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It has become urgent to explore the potential stimulations or constraints that increasing and fluctuating
temperatures derived from climate change may impose on the mycorrhizal symbiosis. We conducted a study
to compare the soil temperature response curves (6, 12, 18, and 24 °C) of three isolates of Funneliformis
mosseae from different regions and climates (Finland, Denmark, Spain), to test if the isolates from cold
environments were able to grow better at lower temperatures and the isolates from warmer environments
grew better at higher temperatures. The results provided clear evidence suggesting no adaptation to soil
temperature in these AMF isolates. All isolates showed reduced development and especially very little
external mycelium growth at 6and 12 °C regardless of the temperatures they normally experienced in their
original habitats and all showed similar increasing development with increasing soil temperature. These
results suggest that AMF have a narrow window to develop in cold regions of the world where temperatures
below 15 °C prevail which ought to be well exploited, especially in agroecosystems where management
is aimed at improving crop performance and soil quality. With proper management, if temperatures con-
tinue to increase, mycorrhizal development and mycorrhizal benefit might also increase in cold regions.
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Introduction

The influence of temperature on arbuscular mycorrhizal fungi (AMF) is little understood (Fitter et al. 2000)
although temperature is the component of environmental change that may have the strongest direct
impact on these fungi, plant performance and the C cycle. In this important and increasingly relevant
context, it has become urgent to explore and understand the potential stimulations or constraints that
the rapidly changing temperatures may impose on these symbiotic fungi. For most other organisms, it
is more or less accepted that they are either adapted to grow and function at the climatic conditions
that predominate in their environments or that they persist by growing only during short periods when
specific favourable conditions prevail. Whether AMF species or AMF ecotypes encompass mainly one or
both types of organisms is unknown. However, AMF are so ubiquitous that there is a general belief that
these organisms have adapted to grow in most environments of the world, being able to grow and func-
tion within a very wide temperature range.

The review by Staddon et al. (2002), reports that intraradical mycorrhizal colonization increased in most
studies when temperature increased between 5 °C and 37 °C. Although some previous reports indicate
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adaptation of native AMF isolates to tolerate extreme temperatures in their environments (Grey 1981),
others studies do not. Low temperatures (5 °C-15 °C) reduced root colonization (Daniels—Hetrick and
Bloom 1984, Gavito et al. 2003), extraradical hyphae development (Gavito et al. 2003, 2005), P uptake
(Wang et al. 2002; Liu et al. 2004) and symbiotic efficiency (Kytoviita 2005). Unfortunately, few of those
studies measured the development of both the intraradical and the extraradical phases of the mycorrhizal
mycelium thereby limiting our understanding of their temperature dependency.

The extraradical AM mycelium supports most of the functions for a mutualistic symbiosis. Once formed
and established in soil, it is very resistant to low temperatures and can reinitiate growth and function in
the spring after months under freezing temperatures (Addy et al. 1998). Very little is known, however,
about its initial development and functioning when soil temperature is either low (<10 °C) or high (>30
°C) for long periods in the growing season. Some studies have demonstrated that isolates and AMF native
communities from cold regions showed marked growth reductions below 20 °C, especially of the external
mycelium (Gavito et al. 2003, Gavito et al. 2005, Liu et al. 2004).

Heinemeyer and Fitter (2004) observed that local warming only of the extraradical mycelium from 12
°C to 20 °C stimulated hyphal growth but in a system where both plant and fungus were exposed to the
warming treatment. Increasing the temperature did not affect the development of one isolate of Glomus
mosseae beyond its stimulating effect on host plant growth. This result suggested that despite being able
to respond independently to a temperature change, the governing controlling factor in fungal development
was the growth of the host plant. Soil warming in field experiments established in natural communities
measuring showed, on the other hand, contradictory positive and negative effects on intraradical and
extraradical mycorrhizal development, likely due to our inability to distinguish mycorrhizal from other
fungal hyphae and to confounding, concurrent changes in vegetation (Rillig et al. 2002, Heinemeyer et
al. 2003, Staddon et al. 2003).

The sensitiveness of AMF to temperature changes may have strong implications in our understanding of
the contribution of the arbuscular mycorrhizal symbiosis to plant nutrition, soil aggregation and exploita-
tion, and C—cycling in regions of the world where soil temperatures below 20 °C or above 40 °C prevail
during the growing season. Clearly, more studies surveying genetic and plastic variability among these
fungi are needed to fully understand the extent at which temperature might be limiting their growth and
function in different environments.

