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Abstract. In order to investigate the effect of vesicular-
arbuscular mycorrhizae on the chilling resistance of
Zea mays, seeds of two hybrids (Pioneer 3902 and
Pride 5) were grown in soil inoculated with Glomus
mosseae. Germination tests at 10°C and 25° C showed
that Pride 5 was more resistant to chilling than Pioneer
3902. Plants grown at 25°C for 6 weeks were given a
1-week chilling treatment at 10° C and the responses of
mycorrhizal and nonmycorrhizal plants of the two hy-
brids were compared. At 10° C, the mycorrhizal plants
had greater biomass, carbohydrate, and protein con-
tent than the nonmycorrhizal plants.
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Introduction

The growth and development of crops which are sensi-
tive to chilling, such as Zea mays L., can be hindered
when environmental temperatures reach 10-15°C
(Stamp 1988). Low temperatures reduce plant growth
by affecting physiological and metabolic processes
(Charest and Phan 1990; Guy 1990). Numerous at-
tempts to improve yield have been made through
breeding, cultural practices, and selection of cold-re-
sistant hybrids (Hope et al. 1992; Tollenaar and Dwyer
1990). Growth variation at different temperatures de-
pends on vesicular-arbuscular mycorrhizal (VAM) fun-
gi species. Some of these may develop denser hyphal
networks thus increasing the kinetics of nutrient trans-
port, including phosphorus, and resulting in better
plant growth (Raju et al. 1990).

VAM fungi are known to stimulate the growth of
many plants and in some cases to increase plant toler-
ance to drastic environmental conditions such as
drought (Nelsen 1987), disturbance and nutrient defi-
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ciency (Miller 1987), and diseases (Caron 1989). Rela-
tively little is known about the protective effect of my-
corrhizae on cold-stressed plants. Anderson et al.
(1987) indicated that VAM fungi stimulated growth of
green ash Fraxinus pennsylvanica Marsh. at root tem-
peratures as low as 7.57C. Mycorrhizal colonization
was slow at [ow root temperatures in barley Hordeum
vulgare L. but still resulted in an increased root:shoot
ratio (Volkmar and Woodbury 1988). In wheat Triti-
cum aestivum L. little or no colonization by VAM oc-
curred at low temperatures, and at 10° C the mycorrhi-
zae were apparently no longer beneficial to the plant
(Hetrick and Bloom 1984). No benefit from mycorrhi-
zae at low temperatures was found in cotton Gossy-
pium sp. and growth may even be suppressed by the
fungi (Smith and Roncadori 1986). The effect of chill-
ing on inoculated and noninoculated maize was tested
in the following experiment.

Materials and methods
Plant material

Two maize hybrids were used, Pride 5 and Pioneer 3902. The
former has been recommended by the Ontario Corn Committee
(1959-70) for its high yield and resistance to high density, but is
sensitive to chilling. The latter was recommended (1988) for its
high yield and is less sensitive to cold. The selected VAM fungus
Glomus mosseae (Nicol. & Gerd.) Gerd. & Trappe (specimen
DAOM # 214744} was originally isolated from the rhizosphere
of Poa eminens Presl. growing on a fixed sand dune at the sea
shore level of Cote-Nord Québec (50°16” N 65°35” W). A single
spore culture was isolated and subsequently cultivated in a
growth chamber on leek Allium porrum L. in vermiculite sub-
strate.

Germination test

For each hybrid, four replicates of 100 seeds were germinated in
petri dishes (20 seeds/dish) on wet Whatman no. 1 filter paper at
10°C and 25°C, 98% relative humidity, in the dark, in a con-
trolled growth germinator (Conviron Model E15). Germination
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was initiated by adding sterile distilled water to each dish, and
further additions were made as needed. Observations on germi-
nation were made daily during 1 week at 25° C, and 2 months at
10°C, or until no further seeds germinated. Germination was de-
termined to have occurred when the seeds reached a 1-cm co-
leoptile height (Hope et al. 1992), and the seedlings were then
removed from the petri dish. Percentage germination and the av-
erage time of germination were recorded. Statistical analysis of
the germination tests was conducted using an SAS package, Ver-
sion 6.1, using PROC ANOVA and PROC GLM.

