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Many factors affect the winterhardiness of barley, including nutritional

status and the ability to maintain hardiness despite fluctuations in air and soil

temperatures. To improve winter survival, it is necessary to characterize barley

genotypes according to their ability to withstand such fluctuations in ambient

temperature, and to assess biotic factors which influence winterhardiness.

Vesicular-arbuscular mycorrrhizal fungi (VAMF) are known to enhance

the growth of many plant species by increasing the availability of phosphorus.

However, VAMF may also have an adverse affect on the host plant during the

early stage of symbiosis, as the carbohydrate needs of the fungus are supplied

by the host.

Our objectives were to 1) determine the freezing tolerance of an array of

winter and barley genotypes measured as the temperature lethal to 50% of a

population (LT50), 2) determine the effect of inoculation with VAMF on the



expression of cold tolerance of these genotypes, and 3) determine the effect of

VAMF inoculation on barley growth under controlled environment conditions.

The cold tolerance of controlled environment-grown winter barley was

assessed in a controlled freeze test of a single variety grown under two

temperature regimes, with and without VAMF inoculation. The growth response

of greenhouse grown barley was measured using a factorial combination of

treatments: three levels of supplemental phosphorus and five inoculum types.

In the controlled freeze test, no mycorrhizal colonization was detected.

Inoculation and temperature pre-treatment had no effect on cold tolerance.

Significant effects of phosphorus and inoculum-type were observed in the

greenhouse study. Inoculation with all but one source of VAMF significantly

increased the mass of barley plants as compared to the non-inoculated control.

Plants receiving low levels of supplemental phosphorus matured faster than

those receiving high levels.

Controlled freeze tests of field grown plant material were conducted using

eight winter and facultative barley cultivars, a spring barley, and a winter wheat.

The second year of the two year, two location study, a VAMF inoculation

treatment was added. Inoculation with VAMF had no effect on cold hardiness at

six of seven sampling dates. At one sampling date, a significant reduction in

cold hardiness was observed among VAMF-inoculated plants. No diagnostic

internal VAMF structures were found in any of the field grown material. Cold

temperatures may have prevented the formation of VAMF in field grown plants,

however this does not explain the significant response to inoculation. VAMF

hyphae, or some other biotic factor, may have contributed to this significant

effect.



To characterize genotypic variation for LT50 in this array of genotypes,

data from non-inoculated plots from the one sampling event where inoculation

was significant, and main-effect data of all other sampling events were subjected

to a series of analyses. Six 'environments' were defined, based on sampling

dates across locations and years, and genotypes were grouped according to

patterns of comparable response. 'Norstar' winter wheat was significantly more

cold tolerant than the barley germplasm, and winter barley cultivars were more

cold tolerant than facultative habit cultivars. Two joint regression stability

parameters, the regression coefficient (b) and squared deviations from

regression (std) revealed apparent genotypic variation for full season cold

tolerance.
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The Effect of Inoculation with VA-Mycorrhizal Fungi on Growth and
Freezing Tolerance of Winter Barley (Hordeum vulgare L.)

INTRODUCTION

Freezing injury limits winter cereal production throughout the world. The

exact mechanisms which result in freezing tolerance in plants are unknown.

Several physiological events are associated with the development of freezing

tolerance. In order to protect developing tissues, cereals cease active growth

and enter a period of dormancy during periods of cold weather (Singel and

Marcel los, 1981). The percent water content of plant tissue decreases in

response to the onset of cold weather, resulting in a depression of the freezing

point of the cell (Gusta and Chen, 1987). An increase in the soluble

carbohydrate concentration of the cytoplasm is often associated with increased

freezing tolerance. Such an increase can act as a biological "antifreeze", and

further decrease the freezing point of the cell (Levitt, 1980; Gusta and Chen,

1987; Livingston et al., 1989).

Nutritional status also affects the winter hardiness of cereals (Fowler and

Gusta, 1981, and Tyler et al., 1981). Increased phosphorus in plant tissues has

been reported to improve winter hardiness (Levitt, 1980), although conflicting

results have been noted (Tyler et al., 1981).

The mode of freezing injury in plant tissue is dependent upon several

factors including plant moisture content, plant morphology, and local weather

patterns (Gusta and Chen, 1987). The crown is highly susceptible to freezing

injury, thus crown moisture content, crown size, relative proximity of the crown
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to the soil-air interface, the amount of snow cover, and wind severity will all

affect winterhardiness (Gusta and Chen, 1987). The primary causes of injury

and/or death in winter cereals are frost heaving, physiological dehydration,

smothering or drowning by snow or rain, and freezing of plant tissues

(Steponkus and Wiest, 1979; Gusta and Chen, 1987).

The genetics of winterhardiness are complex. Winterhardiness is

determined by responses to biotic and abiotic stresses, resistance to absolute

low temperature, and ability to achieve and maintain hardiness. A fundamental

component of winterhardiness is low temperature tolerance, which is often

measured in controlled freeze tests due to a lack of test winters providing

effective discrimination in field trials (Fowler and Gusta, 1979). Genotypic

variation for LT50 has been reported in cereals (Chen et al., 1983b). There are,

however, no data on current winter barley germplasm.

Vesicular-arbuscular mycorrhizal fungi (VAMF) are symbiotic associates

of most plant roots known to enhance the growth of many plant species.

Among their effects on the plant host are 1) an increase in the uptake of mineral

nutrients from soil, especially phosphorus, copper, and zinc, as a result of the

increased root surface area by VAMF hyphae (Linderman, 1986; Rhodes, 1980;

Smith and Gianinazzi-Pearson, 1988), 2) improved drought tolerance (Allen and

Boosalis, 1983;), and 3) increased plant size (Smith and Gianinazzi-Pearson,

1988). VAMF may also have a temporary adverse effect on the growth and

development of plants during early establishment of the symbiosis, since the

fungal requirements for carbohydrate are supplied by the host plant.

Carbohydrate stores within the host may be reduced by diversion to the fungus



3

until a large enough area of photosynthetic tissue is available to meet the

demands of both the plant and the fungi. During this initial stage of fungal

establishment, the VAMF may be a functional parasite on the host plant (Smith

and Gianinazzi-Pearson, 1988).

The effects of VAMF colonization on winterhardiness of barley are not

known. Mycorrhizal colonization could have a positive effect if it increased the

phosphorus content of the host. Greater plant mass, both above and below

ground, could enhance hardiness due to better insulation of the crown.

VAMF colonization could have a negative effect on winterhardiness if

crown carbohydrate reserves are depleted during early establishment of the

VAMF. If VAMF colonization were to increase cell hydration, then winter

hardiness could decrease due to increased cell water content.

Inoculation with VAMF could also have no effect on winterhardiness of

barley. Evidence suggests that cold soil temperatures may reduce or inhibit the

development of VAMF (Grey, 1990; Hetrick et al., 1984; Volkmar and Woodbury,

1988). Therefore, establishment of VAMF might not be achieved prior to the

onset of cold weather. Finally, cereal species and genotypes within species

vary in the degree to which they form mycorrhizae (Azcon and Ocampo, 1981;

Krishna et al., 1985; Young et al., 1985).

