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overcome (Yolken et al., 1983), ELISA could prove to be an
important tool for identification and quantification of soil

microorganisms.
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III. METHODS AND MATERIALS

In order to determine if the Frankia endophyte could
grow outside the actinorhizal host plant under aseptic
conditions a sterile flask study was set up. Two greenhouse
pot studies dealing with the affects of soil environment and
plant cover types on infectivity of Alnus host plants by
Frankia strain CplIl were also established. The affects of
the various treatments on infective soil populations of
Frankia were measured indirectly with a sterile host plant
bioassay. Frankia soil populations were measured directly
by immunoassay with Enzyme Linked Immunosorbent Assay

(ELISA) and Fluorescent Antibody (FA) tests.
A. Sterile Flask Study

Prior to commencement of greenhouse pot studies a test
was set up to determine if the Frankia endophvte could
survive and grow outside the hosf plant under sterile
conditions. In order to accomplish this, twenty-four 250 m]
Erienmeyer flasks containing 50 gm each of oil-dry
(montmorillonite clay; Lalonde and Calvert, 1979) and 12 ml

of N free nutrient solution (Appendix B) were steam

sterilized. Sterile Alnus glutinosa seedlings (Methods B1l)

were planted aseptically in each flask. A sterile
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microscope slide was placed in each flask having
approximately 25 mm buried in the oil-dry medium. Flasks
were capped with serum stoppers. Cotton plugged 18 gauge
needles were used to puncture the serum stoppers and provide
sterile air f]ow. Five flasks each were then inoculated
with four different levels of Frankia strain Cpll inoculum
(Methods B2). The remaining four flasks were uninoculated
controls, Before inoculation, CpIl was sonicated for two 15
sec periods with a Biosonik Sonifier (Bronwill Scientific,
Rochester, NY) at a setting of 70. The cells were
sedimented by centrifugation and washed twice in sterile
normal saline solution and then suspended in sterile
nutrient solution (Appendix B). One ml units of the
inoculum, concentrated to optical densities corresponding to
MacFarland standards # 1,3,6 or 8, were added to the flasks.

Flasks were then placed in a plant growth chamber.
B. Establishment of Greenhouse Pot Experiments

Two separate greenhouse pot studies were begun in June,
1983. A soil environment study was set up to examine the
effects of sof1 pH, moisture level, and organic matter
conteqt on population levels of Frankia strain CpIl. Each
of the 27 different treatments was repeated three times.

This experiment set up out in a randomized complete block
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design. This design was chosen to minimize variation due to
differences in light levels within the greenhouse during the
déy. Each replication contained six uninoculated control
pots and all other pots were inoculated with Frankia strain
CpIl. A1l pots in this study contained a single alder
seedling which was used as a bioassay for soil population
levels of Frankia.

The second pot study was made to determine the effects
of various plant covers on soil populations of Frankia.
Plant cover types included in the study were alder (Alnus

glutinosa), hybrid poplar (Populus x euramericana), and

brome grass (Bromus brizaeformis). Bare-soil-only pots were

also included in the study. Ten pots were set up for each
plant cover type. Six pots of each type were inoculated
with Frankia strain Cpll while the remaining four were left

uninoculated to be used as controls. The plant cover
experiment was set up in a completely randomized design.
Plants were harvested and soil samples taken for evaluation
in both pot studies in June, 1984 after one year of growth.
A1l pots used in the greenhouse study were 24 cm
diameter plastic pots. These pots were surface sterilized
prior to initiation of the study by soaking for 30 min in

20% bleach solution. Each pot was filled with approximately

2.6 kg of oil-dry or oil-dry-peat mixture depending on the
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treatment. Because 0il-dry is an inert, sterile
montmorillonite clay (Lalonde and Calvert, 1979), it was not
sterilized before use. Organic matter (0.M.) used in the
studies was sphagnum peat moss. The peat moss was steam
sterilized for 4 hours at 120°C before mixing with oil-dry
to produce the artificial plant growth medium refered to as
soil throughout the remainder of this study. Table frames
in this study were covered with 2.5 cm x 2.5 ¢m mesh welded
metal fabric cloth to allow for better pot drainage and
lessen chances of contamination. The greenhouse 1ight
regime consisted of 18 hr days and 6 hr nights. Average
daily temperature was 75%C, average nightly temperature was

700cC.
1, Plants

Plants used in the experiments were as follows:

a. Alnus glutinosa were germinated from seeds taken

from the same mother tree. The seeds were surface
sterilized for 10 min in 20% bleach followed by a four-fold
wash in sterile distilled water for 15 min each. Seeds were
then spread over a surface sterilized flat containing
perlite and allowed to germinate under a greenhouse mist

system. Seedlings were planted in sample pots after one

month.
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b. Populus x euramericana softwood stem cuttings

taken from the same plant were rooted directly in the sample

pots by placing the pots under the greenhouse mist system

for one month.

c. Bromus brizaeformis seeds were surface sterilized

in the same manner as Alnus and germinated directly in the
sample pots under a greenhouse mist system for one month.

d. Bare-soil-only pots used in the plant cover study
were given identical treatment to those containing plants,
including watering and fertilization.

Plants were pruned periodically after the third month
of growth in order to maintain a more balanced leaf area
between plants of different treatment levels. This was done
to minimize the effects on Frankia soil populations of
differences in root exudation levels due to unequal leaf
areas. Measurements were made of initial seedling height at

time of inoculation. stem diameter at harvest,

and dry
weight of roots at harvest. Root weights were taken after

two days drying at 80°C.

2. Frankia inoculum

Frankia strain CpIl provided by J. G. Torrey (Cabot
Foundation for Botanical Research, Harvard Univ., Petersham,

MA) was used to inoculate the test pots. Inoculum for the
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study was prepared by subculturing CplIl in twenty-five 250
ml flasks containing 100 ml of M6B-plus medium (Appendix B).
Cultures were incubated at 379C for 10 weeks then harvested
and washed three times in sterile phosphate buffered saline
(PBS). The cells were then sonicated for two 30 sec periods
on a Biosonik Sonicator at a setting of 70. Frankia were
diluted to a concentration equivalent to a MacFarland
standard # 1 in sterile fertilizer/pH solution (Appendix B)
and 10 m1 of this solution was applied to sample pots in

both experiments.

3. Soil pH

Soil pHs of 4.5, 6.0, and 7.2 were used in the soil
environment study. Fertilizer/pH solutions were pH adjusted
to maintain the desired soil pH Tevels in each sample pot
(Appendix B). Compounds within the three different pH level
fertilizer solutions were varied in order to keep elemental
nutrients as closely balanced as possible. Soil pH was
monitored periodically by sampling 10 g of soil from
selected test pots in each of thé three pH level treatments.
Sample s0il was mixed with 20 m]1 of distilled water, allowed
to sit for 30 min and then measured on a Beckman
Expandomatic SS-2 pH meter (Beckman Instruments Inc.,

Fullerton, Calif.). Fertilizer/pH solution was added to
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pots twice a month. Uninoculated control pots of the soil
environment study and all pots in the plant cover study
received 30 ppm N in fhe form of ammoniuh sulfate in
addition to the N-free fertilizer/pH solution. A1l pots in

the plant cover experiment were maintained at pH 6.0.

