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Tall fescue is thought to have co-evolved with the fungal

endophyte Acremonium coenophialum to form a mutualistic relationship.

Endophyte-infected (El) plants can have increased growth and survival

when compared with endophyte-free (EF) plants. Responses to

endophyte-infection vary and are host-genotype and fungal-biotype

specific. Mechanism(s) by which endophyte-infection confers increased

growth and survival is not understood. This research determined the

occurrence, distribution, and ultrastructure of endophyte hyphae in

the roots of tall fescue seedlings. Acremonium coenophialum was

isolated from excised roots of El seedlings grown on diverse agar

media and from sterile coarse sand. Frequency of isolation varied

with seedling age, root type, and growth medium. Sixty-seven percent

of the El seedlings contained endophyte in their roots. Root-fungal

ultrastructure of agar grown seedlings revealed epiphytic hyphae

bearing conidiophores with conidia and an electron-dense matrix that

adhered hyphae to each other and to the root epidermal cell wall.

Hyphae were found in regions previously occupied by root epidermal

cells, but no direct penetration of intact cells was observed.

Electron-dense granules within the fungal cytoplasm contained high



amounts of phosphorous. These poly-phosphate reserves may benefit El

plants in low soil phosphate conditions.

The effects of plant genotype, endophyte presence, and soluble

soil-PO4 concentrations on the growth and physiology of tall fescue

were also investigated. Two morphologically diverse clones (numbered

7 and 11) with paired El and EF ramets were grown in soil containing

known concentrations of soluble soil-PO4. Growth responses to soluble

soil-PO4 concentrations varied with clone genotype and endophyte

presence. In general, optimal growth was attained when the ramets

were grown in soluble soil PO4 concentrations between 0.20-1.00 ppm.

In moderate light (400 pmol/m2/s) photosynthetic rates (PSN) of El

ramets of both clones were reduced when compared to their EF

counterparts. This reduction was due in part to increased stomatal

resistance in the El ramets. However, the presence of endophyte had

no effect on PSN when the ramets were placed in saturated light (1000

pmol/m2/s). El clone 7 had reduced numbers of tillers, leaves, and

total leaf lengths per ramet when compared with EF clone 7. In

contrast, El clone 11 had increased number of tillers, leaves, and

total leaf lengths per ramet when compared with EF clone 11. Biomass

distribution and ramet ortho-phosphate ratios also differed with

endophyte infection in the two clones. These observed changes in

plant growth, biomass distribution, and ortho-phosphate ratios induced

by endophyte infection may increase both clones ability to adapt to a

wider range of habitats, thus increasing survival and persistence.
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STUDIES OF THE FUNGAL ENDOPHYTE ACREMONIUM COENOPHIALUM
IN TALL FESCUE

CHAPTER I.

REVIEW OF LITERATURE

Tall fescue (Festuca arundinacea Schreb.) is a temperate zone

perennial tufted bunchgrass which tolerates poor soils, extremes in

temperature, water stress and poor management practices. It was

introduced into the United States from Europe in the mid-1800's as a

replacement forage grass for meadow fescue cultivars (F. elatier L.)

susceptible to crown rust (Puccinia coronata) (Buckner et al., 1979).

By the early 1940's, tall fescue was promoted as a pasture and soil

conservation grass in the transition zone of the Southeastern U.S.

(Cowan, 1956; Fergus and Buckner, 1972). Tall fescue is now the

dominant cool-season pasture grass in the Southeast, covering nearly

14 X io6 ha (Buckner, 1985).

Acremonium coenophialum Morgan-Jones and Gams is the symptomless

endophytic fungus of tall fescue. It was originally named Sphacelia

tvhina Sac, the anamorph of the choke fungus Epichloe tvphina

(Saccardo, 1881) based on the systemic growth characteristics of the

hyphae in vivo and comparisons of conidial and hyphal growth in vitro

(Neill, 1941). However, Epichloe tvphina produces ascostroma which

"chokes" developing influorescences of several temperate grasses

(Diehl, 1950). These structures do not occur on systematically

infected tall fescue or perennial ryegrass. Therefore, Morgan-Jones

and Gams (1982) grouped all seed transmitted endophytic fungi of

festucoid grasses with no known teleomorph into the genus Acremonium
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and based species on host specificity and morphological

characteristics in culture. Thus, the fungal endophyte of tall fescue

is A. coenophialum and of perennial ryegrass is A. lolii (Latch et

al., 1984). The host range of Acremonium endophytes has been extended

to include grasses of the genera Festuca, Lolium, Bromus, Poa, Stipa,

Ammophila and Hordeum (Bacon et al., 1977; Latch et al., 1984; Latch

and Christenson, 1988; Morgan-Jones and Gams, 1982; White, 1987; White

and Jones, 1987; White et al., 1987; Halisky and White, 1991; Wilson

et al., 1991).

Although Acremonium endophytes are symptomless in their hosts,

simple methods of detection have been developed. Seed and leaf sheath

tissue is stained and fungal hyphae observed using light microscopy.

Several water soluble stains are used to differentiate endophyte

hyphae from their hosts. These stains include lactophenol-trypan

blue, acidified aniline blue and rose bengal (Welty et al., 1986;

Clark et al., 1983; Saha et al., 1988). Other methods of detection

for A. coenophialum and A. lolii include ELISA and infrared

spectroscopy (Johnson et al., 1982; Hill et al., 1987).

A condition of cattle known as fescue toxicosis is observed when

endophyte-infected (El) tall fescue pastures are grazed. Symptoms of

fescue toxicosis include a reduction of daily weight gain, lowered

milk production, increased abortion rates, the loss of hooves and

tails due to poor blood circulation, and elevated body temperatures

with subsequent profuse salivation (Garner, 1983). The cause of this

toxicosis was initially thought to be due to the plant derived

alkaloid perloline (Bush and Buckner, 1973). The association between
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fescue toxicosis and cattle grazing A. coenohialum infected tall

fescue was established in 1977 by Bacon et al. Bush et al (1982)

found a positive relationship between endophyte infection and the

accumulation of loline alkaloids. Fescue toxicosis symptoms can also

occur when cattle ingest feed contaminated with fungi from the

Clavicipitaceae (Claviceps and Balansia spp.) (Bacon et al., 1986).

Toxins isolated from these fungi are N-peptide substituted amides

which were first isolated in vitro by Porter et al. (1979). High

levels of these ergot alkaloids are found in El pastures in which

fescue toxicosis occurs (Yates et al., 1985). Of the many ergotamine

compounds, ergovaline is the most prevalent, comprising up to 97% of

the total (Lyons et al., 1986). Typical fescue toxicosis symptoms are

induced with as little as 200 parts per billion (ppb) ergovaline

(Garner, 1989). A. lolii infected perennial ryegrass also contains

these ergot alkaloids (Rowan and Shaw, 1987).

Ergot alkaloids interfere with dopamine, serotonin and adrenal

receptors and inactivates (Mg2+) and (Na+/K+) synaptosomal ATPases

vitro (Davis et al., 1976; Moubarak et al., 1990). Thus, ergot

alkaloids interfere with several critical enzyme-receptor systems to

induce toxic responses.

Mass spectroscopy, liquid chromatography and monoclonal

antibodies are used to detect ergot alkaloids in LI tall fescue and

perennial ryegrass (Yates et al., 1985; Rottinghouse et al., 1990;

Kelly and Shelby, 1990).

Because of concern over fescue toxicosis, various state

agricultural agencies have established labeling standards for the
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presence of the endophyte in forage type tall fescue cultivars. In

Oregon, seed lots determined by light microscopy to contain less than

5% endophyte-infected (El) seed qualify for labeling as low-endophyte

seed. From 1983 until September 1991, the Oregon Department of

Agriculture has examined 3,389 seed lots representing 53 X io6 Kg of

seed for the presence of A. coenophialum. Greater than 90% of the

seed lots examined received labels as low endophyte seed.

Another class of potent toxins is the lolitrems which are

associated with A. lolii infected perennial ryegrass. Lolitrem B is

the cause of ryegrass staggers a tremorganic condition in sheep

(Fletcher and Harvey, 1981). Concentrations of lolitrem B as high as

25 X 1O3 ppb are found in El infected ryegrass pastures (Gallagher et

al., 1987). Symptoms of ryegrass staggers include the loss of muscle

control which can result in physical injury and a reduction in daily

weight grains (Siegel et al., 1985).

The presence of alkaloid compounds in El tall fescue and

perennial ryegrass is positively associated with reduced insect

herbivory. Resistance to sod webworm, Argentine stem weevil,

bluegrass billbug, fall armyworm, house crickets, oat-bird cherry

aphid, greenbug aphid, milkweed bug, chinch bug, blackbeetle,

sharpshooter leafhopper, and corn flea beetle by El grasses has been

demonstrated (Siegel et al., 1987). The alkaloids, peramine, lolitrem

B, ergopeptides and the pyrrolizidines N-formal and N-acetyl loline

have all been implicated in this resistance. Recently, purified

peramine, lolitrem B and ergopeptide alkaloids added in various

concentrations to endophyte-free (EF) perennial ryegrass feed were
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used in Argentine stem weevil feeding studies (Popay et al., 1990).

In choice feeding, peramine deters adult feeding to negligible levels

while larval development is delayed on a diet supplemented with

peramine. Lolitrem B does not deter feeding by adults, but

significantly reduces larval feeding. The ergopeptides ergotamine and

ergocryptine reduce adult feeding at concentrations as low as 0.1 pg/g

plant dry weight, but ergotamine doesn't effect larval development.

Johnson et al. (1985) found that greenbug and oat-bird cherry aphids

prefer EF tall fescue over El tall fescue by a 7 to 1 margin.

Extracts of the infected tissue and subsequent feeding studies with

the milkweed bug indicate that the loline alkaloids are involved in

deterring feeding and toxic responses.

Concentrations of the various toxins can vary due to host

genotype, endophyte biotype as well as seasonal and nutritional

conditions (Jones et al., 1984; siegel et al., 1987; Lyons et al.,

1986). In general, the loline alkaloids are found in higher

concentrations in plant tissue than the peramines, lolitrems and ergot

alkaloids (as high as 8,253 pg/g plant dry weight for lolines versus

0.3-22 pg/g plant dry weight for the other alkaloids) (Siegel et al.,

1987).

Oregon is a primary producer of tall fescue seed. Acreage

has increased from 4,654 ha of certified seed in 1981 to 27,180 ha in

1989 (Welty et al., 1991). In 1990 seed yields averaged 1,856 Kg/ha

and had a value of over $55 X io6 (Miles, 1991). At least 75% of this

increase in seed production is due to the development of new insect

resistant turf-type cultivars which contain the endophyte (Dave
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Nelson, personal communication).

The association between Acremonium endophytes and their hosts is

a mutualistic symbiosis (Arachevaleta et al., 1989; siegel et al.,

1987; Lyons et al., 1990). Therefore both the host plant and its

fungal endophyte benefit from the relationship. At the present time,

Acremonium fungi of grasses are thought to be entirely endophytic and

dependent upon their host for protection and dissemination. Neither

ascospores or conidia are known to be produced in nature. Hyphae grow

intercellularly in the meristems of the crown, adaxial epidermis of

the leaf sheath, aleurone layer and embryo of the seed (Cook, 1987;

Hinton and Bacon, 1985; Neill, 1940; Welty et al., 1986). These well

protected metabolically active regions act as nutrient sinks which may

be important for fungal nutrition (Cook, 1987).

Benefits of endophyte infection for host plants is not as easily

understood. Neill (1941) and Siegel et al. (1984) were unable to show

differences in plant growth for field grown El perennial ryegrass or

tall fescue when compared to their EF counterparts. However, in

greenhouse studies, . lolii infected perennial ryegrass plants

produced 38% more dry matter, had greater leaf area, number of tillers

and leaf growth than EF plants (Latch et al., 1985).

Pastures composed mainly of El plants survive severe drought

better than EF pastures (Read and Camp, 1986). When tall fescue

ramets are planted into a natural plant community, El plants exhibit

increased survival, flowering frequency, seed fill, vegetative tiller

production and biomass when compared to EF plants (Clay, 1990). In

water stress conditions, El ramets of a tall fescue clone have higher
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survival rates, and upon rewatering more vigorous vegetative regrowth

than EF ramets (Arachevaleta et al., 1989). Also, leaf rolling in

response to drought is more common in the infected clone.

Mechanisms of drought resistance in El tall fescue plants are

currently under investigation. Preliminary results indicate that some

El genotypes respond to drought stress by increasing the rate and

magnitude of cellular osmotic adjustment. This increase in osmotic

adjustment helps maintain cell turgor and stomatal function (Elmi et

al., 1990; Elberson et al., 1991). An increase in cellular

nonstructural carbohydrates contributes to this osmotic adjustment

(Richardson et al., 1991).

In a controlled environment study using El and EF seed of tall

fescue and perennial ryegrass, El seed had higher germination rates

and after 10 weeks of growth significantly greater biomass and tiller

numbers (clay, 1987). El plants can also have increased growth under

high levels of fertilization and decreased growth under low nutrient

conditions when compared to EF plants (Cheplick, 1989). This

decreased growth by El plants is thought to be the result of

competition for available nutrients or photosynthate between the host

and its fungal symbiont. In tall fescue, net photosynthetic rates

relative to increased irradience are generally reduced with endophyte

infection (Belisky et al., 1987). Hill et al. (1990) studied 5 El and

EF tall fescue clone combinations from a single cultivar and found

that responses to tiller number, crown weight, dry matter production,

total nonstructural carbohydrates, single leaf weights, and ergovaline

production were not consistent with the clones endophyte infection
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status. Because of this inconsistency in response to endophyte

infection, phenotypic variability in the population increases without

changing the plants genetic makeup, thus offering an adaptive

advantage to mixed populations of El and EF tall fescue.