Given these considerations, our objectives were to 1) determine the

freezing tolerance, measured as the LT 0 (temperature lethal to 50% of a

population) of an array of winter and facultative (both fall and spring sown in

their location of origin) barley germplasm, 2) determine the effect, of VAMF
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inoculation on the expression of cold tolerance, and 3) determine the effect of

VAMF inoculation on barley growth under controlled environment conditions.
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MANUSCRIPT I

Genotypic Variation for Cold Tolerance in Winter and Facultative Barley
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ABSTRACT

Improved winter survival of barley may be realized by developing

genotypes which achieve and maintain an acceptable level of winterhardiness

despite fluctuations in air and soil temperature. In many environments, a

modest level of full-season winterhardiness may be of greater agronomic

importance than a high degree of absolute winterhardiness. The cold tolerance

of eight winter and facultative barley cultivars of diverse geographic origin, a

spring barley and a winter wheat, was measured in controlled freeze tests of

field grown material. Six environments were defined based on sampling dates

across locations and years. Genotypes were grouped according to patterns of

comparable response. The significant genotype group x environment

interaction detected in the analysis of groups and environments was due to

changes in magnitude of response rather than changes of rank. 'Norstar' winter

wheat was significantly more cold tolerant than the barley germplasm, and there

was little variation for overall cold tolerance among winter barley genotypes.

Winter barley cultivars were more cold tolerant than facultative habit cultivars.

Two joint regression stability parameters, the regression coefficient (b) and

squared deviations from regression (s24), revealed apparent genotypic variation

for full season cold tolerance.
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INTRODUCTION

In winter cereals production environments characterized by relatively

large fluctuations in ambient air temperature, soil temperature and snow cover,

the ability to withstand fluctuations may be more important in determining crop

winterhardiness than a high degree of absolute low temperature tolerance.

Winter cereal genotypes are known to vary in their level and duration of cold

tolerance (Chen et al., 1983). Winterhardiness is a complex character

determined by a genotype's resistance to both biotic and abiotic stresses.

Characterization of, and ultimately selection for, winterhardiness in any given

environment is complicated not only by genotype x environment interaction, but

also by the relative magnitude of stresses contributing to winter injury. A

fundamental component of winterhardiness is low temperature tolerance (Olien,

1967). Field survival is not an optimum measure of low temperature tolerance

because of the infrequent occurrence of "test" winters that allow for effective

discrimination among genotypes (Fowler and Gusta, 1979).

Of the various laboratory and controlled environment tests used to

measure low temperature tolerance (reviewed by Stushnoff et al., 1984),

controlled freeze testing to determine the temperature lethal to 50% of a

population (LT50) has proven to be the most repeatable and efficient (McIntyre,

1988). This technique has been used extensively to characterize genotypic

variation for cold tolerance in wheat and triticale (Fowler and Gusta, 1979;

McIntyre et al., 1988) and to study the genetics of cold tolerance in wheat

(Brule-Babel and Fowler, 1988; Lazar et al., 1988; Sutka, 1981).
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Olien (1964) used barley as the model system for his pioneering work in

cold stress physiology, and Livingston et al. (1989) recently described genotypic

variation for freezing tolerance among three barley genotypes. However, there

are no reports describing genotypic variation for cold tolerance in a diverse

array of contemporary winter and facultative barley germplasm, nor has there

been any attempt to characterize full-season cold tolerance in such material.

Our objectives in this study were: (i) to characterize genotypic variation

for absolute cold tolerance, as measured by LT50, in an array of winter and

facultative barley germplasm and (ii) to characterize the germplasm array for full-

season cold tolerance.
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MATERIALS AND METHODS

Eight winter and two facultative barleys of diverse geographic origin, a

spring barley 'Morex', and a winter wheat 'Norstar' (Table 1.1.) were hand

planted in field plots at the Hyslop and Sherman Experiment Stations, located at

Corvallis and Moro, Oregon, respectively, in the fall of 1987 and 1988. Planting

dates, rates, and inputs were in accordance with recommended practices for

each location (data available upon request).

Each two row, 3m plot was separated by a single 3m row of Norstar

winter wheat. A three-replicate randomized complete block design was used at

each location. In 1988, an additional treatment, inoculation with vesicular-

arbuscular mycorrhizal fungi (VAMF), was added to the experiment. Inoculated

and non-inoculated plots were arranged in a 2 X 12 factorial set of treatments.

Inoculated plots received 200 ml of VAMF inoculum containing approximately

2280 spores of Gigaspora margarita and 23,760 spores of Glomus intraradices

in a pasteurized 1:1 sand:loam carrier. Non-inoculated plots received 200 ml of

the same pasteurized sand:loam mix without VAMF. Seed was planted directly

on top of inoculum or carrier which had been sprinkled into 10 cm wide furrows.

Data presented in this report were generated from plants sampled at

each of three dates at Corvallis in 1987 - 1988: 20 Dec., 23 Jan., and 24 Feb.

In 1987 - 1988, drought conditions led to the loss of plants at the Moro location.

In 1988 - 1989, plant material was sampled on 28 Jan. and 17 Feb. at Corvallis

and on 16 Dec. and 19 Jan. at Moro.
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Plants were washed and trimmed to 4 - 5 cm above, and to 0.2 - 0.3 cm

below, the base of the crown. Crowns from each replicate were bundled into

groups of ten, placed in stainless steel tubs, covered with wet sand, and

maintained at 0°C for 12 h. Ice crystals were then added to each tub to initiate

freezing. Tubs were kept overnight at -2°C. The next day tubs were placed in

a programmable freezer and subjected to a 3°C/h drop in temperature.

The first season (1987-1988), containers with three replicates of the 12

genotypes were removed at eight pre-selected temperatures between 0°C and

-20°C. The second season (1988-89), containers with two replicates of the 12

genotypes were removed at five pre-selected temperatures between 0°C and

-17°C. After freezing, samples were thawed for 15 h at 4°C.

Crowns were replanted into a mixture of vermiculite, sand, loam, and

pumice and maintained in a greenhouse with a 16 h photoperiod and air

temperature varying between a daily maximum of 18°C and a nightly minimum

of 16°C. Regrowth was scored four to five weeks after transplanting. Plants

showing vigorous shoot and root growth were considered to have survived the

freezing stress. Percent survival data were transformed by arcsin, and the LT50

was computed as described by Pomeroy and Fowler (1973).

Data were analyzed using the Statistical Analysis System (SAS Institute,

Inc., 1987). The General Linear Models option was used in cases of imbalance.

Genotypes were grouped using a maximum likelihood estimation of normal

distribution mixture models program (McLachlan and Basford, 1988).

Subsequent analyses of variance were performed using group means. Two
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joint regression measures of stability (Eberhart and Russell, 1966) were

employed to identify genotypes with full-season cold tolerance.
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RESULTS AND DISCUSSION

Overall, mild weather conditions prevailed during the two years of this

study. Despite differences in soil temperature, air temperature, and snow cover

across years, locations, and sampling dates (Table 1.2.), the complete field

survival of all winter and facultative genotypes underscored the need for

alternative cold tolerance evaluation procedures.

