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The primary intent of this study was to clarify the role of the

endophyte in the Ceanothus symbiosis.
A

technique utilizing a

20

percent solution of

H

2

0 2 was devel-

oped which allowed the isolation of a Streptomyces sp. from the root

nodules of some Ceanothus species. Further characterization sug-

gested that the isolates belonged to a single species of the genus
Streptomyce s.
It was shown that infection and nodulation of snowbrush (C.

velutinus) occurs in at least four distinct phases.

The

first begins

as a swelling at the tip of the root hair, which is followed by a

marked swelling. At this point unidentifiable objects appear within
the root hair and are presumed to correspond to the presence of
the endophyte within the root hair. As the infection continues the

root hair becomes swollen to its base. Shortly after this point has
been reached the fourth phase of the process is recognized as the

formation of visible nodules on the root surface.

In the presence of the isolate and a sterile nodule extract,

the infection process has been observed to the point where the entire

root hair has become swollen. However, without the sterile extract
the infection was not as complete and proceeds much slower. Where

the isolate is omitted from the inoculum and the seedling inoculated
with the sterile extract, a slight swelling of the root hair tip occurs.
This corresponds to the first stage of infection.
It appears that the infection of snowbrush root hairs is a

unique character of the isolated organism.

Free -living, soil iso-

lated Streptomyces species either had no effect on root hair morphology or caused the death of the inoculated seedling.
On the
of the

basis of the similarity of the isolates, infective ability

isolates which appears to be

a unique

feature of the endophyte,

the tentative name Streptomyces ceanothi (Atkinson) Wollum, 1965
was proposed.

This species encompasses those organisms which

are capable of inhabiting the root nodules

of snowbrush and

pre-

sumably other Ceanothus species. It was also suggested that some

predisposing agent or agents may be required for the rapid initiation
of the infection

process in snowbrush seedlings.

Also it was demonstrated that nodulated snowbrush seedlings

were capable of fixing atmospheric nitrogen. The rate of fixation
was not determined.

Ceanothus species as a source of nitrogen in the forest

ecosystem are becoming a distinct possibility. As additional information is learned about the symbiotic system we can look for introduced changes in the nodulation potential on natural sites. When
endophyte selection is practiced in these programs, it will lead to

the maximum fixation of nitrogen. It is possible to envision inocu-

lated plantings of Ceanothus species with the more desirable conifers
to assure the greatest utilization of the fixed nitrogen.
The field of symbiotic nitrogen fixation in Ceanothus and other
non - leguminous plants is beginning to broaden.
a

limitless future.

It appears to have
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SYMBIOTIC NITROGEN FIXATION
BY CEANOTHUS SPECIES

INTRODUCTION
The genus Ceanothus is a member of the family Rhamnaceae

and is indigenous only to the temperate regions of the North American

continent. Its importance lies in the fact that it possesses root

nodules which are reported to function in the assimilation of atmos-

pheric nitrogen, similar to the nodules of the family Leguminosae.
Since the discovery of nodules on Ceanothus and other non -

legumes, various isolation techniques have yielded a variety of

organisms ranging from the fungi, the bacteria and to members of
the Actinomycetales. In addition cytological observations have im-

plicated still other organisms such as members of the Plasmodio-

phorales. In those instances where isolates had been obtained, the

investigators sought to inoculate plants growing under various conditions in attempts to nodulate the roots. Often doubtful conditions
of

sterility existed in these inoculation trials which led to misinter-

pretations of the nodulation data and in all cases none of the nodulation experiments could be repeated.
All of the non - leguminous nitrogen fixers are woody plants

which tend to be slow growing. Use of this type of material for

experimental purposes is often neglected or ignored. As a result no

z

one has learned to handle the problem material successfully, there-

fore each succeeding generation of investigators must cope with the

basic problems of growing the plant. More often than not investi-

gators reach the same point of discouragement and move

on to

other

areas of research.
Ceanothus is one of the genera that has been ignored. In addi-

tion to the problems of endophyte identification and its slow growing

nature, many of the Ceanothus species require certain unique seed

treatments before germination will take place. These factors,
coupled with the distribution of Ceanothus, have kept the investiga-

tion of the symbiotic phenomenon in Ceanothus at an absolute

minimum.
The importance of the phenomenon of nitrogen fixation in the
non -legumes can only be inferred.

Wild land distribution of all of

the non -leguminous nitrogen fixers is world wide, especially in soil

nitrogen impoverished areas. It is envisioned that in future generations, proper management of much of our existing wild lands would
include certain specific non -legumes for the improvement of the

nitrogen economy of the site.
In the future, if this source of nitrogen is to be utilized, new

studies involving the area of the symbiosis in Ceanothus must be

initiated. Therefore the following project was proposed with four
objectives. The first was to isolate and characterize the Ceanothus

3

endophyte.

Next was to characterize the stages of nodulation in

Ceanothus and the role of the endophyte in this process.

The third

objective involved an outlining of those techniques which permitted
the successful culture of Ceanothus in soil, nutrient solution and

several sterile medias. The final objective was to investigate nitrogen fixation by Ceanothus.

4

LITERATURE REVIEW
Nodule Occurrence
The initial observations on the existence of root nodules on

Ceanothus americanus L. were made in 1890 (Beal), although detailed

descriptions of the occurrence and morphology did not appear until

later. Arzberger

(1909) noted that for C.

americanus the number of

nodules per plant increased with the age of the plant and that the

largest nodule masses occurred nearest the soil surface. The initiation of nodulation was first seen by Arzberger as a slight bulging of
the epidermal tissue, which quickly became spherical to ovoid.

Finally the infected region would elongate to a cylinder from three
to six millimeters in length.

Gross morphological characterization

of the Ceanothus nodules continued when it was observed that nodules

were perennial features of the plant root which continue growth by
branching at their apex (Bottomley, 1915). Bottomley also suggested

that each branch can be considered a primary nodule as it is likely
to branch in succeeding years. In addition it was Bottomley who

first reported the existence

of nodules on C. velutinus Dougl.

,

but he

also observed that not all specimens in the English Botanical Gardens
were nodulated. Later it was demonstrated that the distribution of
nodules on the root depended primarily on soil texture and food

reserves, with most nodules occurring in the surface

2

to 15

5

centimeters (Petry, 1925).

Pre -1925 Endophyte Studies
Immediate claims of successful endophyte isolations followed
the initial observations of nodules on Ceanothus. Atkinson (1891 and
1892)

reported he had demonstrated that the organism which was

responsible for nodulation on

C.

americanus was similar to a para-

sitic fungus found in the nodules of Alnus and Hippophäe. This fungus
was classified as Schinza alni, but in 1892 the genus was reclassified
as Frankia and Atkinson proposed the name of Frankia ceanothi for
the Ceanothus isolate.

However, he recognized that the relation be-

tween the endophyte and host plant was not parasitic as had been sug-

gested, but rather this relationship appeared to be mutually beneficial
or symbiotic in nature. That same year Sarauw (1892) noted that the
endophyte of C. americanus was both ecto and endotrophic in its
in vivo growth.

Unable to isolate the organism found by Atkinson, Arzberger
(1909)

characterized the endophyte by the technique of cytological

sectioning. Within the nodule he found that the separate mycelium of
the endophyte was

1

.

0

to 1.4

µ,

in diameter and that it branched at

irregular intervals. From the sections it was also determined that
the nodule itself was a modified root composed of an outer corky

layer, an outer and inner cortex and

a

vascular cylinder or stele.

6

The zone of infection was generally confined to the two or three outer

cell layers of the stele, although the infection zone could be as many
as 15 to

17

cell layers thick.

