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Abstract: Many arbuscular mycorrhizal (AM) fungal species have worldwide distributions. However, it is not clear
whether such species have adapted to local conditions. We compared the responses of mesic temperate and semi-arid tropi-
cal isolates of Glomus mosseae and Glomus etunicatum to extremes of temperature and moisture in a pot experiment.
Treatments (warm–moist, warm–dry, freeze/thaw–moist, freeze/thaw–dry) were applied to whole soil mycorrhizal inocu-
lum, and their effects were evaluated as both the change in viability of extraradical hyphae and mycorrhizal colonization
of bait plants. Moist soil decreased hyphal viability compared with dry soil, irrespective of temperature, but mycorrhizal
colonization of bait plants was lower in moist soil only when warm. Frost-heave could have physically ruptured hyphae in
the freezing–moist soil without an effect on spores, but parasitism and (or) respiratory depletion of carbon reserves may
have reduced survival of all propagules in the warm–moist soil. Hyphae of semi-arid tropical isolates survived all treat-
ments better than hyphae of mesic temperate isolates, but these differences were not reflected in mycorrhizal colonization
of bait plants. We found no evidence that these isolates have adapted to local conditions of moisture and temperature. In-
stead, wide environmental tolerances seem to be present within both populations of these AM fungal species.
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Résumé : Plusieurs espèces de champignons mycorhiziens arbusculaires (AM) montrent des distributions mondiales. Ce-
pendant, on ne sait pas si de telles espèces se sont adaptées aux conditions locales. Les auteurs ont comparé, en pots, les
réactions d’isolats de régions mésiques tempérées et semi-aride tropicales du Glomus mosseae et du Glomus etunicatum, à
des températures et des humidités extrêmes. Ils ont appliqué les traitements (chaud–humide, chaud–sec, gel/dégel humide,
gel/dégel–sec) à des inoculums mycorhiziens en sol et en ont évalué les effets, à la fois en terme de viabilité des hyphes
extra racinaires et de la colonisation de plantes pièges. Les sols humides diminuent la viabilité des hyphes comparative-
ment aux sols secs, indépendamment de la température, mais la colonisation des plants pièges ne diminue qu’en conditions
chaudes. Le bris par le gel pourrait avoir rompu physiquement les hyphes dans le sol gelé-humide sans avoir d’effet sur
les spores, mais le parasitisme ou l’épuisement respiratoire des réserves de carbone pourraient avoir réduit la survie de tou-
tes les propagules dans le sol chaud humide. Les hyphes des isolats d’origine semi-aride tropicale ont mieux survécu à
tous les traitements que les hyphes des isolats d’origine mésique tempérée, mais ces différences ne se traduisent pas dans
la colonisation des plantes pièges. Les auteurs n’ont trouvé aucune preuve montrant que ces isolats se seraient adaptés aux
conditions locales d’humidité et de température. On observe au contraire une large tolérance environnementale dans les
deux populations de ces espèces fongiques AM.

Mots-clés : champignons mycorhiziens arbusculaires, adaptation, température, humidité, jachère, survie.

Introduction

Arbuscular mycorrhizal (AM) fungi are present in a ma-
jority of terrestrial ecosystems on earth, and many species
appear to have worldwide distributions. For example, Glo-
mus intraradices has been found on all five continents (Stahl
and Christensen 1990) and in such diverse environments as
Swiss alpine meadows (Sykorova et al. 2007), British wood-

lands (Helgason et al. 1998), Panamanian rainforests (Hus-
band et al. 2002), Zimbabwean maize fields (Lekberg et al.
2007), and geothermal areas in Yellowstone National Park,
Wyoming (Appoloni et al. 2008). The factors that permit
such broad distributions of species are poorly understood.