Insect feeding is reduced in El plants due to the production of

toxic alkaloid compounds. However, the effects endophyte infection

has on plant diseases are varied. Zones of inhibition develop on

cultures of A. coenophialum challenged by isolates of rhizosphere

fungi (White and Cole, 1985). In vitro inhibition of several

Drechslera spp. occurs when challenged with isolates or culture

filtrates of several Acremonium spp. (Schmidt, 1990). However, no

difference in pathogenesis or sporulation of Drechslera dictvoides

occurs when grown on El or EF perennial ryegrass (Cromey and Cole,

1984). EF tall fescue is more susceptible to Puccinia coronata (Ford

and Kirkpatrick, 1989), but Welty et al (1991) found no differences in

the susceptibility to Puccinia aranimis subsp. araminicola due to

endophyte infection of tall fescue.

Endophyte infection of tall fescue decreases some plant

parasitic nematode populations. In field studies, both Pratylenchus

scribneri and Tvlenchrvnchus acutus populations are reduced in El

plots (West et al., 1988). Kimmons et al (1990) found that

populations and reproduction rates of the migratory root endoparasite

P. scribneri and the sedentary endoparasite Meloidoavne marylandi are

reduced on El plants, while endophyte status has little effect on the

ectoparasite Helicotylenchus pseudorobustus. When four paired El and

EF genotypes are compared as hosts for M. marviandi, only one El
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genotype significantly reduces the nematodes reproduction when

compared to its EF counterpart (Kirkpatrick et al., 1990). The

mechanisms by which El plants reduce some nematode populations and

plant diseases is not known.

In a study of the distribution of A. coenophialum in tall

fescue, Hinton and Bacon (1985) reported that the endophyte is not

present in the roots of field grown plants. However, Cook (1987)

observed epiphytic hyphae on the roots of infected tall fescue

seedlings grown on potato dextrose agar. Also, during microscopic

exaniination of three-week-old El tall fescue and perennial ryegrass

seedlings, epiphytic A. coenophialum and A. lolii are observed in and

around root primordia. Furthermore, intracellular growth of hyphae is

observed in epidermal cells and root hairs of tall fescue roots

inoculated with A. coenophialum hyphae (Cook, 1987).



Chapter II.

A STUDY OF THE FUNGAL ENDOPHYTE ACREMONIUM COENOPHIALUM
IN THE ROOTS OF TALL FESCUE SEEDLINGS

INTRODUCTION

Tall fescue (Festuca arundinacea Schreb) is a temperate zone

perennial tufted bunchgrass which tolerates poor soils, extremes in

temperature, water stress and poor management practices (Buckner et

al., 1979). Because of these characteristics, it is the dominant

cool-season pasture grass in the Southeastern U.S., covering nearly 14

x 1o6 ha. (Buckner, 1985). Most tall fescue plants in natural plant

communities and older pastures are infected by the symptomless fungal

endophyte Acremonium coenophialum Morgan-Jones and Gams (Shelby and

Dalrymple, 1987; Latch et al., 1987). In a natural plant community,

El ramets of tall fescue exhibited increased survival, flowering

frequency, seed fill, vegetative tillering and plant biomass when

compared to EF ramets (Clay, 1990). Also, in field and greenhouse

studies El plants were shown to have increased survival during periods

of severe drought when compared to EF plants (Read and Camp, 1986;

Arachevaleta et al., 1989). However, Hill et al. (1990) found that

growth, morphological and chemical component responses of tall fescue

to endophyte infection were plant genotype and fungal biotype

specific. The mechanism(s) by which endophyte-infection confers

increased growth and survival to some tall fescue genotype-fungal

biotype combinations is not understood.

It has been widely accepted that on tall fescue, A. coenophialum

grows intercellu].arly in the meristems of the crown, on the adaxial

10
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epidermis of the leaf sheath and on the aleurone layer of the seed,

(Hinton and Bacon, 1985; Neill, 1940) but not in the roots. However,

endophyte hyphae has been observed growing intercellularly in the

root-shoot internode adjacent to the vascular tissue in embryos of

mature seed, and on the surface of adventitious lateral root primordia

of non-sterilized three-week old tall fescue seedlings (Cook, 1987).

Furthermore, when seedlings are grown axenically on potato dextrose

agar (PDA), discrete white hyphal "balls" of endophyte can be seen

growing from and around roots. Light microscope examinations of

sectioned El root tissue determined that A. coenophialum can grow

intracellularly as well as intercellularly in the epidermis (Cook,

1987).

The purpose of this research was to determine if the presence of

A. coenophialum in the roots of El tall fescue seedlings was dependent

upon the medium in which the seedlings were grown; compare root growth

characteristics and distribution of endophyte in adventitious lateral

and primary roots of El seedlings grown on diverse agar media and

sand; examine the ultrastructure of the endophyte-root interface; and

determine if a possible mutualistic role could be detected between the

endophyte and tall fescue seedling roots.

MATERIALS AND METHODS

Seed of El tall fescue (cultivar G1-307) harvested in 1987 from

plants growing in field plots near Corvallis, OR were used throughout

the study. Microscopic examination determined 97% of the seed was

infected by A. coenophialum (Welty et al., 1986).



Prior to sowing, the seed were surfaced-sterilized to remove

contaminants by a modification of the methods of Lowe and Conger

(1979). The seed were immersed in 50% H2SO4 for 25-30 minutes, 95%

ethanol for 1 minute and 5.25% NaOC1 with 1% Tween-20 for 25-30

minutes. Seed were rinsed thoroughly with sterile distilled water

after each treatment and dried aseptically.

Aqar-Grown Seedlinqs

Surface sterilized seed were aseptically transferred to test

tubes containing potato dextrose agar (PDA), yeast morphology agar

(YMA), 1% dextrose agar (DA) or 2% agar (WA) (Difco) and germinated at

25°C/B hours light, 15°C/16 hours dark. Ten seedlings from each

medium were sampled after 7, 10, 14, 18 and 24 days post-sowing.

Seedlings grown on PDA were not sampled on day 24 because .

coenophialum hyphae were growing epiphytically on the roots. Each

root was identified as primary or adventitious lateral, excised 2 mm

from its origin, had its length measured and was cultured aseptically

in petri dishes containing PDA. Shoots and seed remnants were also

incubated for 42 days at room temperature on PDA and examined for .

coenophialum. The frequency and distribution of the fungus on each

root were determined.

Sand-Grown Seedlinqs

Plant chambers were designed and constructed to axenically grow

tall fescue seedlings (Fig. 11.1). The chambers contained sterilized

sand and half-strength Hoagland's nutrient solution pH = 6.5 (Hoagland

and Arnon, 1950). Sand (20 grit, Monterey Sand Co., Monterey, CA)

12



Figure 11.1. Plant chamber for the axenic growth of tall
fescue seedlings. The chamber consists of 3
compartments. The top compartment allows
for aerial growth (a). The middle compart-

ment contains sterile sand saturated with
one-half strength Hoagland's nutrient
solution (b) and the bottom compartment
contains nutrient solution (C).
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was sterilized by treatment with concentrated HC1 for ]. hour, rinsed

with distilled water (dH2O), and autoclaved 3 times for 1 hour at 15

psi. Subsamples of sand were incubated on PDA at room temperature for

1 week and observed for fungal and bacterial contamination. Nutrient

solution was added to the bottom compartment of ten chambers and

sterilized. Sterile sand was added aseptically to the middle

compartment and five 7-day-old El seedlings transplanted into the top

compartment of each chamber. These seedlings were germinated

previously on 2% agar containing half-strength Hoagland's nutrient

solution at 25°C/8 hours light, 15°C/16 hours dark. Only seedlings

free of fungal and bacterial contaminants were transplanted to the

sterile sand. Top compartments and breather tubes were sterilized,

placed on the chambers and sealed with melted wax. These plant

chambers were placed in a growth chamber at 20°C/8 hours light and

15°C/16 hours dark. Light was increased hourly for the first four

hours of the photoperiod to provide 50, 100, 150 and 200 pmol m2s1.

After 25, 35, 45 and 55 days, seedlings from two chambers were rinsed

in sterile dH2O (sdH2O) to remove sand and roots classified as primary

or adventitious lateral 1, 2, or 3. Each root was excised 2 mm from

its origin and cultured on PDA. Shoots and seed remnants were also

cultured on PDA. After six weeks, roots, shoots and seed remnants

were examined for the presence of A. coenophialum. The frequency and

distribution of the fungus in the roots were determined.

Scanninq Electron Microscopy (SEM

Seed were surface sterilized and grown on PDA slants as

previously described. Samples were taken when epiphytic hyphae first
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emerged from the roots (17-18 days). Specimens were fixed overnight

at 4°C under vacuum with 3% glutaraldehyde in 0.05 M cacodylate buffer

(pH = 7.2) or dried in an oven at 65°C for 14-15 hours. Tissue

samples were dehydrated in a graded acetone series, critical-point

dried and coated with 60:40 gold/paladium. Samples were then observed

with an Amray 1000A scanning electron microscope.

Transmission Electron MicroscoDy (TEM

El seed was surface-sterilized, grown on PDA or YMA, and fixed

in glutaraldehyde as previously described. Root samples were rinsed

in 0.05% cacodylate buffer and placed in 1% 0904 for one hour. They

were then dehydrated in 50% aqueous acetone for 14 minutes, placed in

70% aqueous acetone saturated with uranyl acetate for 20 minutes and

then into absolute acetone for three 15 minute periods. The tissue

was embedded in Spurr's resin (Spurr, 1969) and thin sections (600-900

A) cut on a Sorvall Porter-Blum model MT2 ultramicrotome. Sections

were placed onto formvar-coated copper grids and post-stained in 0.6%

lead citrate. The hyphal-root interface was observed using a Phillips

EM 300 transmission electron microscope.

STEM-X-ray Microanalysis

Endophyte-infected seed were surface sterilized, grown on PDA or

YMA, and fixed in glutaraldehyde as previously described. Sample

tissue was dehydrated in a graded acetone series with uranyl acetate.

The tissue was embedded in Spurr's resin, thin sectioned and placed on

formvar-coated nickel grids. Ultrastructural components of fungal

hyphae and root epidermal cells were analyzed for elemental content
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with an EDAX 9100 EDS system interfaced to a Hitachi H-600 scanning

transmission electron microscope (STEM). The sections were examined

via STEM mode at 25Kv with a small raster pattern at approximately

100,000 X. X-ray spectra were gathered for about 600 live seconds at

10 ev/channel. The count rate was typically 150-300 cps. Narrow

windows were placed over the Si kA, $ kA, and P kA, peak spectra to

minimize peak overlap. The windows were generally set as follows: Si

kA-15 ev window centered on peak maxima 1.750 Key; S kA-15 ev window

centered on peak maxima 2.320 Key, and P kA-15 ev window centered on

peak maxima 2.020 Key.

RESULTS

Aqar-Grown Seedlincis

Growth medium and seedling age significantly interacted to

affect the total number of roots per seedling (Table 11.1). At day 7,

the primary root had emerged on all media, but as the seedlings aged,

the number of adventitious roots per seedling was dependent on the

growth medium in which the seedlings were grown (Fig. 11.2).

Throughout the study, YMA-grown seedlings had the fewest adventitious

roots per seedling; while the number of adventitious roots produced on

WA and DA-grown seedlings were similar. PDA-grown seedlings produced

more roots at a younger age than the YMA, WA or DA grown seedlings.

Both growth medium (P<.0000l) and seedling age (P<.0000l)

significantly influenced the total root length per seedling (Table

11.2). Mean total root lengths increased over time for all seedlings

(Table 11.3). The mean total root length varied with growth medium.
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Table 11.1. Summary of ANOVA for effects of agar medium and seedling
age on root number.

Variation PF
Sum of
Squares

Mean
Square F Value Pr>F

Main Effects 7 89.9 12.8 53.0 .00001

Medium 3 18.3 6.1 25.2 .00001

Seedling Age 4 77.7 19.4 80.2 .00001

Med*Age 11 9.1 0.8 3.4 .0003

Residual 168 40.7 0.2



Figure 11.2. Influence of seedling age and agar medium on
the number of roots per seedling.
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Table 11.2. Summary of ANOVA for effects of agar medium and seedling
age on root length.

Variation PF
Sum of
Squares

Mean
Square F Value Pr>F

Main Effects 7 25658 3665 21.7 OOOO1

Medium 3 18342 6114 36.3 .00001

Seedling Age 4 5017 1254 7.4 .00001

Med*Age 11 2959 269 1.6 .09

Residual 307 51744 169



Table 11.3. Influence of seedling age on root length and recovery of A. coenophialum.

7 40 13.7 9.7-17.8 23 8-37

10 51 20.7 17.2-24.3 43 30-56

14 69 21.9 18.8-25.0 64 53-75

18 83 24.8 22.0-27.6 69 59-79

24 83 29.3 26.5-32.1 53 43-63

Seedling Mean Root 95% Endophyte 95%
Age n Length (mm) Confidence Reisolation Confidence

For Mean (%) For Mean
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Roots produced on low nutrient media (WA, DA) were longer than those

on nutrient-rich media (PDA, YMA) (Table 11.4). Root lengths of YMA-

and PDA-grown seedlings were similar, while root lengths of DA and WA

seedlings differed from each other and from PDA and YMA (Table 11.4).