We conducted a study to compare the temperature response curves of three isolates of Funneliformis
mosseae from different regions and climates to test if the isolates from cold environments were able to
grow better at lower temperatures and the isolates from warmer environments grew better at higher
temperatures. That is, we tested if there was environmental adaptation in these isolates.

Materials and methods

We used a complete randomized block factorial design with two factors: Funneliformis mosseae isolate
(originated from Finland, Denmark, or Spain), and soil temperature (6, 12, 18, and 24 °C), and five replicates
per treatment. A loamy soil with pH 8.1, 1.81% organic matter, 2.5 mg N kg™ and 6.2 mg NaHCO3—extract-
able P kg was collected at Estacidon Experimental del Zaidin’s experimental field (Granada, Spain). The
soil was sieved through 1 cm mesh, steam—sterilized and aerated for two days. The soil was mixed with
quartz sand 1:1 w:w to facilitate mycelium extraction. Eight—cm diameter PVC tubes cut into 30—cm long
sections and closed at the bottom with nylon mesh and a rubber band, were used as pots and filled with
700 g of soil-sand mixture and 50 g of the appropriate mycorrhizal inoculum.
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We worked with three isolates of Funneliformis mosseae (Nicol. & Gerd.) C. Walker & Schuessler. The isolate
from Finland (isolate BEG 57, original geographic location 61°50’N, 25°10’E), was chosen because it was
isolated from a cold environment with a cryic soil temperature regime, with mean annual soil temperature
0-8°C and mean summer soil temperature below 15 °C at 50 cm depth, usually experiencing below zero
temperatures in the winter months close to soil surface (Yli-Halla and Mokma 1998, http://www.mm.helsinki.
fi/core/data.htm ). F. mosseae BEG 57 was isolated in 1989 and propagated under mild soil temperatures
five times before our experiment. The isolate from Denmark (BEG 85, original geographic location 55°40’ N,
12° 18’ E) was isolated from a slightly milder environment falling in the frigid soil temperature regime with
a slightly warmer winter and mean summer soil temperature above 15 °C at 50 cm depth but rarely reach-
ing freezing temperatures during the winter or temperatures above 20 °C during the summer (Pilegaard et
al. 2001, http://www.mm.helsinki.fi/core/data.htm, Baldocchi et al., 2005). Soil temperatures closer to the
surface can however become much higher than the summer mean and experience large fluctuations through
the day. F. mosseae BEG 85 was first collected in 1995 and propagated under mild soil temperatures an
uncertain number of cycles but not higher than six, since the lab of origin routinely propagates its collection
every year or second year. The isolate from southern Spain (BEG 124, original geographic location 37° 42’ N,
4° 11’ W) originated from a thermic soil temperature regime with winter and summer mean temperatures
often differing by more than 15 °C and reaching above 25 °C in the summer (Delgado et al. 2007, Moreno—
Rueda et al. 2009). We did not find a comparable data set to those available for Finland and Denmark soils
for this region and published reports are often estimates from air temperatures, not direct measurements.
Measurements taken three times a week at 16:00 h in the agricultural field at Estacion Experimental del
Zaidin in Granada, Spain between December 2002 and February 2004 showed temperatures above 35 °C for
several hours during the day at 5 cm depth during July and August with maximum recorded temperature of
41 °C in the summer and minimum temperature of 6 °C in the winter (M. E. Gavito, personal observations).
Thus, the isolate from Spain was the one experiencing the widest soil temperature range and largest soil
temperature fluctuations throughout the year. F. mosseae BEG 124 was first collected in 1996 and propa-
gated under mild soil temperatures an uncertain number of cycles but, as explained for isolate BEG 85, not
higher than six times since the lab of origin routinely propagates its collection every year or second year.

