
PHYSIOLOGICAL AND BIOCHEMICAL CHARACTERISTICS
OF A FAST-GROWING STRAIN OF LUPINE

RHIZOBIA ISOLATED FROM THE SONORAN
DESERT (NITROGEN FIXATION, MEXICO).

Item Type text; Dissertation-Reproduction (electronic)

Authors MILLER, MARIBETH SCHLINKERT.

Publisher The University of Arizona.

Rights Copyright © is held by the author. Digital access to this material
is made possible by the University Libraries, University of Arizona.
Further transmission, reproduction or presentation (such as
public display or performance) of protected items is prohibited
except with permission of the author.

Download date 24/05/2023 21:43:34

Link to Item http://hdl.handle.net/10150/188091

http://hdl.handle.net/10150/188091


INFORMATION TO USERS 

This reproduction was made from a copy of a manuscript sent to us for publication 
and microfilming. While the most advanced technology has been used to pho
tograph and reproduce this manuscript. the quality of the reproduction is heavily 
dependent upon the quality of the material submitted. Pages in any manuscript 
may have indistinct print. In all cases the best available copy has been filmed. 

The following explanation of techniques is provided to help clarify notations which 
may appear on this reproduction. 

1. Manuscripts may not always be complete. When it is not possible to obtain 
missing pages. a note appears to indicate this. 

2. When copyrighted materials are removed from the manuscript. a note ap
pears to indicate this. 

3. Oversize materials (maps. draWings. and charts) are photographed by sec
tioning the original. beginning at the upper left hand corner and continu
ing from left to right in equal sections with small overlaps. Each oversize 
page is also filmed as one exposure and is available. for an additional 
charge. as a standard 35mm slide or in black and white paper format. * 

4. Most photographs reproduce acceptably on positive microfilm or micro
fiche but lack clarity on xerographic copies made from the microfilm. For 
an additional charge. all photographs are available in black and white 
standard 35mm slide format. * 

*For more information about black and white slides or enlarged paper reproductions. 
please contact the Dissertations Customer SeIVices Department. 





8603148 

Miller, Maribeth Schlinkert 

PHYSIOLOGICAL AND BIOCHEMICAL CHARACTERISTICS OF A FAST· 
GROWING STRAIN OF LUPINE RHIZOBIA ISOLATED FROM THE SONORAN 
DESERT 

The University of Arizona 

University 
Microfilms 

PH.D. 

International 300 N. Zeeb Road, Ann Arbor, MI48106 

Copyright 1985 

by 

Miller, Maribeth Schlinkert 

All Rights Reserved 

1985 





PLEASE NOTE: 

In all cases this material has been filmed in the best possible way from the available copy. 
Problems encountered with this document have been identified here with a check mark-L. 

1. Glossy photographs or pages v' 
2. Colored illustrations, paper or print 1/' 

3. Photographs with dark background ~/ 

4. Illustrations are poor copy __ _ 

5. Pages with black marks, not original copy __ 

6. Print shows through as there is text on both sides of page __ _ 

7. Indistinct, broken or small print on several pages / 

8. Print exceeds margin requirements __ 

9. Tightly bound copy with print lost in spine __ _ 

10. Computer printout pages with indistinct print __ _ 

11. Page(s) lacking when material received, and not available from school or 
author. 

12. Page(s) seem to be missing in numbering only as text follows. 

13. Two pages numbered . Text follows. 

14. Curling and wrinkled pages __ 

15. Dissertation contains pages with print at a slant, filmed as received ___ _ 

16. Other ___________________________ _ 

University 
Microfilms 

International 





PHYSIOLOGICAL AND BIOCHEMICAL CHARACTERISTICS OF 

A FAST-GROWING STRAIN OF LUPINE RHIZOBIA 

ISOLATED FROM THE SONORON DESERT 

by 

Maribeth Schlinkert Miller 

A Dissertation Submitted to the Faculty of the 

DEPARTMENT OF SOIL AND WATER SCIENCE 

In Partial Fulfillment of the Requirements 
For the Degree of 

DOCTOR OF PHILOSOPHY 

In the Graduate College 

THE UNIVERSITY OF ARIZONA 

1 985 

Copyright 1985 Maribeth Schlinkert Miller 



THE UNIVERSITY OF ARIZONA 
GRADUATE COLLEGE 

As members of the Final Examination Committee, we certify that we have read 

the dissertation prepared by Maribeth Schlinkert Mi ller 

entitled Phys i olog i cal and Biochemical Characterist i cs of a 

Fast-growi ng Stra i n of Lupine Rhizobia Isolated From 

the Sonoran Desert 

and recommend that it be accepted as fulfilling the dissertation requirement 

for the Degree of Doctor of Ph i losophy 

IV D II~ h-e-;r /9 I r; cPs 
Date 

Date 

Itt A/t71) es-
Date 

\ cr N~v~ ) "{~~, 
Date 

Date 

Final approval and acceptance of this dissertation is contingent upon the 
candidate's submission of the final copy of the dissertation to the Graduate 
College. 