Acremonium coenophialum hyphae were isolated from roots grown on

all media (Table 11.4). However, the percent of endophyte isolated

was affected by growth medium (P<.000) and seedling age (P<.000)

(Table 11.5). Frequency of isolation was highest on PDA grown roots

(72%) and lowest on WA grown roots (40%) (Table 11.4). The frequency

of endophyte isolation in the roots increased with the age of the

seedling, except at day 24 (Table 11.3; Fig. 11.3). PDA-grown

seedlings, which had the highest rate of endophyte isolation were not

sampled on day 24. No endophyte was isolated from roots of seven day-

old seedlings grown on YMA. However, by day 24, 83% of the roots of

YMA-grown seedlings contained endophyte.

The adventitious lateral roots growing from the crown of the

plant had a higher percentage of endophyte isolation than the primary

root. A. coenophialum was present in 34% of primary roots, 82% of the

first adventitious lateral roots, 76% of the second adventitious

lateral roots and 75% of the third adventitious lateral roots (Fig.

11.4).

Sand-Grown Seedlincis

Endophyte was isolated from both primary and adventitious

lateral roots of seedlings grown in sand (Fig. 11.5), and infection

was higher in the adventitious lateral roots than in the primary root

(compare to Fig. 11.4.). Recovery of the fungus also varied with



Table 11.4. Influence of agar medium on root growth and recovery of A. coenphialum.

Mean Root 95% Endophyte 95%
Medium n Length (mm) Confidence Reisolation Confidence

For Mean () For Mean

YMA 66 12.6 9.4-15.7 61 49-72

FDA 76 16.3 13.3-19.2 72 62-83

DA 91 28.2 25.5-30.9 48 39-58

WA 93 32.0 24.4-34.7 40 30-49
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Table 11.5. Summary of ANOVA for effects of agar medium and seedling
age on endophyte isolation.

Variation DF
Sum of
Squares

Mean
Square F Value Pr>F

Main Effects 7 12.1 1.7 8.2 .00001

Medium 3 5.1 1.7 8.0 .00001

Seedling Age 4 7.1 1.8 8.4 .00001

Med*Age 11 4.1 0.4 1.8 .06

Residual 307 64.7 0.2



Figure 11.3. Influence of seedling age and agar medium
on the percent of roots infected with
A. coenophialum.

Figure 11.4. Influence of root type and agar medium
on the percent of roots infected with
A. coenophialum. The number above
each bar is the total number of roots
sampled.
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Figure 11.5. Influence of root type on reisolation of
A. coenophialum from seedlings grown
axenically in sand. The number above
each bar represents the number of roots
sampled.

Figure 11.6. Influence of seedling age and root type on
the reisolation of A. coenophialum from
seedlings grown axenically in sand.

28



100

80

60

40

20

1 00

% ROOTS INFECTED

0
PRIMARtAT.1 LAT.2 LAT.3 LAT.4 MEAN

ROOT TYPE

% ROOTS INFECTED

80 -

60 -

40 -

20-

r
25

SEEDLING AGE (day)

11.6

55

IIIIPRIMARY ELAT. I ELAT. 2 LAT. 3 JLAT 4

29



seedling age (Fig. 11.6). seedlings 25, 35, 45 and 55 days old had

53, 40, 24 and 41% of their roots infected. The percentage of plants

having endophyte-infected roots decreased from 100% on day 25 to 57%

on day 55. This difference in recovery with age may be due to small

sample size or a decrease in viability of the fungus as root age

increases. Although the results from agar and sand-grown seedlings

cannot be statistically compared, the trends for increased endophyte

presence in adventitious lateral roots over primary roots and the

reduced frequency of endophyte in the roots with increased root age

are consistant (Fig. 11.7).

Electron Microscoiy

Early stages of epiphytic growth of A. coenophialum on 18-day-

old roots grown axenically on PDA was observed with SEM. Endophyte

hyphae were single or appeared to be fused on the epidermis of the

root and root hairs. Hyphae were 1-2 pm in diameter and grew

lengthwise along the root hairs which collapsed due to SEM preparation

to form flat ribbons (Fig. 11.8). Stalked conidiophores bearing

conidia were occasionally seen (Fig. 11.9). Conidia were irregularly

elliptical, 6-8 pm x 2-3 pm, and borne singly on conidiophoes which

tapered from about 1.5 pm at the base to 0.75 pm at the tip and were

8-18 pm long.

Thin sections of hyphal "balls" which grew around the roots were

examined by TEM. Hyphae 0.75-6 pm in diameter were tightly packed

against the columnar epidermal ce]J.sof the root (Fig. 11.10). These

hyphae contained dense cytoplasm with numerous organelles.

Mitochondria and lipid-filled vacuoles were numerous, while nucleii

30



Figure 11.7. Summary of the effects of seedling age and
growth medium on the percentage of plants
with roots that are endophyte-infected.
Based on both agar medium and sand grown
seedling experiments.
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Figure 11.8. Scanning electron micrograph of root hairs
(rh) covered with endophyte hyphae (arrow).
bar = 2.5 pm.

Figure 11.9. Scanning electron micrograph of root hair
(rh) with a stalked conidiophore bearing a
typical elliptical conidium. The
conidiophore appears to emerge from the
root hair (arrow). bar = 2.5 pm.
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Figure 11.10. Transmission electron micrograph of a
longitudinal section of the root epidermis-
endophyte hyphae interface. Note the
electron dense granules (clear arrow) and
extra-cellular matrix (dark arrow). Hyphae
also contained numerous vacuoles (v) and
occasional nucleii (n). The hyphae are
tightly packed against the intact epidermis
(e). bar = 0.75 pm.

Figure 11.11. Transmission electron micrograph of a cross-
section of the root epidermis-endophyte
hyphae interface. The large hypha (h)
contained numerous electron dense granules
and mitochondria (m). bar = 0.25 pm.
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and multivesicular bodies were occasionally observed (Figs. 11.10,

11.11). Electron-dense granules were interspersed throughout the

cytoplasm. An amorphous electron-dense, extracellular matrix appeared

to bind hyphae together and to the epidermal cell wall (Figs. 11.10,

11.12). Numerous electron-dense droplets surrounded individual hyphae

and appeared to be of fungal origin (Figs. 11.14-11.16). Some hyphae

adjacent to columnar epidermal cells appeared to distort the epidermal

wall and occasionally broken walls were seen (Figs. 11.13, 11.14).

Endophyte hyphae were observed in regions where columnar epidermal-

cell middle lamella had been degraded (Fig. 11.15). No evidence of

direct penetration of root epidermal cells by A. coenophialum hyphae

was observed. Hyphae were also observed growing in regions previously

occupied by columnar epidermal cells and in and around degraded

intercellular walls of the epidermis (Fig. 11.16).

Scanning transmission electron microscopy coupled to x-ray

microanalysis compared the relative abundance of P, S and Si in the

root epidermal cytoplasm, fungal electron-dense extracellular

"droplets", fungal lipid-filled vacuoles and electron-dense granules

of the fungal cytoplasm. When S/P and Si/P normalized spectra

intensity ratios were compared, the electron-dense granules of the

fungal cytoplasm were found to contain the highest concentrations of

P. However, the spectral peak intensities for the granules were

highly variable. Some of this variability was due to the observed

loss of P over time during analysis because of its volatile nature

when exposed to x-rays (Harold, 1966). Overall, the P spectral peak

was greatest for electron-dense granules in hyphae followed by the



Figure 11.12. Tramission electron micrograph of a cross-
section of a root epidermal cell wall (ecw)
and fungal hypha (h). Note the electron
dense extracellular matrix (dark arrow)
which appeared to bind the hypha to the
epidermal cell wall. The hypha contained
numerous multivesicular bodies (clear
arrows). bar =0.25 pm.

Figure 11.13. Transmission electron micrograph of a cross-
section of the root-hyphae interface.
Endophyte hyphae (h) appeared to distort the
epidermal cell wall (ecw) (clear arrows).
Electron-dense extracellular matrix appeared
to bind hyphae together (dark arrows).
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Figure 11.14. Transmission electron micrograph of a cross-
section of the root epidermis (e) -fungal
endophyte interface. Electron-dense

droplets surround the hyphae (clear arrows)
and the epidermal cell wall appeared to be
distorted and partially broken by adjacent
hyphae (dark arrow). bar = 0.7 pm.

Figure 11.15. Transmission electron micrograph of a cross-
section of an endophyte hyphae (light arrow)
occupying space formally occupied by the
middle lamella of 2 adjacent epidermal cell
walls (ecw). bar = 0.75 pm.
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Figure 11.16. Transmission electron micrograph of a cross-
section of hyphae in areas formally occupied
by epidermal cells. ecw = epidermal cell
wall; g = electron dense granules.
bar = 0.75 pm.
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fungal lipid filled vacuoles, the extracellular electron dense

"droplets" and finally the root epidermal cytoplasm (Table 11.6).

DISCUSS ION

Aqar and Sand-Grown Seedlincs

Acremonium coenophialum occurred in roots of El seedlings grown

on diverse agar media and in sterile coarse sand. However, the

frequency of isolation varied with seedling age, root type and growth

medium.

The frequency of isolation of endophyte from the roots of

seedlings grown on nutrient-free WA and simple sugar DA increased from

day 7 to day 18, then decreased. In contrast, seedlings grown on

complex defined YMA and undefined PDA had increased rates of endophyte

isolation over time. In addition to these differences, seedlings

grown on nutrient-rich YMA and PDA had shorter roots with more root

hairs than seedlings grown on WA or DA (Table 11.4 and unpublished

data). Grasses grown in low nutrient soils can have longer roots than

those grown in high nutrient soils. This increase in root length is

in response to the need for increased nutrient uptake by the plant to

maintain normal growth and development (Christie and Moorby, 1975).

Seedlings germinated for 24 days on low nutrient media such as WA and

DA may be starved for nutrients. This stress may result in a reduced

frequency of endophyte colonization of the roots. Grasses also

produce epidermal mucilages which are excreted by columnar epidermal

cells. These mucilages are composed of complex polysaccharides which

can vary with changes in growth media and growing conditions (Miki et

44
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Table 11.6. Comparison of the relative abundance of P3 Si and S of
ultrastructure in ultrathin sections of the endophyte
hyphae-root interface.

Normalized
to 1000

Counts of
S

Normalized
to 1000

Counts of
Si

Intensity
Ratios

Spectrum Si P S P S/P Si/P

Epoxy Resin 6256 403 160 64 2.5/1 16/1

Formvar Coating 8399 241 119 29 4/1 35/1

Root Cytoplasm 4122 10 243 2 98/1 404/1

External Matrix 1960 331 530 172 3/1 6/1

Fungal Vacuole 2204 1762 476 804 0.6/1 1/3/1

Fungal Granule 2377 3744 429 1508 0.3/1 0.7/1
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al., 1980). Thus, root morphological differences and differences in

endophyte recovery due to growth media may reflect the physiological

condition of the roots induced by nutrient availability.

Root type also influenced the frequency of endophyte recovery.

On all growth media, primary roots had lower levels of endophyte

infection when compared to adventitious lateral roots. The primary

root anchors the seedling to soil and is involved in the initial

uptake of H20 and nutrients (Hoshikawa, 1969). It is soon replaced by

adventitious lateral roots which emerge from the crown, grow through

the base of the leaf sheath and into the soil where they branch and

form a dense mat. These roots are the main nutrient and H20 absorbing

organs of mature plants (Beard, 1973). As they mature and senesce,

new adventitious roots emerge from the crown. Thus, infection of

adventitious lateral roots by A. coenophialum may help ensure

continued colonization of the plant's root system.

The frequency of recovery and distribution of A. coenophialum in

the roots of El seedlings axenically grown in sand was generally

similar to that of WA and DA grown seedlings (Figs. 11.3-11.7).

Endophyte was recovered from all root types at all sample times, and

there was a higher frequency of recovery from adventitious lateral

roots than from primary roots. Of the 218 El seedlings used in the

agar and sand studies, 67% contained endophyte in their roots. This

demonstrates that the presence of A. coenophialum in roots of

axenically grown tall fescue seedlings is not an artifact of growth on

a specific medium, but is a general phenomenon.
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Ultrastructure

The ultrastructure of A. coenophialum is influenced by the

conditions in which it is grown. Siegel et al. (1987) reported that

endophyte hyphae grown on the surface of cellophane disks on PDA are

highly vacoulated and lack ultrastructural detail, while hyphae from

the leaf sheaths of older root-bound plants contain diffuse cytoplasm

with large lipid-filled vacuoles. In contrast, epiphytic hyphae from

tall fescue roots grown on PDA (or YMA), have densely packed cytoplasm

with nuclei, mitochondria and small lipid-filled vacuoles. Multiple

cytoplasmic vesicular membrane complexes are also occasionally seen

(Figs. 11.10, 11.11). These structures were reported by Hinton and

Bacon (1985) and Siegel et al. (1987) in hyphae growing on cuim and

leaf sheath tissues of actively growing tall fescue plants. These

hyphae were attached by an amorphous electron-dense matrix to the

walls of the intercellular spaces of older culm tissue. An electron-

dense matrix was also present around hyphae which were in association

with root epidermal cells.

Conidiophores and conidia are produced by A. coenophialum in

culture, but have not been observed in association with El plants

(Bacon et al., 1977). However in this study, epiphytic hyphae which

grew on the surface of the roots and root hairs of axenic PDA and YMA

grown El seedlings produced conidiophores and conidia. Although the

production of these conidia was influenced by the growth medium, the

potential for conidial production in the roots as a means of

dissemination of the fungus in nature should not be discounted.
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No penetration or degradation of host cell walls has been

reported for endophyte growing in the aerial parts of tall fescue

(Hinton and Bacon, 1985; siegel, 1987). However, Cook (1987) reported

that hyphae grew intracellularly in the epidermal cells and root

hairs, but direct penetration of cell walls was not observed. In this

study, endophyte hyphae were present in spaces created by the

separation of the middle lamella in columnar epidermal cells. The

cause of this degradation of the cells pectic layer is not known.