The gaining importance of legume symbiosis led some investi-

gators to believe that Bacillus (Rhizobium) radicicola was responsible
for nodulation on some Ceanothus species.

Bottomley (1915) made

the claim of isolating B. radicicola from the root nodules of C.

velutinus and C. americanus. Also he demonstrated that the isolate

from C. americanus could fix 23.3 milligrams of nitrogen per liter
of culture solution, while the C. velutinus isolated fixed 22.

2

milli-

grams of nitrogen per liter. Despite this alleged advance in endophyte isolation, Burrill and Hansen (1917) were unable to isolate
B.

radicicola from the root nodules of

C.

americanus or to nodulate

the roots of C. americanus with pure cultures of B. radicicola,

isolated from certain legumes.
During this period, Petry (1925) presented morphological as

well as some physiological characteristics of a bacterium he obtained

from the root nodules of

C.

americanus. The organism he isolated

was a gram positive rod with dimensions of 0.15 to 0.
5. 0

p.

.

20

by 2.0 to

While the isolate was motile, Petry was unable to demon-

strate any flagella or their relative position on the organism. Also
it was stated that the isolated organism formed threads which seemed
to branch. On agar plates

circular colonies were formed which first

7

appeared an opalescent bluish color, but within eight to ten days had
turned to a dark brown.

Finally it was shown that this isolate was

capable of hydrolyzing several kinds of starch and could fix 3.4 to
5. 0

milligrams of nitrogen over the control when grown on nutrient

glycerin agar. While listing a number of determined characteristics
for his isolate, Petry declined to fix the taxomonic position of the

organism and implied that it was similar to the bacterium previously

isolated by Bottomley.
The conclusion to

Petry's investigations was the demonstration

of nodulation by the inoculation of Ceanothus seedlings with the

iso-

lated organism and its subsequent reisolation from the nodulated
plants. This stands as positive evidence of the establishment of the
endophyte and also meets the requirements of Koch's postulates.

However, other investigators have not accepted the methods used by

Petry.
Perhaps this period is best summarized by Synder (1925) when
he stated that only a little work had been undertaken with the non -

legume nitrogen fixers because:

(1)

They tended to be woody and

slow growing, (2) They were unadaptable to forage production and
(3) The

isolation of the endophyte presented difficulties not found in

the legumes.

8

Post -19 25 Endophyte Studies
During the next 34 years little activity on endophyte studies
was observed in the genus Ceanothus. In this interim period in-

vestigators were more concerned with nitrogen fixation per se, by
other non - legume nitrogen fixers. Even in the other non -legume
genera, the controversy as to the identity of the endophyte was not
resolved. In 1959 new cytolo9ilal data for two Ceanothus species
were presented (Furman, 1959) and from the evidence it was inferred
that the endophyte belonged to the genus Streptomyces, but no isolations were made. Another investigator using the refined techniques
of the electron microscope reached the same conclusion for another

non -leguminous genus (Silver, 1964).
The

first reported isolation

of a Streptomyces sp. from the

root nodules of Ceanothus was made by Uemura (1964). In this study
a

carefully devised technique was used to isolate two distinct groups

of Streptomyces from C.

americanus. Unfortunately these isolates

have not been tested for their ability to nodulate the root systems of

Ceanothus. Uemura, however, has been primarily interested in
Alnus symbiosis and for this genus he has isolated two groups of

Streptomyces which are similar to those he had found in Ceanothus
nodules.

Despite numerous attempts at aseptically inoculating grown

seedlings of Alnus sp.

,

Uemura has not succeeded in nodulating any

9

of the Alnus sp. seedlings with the Streptomyces isolates.

Thus

Uemura concludes that his isolates have either lost their nodule
producing ability during in vitro growth or that they require coopera-

tive nodule endophytes as yet unisolated.
Nodule Studies

Included with the cytological work Arzberger published in 1909,
was a series of experiments which demonstrated that the nodules of
C.

americanus contained an enzyme which was capable of digesting

fibrin.

This enzyme was temperature dependent, being most active

at 23oC and decreasing in activity with increasing temperatures to
43oC.

The enzyme was not found in the root tissue and whether it

originated in the host or endophyte could not be determined from the
study. In 1963 (Kliewer and Evans), it was demonstrated that the

nodules of C. velutinus contained a cobamide coenzyme which had

also been isolated from the nodules of certain legumes and it was sug-

gested that cobalt may have the same role in the Ceanothus symbiosis
as it does in the legume symbiosis.

Nitrogen Fixation
Since the classic experiment of Hellriegel and Wilfarth in 1888,

with nodulated and non - nodulated legumes, most everyone has

assumed that all nodulated plants had similar functions in the

10

assimilation of atmospheric nitrogen. Experiments proving the
presence of

a

nitrogen fixing system in some of the non -legumes did

not come, however, until the mid- 1950's, when the refined techniques
of N -15 analyses were used on Alnus, Myrica and Hippophäe.

Al-

though Bond (1957) included several Ceanothus nodules in one of his
N -15

experiments, the results were inconclusive and did not prove

the existence of a nitrogen fixing system in Ceanothus species.

Using a bioassay technique, Wollum (1962) and Wollum and
Youngberg (1964) present evidence which would suggest that nitrogen

fixation had occurred in some experimentally grown snowbrush
(C. velutinus) plants.

However, the establishment of a nitrogen fix-

ing system was not conclusively proved.

Evans1 on the other hand

has grown nodulated, one year old seedlings of C. velutinus var.

laevigatus

H.

&

G.

recorded gains of

for
290

20

weeks in a nitrogen free media and

milligrams of nitrogen per seedling. This

would indicate that substantial quantities of nitrogen had been fixed,

but evidence of this nature is still needed for other species of the

genus

Ceanothus.

Practical Applications

of the Symbiosis

The practical application resulting from the presence of

Personal Communication, Dr. H. J. Evans, Botany Department, Oregon State University, Corvallis, Oregon.
1
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Ceanothus sp. and other non - legume nitrogen fixers in the nitrogen
economy of the forest ecosystem have been reviewed by Wollum
(1962) and Wollum and Youngberg (1964).

Relation to Other Non -Legumes
Many investigators using a variety of techniques have impli-

cated a number of different organisms in the establishment of
nodules on the other non -legumes. None of these claims, however,
have been substantiated through independent research and no one

has fulfilled the requirements of Koch's postulates.
In addition a number of studies dealing with mineral nutrition
and the effects of physical and chemical conditions on growth and

nitrogen fixation by non -legumes, other than Ceanothus, have been

reported. The broad scope of these studies is best summarized in

several recent reviews (Bond, 1964; Uemura, 1964 and Allen and
Allen, 1965).
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DESCRIPTION OF SAMPLING AREAS
The soils used in the study came from three different areas.

Situated east of the Cascade crest, the Fort Benham soil supports a

mixed conifer overstory vegetation of white fir (Abies concolor Lindl.)
and ponderosa pine (Pinus ponderosa Laws. ), while the understory

originally was composed of snowbrush and pine manzanita (Arctostaphylos parryana var. pinetorum [ Rollins] Wies.

&

Schr.

).

A

fire

during the fall of 1962 prepared the site for snowbrush germination
the following spring. The Toad Creek soil is located near the crest
of the Cascade Mountains and has developed under an annual
of approximately 100 inches.

Vegetation found in this area is typical

of the old growth (about 300 to 500

menziesii [ Mirb.

]

rainfall

years old) Douglas -fir (Pseudotsug_a

Franco) and hemlock (Tsuga heterophylla [ Raf.

]

Sarg. ) type. These old growth stands are characterized by a closed
canopy and very little shrub growth appears in the understory. While

snowbrush naturally occurs in the vicinity, the site of a 1962 clearcut

probably had not supported snowbrush for 300 or more years. The

third soil located at the west edge

of the new

Cascades, probably has

been formed under a climate similar to that found at Toad Creek.