4, Soil moisture

Three different levels of soil moisture were sustained
in the soil environment study by watering pots every day,
every other day, or every three days. Relative moisture
levels were measured at a depth of 10 ¢cm using a RAC
moisture meter (Rite Autotronics Corp., Los Angeles,
Calif.). A1l pots were measured monthly from January to
June, 1984, Relative moisture meter readings were taken at
field capacity (-0.3 bars) and wilting point (-15 bars).
These readings were then used to correlate the moisture
meter scale to water potential levels., An average annual

water potential level was determined for each soil moisture

treatment. A1l pots in the plant cover experiment were

watered daily.

5. Soil organic matter

Soil organic matter levels of 0, 3, or 6% by weight

(dry) were added to the plant growth media in the form of
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steam sterilized sphagnum peat moss (fine). A1l pots in the

plant cover experiment had 3% soil 0.M.
C. Bioassay of Frankia Soil Populations

1. Soil environment study

Plant bioassays of Frankia soil populations consisted

of introducing an uninfected Alnus glutinosa seedling into

sample pots during soil treatments. The numbers of
developing root nodules were used as an indication of the
effects of those soil treatments on infectivity of Frankia.
Treatments used in this experiment included three levels
each of soil moisture, soil pH, and soil organic matter.
Nodules in this study were defined as nodule lobes or
clusters of lobes arising from a single, distinct infection
point. Because no attempts were made to maintain sterile
conditions after initial set up of this experiment 18
uninoculated control pots were included in the test.
Control pots were used to measure levels of host plant
infection due to outside sources such as water, air, and

greenhouse fauna.

2. Plant cover study

Since the plant cover experiment contained non-

actinorhizal plants and bare-soil-only treatments, two
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separate bioassays for Frankia Qere set up. The first was
based on the most probable number test (Vincent, 1970).
This assay was begun six months after initiation of the
plant cover experiment. Agar slants were made in 25 x 200
mm tubes with 25 ml of nutrient solution (Appendix B). Two
week old aseptic Alnus seedlings were added to each tube.
Seedlings were allowed to grow for two months then
inoculated with soil sample solutions taken from the plant
cover experiment. Five gram soil samples were collected in
sterile screw top vials to which 5 m1 of sterile nutrient
solution diluent was added. The vials were shaken for one
hour on a Burrell wrist action shaker (Burrell Corp.,
Pittsburgh, PA.,). Each sample was diluted in a 1:5 dilution
series to 1:625. Sterile agar slants were then inoculated
with each of the five dilution levels/sample or a total of
200 slants. Ten control tubes were inoculated with sterile
nutrient solution diluent only. Agar slant tubes were
monitored periodically for nodulation.

The second plant cover bio&ssay for Frankia was begun
one year after initiation of the plant coVer experiment., In
this assay 10 g (dry wt)of~spi1vsamp1e were placed in 50 cc
Leach Conetainer (Conétainer Nursery, 1500 N. Maple St.,
Canby, OR 97013) tubes half filled with perlite. Three

samples were taken from each of the 40 plant cover pots.
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Leach tubes and racks were surféce sterilized by soaking in
20% bleach solution for 30 min prior to use. Aseptically
grown, two-week-old Alnus seedlings were then planted in
each leach tube. Seedlings were harvested after three
months and nodules counted to determine the affects of plant

cover on Frankia soil populations.

D. Immunoassay of Frankia Soil Populations

1. Antibody production

a. Polyclonal antibody The bacterin used for

antibody production was three week old subcultures of
Frankia strain CpIl. Frankia subcultures were sonicated for
two, 15 sec periods on a Biosonik Sonicator at a setting of
50 in order to break up the mycelium. Tubes containing the

bacterin were sedimented by centrifugation and the

(-3
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scarded. The pellet was resuspended in 0.3%
formalized saline and centrifuged again. This process was
repeated four times with a final wash of saline solution
alone. The bacterin was concentrated to an optical density

equivalent to MacFarland standard # 4. The bacterin was

then placed in a sterile serum bottle and refrigerated until

use.
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Normal rabbit serum (NRS), to be used as a control
serum, was taken from two rabbits by ear bleeding prior to
immunization with the bacterin CpIl. The immunization
schedule consisted of a series of six injections separated
by a period of four days each. The first three injections
were administered intravenously (IV) through the marginal
ear vein with 0.50 ml of the prepared bacterin. The second
three injections were administered intraperitoneally (IP) at
1.0 m1, 1.5 ml, and 2.0 m]l levels. Test bleeds were made
after the third injection to verify immunization. Blood
samples up to 30 m1 were taken by ear bleeding. After
clotting for two hours at room temperature, samples were
rimmed and stored overnight at 4°C. Serum was decanted to
be used as whole serum or purified as a gamma-globulin
fraction by three-fold ammonium sulfate precipitation.

Cross reactivity of polyclonal antibodies developed
against Frankia strain Cpll were tested with Frankia strain
Ar14, strain Eull (provided by D. Baker, Dept. of Biology,
Middlebury College, Middlebury, VT), and strain Mpll
(provided by M. P. Lechevalier, Wakesman Institute of
Microbiology, Rutgers Univ., Piscataway, NJ) by using
Fluorescent Antibody (FA) tests and the Enzyme Linked

Immunosorbent Assay (ELISA).
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Cross reactivity of polyclonal antibodies was also
tested with 25 bacteria and actinomycetes randomly isolated
from soil samples of the greenhouse pot study.
Approximately 10 g dry wt. of soil was diluted to 10‘4, 10°
5, 1076 and 1077 in sterile water dilution blanks and then
plated in egg albumin agar. Plates were incubated for one
week after which bacterial and actinomycéte colonies were
counted to determine soil population levels of these two
groups of microorganisms. Pure cultures of 25
morphologically different bacteria and actinomycetes were
obtained by subculture on egg albumin agar plates. The
various subcultures were harvested by washing plate surfaces
with 0.3%2 formalized saline. Each wash was collected,
centrifuged, and the supernatant discarded. This process

was repeated four times with a final wash in saline solution

alone. A1l subcultures containing actinomycetes were
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the bacterin, Cpli. Aji
harvested soil microorganisms were concentrated to an
optical density of a MacFarland standard # 1 and then stored
in sterile serum jars at 4°C until tested for cross

reactivity by ELISA and FA techniques.