Previous research has shown that some isolates of AM
fungi perform best at their temperatures of origin (Shenk
1975; Siqueira et al. 1985; Grey 1991), and that isolates
from heavy metal contaminated soils can tolerate higher
concentrations of heavy metals than those isolated from non-
contaminated soils (Weissenhorn et al. 1993; del Val et al.
1999). These phenotypic responses to environmental condi-
tions may indicate that some species are able to adapt to lo-
cal conditions, resulting in genetically distinct ecotypes with
similar morphologies. Alternatively, species may possess
general purpose genotypes (GPG), a term coined by Baker
(1965), in which single genotypes are able to tolerate a
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wide range of environments. A GPG is identified based on a
species’ distribution in nature, and a species that has a GPG
can also be said to possess a broad realized niche. It has
been suggested that organisms that are ubiquitous, abundant,
and reproduce asexually (van Doninck et al. 2002), such as
AM fungi, are likely candidates to harbor GPG. Indeed, the
sequence variation within one spore of Glomus mosseae may
be as great as the sequence variation between geographically
distant populations (Lloyd-MacGilp et al. 1996), suggesting
a great deal of genetic stability across space.

Temperature and moisture regimes differ drastically
among climatic regions of the world. While these factors af-
fect AM fungal growth and symbiotic functioning (e.g., Grey
1991; Auge 2004; Heinemeyer and Fitter 2004; Gavito et al.
2005), they may also influence AM fungal survival. This ef-
fect on survival can be indirect when low temperature and
(or) drought prevent plant growth seasonally, which inter-
rupts the carbon supply to the fungus. Temperature and mois-
ture, however, may also directly affect fungal survival. For
example, freezing temperatures may increase AM fungal
mortality (Addy et al. 1997; Klironomos et al. 2001; but see
McGonigle and Miller 1999), and one-third of all metabol-
ically active hyphae may die during the wet winter months
in Canada (Kabir et al. 1997). On the other hand, viability of
hyphae may remain high for long periods under dry condi-
tions (Tommerup and Abbott 1981; Brundrett et al. 1996a;
Pattinson and McGee 1997), but decline drastically when the
soil is wetted periodically (Braunberger et al. 1996; Pattinson
and McGee 1997). It is obvious from these studies that tem-
perature and moisture exert strong selection pressures on AM
fungal survival, which could lead to adaptations to local cli-
matic conditions. Differences in tolerance between AM fun-
gal species have been recorded and may generate seasonal
patterns of AM fungal community compositions (Klironomos
et al. 2001), but virtually nothing is known about potential
differences within AM fungal species from disparate environ-
ments (Fitter et al. 2004). In this study, we addressed whether
contrasting isolates (from mesic temperate and semi-arid
tropical climates) of two globally distributed AM fungal spe-
cies, G. mosseae and G. etunicatum (Lloyd-MacGilp et al.
1996; Stutz et al. 2000) have adapted to their climates of ori-
gin. For example, local adaptation would be consistent with
moist, freezing conditions being better tolerated by mesic tem-
perate isolates, which experience moist, freezing soils, than by
semi-arid tropical isolates, which do not.

Materials and methods

Direct effects of environmental conditions on AM fungi
are difficult to measure because they are obligate symbionts;
any fungal response could be indirectly mediated by changes

in the host plant. To avoid such confounding effects, we
assessed fungal survival in the absence of plants during a
fallow period in which the conditions were continuous
warm–moist (WM), continuous warm–dry (WD), freeze/
thaw–moist (FM), or freeze/thaw–dry (FD) for 7 weeks. We
propagated in the greenhouse isolates of G. mosseae and
G. etunicatum from both Zimbabwe (semi-arid tropical
isolates, SAT) and the Mid-Atlantic United States (mesic
temperate isolates, MT), for a total of four isolates. Hyphal
viability and mycorrhizal colonization of roots of bait plants
were assessed before and after imposition of the fallow
period treatments. We used the difference between before
and after assessment as a measure of the effects of the treat-
ment combination. Details of the AM fungal isolates are
given in Table 1. The experimental steps are outlined in
Fig. 1 and described in detail below. Each treatment combi-
nation was replicated six times, resulting in 96 total experi-
mental units.