Vegetation differences are significant. There are typical second
growth stands of Douglas -fir, western red cedar (Thuja plicata Don)
and hemlock on the Foley Ridge site.

Douglas -fir is dominate and
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is approximately 150 to 200 years old while the hemlock makes up
the tall understory and some co- dominates of the overstory. Also in
the understory shrub layer are salal (Gaultheria shallon Pursh. ) and
vine maple (Acer circinatum Pursh.

)

Snowbrush has been absent for

at least 100 years. Chemical analyses for these soils are given in
Table 1.
The natural habitat of the species C. velutinus

crosses many

boundaries of soil and climate; therefore it was important to know
if two seed sources would respond in a similar fashion, under a

standard set of conditions. For this a west ecotype seed was
collected near the site of the Foley Ridge soil and an eastern ecotype seed was collected from a location which was situated in the

vicinity of the Fort Benham soil. In the Foley Ridge area snowbrush
is a somewhat transitory member of the plant community occurring

primarily as

a

pioneer species after some major disturbance. Often

it may be absent for periods up to 500 years. On the Fort Benham

soil, snowbrush also occurs as a pioneer species, but due to the

occurrence of wild fires and intentionally set ground fires to reduce
fire hazard (Weaver, 1961), snowbrush has remained an important
member of the plant community beyond the stage of pioneer. In all
probability, at most eastern locations, it has occurred without

interruption from the vegetation mosaic.

TABLE L

CHEMICAL ANALYSIS FOR SOILS USED IN GREENHOUSE STUDIES

DETERMINATIONS
pH

Fort Benham

SOILS

Toad Creek

Foley

Ridge.

6. 2

6. 6

6.

0.047

0.082

0.110

P (ppm)

5. 90

6. 97

4. 30

K (m. e. / 100g)

1.07

0.13

0.22

Ca (m. e. / 100g)

3.71

1.04

1.08

(m.e./100g)

1.13

0.47

0.38

14.61

17.67

25.97

2. 50

3. 55

5. 85

TN

Mg

(%)

C. E. C. (m. e. / 100g)

OM

(%)

1
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PROCEDURES

Greenhouse
Soil

Mixtures of Toad Creek -Fort Benham soil and Toad Creek Foley Ridge soil which weighed about 2000 grams were placed into
seven inch diameter polyethylene pots.

cent Toad Creek,

25

ham or Foley Ridge,

The mixtures were 100 per-

percent Toad Creek and
50

75

percent Toad Creek and

percent Fort Ben50

percent Fort

Benham or Foley Ridge and 100 percent Fort Benham or Foley Ridge

soils. All proportions were based on weight. When all the pots had
been filled, they were moistened to about field capacity with dis-

tilled water and eight to ten snowbrush seeds were planted in each
pot. After germinating and developing for about one month the seed-

lings were uniformly thinned to eight per pot and then allowed to
develop for an additional

25

weeks.

During the growth period the

seedlings received supplementary irrigation to maintain soil mois-

ture contents as near field capacity as possible. At harvest time
the root systems of the seedlings were examined for the presence
of nodules and the nodules and tops were collected for

determinations.

further

The fresh weight of the nodules was determined

while the tops were dried to a uniform moisture content in a

forced air oven. After the dry matter had been weighed the tops were

16

ground in a micro -wiley mill and then were stored for total nitrogen

determinations.
Nutrient Solution
Nodulated and non - nodulated seedlings were collected in the

field and subsequently brought to the greenhouse. After the root

systems had been rinsed of adhering soil, two seedlings were placed
The nutrient solution used in this study was of the

in each pot.

following composition:

mg. / liter
1.

KH2PO4

12.25

2.

MgSO4. 7 H20

18.50

3.

CaC12 6H2O

5. 25

4.

ZnSO4.7H2O

1.09

5.

MnSO4. 4 H2O

0.17

6.

H3BO3

0.71

7.

Fe+++ (Sequestrene 330) - - - -

9. 54

8.

CuSO4.4 1120

0.036

9.

Na2MoO4.2H2O

0.046

CoC12 6H2O

0.004

10.

The pH of the solution was initially adjusted to 6. 8, with 0.

1

and then maintained at this level by periodic adjustments.

To main-

N NaOH,

tain a constant supply of nutrients the solutions were changed about

17

every

14

days. At the conclusion of a 25 week growth period the

seedlings were observed for growth and development.

Laboratory
Biological

Fresh nodules attached to the root systems of various species
of Ceanothus were collected in the field and brought to the

laboratory

under refrigeration. Within two or three days the nodules were

excised from the roots and washed in a detergent solution. After the
adhering soil had been removed the nodules were rinsed with dis-

tilled water. Next the nodules were placed in a
of H2O2 for a period of eight minutes

20

percent solution

after which they were asepti-

cally transferred to sterile distilled water. Glucose- nutrient agar

plates were used. Five sterilized nodules were placed on each plate
(Figure 1). The plates were incubated at room temperature from
four to five days and then, only the sterile, uncontaminated nodules
which were left on the plate, were crushed on the plates with sterile

forceps. At least one uncontaminated nodule was left uncrushed on
each plate and then the plates were reincubated at room temperature
for an additional

7

to 14 days.

To obtain soil

isolates for endophyte specificity experiments,

several soil samples were air dried and then ten gram samples were

18

Figure

1.

Surface sterilized nodules of snowbrush on
glucose- nutrient agar.

19

weighed out into

90

milliliters of sterile distilled water. After

thoroughly mixing the suspension, the desired dilutions were per-

formed and 1.0 milliliter aliquouts of selected dilutions were pipetted
into petri dishes.

Glucose-nutrient agar or sodium - albuminate agar

were used as the growth media and the plates were incubated at room

temperature from four to seven days. At the end of the incubation
period, colonies of Streptomyces sp. were picked and used to inocu-

late bottle slants of glucose- nutrient agar. When pure cultures were
not obtained, the isolate in question was discarded.

Ceanothus seeds of the eastern ecotype were used in the inocu-

lation tests. The seeds were treated according to the techniques
outlined by Gratkowski (1962).

2

After the seeds had been placed in

small beakers, they were covered with distilled water at a tempera-

ture of

93 to 94°C.

When the water had reached room temperature,

the seeds were removed and placed in moist sand which was con-

tained in small Dixie cups which had been fixed with small drain
holes to allow for the drainage of excess water.

Finally the Dixie

cups were placed in a refrigerator at a temperature of approximately
5oC.

The seeds were stored under these conditions from 95 to 135

days at which time they were removed for germination.

During this

2Personal Communication. Dr. H. Gratkowski, USDA, PNW
Forest and Range Experiment Station. Roseburg Research Center,
Roseburg, Oregon.
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stratification period it was necessary to add additional water to maintain the sand in a moist condition.
Following the stratification period, the seeds were washed in

distilled water to remove the clinging sand. Next the seeds were
placed in

20

percent H2O2 for a period of eight minutes and then were

immediately transferred to glucose- nutrient agar, with ten seeds on
each plate. When the seeds had been incubated from three to five
days, the sterile and germinated seeds were selected for inoculation
with the various isolates.
The inoculum was prepared in several ways. In the first, 2.

milliliters

of a

sterile, inorganic nutrient solution plus

0. 25

0

percent

glucose was added to spore slants of the isolate. An additional

inoculum source was prepared by adding 1.0 milliliter of the nutrient
solution and 1.0 milliliter of a sterile nodule extract to spore slants.
The age of the isolates at the time of inoculation was from four to

seven days old.

The preparation of the nodule extract consisted of

the following steps:
1.