The isolates were propagated with Sorghum bicolor L. and Trifolium subterraneum L. in pots in the green-
house for 20 weeks to obtain a uniform inoculum source for the experiment. The PVC pots were filled with
700 g of the soil-sand mixture previously mixed with 50 g inoculum consisting of root pieces and soil from
the propagation pots of the corresponding isolate. In a pilot experiment, this amount of inoculum (7.1%)
was found to be required to achieve equal intraradical colonization with the three isolates within three
weeks at room temperature. The tubes were watered by weight to 85% of the measured soil water holding
capacity and sown with four seeds of subterranean clover (Trifolium subterraneum L.) that were thinned
to two after emergence. The tubes were placed in air cooled/heated chambers designed to maintain the
soil temperature treatments (6, 12, 18, and 24 °C). The chambers were located in a controlled environment
growth room at 24 °C day/18 °C night, 14 h photoperiod and 200umol m? s, Since the 24 °C treatment was
the same as the set day temperature in the growth room the pots from this treatment were not placed in
cooling chambers and followed the temperature regime in the growth room. The pots were introduced in
holes drilled on the lids of the cooling chambers and were hanging from the top by a plastic ring attached to
the tube so that the soil was inside the chamber and the plant was outside. Therefore, only soil was exposed
to the chamber temperature treatments and shoots experienced the same environmental conditions in the
growth room. The soil temperatures were monitored continuously with commercial minimum/maximum/
average—function thermometers with two sensors that were buried in two of the pots of each chamber to
ensure the set temperatures were achieved and maintained during the experiment. The minimum/maxi-
mum/average— values were recorded every morning and afternoon and the actual soil temperature means
calculated from these measurements for the entire duration of the experiment were: 1) 6 °C treatment,
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6.03 + 1.11 °C day and 5.88 + 0.73 °C night, 2) 12 °C treatment, 11.85 + 1.32 °C day and 11.93 + 0.24 °C
night, 3) 18 °C treatment, 18.12 + 0.97 °C day and 17.58 + 0.18 °C night, 4) 24 °C treatment, 23.90 + 1.02
°C day and 21.3 + 0.65 °C night.

Pots were watered by weight every second day and arranged in blocks within the soil chamber to minimize
position effects.

After 92 days the plants were harvested, shoots were cut and dried to constant weight. Soil samples were
taken after thorough mixing and frozen for storage until measuring extraradical hyphae development. The
roots were washed, blotted, weighed, and a sample was taken to determine mycorrhizal colonization.
The rest of the roots were also dried and weighed. The root sample was temporarily stored in ethanol,
and later stained as in Kormanick and Graw (1982). Mycorrhizal colonization was quantified with the
magnified intersections method (McGonigle et al. 1990). Two to four g of soil from thawed samples were
weighed and fungal hyphae were extracted, stained, collected in membrane filters and hyphal length was
determined by microscopical examination as in Jakobsen et al. (1992).

Statistical analyses were performed with Statistix 7.0 Software. ANOVA was used to test for fungal isolate,
soil temperature and block effects. Tukey’s post— hoc tests were conducted to assess differences among
treatment means. Data sets for the analyses were transformed as required to meet the normal distribu-
tion and homogeneity of variances assumptions of ANOVA. Results are presented in their original scale
of measurement and differences were considered significant at p<0.05.

Results

Soil temperature treatments had significant effects on all plant biomass and fungal development vari-
ables but there were significant interactions of the soil temperature and isolate treatments only for fungal
development variables (Table 1).

Table 1. F -values and probabilities of significance for the main effects and factor interaction from two-way ANOVA
analyses. Data transformations are specified when required. Probabilities of significance: "<0.05, "*<0.005, *"<0.00005,
ns=not significant.

Variable Isolate Soil temperature Interaction
2 df! 3df 6 df

Plant biomass (log) 0.47 ns <0.0005%** 0.32 ns

Shoot: root ratio (log) 0.0001*** <0.0005%** 0.15ns

Root biomass (log) 0.003%* <0.0005%** 0.33 ns

Root biomass with mycorrhizal — <0.0005%** <0.0005%** 0.0197 *

colonisation (log)

Intraradical colonisation percent- — <0.0005%** <0.0005%** <0.0005%**

age

Extraradical hyphae length density 0.004%* <0.0005%** 0.0128*

'df=degrees of freedom
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Shoot and total biomass increased from 6 to 12 °C and had their highest values at 18 and 24 °C (Figs. 1A-C),
whereas root biomass was equally low at 6 and 12 °C and increased at 18 and further at 24 °C (Figs. 1D-F).
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Fig. 1. Clover shoot (A—C) and root (D-F biomass at harvest when inoculated with the three different isolates of Funneli-
formis mosseae and grown at four soil temperatures. The root biomass that became colonized by each isolate is indicated
within the root biomass bar. Means (+ S E) marked with different letters were significantly different at p<0.05. Significant
soil temperature effects are marked with capital letters whereas significantly different means for isolate x soil temperature
treatment interactions are marked with small letters.