Hyphae also appeared to distort epidermal cell walls and some cell

walls in association with A. coenophialum were broken. No broken cell

walls were observed in EF roots, but root epidermal cells do break and

slough of f during normal growth and development (Esau, 1977). Perhaps

the growth of A. coenophialum accelerates this process by exerting

physical pressure against the cell wall and middle lamella of columnar

epidermal cells.

Electron dense granules were present in the cytoplasm of .

coenophialum hyphae growing epiphytically on tall fescue roots. X-ray

microanalysis of these granules, indicated that they contained higher

P levels than the surrounding fungal and root ultrastructure (Table

11.6). Polyphosphates are found in bacteria, blue-green algae, fungi,

protozoa and algae (Harold, 1966). In mycorrhizae and lichens, high

levels of polyphosphate are associated with vacoular granules of the

cytoplasm (Ashford et al., 1975; Schoknecht and Hattingh, 1976; White

and Brown, 1979; Lapeyrie et al., 1984). These deposits act as a

reserve source of phosphate for both the fungus and its host. Thus,

mycorrhizal plants can out perform nonmycorrhizal plants in low soil



phosphate environments. This increase in P nutrition may give

mycorrhizal plants a selective advantage during conditions of stress

(Smith and Gianinazzi-Pearson, 1988).

The association between Acremonium endophytes and their grass

hosts is mutualistic (Arachevaleta et al., 1989; Siegel et al., 1987;

Lyons et al., 1990). Some of the benefits to host grasses include

increases in growth, survival and tolerance to water stress when

compared to EF plants (clay, 1987; Latch et al., 1985; Read and Camp,

1986; Arachevaleta et al., 1989). The mechanisms by which endophyte

infection increases its hosts growth and survival are not known.

Perhaps polyphosphates present in electron dense deposits of roots

associated with endophyte hyphae provide a selective advantage to El

plants under drought and/or low soluble soil phosphate conditions.
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THE EFFECTS OF PLANT GENOTYPE, ENDOPHYTE PRESENCE
AND SOLUBLE SOIL PHOSPHATE CONCENTRATIONS ON THE GROWTH

AND PHYSIOLOGY OF TALL FESCUE

CHAPTER III.

INTRODUCTION

Tall fescue (Festuca arundinacea Schreb.) is adapted to tolerate

both persistent herbivory and environmental stress. Basal meristems,

located at or below the soil surface, are protected from damage due to

herbivory, desiccation and temperature extremes (Barlow et al., 1980).

Leaves are oriented to maximize the interception of photosynthetically

active radiation (PAR) and roll up in response to drought stress.

This reduces H20 loss and helps maintain cell turgor during moderate

drought-stress conditions (Redmann, 1985). Tall fescue also has

drought deciduous leaves which senesce and die back in response to

extreme drought. This leaf type requires less energy to produce and

maintain than drought enduring leaves (Mooney and Gulmon, 1982).

During leaf dieback, the plant survives on nutrient reserves stored in

basal leaf sheaths, crowns and roots. When drought conditions subside,

vegetative regrowth occurs at very high rates. Nutrients are

translocated from surviving tissues to support new leaf growth

(Youngner, 1972). Fibrous roots form a thick mat thereby allowing the

plant to efficiently compete for limiting nutrients and H2O.

Mature plants may have hundreds of tillers each of which are

composed of leafy shoots, roots and crowns which contain basal

meristems. If a tiller is defoliated, its basal meristems can

regenerate new leaves or entirely new tillers. This division of the
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plant into tillers increases survival following severe defoliation.

Tall fescue is usually a cross-pollinating hexaploid with diverse

morphology. Both fine-leaved "dwarf" type turf cultivars and highly

productive broad-leaved forage type cultivars exist.

Tall fescue is thought to have co-evolved with the fungal

endophyte Acremonium coenophialum Morgan-Jones and Gams. This

relationship is considered to be mutualistic. Endophyte-infected (El)

plants can have increased vegetative growth, flowering frequency and

seed fill, reduced diseases and rhizosphere nematode populations and

survive drought stress conditions better than endophyte-free (EF)

plants (Clay, 1987; West et al., 1988; Clay, 1990; Archevaleta et al.,

1989; Ford and Kirkpatrick, 1989). El plants contain alkaloids which

inhibit insect feeding and/or cause toxic symptoms in animals which

graze them (Bush et al., 1982; Johnson et al., 1985, Bacon et al.,

1986). Recent research indicates that responses to endophyte

infection by tall fescue vary and are host-genotype and fungal-biotype

specific (Hill et al., 1990; Belesky et al., 1989a,b).

Cook (1987) has shown that Acremonium coenophialum is present on

and in the roots of tall fescue seedlings. Furthermore, electron

dense granules associated with hyphal cytoplasm contain greater

proportions of phosphorus than adjacent fungal or plant root tissue.

The purpose of this research is to determine the effects

endophyte infection, phosphate nutrition and plant genotype have on

vegetative growth, photosynthesis and distribution of ortho-phosphate

in tall fescue.



MATERIALS AND METHODS

Soil Preparation

A medial, mesic Umbric Vitrandepts soil highly deficient in

available-PO4 was obtained from a pear orchard near Parkdale, Oregon.

(Note: This series of soil is to be reclassified into the Andisol

Order.) The soil was passed through a 7 mm mesh size screen to remove

rocks and root debris and was pasteurized at 165°C for 30 minutes to

reduce soil-born plant pathogens and mycorrhizae.

A soil-PO4 solution isotherm was established to determine a

range of known available soil phosphate concentrations (Fox and

Kamprath, 1970). Briefly, several 3 g dry soil samples were

equalibrated at 24°C for 6 days with 30 ml of 0.01 M Cad2 containing

known concentrations of Ca(H2PO4)2. The samples were centrifuged at

70 G for 30 minutes and the supernatant decanted into acid-washed

vials. Concentrations of soluble ortho-phosphate in the supernatant

were determined by the Plant Analysis Laboratory of the Department of

Soil Science at Oregon State University, Corvallis, OR (Murphey and

Riley, 1962). Linear regression analysis of the data produced an

equation to predict the amount of Ca(H2PO4)2 needed to give known

soluble ortho-phosphate concentrations in the soil (Table 111.1).

Six concentrations of available soil orthophosphate, .02, .05,

.10, .20, 1.0 and 2.0 ppm were chosen for the study. This range

included soluble soil phosphate concentrations which were highly

deficient (0.02 ppm) through excessively sufficient (2.0 ppm) for most

plants (Beckwith, 1962). Soil Ca was held constant at 1.0 g Ca/3300 g

soil with the addition of Cad2. The Ca(H2PO4)2 and CaC12 were
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Table 111.1. Predicted and observed soluble soil PO4 concen-
trat ions.

* = Predicted values are based on the equation
Y=16.5634 + 3.53016 (LnX) where: Y=amount of phosphorus
(ppm) added to 3 g of soil, and Xfinal concentration of
soluble soil PO4 (ppm) in the soil. R282.98

** = Mean value of 5 reps. of 3.0 g soil subsamples
Although observed PO4 level was not 2.0 ppm, plant growth
responses were different than other treatments.
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Ca(H2PO4)2
(g)

CaC12
(g)

Predicted
-PO4(ppm)

I' **
tjbserved

-PO4(ppm)

0.00 2.78 0.02 0.02

1.13 2.12 0.05 0.04

1.81 1.72 0.10 0.09

2.50 1.32 0.20 0.19

4.08 0.40 1.0 1.1

4,76 0.00 2.0 1.0
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vigorously mixed into the soil and 800 g subsamples were added to each

1574 cm3 plastic pot. A soil moisture retention curve for the

Parkdale soil was developed by the Soil Physics Laboratory at Oregon

State University (Fig. 111.1). Potted soil was brought to saturation

(by % gravimetric determination) with distilled H20 (dH2O) to dissolve

the Ca(H2PO4)2 and Cad2.

Plant Material

El and EF ramets of 2 morphologically distinct clones of the

cultivar Kentucky 3]. numbered 7 and 11 were obtained from Dr. Nick

Hill of the University of Georgia. Clone 7 had wide leaf blades,

thick robust tillers and a drooping growth habit. Clone 11 had narrow

leaf blades, thin tillers, rhizomes and a prostrate growth habit (Fig.

111.2). A. coenophialum had been removed from ramets of each clone by

treatment with the ergosterol inhibiting fungicide propiconazole (Hill

et al., 1990). After treatment, the clones were vegetatively

propagated in a greenhouse for 3 generations to minimize the adverse

plant growth effects of propiconazole (Siegel, 1981).

After receipt, each clone-endophyte combination was subdivided

and grown in extra fine vermicilite for 12 weeks at 20°C/l2 hrs with

400 pmol/m2/s PAR, 15°C/12 hrs. dark. Ramets were fertilized weekly

to ensure vigorous growth with 20:20:20 N:P:K at 243 ppm N.

Individual tillers were then subdivided from each ramet, cut back

and transplanted. The ramets were fertilized for 12 weeks with a

modified Hoagland nutrient solution which lacked PG4 (Hoagland and

Arnon, 1950) (Table 111.2). These PO4-deficient ramets were then

subdivided into individual tillers and the shoots and roots



Figure 111.1. Soil moisture retention curve for Parkdale
Soil.
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Figure 111.2. Photographs showing morphological
differences of vegetative tillers
of clone 7 (a) and clone 11 (b).
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Table 111.2. Ingredients for modified Hoagland nutrient
solution.

Macroelements ml in a 1 of solution

pH = 6.5

Microelements PPM

H3B03 0.25

MnCl2 x 41120 0.25

ZnSO4 x 7H20 0.025

CuSO4 x 51120 0.001

H2MoO4 x H20 0.005

59

0.5 M NH4H2NO3 n.s

0.5 M KNO3 3.0

1.0 M Ca(NO3)2 2.0

1.0 M MgSO4 1.0

10% sequestrene iron 2.5
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trimmed to about 5 cm. in length. Tiller pieces were weighed and

randomly assigned to a soluble soil phosphate treatment.

Transplanting to the Parkdale soil progressed from the lowest to

highest phosphate concentration to avoid cross contamination. Pots of

ramets were placed in a greenhouse in a completely random design with

incident sunlight and 12 hours of 400 pmol/m2/s PAR provided by 400W

shielded sodium halide lighting. Each treatment combination had 5

repetitions for a total of 120 pots (6 PO4 levels x 2 clones x 2

endophyte status x 5 reps. = 120). During the experiment, mean daily

temperatures ranged from 21°C to 27°C. Soil in each pot was

gravimetrically brought to saturation with dH2O at transplanting and

at 4 day intervals during vegetative growth. Ramets were fertilized

with 50 ml of modified Hoagland nutrient solution at 4 day intervals

between watering days.

On 7 day intervals between day 21 and 49, the number of leaves

per ramet, tillers per ramet and total leaf length per ramet were

determined. Data for vegetative growth were analyzed using completely

random design 3-factor repeated measures analysis of variance using

Statistical Analysis Systems GLM procedure (SAS Institute, Cary,

N.C.).

PSN Measurement

On days 47 and 56 leaf photosynthetic rates (PSN) were measured

at 400 pmol/m2/s and 1000 pmol/m2/s PAR respectively using a LiCor-

6250 portable photosynthesis system (LiCor Inc. Lincoln, Nebraska).

This instrument measured the net exchange of CO2 between the leaf and

the atmosphere of a closed chamber. Net PSN was calculated from this
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rate of change, the area of the leaf in the chamber, the volume of the

chamber, the temperature of the leaf and the barometric pressure

(LiCor 6200 Technical Reference 1987). This instrument also

calculated leaf stomatal conductance (Cond), stomatal resistance (RS)

and intercellular CO2 concentrations (CO2 int). Prior to use each

day, the instrument was calibrated with compressed air which contained

a known concentration of CO2. During use, the machine was calibrated

and Kabs measured on 2-3 hour intervals.

Measurements were taken on the youngest fully expanded leaf on a

tiller of each ramet. Ramets grown in 0.02 ppm soluble soil PO4 were

not measured due to small leaf size. Pots were watered to saturation

2 hours prior to PSN measurements. Because of differing leaf lengths

and widths due to PO4 treatment, measurements progressed from the

lowest to highest PO4 levels. This reduced error introduced by

continuously modifying the air flow rate to compensate for leaves of

different sizes (See Li-6200 Primer).

Leaf surface areas were estimated by the equation: [(W1+W2/2)]L

where: Wi = the width of the leaf where it enters the chamber, W2 =

the width of the leaf where it exits the chamber and L the length of

the chamber. Stomatal ratios were assumed to be 1.0 and boundary

conductances were estimated by: Log Y = 4.082-X(1.386)+0.0096(X2)

where: Y = boundary conductance, and X = leaf area. This regression

equation was developed from data collected from dH2O saturated filter

paper cut to the shape of tall fescue leaves of known surface areas.

These estimated boundary conductances were then used to calculate RS

(See Li-6200 Primer and Technical Reference for details). Measurement
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of PSN, RS, CO2int and Cond were based on the mean of 3 successive 5.0

ppm drops in the CO2 concentration of air in the enclosed chamber.

PAR at 400 pmol/m2/s was provided by a shielded 400W sodium

halide light in the greenhouse. PAR at 1000 pmol/m2/s was provided by

a non-shielded 400W sodium halide light suspended in a growth chamber

set at 15°C which maintained leaf temperatures under the light at

about 25°C. Pots were placed in a holder at a specific height from

the lights to maintain even PAR to the plants. To reduce variability

in CO2 concentrations, air was drawn into the enclosed leaf chamber

through a hose placed in the greenhouse cooling duct (400 pmol/m2/s)

or in a distant walk-in growth chamber (1000 pmol/m2/s).