1.0 gram of fresh nodules were thoroughly washed
in a detergent solution and rinsed in distilled water.

2.

Next the nodules were crushed in a mortar, with
10.0 milliliters of the inorganic nutrient solution.

3.

Finally the mixture was filtered through a sinter
glass filter, into a sterile test tube.

Next the two inoculums were transferred into 1.0 milliliter of a
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sterile,

40

percent gum arabic preparation.

This facilitated the

placement of the inoculum directly on the seed coat and root of the

germinated seed.
Control inoculums were prepared either by substituting 1.0

gram of crushed nodules for the spores or omitting the spores and

crushed nodules from the preparation. In both cases the seed coat
and root of the seedling were coated with the other components of the

system.
The inoculated seedlings were grown in three ways.

The

first

was a modification of a technique used to study the synthetic culture
of mycorrhizae on southern pines (Bryan and Zak, 1961).

erlenmeyer flasks containing

60

One

liter

grams of vermiculite were prepared.

The vermiculite was moistened to about 50 percent saturation capacity

with the inorganic, nutrient solution used for the greenhouse work,

except that NH4NO3 was added at the rate of 15.70 milligrams per

liter to give

a final concentration of five ppm of nitrogen and glucose

was added so its final concentration would be 0. 25 percent.
was adjusted to 6.

8

The pH

before autoclaving. After the flasks had been

stoppered with cotton plugs and the plugs covered by aluminum foil
the flasks were autoclaved at 121 oC from 20 to 30 minutes.
In the second case 250

milliliter erlenmeyer flasks which had

been fitted with cotton stoppers and aluminum foil covers were

sterilized by dry heating. Meanwhile

100

gram samples of selected
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soils, which previously had been air dried and sieved (<2.0 milli-

meters), were placed in plastic bags and the bags were sealed. Next
the soil samples were irradiated by a cobalt -60 source for 68 minutes

at 5.3 x 106 rad water per hour
6.0 x 106 ±

10

± 10

percent. The total dose equals

percent rads. 3 Finally the soil samples were asepti-

cally transferred into the sterile flasks and sterile water was added
to about 50 percent saturation capacity.

When desired, minor

nutrients were added with the sterile distilled water.
The third medium used for growing inoculated seedlings con-

sisted of a semi -liquid agar in

16 by 150

millimeter test tubes with

the inorganic nutrients plus glucose added as supplements in the

concentrations previously described.
After the inoculated seedlings had been aseptically placed in the

appropriate flasks or test tubes,

5. 0

milliliters

of a

sterile nitrogen

free, glucose nutrient solution was added to the remainder of the
inoculum suspension. One milliliter of the resulting suspension was
added to the appropriate flasks and the flasks and test tubes were

placed in a controlled environment growth room with a
with the temperature set at 70°F.

16

hour day,

The seedlings were allowed to

develop and were harvested at several intervals for examination of

their root systems for evidences of infection and nodulation.
3Soils irradiated courtesy of H. O. Poppleton, Bureau of
Mines, Albany, Oregon.
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Chemical
Soil samples were analyzed according to the methods in the

Oregon State College Agricultural Experiment Station Miscellaneous

Paper

65 (1959).

Total nitrogen for the plant tissue was determined by a modified micro -Kjeldahl technique, using salicylic acid and concentrated
H2SO4 as the

primary digestion reagent.
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RESULTS AND DISCUSSION

Greenhouse
Soil

Significant differences in nodule yields, top yields and nitrogen

contents of the tops of snowbrush seedlings occurred between seed

sources (Figures

2, 3 and 4).

The reason for this is not clear, but

it is assumed that this feature would be related to the genetic evolution of this particular species as it develops and grows under two
widely differing climates.
A

comparison of the nodulation at the zero level of inoculating

soil or on the Toad Creek soil, indicates that the west seed is less

discriminating or less specific in its association with a nodule forming organism.

It should be remembered that the soils at Toad Creek

probably had not supported snowbrush for at least 300 plus years,
and during repeated cycles of this duration the numbers of infecting

organisms would be greatly reduced. The chance of infection under
these circumstances would be less likely, unless a wider range of
infecting organisms could effect nodulation. After a period of many
such cycles, the Ceanothus would become susceptible to a greater

number of infecting organisms, probably differing more as variants

rather than as differing species. Compare this with the nodulation

FRESH WEIGHT OF NODULES /POT
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0
Figure

2.

Nodule yields for two snowbrush ecotypes
grown on different combinations of soil.
Open circles represent the west ecotype and
solid circles the east ecotype. Toad Creek
soil inoculated with Fort Benham soil is
shown by a solid line, while Toad Creek with
Foley Ridge inoculating soil is shown by a

broken line.
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Figure

3.

Top yield for two snowbrush ecotypes grown
on different combinations of soil. Open

circles represent the west ecotype and solid
circles the east ecotype. Toad Creek soil
inoculated with Fort Benham soil is shown

by a solid line, while Toad Creek with Foley
Ridge inoculating soil is shown by a broken

line.
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Figure 4. Nitrogen contents for the tops of two snowbrush
ecotypes grown on different combinations of
soil. Open circles represent the west ecotype
and solid circles the east ecotype. Toad Creek
soil inoculated with Fort Benham soil is shown
by a solid line, while Toad Creek with Foley
Ridge inoculating soil is shown by a broken
line.
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under an eastern climate. Snowbrush, due to various incidents, is
a

more prominent member of the plant community and would be

continually involved in its symbiotic relations.

Through repeated

infections only the most aggressive of the endophyte strains would

persist in nodulating the plant and over

a period of many such in-

fections a very specific relation between the host and a strain of
endophyte could develop.
The Fort Benham soil, and the soil from Foley Ridge had been

supporting vigorous stands of snowbrush and should have contained a

readily available source of inoculum for effecting nodulation. Therefore it might be expected that an increase in inoculum size could

cause an increase in nodule yields. An addition of a

25

percent

increment of either inoculating soil did cause a significant increase
in nodule yields (Figure 2).

This was probably a direct result of

increasing the size of the population of the nodulating organism.
The response patterns resulting from additional increments
of soil

are not as clearly understood. On the Fort Benham soil there

were increases of nodule yield with increasing amounts of the inoculating soil, but these were not as great as the initial response. In-

creasing the amounts of the inoculating Foley Ridge soil over

25

percent caused a decrease in nodule yields. These differences might
be explained by soil fertility.

(Table

1)

However, the chemical analyses

show the Toad Creek and Foley Ridge soils to be similar,
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but both differ from the Fort Benham soil.

The

latter has less

nitrogen and a greater quantity of the bases Ca, Mg, and

K,

than the

former two soils. It is likely that the differences in nodule yields
could be attributed, in part, to both the numbers of organisms avail-

able for nodulation and fertility.
The most significant increase in top yield occurred in the

presence of

25

percent inoculating soil (Figure

3).

At this level the

fertility patterns have not been greatly effected and the major response is probably from the great increase of nodulation and the

resulting nitrogen that becomes available for plant tissue production.

Similar circumstances are involved when the plant nitrogen
content is considered (Figure 4). With a small increment of inocu-

lating soil present there is a rapid increase in nodulation, growth
and nitrogen content of the tops of the plants.

Presumably this in-

crease can be attributed as a response due to nitrogen fixation through
nodulation. Additional supplements of inoculating soil begin to exert

influences on fertility which cannot be evaluated with the design of

this particular experiment. Mineral nutrition work with some of the
other non -legumes suggests some possible explanations for the

observed results. The implication of cobalt in the growth and nitrogen fixation of the non -legumes has already been discussed (Kliewer
and Evans, 1962).

Hewitt and Bond (1961) and Becking (1961) have

shown a relation between growth, nitrogen fixation and molybdenum
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for Alnus glutinosa Gaertn.