Mycorrhizal colonization of roots and plant growth

Sixteen plants of each hybrid, one plant per pot, were grown in
the greenhouse for 6 weeks in a mixture of vermiculite : montmo-
rillonite clay:peat:sand (1:1:1:1), at 25°C:15°C (day:night)
with an 18-h photoperiod. Half of the pots were inoculated with
leek roots previously colonized with G. mosseae (Dalpé 1992)
and watered once a week with low-phosphorus Hoagland’s solu-
tion. Mycorrhizal root colonization was verified 4 weeks after
planting, and weekly for 2 further weeks.

After 6 weeks, half of the pots were given a I-week chilling
treatment by placing pots in a growth chamber at 10°C with an
18-h photoperiod. Both control and 10°C plants were then har-
vested and the biomass recorded. Plant material was dried in an
oven at 60° C until the dry mass remained constant.

Metabolite analysis

Leaf protein was extracted by the method of Charest and Phan
(1990), and determined according to the method of Bradford
(1976). Sugars were analyzed by the classical method of Nelson
as adapted by Potvin and Charest (1991). The starch content was
determined according to the method of Potvin and Charest
(1991). Chlorophyll was extracted in 100% ethanol, and assayed
by the method of Bruinsma (1963). Results were statistically ana-
lyzed by a three-way analysis of variance (ANOVA). The starch
data had to be square-root transformed to normalize their distri-
bution.

Mycorrhizal root colonization

Roots from each plant inoculated with G. mosseae were random-
ly selected and analyzed for VAM fungi colonization. Roots were
cleaned in water, cleared in KOH 2.5%, acidified in 1 N HCI and
stained with trypan blue (Koske and Gemma 1989) or with anil-
ine blue (Grace and Stribley 1991) before mounting on slides in
polyvinyl alcohol-lactic acid-glycerol (PVLG) media (Omar et
al. 1979). Approximately 200 root sections from each treated
plant were screened for the presence of mycorrhizae and the per-
cent of colonized roots was recorded. Only root sections showing
intraradical vesicles and/or intracellular arbuscules were consid-
ered to be colonized.

Results
Germination and root colonization

Pride 5 showed a higher (P<0.05) percentage germi-
nation than Pioneer 3902 at 10°C, 98% and 75%, re-
spectively (Fig. 1). Pride also germinated faster
(P<0.05) than Pioneer, 25.1 days for the former com-
pared to 32.5 days for the latter (Fig. 1). No differences
were detected at the control temperature (25° C); per-

Pride 5 10°C 25.1 —l 98
Pride 5 25°C 46 100
Pioneer 10°C 325 75
Pibneer 25°C 45 95
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Fig. 1. Time of germination (black boxes) and percentage of ger-
mination (white boxes) of Pride 5 and Pioneer 3902 at 10° C and
25°C

centage germination (100 and 95%) and the average
time of germination (4.6 and 4.5 days) were similar for
both hybrids (Fig. 1). Thus it appeared that both per-
centage and time of germination were inhibited in
Pioneer by cold.

The level of root colonization was independent of
both temperature and plant genotype. Overall, vesicu-
lar colonization was higher (=22%) than arbuscular
(=7%).

Shoot mass, chlorophyll and metabolites

Under nonmycorrhizal conditions at 25°C and 10°C,
the shoot mass of Pride was comparable to that of
Pioneer (Fig. 2a). However, mycorrhizal colonization
of Pride plants resulted in greater biomass than that of
Pioneer at both temperatures. This was of particular
importance at 10° C, where the shoot mass of Pride was
more than twofold greater than Pionecer (Fig.2a; Ta-
ble 1).

For both mycorrhizal and nonmycorrhizal plants,
chlorophyll concentration was higher (P<0.05) at
25°C than at 10° C, and higher in Pioneer than in Pride
at 25°C (Fig. 2b; Table 1). Overall, mycorrhizal plants
tended to have lower chlorophyll concentrations than
nonmycorrhizal plants.

For both hybrids, the concentration of proteins was
higher (P <0.05) at 10°C than at 25° C (Fig. 2c; Table
1). There was a significantly higher (£<0.001) protein
content in the mycorrhizal plants than in the nonmy-
corrhizal plants except for Pioneer at 10° C (Fig. 2c, Ta-
ble 1).