b. Monoclonal antibody (MCA) Four BALB/c¢ strain
mice were inoculated IP with'O;g ml of the bacterin, Frankia

strain Cpll, diluted to the optical density of a MacFarland
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standard #1. Three weeks after primary immunization blood
samples were taken via the retroorbital cavity and tested
for presence of anti-CplIl antibodies by ELISA. Two positive
mice were then hyperimmunized with 0.2 m1 of the bacterin
intravenously. Three days later, spleen cells of one mouse
were harvested and fused with Sp 2/0 Ag-14 myeloma cells
employing the technique of Van Deusen and Whetstone (1981).
Blood removed from the hyperimmunized mouse by cardiac
puncture was saved as a positive control. The spleen was
removed aseptically, placed in a 60 mm culture dish, and
perfused with 1 ml1 of Dulbecco's modified Eagle's medium
(DMEM) (Gibco). The tissue was pulped into a single cell
suspension by gently pushing the spleen through an 80 mesh
Cellector tissue sieve (Bellco Glass, Vineland, NJ). Spleen
cells were added to exponentially growing Sp 2/0 cells in
1:2 mixture followed by centrifugation at 200 relative
centrifugal force (RCF) for 10 min. After removail of the
supernatant, the pellet was resuspended and fused with 1 ml
of 45% polyethylene glycol, mol. wt. 1540, The suspension
was gently mixed for 2.5 minafter which 1 ml of DMEM was
added slowly over a 30 sec period. Following a 30 sec
period of mixing, 10 ml of DMEM was added slowly and allowed
to incubate for 5 min at 37°C. The cell suspension was

pelletized by centrifugation at 200 RCF for 10 min then
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resuspended in HAT medium (Van Deusen, 1984) to a
concentration of 5 x 10% Sp2/0 cells/ml. The cell
suspension was plated out in 96 well (0.2 ml1/well) tissue
culture plates (Costar, Cambridge, MA) with large bore
pipettes. The plates were incubated at 379C in a humidified
atmosphere enriched to 5% CO,. Four days after the fusion,
wells were fed with HAT medium followed by two feedings with
HT medium (Van Deusen, 1984) when media turned a yellowish-
orange color. Samples from wells containing hybridomas were
taken after two weeks growth and tested for antibody
production using an ELISA (Methods D3) screening test.
Positive hybridomas were moved to 48 well then 24 well
tissue culture plates (Costar) and retested for antibody
production by ELISA, Selected hybridoma cell lines were
moved to 25 cm tissue culture flasks (Costar). These cell
lines were frozen in liquid nitrogen and/or cloned using the
technique of Van Duesen (1984}, After cloning, antibodies
were purified from cell culture media by a three-fold
ammonium sulfate precipitation.

Cross reactivity of selected monoclonal antibodies
developed against Frankia strain Cpll were tested with the
same heterogenous microbial antigens as were polyclonal

antibodies using the ELISA assay.
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2. Fluorescent Antibody (FA) technique

Soil samples to be tested by the FA technique were
diluted 1:10 in 100 ml of distilled deionized water. The
soil solutions were adjusted to pH 10 using 1 N NaOH. Two
drops of Tween 80 were added to each sample. These samples
were shaken for 30 min on a Burrell wrist action shaker and
allowed to incubate for 24 hr. The soil solutions were
again adjusted to pH 10, shaken for 30 min, and allowed to
incubate for another 24 hr. At the end of this period, soil
solutions were again adjusted to pH 10. Subsamples of each
sample solution were loaded on 60% sucrose in test tubes and
centrifuged for 15 minat 1000 RCF in order to separate soil
microorganisms from soil particles. A total of 50 ml of
each soil sample solution was collected after centrifugation
on the sucrose density gradient. This 50 ml of solution was
then concentrated by centrifugation at 5000 RCF for 30 min.
The supernatant was carefully removed and the pellet
resuspended in 1 ml of 0.1 M phosphate buffered saline (PBS)
pH 7.2. Three microscope s]ides per sample were smeared
with 0.1 m) of the soil solution concentrate and allowed to
air dry. After heat fixing, each slide was incubated for 45
min with rabbitanti-CpIl whole serum (0.5 m]1 at 1:40

dilution). The slides were washed twice in 0.1 M PBS pH 7.2
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(10 min), once in distilled water (5 min), then allowed to
air dry. Each slide was incubated for 45 min with goat
anti-rabbit IgG (0.5 ml at 1:400 dilution) conjugated with
fluorescein isothiocyanate (FITC) (Sigma Chem. Co., St.
Louis, MO). Slides were washed as before, air dried, and.
mounted with n-propyl-gallate-glycerol mounting fluid (Giloh
and Sedot, 1982).

3. Enzyme Linked Immunosorbent Assay (ELISA)

Twodifferent types of ELISA tests were used, one for
screening of MCAs and the other as a test for Frankia soil
population levels., Plates used in all ELISA tests were 96
well EIA flat bottom plates (Costar, Cambridge, MA). Wash
solutijons used in all tests were 0.1 M PBS, pH 7.2, with

0.05% Tween 20,

a. MCA screening test Fifty-ul of Frankia strain

CpIl (1 ug/m1) in PBS was incubated in each well for 1 hr at
379C. After three five min washes in PBS-Tween 20 solution,
200 ul of 1% bovine serum albumin (BSA) in 0.1 M PBS pH 7.2
was added to each well as a blocking agent. The BSA
solution was allowed to incubate overnite at 49C then washed
three times with PBS-Tween 20. Fifty-ul samples of primary
hybridoma growth media were added per well for 1 hr at 37°C

followed by three washes. A 1/1000 dilution of goat
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antimurine IgG labeled with alkaline phosphatase (Sigma
Chemical Co., St. Louis, MO.) was added to each well (50 ul)
for 1 hr at 37°C then washed three times. Fifty-ul of p-
nitrophenyl phosphate substrate (Sigma Chem. Co.) was added
for 1 hr at 37°C after which optical densities of the wells
were measured on a Dynatech Minireader II (Dynatech
Laboratories, Inc., Alexandria, VA) ELISA plate reader at
492 nm. Hyperimmune mouse serum was used as a positive
control and spent media from heterogenous MCAs was used as a
negative control in these tests.

b. Soil sample test Soil samples were tested for

presence of Frankia by a sandwich ELISA. In this assay an
anti-CpIl MCA was bound to ELISA plate wells by incubation
at 379C for two hr. The plates were washed three times in
PBS-Tween 20, incubated with a blocking agent (200 ul of 1%
BSA in PBS) for 1 hr at 37°C, then washed three times with
PBS-Tween 20. Soil solution samples prepared as described
in FA technique (Methods D2) were added (100 ul) to each
ptate well and incubated for 1 hr at 379C. The plates were
washed three times, blocked with 13 BSA-PBS for 1 hr at 37°
C, then washed again three times with PBS-Tween 20. One
hundred ul of rabbit anti-Cpll polycional serum was added
per well and allowed to incubate for one hr at 37°C. After

three washes with PBS-Tween 20, 100 ul of goat anti-rabbit
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IgG labeled with alkaline phosphatase (Sigma Chem. Co.) were
added per well and incubated for 1 hr at 37°C. Plates were
then washed, substrate added, and optical densities read as
described in MCA screening test (Methods D3). Hyperimmune
rabbit serum was used as a positive control in these assays.
Negative controls consisted of wells with normal rabbit
serum added and wells to which no anti-Cpll rabbit serum was

added.
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IV. RESULTS
A. Sterile Flask Experimenf