Also if there is a basic similarity be-

tween the nitrogen fixing systems of the non -legumes and the legumes,
any number of nutrients may be implicated.

From the nitrogen content of the plants grown at the zero and
100

percent levels of the inoculating soil (Figure 4), it can be seen

that seedlings grown on Fort Benham soil had greater nitrogen con-

tents than seedlings grown on Foley Ridge soil which in turn had

greater nitrogen contents than the seedlings grown

on the Toad Creek

soil at the zero inoculating level. When the soil nitrogen levels are

evaluated, it can be seen (Table

1)

that Foley Ridge had the greatest

nitrogen content, while Toad Creek was intermediate in nitrogen
content and Fort Benham was the lowest in nitrogen content.

These

facts coupled with nodulation data support the hypothesis that nitrogen fixation had occurred to raise the nitrogen contents of the plants

grown on the Fort Benham soil.

The magnitude of nitrogen fixation

in the Foley Ridge soil is not clear.

Nutrient Solution
It was observed that plants transferred from the field to a

nitrogen free media would begin to initiate new root tissue within
four weeks. Sometime during the next four weeks new foliage would

appear and the plant underwent a short growing period before dormancy occurred (Figure 5). While no new foliage was produced
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.
Figure

5.

Snowbrush seedlings growing in nitrogen -free,
inorganic nutrient solution in the greenhouse.
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during the dormant period the root systems were continually undergoing expansion.

Also during this period it was observed that some of the nodu-

lated plants were forming new nodules on new root growth. It is

assumed that this form of self- infection occurs by the endophyte
mycelium escaping from the existing nodules and growing down the
root surface onto new root tissue. When the conditions were appro-

priate, infection took place and finally a nodule developed.

No

nodules were formed on the non -nodulated plants.

Unfortunately the plants have not broken their top dormancy
and the desired evidences of nitrogen fixation and nitrogen deficiency

could not be observed and evaluated at this time.

Laboratory
Endophyte
Within a period of four to ten days, after crushing the sterile

nodules, a Streptomyces sp. would often develop within the vicinity
of the crushed nodule (Figure 6).

The selection of an organism for

further characterization depended upon the crushed nodule remaining
free of contaminating organisms. For this reason the pure culture
isolation technique was repeated

17

times and 136 similar Strepto-

myces sp. were observed and/ or isolated from 1700 nodule tips of
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Figure

6.

Typical Streptomyces sp. found developing in
the vicinity of crushed snowbrush nodules.

:.

Figure 7. Giant colony of a typical Streptomyces sp.
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C.

velutinus. As is shown in Figure 7, all of the snowbrush isolates

are aerobic and form white aerial spores

on glucose

nutrient agar.

The branched nature of the vegetative mycelium has been reproduced

in Figure 8, while the spiralled sporophores, which support spherical
to oval spores are shown in Figure 9.
of the snowbrush

Some physical

characteristics

isolates have been summarized in Table

2.

properties of the isolates have been summarized in Tables
5.

An examination of these data would suggest that the

Other

3, 4 and

isolates,

despite minor variations, probably should be considered as members
of the same species.

Variation in certain characters can be ac-

counted for as strain variability.

Yet these isolates differ in several

respects from the organisms obtained by Uemura (1964). His group I
organisms, isolated primarily from Alnus sp.
Zacc.

,

Elaeagnus umbellata Thunb.

,

,

Myrica rubra Sieb.

Casuarina equistetifolia Miq.

and occasionally C. americanus are characterized by aerial myce-

lium which are either compact or loose spirals, straight aerial
hyphae or which do not produce any aerial hyphae. In addition these

liquefy gelatin except for a few strains which showed very poor
growth. It is evident from Figure

9

and Tables

2

and

3

that all of

the snowbrush isolates produced spores on short spiralled sporo-

phores and do not liquefy gelatin. The distinctive characteristic of

Uemura's group II organisms is that they usually produce

a

purplish

soluble pigment in Czapek's solution, however, this has not been
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8.

Branched nature of the vegetative mycelium of
a typical Streptomyces sp. 1720X.

o_

Figure 9. Spiralled sporophore of a typical Streptomyces
sp.

3870X.
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TABLE 2.

SUMMARY OF THE PHYSICAL CHARACTERISTICS OF SOME TYPICAL STREPTOMYCES
ISOLATES.

Isolate

Vegetative
Mycelium

Cv - 18

Cv -

Aerial
Mycelium

Branched,

Loose convolutions

0.60 -0. 80p,

of 2 -3 turns,

Spherical to
oval, 0.65 -0.75x

0.65 -0.80p.

0.75 -0.85 p.

Branched,

Loose convolutions

0. 55 -0. 75 p,

of 2 -3 turns,

Spherical to
oval, 0.65 -0.75x

B

0.70 -0.80 p,
Cv - C

Branched,

Loose convolutions

0.65 -0. 80p.

of 2 -3 turns,

0.70-0.75
Cv - F

Branched,

O.65- O.75µ,

Cv - K

Branched,

0.50 -0.80 p,

Branched,

O.55- O.75µ,

Cv - Q

Branched,

0.60 -0. 80p,
Cv - R

Branched,

O.65- 0.8Oµ,

p.

BB

Branched,

0.60 -0. 75p,

Cv - II

Branched,
O.

50 -0. 75 µ,

Spherical to
oval, 0.60 -0.75x

0.75 -0.85 µ

Loose convolutions
of 2 -3 turns,

Spherical to
oval, 0.65 -0.75x

Spherical to
oval, 0.70 -0.75x

0.65 -0.85 µ

0.75 -0.80 p.

Loose convolutions

Spherical to
oval, 0.40-0.75x

2 -3

turns,

3

0.65 -0.75 p.

0.75 -0.80 p.

Loose convolutions
of 2 -3 turns,

Spherical to
oval, 0.70-0.75x
0.

Root nodule of a
year old seedling,
Solomon Butte

Root nodule of a

28 °C
2

year old seedling,
Fort Benham

28 °C
2

Root nodule of a
year old seedling,
Fort Benham

Root nodule of a

28 °C
2

28 °C

year old seedling,
Fort Benham
Root nodule of a

2

0.75 -0.80 p,

Loose convolutions
of 2 -3 turns,

of

28 °C

0.70-0.80 p.

0.65 -0.80 p.

N.,

Source

p,

Spherical to
oval, 0.70 -0.75x

0.70 -0.75 µ.
Cv -

0.75 -0.85

Loose convolutions
of 2 -3 turns,

0.70 -0.75
Cv - O

Optimum
Temperature

Spores

year old seedling,
Fort Benham

28 °C

Root nodule of a
2

year old seedling,
Fort Benham
Root nodule of a

28 °C
2

28 °C

Root nodule of a
2

75-0.80 p.

Loose convolutions
of 2 -3 turns

Spherical to
oval, 0.60-0.75x
O.65- 0.8Oµ,

28 °C

Loose convolutions
of 2 -3 turns,

Spherical to
oval, 0.70 -0.75x

28 °C

0.65 -0.80 p,

0.75 -0.80 µ,

year old seedling,
Fort Benham

year old seedling,
Fort Benham

5

Root nodule of a
year old seedling,
Foley Ridge

2

Root nodule of a
year old seedling,
Fort Benham

TABLE 3.

SUMMARY OF SEVERAL PHYSIOLOGICAL PROPERTIES OF SOME TYPICAL

STREPTOMYCES ISOLATES.