I hereby certify that I have read this dissertation prepared under my 
direction and recommend that it be accepted as fulfilling the dissertation 
requirement. 



STATEMENT BY AUTHOR 

This dissertation has been submitted in partial 
fulfillment of requirements for an advanced degree at The 
University of Arizona and is deposited in the University 
Library to be made available to borrowers under rules of the 
Library. 

Brief quotations from this dissertation are allowable 
without special permission, provided that accurate 
acknowledgement of source is made. Requests for permission 
for extended quotation from or reproduction of this 
manuscript in the whole or in any part may be granted by the 
copyright holder. 

SIGNED 



DEDICATION 

This dissertation is dedicated to my mother, Dorothy, and 

my husband, Steven, for their love and support. 

iii 



ACKNOWLEDGEMENTS 

I wish to thank my committee members, Dr. C. T. Mason, 

Dr. T. C. Tucker, Dr. H. L. Bohn, Dr. D. Pennington and Dr. V. 

Marcarian for their contributions during the various stages 

of my degree. I would also like to thank David Bentley for 

his assistance with the electron microscope. Special thanks 

go to Dr. Ian Pepper for his contributions to my personal 

and professional growth during this time. 

In addition, I would like to thank my good friend, 

Karen Josephson for all her help in and out of the lab. 

I would also like to acknowledge my family and friends, 

especially my sister Virginia, and my friends Sally, Susan 

and Cindy for giving me the courage to see things through to 

the end. 

iv 



TABLE OF CONTENTS 

Page 

LIST OF TABLES....................................... vii 

LIST OF ILLUSTRATIONS •••..•••••••••••••••.•.••.••.••• viii 

ABSTRACT •.••••.••••.•.•.••••••••.••.•••••••.••.•.•••• ix 

INTRODUCTION· • • • • • • • • • • • • • • • • • • . • • • • • . • • • • . • • • • . • • • • • • 1 

LITERATURE REVIEW ••..••••..••••••.••••••.•••••••.•.•. 4 

Taxonomic classification of root nodule bacteria 
of legumes based on physiological and biochem-
ical characteristics •..••••••.•..•.•••••••...• 6 
Growth rate and acid versus alkali production.. 8 
Number of flagella ••••.•••••.•••••...••.••••.. 9 
Carbohydrate and nitrogen utilization •.••.•.•• 10 
Intrinsic antibiotic resistance............... 12 
Megaplasmid borne genes ••••••••••••••••••••••• 13 
Characteristics which are used to establish 
species....................................... 14 

Survival of Rhizobium and Bradyrhizobium in 
desert soils .................................. 16 
Effect of growth rate and acid versus alkali 
production on survival........................ 18 
Effect of dessication on survival and 
motili ty ...................................... 19 
Effect of high temperature on survival........ 21 
Relationship of colony morphology and extracel-
lular polysaccharide production to survival... 22 
The relationship between intrinsic anti-
biotic resistance and survival •.••••••••.••... 23 

MATERIALS AND METHODS ••.••••••••••••.••••.•••••..••.. 25 

Strains of Rhizobia ............................. 25 
Isolation of indigenous strains •..•••••••.•.•.•. 26 
Selection of antibiotic mutants .•.••.•....••.•.. 27 
Infectivity of selected strains •••••.•.•..•.•••. 27 
Growth rate and acid versus alkali production ... 29 

v 



TABLE OF CONTENTS--Continued 

Utilization of sugars and amino acids .•••...•.•. 
Detection of flagella •....•.••••..••••..•...•••. 
Intrinsic antibiotic resistance •.••••••.••.••.•. 
Preparation of fluorescein isothiocyanate conju-
gated antibodies ............................... . 

Preparation of somatic antigens •••...•.••..••. 
Injection and bleeding of rabbits for produc-

tion of anti serum •.••••••....••••.••••••.••. 
Fractionation of antiserum ..•••••••••••••••••• 
Conjugation of antiserum and fluorescein iso-

th iocy ana te ................................ . 
Purification of FITC-conjugated antiserum •...• 
Preparation of conjugated rhodamine isothio-

cyanate-gelatin ............................ . 
Serotyping of strains .••.••••..••••••.••••.•••.• 
Recovery of Rhizobia from sterile soil ......... . 
Survival of bacteria in non-sterile soil ....... . 

Field study .................................. . 
Incubator study .............................. . 

RESULTS AND DISCUSSION •••••••••..•..••••.....•....... 