Approximately two years after commencement of the
sterile flask study, host plants were harvested.
Microscopic examination of the roots showed plants from 14
of the original 24 flasks to be nodulated (Table 1). O0f the
10 remaining flasks, host plants of two died within the
first six months of the study. Plants in eight flasks did
not appear to be infected with Frankia although no symptoms
of nitrogen deficiency were visible. No nodulation occurred
in control flasks. Host plant growth in all flasks was
extremely slow over the period of the study. Total plant
heights ranged from three to five cmat time of harvest.
Likewise, infection and nodule growth rates were slow
considering the high concentrations of inoculum in each
flask. Frankia hyphal growth appeared in soil solutions of
all but two of the inoculated flasks. In most cases,
growing hyphae were small mycelial mats or flocs with many
clay particles attached. The presence of mycelial mats, 100
um in diameter or 1arger,FWas considered to be evidence of
hyphal growth since mycelia of this sizé were not found in
the sonicated Frankia inoculum. Buried slides were removed

from two flasks of each inoculum concentration and examined
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Table 1. Growth and infection rates of Frankia strain

CpIl on Alnus glutinosa under sterile
conditions

Frankia inoculum concentrationa
Replication
number 1 3 6 8
Inoculated
1 +/+b +/ - +/- +/+
2 +/- +/- +/+ +/-
3 +/+ +/+ +/+ +/+
4 +/oc +/+ -/- -+
5 +/+ +/- +/+ +/+
6 +/0 +/+ ' +/- +/+
Control
1 -/- -/- -/- -/-
2 -/- -/- -/- -/-
3 -/- -/- -/- -/-
4 -/- -/- -/- -/-
a

Flasks inoculated with 1 ml CpIl in concentrations
equivalent to MacFarlands standards 1, 3, 6, and 8.

b
+ = growth / nodulation, - = no growth / no nodulation.

o
Host plants died 6 months after germination.
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using the FA technique. Al1 slides observed showed hyphal
growth to predominate from the water line below the soil
surface to well above the soil surface.

B. Bioassay of Frankia Soil Populations

1. Soil environment study

Host plant nodule formation as affected by treatment
levels of soil moisture, pH, and 0.M. is presented in Table
2. Each level represents an average of three replications.
Analysis of variance of these data showed no significant
interaction between the different treatments (Appendix A,
Table 8.1). Significant differences were found, however, in
nodulation response to changes in levels of soil moisture
and 0.M,

Soil moisture treatments demonstrated the greatest
effect on host plant nodulation and root weight. Nodulation
rates were highest in pots watered daily (Fig. 1).
Significant reductions in root nodule formation were found
as the time between watering increased (P = 0.001). Soil
water potential measured after 1, 2, and 3 days drying time
were -5, -8, and -10 bars, respectively. Response of host
plant root weights to soil moisture was influenced by an

interaction with 0.M. (P = 0.019). Root weights were
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Table 2. Root nodule formation of Frankia strain Cpll
on Alnus glutinosa seedlings as affected by soil
moisture, pH, and organic matter. Each value is
the average of 3 replications

Soil pH
a
Added Soil
soil moisture 4.5 6.0 7.2
0.M.(%) level

ave. total nodules per pot

1 384 461 370
0 2 360 296 323
3 191 292 213
1l 218 334 278
3 2 177 190 199
3 189 169 127
1 317 364 407
6 2 234 274 270
3 280 245 194

a
S0i1 moisture level 1, watered daily; 2, watered

every other day; 3, watered every 3rd day.
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directly proportional to moisture levels regardless of soil
0.M. (Fig. 2). The influence of 0.M, on root weights was
dependent on soil moisture levels, however.

0.M. was also responsible for significant differences
in root nodd1e formation (P = 0.002). Nodulation was
highest at the extreme levels of 0.M. and lowest at the mid
level of 3% 0.M. (Fig. 3). These results may have been
confounded by the effects of 0.M. on Alnus host plants prior
to the beginning of this experiment. Average plant heights,
measured one month after commencement of the experiment,
were 28 ¢cm for pots with no 0.M. while plants in pots with 3
and 6% 0.M. were 11 cm. Analysis of correlation (Table 3)
showed no significant correlation (P = 0.452) between these
initial plant heights and nodule numbers at harvest,
however, Final root weight and stem diameter were also
measured. Correlation analysis showed no significant
correlation between root infection and any of these host
plant growth parameters.

Soil pH appeared to have little influence on Alnus root
weights (Fig. 4). Analysis of variance (Appendix A, Table
8.1) indicated no significant differences within the range
of this experiment (P = 0.700). Plants from pots with soil

“pH 6.0 had the highest nodulation rates while those at pH
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Table 3. Correlation coefficients (PROB < | R |) of final
root nodulation, final root dry weight, initial
height, and final stem diameter for Alnus
glutinosa host plants

Nod . RootWt IntHt Dia
Nod 1.000 0.099 0.105 0.074
(0.000) (0.479) (0.452) (0.598)
RootWt 0.099 1.000 0.092 0.291
(0.479) (0.000) (0.511) (0.034)
IntHt 0.105 0.092 1.000 0.199
(0.452) (0.511) (0.000) (0.153)
Dia 0.074 0.291 0.199 1.000
(0.598) (0.034) (0.153) (0.000)
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4,5 had the lowest nodulation rates. Differences between
these levels were not significant, however (P = 0.263).

0f the 18 uninoculated control pots used in this
experiment, 13 showed no signs of infection. The other five
pots were found to have a single nodule cluster in each pot.
Several of these nodules had reached considerable size,
about 20 mm in diameter, much larger than any single nodule

in the inoculated pots.

2. Plant cover study

Two different bioassays were used to determine
infection rates of soil samples from the various plant cover
treatments. In the Most Probable Number test sterile Alnus
host plants grown in agar siant tubes were inoculated with
s0il solution samples. Nodulation rates were low and host

plants grew very slowly over the four month period of this

: 7 AAS &3 b + 1 - A3 ~AA £ F e
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infections provoked by high humidity within the agar slant
tubes. Due to the poor response, results of this test were
not included in this study.

In the second bioassay, soil samples from the plant
cover study were used as an inoculum for sterile Alnus host
plants grown in Leach tubes. Host plants in this test grew

rapidly and showed visible nodulation within two weeks. An
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analysis of variance (Appendix A, Table 8.2) of this
bioassay found significant differences in nodulation rates
of soil samples from the various cover types (P = 0.001).

As can be seen in Fig. 5, soil samples from Populus pots
exhibited the greatest infection rate followed by bare-soil-
only, Alnus and grass. Duncan's Multiple Range test was
used to test for differences between the various treatments.
Nodulation rates of Populus soil samples were significantly
greater than all the other treatments. Bare soil samples
were significantly greatér than grass soil samples but not
Alnus samples. Alnus and grass soil samples were not
significantly different. Only four of a total of 48 soil
samples from control tubes showed any nodulation.