PSN, RS, CO2 mt and Cond. were analyzed using SAS GL14 analysiB

of covariance. Covariances measured were CO2 concentration of the

air, PAR and chamber air temperature. Factors considered in the

analysis were clone genotype, endophyte presence and soil soluble PO4

concentrations. Corrected (least squares) means with selected T tests

are presented.

PO4 Measurement

On day 62, the ramets were placed in a growth chamber set at

7°C/8 hr. PAR, 7°C/16 hr. dark. On day 118, the rantets were returned

to the greenhouse and allowed to flower and set seed. Seeds were

collected from each ramet, and endophyte presence determined by

microscopic examination of stained seed (Welty et al., 1986). Ramets

were removed from pots, and the soil removed from roots by washing.

Each ramet was subdivided into roots, crowns, leaf sheaths and leaves.

Reproductive tillers and dead tissue were removed and discarded.
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Samples were dried overnight at 65°C, weighed and ground in a Wiley

Mill to pass a #20 mesh screen. One-half gram subsamples were placed

in acid washed porcelain crucibles and ashed at 500°C for 6 hrs.

Samples were then gently heated with 5 ml of 3 M HC1 for 20 minutes,

filtered through Whatman #42 filter paper and brought to 100 ml with

double deionized H2O (ddH2O). After thorough mixing, 20 ml subsamples

were placed into plastic vials. The study involved 480 samples (2

clones x 2 endophyte status x 6 PO4 levels x 4 tissue types x 5 reps.

= 480). Orthophosphate concentrations were determined by the Plant

Analysis Laboratory at Oregon State University (Murphey and Riley,

1962).

Ratios of orthophosphate crown:root, leaf sheath:root and

leaf:root were analyzed by SAS GLM 3 factor analysis of variance.

Means of significant interactions are presented with 95 percent

confidence intervals. Plant biomass data were analyzed by SAS GLM 3-

f actor analysis of variance.

RESULTS

Photosynthesis at 400 mol/m2/s

PSN of ramets grown in 400 imol/m2/s PAR were significantly

affected by clone genotype x soluble soil-PO4 concentration and

endophyte presence x soluble soil-PO4 interactions. The covariate,

air CO2 concentration, significantly affected the analysis of

covariance model (Table 111.3). Corrected (least squares) means of

PSN were significantly higher for clone 11 than clone 7 except for

0.10 ppm soluble soil phosphate grown ramets which were not



Table 111.3. ANOVA table for the effects of clone genotype,
endophyte presence, and soluble soil phosphate
concentration on PSN measurements of ramets exposed
to 400 imolJm2/s PAR.

Sum of Mean
Source DF Squares Square F Value Pr>F

Model 22 921.022 41.865 15.52 0.0001

Error 268 722.864 2.697

Corrected
Total 290 1643.885

R-Square C.V. Root MSE Photo Mean
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0.56 13.18 1.642 12.46

Source DF Type III SS Mean Square F Value Pr>?

A.c. 1 70.107 70.107 25.99 0.0001

PO4 4 9.121 2.280 0.85 0.4975

Clone 1 18.659 18.659 6.92 0.0090

A.c. x PO4 4 27.521 6.880 2.55 0.0396

A.c. x Clone 1 0.705 0.705 0.26 0.6095

PO4 x Clone 4 239.568 59.892 22.20 0.0001

Ac x PO4 x Clone 4 14.467 3.617 1.34 0.2550

PAR 1 5.919 5.919 2.19 0.1397

Temp.Air 1 1.304 1.304 0.48 0.4874

CO2 Air 1 13.458 13.458 4,99 0.0263
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significantly different from each other (Fig. 111.3). Ramets of clone

7 had an average PSN of 11.38 pmol/m2/s across all phosphate

concentrations while ramets of clone 11 averaged 13.52 pmol/m2/s. PSN

for endophyte-infected clones were depressed at all soluble soil

phosphate concentrations and the differences were highly significant

for 0.10, 0.20 and 2.0 ppm soluble soil phosphate treatments (Fig.

111.4).

There was a significant interaction between endophyte presence,

soluble soil-PO4 concentration, and clone genotype on CO2 mt

concentrations (Table 111.4). Variability in the CO2 concentration of

the air significantly contributed to the model, therefore means

corrected for this covariate were compared. El clone 7 had

significantly increased Co2 mt at 0.10 ppm soil -PO4 but

significantly decreased CO2 mt in 0.2 and 2.0 ppm soil

-PO4 treatments (Fig. 111.5). El clone 11 had highly significant

increases in CO2 mt concentrations at 0.2 and 1.0 ppm soluble-PO4

levels when compared to EF clone 11.

RS was also significantly affected by the three way interaction

between endophyte presence, clone genotype and soluble soil phosphate

concentration and by the covariate air CO2 concentration (Table

111.5). When compared to EF clone 7, El clone 7 had significantly

increased corrected mean RS of 27% at 0.2 ppm, 15% at 1.0 ppm and 43%

at 2.0 ppm soluble soil phosphate. Clone 11 had significantly higher

RS at 0.1 and 2.0 ppm and lower resistances at 1.0 ppm soluble soil

phosphate levels. RS were generally higher in clone 7 than in clone

11 regardless of endophyte status (Fig. 111.6).



Figure 111.3. The effects of clone genotype and soluble
soil phosphate concentrations on PSN of
ramets exposed to 400 pmol/m2/s PAR. Error
bars are standard error, *significant at
P=0.05, **=significant at P=0.Ol.

Figure 111.4. The effects of endophyte presence and
soluble soil phosphate levels on PSN at 400
pmol/m2/s. Error bars are standard error,
*significant at P=0.05, **significant
at P=0.0l.
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Table 111.4. ANOVA table for the effects of clone genotype,
endophyte presence, and soluble soil phosphate
concentration on the CO2 mt concentration of
ramets exposed to 400 imol/m2Is PAR.

Sum of Mean
Source DI? Squares Square F Value Pr>F

Model 22 56565.94 2571.18 18.64 0.0001

Error 265 36555.72 137.95

Corrected
Total 287 93121.66

R-Square C.V. Root MSE CO2int Mean
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0.60 4.60 11.745 255.5

Source DF Type III SS Mean Square F Value Pr>F

A.c. 1 21.612 21.612 0.16 0.6926

PO4 4 5902.585 1475.646 10.70 0.0001

Clone 1 998.361 998.361 7.24 0.0076

A.c. x PO4 4 2456.441 614.110 4.45 0.0017

A.c. x Clone 1 2101.294 2101.294 15.23 0.0001

PO4 x Clone 4 233.019 58.255 0.42 0.7925

Ac x PO4 x Clone 4 3193.098 798.275 5.79 0.0002

PAR 1 259.898 259.898 1.88 0.1710

Temp.Air 1 139.374 139.374 1.01 0.3157

CO2 Air 1 6935.051 6935.051 50.27 0.0001



Figure 111.5. The effects of endophyte presence and
soluble soil phosphate concentration on
intercellular CO2 concentrations when
exposed to 400 pmol/m2/s PAR. Error bars
are standard error, *significant at
P=0.05, **significant at P=0.0l.

Figure 111.6. The effects of endophyte presence and
soluble soil phosphate concentrations on RS
of rarnets exposed to 400 pmol/m2/s. Error
bars are standard error, *significant at
P0.05 and **significant at P=0.0l.
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Table 111.5. ANOVA table for the effects of clone genotype,
endophyte presence, and soluble soil phosphate
concentration on the RS of ramets exposed to
400 imol/m2/s pAi'.

Source

Model

Error

Corrected
Total

Sum of Mean
DF Squares Square F Value Pr>F

22 27,710 1.260 12.89 0.0001

265 25.888 0.098

287 53.598
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0.52 23.91 0.3125 1.31

Source DF Type III SS Mean Square F Value Pr>F

A.c. 1 1.86623 1.86623 19.10 0.0001

PO4 4 3.48218 0.87054 8.91 0.0001

Clone 1 1.40404 1.40404 14.37 0.0002

A.c. x PO4 4 2.31599 0.57900 5.93 0.0001

A.c. x Clone 1 1.20946 1.20946 12.38 0.0005

PO4 x Clone 4 4.22444 1.05611 10.81 0.0001

Ac x PO4 x Clone 4 3.08861 0.77215 7.90 0.0001

PAR 1 0.07097 0.07097 0.73 0.3948

Temp.Air 1 0.13611 0.13611 1.39 0.2389

CO2 Air 1 2.30284 2.30284 23.57 0.0001

R-Square C.V. Root MSE RS Mean
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There was also significant three factor interactions for Cond.

The covariate CO2 concentration in the air also significantly

contributed to the model (Table 111.6). El clone 7 had significantly

lower corrected mean Cond at 2.0 ppm soluble soil phosphate when

compared to EF clone 7 (0.18 mol/m2/s vs. 0.29 mol/m2/s) while El

clone 11 had significantly higher corrected mean Cond at 1.0 ppm and

lower Cond at 2.0 ppm when compared to EF clone 11. In general,

corrected mean stomatal Cond were lower in clone 7 than clone 11 (Fig.

111.7).

Photosynthesis at 1000 imol/m2/s

The mean PSN of ramets exposed to 1000 pmol/m2/s PAR were

significantly affected by the interaction of endophyte presence, clone

genotype, and soluble soil-PO4 concentration. Also, the covariates,

ambient air temperature and the concentration of CO2 in the air,

significantly affected PSN (Table 111.7). No consistent pattern of

response to clone genotype, endophyte presence or soluble soil-PO4

levels were observed.

El clone 11 at 0.05 ppm and El clone 7 at 1.0 ppm soluble soil-

PO4 had highly significant increases in PSN as compared to their

endophyte-free counterparts (Fig. 111.8).

CO2 mt concentrations were significantly affected by the

interaction between soluble soil -PO4 and clone genotype, and the

covariates PAR and CO2 in the air (Table 111.8). However, there was

no consistent pattern of treatments vs. CO2 mt. At 0.05 ppm soluble

soil-PO4, clone 11 had a highly significant increase in CO2 mt when



Table 111.6. ANOVA table for the. effects of clone genotype,
endophyte presence, and soluble soil phosphate
concentration on the Cond of ramets exposed to
400 jjmol/m2/s PAR.
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R-Square C.V. Root MSE Cond Mean

0.43 22.59 0.0778 0.344

Source DF Type III SS Mean Square F Value Pr>F

A.c. 1 0.02030 0.02030 3.35 0.0682

PO4 4 0.14421 0.03605 5.95 0.0001

Clone 1 0.03182 0.03182 5.25 0.0227

A.c. x PO4 4 0.09457 0.02364 3.90 0.0042

A.c. x Clone 1 0.02678 0.02678 4.42 0.0364

PO4 x Clone 4 0.23298 0.05824 9.62 0.0001

Ac x PO4 x Clone 4 0.10572 0.02643 4.36 0.0020

PAR 1 0.00095 0.00095 0.16 0.6927

Temp.Air 1 0.00148 0.00148 0.24 0.6213

CO2 Air 1 0.13080 0.13080 21.60 0.0001

Source DF
Sum of
Squares

Mean
Square F Value Pr>F

Model

Error

Corrected
Total

22

268

290

1.2439

1.6230

2.8669

0.05654

0.00605

9.34 0.0001



Figure 111.7. The effects of endophyte presence and
soluble soil phosphate concentrations on
Cond. of ramets exposed to 400 pmol/m2/s.
Error bars are standard error,
*significant error, *significant at
P=0.05 and **significant at P=.0.0l.

Figure 111.8. The effects of endophyte presence and
soluble soil phosphate on PSN of ramets
exposed to 1000 pmol/m2/s. Error bars are
standard error, *gignificant at P0.05,
**significant at P=0.01.
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Table 111.7 ANOVA table for the effects of clone genotype,
endophyte presence and soluble soil phosphate
concentration on the PSN of ramets exposed to 1000
jimol/m2/s PAR.
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0.44 12.65 2.559 20.23

Source DF Type III SS Mean Square F Value Pr>F

A.c. 1 48.627 48.627 7.42 0.0069

PO4 4 361.432 90.358 13.79 0.0001

Clone 1 27.983 27.983 4.27 0.0397

A.c. x PO4 4 53.016 13.254 2.02 0.0916

A.c. x Clone 1 5.020 5.020 0.77 0.3821

PO4 x Clone 4 294.580 73.645 11.24 0.0001

Ac x PO4 x Clone 4 67.535 16.884 2.58 0.0380

PAR 1 5.828 5.828 0.89 0.3464

Temp.Air 1 40.691 40.691 6.21 0.0133

CO2 Air 1 71.754 71.754 10.95 0.0011

Sum of Mean
Source DF Squares Square F Value Pr>F

Model 22 1342.449 61.020 9.32 0.0001

Error 259 1696.490 6.550

Corrected
Total 281 3038.940

R-Square C.V. Root MSE Photo Mean



Table 111.8. ANOVA table for the effects of clone genotype,
endophyte presence, and soluble soil phosphate
concentration on the CO2 mt of ramets exposed
to 1000 imol/m2/s PAR.