Initial analyses of variance of the LT50 data were computed separately for

the first and second year data. Genotypes and VAMF inoculation treatments

were considered fixed effects. Sampling dates and locations were considered

random effects. Based on results of these initial analyses, we used the

following ANOVA-guided rationale to identify six 'environments'.

In the 1987 - 1988 one-location analysis, genotype, sampling date, and

genotype x sampling date effects were highly significant. Therefore, each of the

three sampling dates (environments 1, 2, and 3) were considered a 'window' on

the cold tolerance that genotypes were expressing in response to a host of

environmental variables. In the 1988 - 1989 two-location analysis, which

included the additional treatment of VAMF inoculation, location and genotype x

location effects were significant. Separate analyses of variance were then

conducted for each location. At Corvallis, genotype, sampling date, and

genotype x sampling date effects were again significant, leading to the

resolution of an additional two environments (4 and 5). Because significant

inoculation and genotype x inoculation effects were detected only at the second

sampling date at Corvallis, main effect means of the first sampling date, and
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means of non-inoculated treatments at the second sampling date, were used to

generate environments 4 and 5. Finally, because there was no genotype x

sampling date interaction at Moro, and because VAMF inoculation effects were

not significant, environment 6 was derived from main effect means of two

sampling dates at this location. Subsequent analyses were based on genotype

performance in these six environments.

Inoculation with VAMF had a modest, but significant (p = .05) effect of

decreasing cold tolerance at the second sampling date at Corvallis in 1988 -

1989 (environment 5). More detailed discussion of this effect of VAMF

inoculation on cold tolerance was presented by Kolar et al. (1989), in

conjunction with controlled environment studies on the subject.

Although there was an overall trend for genotypes to show maximum

cold tolerance in environments 1,4, and 6, and the least cold tolerance in

environments 2 and 5, exceptions to this generalization contributed to significant

genotype x environment interaction (Figure 1.1.). McKersie and Hunt (1987)

attributed significant genotype x environment interaction detected in their

characterization of genotypic variation for three distinct cold tolerances in winter

wheat to complex genetic mechanisms. While plausible, this hypothesis is of

little assistance as a cold tolerance selection criterion. We used the mixture

model analysis procedure of McLachlan and Basford (1988) in an attempt to

simplify the interpretation of genotype x environment interaction by grouping

genotypes with comparable patterns of LT, response.

Based on log likelihood ratio testing, six groups were identified (Table

1.1.). In the subsequent analysis of variance of groups and environments, the
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group, environment, and group x environment effects were significant sources

of variation (Table 1.3.).

The interaction of groups and environments (Figure 1.1.) was due to

changes in magnitude of response rather than changes in rank. Crossover

interactions were not significant, according to the test of Azillini and Cox (1984).

Primary sources of interaction were 1) the poor performance of group 2

genotypes relative to groups 3 - 6 in environment 3, and the high level of cold

tolerance of Norstar wheat in environment 6 (Figure 1.1.).

Partitioning of the highly significant group sums of squares into mutually

orthogonal contrasts revealed that, in terms of mean LT5o, the winter and

facultative barley genotypes were less cold tolerant than Norstar winter wheat (p

= .05). There is little variation for cold tolerance in this diverse array of winter

barley germplasm (groups 3, 4, and 5). For example, the biological, as

opposed to statistical, significance (p = .05) of the 1.3°C difference in mean

LT 0 between the group 5 and group 3 barley genotypes (Table 1.1) is

debatable. The facultative genotypes (group 2) and the spring barley Morex

were less cold tolerant than the true winter types. The exception to the last

generalization was 'Robur', a winter barley, which was grouped with the

facultative habit cultivars in group 2.

In view of our objective of characterizing full-season cold tolerance, we

employed stability parameters in an attempt to identify genotypes that achieved

and maintained a level of cold tolerance, despite differences among

environments. The interpretation of stability parameters is as controversial as

their statistical validity (Lin et al., 1986). Becker and Leon (1988) have made a
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useful distinction between static and dynamic concepts of stability. Cold

tolerance is an example of a trait where, ideally, a genotype exhibits static

stability, possessing "an unchanged performance regardless of any variation of

the environmental conditions". Finlay and Wilkinson (1963) defined such

genotypes as having regression coefficients (b) less than 1.0 and described

them as having "above average stability". Yield is an example of a trait where,

ideally, a genotype exhibits dynamic stability. Such genotypes follow a

predictable response to environments and have "no deviation from this

response to environments". Eberhart and Russell (1966) accordingly defined a

stable genotype as having b = 1 and squared deviations from regression (std)

equal to 0.0.

Central to any discussion of stability is the appropriate environmental

index. We found that climatological data (Table 1.2.) was of little assistance in

explaining the observed genotypic variation, and genotype x environment

interaction, for cold tolerance. While average ambient air and soil temperatures

and snow cover are obviously of critical importance in determining cold

tolerance, other variables are involved.

In terms of static stability, a genotype with full season cold tolerance

should have b = 0 and 52d = 0. The most cold tolerant barley genotypes

(groups 4 and 5) came closest to meeting these criteria. Varieties 'Kearney'

and 'Schuyler' had the lowest slopes of the winter barleys, (0.60 and 0.65,

respectively) and also had some of the lowest std values (Table 1.1.). Kearney

was released by the Nebraska Agricultural Experiment Station in 1952 and

Schuyler by the New York Agricultural Experiment Station in 1968. Although
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subsequent winter barley releases exceed these cultivars in agronomic

performance, Kearney and Schuyler may represent promising sources of full

season cold tolerance. 'Novator' (group 5) and 'Cyclone' (group 4) were

developed at the Krasnodar Research Institute of Agriculture, Krasnodar, USSR

via controlled freeze testing screening procedures and are agronomically

competitive both in the Pacific Northwest US and in their area of adaptation in

the Russian Republic of the USSR. Both regions are subject to irregular snow

cover and fluctuating winter temperatures. Given the diverse origin and

presumably diverse genetic backgrounds of the four winter barley genotypes,

some progress from selection for full season cold tolerance among their cross

progeny can be expected.

Of the group 3 winter barleys, the performance of 'Dicktoo' is of particular

interest. Dicktoo, with the highest slope (1.56) of the winter barleys, and a high

std compared to the groups 4 and 5 genotypes, was very unstable in its

expression of cold tolerance; however, Dicktoo, released simultaneously with

Kearney by the Nebraska Agricultural Experiment Station, is a cold tolerance

check in the Uniform Barley Winterhardiness Nursery (UBWHN). In the 1989

UBWHN, for example, Dicktoo had the highest survival (82.0%) of any winter

barley (USDA-ARS, 1989). In our experiments, Dicktoo was grouped with

'Plaisant' and 'Scio'. Plaisant is characterized as moderately frost resistant in

Europe (European Brewery Convention, 1990); Scio is not considered cold

tolerant by Pacific Northwest barley producers.