At thé conclusion of this experiment, plant cover pots
containing Alnus were harvested and total nodules per pot
determined. During the experiment these Alnus had received
the same treatment as those plants at soil moisture level 1,
pH 6.0, and 3% O0.M. in the soil environment study with one
exception, Alnus from the plant cover experiment received
30 ppm N twice monthly while Alnus from the soil study had
no added nitrogen. Average nodules per pot of the plant
cover experiment was 573. This can be compared with 334

nodules per pot (Table 2) of the soil environment study to
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Fig. 5 Root nodule formation on sterile scedlinns of Alnus

glutinosa planted in soil samples from beneath various

plant cover types. Seedlings were harvested after 3 mo.
growth. in 10 g(dry wt.) soil samples. Nodulation rates of
soil from cover types with the same letter were not
significantly different (P =.05) as determined by Duncan's
Multiple Range test.
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demonstrate the effect of low levels of nitrogen on host

plant infection rates.

C. Immunoassay of Frankia Soil Populations

1. Antibody production

a. Polycional antibody Rabbit anti-CplIl whole serum

titre was determined by tube agglutination test to be 1:640.
Working dilutions of the antiserum were 1:50 and 1:100 for
FA technique and ELISA, respectively. Specificity of the
antiserum was determined by FA technique and ELISA as shown
in Table 4. These tests were made against pure cultures of
25 microorganisms isolated from the soil of the plant cover
pots. Soil populations of bacteria from these samples were
approximately 6 x 107/9 while actinomycete populations were
5 x 107/g. A subjective visual rating of 0 to 4 was applied
to FA responses of the 25 isolates. There was a slight
reaction of one bacteria and one actinomycete for the FA
technique. This technique demonstrated noticeable
differences between Frankia strain responses and all other
microbes. Analysis of variance of ELISA test responses
showed significant differences (P = 0.001) between Frankia
strains assayed (Appendix A, Table 8.3). Further analysis
using Duncan's Multiple Range test showed Frankia strain

CpIl reaction to be significiantly greater than all others.
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Table 4. Immunoassay reactions of pure culture
microoganisms to anti-CpIl antibody.

Immunoassay

’ a b,c
Antigen I.D. FA Technique ELISA
Frankia sp. Cpll 4 1.56 a
i Arld 4 1.40 b
" MpIl 3 1.22 ¢
" Eull 2 1.27 ¢
a

Visual ratings : 0 (no fluorescence) to 4
(very bright).
b
Absorbence readings at 492 nm with negative control
values subtracted.
c
Numbers with the same letters are not significantly
different as determined by Duncan's Multiple Range
test (P =.05).
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Reactions of strain Arl4 were significantly greater than
strains MpIl and Eull which were not significantly
different. Reactions of the 25 heterogenous microbes tested
were not sufficiently higher than negative controls to allow
for meaningful analysis. Sensitivity of antibody for strain
CpIl in an ELISA test is shown in Fig. 6. This test shows
that anti-CpIl monoclonal and polyclonal antibodies used in
a sandwich type ELISA can detect pure culture concentrations
of CpIl down to the 10 ng protein/ml level.

b. Monoclonal antibody Spleen cells from mice

hyperimmunized with Frankia strain CpIl were fused with
Sp2/0 myeloma cells. Single colony primary hybridoma's
resulting from the fusion were screened using an ELISA test
and 31 were found to be positive for the Frankia antigen.
Nine of the positive primary hybridomas were selected for
cloning. Following the cloning procedure, a screening test
was again made and five of the clone lines were discarded.
The remaining four clone lines were maintained for antibody
production. Fig. 7 shows the Frankia strain specificity of
the four MCAs developed against CpIl antigen. Clone 3F6-A3
showed a strong but non*specific reaction for the Frankia
strains tested. Clone 167-E2 had a moderate but non-

specific reaction for the strains. Clone 2G5-G4 was
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specific for Frankia strain Eull while clone 3A9-B7 showed a
weak but specific reaction for stain Cpll.

Clone 3F6-A3 was selected for use with the ELISA
sandwich test to determine soil populations of Frankia. A
series of checkerboard titrations showed optimal dilutions

of clone 3F6-A3 antibody bound to ELISA plates to be 1:1000.

2, Fluorescent Antibody (FA) technique

The FA technique was first tested against sterile soil
samples to which pure cultures of Frankia strain CplIl had
been added. Concentrated soil solution samples were smeared
on slides, stained, and viewed by incident l1ight fluorescent
microscopy. Observed slides showed strong fluorescence of
CpIl samples incubated with hyperimmune rabbit serum as
compared to samples incubated with normal rabbit serum
showing no fluorescence. Some background fluorescence was
observed due to non-specific binding of immunoreagents to
soil particles. This interference was minimal, however, as
most of the soil particles were removed by centrifugation on
a sucrose density gradient (Methods D2). In addition, the
filamentous nature of the Frankia microorganism made it
readily discernible from soil particles.

The FA technique was then applied to three soil

solution samples each taken from 40 pots of the plant cover
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study and 33 pots, including controls, of replication III of
the soil environment study. Three buried slides were also
taken from each of these 77 pots and FA stained. Although a
total of more than 400 slides were observed for presence of
Frankia, none contained microbes whose morphology resembled

this microorganism nor were any positively stained by the FA

technique.

3. Enzyme Linked Immunosorbent Assay (ELISA)

Sensitivity of the ELISA assay for detecting Frankia
strain CpIl in soil was determined by adding known
concentrations of pure culture CpIl to sterile soil. After
several days incubation, soil solution samples were prepared
(Methods D2) and assayed by the sandwich ELISA technique.
As shown in Fig. 8, the lowest detectable level of CplIl was
approximately 100 ng (protein) per gram of soil tested.

Soil samples taken from replication III of the soil
environment study were assayed for presence of Frankia
strain CpIl by ELISA. Analysis of variance revealed
significant differences between mean absorbance values of
the tested soil samples (Appendix A, Table 8.4). A control
mean absorbance value was calculated by averaging
measurements of three samples each from six control pots.

Comparison of the control mean to sample means from 27
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inoculated pots were made by LSD (Table 5). Results show
that approximately 1/2 of the sample pots had mean
absorbance values less than those of the control. O0f the 27
sampled pots only four showed values significantly greater
than the control.

An analysis of variance of ELISA assay responses to
soil sample water, pH, and 0.M. treatments was made for data
from replication III of the soil environment study (Appendix
A, Table 8.5). Because replication III of the soil
environment study contained only one replication of the
original soil environment study, there were insufficient
degrees of freedom to make an analysis as the study was
initially designed to do. Based on previous analysis which
showed no interaction between soil water, pH, and 0.M.
treatments (Appendix A, Table 8.1), the interaction sums of
squares was used for the error. Results shown in Appendix
A, Table 8.5 indicate that soil water, pH, and 0.M.
treatments had no influence on soil sample measurements made
by ELISA assay.