Propagation of AM fungal isolates
Three one-week-old sorghum (Sorghum bicolor L.)

seedlings were transplanted into 10 cm (diameter) pots on
9 October 2003, containing a soil and sand mixture (1:4 v/v),
the soil having been autoclaved for 2 h on each of two
consecutive days to destroy all mycorrhizal fungi. The soil
was a Hagerstown silty clay loam with a bicarbonate-
extractable P concentration of approximately 12 mg P�g–1

soil, and the sand was a medium grade silica sand. Each pot
was inoculated with >200 spores of one of the four isolates
except for G. mosseaeSAT, for which 100 spores were
handpicked from the original inoculum source and added
to each pot, owing to the presence of contaminating AM
fungi. Four pots without AM fungi served as nonmycorrhizal
controls (one for each of the four moisture and temperature
treatment combinations described below). These pots were
interspersed with the other pots throughout the experiment
to confirm that no cross-contamination occurred. All pots
were placed in the greenhouse and plants were fertilized
weekly with 100 mL of a half-strength Hoagland solution
(Machlis and Torrey 1956) containing 6 mg P�L–1, and wa-
tered as needed with tap water between fertilizations. The
average air temperature was 21 8C, and high intensity dis-
charge lamps (1000 W, low pressure sodium), provided
100 mmol�m–2�s–1 additional photosynthetically active radia-
tion for 16 h�d–1. On 9 January 2004, a core (8 mm diameter
and approximately 5 mL in volume) was taken from
randomly chosen pots to determine whether spores had
formed by the four isolates. Spores from the 106 mm sieve
were centrifuged for 1 min in a 60% aqueous sucrose sol-
ution (Brundrett et al. 1996b), collected on the 106 mm
sieve, and assessed for maturity and purity under a micro-

Table 1. Origin and history of isolates used in the study.

Species Climate Origin Year of isolation
Glomus mosseae (MD209) MT Maryland, USA 1997
Glomus mosseae SAT Southwest Zimbabwe 2001
Glomus etunicatum (PA150) MT Pennsylvania, USA 1998
Glomus etunicatum SAT Southwest Zimbabwe 2001

Note: Isolates were from a mesic temperate (MT) or semi-arid tropical (SAT) climate. The two MT isolates were ob-
tained from INVAM and the SAT isolates were isolated by the authors from subsistence farmers fields in Zimbabwe.
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scope. Plants were fertilized for the last time on 10 January
and were watered for the last time on 31 January. Water-
ing intensity had been gradually reduced during the two
weeks prior to 31 January. After the plants had completely
dried down, shoots were cut off at the soil level.

Cold acclimation
On 12 February, all pots in the high moisture treatments

(WM and FM) were re-wetted. FM and FD pots were trans-
ferred to a growth chamber for cold acclimation set at 10 8C
for 5 d followed by 5 8C for 8 d. Cold acclimation was
shown previously to affect fungal survival (Addy et al.
1998). FM pots were kept moist throughout the acclimation
period. All pots in the warm treatments (WM and WD) were
left in the greenhouse at 21 8C where the WM pots were
watered until saturated. On 25 February the soil in all pots
were split into two halves and one half was transferred to a
new pot, making the total number of pots 192. The resulting
empty halves of each pot were filled with AM fungal-free,
medium grade silica sand. The splitting of the pots allowed
us to compare the change in fungal viability in the same
replicate before and after the various treatments, which es-
sentially removed any variability that may have been present
among replicates within each treatment.

Initial spore number, initial length of viable hyphae and
initial mycorrhizal colonization (AM 1)

On 25 February, half of the pots in all treatments (96)

were transferred to a growth chamber set at 25 8C (day)
and 20 8C (night) with 310 mmol�m–2�s–1 photosynthetically
active radiation provided by very high output (VHO) fluo-
rescent lamps for 16 h�d–1. All pots were watered to satu-
ration on 25 February. On 26 February, a core (8 mm
diameter and approximately 5 mL in volume) of soil was
taken from the location within the pot containing the soil–
sand mix to evaluate the number and purity of spores and
to assess viable hyphal length. Owing to the length of time
required to process samples, only three randomly chosen
replicates per treatment combination were analyzed. The
soil–sand was suspended in water and poured through a
set of sieves (500, 106, and 46 mm). Hyphae were col-
lected from the 46 mm sieve, and viability was assessed
after staining in a fluorescein diacetate solution (FDA) as
in Addy et al. (1997). The stained hyphae were observed
immediately using an Olympus fluorescence microscope
equipped with a 420–490 nm excitation filter and a
500 nm barrier filter. We counted the number of bright
green fluorescing hyphae intersecting 25 randomly selected
lines on the nitrocellulose filter (representing a length of
approximately 78 mm). Only hyphae that had the irregular
shape and dichotomous branching pattern typical of AM
fungi were counted (Nicolson 1959). Spores were isolated
as before.