We hypothesize that Dicktoo, like the group 2 winter barley 'Scio', and

the group 3 facultative barleys Tokak and Steptoe, are unstable, by the static
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definition of stability, because they are responsive to conditions favoring cold

tolerance expression. That is, these genotypes are sensitive to environmental

fluctuations and do not achieve and maintain a consistent level of cold tolerance

across a range of environmental conditions. Dicktoo's high survival ratings in

long-term barley winterhardiness trials (UBWHN) may be a measure of its ability

to achieve and maintain high levels of cold tolerance in environments favoring

cold tolerance expression.

Of the group 2 genotypes, Steptoe and Tokak are both fall and spring-

planted in the Pacific Northwest US and the Anatolian Plateau of Turkey, their

respective areas of adaptation, and therefore are considered to be facultative

genotypes. The overall LTA's of these genotypes are low, but the fact that they

were significantly more cold tolerant than the spring barley check (Morex)

provides further confirmation for the hypothesis that a vernalization requirement

is not a prerequisite for a level of cold tolerance (Doll et al., 1989). Tokak was

particularly notable for having the highest slope and the highest 52d of any

genotype.

The inclusion of Norstar provides a base line, allowing for comparison of

our data with previous work. McKersie and Hunt (1987) reported a LT50 of -

12.8 °C for Norstar and noted that this variety was considerably less cold

tolerant in their experiments in eastern Canada than in western Canada.

Norstar was relatively unstable, with a slope near 1 and a ed exceeded only by

the two facultative barleys.
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CONCLUSIONS

Grouping of genotypes through the mixture model maximum likelihood

procedure allowed for some resolution of the complexity of genotype x

environment interaction in the expression of cold tolerance. There was limited

genotypic variation for mean LT50 in the diverse array of winter barley

germplasm. Facultative genotypes were more cold tolerant than the spring

barley check. Norstar, the winter wheat check, was significantly more cold

tolerant than the barley germplasm. Two stability parameters, b and std, when

defined in the context of static stability, identified barley genotypes with full-

season cold tolerance. The genetic and physiological basis of the apparent

differences shown by a stable genotype, such as Kearney, and an unstable

genotype, such as Dicktoo, merit further investigation.
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Table 1.1. Genotypic differences associated with cold tolerance in a
winter wheat, and an array of barley germplasm evaluated in six
environments.

Genotype Origin
Growth
Habit

LT,,,
Group LT50 b std

Morex USA Spring 1 -1.3 0.36 1.18

Group mean -1.3

Robur France Winter 2 -7.3 1.02 1.41

Steptoe USA Fac.t 2 -6.9 1.17 2.50

Tokak Turkey Fac.t 2 -5.5 1.83 2.76

Group mean -6.6

Dicktoo USA Winter 3 -9.2 1.56 1.25

Plaisant France Winter 3 -9.8 0.90 1.56

Scio USA Winter 3 -8.3 1.48 1.15

Group mean -9.1

Cyclone USSR Winter 4 -10.0 0.80 0.58

Kearney USA Winter 4 -10.1 0.65 0.68

Group mean -10.1

Novator USSR Winter 5 -10.5 0.71 0.94

Schuyler USA Winter 5 -10.3 0.60 0.72

Group mean -10.4

Norstar Canada W. vv.tt 6 -11.8 0.91 2.08

Group mean -11.8

t Facultative, t t Winter wheat



Table 1.2. Ambient and soil temperatures at sampling and since planting at the Sherman (Moro, OR) and
Hyslop (Corvallis, OR) Experiment Stations during the winter periods of 1987-1988 and 1988-1989.

Sampling
date

Maximum and minimum
Location Environment Temperature (°C) on Sampling Date temperatures (°C) since planting Snowt

Ambient air Soil at 10 cm. Ambient air Soil at 10 cm.

Max. Min. Max. Min. Max. Min. Max. Min.

20 Dec. 87 Corvallis 1 1.7 -0.6 3.3 2.8 22.8 -1.1 16.1 1.7 1

23 Jan. 88 Corvallis 2 6.7 1.7 5.0 4.4 22.8 -5.0 16.1 1.1 3

24 Feb. 88 Corvallis 3 15.5 -1.7 8.9 3.9 22.8 -5.0 16.1 1.1 4

28 Jan. 89 Corvallis 4 8.9 -1.7 6.7 4.4 23.3 -5.0 19.4 2.8 2

17 Feb. 89 Corvallis 5 9.4 5.0 5.6 3.9 23.3 -13.9 19.4 0.6 5

16 Dec. 88 Moro 6tt 1.7 -7.8 2.2 2.2 28.9 -8.3 22.8 2.2 0

19 Jan. 89 Moro 6t t 12.8 -2.2 6.7 3.9 28.9 -10.0 22.8 0.6 5

Total number of days since planting with measurable snow on the ground.
t f Environment six is comprised of the mean of two sampling events.

O
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Table 1.3. Analysis of variance of LT, based on grouping of one winter
wheat, eight winter, two facultative, and one spring barley evaluated
across six environments.

Mean squares

Source df LT 0

Group (G) 5 103.9-*
Environment (E) 5 24.4
GxE 25 4.0.
Error 36 1.8

*, *** Significant at the 0.05 and 0.001 levels, respectively.
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Figure 11. Mean LT50 values of one winter wheat,
and an array of barley germplasm evaluated in six
environments. Group membership given in Table
1.1.



23

REFERENCES

Azzalini A., and D.R. Cox. 1984. Two new tests associated with analysis of
variance. J.R. Statist. Soc. B. 46:335-343.

Becker, H.C., and J. Leon. 1988. Stability analysis in plant breeding. Plant
Breeding. 101:1-23.

Brule-Babel, A.L., and D.B. Fowler. 1988. Genetic control of cold hardiness and
vernalization requirement in winter wheat. Crop Sci. 28:879-884.

Chen, T.H.H., L.V. Gusta, and D.B. Fowler. 1983. Tolerance to cold stress: The
importance of roots and crowns.p. 57-76. In D.B. Fowler, L. Gusta, A.
Slinkard, and B. Hobin (ed.) New Frontiers in Winter Wheat Production.
Proc. West. Canada Winter Wheat Conf. Saskatoon, Saskatchewan,
Canada. 20-22 June. The University of Saskatchewan Printing Services.

Doll, H., V. Haahr, and B. Segaard. 1989. Relationship between vernalization
requirement and winter hardiness in doubled haploids of barley.
Euphytica. 42:209-213.

Eberhart, S.A., and W.A. Russell. 1966. Stability parameters for comparing
varieties. Crop Sci. 6:36-40.

European Brewery Convention. 1990. Advances in malting barley. J.S. Pierce
(ed.) Barley and malt group of the European brewery convention.
Zoeterwaude, Netherlands.

Finlay, K.W., and G.N. Wilkinson. 1963. The analysis of adaptation in a plant
breeding programme. Aust. J. Agr. Res. 14:742-753.