Analysis of correlation showed that when results of the
bioassay, as represented by nodules per sample pot, were
compared to mean absorbance values measured by the ELISA

immunoassay no correlationexisted (PROB > R I of

0.9652).
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Table 5. ELISA assay for Frankia strain CpIl in soil.
Samples taken from replication III of the soil
environment study

a b

Sample pot Soil treatment subsamples ELISA
7 1-4.5-0 3 0.64
17 2-4.5-0 3 0.54
26 1-7.2-6 3 0.48
10 3-4,5-3 3 0.48
27 1-6.0-6 3 0.45
13 1-4.5-6 3 0.40
20 2-7.2-3 3 0.39
11 2-6.0-0 3 0.36
4 3-6.0-3 3 0.36
2 3-4.5-0 3 0.34
25 3-6.0-0 3 0.34
12 1-4.5-0 3 0.33
9 3-7.2-3 3 0.31
Control ¢ = =e==---- 18 0.31
16 1-7.2-0 3 0.30
3 1-6.0-0 3 0.25
8 3-7.2-0 3 0.20
23 3-4.5-6 3 0.20
1 3-7.2-6 3 0.19
15 1-6.0-3 3 0.19
22 2-7.2-0 3 0.18
5 2-4,5-3 3 0.18
18 3-6.0-0 3 0.18
24 1-7.2-3 3 0.18
6 2-7.2-3 3 0.13
H 2-6.0-0 3 0.13
21 2-6.0-3 3 0.06
19 2-4.5-6 3 0.06

First number represents days between watering, second
number soil pH, and the third number % soil 0.M.
b
Mean absorbance -at 492 nm. Means covered by bar are
not significantly different as determined by LSD (P=.05).
1/2
Sd = [.131 (1/6 + 1)] = .12

tsd (.05) = (1.96) (.12) = .23
c

Control mean is an average of three samples each
from six control pots.
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V. DISCUSSION

A. Bioassay of Frankia Soil Populations

Host plant bioassays for the presence of Frankia showed
the infection rate of this organism to be affected by soil
moisture and O.M. but not by soil pH within the range of
this test. Results showed highest infection at pH 6.0 but
differences between this level and pH 4.5 and pH 7.2 were
not significant. These findings vary from those of Canzio
et al. (1978) and Burggraaf and Shipton (1982) who reported
significant reduction of nodulation betow pH 5.0. Canzio et
al. (1978) reported no significant differences in host plant
nodulation between pH 6.0 and 9.0. Knowlton and Dawson
(1983), however, found maximum infectivity of Frankia to
occur from pH 5.0 to 6.0 in the presence of other soil
microorganisms. Considering the wide range of optimal pH
levels given by other workers, results of the present study
would seem reasonable.

Soil moisture level proved to be a highly significant
factor in Frankia infection rates. Soil held at water level
1 dried down from a saturated soil immediately after
watering to an average of -5 bars within 24 hr. Soil

maintained at water levels 2 and 3 dried down to -8 bars
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after 48 hr and -10 bars after 72 hr, respectively. Host
plants in level 2 soil moisture showed a 30% decrease in
nodulation rate relative to plants at level i while
nodulation rates of plants at level 3 were reduced by 40%.
Although there are no comparable data of the effects of soil
moisture on Frankia infection rates, work by Shipton and
Burggraaf (1982) showed a 50% reduction in Frankia growth
below -5 to -8 bars when measured in pure culture. Since
high moisture levels are necessary for optimal infection
rates, reduced nitrogen fixation by actinorhizal plants
grown on drier sites might be expected. A partial solution
to this problem may be to inoculate host plant seedlings in
the greenhouse under optimal conditions prior to out
planting. It is logical that adequate levels of soil
moisture are not only necessary for growth of this
non-motile organism but also important for translocation of
the microbe to possibie root infection sites.

Organic matter showed significant but confusing effects
on plant infection rates. Nodulation was greatest at the
lower and upper levels of 0.M. with significantly reduced
infection at the mid level. These results may have been due
to confounding factors introduced at the beginning of the
factorial experiment. Sterile host plants were introduced
to test pots containing soil with the various 0.M. Tevels

two months prior to inoculation with Frankia strain CpIl so
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the plants could become well established before inoculation.
At the time of inoculation it was discovered that plants in
pots without 0.M. were considerably taller than those at the
3 and 6% 0.M. level. This condition may have been due to
initial immobilization of soil N by microbes engaged in
break down of the 0.M. Plants in pots containing no 0.M,
might then have had a growth advantage with a more expansive
root system more likely to be infected with the endophyte.
Analysis of correlation, however, showed no correlation
between root weights at time of harvest and nodulation or
initial plant heights taken shortly after inoculation and
nodulation.

Plant cover exhibited a substantial effect on Frankia
soil infection levels. Surprisingly, infective rates of
soils from alder pots were not signfficant]y different than
those of bare-soil-only or grass pots while infection rates
of soils from poplar pots were significantly greater than
all other treatments. Results of previous studies, however,
have also shown that the presence of actinorhizal plants are
not necessary for maintaining infective soil populations of
Frankia (Rodriquez-Barrueco, 1968; Benecke, 1969; Castro et
al.,, 1976). In the present study, high nodulation rates of
soils without plant cover and lack of correlation between
actinorhizal plant root mass and.  nodule formation indicate

that the rhizosphere effect of plant roots on infective
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particles of Frankia were minimal. This suggests that
differences in infective soil population of Frankia may be
primarily due to the indirect influences of plants.
Although all cover treatments were watered daily,
considerable differences in soil moisture levels were
observed. Pots with bare-soil-only appeared to dry faster
than thoge with plants. Soil in pots with grass cover was
almost constantly saturated. Moisture levels have already
been shown to significantly affect nodulation levels of soil
in the present study. Indirect effects such as shading and
soil moisture might also influence populations of other
microbes beneficial to the infection process or microbes
that prey on the infective particles.

Infectivity of Frankia soil populations was
considerably enhanced in pots containing low levels of
combined nitrogen versus pots without added nitrogen.
Comparison of plant cover study alder, with 30 ppm N added
twice monthly, to soil environment alder treated the same
but without added N revealed a 70% increase in nodulation
attributable to the introduction of combined nitrogen. The
reasons for increased nodulation in pots with combined
nitrogen are not known. It is unlikely, however, that this
response was due to increased root growth since results of
the soil environment study showed no correlation between

root mass and nodulation of actinorhizal plants. Combined
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nitrogen may increase infection rates by stimulating Frankia
growth. Shipton and Burggraaf (1982) found substantial
increases in growth rates of pure culture Frankia in Tow

nitrogen versus no nitrogen media.
B. Immunoassay of Frankia Soil Populations

Specificity of antibody for its homogenous antigen is
of primary importance in the development of any immunoassay.
Work by Baker et al. (1981) showed cross reactivity of whole
serum anti-CplIl antibody with other soil microbes to such an
extent as to make the Fluorescent Antibody (FA) technique
unusable for Frankia identification. It was concern for
possible cross reactivity of polyclonal antibody early in
the course of the present study that led to development of
monoclonal antibodies for Frankia strain CpIl., Because MCAs
can be developed for a single epitope on a microbial antigen
they have a much greater potential for producing a highly
specific antibody than conventional polyclonal antibodies
(Goding, 1980).

