenda et al.
1996) or arabitol and trehalose (Cairney and Alexander
1992). Arabitol, mannitol and trehalose levels in axenic
cultures of the ericoid mycorrhizal fungus Hymen-
oscyphus ericae declined with longer incubation periods
(chronological age) (Hughes and Mitchel 1995). Similar-
ly, Hallsworth and Magan (1996) reported polyol con-
centrations to be generally lower or unchanged in older
cultures of entomopathogenic fungi. Although not entire-
ly consistent, the evidence suggests that a high level of
polyols in chronologically older (low temperature) cul-
tures is unlikely to be solely an effect of ageing.

Changes in soluble carbohydrate concentration were
variable across strains but clear patterns emerged in rela-
tion to growth temperature. In strains A and B from the
high arctic, trehalose and mannitol concentrations were
lowest at low temperatures. This may be because they
are re-metabolised, presumably into other preferred
cryoprotectants not measured here, e.g. amino sugars or
other polyols. Such a mechanism would require en-
hanced enzymatic breakdown of mannitol and trehalose
at low temperatures; this requires further investigation.
Indeed, both strains survived freezing markedly well
(Table 2), strongly implying the existence of an alterna-
tive form of cryoprotection. This may apply also to
strain C, which behaved similarly, except that it pro-
duced most mannitol at 12°C.

In several strains, including H, J, K, L and M (three
of which are from the species complex H. crustulini-
forme), concentrations of all three carbohydrates in-
creased at the lower growth temperatures (2°C and 6°C).
In particular, strains L and M accumulated greater con-
centrations of all three compounds at low temperatures
and exhibited the greatest increase in freezing tolerance
when pre-conditioned at 2°C. This relationship is sup-
ported by evidence from Gélinas et al. (1989), who

253



Acknowledgements We are grateful to I. J. Alexander, D. J. Read,
R. D. Finlay and O. K. Millar for kindly supplying the isolates of
Hebeloma and to I. Tebble and R. Parslow at British Sugar Re-
search Laboratory, Norwich, UK for advice and use of analytical
facilities. This work was supported by the Biotechnology and Bio-
logical Sciences Research Council, UK.

References

Addy HD, Miller MH, Peterson RL (1997) Infectivity of the prop-
agules associated with extraradical mycelia of two AM fungi
following winter freezing. New Phytol 135:745–753

Addy HD, Boswell EP, Koide RT (1998) Low temperature accli-
mation and freezing resistance of extraradical VA mycorrhiza
hyphae. Mycol Res 102:582–586

Alexander IJ, Fairley RI (1983) Effects of N fertilisation on popu-
lations of fine roots and mycorrhizas in spruce humus. Plant
Soil 71:49–53

Cairney JWG, Alexander IJ (1992) A study of ageing spruce [Picea
sitchensis (Bong.) carr.] ectomycorrhizas. II. Carbohydrate allo-
cation in ageing Picea sitchensis/Tylospora fibrillosa (Burt.)
Donk ectomycorrhizas. New Phytol 122:153–158

Cline ML, France RC, Reid CPP (1987) Intraspecific and interspe-
cific growth variation of ectomycorrhizal fungi at different
temperatures. Can J Bot 65:869–875

Cooke RC, Whipps JM (1993) Ecophysiology of fungi. Blackwell,
Oxford

Coutts MP, Nicoll BC (1990) Growth and survival of shoots, roots
and mycorrhizal mycelium in clonal Sitka spruce during the
first growing season after planting. Can J For Res 20:861–
868

Crawford RMM (1989) Studies in plant survival. Blackwell, 
Oxford

Crowe JH, Clegg JS (1973) Anhydrobiosis. Dowden Hutchinson
and Ross, Stroudburg

Crowe JH, Crowe LM, Chapman D (1984) Preservation of mem-
branes in anhydrobiotic organisms: the role of trehalose. 
Science 223:701–703

Debaud JC (1983) Recherches écophysiologiques sur des espèces
alpinesdes genres Clitocybe et Hebeloma (agaricales) assoc-
iées à Dryas octopetela (Rosacées). PhD thesis, Etat Universi-
ty, Lyon, France

Debaud JC (1987) Ecophysiological studies on alpine macromyce-
tes: saprophytic Clitocybe and mycorrhizal Hebeloma associ-
ated with Dryas octopetala. In: Laursen GA, Ammirati JF,
Redhead SA (eds) Arctic and alpine mycology. II. Plenum,
London, pp 47–60