Fowler, D.B., and L.V. Gusta. 1979. Selection for winterhardiness in wheat. I.
Identification of genotypic variability. Crop Sci. 19:769-772.

Kolar, S.C., P.M. Hayes, R.G. Linderman, and T. Chen. 1989. Effects of
inoculation with Vesicular-Arbuscular Mycorrhizae on genotypic
differences in freezing tolerance of winter barley. P. 137. In Agronomy
abstracts. ASA. Las Vegas, NV.

Lazar, M.D., T.H.H. Chen, L.V. Gusta, and K.K. Kartha. 1988. Somaclonal
variation for freezing tolerance in a population derived from Norstar winter
wheat. Theor. Appl. Genet. 75:480-484.

Levitt, J. 1980. Responses of plants to environmental stresses. Vol. 1. Chilling,
freezing, and high temperature stresses. p. 23-344. In T.T. Kozlowski
(ed.) Physiological ecology: A series of monographs, texts, and treatises.
2nd ed. Academic Press, New York, N.Y.



24

Lin, C.S., M.R. Binns, and L.P. Lefrovitch. 1986. Stability analysis: where do we
stand? Crop Sci. 26:894-900.

Livingston, D.P. III., C.R. Olien, and R.D. Freed. 1989. Sugar composition and
freezing tolerance in barley crowns at varying carbohydrate levels. Crop
Sci. 29:1266-1270.

McIntyre, B.L., T.H.H. Chen, and M.F. Mederick. 1988. Physiological traits
associated with winter survival of winter wheats and winter triticales in
Alberta. Can. J. Plant Sci. 68:361-366.

McKersie, B.D., and L.A. Hunt. 1987. Genotypic differences in tolerance of ice
encasement, low temperature flooding, and freezing in winter wheat.
Crop Sci. 27:860-863.

McLachlan, G.J. and K.E. Basford. 1988. Mixture models: Inference and
application to clustering. Marcel Dekker, New York, N.Y.

Olien, C.R. 1964. Freezing process in the crown of 'Hudson' barley, Hordeum
vulgare (L., emend. Lam.) Hudson. Crop Sci. 4:91-95.

Olien, C.R. 1967. Freezing stresses and survival. Ann. Rev. of Plant Phys.
18:387-408.

Pomeroy, M.K., and D.B. Fowler. 1973. Use of lethal dose temperature
estimates as indices of frost tolerance for wheat cold acclimated under
natural and controlled environments. Can. J. Plant Sci. 53:489-494.

SAS Institute Inc. 1987. SAS/STATrm Guide for personal computers, version 6
Edition. Cary, NC.

Stushnoff, C., B. Fowler, and A. Brule-Babel. 1984. Breeding and selection or
resistance to low temperature. p. 115-136. In P.B. Vose and S.G. Blixt
(ed.) Crop breeding, a contemporary basis. Pergamon Press, Oxford.

Sutka, J. 1981. Genetic studies of frost resistance in wheat. Theor. Appl. Genet.
59:145-152.

U.S. Department of Agriculture, Agricultural Research Service. 1989. Results
from the uniform barley winter hardiness nursery. USDA-ARS, North
Atlantic Area. University Park, PA.



25

MANUSCRIPT II

Inoculation of Winter Barley Genotypes (Hordeum vulgare L.) with

VA-Mycorrhizal Fungi and its Effect on Cold Hardiness
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ABSTRACT

Host nutrition, including phosphorus, is important in winter survival of

cereals. Vesicular-arbuscular mycorrhizal fungi (VAMF) are known to enhance

the growth of many plant species by increasing the availability of phosphorus.

Environmental factors, such as cold temperatures and high phosphorus levels

have been shown to inhibit VAMF development. We studied the interaction

between barley and VAMF in three separate experiments, with an emphasis on

the effect of VAMF colonization on the cold tolerance of barley. The cold

tolerance of 'Plaisant', grown under controlled environment conditions, and an

array of field grown winter and facultative barleys was measured in conjunction

with VAMF inoculation. In addition, the growth response of the spring barley

'Morex' was tested in conjunction with three levels of supplemental phosphorus

and five inoculum sources. No VAMF colonization was found in either of the

controlled freeze testing experiments, and a significant effect of inoculation was

observed only on one sampling date in the field study. Colonization was

observed on all inoculated plants in the growth response study and was

unaffected by high levels of supplemental phosphorus. Inoculation with all but

one source of VAMF significantly increased plant mass relative to the control.

Low temperature probably inhibited the development of VAMF in both the field

and the controlled environment studies. Native VAMF will likely have little impact

on the expression of cold tolerance in barley, and inoculation may even have a

negative effect.
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INTRODUCTION

Vesicular-arbuscular mycorrhizal fungi (VAMF) are known to enhance the

growth of many plant species, including barley (Grey, 1990; Linderman and

Hendrix, 1982). Mycorrhizal plants are often larger and more vigorous than their

non-colonized counterparts (Linderman and Hendrix, 1982; Smith and

Gianinazzi-Pearson, 1988). Positive effects of VAMF inoculation on plant hosts

include 1) enhanced nutrient uptake, particularly phosphorus (Linderman, 1986)

and 2) enhanced drought tolerance (Allen and Boosalis, 1983; Auge et al.,

1986). During the initial stages of fungal establishment, however, VAMF may

actually be detrimental, depleting host carbohydrate reserves (Linderman, 1986;

Smith and Gianinazzi-Pearson, 1988).

Host nutrition, including phosphorus, is important in winter survival of

cereals (Levitt, 1980; Tyler, et al., 1981). Rapid stand establishment under water

limiting conditions and establishment of sufficient carbohydrate reserves prior to

the onset of low temperatures are also important in determining winter survival.

Genotypic variation for cold tolerance in winter cereals is documented (McKersie

and Hunt, 1987; Kolar et al., 1989). Likewise, colonization with VAMF is also

under genetic control (Krishna et al., 1985; Skipper and Struble, 1987; Young et

al., 1985), and environmental factors such as temperature (Grey, 1990) and

available soil phosphorus (Smith and Gianinazzi-Pearson, 1988) are known to

influence colonization efficiency.

With these factors in mind, we studied the interactions between barley

and VAMF with particular emphasis on the effect of VAMF colonization on host
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cold tolerance. Three experiments were conducted to address the following

questions. 1) What is the effect of VAMF source on the growth and

development of spring barley under various levels of soil phosphorus? 2) What

is the effect of pre-freezing temperature on the expression of winter barley cold

tolerance and VAMF colonization following a standard controlled environment

protocol? 3) What is the effect of inoculation with VAMF on the expression of

cold tolerance in a diverse array of barley germplasm grown in distinct field

environments?
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MATERIALS AND METHODS

Objective 1

Native VAMF from two locations in Oregon - Hyslop Crop Science

Experimental Farm, Corvallis, OR, and Sherman Experiment Station, Moro, OR -

and Glomus intraradices (GI) and Gigaspora margarita (GM) from USDA-ARS

Horticultural Crops Research Laboratory (Corvallis, OR) pot cultures were used

as inoculum in this experiment. Spores of all four inoculum types were

increased on subterranean clover (Trifolium subterraneum L. 'Mt. Barker') grown

in an air-steam pasteurized (71°C, 1 h) 1:1 sand:loam mix (pH = 6.3) for three

to four months, until a final spore density of at least four spores g-1 of soil was

obtained. Air-steam pasteurized soil mix was added to pot cultures as

necessary to achieve a final spore density of four spores of soil for each

inoculum type. VAMF colonization was confirmed in root samples cleared and

stained as described in Phillips and Hayman (1970), except that lactoglycerin

was substituted for lactophenol.