Results of the present study, however, showed anti-CpIl
polyclonal antibody used in the FA immunoassay to be
reasonably specific for Frankia strain CpIl. No significant
cross reaction of antibody with heterogenous microbial

antigens was found in the FA test. In addition, this assay
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was able to detect serological differences between strains
within the Frankia genus. When FA tests utilizing the four
MCA clones developed in this study were compared with tests
with whole serum polycional antibody, fluorescent reactions
were much greater for the polyclonal antibody tests. This
was probably due to the fact that whole serum from
hyperimmunized animals contains antibody that reacts with
all the epitopes of an antigen while MCA's react with only a
single epitope. Enhanced reaction response in conjunction
with satisfactory binding specificity made polyclonal whole
serum antibodies more suitable for use in the FA technique
than MCAs.

A combination of polyclonal and monoclonal antibodies
provided the greatest sensitivity in the sandwich ELISA.
The use of a MCA as a coating antibody and whole serum
polyclonal antibodies for labeling could detect lower levels
of Frankia than sandwich Enzyme Linked Immunosorbent (ELISA)
assays employing two different MCAs or ELISA assays with
whole serum antibodies alone. Work by Hill et al, (1984)
showed similar responses when comparing radioimmunoassays of
a plant virus using a single MCA for both coating and
labeling antibody to tests using a mixed MCA-polyclonal
assay. However, when these authors compared mixed
polyclonal antibody assays to tests using two MCAs developed

against different epitopes, the latter proved to be more
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sensitive. Contrasts between these results and those of the
present study may have been due to differences in affinity
of MCAs available for assays.

Once reliable immunoassays were developed, two major
problems had to be addressed in order to utilize these tests
for quantification of Frankia soil popu]atiops. The first
probiem was to concentrafe soil populations of Frankia to
high enough levels that they might be measured by
immunoassay. As reported by Schmidt (1974), 2-6 million
Rhizobium would have to be present per gram of soil in order
to count a single cell per microscope field in the FA
immunoassay. Second, techniques had to be employed that
would minimize the effects of soil particles on immunoassay
response., Non-specific absorption of immunoreagents by clay
particles caused extensive masking of immune reactions in
ELISA and to a lesser extent in the FA technique. Attempts
to separate soil particles from microorganisms (M.0.s) with
flocculating agents (Schmidt, 1974) were unproductive.

Since most Frankia hyphae were bound to soil particles,
addition of flocculation agents removed the M.0.s as well as
the soil, It was found that by maintaining soil samples in
dilute solution at pH 10.0 in the presence of a detergent
for 48 hours that binding of Frankia to soil particles could
be considerably reduced. Research by Taylor et al. (1981)

involving adsorption of virus to soil revealed a sharp
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reduction in adsorption by montmorillonite clay above pH
9.0. These authors suggest that since the surface charge of
this clay remains negative between pH 4 to pH 11 increases
in soil solution pH above the isoelectric point of the virus
change its surface charge to negative thereby reducing
adsorption to the clay. Addition of detergents reduces any
further binding of soil and M.0. by disrupting hydrophobic
interactions (Shields and Farrah, 1983).

Following this treatment, Frankia could be separated
from soil samples and concentrated by centrifugation on a
sucrose density gradient. Optimal centrifugation speed and
time for maximum recovery of Frankia with minimal levels of
soil was determined empirically. Under the conditions used
in the present study, approximately 65% of Frankia in the
soil was recovered before concentration of samples.
Application of this soil M.0. isolation technique to samples
from the sterile flask study worked well, When FA stain was
applied to the isolated Frankija they were clearly visible
while Frankia on the appropriate control slides without FA
stain could not be seen. Some background fluorescence was
apparent due to non-specific absorption of stain by soil
particles; however, the filamentous morphology of Frankia
made it easily recognizable. When this technique was used
with samples taken from the soil environment study grown

under natural conditions, no Frankia were identified. FA
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test results led to the conc]uéion that, (1) Frankia do not
occur in the soil in the hyphal stage, or (2) this form is
possible under hatura] conditions but at concentrations too
low to be measured. These conclusions were reinforced by
ELISA éssays of the same soil samples. Of the total samples
from pots inoculated with Frankia strain CpIl, half showed
readings greater than the uninoculated control samples and
half showed readings less than controls. In addition,
statistical analysis found that soil treatments had no
influence on the ELISA assay. This evidence suggests that
there were no measurable levels of Frankia within the limits
of the present test.

In contrast, the potential for hyphal growth of the
Frankia endophyte outside its host plant has been
demonstrated in this study. Observations of hyphal growth
were apparent on buried slides and in soil solution samples
in a1l but two flasks of the sterile flask study. Growth of
these organisms under asceptic conditions occurred in the
presence of a calcine clay 'oil-dry', a simple plant
nutrient solution, and a host plant. Reports of
extranodular growth of Frankia under similar conditions were
made by Diem et al. (1982).

It may be that due tO‘fts slow growth rate and
competition from other soil organisms, Frankia hyphal growth

only occurs in the immediate vicinity of host plant roots.
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Soil populations of Frankia in that case would be
predominately in the spore form. Since fluoreseing spores
would be undistinguishable from small soil particles, FA
tests would not reveal their presence. Likewise, if the MCA
used as a binding antibﬁdy in the sandwich ELISA was not
specific for an epitope common to Frankia spores this assay
would not detect their presence either.

Because populations of Frankia could not be quantified
directly from soil samples by immunoassay, correlations
between those populations and host plant infection rates
could not be made. Therefore, it cannot be determined how
accurately nodulation levels, as affected by the varijous
treatments of the soil environment and plant cover studies,
reflect true population levels of the Frankia microorganism.

Future efforts in immunoassays for quantifing soil
populations of Frankia would probably best be served by
concentrating on the ELISA assay. Measurements made by the
FA technique are subjective and sample preparation is much
more time consuming than the ELISA. In order to increase
the sensitivity of this test, better blocking agents must be
found to minimize the non-specific uptake of immunoreagents.
Continued research is needed to find more efficient methods
of isolating and concentrating soil microorganisms. If the
spore form of Frankia predominates in the soil, development

of a high affinity MCA specific to spores would be useful,
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Since it is now known that viable soil populations of
Frankia can be preserved without plant cover, further
bioassays of the effects of soil treatments on this
microorganism will be much simpler to perform. Long term
studies of the influence of various soil environment
parameters on Frankia could be done without the necessity of
maintaining an assay plant in the treated soils. At the end
of each study, bioassays would be done by growing sterile
actinorhizal host plants in sampled soils.

Future applications of bioassays might include
determination of the effects of soil texture on Frankia
infectivity, Soil-like medium used in the present study
consisted of clay with and without added organic matter.

The high buffering capacity of clay made adjustments of soil
pH difficult. As previously mentioned, the high
adsorptivity of clay for reagents in the immunoassays caused
a great deal of background "noise" and therefore lowered the
sensitivity of these tests. If adequate levels of Frankia
could be maintained in lighter, sandy soils the effects of
these factors could be lessened.