ISOLATE

GELATIN

ACTION ON
NO3
STARCH

LITMUS MILK

Cv

-

18

Is not liquefied

Hydrolyzed

Reduced

Alkaline

Cv

-

B

Is not liquefied

Hydrolyzed

Reduced

Alkaline

Cv

-

C

Liquefied

Hydrolyzed

Reduced

Alkaline

Cv

-

F

Is not liquefied

Hydrolyzed

Reduced

Alkaline

Cv

-

K

Is not liquefied

Hydrolyzed

Reduced

Alkaline

Cv

-

O

Is not liquefied

Hydrolyzed

Reduced

Alkaline

Cv

-

Q

Is not liquefied

Hydrolyzed

Reduced

Alkaline

Cv

-

R

Liquefied

Hydrolyzed

Reduced

Alkaline

Cv

-

BB

Is not liquefied

Hydrolyzed

Reduced

Alkaline

Cv

-

II

Is not liquefied

Hydrolyzed

Reduced

Alkaline

TABLE 4.

ISOLATE

Cv-

18

SUMMARY OF THE REACTION OF SOME TYPICAL STREPTOMYCES ISOLATES
ON CERTAIN CARBOHYDRATES.

GLUCOSE
Acid Growth

LACTOSE
Acid Growth

SUCROSE

MANNITOL

Acid Growth

Acid Growth

GLYCEROL
Acid Growth

+

-

+

-

+

-

+

+

-

+

+

+

-

+

+

-

+

-

+

-

+

-

+

+

-

+

-

+

-

+

-

+

Cv - B

-

+

-

+

Cv - C

-

+

-

Cv- F

-

+

+

Cv - K

+

-

+

Cv - O

+

-

+

+

-

+
+

Cv - Q

-

+

-

+

-

+

-

+

Cv - R

-

+

-

+

-

+

-

+

+

Cv - BB

-

+

-

+

-

+

-

+

+

Cv - II

-

+

-

+

-

+

-

+

-

+

TABLE

5.

ISOLATE

SUMMARY OF THE PRODUCTION OF SOLUBLE PIGMENTS BY SOME TYPICAL
STREPTOMYCES ISOLATES ON CERTAIN MEDIA.

GLUCOSE
NUTRIENT

TOMATO PASTE

CZAPEK

OATMEAL

Dark brown

Cv - 18

Cv-

B

Cv-

C

Dark brown

Cv- F

Dark brown

Cv - K
Cv - O

-

Dark brown

GLYCEROL
ASPARAGINE

Light brown
-

-

Dark brown

-

Light brown

Dark brown

-

Cv-

Q

Cv-

R

-

Dark brown

-

Cv-

BB

-

Dark brown

-

-

+

(Light brown ?)
Cv - II

Dark brown

+

(Light brown ?)
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observed for the isolates under study (Table 5). Also other determined characteristics such as starch hydrolysis and action on milk
do not

correspond to Uemura's characterization of the group II

organisms. On this basis it can be concluded that the organisms
obtained from C. velutinus do not closely resemble Uemura's iso-

lates, some of which are from

C.

americanus.

It was noted that the earlier investigators had some trouble

agreeing as to the identity of the Ceanothus endophyte. These difficulties may be attributed to several factors. The first might be

classed as faulty techniques either as insufficient or excessive

sterilization and the improper selection
sterilization could result in

a

of media.

Insufficient

variety of different organisms of

doubtful origin, while excessive sterilization would yield no organ-

isms.
Although three different media were used in the initial isola-

tion trials, Czapek's and sodium - albuminate were discontinued as
the organisms grew too slowly. Glucose nutrient agar was finally

adapted. This medium was decided upon because contaminating

organisms were quickly revealed and it supported excellent
Streptomyces growth.
The other major factor relating to the success of isolating the

endophyte from the nodules of a non - legume might be classed under

the broad heading of the physiological condition of the endophyte
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in vivo.

Figure

10

shows the percent recovery of endophytes from

the root nodules of C. velutinus during the field season of 1964.

Considering only the Fort Benham variety of snowbrush, it is evident

that increasing success occurred in endophyte isolation as one pro-

gressed into the summer and as the fall season was reached the
percent figure declines. Perhaps the endophyte undergoes a certain
in vivo development which is temperature dependent. It has been

observed that nodulation in the field generally occurs below two or

three centimeters and it is also known that the transfer of heat from
the soil surface to the underlying horizons progresses very slowly.

Previously (Table

2)

it was shown that these snowbrush isolates had

an optimum temperature at about 28°C.

Except for the surface one

or two centimeters, temperatures of 28oC are rarely reached.

How-

ever, as the summer progresses the temperatures in the vicinity of
the nodulation zone would begin to increase and the endophyte might

undergo an in vivo development which would leave it in a condition

that is easier to isolate. It has been demonstrated that the annual

variation in soil temperatures at depths which correspond to the
nodulation zone follows a simple sine curve (Van Wijk and De Vries,
1963) which
De

resembles the curve in Figure

10.

Van Wijk and

Vries report that for locations in the Netherlands, the seasonal
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Figure 10. Percent recovery of the endophyte from the nodules of two year old and five
year old snowbrush seedlings during 1964. Open circles represent the two
year old seedlings (Fort Benham) and solid circles the five year old seedlings
(Foley Ridge).
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maximum would occur in July and August.

Cochran, 4 however,

states that for the elevations at the Fort Benham site, the seasonal
maximum temperatures probably occur during the period between
August and September, which would correspond to the period of

maximum success of endophyte isolation.
The effect of age on the percent recovery of the endophyte can
be seen in Figure 10 and Table 6.

Foley Ridge nodules came from

plants five years old, while the Fort Benham seedlings were only
two years old.

An additional source of five year seedlings from a

similar geographic location as the Fort Benham source has been
represented in Table
of

years, it undergoes

a condition that is

Apparently as the nodule ages over a period

6.

a

number of in vivo changes which leave it in

less susceptible to isolation by the techniques

previously presented.
Inoculation
Sequence of Nodulation

Ideal inoculation experiments should demonstrate the formation of a nodule or nodules in the system being tested and the re-

isolation of the endophyte from the nodules. In this manner Koch's

4Personal Communication. P. H. Cochran. Department of
Soils, Oregon State University, Corvallis, Oregon.
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TABLE

6.

EFFECT OF NODULE AGE ON THE PERCENT RECOVERY OF THE ENDOPHYTE FROM NODULES OF
SNOWBRUSH COLLECTED BETWEEN AUGUST 25
AND AUGUST 31,

1964.

AGE

SOURCE

PERCENT RECOVERY
OF ENDOPHYTE

Fort Benham

2

years

32.0%

Fort Benham

2

years

46.

Solomon Butte

5

years

16.4

Foley Ridge

5

years

0.0

0
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postulates would be fulfilled. However, in the absence of such
experiments the demonstration of the isolation of the endophyte must
lie in another direction.

Using a system of crushed nodules as the

inoculum source, the sequence of events leading to nodulation will
be used as a reference. While this has some obvious defects, it

serves as

a common

base from which to proceed.

When crushed nodules are introduced as the inoculum in the

Bryan and Zak type culture, almost immediately certain reactions
begin to take place. Within

10

to 14 days a swelling appears at the

tips of some root hairs (Figure 11).

These common morphological

changes continue to develop and at the end of approximately

28 to 32

days, the entire tip region has become quite distorted and has taken
on an almost

spherical shape (Figure 12). Just before nodulation

occurs, the entire root hair undergoes a pronounced change and the
swelling has extended to the base of the root hair at the root surface

(Figure 13). After this stage of deformation has been reached,
nodulation is almost over and nodules which are visible without the

benefit of magnification soon appear. In the absence of the crushed
nodule inoculum, but in the presence of inorganic salts, glucose and

sterile

40

percent gum arabic, no visible changes occur in the

morphology of the root hairs, even after 200 days (Figure 14).