Experimental material was planted in a 1:1 sand:loam mix. Prior to

pasteurization, one percent of the total soil volume to be used was wet-sieved

through a 37Am sieve to remove VAMF spores. Washings containing

rhizosphere microflora were retained. Soil was air-steam pasteurized (71°C, 1

h), and retained soil washings were then added to the pasteurized soil. Soil

was stirred twice weekly for four weeks to allow microorganism populations to

equilibrate, and then was evenly distributed into surface sterilized (10% v/v

sodium hypochlorite) 1 liter pots. A small depression was made in the soil in
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each pot, and 200 ml of inoculum or pasteurized sand:loam carrier was added

to each depending upon treatment. Three seeds of spring barley (Hordeum

vulgare L. var. 'Morex') were planted directly on top of the inoculum or carrier in

each pot, and then lightly covered with a small amount of soil mix. Seedlings

were thinned to one plant/pot at the two leaf stage.

The four inoculum types and the non-inoculated control were tested at

three levels of supplemental phosphorus, 44 mg kg-1, 22 mg kg-1, and no

supplemental phosphorus in a factorial set of treatments using a completely

randomized design with ten replications.

Plants were grown in the greenhouse with a day/night temperature

regime of approximately 20°/18°C. Plant material was fertilized weekly with 500

ml Long Ashton Nutrient Solution (LANS) (Hewitt, 1966). Phosphorus, in the

form of monobasic sodium phosphate, was adjusted for each phosphorus

treatment. The initial extractable phosphorus concentration in the sand:loam

soil mix was 21 mg kg-1 (Bray). Soil pH was 6.3.

Root samples (5 g) were taken from each replicate of each treatment

combination at harvest. Roots were cleared and stained as described above.

Mycorrhizal colonization was estimated from 50 randomly selected root pieces

from each sample using the percent root length method (Biermann and

Linderman, 1981).

Fresh and dry weights of roots and above ground plant material were

measured on five replicates thirteen weeks after planting. Days to physiological

maturity, and dry weights of above ground tissue, were measured on the

remaining five replicates.
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Objective 2

The effect of inoculation with Glomus intraradices (Source: Native Plants,

Inc., Salt Lake City, UT) on the expression of barley cold tolerance following a

controlled freeze test protocol was studied using the winter six-row cultivar

'Plaisant' in a three replicate, complete block design. One cc of G. intraradices

inoculum (1455 spores gm-1) was placed in each of 400 surface sterilized (10%

v/v sodium hypochlorite) 3.8 x 20 cm plastic 'Super cells' (Stuewe and Sons,

Inc. Corvallis, OR) containing air-steam pasteurized 1:1 sand:loam soil. An

additional 400 super cells were filled with soil mix only. Seed was planted, 1 cm

deep, directly on inoculum in VAMF-inoculated cells. After germination, control

and inoculated super cells were divided into two lots: one group was maintained

for four weeks at 10°C, the other group at 20°C. Growth chamber conditions

were standardized for variables other than temperature. A 10 h photoperiod at

an approximate light intensity of 225Am photon m2 s-1 was supplied in each

chamber. Plants were fertilized weekly with a 50% dilution of LANS minus

phosphorus. After four weeks, the control and inoculated plants were hardened

for six weeks at 3°C, with a 10 h photoperiod. Hardened plants were then

prepared for controlled freeze testing.

Plants were rinsed free of soil, and leaves were trimmed to 4 - 5 cm

above the base of the crown. Roots were severed 0.2 -0.3 cm below the base

of the crown, and VAMF colonization was estimated as described in Objective 1.

Crowns from each replicate were bundled into groups of ten, placed in stainless

steel tubs, covered with wet sand, and maintained at 0°C for 12 h. Ice was

then added to each tub to initiate freezing. Tubs were kept overnight at -2°C.
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The following day, tubs were placed in a programmable freezer and subjected

to a 4°C/h drop in temperature. Containers were removed at five pre-selected

temperatures between 0° and -20°C. Plants were thawed at 2°C for 15 h.

Crowns were replanted into a mixture of vermiculite, sand, loam, and pumice,

and maintained in a greenhouse with a day/night temperature regime of

approximately 18°C/16°C, and a 16 h photoperiod. Percent survival was based

on the number of plants showing vigorous shoot and root regrowth after a four

week period. Survival data was transformed by arcsin, and the LT50

(temperature lethal to 50% of a population) was computed as described in

Pomeroy and Fowler (1973). Interpretations are based on Type III sums of

squares from the analyses of variance of LT50 data generated by SAS (SAS

Institute Inc., 1987), using the PROC GLM option.

Objective 3

One winter wheat, eight winter, two facultative, and one spring habit

barley (Table 11.2) were compared in VAMF-inoculated and non-inoculated plots

using a 2 X 12 factorial set of treatments in a three replicate randomized

complete block design. Plots were hand planted at Hyslop Experimental

Research Farm at Corvallis, OR, and Sherman Experiment Station in Moro, OR,

in the winter of 1988-1989. Each plot consisted of two 3 m rows, separated by

one 3 m row of winter wheat. Inoculated plots received 200 ml of inoculum in

an air-steam pasteurized (71°C, 1 h) 1:1 sand:Ioam mix containing

approximately 2,000 and 23,000 spores of Gigaspora margarita (GM) and

Glomus intraradices (GI), respectively. Inoculum was obtained from pot
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cultures grown at the USDA-ARS Horticultural Crops Research Laboratory

(Corvallis, OR). Non-inoculated plots received 200 ml of the pasteurized

sand:loam carrier. Inoculum, or carrier, was sprinkled uniformly into 10-cm

deep furrows and seed was sown directly on the inoculum or carrier, at a rate of

200 seeds/plot. Experiments were planted on 21 Sept. 1988 and 13 Oct. 1988,

at Moro and Corvallis, respectively. Soil from the Moro location had an

extractable phosphorus level between 30-40 mg kg-1 of soil (Olsen) and a pH of

6.1. Soil from the Corvallis location had an extractable phosphorus level

between 120-130 mg kg"' of soil (Bray), and a pH of 6.8.

Plant material from two replications was sampled on 28 Jan. and 17 Feb.

at Corvallis and on 16 Dec. and 19 Jan. at Moro. Samples were prepared for

freezing as in Objective 1, except crowns were subjected to a 3°C/h drop in

temperature, and replicates were removed at five predetermined temperatures

between 0 and -17°C. Roots were cleared and stained as in Objective 1.