Selection of antibiotic mutants •.•.•.•••..•••.•• 
Infectivity of selected parent and antibiotic 
mutant strains ................................. . 
Growth rate and acid versus alkali production .. . 
Utilization of sugars and amino acids •••.••..... 
Detection of flagella .•.•.••••••.••..••••••.•... 
Intrinsic antibiotic resistance •••••.•••...•.••. 
Serotyping of strains ..•..•.•••.••...••.••...... 
Recovery of Lupine 43 from sterile soils using 
the sucrose density centrifugation technique •... 
Survival of bacteria in non-sterile soil ....... . 

Field Studies ................................ . 
Incubator studies ••••••••••••••••••••.•••••••• 

Growth of lupine strains in pH-adjusted media .•. 

CONCLUSIONS .......................................... 

vi 

Page 

30 
31 
31 

32 
32 

33 
34 

35 
37 

38 
39 
39 
42 
42 
45 

47 

47 

50 
53 
58 
61 
64 
69 

71 
72 
72 
77 
82 

85 

APPENDIX A: SOLUTIONS AND MEDIA....................... 87 

APPENDIX B: STATISTICAL INFORMATION ..•••••.••.•..•.•• 92 

REFERENCE CITED ••••••••.••••••••••••••••••••.••..•.•• 94 



LIST OF TABLES 

Table Page 

1. Classification by cross-inoculation groups 5 

2. Bergey's new classification •••••••••••••••••• 7 

3. Injection schedule for rabbits •....•••••••••. 34 

4. Soil analysis of Whitehouse gravelly loam •••. 43 

5. Comparison of the two soils used in 
incubator study ......... e, • • • • •• •• •• • • • • •• • 46 

6. Growth of strains in antibiotic media 
containing kanamycin and erythromycin ...... 

7. Utilization of glucose, mannitol and galactose 

49 

combined with various nitrogen sources...... 60 

8 • Intrinsic antibiotic resistance . . . . . . . . . . ~ . . . 65 

9. Summary of fluorescent antisera reactions with 
commercial and indigenous Sonoron strains .• 70 

10. Percent recovery of lupine 43 from different 
textured soils using varying speeds of 
centrifugation ............................. 71 

11. Percent soil moisture content: Field study 78 

12. Growth of lupine strains in pH-adjusted 
medium .••••••••••••••.••••••••••••.••.•.•.• 83 

vii 



LIST OF ILLUSTRATIONS 

Figure Page 

1. Lupinus 43; log number of cells and pH 
versus time ............................. . 

2. Melilotus 73; log number of cells and pH 
versus time ............................. . 

3. Lupinus 96A11; log number of cells and pH 
versus time ............................. . 

4. Lupinus 43; multiple peritrichous 
flagella ................................ . 

5. Lupinus 43; note firmly attached polar 
fl agellum ............................... . 

6. Melilotus 73; multiple peritrichous 
flagella ................................. . 

7. Lupinus 96A11; single polar flagellum ••••. 

8. Zones of inhibition created by antibiotic 
disks .................................... . 

9. Colony morphology of Lupine 43, Melilotus 
73 and Lupine 96A 11 ••••••.••••••...••.••• 

10. Survival of two lupine strains in the 
field .............•...•..........•.......• 

11. 

12. 

Survival of two lupine strains at 20C 

Survival of two lupine strains at 40C 

viii 

..... 

. . . . . 

54 

55 

56 

62 

62 

63 

63 

66 

66 

74 

79 

80 



ABSTRACT 

An effective, fast-growing strain of Rhizobium was 

isolated from a species of Lucinus native to the Sonoran 

desert near San Felipe, Baja, Mexico (generation time, 

3.6 h). Bacteria isolated from the roots of lupines are 

normally slow growing, however, Lupine 43, is a fast gro\ver, 

possesses multiple flagella and produces acid in a defined 

medium. In comparison to a slow-growing lupine strain, 

Nitragin 96A11, Lupine 43 has a low intrinsic resistance to 

antibiotics and is able to utilize a wide range of carbon 

and nitrogen sources. 

Field and incubator studies were conducted to 

determine if the adaptation of the characteristics of fast

growing strains enables this strain to survive under the 

desert conditions of the southwestern Uniteg States. 

In the field, where no moisture was added after 

initial inoculation, Lupine 43 survived in significantly 

higher numbers than 96A11 for the first two weeks of the low 

(19C) and the first month of the high (35C) temperature 

study. In a laboratory study, at a constant moisture level 

of 1/3 bar, differences in survival between the two strains 

were dependent on temperature, pH and soil texture. 

ix 



INTRODUCTION 

Bacteria which form nodules on the roots of legumes 

have tradi tionally been classified in the genus Rhizobium. 