There are at least two important features about the sequence
of events which have been outlined.

First, note that there is

a
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Figure 11. Initial swelling at the root hair tip, caused by
inoculation with a crushed nodule suspension.
1000X.
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Figure 12. Second stage of the infection process occurring
at the root hair tip, caused by inoculation with
a crushed nodule suspension. 890X.

47
Y- T .-.
n

L2

.

'

Figure 13. Final morphological change of the root hair
before nodulation occurs, in the presence of a
crushed nodule inoculum. 1250X.
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Figure 14. Normal, uninfected root hair. 1000X.
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gradual change of the root hair morphology and second that this
change of morphology is followed by the formation of nodules. This

gives an important reference upon which to base comparisons of

other inoculating systems, by providing the sequence of events which

precede nodulation.
Growth Factors
When an isolate was used for inoculation in the presence of a

sterile nodule extract, the initial response to the inoculum was
similar to that previously observed when
was used (Figure 15).

a

crushed nodule inoculum

This response was seen to occur primarily

as a swelling type of distortion at the root hair tip. However, this

initiation of the infection process proceeds at a slower rate when
the Streptomyces sp. is used as the inoculating source, occurring
at 48 to 52 days as compared to

10

was introduced as crushed nodules.

to 14 days, when the inoculum
The developmental aspects of

this preliminary stage of the infection process continues with the
same sequence as for the crushed nodule inoculum. Approximately

half of the root hair becomes swollen at about 100 days (Figure 16)
and the final feature is the complete swelling of the root hair (Figure
17).

Unfortunately the final phase of the nodulation process has not

been observed in the presence of the Streptomyces sp. even after
200 days.

Nodulation should occur after the root hair has lost all
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Figure 15. Initial swelling at the root hair tip, caused by
a Streptomyces sp. plus a sterile nodule
extract. 1400X.
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Figure 16. Second stage of the infection process, caused
by a Streptomyces sp. plus a sterile nodule
extract. 970X.
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Figure 17.

Final morphological change of the root hair
before nodulation occurs, caused by a
Streptomyces sp. plus a sterile nodule

extract.

1650X.
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of its slender character, as evidenced in the situation where the

crushed nodule inoculum resulted in nodulation.
There are several explanations for this lack of nodulation. As
Uemura (1964) suggests the isolate could have lost its nodule forming

ability during in vitro growth or the actual nodulation process may

require at least one additional cooperative endophyte which has not
been isolated. In addition there are at least two alternative hypothe-

ses which should be examined. First of all how many viable organ-

isms are being introduced into the culture? Perhaps there are not a
sufficient number to effect nodulation. For instance, when the

crushed nodules were used,
contained about

that

10

25 to 30

1

.

0

gram of nodules in the inoculum,

nodule tips and past experiments have shown

to 40 percent of the nodule tips contain one or more viable

Streptomyces sp. (Figure 10). The isolation technique described

detects only

a single

organism per nodule which would indicate the

minimum number per nodule. That would mean in an inoculum of
30

nodule tips of 40 percent viable organism we could expect a

minimum of

12

organisms available for infection and nodulation.

Under ideal conditions for inoculating 12 seedlings there would be a

minimum of one infecting organism per plant. When one compares
this with a single Streptomyces sp. inoculum experiment, it was
found that there were 200 Streptomyces

sp.

spores on the inoculated

seed and root of the germinated seedling and an additional

2. 84 x 10

4
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spores had been introduced into each flask. If nodulation occurred
where a minimum of one organism per flask was introduced, the

numbers of Streptomyces sp. should not limit the nodulation process.
A second

factor related to nodulation failure could be asso-

ciated with some specific growth factor (s).

A

case has been pre-

sented where a nodule extract (growth factor) plus isolate was used
as an inoculum.
of the nodule
of the

The sequence of events which occur in the absence

extract and the presence of the isolate or the presence

extract but no organism must be considered. Figure

14 shows

an uninfected root hair which exhibits no morphological variation.

However, when a sterile nodule extract is introduced into the system
one distinct change occurs.
a

From Figure

18

it may be observed that

generalized swelling occurred at the tip of the root hair, which

after

200 days shows no

further development. The latter result is

obtained in the absence of an inoculating organism.

However, in

the presence of the endophyte but with no extract added, the extent
of root

hair morphology change is limited to a partial swollen root

hair (Figure 19). This would suggest that the sterile nodule extract
contains some predisposing agent which is beneficial to the initiation
of the infection process in snowbrush.

This observation may help

explain the successful nodulation of snowbrush in the presence of
the crushed nodule inoculum.

A

the actual formation of a nodule.

similar circumstance may precede
However, it is possible that
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Figure 18. Generalized swelling at the root hair tip,
in the presence of a sterile nodule extract.
1580X.
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Figure 19. Undetermined stage of infection caused by a
Streptomyces sp. 930X.

r

54

following the initiation of infection that some other factor which has
not been added may be necessary for the final demonstration of a

nodule.

Specificity

Preliminary trials with free- living forms of Streptomyces
species revealed that not all snowbrush seedlings could compete

successfully with the inoculating organisms. Therefore to assess
host tolerance and endophyte specificity, a number of different soil

isolated Streptomyces species were obtained and used to inoculate
snowbrush seedlings growing on semi - liquid agar in test tubes. At
the end of a 52 day growth period the seedlings were examined for

survival and cause of mortality.

The survival of seedlings inoculated

with gum arabic or the endophyte Cv

- 18

was not affected (Table 7).

Soil isolates from the Fort Benham area had differing effects on

survival, as isolates one to three cause no mortality, isolates four
to six caused only a moderate amount of mortality and isolates seven

and eight were very detrimental to the survival of the inoculated

snowbrush seedlings. In these latter cases the Streptomyces species
tended to grow directly upon the root and top of the snowbrush seedling and finally the seedling would succumb, while in the former,

the Streptomyces species grew in the vicinity of the developing root
but did not appear to be growing on the seedling tissue.
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TABLE

7

PERCENT MORTALITY OF SNOWBRUSH SEEDLINGS
ATTRIBUTABLE TO THE PRESENCE OF SOIL ISOLATED STREPTOMYCES SPP, IN THE INOCULATING
MEDIA.

INOCULUM

%

MORTALITY

CONTROLS
Gum arabic
Cv - 18

0.0
0.0

FORT BENHAM STREPTOMYCES SPP.
1

2
3

4
5

6
7
8

0.0
0.0
0.0
12.5
12.5
25.0
87.5
100.0

TOAD CREEK STREPTOMYCES SPP,
1

2

3

4
5

6

0.0
0.0a
12.5
37.5
62.5
100.0

a Soil isolated Streptomyces sp. did not grow on the media
used in the test.
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The isolated organisms from the Toad Creek Soil had similar

effects on snowbrush mortality. Some had no effect at all, while

others caused some mortality and still others caused complete

mortality

of

all of the inoculated seedlings.

Earlier it had been mentioned that the seedlings growing under
natural conditions at the Toad Creek area did not nodulate and it was
thought that there might be some interferring organisms competing

at the infection site. It was found, however, that under the circum-

stances imposed by the culture and growth room, that some organ-

isms from Fort Benham,

a

naturally nodulating area, as well as

from Toad Creek were aggressively competing with the inoculated
seedling. In some cases mortality of the inoculated seedling was
the result (Table 7). It is likely that comparable conditions do not

exist under natural situations and it cannot be said that some
strongly saprophytic or parasitic organisms are responsible for the

total lack of nodulation at the Toad Creek site. Finally the results
of this experiment indicate that not all Streptomyces species would

be capable of infecting and nodulating snowbrush seedlings.
In the legume - Rhizobium symbiosis it is well known that not

all of the Rhizobium species are capable of infecting and nodulating
all of the different legume hosts (Allen and Allen, 1950 and Vincent,
1962).