The total soluble carbohydrate (TSC) of crown tissue was measured on

ten plants per replicate at each sampling date. Crowns were prepared by

removing roots and trimming to 5 cm above the base of the crown. Tissue was

dried at 65°C for 48 h and then ground in a Wiley Mill fitted with a 40 mesh

screen. Samples were redried for 24 h in a 38°C oven immediately prior to

analysis, and weighed. 50 mg samples were extracted in 80% ETOH, and the

total soluble carbohydrate content of the extract was assessed using the

anthrone colorimetric method (Dim ler et al., 1952). Absorbance was measured

on a Bausch and Lomb Spec 20 at 620 nm, using glucose as the standard. All

samples were run in duplicate. Duplicate means were used for statistical
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analysis. Correlations between LT 0 data and crown TSC were computed on a

phenotypic mean basis.
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RESULTS AND DISCUSSION

Inoculum source had a significant effect on percent colonization of Morex

barley (Table 11.1). Maximum colonization was achieved with Glomus

intraradices and Gigaspora margarita. Colonization by inoculum from Corvallis

and Moro was limited, and variance among samples led to mean colonization

percentages not significantly different from 0. Phosphorus treatments had no

effect on percent colonization or plant dry weight. Therefore, only main effects

are presented. Maximum above ground dry weights (a 25% increase over the

control) were achieved with G. margarita inoculation. Plants inoculated with G.

margarita, G. intraradices, or inoculum from the Corvallis location all had

significantly greater dry weights than the control (Table 11.1). There was no

obvious relationship between percent colonization and dry weight. Source of

inoculum had no effect on tissue water content or harvest index. Therefore, this

increase in above ground dry matter was due to an overall increase in plant

mass. The relative proportions of reproductive and non-reproductive tissue

remained constant.

There was no significant effect of phosphorus on dry weight or on

percent colonization. The base-line phosphorus level was 21 mg-kg-1. Upon

harvest, the base line soil phosphorus level of the 0 phosphorus control was

between 6.0 and 7.1 mg-kg-1 depending upon inoculation treatment, suggesting

that barley plants were able to utilize phosphorus already present in the soil

(Table 11.2). It is interesting to note that phosphorus had no effect on percent

VAMF colonization, although it is generally accepted that high phosphorus
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levels are inhibitory to VAMF development (Smith and Gianinazzi-Pearson,

1988). However, VAMF isolates have been found in the Corvallis region which

are able to withstand phosphorus levels as great, or greater, than those

reported here (Davis et al., 1984).

While significant colonization of Morex barley was found after 13 weeks of

growth, no colonization was found in Plaisant barley grown at either 10° or

20°C for four weeks and subsequently hardened at 3°C for six weeks. Hetrick

et al. (1984), reported that winter wheat grown at 10°C was not colonized by

VAMF after ten weeks. Furlan and Fortin (1973) reported a lag phase of four

weeks prior to the onset of infection of onion under a 26/21°C day/night

temperature regime. Similar effects of low temperature on VAMF colonization of

spring barley have also been reported by Grey (1990). Growth at 10° and 20°C

for four weeks prior to hardening had no effect on the LT 0 of Plaisant. The

LT,'s of the two treatments were not significantly different (p = .05), and the

average value was -9.3°C. Even if colonization were established during the

initial four week growth period prior to cold hardening, other research (Hetrick

and Bloom, 1984) suggests that colonization would be reduced, or at the very

least would not increase, during the 3°C cold hardening process.

We also failed to detect any evidence of colonization in the field

experiment, despite research which shows that VAMF colonization does occur

on winter wheat at the Corvallis location (Young et al., 1985). Hetrick et al.

(1984), failed to find any colonization of fall-sown, VAMF-inoculated winter wheat

until May, and then colonization levels were only 0.5-0.6%. They hypothesized

that winter wheat was not colonized in the fall or winter as a result of steadily
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declining soil temperatures (Hetrick, et al., 1984). Minimum winter soil

temperatures at both our field locations were lower than those which they

reported. A preliminary screening of the same winter barley genotypes used in

this study conducted at plant maturity in 1988 revealed VAMF colonization

percentages ranging from 0.5 to 1.0%, lending support to the argument of

Hetrick et al. (1984).

This diverse array of germplasm showed a range of variation for cold

tolerance and crown TSC. Inoculation was not a significant source of variation

in the combined analyses across sampling dates and locations. However,

significant genotype x location effects necessitated individual analyses of each

location. Inoculation was not a significant source of variation at either sampling

date at Moro. Inoculation with VAMF was a significant (p=.01) source of

variation when data from the two sampling dates at Corvallis were considered

separately. Inoculation and genotype x inoculation sources of variation were

significant at the second (Feb. 17) sampling date. The overall effect of

inoculation was to reduce cold tolerance. The average LT, of all VAMF

inoculated genotypes, relative to the control, was lowered by 21%. The

differential response of genotypes to inoculation was due to changes in rank

and changes in magnitude of response. The cold tolerance of cultivars Morex,

'Robur', 'Scio', and 'Norstar' was relatively unaffected by inoculation, while

'Dicktoo', 'Cyclone', 'Kearney', 'Novator', and 'Schuyler' had LT50's up to 4°C

higher in inoculated treatments. Plaisant was the only genotype showing a

lower LT 0 in inoculated treatments (Table 11.3).
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Interpretation of this significant response is difficult without evidence of

colonization. If indeed a mycorrhizal association was established, it may not

have been detected due to the limited root mass obtained with each plant

sample. It is also possible that an interaction of the VAMF inoculant with other

microorganisms in the rhizosphere may have resulted in an indirect inoculation

effect (Linderman, 1986). VAMF hyphae may have affected the outcome of the

LT50 testing, but were not quantified due to a lack of diagnostic internal

structures.

If a mycorrhizal association was established, depletion of crown

carbohydrate reserves by an essentially parasitic association could have

accounted for the loss of cold tolerance. However, such an interpretation must

be approached with some caution because 1) although a positive correlation

between LT 0 and TSC has been shown, TSC alone has not been reported to

account for more than 50% of the variation in LT 0 (McIntyre et al., 1988), and 2)

crown carbohydrate metabolism is considerably more complex than is

suggested by TSC alone (Livingston, et al., 1989). Furthermore, genotypic

differences in cold tolerance are likely to have led, over the season, to

differential depletion of carbohydrate reserves.

Overall, inoculation significantly (p = .01) reduced crown TSC (66.8 mg

g-1 vs 75.4 mg gl in inoculated and non-inoculated treatments, respectively).

Two winter barley genotypes, Dicktoo and Kearney, notable for their higher LT50

when inoculated, also had substantially lower crown TSC when inoculated.

However, not all genotypes showed such a relationship (Table 11.2). The overall

correlation between LT50 and crown TSC was 0.69 (p = .05). When inoculated
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and non-inoculated treatments were considered separately, the correlations

were 0.57 (n.s.) and 0.75 (p = .01), respectively.