Maize seeds (Zea mays cultivar ‘Bodacious’) were planted
in all pots in the growth chamber on 26 February on the side
of the pot containing soil–sand and thinned to two seedlings

Fig. 1. Outline of experimental steps. All four isolates were propagated on sorghum for 12 weeks followed by a split of the pot where
mycorrhizal colonization was measured on plants growing in half of the volume prior to a fallow treatment (AM 1) of either freeze/thaw–dry
(FD), freeze/thaw–moist (FM), warm–dry (WD), or warm–moist (WM), which was compared with mycorrhizal colonization growing in the
other half of the volume (AM 2) following the fallow treatments.
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per pot after emergence. Plants were watered as needed with
distilled water and fertilized with approximately 100 mL of
a quarter-strength Hoagland solution without phosphate
2 weeks after planting and weekly thereafter. One maize
plant was harvested 4 weeks after planting. The second plant
was harvested 7 weeks after planting to be used in case my-
corrhizal colonization was low 4 weeks after planting. Per-
cent mycorrhizal colonization was determined on roots
growing in the soil–sand mix, not the sand, using the inter-
sect method on roots that had been cleared and stained with
trypan blue (Brundrett et al. 1996b). Because mycorrhizal
colonization after 4 weeks was deemed sufficiently high to
evaluate treatment effects during the fallow (see averages in
Table 2), no roots from the 7-week harvest were used and
all analyses are based on roots harvested after 4 weeks.

Moisture and temperature treatments during the fallow
period

All pots in the warm treatments (WM and WD) were kept
at 21 8C in the greenhouse. WM pots were watered daily
with tap water and the WD pots were unwatered. This re-
sulted in a moisture level of 0.56 g H2O�100 g–1 dry soil
(±0.02, SE) in the dry pots and 12.4 g H2O�100 g–1 dry soil
(±1.3, SE) in the moist pots. All pots in the freeze–thaw
treatments (FM and FD) were placed in a growth chamber
set at –5 8C, where the FM pots were watered prior to being
frozen and kept in plastic bags to avoid sublimation. The FD
pots were kept dry. We conducted three freeze–thaw cycles
during the 7 week fallow period to simulate the conditions
commonly experienced by soils in the Mid-Atlantic states.
The first thaw cycle occurred after 12 d, the second after
33 d, and the third and final thaw cycle was conducted at
the end of the fallow period, 49 d after initiating the fallow.
In all thaw cycles the temperature was raised to +5 8C. For
the first two thaw cycles, the temperature was kept at +5 8C
for two days followed by a lowering of the temperature back
to –5 8C. For the third thaw cycle, the temperature was
raised to +5 8C for three days, followed by a transfer of all
the pots to the growth chamber to determine the treatment
effects on hyphal viability and mycorrhizal colonization.

Final length of viable hyphae and final mycorrhizal
colonization (AM 2)

All pots were watered to saturation on 17 April and maize
seeds (Z. mays ‘Bodacious’) were planted on 18 April in the
side of the pot containing the soil–sand mixture. On 18 April,
a 5 mL core was taken from the side of the pot containing
the soil–sand mixture for assessment of viable hyphal length
as above. Again, one maize plant was harvested 4 weeks
after planting and as before, mycorrhizal colonization was

measured on roots growing in the soil–sand mix, not the
sand. The conditions in the growth chambers were the same
as described previously.