Root biomass was slightly but significantly lower when the plants were inoculated with the Danish isolate
and, given that the shoot biomass was similar in all treatments, the shoot:root ratio was slightly higher
for this treatment (Fig. 2A). The shoot:root ratio increased steadily from 6 to 18 °C but dropped at 24 °C
(Fig. 2B).
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Fig. 2. Mean (+ SE) shoot:root ratios for the main effects of AMF isolate (A) and soil temperature (B). DK=isolate from
Denmark, E=isolate from Spain, and Fl=isolate from Finland. Significant differences are marked with capital letters and

The proportion of the root system that became colonized at 6 and 12 °C was under 20% with the Finnish
and the Danish isolates but reached up to 40% with the Spanish isolate (Figs. 1d—f), as expected from
the small differences in root biomass and the mycorrhizal colonization percentages measured at these
low temperatures (Fig. 3A). However, the difference observed in intraradical colonization of the Spanish
isolate at 6 and 12 °C was not observed in the development of extraradical mycelium (Fig. 3B). All isolates
showed very little external mycelium growth at 6 °C over the background values measured in the soil
before the experiment and all showed similar increasing development with increasing soil temperature.

20 4

10 -

60
S
< 50 -
2
S 40
'g —o—DK
'S 30 1 -=E
= —&—FI
N
K=
£
o
o
>
=

Fig. 3. Mycorrhizal colonization
percentages in roots (A) and hyphal
length density in soil (B) means (+
SE) for the isolate x soil temperature
treatment combinations. DK= iso-
late from Denmark, E= isolate from
Spain, and FI= isolate from Finland.
Significantly different p<0.05) means
for the isolate x soil temperature inter-
actions are marked with small letters.
The dotted line shows the mean of the
background level of hyphae present

in the steam—sterilized soil before the
Soil temperature (°C) experiment.

Hyphal length density (m g-')




AGRICULTURAL AND FOOD SCIENCE

M. Gavito & C. Azcén-Aguilar (2012) 21: 2-11

The results provided clear evidence suggesting that there is no adaptation to low soil temperature in
these AMF isolates. As previously reported for single AMF Danish isolates and native communities and
results from in vitro cultures with isolates from contrasting regions of the world (Gavito et al. 2003, Gavito
et al. 2005), these three isolates of the same AMF species showed low capacity to develop an external
mycelium at temperatures below 12 °C regardless of the temperatures they normally experienced in their
original habitats.

The effects of the soil temperature treatments on fungal development were in this case not confused
by differential effects of the fungal isolates on plant development so the differences observed can be
attributed solely to soil temperature effects on aspects of the host and fungus physiology not related to
plant growth. Despite a slight but significant increase in shoot:root ratio when plants were inoculated
with the Danish isolate, the effects of the fungal isolates on host biomass and the development of the
three isolates were strikingly similar.

Shoot, root, intraradical colonization and extraradical colonization development did not respond uniformly
to the soil temperature treatments: 1) shoot biomass increased steadily between 6 and 18 °C, 2) root
biomass increased between 12 and 24 °C, 3) intraradical colonization at the different temperatures was
isolate dependent, and 4) extraradical mycelium development increased steadily between 6 and 24 °C
soil temperature for all AMF isolates. Therefore, there is a differential response to temperature among
the plant and fungal components that make the result for the mycorrhizal symbiosis, as a whole, likely a
combination of these responses. That is, optimal growth would likely be achieved in a temperature range
which is favorable to all components.