This would suggest that the endophytes from different host

species of Ceanothus might be capable of initiating only the
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preliminary stages of the infection process. Also it would be valuable
to ascertain the potential of some free- living parasitic forms of

Streptomyces to initiate infection on Ceanothus.
About 100 days after the inoculation of snowbrush seedlings

with the various Streptomyces species the root systems of the snow -

brush were examined for evidences of infection which are known to
precede nodulation. It was found that all of the endophytes, regard-

less of their host origin, could initiate the preliminary stage of
infection on snowbrush, but differences in the degree of development
of the infection

process occurred (Table

isolates from snowbrush, Cv

8).

In the presence of two

- 18 and Cv - B,

the infection pro-

gressed to the point where the entire root hair had become swollen
to its base, while the infection with the third snowbrush isolate
Cv - F, did not advance beyond the

other two endophytes, Cp -

initiation of the infection. The

A and Cs - A,

from

C.

prostratus Benth.

and C. sanguienus Pursh. respectively, also were incapable of

advancing the infection process beyond the preliminary stages.

Presumably the other isolates were completely free -living, saprophytic or parasitic forms of Streptomyces species and according to
the techniques used in this study they were unable to initiate even
the preliminary stages of the infection process as it has been shown
to occur.
The lack of infective ability and the difference in the degree of
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TABLE

8.

INFECTION OF SNOWBRUSH SEEDLINGS BY SEVERAL
ENDOPHYTES FROM VARIOUS CEANOTHUS SPP. AND
FREE - LIVING STREPTOMYCES SPP.

ISOLATE

Cv-

18

INITIATION OF
INFECTION
+

STAGES OF INFECTION
OBSERVED a
I
II

III

Cv-

B

+

I
II
III

Cv-

F

+

I

Cp - A

+

I
II (?)

Cs

+

I

-

-

-

-

- A

Streptomyces sp.
Streptomyces sp.
S.

griseus

aStage I corresponds to Figures 11 and 15, stage II corresponds to Figures 12 and 16 and stage III corresponds to Figures
13 and 17. Stage IV would correspond to the appearance of a
nodule.
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infection by the various Streptomyces species are likely to represent

specificity differences, while the observed differences in the degree
of infection between endophytes from a

similar host species repre-

sent the variability of infective power between strains.

The isolates

Cv - 18, Cv - B and Cv - F do not differ significantly in

their deter-

mined characteristics (Tables

2, 3, 4

and 5), except for their

invasive and infective ability. This is not an uncommon situation,
for the invasive abilities of a Rhizobium sp. isolated from a single
nodule have been known to differ significantly (Allen and Allen, 1950).
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CONCLUSIONS

Sequence of Nodulation
The nodulation sequence in snowbrush has been shown to be

composed of at least four distinct phases. In the presence of a

suitable inoculum, the primary phase is expressed as a slight swelling at the root hair tip.

Probably this is a preparatory stage which

must precede the penetration of the cell wall of the root hair by the
endophyte.

The next recognizable phase occurs as an increased

swelling of the root hair tip.

During this phase undefinable objects

begin to appear within the root hair. It is assumed that this corresponds in time to the penetration of the endophyte into the root hair.
Continued swelling of the root hair until the entire hair is distorted
to its base coincides with the third phase of infection. At this

juncture it is likely the endophyte is about to enter and proliferate
through the cortical region of the primary or lateral root. As the
endophyte develops within the root tissue a plant response occurs

which according to Arzberger (1909) is first seen as swelling of
the root itself. After a time this swelling is recognized as a distinct

feature and its appearance comprises the fourth and final stage of
the nodulation process.
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Endophyte
The isolation techniques previously described have permitted

the isolation of a number of similar organisms which reside in the

nodules of some Ceanothus species. It was shown that the Strepto-

myces isolates were similar in respect to physical characteristics
(Table 2), to physiological properties (Tables

pigment production (Table 5).

3

and 4) and to soluble

Therefore it can be concluded that the

isolates obtained, taxonomically speaking, belong to

a single

species

of the genus Streptomyces.

In some inoculation experiments, utilizing the isolates from

several Ceanothus species, it was demonstrated that the organisms
were capable of inducing the preliminary stages of infection on snow -

brush and in some cases the infection process was followed to the
point preceding the appearance of nodules (Table 8). In addition it
was shown that all Streptomyces species did not have the same

capacity for cohabitation with snowbrush (Table

7)

and some free -

living forms were found to be incapable of initiating infection (Table
8).

From these experiments it would appear that a specificity

exists, which governs the initiation of the infection process by

a

particular species of Streptomyces.
The species designation for this endophyte is not clear.

comparison of the determined characteristics with the species

A

62

circumscriptions for the Streptomyces in Bergey's Manual of
Determinative Bacteriology (1957) and the Actinomyces in Krassilnikov's Guide to the Identification of Bacteria and Actinomycetes
(1949) revealed only superficial

similarity with any of the recognized

species. In fact Krassilnikov recognizes specific endophytes for
Alnus, Myrica and Elaeagnus but classifies them as belonging to the
genus Proactinomyces which would correspond to Bergey's Nocardia.
It would appear that the endophyte of Ceanothus belongs to an un-

recognized and undescribed species of Streptomyces; therefore it
is appropriate to propose a tentative species designation for the
snowbrush isolates.

This is justifiable because of the

ity of isolates obtained from within Ceanothus nodules,
of infection by these

isolates and

(3)

(1)

similar-

(2)

initiation

infection and cohabitation

appears to be a unique feature of this organism.

The final accept-

ance of a proposed name would depend ultimately upon the demon-

stration of nodule formation.
Endophyte Naming

From what can be ascertained in the literature, there are no
validly published names for the Ceanothus endophyte. Atkinson
(1892)

erroneously attributed the nodule causing endophyte to the

genus Frankia and proposed the binomial Frankia ceanothi.

The

organism was not completely described and later investigators were
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unable to reproduce Atkinson's initial observations.
In the field of the legume symbiosis, various species of

Rhizobium have been named after the host genus.
R.

For example,

trifolii Dangeard infects and nodulates primarily

on

members of

the genus Trifolium and R. phaseoli Dangeard primarily on the genus

Phaseolus. On this basis it would appear to be appropriate to name
the Ceanothus endophyte after its host genus. It is proposed that the

name Streptomyces ceanothi (Atkinson) Wollum, 1965 be used to

identify that particular species of Streptomyces which commonly

inhabits the nodules of Ceanothus sp. It has been shown to possess
a unique

character in that it is capable

snowbrush.

of infecting the root

hairs of

This designation should be regarded as tentative until

it has been demonstrated to form nodules on these plants.
Ceanothus is an ancient name of unknown meaning and is used
to characterize those plants of the family Rhamnaceae which have

the calyx with the disk coherent with the base of the ovary and fruit
(Gray, 1887).

The species epithet, ceanothi, is the noun meaning of

Ceanothus.
Growth Factors

It was indicated that there was a stimulation of the initial

phases of the infection process in the presence of a sterile nodule

extract. It was concluded that this resulted from the need of some
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predisposing agent or growth factor which was necessary to prepare
the root hair for infection.

The exact composition of this factor is

not known, but an unknown factor has been suggested to be required
by other non - leguminous genera in their symbiotic

(Quispel, 1960).

processes

Also it was postulated that some additional growth

factor (s) may ultimately be demonstrated to be necessary in the
formation of nodules.
Nitrogen Fixation
Under certain soil conditions in the greenhouse, nitrogen fixa-

tion was shown to occur in nodulated snowbrush plants. However,
the magnitude of fixation still needs to be determined.
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