Calculation and statistical analysis
The effect of fallow treatment on mycorrhizal coloniza-

tion was characterized with the ratio of mycorrhizal coloni-
zation after the treatments to mycorrhizal colonization
before the treatments (AM 2 : AM 1). The effect of fallow
treatment on the survival of hyphae was calculated in the
same fashion (viable hyphal length 2 : viable hyphal length
1). All ratios were analyzed as a four-factor ANOVA in
SAS (SAS Institute Inc., Cary, N.C.) and were transformed
when necessary to fulfill the requirements of the ANOVA.
Owing to the failure of some G. mosseaeSAT and one G. etu-
nicatumSAT, the PROC GLM procedure was used in SAS to
analyze treatment effects due to the unbalanced nature of the
analysis. Mean separations were performed using the least
significant difference method and were considered signifi-
cant when p £ 0.05.

Results

Mycorrhizal colonization
The control plants remained nonmycorrhizal throughout

the experiment, indicating that no cross contamination oc-
curred during the course of the experiment. We detected
very few viable hyphae in the nonmycorrhizal control
plants, suggesting that by employing the morphological cri-
teria of Nicolson (1959), the majority of the hyphae counted
in the experimental pots were those of AM fungi. The initial
spore numbers, viable extraradical hyphal lengths, and my-
corrhizal colonization prior to the imposition of temperature
and moisture treatments are given in Table 2. The AM 2 :
AM 1, which is one measure of AM fungal survival, showed
a significant moisture � temperature � isolate origin inter-
action (F[1,72] = 6.42, p = 0.013). There was also an isolate
origin � AM fungal species interaction (F[1,72] = 6.84, p =
0.011), stemming from the fact that the AM 2 : AM 1 of
G. etunicatumSAT was lower than for the other three isolates.
Owing to these interactions, the means for all treatment
combinations are plotted in Fig. 2. In general, the WM treat-
ment significantly reduced mycorrhizal colonization com-
pared with the other treatments. There were no other
significant three- and four-way interactions.

Hyphal viability
The survival of hyphae (expressed as the ratio of the

length of viable hyphae 2 to the length of viable hyphae 1)
was significantly affected by moisture level (F[1,31] = 8.08,

Table 2. Mean (±SE) of initial spore number, viable hyphal length 1, and mycorrhizal colonization (AM 1) of the
mesic temperate (MT) and semi-arid tropical (SAT) isolates prior to the moisture and temperature treatments.

AM fungal species Isolate
No. of spores
(mL–1 soil)

Viable hyphal length 1
(cm�mL–1 soil)

AM 1
(% of root length)

Glomus etunicatum MT 49 (9.1)a 18.2 (2.68)a 69.5 (1.57)a
Glomus etunicatum SAT 34 (5.8)a 19.8 (2.84)a 22.7 (1.90)d
Glomus mosseae MT 14 (3.1)b 14.9 (2.03)a 46.5 (1.74)b
Glomus mosseae SAT 2.4 (1.1)c 20.1 (4.70)a 35.0 (3.83)c

Note: Different superscripts indicate a significant (p £ 0.05) difference within column means.
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p = 0.008), such that it did not decline under dry conditions
(i.e., length of viable hyphae 2 = length of viable hyphae 1),
but was reduced to half in the moist treatments (Fig. 3a).
Furthermore, survival of hyphae of semi-arid tropical iso-
lates was significantly (F[1,31] = 5.41, p = 0.03) less affected
by moisture and temperature than survival of hyphae from
the mesic temperate isolates (Fig. 3b). There were no signif-
icant two-way, three-way, or four-way interactions.

Discussion

Adaptations to local conditions
The world-wide distribution of many AM fungal species