Stun of Mean
Source DF Squares Square F Value Pr>F
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0.39 5.49 15.043 274.2

Source DF Type III SS Mean Square F Value Pr>F

A.c. 1 252.189 252.189 1.11 0.2921

PO4 4 6244.993 1561.248 6.90 0.0001

Clone 1 176.312 176.312 0.78 0.3782

A.c. x PO4 4 2258.721 564.680 2.50 0.0434

A.c. x Clone 1 213.216 213.216 0.94 0.3326

PO4 x Clone 4 9510.113 2377.528 10.51 0.0001

Ac x PO4 x Clone 4 1787.712 446.928 1.97 0.0987

PAR 1 666.479 666.479 2.95 0.0873

Temp.Air 1 496.740 496.740 2.20 0.1397

CO2 Air 1 9326.890 9326.890 41.21 0.0001

Model 22 37656.09 1711.64 7.56 0.0001

Error 259 58612.22 226.30

Corrected
Total 281 96268.31

R-Square C.V. Root MSE CO2int Mean
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compared to clone 7, but at 0.20 ppm soluble soil-PO4 clone 11 had

significantly lower CO2 mt (Fig. 111.9).

The RS of ramets grown at 1000 pmol/m2/s PAR was significantly

affected by a soluble soil-PO4, clone genotype interaction and the

covariate ambient CO2 concentration (Table 111.9). Clone 7 exhibited

a continuously decreasing RS from .05-2.0 ppm soluble soil-PO4 while

clone 11 responded by increasing RS between 0.05 and 0.2 ppm and

decreasing at 1.0 and 2.0 ppm soluble soil -PO4 (Fig. 111.10). At

0.05 ppm soluble soil -PO4 clone 7 had a significantly greater RS than

clone 11.

Cond was significantly affected by a soluble soil -PO4 and clone

genotype interaction and also the the ambient CO2 concentration (Table

111.10). Clone 7 responded with a gradual increase in Cond with

increased soluble soil -PO4 levels while clone 11 had maximum Cond at

0.05 and 2.0 and decreased levels at 0.1, 0.2 and 1.0 ppm soluble soil

-PO4. Clone 11 had significantly greater Cond than clone 7 at 0.05

and 2.0 ppm soluble soil -PO4 (Fig. 111.11).

Vecetative Growth

Tests of hypotheses for between treatment effects indicated

significant interactions between endophyte presence and clone genotype

and between PO4 concentration and clone genotype which affected the

mean total leaf length per ramet (Table 111.11). Furthermore,

univariate tests of hypotheses for within treatment effects were

significant between time and endophyte presence and clone genotype and

between time, soil PO4 and clone genotype (Table 111.12). El clone 7

had consistently lower mean total leaf length per ramet than EF clone



Figure 111.9. The effects of clone genotype and soluble
soil phosphate concentration on CO2 mt. of
ramets exposed to 1000 pmol/m2/s PAR.
Error bars are standard, error,
*gignificant at P=0.05 and **significant
at P=0.01.

Figure 111.10. The effect of clone genotype and soluble
soil PO4 concentrations on RS of ramets
exposed to 1000 p mmol/m2/s PAR. Error
bars are standard error, *significant at
P=0.05, **.significaflt at P=0.01.
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Table 111.9. ANOVA table for the effects of clone genotype,
endophyte presence and soluble soil phosphate
concentration on the RS of ramets exposed to
1000 .miol/m2/s PAR.
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0.42 28.39 0.3562 1.25

Source DF Type III SS Mean Square F Value Pr>F

A.c. 1 0.04447 0.04447 0.35 0.5544

PO4 4 3.68277 0.92069 7.26 0.0001

Clone 1 0.33494 0.33494 2.64 0.1054

A.c. x PO4 4 0.17338 0.04334 0.34 0.8497

A.c. x Clone 1 0.02434 0.02434 0.19 0.6618

PO4 x Clone 4 4.38431 1.09608 8.64 0.0001

Ac x PO4 x Clone 4 0.60282 0.15071 1.19 0.3166

PAR 1 0.06630 0.06630 0.52 0.4704

Temp.Air 1 0.01916 0.01916 0.15 0.6979

CO2 Air 1 1.83596 1.83596 14.50 0.0002

Model 22 23.518 1.069 8.42 0.0001

Error 259 32.865 0.127

Corrected
Total 281 56.383

R-Square C.V. Root MSE RS Mean

Sum of Mean
Source DF Squares Square F Value Pr>F



Table 111.10. ANOVA table for the effects of clone genotype,
endophyte presence and soluble soil phosphate
concentration on the Cond of ramets exposed to
1000 imol/m2/s PAR.
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R-Square C.V. Root MSE Cond Mean

0.47 22.84 0.0824 0.361

Source DF Type III SS Mean Square F Value Pf>F

A.c. 1 0.00456 0.00456 0.67 0.4134

PO4 4 0.29002 0.07251 10.66 0.0001

Clone 1 0.01545 0.01545 2.27 0.1329

A.c. x PO4 4 0.04057 0.01014 1.49 0.2051

A.c. x Clone 1 0.00969 0.00969 1.42 0.2337

PO4 x Clone 4 0.30318 0.07580 11.15 0.0001

Ac x PO4 x Clone 4 0.06422 0.01606 2.36 0.0538

PAR 1 0.00163 0.00163 0.24 0.6252

Temp.Air 1 0.00126 0.00126 0.19 0.6671

CO2 Air 1 0.10613 0.10613 15.61 0.0001

Source DF
Sum of
Squares

Mean
Square F Value Pr>F

Model

Error

Corrected
Total

22

259

281

1.5680

1.7612

3.3293

0.07127

0.00680

10.48 0.0001



Figure 111.11. The effect of clone genotype and soluble
soil PO4 concentrations on Cond. of ramets
exposed to 1000 pmol/m2/s PAR. Error bars
are the standard error, *sjgnjfjcant at
P=0.05, **=significant at P=0.Ol.
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Table 111.11. Test of hypotheses for the effects of clone genotype,
endophyte presence and soluble soil phosphate concen-
tration on the mean total leaf length per ramet.

Source DF Type III SS
Mean
Square F Value Pr>F

Ac 1 630742.97 630742.97 0.52 0.4722

PO4 5 326223848.23 65244769.65 53.94 0.0001

Clone 1 62643273.44 62643273.44 51.79 0.0001

Ac x PO4 5 8795014.25 1759002.85 1.45 0.2132

Ac x Clone 1 28906902.64 28906902.64 23.90 0.0001

PO4 x Clone 5 18269439.77 3653887.95 3.02 0.0146

Ac x PO4 x Clone 5 11551264.39 2310252.88 1.91 0.1008

Error 87 105235939.42 1209608.50



Table 111.12. Univariate tests of hypotheses for within treatment effects for the total leaf
length per ramet.

Source DF Type III SS Mean Square F Value Pr>F G-G H-F

Time x Ac x Clone 4 7237030.999 1809257.749 11.77 0.0001 0.0001 0.0001

Time x PO4 x Clone 20 12077805.774 603890.288 3.93 0.0001 0.0001 0.0001

Error (Time) 348 53476153.860 153667.108

Greenhouse-Geisser Epsilon = 0.4993; Huynh-Feldt Epsilon = 0.6461.
Test for sphericity: Mauchly's Criteron = 0.02.
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7, while El clone 1]. had greater mean total leaf length per raxnet than

EF clone 11 (Table 111.13). Overall, El clone 7 had 21% less and El

clone 11 48% greater mean total leaf length per ramet when compared to

their EF counterparts. Maximum differences occurred at 5 weeks of age

when EF clone 7 had 34% and El clone 11 had 62% greater leaf length

per rainet. During the study, clone 7 had greater leaf length per

ramet than clone 11.

The rates of increase for the mean total leaf length per ramet

in response to soluble soil phosphate concentrations were different

for the 2 clones. Soil phosphate treatments above 0.05 ppm resulted

in similar mean total leaf lengths per ramet for clone 7 (Fig.

III.12a), while raniets of clone 11 had increased total leaf lengths

per ramet with increased soluble soil phosphate concentrations up to

1.0 ppm (Fig. III.12b).

Interactions between endophyte presence and clone genotype or

soluble soil and clone genotype significantly influenced the number of

leaves per ramet (Table 111.14). Within subject treatments were also

significant for time, endophyte presence and clone genotype and for

time, PO4 concentration and clone genotype (Table 111.15). EF clone 7

had more leaves per ramet than El clone 7 while El clone 11 had fewer

leaves per ramet than EF clone 11 (Table 111.16). During the study,

EF clone 7 averaged 16.7% more leaves than El clone 7, while EF clone

11 had 34% fewer leaves than El clone 11. By 7 weeks of age, EF clone

7 had 9% more leaves per rainets while EF clone 11 had 30% fewer leaves

per ramet.



*length in mm.
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Table 111.13. The effects of clone genotype and endophyte presence on
the mean total leaf length per ramet.

Day Clone
Endophyte
Presence

Mean Total
Leaf Length*

STD Error
(pooled S)

Confidence
Intervals (95%)

21 7 El 458 34.8 389-526
7 EF 612 34.1 544-680

11 El 495 33.6 428-562
11 EF 365 36.1 283-427

28 7 El 1166 123.6 921-1412

7 EF 1330 121.4 1089-1571

11 El 1019 119.4 782-1256

11 EF 662 130.8 399-918

35 7 El 1729 106.3 1518-1940
7 EF 2309 104.4 2101-2516

11 El 1710 102.6 1506-1914
11 EF 1055 112.5 821-1268

42 El 2741 134.0 2474-3007
EF 3328 131.7 3066-3590

11 El 2373 129.5 2116-2630
11 EF 1599 144.7 1312-1887

49 7 El 3534 146.3 3243-3825
7 EF 4104 143.8 3819-4390

11 El 3126 141.4 2845-3407

11 EF 4104 158.1 1898-2526



Figure III.12a. The effect of phosphate nutrition and
ramet age on leaf length for clone 7.

Figure III.12b. The effect of phosphate nutrition and
ramet age on leaf length for clone 11.
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Table 111.14. Test of hypotheses for the effects of clone genotype,
endophyte presence and soluble soil phosphate concen-
trations on the mean number of leaves per ramet.

91

Source DF Type III SS
Mean
Square F Value Pr>F

Ac 1 15.840 15.840 0.80 0.3728

PO4 5 4182.249 836.449 42.39 0.0001

Clone 1 226.248 226.248 11.47 0.0011

Ac*PO4 5 126.785 25.357 1.28 0.2778

Ac*Clone 1 330.811 330.811 16.76 0.0001

PO4*Clone 5 285.961 57.192 2.90 0.0182

Ac*PO4*Clone 5 137.119 27.423 1.39 0.2362

Error 86 1697.076 19.733



Table. 111.15. Univariate tests of hypotheses for within treatment effects for the number of
leaves per ramet.

Greenhouse-Geisser Epsilon = 0.4774; Huynh-Feldt Epsilon = 0.6185.
Test for sphericity: Mauchly's Criteron = 0.002

Time x Ac x Clone 4 30.272 7.568 4.25 0.0023 0.0172 0.0099

Time x PO4 x Clone 20 122.723 6.136 3.45 0.0001 0.0005 0.0001

Error (Time) 344 612.406 1.780

Mean
Source DF Type III SS Square F Value Pr>F G-G H-F



Table 111.16. The effect of clone genotype and endophyte presence on
the mean number of leaves per ramet.
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Day Clone
Endophyte
Presence

Mean No.
Leaves

STD Error
(pooled S)

Confidence
Intervals (95%)

21 7 El 2.54 0.22 2.1-3.0

7 EF 3.31 0.21 2.9-3.7

11 El 3.00 0.21 2.6-3.4

11 EF 2.21 0.22 1.7-2.6

28 7 El 4.64 0.30 4.1-5.2

7 EF 5.83 0.29 5.2-6.4

11 El 5.41 0.29 4.8-6.0

11 EF 3.92 0.31 3.3-4.5

35 7 El 7.29 0.39 6.5-8.1

7 EF 9.17 0.39 8.4-9.9

11 El 8.00 0.39 7.2-8.8

11 EF 9.17 0.42 4.8-6.4

42 7 El 10.79 0.52 9.8-11.8

7 EF 12.17 0.51 11.2-13.2

11 El 10.62 0.50 9.6-11.6

11 EF 8.00 0.56 6.9-9.1

49 7 El 13.18 0.65 11.9-14.5

7 EF 14.41 0.64 13.1-15.7

11 El 13.31 0.64 12.0-14.6

11 EF 10.21 0.70 8.8-11.6
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The 2 clones responded differently to the soluble soil phosphate

treatments. Ramets of clone 7 had similar numbers of leaves for all

treatments above 0.05 ppm, while ramets of clone 11 responded to

increased soluble soil phosphate levels up to 1.0 ppm by having

increased numbers of leaves. Ramets of clone 11 grown in 2.0 ppm

soluble soil PO4 had slightly reduced leaf production when compared to

the 1.0 ppm treatment (Fig. 111.13).

For between treatment effects, the numbers of vegetative tillers

per ramet were significantly influenced by clone genotype interacting

with endophyte presence and by soluble PO4 concentration, interacting

with clone genotype (Table 111.17). Univariate tests of hypotheses

for within treatment effects indicated significant time and soluble

soil PO4 concentration and clone genotype interactions. Time

interacted with endophyte presence and clone genotype but was only

significant at P=0.lO. Since Mauchly's criterion for sphericity was

not met, corrected H-H and G-G Pr> F values were used (Table 111.18).

The 2 clones responded differently to soluble soil PO4

treatments. Tiller production in clone 7 was similar for phosphate

treatments above 0.05 ppm, while clone 11 responded in a stepwise

fashion with increase PO4 levels increasing tiller production for

treatments up to 1.0 ppm (Fig. 111.14). El clone 7 had reduced tiller

production when compared to EF clone 7, while El clone 11 had

increased numbers of tillers when compared to EF clone 11 (Table

111.19). Overall, El clone 7 had 12% fewer tillers than EF clone 7,

while El clone 1]. had 25% more tillers per ramet than EF clone 11.