VAMF colonization of winter barley was not observed under either

controlled environment or field conditions. Therefore, we cannot unequivocally

attribute the reduction in LTA, and TSC to VAMF colonization. However, it is

possible that a modest level of undetected colonization occurred, with an overall

negative effect on the cold tolerance of winter barley. The role of VAMF in

determining cold tolerance of winter barley is probably minimal. VAMF may be

of more importance in the production of spring grains (Grey, 1990).
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Table 11.1. Above ground dry weight and percent VA-mycorrhizal
fungi (VAMF) colonization of "Morex" barley in the presence of five
different sources of VAMF inoculum.

Inocula Mean dry weights (a) Percent VAMF

Morot 10.8+0.4tabl 1.7 ±0.44b

Corvallist 11.5±0.3a 2.6±0.5b

Glomus intraradices 11.5±0.4a 18.9±0.8a

Gigaspora margarita 12.2±0.4a 14.8±0.8a

Control (non-inoculated) 9.8±0.4b 0.0±0.0b

t Indigenous VAMF population from Moro and Corvallis field sites, respectively.

Standard error of dry weight and percent VAMF, respectively.

Means followed by the same (letter within a column) are not significantly
different (p < 0.05) by F-protected LSD tests.
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Table 11.2. Extractable phosphorus and pH for each fertilizer treatment and
each inoculum type measured upon completion of the experiment
comparing phosphorus and inoculum source on "Morex" barley.

Inoculum Controlt Half Strengthtt Full Strengtht

pt# p_LI P pH P DE

Moroi 6.0 6.9 7.3 10.0 7.4 12.0

Corvallis1 7.1 9.0 7.2 11.0 7.0 12.0

Glomus intraradices 6.8 7.0 7.1 7.0 7.2 11.0

Gigaspora margarita 7.1 5.0 7.1 9.0 7.1 10.0

Control.3
7.1 6.0 7.1 8.0 7.1 10.0

t, ft, # 0 ppm., 22 ppm., and 44 ppm. supplemental phosphorus added
weekly.

tt phosphorus measured using the Bray method.

Indigenous VAMF population from Corvallis and Moro field sites, respectively.

3 No inoculum added



Table 11.3. Effect of inoculation with VA-mycorrhizal fungi (VAMF) on the cold tolerance (LT50), and total soluble
carbohydrate (TSC) of crowns of one winter wheat and eleven barley cultivars sampled at Corvallis, OR on 17
Feb. 1989.

Cultivar Origin Growth habit

LTA
(°C)

Crown TSC
(mg g')

dry weight

VAMF Control VAMF Control

Morex USA Spring barley 0 -1.0 48.5 61.7
Robur France Winter barley -5.3 -4.9 65.9 64.4
Steptoe USA Facultative barley -5.3 -4.0 53.7 69.1
Tokak Turkey Facultative barley -2.0 -2.7 42.3 69.2
Dicktoo USA Winter barley -1.9 -4.0 56.9 73.5
Plaisant France Winter barley -7.7 -5.9 78.2 83.9
Scio USA Winter barley -3.7 -3.4 61.0 33.6
Cyclone USSR Winter barley -3.0 -7.5 77.7 83.1
Kearney USA Winter barley -6.6 -8.2 66.9 99.0
Novator USSR Winter barley -4.5 -7.9 97.6 89.8
Schuyler USA Winter barley -4.3 -8.8 70.9 77.8
Norstar Canada Winter wheat -9.5 -9.5 81.9 99.5
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APPENDIX



Table 1. Effect of inoculation with VA-mycorrhizal fungi (VAMF) on the cold tolerance (LT,), and total
soluble carbohydrate (TSC) of crowns of one winter wheat and eleven barley cultivars sampled at Corvallis,
OR on 28 Jan. 1989.

Cultivar Origin Growth habit

LTA
(°C)

Crown TSC
(mg g')

Dry weight

VAMF Control VAMF Control

Morex USA Spring barley 0.0 -3.3 65.0 85.1
Robur France Winter barley -7.5 -9.3 72.5 131.1
Steptoe USA Facultative barley -11.0 -10.4 76.4 68.5
Tokak Turkey Facultative barley -10.8 -9.7 104.4 85.3
Dicktoo USA Winter barley -11.2 -11.5 102.6 83.4
Plaisant France Winter barley -11.0 -11.3 65.4 120.7
Scio USA Winter barley -9.9 -9.1 49.9 47.8
Cyclone USSR Winter barley -11.4 -10.8 80.4 79.4
Kearney USA Winter barley -10.0 -10.3 86.6 93.2
Novator USSR Winter barley -12.5 -11.9 114.4 121.3
Schuyler USA Winter barley -11.1 -12.2 75.2 90.8
Norstar Canada Winter wheat -11.1 -10.9 81.9 99.5

0-1



Table 2. Effect of inoculation with VA-mycorrhizal fungi (VAMF) on the cold tolerance (LT50), and total soluble
carbohydrate (TSC) of crowns of one winter wheat and eleven barley cultivars sampled at Moro, OR on 16
Dec. 1988.

LT50
(0C)

Crown TSC
g_1)

Dry weight

Cultivar Origin Growth habit VAMF Control VAMF Control

Morex USA Spring barley -0.5 0.0 65.9 94.5
Robur France Winter barley -9.9 -9.9 87.2 --
Steptoe USA Facultative barley 4.9 -5.3 33.9 102.1
Tokak Turkey Facultative barley -4.3 -7.0 103.0 78.7
Dicktoo USA Winter barley -14.0 -11.7 180.7 200.0
Plaisant France Winter barley -9.1 -9.3 126.2 125.7
Scio USA Winter barley -11.4 -9.7 78.5 67.9
Cyclone USSR Winter barley -13.3 -12.7 151.9 181.6
Kearney USA Winter barley -14.6 -15.3 192.9 162.7
Novator USSR Winter barley -12.1 -11.2 133.8 123.4
Schuyler USA Winter barley -11.5 -12.6 171.3 209.7
Norstar Canada Winter wheat -17.0 258.1 305.8
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Table 3. Mean above-ground fresh weights of "Morex" barley at three
available phosphorus levels and in the presence of five different VA-
mycorrhizal fungus inoculum types.

Inocula Plant Fresh Weight (g)

0 ppm P 22 ppm P 44 ppm P

Morot 28.58c1 33.64a 36.04b
Corvallis I 33.96abc 40.84a 36.32b
Glomus intraradices 29.4bc 37.66a 41.44ab
Gigaspora margarita 36.34a 33.76a 43.94a
Control (non-inoculated) 33.34ab 30.78a 28.64c

t Indigenous VAMF population from Moro and Corvallis field sites, respectively.

Means followed by the same letter are not significantly different at p = .05
within phosphorus levels according to Fishers protected least significant
differences.
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Table 4. Simple linear correlations of crown total soluble carbohydrate
(TSC) concentration to LT5, of one field grown winter wheat and eleven
barley cultivars across three sampling events.

Sampling
Location Date Correlation

Corvallis 1/28/89 0.29

Corvallis 2/17/89 0.75**

Moro 12/16/88 0.80-

**, Significant at the 0.01 probability level.