is the result of either locally adapted ecotypes or global gen-
eral purpose genotypes (GPGs). While the potential for eco-
typic variation in plants has been known since Turesson’s
pioneering work (Turesson 1922), this topic has rarely been
addressed for AM fungi. In fact, the underlying assumption
in much AM fungal research and inoculation programs is
that these organisms possess broad tolerances, or GPGs,
because isolate origins are seldom considered. Stahl and
Christensen (1991) investigated the degree of plasticity in
G. mosseae isolates from dissimilar habitats and came to
the conclusion that plasticity alone could not explain the
wide distribution of this fungus, but that ecotypes of AM
fungi may exist. We observed a significant moisture �
temperature � isolate origin interaction in the ratio of my-
corrhizal colonization after the treatments to mycorrhizal
colonization before the treatments (AM 2 : AM 1), indicat-
ing that the behavior of the isolate depended on the condi-
tions during the fallow. However, the responses were not
consistent with those expected as a result of adaptation to
climate because the MT isolates did not tolerate freezing,
moist conditions any better than the SAT isolates (Fig. 2),
which do not regularly experience moist conditions and
never experience freezing conditions during fallow. Because
increased drought tolerance may also confer an increased
tolerance to cold (Siminovitch and Cloutier 1983; but see
Klironomos et al. 2001), we cannot exclude the possibility
that adaptive responses would have been observed had we
chosen to study other environmental factors. Indeed, eco-
typic differentiation has been suggested in response to salin-
ity (Carvalho et al. 2004), as well as to metal
contaminations (Weissenhorn et al. 1993; del Val et al.
1999), indicating that AM fungi may adapt to certain envi-
ronmental factors.

Fig. 2. Means (±SE) of the ratio of mycorrhizal colonization before
and after a 7-week fallow in either freeze/thaw–dry (FD), freeze/
thaw–moist (FM), warm–dry (WD), or warm–moist (WM) condi-
tions. Within each AM fungal isolate, different letters indicate a
significant difference at the 0.05 probability level, n = 6 except for
Glomus mosseaeSAT where n = 3 and 4 in the warm and freezing
treatments, respectively. The reference line of 1 indicates where
AM 2 = AM 1 (i.e., no treatment effect).

Fig. 3. Main factor means (±SE) of the ratio of length of viable
hyphae before and after a 7-week fallow as (a) a result of moisture
and (b) isolate origin. A value of 1 indicates where length of viable
hyphae 2 = length of viable hyphae 1 (i.e., no treatment effect), and
different letters indicate a significant difference at the 0.05 prob-
ability level.
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Nonetheless, we found it to be quite remarkable that the
viability of the SAT isolates remained high (based on both
hyphal survival and mycorrhizal colonization) after a 7-
week fallow in –5 8C with three freeze–thaw cycles.
Kuszala et al. (2001) showed that other tropical isolates sur-
vive long storage (>8 months) in –18 8C conditions and sug-
gested freezing temperatures as a means for long-term
storage of AM fungal germplasm. Furthermore, AM fungal
isolates transplanted from a warmer area may persist for
several growing seasons in a cooler area (Weinbaum et al.
1996), albeit with less extreme temperature differences be-
tween the two habitats than the ones employed by Kuszala
et al. (2001) or in the current study. The transplant approach
is in many ways superior to the approach taken here, in that
repeated subculturing of isolates could result in adaptations
to greenhouse conditions. Unfortunately, the transplant ap-
proach could not be used in this study because our desire
was to compare responses of the same morphospecies from
different climatic regions, which forced us to utilized iso-
lates in culture. However, owing to their relatively recent
isolation (Table 1), it is not likely that substantial genetic
change would have occurred. We use the term morphospe-
cies in favour of species to describe our isolates, because
until we have conducted careful genetic analyses of isolates
from disparate climates, we do not know whether our mor-
phologically recognized AM fungal species actually com-
prise a range of cryptic species.

The detrimental impact of warm-moist soil
Warm–moist soil conditions had the greatest detrimental