France RC, Cline ML, Reid PP (1979) Recovery of ectomycor-
rhizal fungi after exposure to subfreezing temperatures. Can
J Bot 57:1845–1848

Gélinas P, Fiset G, LeDuy A, Goulet J (1989) Effect of growth
conditions and trehalose content on cryotolerance of bakers
yeast in frozen doughs. Appl Environ Microbiol 55:2453–
2459

Hacskaylo E, Palmer JG, Vosso JA (1965) Effects of temperature
on growth and respiration of ectotrophic mycorrhizal fungi.
Mycologia 57:748–756

Hallsworth JE, Magan N (1996) Culture age, temperature and pH
affect the polyol and trehalose contents of fungal propagules.
Appl Environ Microbiol 62:2435–2442

Hughes E, Mitchell DT (1995) Utilisation of sucrose by Hymen-
oscyphus ericae (an ericoid endomycorrhizal fungus) and
ectomycorrhizal fungi. Mycol Res 99:1233–1238

Ineichen K, Wiemken V (1992) Changes in fungus-specific carbo-
hydrate pools during rapid synchronous ectomycorrhiza for-
mation of Picea abies with Pisolithus tinctorius. Mycorrhiza
2:1–7

Jennings DH (1990) Osmophiles. In: Edwards C (ed) Microbiology
of extreme environments. Open University Press, Milton 
Keynes, UK, pp 117–146

254

found a correlation between trehalose concentration and
freezing tolerance in yeast. Trehalose, in particular, is
known to be important in stabilising desiccated mem-
branes as would occur in freezing (Crowe et al. 1984),
possibly with trehalose replacing water between the 
head groups of phospholipids and maintaining mem-
brane integrity (Crowe and Clegg 1973).

The highest concentrations of all three carbohydrates
were measured after low growth temperatures. Trehalose
accounted for up to 2.5% of total dry weight in strain J
when grown at 6°C and mannitol for almost 0.5% in
strain M when grown at 2°C. These concentrations are
low compared with some other ectomycorrhizal taxa
(Koide et al. 2000) but in keeping with concentrations
reported for Hebeloma (Wallenda et al. 1996). At these
concentrations, a role in membrane protection seems
more likely than a contribution to cytoplasmic super-
cooling.

Arabitol appeared to play no significant part in the 
carbon physiology of most of these Hebeloma, with the
exception of strains L and M. When grown at low temper-
ature, arabitol accounted for less than 0.3% of total dry
weight in these two strains. It may be that the reported ab-
sence of arabitol (e.g. Wallenda et al. 1996 for H. crust-
uliniforme and others) is a consequence of growth at typi-
cal laboratory incubation temperatures. This may also 
apply to trehalose, mannitol and other soluble carbohy-
drates synthesised in response to environmental stress in
situ but not present when cultured in favourable condi-
tions in vitro. The growth medium, not considered here,
may also have an important bearing in these concentra-
tions.

While the present study may have identified some 
of the compounds involved in the cryoprotection of tem-
perate Hebeloma strains (especially H. crustuliniforme
strains J, L and M), the arctic strains A, B and C are
clearly dependent on another mechanism that allows
them to survive freezing. Nonetheless, it seems quite
clear that mycelia can survive freezing and this ability is
probably in proportion to levels of specific carbohy-
drates such as arabitol, mannitol and trehalose (and other
compounds) that are able to offer cryoprotection. Such
cryoprotectants accumulate in the fungi if acclimatised
to low temperature. This has been shown to occur in
ectomycorrhizal roots (e.g. Niederer et al. 1992) and it
follows from this study that similar forms of cryoprotec-
tion occur in mycelia of a range of Hebeloma taxa.

In nature, the winter survival of extraradical myceli-
um would surely benefit both symbionts at the beginning
of the growing season, especially in deep frozen arctic
soils. However, it should be borne in mind that soils that
freeze are subject to cryoturbation and, thus, permafrost
soils may exert cryostatic pressure and compromise in-
tact mycelial systems. Nonetheless, surviving mycelia
able to rapidly re-metabolise cryoprotectants into growth
carbon, would allow a more rapid exploitation of nutri-
ents made available in the spring flush. This would serve
to optimise nutrient capture and moderate plant carbon
drain early in the growing season.
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