Results of the present study have shown that low levels
of added nitrogen have a substantial effect on host plant
nodulation, at least when adequate levels of soil moisture
are maintained. Further work could be done to determine

optimal levels and sources of nitrogen for nodulation of
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actinorhizal plants. The question of whether added nitrogen
increases infectivity of the Frankia endophyte or increases ‘the

ability of the host plant to become infected would also be an

interesting one to address.
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VI. SUMMARY AND CONCLUSIONS

Soil moisture levels had a significant effect on
nodulation of actinorhizal host plants. Nodule
formation was directly proportional to availability of

water.

Higher nodulation rates occurred in soil of pH 6.0 than

soils of pH 4.5 or pH 7.0. These differences were not

significant, however,

Added soil organic matter had a significant effect on
nodu]atiop of host plants. Response to this treatment
was non-linear, with greatest infection occurring at 0%
0.M. and 6% 0.M. while least infection occurred at 3%
0.M. High nodulation rates in 0% 0.M. may have been an
artifact caused by greater growih in assay piants for
this treatment prior to inoculation of the study.
However, analysis of correlation did not show any
relationship between nodulation rates and root mass of

actinorhizal plants.

There was no interaction between soil pH, moisture, and

organic matter treatments with respect to infectivity of

Frankia soil populations.
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Combined nitrogen was found to have a substantial effect
on nodulation rates of actinorhizal Bioassay plants.
When plants in soils without added nitrogen were
compared with plants in soil with 30 ppm N added, the
latter had 70% higher nodulation.

Significant differences were found in infective soil
populations of Frankia measured beneath plant cover
treatments. Samples from soils with poplar cover had
significantly higher nodulation rates than all other
treatments. Bare-soil-only samples were significantly
greater than grass soil samples but not alder cover
samples. Alder and grass soil samples were not
significantly different. These results suggest that
actinorhizal host plants, or any other plant cover, are
unnecessary for maintaining infective Frankia soil

populations.

Hyphal growth of the Frankia endophyte was shown to
occur outside host plant root nodules under sterile
conditions. No evidence of hyphal growth was found
under natural conditions as measured by FA or ELISA

assays. It may be concluded from these findings that the
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spore form of Frankia is predominant under natural soil

conditions.

Both monoclonal and polyclonal antibodies were
sufficiently specific for Frankia strains in comparison

with heterogenous microorganisms.

Ease of sample preparation and greater objectivity in
measurement of test responses by ELISA assay relative to
the FA technique make it a more useful tool for
determining soil populations of M.D.s. Additional work

is needed, however, to improve the sansitivity of this

assay.
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VIII. APPENDIX A: STATISTICAL ANALYSIS .

Table 8.1 Analysis of variance of Alnus glutinosa host
plant nodulation and root dry weight responses
to soil water, pH, and 0.M. treatments

Source DF ss (1073) PR > F
Nodulation
Block 2 52.65 0.0901
H20 2 275.08 0.0001
lTinear (1) (251.19) 0.0001
1.0.f. (1) (24.88) 0.1287
pH 2 28.60 0.2633
0.M. 2 141.87 0.0024
lTinear (1) (49.88) 0.4925
1.0.f. (1) (91.99) 0.0045
ph*0OM 4 11.25 0.8993
H20*0M 4 9.34 0.9241
H20*pH 4 29.72 0.5876
H20*pH*0OM 8 29.43 0.9406
error 52 542,95
Root dry weight
Block 2 55.87 0.2921
H20 2 2657.58 0.0001
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Table 8.1 (continued)
Source DF ss (1073) PR > F
Root dry weight
Tinear (1) (2618.07) 0.0001
l.0.f. (1) (39.51) 0.1877
pH 2 15.88 0.7013
0.M. 2 ' 168.17 0.0290
linear (1) (8.17) 0.5468
T.0.f. (1) (160.00) 0.0097
pH*OM 4 30.93 0.8446
H20*0M 4 287.23 0.0190
H20*pH 4 108.42 0.3135
H20*pH*0OM 8 165.21 0.4998
error 52 1152.79
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Table 8.2 Analysis of variance of Alnus giutinosa
seedling nodulation after 3 mo. 1n soi1l samples
taken from beneath various plant cover types

Source DF SS PR > F
Cover 3 80.74 0.0010
error 20 66.13

Table 8.3 Analysis of variance for reactions of pure
culture microoganisms to anti-CpIl antibody in
an ELISA

Source DF SS PR > F
Microbe 28 12.27 0.0001
error 29 00.08
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Table 8.4 Analysis of variance between samples from
replication IIl of the soil environment study
assayed for Frankia strain Cpll by ELISA.
Differences colormetrically measured by
absorbance

Source DF SS (1072) PR > F
Absorbance 34 247 0.0001
error 64 84

Table 8.5 Analysis of variance of ELISA assay response
to soil sample moisture, pH, and 0.M.
treatments in replication III of soil
environment study

Source DF SS PR > F
H20 2 774 0.1583
pH 2 492 0.2977
0.M. 2 533 0.2970
error 20 3816
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IX. APPENDIX B: MEDIA

1. Sterile Nutrient Solution

MgS0,4-7H,0 0.37 ¢
CaC]-ZHza 0.18 g
KHoPO,4 - 0.33 ¢
K2§04 0.07 ¢
Hoagland's trace element

stock solution * 2 ml
Stock iron solution ** 1 ml
distilled H20 1000 m1

adjust pH to 6.0

*
Hoagland's trace element stock solution

H3BO4 2.86 g/1
CuS0,4-5H,0 0.08 g/1
NaMo 4-2ﬁ'0 0.025 g/1
* %
Stock iron solution
FeS04-7H,0 5.56 g/1



2.
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M6B Plus Medium : (J. G. Torrey,

for Bot. Res.,

Cabot Foundation

Harvard Univ.,

Petersham , MA, pers. comm.)

- component

Yeast Extract (Difco)
Dextrose

Casamino Acids (Difco)
KH,POy

Mg 04‘7”20

CaCl,-2H,0

CoCl,

Hoagland's trace e1eTent solution
B-D vitamin solution

Stock iron solution

distilled H,0

Adjust pH to 6.5

1000

*
B-D vitamin stock solution

Thiamin HC1
Nicotinic acid
Pyridoxine HCI

10 mg/100 m1
50 mg/100 ml
50 mg/100 ml



3.

Fertilizer / pH Solution :
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compound pH 4.5
NaS04 0.20 g
Hy,S0, (18 M) 0.72 ml
HaP0,4 (12.4 M) 1.10 m1
KC1 0.40 ¢
CaCl-2H 0.32 g
M9504 7%20 0.87 g
KoHPO

NaH P H,0

CaH 4 2 : 0.60 ¢
NaOH

KOH

Hoagland trace
element stock
solution 2
Stock iron solution 1

distilled H,0 1000

ml
ml

ml

L]
x
o
.

0.27
0.25
0.87
0.30

0.47
1.10

2
1
1000

o

(oYYl WY =]

ml
ml

ml

0.87
0.23

1.53

0.13
0.19

2
1
1000

Fertilizer/pH solution for uninoculated control
pots and plant cover study pots had 30 ppm N added
in the form of(NHg),S0,4.

([ R {agia]

ml
ml

ml