The sugar content, like the protein content, was sig-
nificantly higher (P<0.001) in the mycorrhizal plants
than in the nonmycorrhizal plants for both hybrids at
10°C (Fig. 2d; Table 1). The sugar content of Pioneer
was considerably higher at 10°C than 25° C, especially
in the mycorrhizal plants. The converse was observed
for Pride plants.
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Fig. 2. a Shoot mass, b total chlorophyll concentration, ¢ protein, d sugar, e starch contents in Pioneer 3902 (black bars) and Pride S
(hatched bars) mycorrhizal (MYC) and nonmycorrhizal (NON MYC) plants at 10°C and 25° C. FM Fresh mass

The starch content was significantly higher
(P<0.001) at 10°C than at 25° C in both hybrids (Fig.
2e; Table 1). Overall, the starch levels were significant-
ly higher (P<0.001) in Pride than in Pioneer. There

Table 1. Levels of significance for ANOVA for shoot mass
(Smass), chlorophyll (Chl), protein, sugar, and starch contents in
leaves of Pride and Pioneer hybrids at 10°C and 25°C for my-
corrhizal and nonmycorrhizal plants

Variables Smass Chl Protein  Sugar  Starch
Mycorrhizae (M) ——*%% % ek _xsx NS

Temperature (T) NS Rk NS .
Hybrids (H) I T sk skeks
MxH — k% N§ T _wEE ok
MxTxH NS [ NS _wsk sk

* P<0.05; **¥* P<(.001; NS, not significant

was no clear mycorrhizal effect; in general starch con-
tent was lower in mycorrhizal than nonmycorrhizal
plants, but was exceptionally high in Pioneer at 10°C.
The highest starch content was found in Pride nonmy-
corrhizal plants at 10° C (Fig. 2e; Table 1).

Discussion

At the germination stage, Pride 5 appears to be more
resistant to chilling than Pioneer 3902, even though
Pride was initially considered to be most sensitive to
chilling (Dwyer and Tollenaar 1989). Chilling resist-
ance is dependent on the physiological age of the
plant, and may change as the plant matures (Lyons
1973; Tollenaar and Dwyer 1990).

In the absence of mycorrhizae, the shoot mass of
the two hybrids decreased at low temperature. Chill-
ing-sensitive plants such as maize usually exhibit physi-
ological dysfunction when exposed to low temperature
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(Lyons 1973; Stamp 1988). When colonized with G.
mosseae, only the Pride hybrid showed an increased
shoot mass in cold conditions. Our results agree with
those of Volkmar and Woodbury (1988) with barley,
and with the study of Stahl and Christensen (1991) on
Melilotus officinalis 1., and suggest the potential of us-
ing mycorrhizae as a chilling protector.

With regard to chlorophyll content, Pioneer was
more affected than Pride at low temperature. Chlorosis
is a current phenomenon in chilling-sensitive plants
(Hodgins and Van Huystee 1985; Potvin and Charest
1991), while in more chilling-resistant plants chloro-
phyll synthesis capacity may be increased (Krol and
Huner 1985).

Protein content increased in both hybrids in re-
sponse to both chilling and VAM fungi treatments. An
increase in protein content during chilling appears to
be an indicator of plant tolerance (Charest and Phan
1990; Guy 1990). An enhancement of soluble proteins
was also revealed by Dumas et al. (1990) in the roots of
Nicotiana tabacum L. colonized by G. mosseae.

The increase in sugar content, often observed at low
temperature with chilling-resistant plant (Potvin and
Charest 1991), was obtained only in the Pioneer hy-
brid. This conforms to the original assumption of
greater chilling resistance for Pioneer (Dwyer and Tol-
lenaar 1990). Although sugar content did not increase
at low temperature in Pride, several other analyzed pa-
rameters (germination test, shoot mass, protein and
starch contents) suggest there is potential chilling re-
sistance in the Pride hybrid.

Overall, mycorrhizal formation, with or without
cold temperature treatment, had a beneficial effect by
increasing plant growth at the level of shoot mass, pro-
tein, and carbohydrate contents. This significant
growth promotion suggests that the use of VAM fungi
in maize cultivation may counteract chilling injury and
could be of economic value.

Acknowledgements. The authors wish to thank Dr. D. Currie for
statistical analysis, Dr. R. I. Hamilton and D. M. Hodges for pro-
viding hybrids and growth facilities, B. Motamedi for technical
assistance, and Dr. S. A. Redhead for revising the manuscript.

