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Summary &mdash; The impact of arbuscular mycorrhizal fungi on the development and architecture of plant root systems is
now widely recognized. However, interactions with environmental parameters, important in natural and agricultural sys-
tems, have not been identified. This study utilized microcosms to determine the effects of differences in temperature
(15, 21 and 27 °C) on changes to the root system of Plantago lanceolata induced by the arbuscular mycorrhizal fungus
Glomus mosseae. In contrast to studies with other plant species, colonization by the arbuscular mycorrhizal fungus
reduced root branching and interactions with temperature were identified. There was no correlation between arbuscular
mycorrhizal fungi effects on branching and colonization of the root system. Possible implications of the data are dis-
cussed.
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Résumé &mdash; Impact des champignons mycorhizogènes arbusculaires et de la température sur le développe-
ment du système racinaire. L’impact des champignons mycorhizogènes arbusculaires sur le développement et
l’architecture des systèmes racinaires est maintenant largement reconnu. Cependant les interactions avec des
paramètres environnementaux, importants dans des systèmes naturels et agricoles, n’ont pas encore été identifiées.
Cette étude utilise les microcosmes pour déterminer les effets des différentes températures (15, 21, 27 °C) sur le
changement du système racinaire de Plantago lanceolata induits par le champignon mycorhizogène arbusculaire
Glomus mosseae. À l’opposé des plantes appartenant à d’autres espèces, la colonisation par le champignon mycorhi-
zogène réduit la ramification des racines. Des interactions avec la température ont été identifiées mais on n’a pas
observé de corrélations entre effet du champignon mycorhizogène et colonisation des racines. Des implications possi-
bles de ces résultats sont discutées.
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INTRODUCTION

Micropropagation is a useful biotechnological tool
now frequently applied to plant production. It

offers the capacity to rapidly increase numbers of
particular genotypes and thus expediate breeding
programmes. Other benefits include the multipli-
cation of disease-free, uniform plants. Micro-
propagated plants are, however, more suscepti-
ble to environmental stresses in the weaning
stage of growth due to poor root, shoot and cutic-
ular development (Hooker et al, 1994), and this
can lead to losses and thus to increased produc-
tion costs. However, inoculation of micropropa-
gated plants with arbuscular mycorrhizal fungi
(AMF) post vitro has been shown to be beneficial
for many species, eg, pineapple (Guillemin et al,
1992), avocado (Azcón-Aguilar et al, 1992) and
cherry rootstocks (Berta et al, 1995). Benefits
can be substantial with increases in growth, a
reduction in weaning time and protection against
pathogens reported.
An important consequence of colonization by

AMF is alteration to root system architecture, with
increased branching reported for many species
(see review by Hooker and Atkinson, 1996), and
it can be assumed to be one of the major mecha-
nisms through which benefits to plants are real-
ized. However, it is not known whether the scale

or nature of AMF induced changes to root system
architecture may be modified by interactions with
the environment. Clearly, if AMF are to be used

as a tool to modify plant root systems in either
micropropagated or traditionally propagated
plants, then a consistent response to inoculation
is needed. It is thus important to understand how
environmental factors will interact.

This paper describes how temperature inter-
acts with AMF induced modifications to root sys-
tem architecture in Plantago lanceolata. The
study utilized microcosms which allowed a homo-
geneous distribution of nutrients around the root

system. Furthermore, because nutrients were
provided continuously, nutritional factors were
not responsible for observed responses.

MATERIALS AND METHODS

Glass microcosms were filled with silica gravel which
had previously been washed and graded using a
2 mm sieve and autoclaved (121 °C for 60 min, twice)
before oven-drying at 150 °C. Thirty microcosms were
utilized and AMF inoculum (Glomus mosseae, BEG12)
was added to 15 of them by mixing root pieces (1 cm)

of colonized roots with the gravel before adding it to

the microcosm. Non-colonized root pieces were added
to controls.