When ramets were 7 weeks old, there was no statistical difference in



Figure III.13a. The effect of phosphate nutrition and
ramet age on the mean number of leaves
per ramet for clone 7.

Figure III.13b. The effect of phosphate nutrition and
ramet age on the mean number of leaves
per ramet for clone 11.
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Table 111.17. Test of hypotheses for the effects of clone genotype,
endophyte presence and soluble soil phosphate concen-
tration on the mean number of tillers per ramet.

Source DF Type III SS
Mean
Square F Value Pr>F

Ac 1 1.598 1.598 0.49 0.4847

PO4 5 718.720 143.744 44.30 0.0001

Clone 1 5.196 5.196 1.60 0.2092

Ac x PO4 5 36.054 7.210 2.22 0.0594

Ac x Clone 1 39.480 39.480 12.17 0.0008

PO4 x Clone 5 47.191 9.438 2.91 0.0179

Ac x PO4 x Clone 5 12.177 2.435 0.75 0.5880

Error 85 275.826 3.245



Greenhouse-Geisser Epsilon = 0.7100; Huynh-Feldt Epsilon = 0.9359.
Test for sphericity: Mauchly's Criteron = 0.07 (i.e. use G-G and H-F corrected F tests).

Table 111.18. Univariate tests of hypotheses for within treatment effects for the mean
number of tillers per ramet.

Source DF Type III SS
Mean

Square F Value Pr>F G-G H-F

Time x Ac x Clone

Time x PO4 x Clone

Error (Time)

4

20

340

3.883

24.339

167.073

0.970

1.216

0.491

1.98

2.48

0.0978

0.0005

0.1217

0.0026

0.1027

0.0007



Figure III.14a. The effect of phosphate nutrition and
rainet age on the mean number of tillers
per ramet for clone 7.

Figure III.14b. The effect of phosphate nutrition and
ramet age on the mean number of tillers
per ramet for clone 11.
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Table 111.19. The effect of clone genotype and endophyte presence on
the mean number of tillers per ramet.
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Day Clone
Endophyte
Presence Mean Tillers

STD Error
(pooled S)

Confidence
Intervals (95%)

21 7 El 1.25 0.13 1.0-1.5
7 EF 1.86 0.13 1.6-2.1

11 El 1.72 0.13 1.5-2.0

11 EF 1.21 0.14 0.9-1.5

28 7 El 2.57 0.17 2.2-2.9

7 EF 3.14 0.17 2.7-3.4

11 El 2.93 0.17 2.6-3.3
11 EF 2.04 0.18 1.6-2.4

35 7 El 3.46 0.20 3.1-3.9
7 EF 4.07 0.20 3.6-4.4

11 El 3.72 0.20 3.3-4.1
11 EF 2.92 0.21 2.4-3.3

42 7 El 4.14 0.21 3.7-4.6
7 EF 4.32 0.21 3.9-4.8

11 El 4.34 0.21 3.9-4.8
11 EF 3.63 0.23 3.2-4.1

48 7 El 4.46 0.25 4.0-5.0
7 EF 4.46 0.24 4.0-5.0

11 El 5.07 0.24 3.6-5.6
11 EF 4.42 0.27 3.9-4.9



tiller production due the presence or absence of endophyte. Fig.

11.15 summerizes the effects of ramet age and endophyte presence on

the mean total leaf length per ramet and the mean numbers of leaves

and tillers.

Ramet Ortho-Phosphate Ratios

Mean crown:root ortho-phosphate ratios (C:R PO4) were

significantly affected by soluble soil-PO4 concentrations and by clone

genotype interacting with endophyte presence (Table 111.20). C:R PO4

increased from 0.38 for ramets grown in 0.02 ppm soluble soil -PO4 to

0.84 for 1.0 ppm grown ramets, while ramets of the 2.0 ppm treatment

had C:R PO4 which were reduced to 0.64 (Table III.21a). El clone 7

had slightly higher C:R PO4 than EF clone 7 (0.67 vs. 0.62) while El

clone 11 had reduced C:R PO4 when compared to EF clone 11 (0.63 vs.

0.80) (Table III.21b).

Mean leaf sheath:root ortho-phosphate ratios (LS:R PO4) were

influenced by soluble soil PO4 concentrations and by clone genotype

interacting with endophyte presence (Table 111.22). LS:R PO4

increased with soluble soil PO4 treatments up to 1.0 ppm and dropped

slightly at 2.0 ppm (Table III.23a). El clone 7 had higher LS:R PO4

when compared to EF clone 7 while El clone 11 had lower LS:R PO4 when

compared to EF clone 11 (Table III.23b).

Clone genotype interacted with endophyte presence and soluble

soil PO4 interacted with clone genotype to significantly affect the

mean leaf:root ortho-phosphate ratios (L:R PO4) (Table 111.24). Clone

7 had higher mean L:R PO4 than clone 11 except for ramets grown in

0.02 soluble soil-PO4 (Table III.25a). El clone 7 had increased L:R

102



Figure 111.15. The effects ramet age and endophyte
presence on the mean total leaf length per
ramet (a), mean number of leaves per ramet
(b), and the mean number of tillers per
ramet (C).
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Table 111.20. ANOVA table for the effects of clone genotype,
endophyte presence and soluble soil phosphate
concentration on the crown to root orthophosphate
ratios.

Sum of Mean
Source DF Squares Square F Value Pr>F

105

0.64 21. 9896 0. 1494 0. 6794

Source DF Type III SS Mean Square F Value Pr>F

Ac 1 0.0751 0.0751 3.36 0.0699

PO4 5 2.3711 0.4742 21.24 0.0001

Clone 1 0.1112 0.1112 4.98 0.0281

Ac x PO4 5 0.1472 0.0294 1.32 0.2630

Ac x Clone 1 0.3086 0.3086 13.83 0.0003

PU4 x Clone 5 0.2089 0.0417 1.87 0.1070

Ac x PU4 x Clone 5 0.2440 0.0488 2.19 0.0626

Model 23 3.5748 0.1554 6.96 0.0001

Error 90 2.0090 0.0223

Corrected
Total 113 5.5839

R-Square C.V. Root MSE C:R Mean



Table III.21a. 95% LSD intervals for mean crown to root
orthophosphate ratios.

Alpha = 0.95; df = 90; MSE = 0.022323; Critical T = 1.99

Table III.21b. The effect of clone genotype and endophyte
presence on crown to root orthophosphate ratios.
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Clone
Endophyte
Presence

Mean
C:R PO4

STD Error
(pooled S)

95% Confidence
Interval

7 El 0.67 0.03 0.61-0.73

7 EF 0.62 0.03 0.57-0.68

11 El 0.63 0.03 0.57-0.69

11 EF 0.80 0.03 0.75-0.86

Phosphate
Level (ppm)

Mean
C:R PC4

Homogeneous
Groups

002 0.381

0.05 0.706 **

0.10 0.786 **

0.20 0.735 ***

1.0 0.835 *

2.0 0.642 *



Table 111.22. ANOVA table for the effects of clone genotype,
endophyte presence adn soluble soil phosphate
concentration on the leaf sheath to root
orthophosphate ratios.

Sum of Mean
Source DF Squares Square F Value Pr>F

Model 23 9.1229 0.3966 4.43 0.0001

Error 92 8.2387 0.0895

Corrected
Total 115 17.3616

R-Square C.V. Root MSE LS:R Mean
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0.53 27.0968 0.2992 1.1043

Source DF Type III SS Mean Square F Value Pr>F

Ac 1 0.0825 0.0825 0.92 0.3395

PO4 5 2.8127 0.5625 6.28 0.0001

Clone 1 4.0486 4.0486 45.21 0.0001

Ac x PO4 5 0.2169 0.0433 0.48 0.7870

Ac x Clone 1 1.8067 1.8067 20.18 0.0001

PO4 x Clone 5 0.1510 0.0302 0.34 0.8891

Ac x PO4 x Clone 5 0.1109 0.0221 0.25 0.9399



Table III.23a. 95% LSD intervals for mean leaf sheath to root
orthophosphate ratios.

Alpha = 0.95; df = 92; MSE = 0.089552; Critical T = 1.99

Table III.23b. The effect of clone genotype and endophyte
presence on mean leaf sheath to root ortho-
phosphate ratios.
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Clone
Endophyte
Presence

Mean
LS:R

STD Error
(pooled S)

95% Confidence
Interval

7 El 1.44 0.06 1.32-1.56

7 EF 1.15 0.06 1.03-1.26

11 El 0.83 0.06 0.71-0.94

11 EF 1.02 0.06 0.90-1.14

Phosphate
Level (ppm)

Mean
LS:R

Homogeneous
Groups

0.02 0.898 *

0.05 0.979

0.10 1.067 *

0.20 1.083 **

1.0 1.316 *

2.0 1.286 **



Table 111.24. ANOVA table for the effects of clone genotype,
endophyte presence and soluble soil phosphate
concentration on the mean leaf to root ortho-
phosphate ratios.
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R-Square C.V. Root MSE
Mean

L:R PO4

0.58 20.4041 0.3223 1.5796

Source DF Type III SS Mean Square F Value Pr>F

Ac 1 0.0906 0.0906 0.87 0.3525

PO4 5 5.7003 1.1400 10.97 0.0001

Clone 1 1.9913 1.9913 19.17 0.0001

Ac x PO4 5 0.4740 0.0948 0.91 0.4765

Ac x Clone 1 L2978 1.2978 12.49 0.0006

PO4 x Clone 5 2.7443 0.5488 5.28 0.0003

Ac x PO4 x Clone 5 0.9891 0.1978 1.90 0.1010

Source DF
Sum of
Squares

Mean
Square F Value Pr>F

Model

Error

Corrected
Total

23

93

116

13.4229

9.6610

23.0839

0.5836

0.1038

5.62 0.0001



Table III.25b. The effect of clone genotype and endophyte
presence on the mean leaf to root orthophosphate
ratios.

110

Table III.25a. The effect of clone genotype and soil phosphate concen-
trations on the mean leaf to root orthophosphate ratios.

Clone
Soil-PO4

(ppm)
Mean

L:R PO4
STD Error
(pooled S)

95% Confidence
Interval

7 0.02 1.22 0.11 1.01-1.44
11 0.02 1.58 0.11 1.36-1.79

7 0.05 2.05 0.12 1.83-2.28
11 0.05 1.87 0.11 1.66-2.09

7 0.10 2.01 0.11 1.79-2.22
11 0.10 1.64 0.11 1.43-1.86

7 0.20 1.77 0.12 1.54-1.99
11 0.20 1.20 0.11 0.98-1.41

7 1.0 1.64 0.12 1.41-1.86
11 1.0 1.31 0.11 1.09-1.52

7 2.0 1.60 0.11 1.39-1.82
11 2.0 1.14 0.11 0.92-1.35

Clone
Endophyte
Presence

Mean
L:R PO4

STD Error
(pooled S)

95% Confidence
Interval

7 El 1.85 0.06 1.73-1.97

7 EF 1.58 0.06 1.45-1.70

11 El 1.38 0.06 1.26-1.50

11 EF 1.54 0.06 1.41-1.65



PO4 when compared to EF clone 7, while El clone 11 had lower L:R PO4

had EF clone 11 (Table III.25b).

Ranet Biomass

Above ground biomass to total biomass per ramet increased with

decreased soil soluble PO4 concentrations. Analysis of variance

determined that clone genotype interacted with soluble soil PO4

concentrations and clone genotype interacted with endophyte presence

to affect the percentage of above ground biomass to total biomass per

ramet (Table 111.26). Clone 7 generally had a higher percentage of

above ground biomass to total biomass per ramet than clone 11 (Fig.

111.16). Above 0.2 ppm soluble soil PO4, clone 7 consistently had

about 7% more above ground biomass to total biomass per ramet than

clone 11. El clone 7 had higher above ground biomass to total biomass

per ramet than EF clone 7, while El clone 11 had lower above ground

biomass to total biomass per ramet than EF clone 11 (Fig. 111.17).

The percentage of leaf biomass to total biomass per ramet was

affected by the three way interaction of clone genotype, soluble soil

PO4 treatment and endophyte presence (Table 111.27). Clone 7 had

higher percentages of leaf biomass to total biomass per ramet than

clone 11 at all but the lowest soluble soil PO4 concentration.

Endophyte-infection affected leaf biomass, but it varied with soluble

soil PO4 levels (Fig. 111.18).

Clone genotype and endophyte presence interacted to affect the

percentage of leaf sheath (pseudostem) biomass to total biomass per

ramet (Table 111.28). El clone 7 had highly significant increases in

pseudostem biomass to total biomass per ramet when compared to EF

111
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0.56 9.36 4.73 50.57

Source DF Type III SS Mean Square F Value Pr>F

Clone 1 683.973 683.973 30.51 0.0001

PO4 5 1132.544 226.508 10.10 0.0001

Ac 1 11.764 11.764 0.52 0.4706

Clone x PO4 5 283.593 56.718 2.53 0.0339

Clone xAc 1 313.974 313.974 14.01 0.0003

PO4 x Ac 5 109.979 21.995 0.98 0.4334

Clone x PO4 x Ac 5 217.870 43.57 1.94 0.0941

Table 111.26. ANOVA table for the percent of above ground biomass
to total biornass.

Source DF
Sum of
Squares

Mean
Square F Value Pr>F

Model 23 2753.699 119.726 5.34 0.0001

Error 96 2152.145 22.428

Corrected
Total 119 4905.844

Mean above ground
R-Square C.V. Root MSE biomass (% of total)



Figure 111.16. The effect of clone genotype and soil
phosphate concentration on the percent of
above ground biomass to total biomass.