References

Anderson CP, Sucoff EI, Dixon RK (1987) The influence of low
soil temperature on the growth of vesicular-arbuscular my-
corrhizal Fraxinus pennsylvanica. Can J For Res 17:951-956

Bradford MM (1976) A rapid and sensitive method for the quan-
titation of microgram quantities of proteins utilizing the prin-
ciple of protein-dye binding. Ann Biochem 72:248-254

Bruinsma J (1963) The quantitative analysis of chlorophylls a and
b in plant extracts. Photochem Photobiol 2:241-249

Caron M (1989) Issues in the utilization of endomycorrhizal fungi
as biological control agents. Phytoprotection 70:43-50

Charest C, Phan CT (1990) Cold acclimation of wheat (Triticum

aestivum): properties of enzymes involved in proline metabol-
ism. Physiol Plant 80:159-168

Dalpé Y (1992) Vesicular-arbuscular mycorrhiza. In: Carter MR
{(ed) Soil sampling and methods of analysis, 3rd edn. Cana-
dian Society of Soil Science, Lewis, Boca Raton, Fla, pp 287-
301

Dumas E, Gianinazzi-Pearson V, Gianinazzi S (1990) Production
of new soluble proteins during VA endomycorrhiza forma-
tion. Agric Ecosyst Environ 29:111-114

Dwyer LM, Tollenaar M (1989) Genetic improvement in photo-
synthetic response of hybrid maize cultivars, 1958-1988. Can J
Plant Sci 69:81-91

Grace C, Stribley DP (1991) A safer procedure for routine stain-
ing of vesicular-arbuscular mycorrhizal fungi. Mycol Res
95:1160-1162

Guy CL (1990) Cold acclimation and freezing stress tolerance:
role of protein metabolism. Annu Rev Plant Physiol Plant
Mol Biol 41:187-223

Hetrick BAD, Bloom J (1984) The influence of temperature on
colonization of winter wheat by vesicular-arbuscular mycor-
rhizal fungi. Mycologia 76:953-956

Hodgins R, Van Huystee RB (1985) Chilling-induced chlorosis in
maize (Zea mays). Can J Bot 63:711-715

Hope HJ, White RP, Dwyer LM, Maamari R, Séquin S, Hamil-
ton RI (1992) Low temperature emergence potential of short
season corn hybrids grown under controlled environment and
plot conditions. Can J Plant Sci 72:83-91

Koske RE, Gemma JN (1989) A modified procedure for staining
roots to detect VA mycorrhizae. Mycol Res 92:486-488

Krol M, Huner NPA (1985) Growth and development at cold-
hardening temperatures. Pigment and benzoquinone accumu-
lation in winter rye. Can J Bot 63:716-721

Lyons JM (1973) Chilling injury in plants. Annu Rev Plant Phy-
siol 24:445-466

Miller RM (1987) The ecology of VAM in grass- and shrublands.
In: Safir GR (ed) Ecophysiology of VA mycorrhizal plants.
CRC Press, Boca Raton, Fla, pp 135-170

Nelsen CE (1987) The water relations of vesicular-arbuscular my-
corrhizal systems. In: Safir GR (ed) Ecophysiology of VA my-
corrhizal plants. CRC Press, Boca Raton, Fla, pp 71-92

Omar MB, Bolland L, Heather WA (1979) A permanent mount-
ing medium for fungi. Bull Br Myco Soc 13:31-32

Potvin C, Charest C (1991) Maternal effects of temperature on
metabolism in the C; weed Echinochlora crus-galli. Ecology
72:1973-1979

Raju PS, Clark RB, Ellis JR, Maranville JW (1990) Effects of
species of VA-mycorrhizal fungi on growth and mineral up-
take of sorghum at different temperatures. Plant Soil
121:165-170

Smith GS, Roncadori RW (1986) Responses of three vesicular-
arbuscular mycorrhizal fungi at four soil temperatures and
their effects on cotton growth. New Phytol 104:89-95

Stahl PD, Christensen M (1991) Population variation in the my-
corrhizal fungus Glomus mosseae: breadth of environmental
tolerance. Mycol Res 95:300-307

Stamp P (1988) The influence of severe cold stress on the charac-
teristics of young plants of adapted and exotic maize geno-
types. Plant Res Dev 28:63-77

Tollenaar M, Dwyer L (1990) The impact of physiology on the
increase in productivity of maize. In: Bourdu R, Picard D,
Bloc D (eds) Physiologie et Production du Mais. Pau, France,
pp 465-477

Volkmar KM, Woodbury W (1988) Effects of soil temperatures
and depth on colonization and root and shoot growth of bar-
ley inoculated with vesicular-arbuscular mycorrhizae indige-
nous to Canadian prairie soil. Can J Bot 67:1702-1707