Seeds of P lanceolata were surface sterilized in

10% sodium hypochlorite for 10 min, then rinsed in

sterile deionized water before planting into the centre
of each microcosm (three seeds per microcosm). Each
microcosm was covered with a sun bag&trade; (Sigma),
and ten microcosms (five inoculated and five uninocu-

lated) placed into each of three Conviron&trade; growth
cabinets, allowing the microcosms to be maintained at
either 15, 21 or 27 °C. After germination two seeds
were removed to leave just one plant per microcosm.
The microcosms were continuously supplied with 1/4

strength Long Ashton nutrient solution using an
Ismatec&trade; peristaltic pump which delivered at a rate of
70 mL/day to the plants via four entry tubes equally
spaced along the top of the microcosm (fig 1). While in
the growth cabinets, the glass of the microcosm was
covered with thick black polythene, secured with
Velcro&trade; to protect the root system from the inhibitory
effects of light. A 16 h day and 75% humidity were
maintained in each growth cabinet.

The plants were grown for 20 weeks before harvest-
ing. The architecture of five secondary roots and asso-
ciated higher order roots were determined by dissec-
tion and measurement using a Quantimet 600 image
analysis system (Leica&reg;).

Samples of the remaining roots were assessed for
arbuscular mycorrhizal colonization by staining using a
procedure adapted from Koske and Gemma (1989).
The extent of arbuscular mycorrhizal colonization was
measured using a grid intersect method adapted from
Giovannetti and Mosse (1980).

Root and shoot fresh weights were measured and
shoots were dried to constant weight at 80 °C.
Mortality of roots was also determined but the data are
not reported here.



RESULTS

The growth of Plantago was clearly altered by
both temperature and inoculation with the AMF
G mosseae (fig 2). Growth was highest at 15 °C
and lowest at 27 °C. At 15 °C, a reduction in

growth of approximately 30% occurred as a
result of inoculation. This negative effect of inoc-
ulation on growth did not occur at other tempera-
tures where no significant effects on growth were
observed.

Colonization by AMF was observed in the
roots of all inoculated plants with both vesicles
and arbuscules clearly discernable. The highest
level of colonization occurred in the roots of

plants grown at 15 °C (52%) and the lowest
(36%) when plants were grown at 27 °C (fig 3).
Differences were also evident in the extent to

which different root orders were colonized (fig 4)
with higher order roots generally being more col-
onized.

Effects of temperature on the branching of
roots were evident (table I) but effects of AMF
were limited, with a reduction of branching of
approximately 15% measured at 21 °C.

DISCUSSION

The use of continuous flow microcosms in this

study permitted the direct determination of the
effects of temperature and AMF colonization on
root branching in P lanceolata root systems. The
differences in the growth of plants (fig 2) at the
different temperatures is not surprising and to be
expected. That more growth of P lanceolata
occurred at 15 °C is also reasonable given the
distribution of the plant throughout temperate
ecosystems. However, what was not expected
was the negative effects on growth of coloniza-
tion by AMF. This is in contrast to the great



majority of the literature on AMF and is at least

initially surprising, but can be explained by the
system in which the plants were grown. In these
systems the continuous flow of nutrients past the
root system makes the symbiosis redundant from
a nutrient standpoint. However, the costs of sup-
porting the symbiosis remain and it is thus not

unreasonable for a negative effect on growth to
occur, particularly at 15 °C where photosynthesis
would be relatively low.

Effects of AMF on root branching and thus
architecture were, in this study, not large (table I).
Moreover, although almost all reports to date of
AMF effects on root branching identify increases
(Hooker and Atkinson, 1996; Schellenbaum et al,
1991), in this study a reduction in branching was
evident in AMF colonized plant roots. The rea-
sons for this are not clear but the data suggests
two possibilities. First, it is possible that in this
particular species of plant, P lanceolata, colo-
nization by AMF can result in a reduction in root
branching. Second, it is possible that changes
normally reported are in fact net changes, result-
ing from a balance between the AMF directly
causing a reduction, while increasing branching
through an increased phosphorus supply. This
clearly deserves further investigation. However,
what does seem clear from these data is that

there is no direct relationship between AMF colo-
nization and branching. Most alteration was evi-
dent at 21 °C where colonization was only
approximately 70% of that at the lower tempera-
ture.

In conclusion, the data clearly go at least
some way to providing an understanding of how
AMF interact with plant root systems. They also
demonstrate the importance of AMF interactions
with temperature and suggest that AMF plant
root interactions will be modified by temperature
in natural and managed ecosystems. Moreover,
they also highlight the importance of understand-
ing the effects of temperature on these interac-
tions if AMF are to be effectively applied as a
biotechnological tool to modify plant root sys-
tems.
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