impact on overall mycorrhizal colonization in our study (as
indicated by significantly lower AM 2 : AM 1 values for the
WM treatment for all isolates except G. mosseaeSAT in
Fig. 2). Pattinson and McGee (1997) also showed that AM
fungal survival may decline drastically when the soil is wet-
ted, but remain high for extended periods in dry soils. Fur-
thermore, time of storage may be an important predictor of
subsequent mycorrhizal colonization in moist, but not dry
soils (Miller et al. 1985). The underlying mechanism for
this decline is unknown but could be due either to signifi-
cant mycorrhizal fungal respiration in moist soils during a
time when there is no photosynthesis and thus to depletion
of carbon reserves, or to parasitism by other fungi or bacte-
ria (Daniels and Menge 1980). The relative importance of
respiratory carbon depletion and parasitism is unknown.
Braunberger et al. (1996) showed that the infectivity of ex-
traradical hyphae may be eliminated by wet–dry cycles,
whereas spores appear to be less affected. Thus, treatments
are unlikely to affect all propagules equally. We saw a de-
cline in both mycorrhizal colonization of bait plants (Fig. 2)
and hyphal viability in the warm–moist soil, but whether or
not the decline in mycorrhizal colonization was the result of
hyphae alone cannot be deduced.

Whereas overall mycorrhizal colonization of bait plants
showed the greatest decline in the warm–moist conditions,
survival of hyphae decreased in all moist soils, irrespective
of temperature (as indicated by the significant effect of
moisture in Fig. 3a). The decline in hyphal viability in moist
freezing soil could have been caused by the physical disrup-
tion due to frost-heave, which is similar to the disturbance
caused by tillage (Kabir et al. 1997), although it is debatable

whether or not this disturbance occurs at a scale sufficiently
fine to damage AM hyphae (McGonigle and Miller 1999).
The fact that mycorrhizal colonization was reduced only in
the warm–moist treatment, while hyphal survival was re-
duced in both moist treatments, is consistent with the hy-
pothesis that colonized root pieces and spores, which are
not expected to be affected by frost-heave, were important
sources of inoculum in this study.

Survival of SAT hyphae
That hyphae of the SAT isolates survived the fallow bet-

ter than the MT isolates is intriguing (Fig. 3b). In 9 out of
36 samples, the ratio of viable hyphal length 2 : viable hy-
phal length 1 was greater than one, and six of those were
found in the tropical isolates. A ratio greater than one could
have been caused either by hyphae of AM fungi (or some-
thing resembling AM fungal hyphae) growing during the
fallow period, or by a clumped distribution of hyphae in the
pot. AM fungal hyphae are not expected to grow during the
fallow because they are presumably biotrophic, and we find
it unlikely that non-AM fungal hyphae were counted be-
cause they might have been expected to grow best in the
warm and moist condition, yet in only one out of the nine
samples did we record a ratio greater than one in that treat-
ment. It is possible that the hyphae of tropical isolates were
more spatially clumped within the pot and that clumping re-
sulted in insufficient sampling, but a t test of the standard
deviations generated from each treatment combination of
the topical and temperate isolates revealed no statistically
significant difference either before (p = 0.36) or after (p =
0.33) the fallow, suggesting that the hyphal distribution of
tropical isolates were not significantly more clumped than
the temperate isolates. Finally, when all nine replicates with
a ratio greater than one were removed from the analyses, the
hyphal viability of the SAT isolates was still greater than
that of the MT isolates (p = 0.01). The only possible explan-
ation we can offer for this is that erratic rainfall in the semi-
arid tropical regions may have resulted in hyphae that are
able to survive for long periods without a host plant, irre-
spective of the soil conditions. However, owing to the
poorer survival of G. etunicatumSAT as assessed by mycor-
rhizal colonization (Fig. 2), it appears as if this may not be
a trait that extends to all fungal structures. Clearly, this is an
area that would benefit from more research.

In conclusion, warm, moist soils had the greatest negative
impact on fungal survival during fallow. However, we saw
no indication that the isolates from different climates, tested
here, respond in a way that suggests that they are adapted to
their local climatic conditions. Instead, it appears that these
climatically unadapted morphospecies possess traits that
confer tolerances to a broad range of environmental condi-
tions, perhaps due to possession of GPGs, which may enable
establishment across climatic regions without the need for
local adaptation. In this study, only two morphospecies that
are relatively common in disturbed agricultural systems
were used. To assess the general applicability of our find-
ings, more isolates need to be tested, including morphospe-
cies originating from other vegetation systems. An increased
knowledge in this area will not only improve our under-
standing of AM fungal ecology, but will also indicate
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whether local isolates are necessary for successful inocula-
tion programs.
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