The two Nordic AMF isolates rarely grow at temperatures above 15 °C as indicated by the soil temperature
regimes (Cryic and Frigid) of their original environments and as documented by extensive continuous
measurements conducted all year round near soil surface, the warmest layer in the summer (http://www.
mm.helsinki.fi/core/data.htm ). The Spanish isolate that rarely experiences soil temperatures below 10 °C
was surprisingly more able to colonize the roots at these temperatures but formed equally low external
mycelium as the Nordic isolates. The scarcity of good and reliable soil temperature data sets that allow
proper interpretation of potential limitations for mycorrhizal performance is however a common problem
and the design of appropriate management programs that make the best use of the most favorable soil
temperature periods will be hampered by this lack of knowledge. Under the pressure of a rapidly changing
climate and its evident consequences on plant production and plant productivity we should soon start by
generating this important foundation of basic data.

Altogether results strongly suggest temperatures below 15 °C limit the development of many arbuscular
mycorrhizal fungi and occasional tolerance to low temperatures found in some isolates is more likely as-
sociated to genetic variation and plasticity than to environmental adaptation. The Spanish isolate seemed
more plastic than the Nordic isolates likely because this is the isolate that is exposed to large variations of
up to 25 °C in mean soil temperature during the year and up to 35 °C difference between the minimum
and maximum values. The Nordic isolates, in turn, are from more homogeneous cold environments
where the annual variation of the mean temperatures is less than 15°C with minimum and maximum
temperatures differing by 20 °C at the most. Our isolates had been propagated for a similar number of
cycles, 4—6, under the average greenhouse or growth room temperatures above 18 °C that are used to
grow most plants. There is a possibility that the isolates used in our study had been acclimated or had
begun to undergo either phenotype or genotype changes as a consequence of the propagation cycles
under mild soil temperatures they had been through before we started the experiment. Ehinger et al.
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(2009) showed some evidence for such changes after 4—8 propagation cycles that might result in consist-
ent directional changes under certain growth conditions such as P availability, but no data are available
so far suggesting that temperature acclimation or environmental selection for warm temperatures can
occur after a few propagation cycles.

The fact that a freshly collected native AMF community from a Danish agricultural soil, including presum-
ably several species adapted to cold soil, was not able to develop a mycelial network below 15 °C (Gavito
et al. 2003) points to a physiological limit where acclimation or environmental selection for cold toler-
ance are unlikely. Soil has a large buffering capacity and plant and snow cover contributes to temperature
insulation (Yli-Halla and Mokma 1998) but soils in the Nordic and other regions with cold climate have
soil temperature regimes that suggest strong limitations for the development of AMF, especially of the
extraradical mycelium. These physiological limitations seem complex and do not seem related to carbon
limitation (Gavito et al. 2005) as it is mainly the extraradical mycelium that grows poorly at low tempera-
tures and a C- limitation should affect both the intra— and extraradical mycelium.

Since the extraradical mycelium is the one enabling nutrient and water uptake for the functionality of the
symbiosis and soil functions related to particle aggregation and nutrient cycling, its poor development may
conflict with the functionality of the AM symbiosis in these environments. In the absence of the search-
ing external phase on charge of these functions there may be little compensation, if any, for the carbon
drain to AMF that are still able to colonize a small part of the root sytem and feed from it. Protection from
pathogen attack and sink effects that stimulate photosynthetic rates might be some compensation but
they seem also unlikely to be efficient when there is little mycorrhizal development.

Ruotsalainen and Kytoviita (2004) and Kytoviita (2005) have shown the impairment of the symbiosis in
Arctic environments that are good, extreme examples of this functionality conflict. Tillage practices that
drastically disrupt mycorrhizal mycelium networks might be particularly harmful in conditions where es-
tablishing a completely new mycelium network so strongly limited by low soil temperatures and the cost
of feeding a symbiont constructing a new mycelium might be too large for a plant that is also limited in
its carbon assimilation capacity by the low temperatures. Under these conditions and using conventional
agricultural practices obviating this problem mycorrhizal associations are more likely to become a burden
than an asset. In natural environments without management the cost of the symbiosis is likely much
lower because the intact mycorrhizal networks regain functionality and reconnect to plants shortly after
soils start to warm in the summer (Gavito and Miller 1998, Addy et al. 1998) and can provide efficient
uptake, pathogen defence, soil aggregation and nutrient cycling functions as well as a strong sink strength
to stimulate photosynthesis and compensate their use of plant carbon.

All this information suggests that AMF have a very narrow window to develop during the year in cold
regions of the world and that this window ought to be well exploited during the summer periods, espe-
cially in agroecosystems where management of the symbiosis is aimed at improving crop performance
and soil quality.
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