Figure 111.17. The effect of clone genotype and endophyte
presence on the percent of above ground
biomass to total biomass. **significant
at P=O.O1.
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R-Square C.V. Root MSE % Leaf Wt. Mean
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Source DF Type III SS Mean Square F Value Pr>F

Clone 1 154.611 154.611 18.32 0.0001

PO4 5 825.052 165.010 19.55 0.0001

Ac 1 0.126 0.126 0.01 0.9030

Clone x PO4 5 339.477 67.895 8.04 0.0001

Clone x Ac 1 32.032 32.032 3.79 0.0543

PO4 x Ac 5 52.590 10.518 1.25 0.2938

Clone x PO4 x Ac 5 148.687 29.737 3.52 0.0057

Table 111.27. ANOVA table for the percent of leaf biomass to total
biomass.

Source DF
Sum of
Squares

Mean
Square F Value Pr>F

Model

Error

Corrected
Total

23

96

119

1552.576

810.305

2362.881

67.503

8.440

8.00 0.0001

0.66 9.13 2.90 31.817



Figure 111.18. The effect of clone genotype, endophyte
presence and soil phosphate concentrations
on the percent of leaf biomass to total
biomass.

Figure 111.19. The effect of endophyte presence and clone
genotype on the percent of leaf sheath to
total biomass.
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R-Square C.V. Root MSE
% Leaf Sheath

Wt. Mean

0.40 15.66 2.93 18.75

Source 1W Type III SS Mean Square F Value Pr>F

Clone 1 188.200 188.200 21.79 0.0001

PO4 5 85.711 17.142 1.98 0.0878

Ac 1 14.325 14.325 1.66 0.2009

Clone x PO4 5 65.118 13.023 1.51 0.1946

Clone x Ac 1 145.435 145.435 16.84 0.0001

PO4 x Ac 5 25.469 5.093 0.59 0.7078

Clone x PO4 x Ac 5 36.835 7,367 0.85 0.5159

Table. 111.28. ANOVA table for the percent of leaf sheath biomass
to total biomass.

Source DF
Sum of
Squares

Mean
Square F Value Pr>F

Model

Error

Corrected
Total

23

96

119

561.096

829.299

1390.396

24.395

8.638

2.82 0.0002
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clone 7, while El clone 11 had significantly less pseudostem biomass

to total biomass per rainet than EF clone 11 (Fig. 111.19).

The percentage of crown biomass to total biomass per ramet was

affected by soil PO4 levels (Table 111.29). Crown biomass to total

biomass per ramet were less than 14% at 0.02 ppm soluble soil PO4,

while all other treatments had greater than 16% of their biomass

committed to crown tissue (Fig. 111.20).

Clone genotype interacted with soluble soil PO4 concentration

and endophyte presence interacted with clone genotype to affect the

percentage of root biomass to total biomass per ramet (Table 111.30).

Overall, clone 11 had a greater percentage of its biomass committed to

root growth than clone 7 (Fig. 111.22). However, at 0.02 and 0.05 ppm

soluble soil PO4, both clones 7 and 11 had similar percentages of root

biomass to total biomass per ramet. Endophyte-infected clone 7 had

decreased root biomass to total biomass per ramet when compared to EF

clone 7, while El clone 11 had increased root biomass to total biomass

per ramet when compared to El clone 11.

DISCUSSION

Plant genotype differences and endophyte-infection status

influences vegetative growth responses of ramets grown in soil

containing deficient and sufficient levels of orthophosphate. Clone 7

has robust growth, large leaves and a drooping growth habit. A

greater percentage of its mass is in above ground photosynthetically

active tissues when compared to clone 11. Clone 11 is a rhizomatous

accession with narrow leaf blades and a prostrate growth habit. It



Table 111.29. ANOVA table for the percent of crown biomass to total
biomass.

Sum of Mean
Source DF Squares Square F Value Pr>F

Model 23 974.608 42.374 4.10 0.0001

Error 96 993.285 10.346

Corrected
Total 119 1967.893

R-Square

0.40

120

Source PP Type III SS Mean Square F Value Pr>F

Clone 1 113.956 113.956 11.01 0.0013

PO4 5 590.484 118.096 11.41 0.0001

Ac 1 23.713 23.715 2.29 0.1333

Clone x PO4 5 93.021 18.604 1.80 0.1205

Clone x Ac 1 3.829 3.829 0.37 0.5444

PO4 x Ac 5 80.799 16.159 1.56 0.1782

Clone x PO4 x Ac 5 68.802 13.760 1.33 0.2581

% Crown
C.V. Root MSE Wt. Mean

18.91 3.21 17.00



Figure 111.20. The effect of soil phosphate on the percent
of crown biomass to total biomass.

Figure 111.21. The effect of clone genotype and soil
phosphate concentration on the percent of
root biomass to total biomass.
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Table 111.30. ANOVA table for the percent of root biomass to total
biomass.

Sum of Me-an

Source DF Squares Square F Value Pr>F

Model 23 1722.636 74.897 6.46 0.0001

Error 96 1112.962 11.593

Corrected
Total 119 2835.599

% Root
R-Square C.V. Root MSE Wt. Mean

123

0.61 10.50 3.40 32.41

Source DF Type III SS Mean Square F Value Pr>F

Clone 1 239.563 239.563 20.66 0.0001

PO4 5 484.745 96.949 8.36 0.0001

Ac 1 2.073 2.073 0.18 0.6733

Clone x PO4 5 465.105 93.021 8.02 0.0001

Clone x Ac 1 387.151 387.151 33.39 0.0001

PO4 x Ac 5 29.129 5.825 0.50 0.7737

Clone x PO4 x Ac 5 114.868 22.973 1.98 0.0882



Figure 111.22. The effect of clone genotype and endophyte
presence on the percent of root biomass to
total biomass. **significant at P=O.Ol.
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has a greater proportion of its mass in roots when compared to clone

7.

Clone 7 has about 30% more surface area per leaf than clone 11

(unpublished data). This increased surface area allows the leaf to

intercept a greater amount of PAR. However, it also increases the

loss of H20 from the leaf due to transpiration. During moderate PAR

conditions, clone 7 has reduced PSN, increased RS and decreased CO2

mt when compared to clone 11. This decrease in the rate of CO2

fixation may be due in part to increased RS which is necessary to

regulate the water usage of clone 7's larger leaves.

With increases in soil soluble phosphate concentrations, clone

11 produces an increased number of tillers, leaves and total leaf

lengths per ramet over time. Clone 7 responds to different soil

soluble phosphate concentrations up to 0.10 ppm by increasing growth

incrementally. Above 0.10 ppm of available soil PO4 the growth rates

for the numbers of leaves, tiller and total leaf lengths per ramet are

similar. These differences in growth rates in response to PO4

availability indicate that either clone 7 is better at acquiring PO4

than clone 11, or that clone 7 uses PO4 more efficiently in growth

processes.

The effects of endophyte-infection on plant growth and PSN are

varied. Endophyte presence interacts with various soluble soil PO4

concentrations to reduce PSN of ramets grown under 400 pmol/m2/s PAR.

This reduction in CO2 fixation has been observed for other endophyte

biotype-clone genotype combinations (Belesky et al., 1987; Richardson
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et al., 1990). The mechanism(s) by which reduced PSN occur(s) is not

known. However, RS appears to correlate well with reduced PSN. When

RS is significantly greater in El ramets when compared to EF ramets,

reductions of PSN in the El ramets are observed. Stomatal function

appears to be more sensitive to the presence of A. coenophialum in

clone 7 than in clone 11.

There are many environmental and physiological cues which can

result in changes in stomatal function. The degree of stomatal

opening is dependent upon many factors including; air temperature and

humidity, light intensities, intercellular CO2 concentrations,

abscisic acid levels, intracellular PO4, K, Ca and Ci+ levels,

mesophyll membrane surface areas and permeabilities, and the

carbohydrate status of guard cells (Nobel, 1983). This wide range of

control of stomatal aperature is necessary for the plant to cope with

constantly variable environmental and physiological conditions. How

the presence of endophyte in tall fescue interplays with these and

other factors to affect stomatal function is not known. Perhaps the

presence of endophyte influences intracellular carbohydrate or PO4

distribution or causes subtle changes in hormone concentrations.

Further studies are needed to investigate the roles endophyte-

infection have on stomatal aperature and PSN.

When PSN are measured at 1000 pmol/m2/s, clone type, endophyte

presence and soil PO4 concentrations all interact to affect rates, but

there are no consistent patterns as a result of endophyte-infection.

This may be due to high variability in the measurements of PSN, RS, or

Cond. Although the ramets were acclimated under 1000 imol/m2/s of PAR
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for 1 hour prior to measurement, it may not have been sufficient for

the adjustment of stomatal and/or photosynthetic function. Belesky et

al. (1987) reported that El raniets continue to have depressed PSN

under high PAR conditions, but Richardson et al. (1990) observed

similar PSN between El and EF rainets during high PAR.

Clone genotype interacts with endophyte presence to affect

several growth responses. The numbers of tillers, leaves and total

leaf lengths per ramet over time at all soluble soil PO4 levels are

lower in El clone 7 than EF clone 7. El clone 7 also has a greater

percentage of its above ground growth in the leaf sheath region

(pseudostem) than EF clone 7. El clone 11 on the other hand has

larger numbers of tillers, leaves and total leaf lengths per ramet

over time at all soluble soil PO4 levels when compared to EF clone 11.

A greater percentage of the ramet biomass is in roots when the

distribution of biomass is compared between El and EF clone 11.

Observed differences in the distribution of orthophosphate in the

ramets due to endophyte infection may be a reflection of these shifts

in the distribution of growth.

Changes in growth and biomass distribution may benefit the 2

clones in different ways. When placed under H20 stress, El clone 7

has significant reductions in total leaf lengths when compared to EF

clone 7, while endophyte-infection has little effect on clone 11's

response to drought (Belesky et al., 1989a). By having reduced total

leaf lengths, El clone 7 decreases its leaf surface area which in turn

reduces H20 loss due to transpiration. This increase in H20

conservation during drought should enhance persistance and survival
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for El clone 7. Recovery from drought may also be aided by an

increase in the percentage of above ground biomass committed to

pseudostem tissues in El clone 7. Pseudostems of grasses protect

developing leaves, decrease H20 loss due to transpiration and act as a

source of stored carbohydrates for leaf regrowth (Evans, 1958; Colvill

and Marshall, 1981).

In studies of grasses subjected to herbivory, differences in

morphology, root:shoot ratios, shifts in assimilate and nutrient

allocation patterns, PSN changes, altered nutrient uptake and hormone

balance changes have been observed (Youngner, 1972; Jaramillo and

Detling, 1988; Marshall and Sagar, 1965; Detling et al., 1979).

Populations of grasses subjected to repeated long-term grazing may be

genetically different from nongrazed populations of the same species.

Bouteloua qracilis collected from sites heavily grazed by prairie dogs

and grown in the greenhouse had increases in root:shoot ratios and

changes in nitrogen allocation when compared to plants from nongrazed

areas (Jaramillo and Detling., 1988). In general, plants with short

narrow leaves, prostrate growth habits and relatively high root:shoot

ratios are better adapted to avoid and/or tolerate repeated grazing

(Coppock et al., 1983).

Clone 12. has long narrow leaves, a prostrate growth habit and

increased root:shoot ratios when compared to clone 7. El clone 11

also has relatively high concentrations of the ergot alkaloid

ergovaline (unpublished data and Belesky et al., 1989b). Cattle which

graze El tall fescue which contains ergovaline in concentrations as

low as 200 ppb can develop symptoms of fescue toxicosis (Garner et
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al., 1989). Cattle which suffer from fescue toxicosis can have

lowered weight gains that are caused in part by reduced grazing

(Hoveland et al., 1980). These morphological, growth allocation and

toxin production characteristics make El clone 11 well suited to avoid

and/or minimize damage caused by herbivores.

In contrast, clone 7 has morphological characteristics which do

not favor avoidance of herbivory. Large drooping leaves with a

greater percentage of biomass above ground than clone 11 make clone 7

more prone to damage by herbivore grazing. Furthermore El clone 7 has

low levels of ergovaline which are in concentrations which may not

reduce grazing (unpublished data and Belesky et al., 1989b). However,

clone 7 does have characteristics that would favor tolerance and

recovery from grazing damage. Although clone 7 has a proportionately

smaller root system than clone 11, it appears to be more efficient at

supporting above ground growth. Furthermore El clone 7 has a greater

percentage of above ground biomass committed to pseudostem tissue.

This subtle shift in biomass allocation may help decrease severe

defoliation injury by placing a greater percentage of the plants

aerial biomass lower in the plant canopy.

The mechanisms by which endophyte infection alters plant growth

and biomass distribution are not known. Observations from this

research suggests a mechanism(s) in which the presence of endophyte

hyphae creates nutrient sinks. These changes could then cause subtle

shifts in hormone concentrations or tissue sensitivity to hormones.

These shifts could then trigger altered growth distribution in the

plant (Trewavas, 1986). Altered biomass distribution and



morphological changes in mycorrhizal plants may be plant hormone

mediated (Smith and Gianinazzi-Pearson, 1989). Specific research to

investigate nutrient source-sink relationships and hormone levels of

El and EF clones should be carried out.

This research shows that both the phenotypic characteristics of

tall fescue and endophyte-infection by specific fungal biotypes

affects plant growth and biomass distribution. Clones 7 and 11

responded very differently to infection by A. coenolhialum. The

mechanisms of these differential responses are not understood.

However, the altered growth and biomass distribution of endophyte

infected tall fescue should increase its ability to adapt to a wider

range of habitats, thus increasing survival and persistence.
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