Species were determined based on host infectivity (cross

inoculation group) and a few biochemical tests. These 

species were separated into two non-taxonomic groups based 

on growth rate, number of flagella and the guanine-cytosine 

content of the DNA. Fast-growing species included Rhizobium 

~rifolii, .B.... leguminosarum, R.phaseoli and !h melilQti, 

while !h japonicum, R.lupini and a miscellaneous group known 

as Rhizobium spp. were considered slow growing (Jordan and 

Allen, 1974). 

Data from an ever-increasing number of strains has 

shown that this traditional system of classification is 

ambiguous. Cross-infectivity between groups has been shown 

for every species of bacteria, and a single cross

inoculation group can contain many strains capable of 

nodulating only a single species of legume (Elkan, 1981). 

The most recent system of classification (Jordan, 1984), 

contains a new classification for these bacteria based on 

the physiological and biochemical characteristics of the 

bacteria themselves. Fast-growing strains have been 

1 
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retained in the genus Rhizobium, while slow growers have 

been placed in a new genus ~adyrhizobium. Species are 

determined by characteristics such as serological reaction, 

protein content, DNA homology and Adansonian analysis. 

Biovars represent the host plant from which the strain was 

originally isolated. Although this system of classification 

in an improvement over the host-infectivity system it is 

still subject to revision as it includes only one species 

for the slow-growing strains. It also does not make 

prov i sions for recently discovered , effective, fast-growing 

stains isolated from plants which were previously thought to 

be nodulated only by slow-growing bacteria. This includes 

soybean (Scholla and Elkan, 1984), lotus (Cooper, 1982; 

Norris, 1965), hyacinth bean (Trinick,. 1980) and lupine 

(Miller, unpublished data). 

Bacteria which form effective nodules on the roots of 

Lupinys spp. are usually slow-growing and would be 

classified within the genus Bradyrhizobia. However, 

effective fast-growing strains have been isolated from 

Lupinus densiflorus (Jordan, 1984) and from species of 

lupine growing in the Sonoran Desert. Bergey's 1984 Manual 

of Systematic Bacteriology classifies these fast-growing 

lupine strains as Rhizobium lQ1i. 

This research examines the physiological and 

biochemical characteristics of one of these strains to 

determine where it fits in the new system of classification. 

In addition, survival studies were conducted in desert soils 
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under various moisture and temperature regimes to determine 

if the adaptation of the characteristics of fast-growing 

bacteria has given this strain an advantage in desert 

environments. Some of the characteristics which would be 

advantageous include a fast growth rate to coincide with the 

rapid plant life cycles found in the desert, an ability to 

alter the pH of their normally alkaline microenvironment by 

excreting acid end products, and multiple flagella for rapid 

movement in soils which are moist for only short periods of 

time. The capacity to utilize a wide range of carbohydrates 

and nitrogenous compounds would be beneficial since organic 

matter in desert soils is low and decomposes rapidly, making 

microbial competition intense. Intrinsic antibiotic 

resistance was also examined to see if the higher level of 

resistance found in slow-growing strains was retained, a 

characteristic which would be favorable in desert soils 

which frequently have high populations of antibiotic

producing actinomycetes. 



LITERATURE REVIEW 

Leguminosae is the third largest family of flowering 

plants comprising over 14,000 known species. Its 

distribution is world wide. Part of the success of this 

family is due to its symbiotic association with nitrogen 

fixing bacteria which can be found in nodules on the roots. 

These bacteria have previously been classified in the genus 

Rhizobium. Earlier systems of classification for this genus 

were based on the concept of the cross-inoculation group. 

According to this concept, a given species of Rhizobium 

formed nodules on host plants within a certain cross

inoculation group, and the species name corresponded to the 

major host plant within that group (See Table 1). 

Currently, less than 10% of the known species of legumes 

have been examined for the presence of root nodules (Jordan, 

1984), but it is already evident that problems exist with 

the host-infectivity system of classification. Strains have 

been found which are capable of nodulating plants in more 

than one cross-inoQulation group, technically placing a 

single strain into two different species. In addition, some 

strains are highly specific in their nodulating capabilities 

and form nodules on only a few or even a single plant 

4 



Table 1. Classification by cross-inoculation groups 

(Jordan and Allen, 1974) 

SPECIES HOST NODULATED COMMON NAME 

5 

Group I. 2-6 peritrichous flagella; rapid growth on yeast 

extract media. 

L trifolii Trifolium Clover 

L leguminosarum Pisum Pea 

!L.. phaseoli Phaseolus Bean 

L meliloti Medicago Alfalfa 

Group II. Polar or subpolar flagellum; slow growth on yeast 

extract media. 

Ii.&. japonicum 

Ii.&. lupini 

Rhizobium spp. 

Glycine 

Lupinus 

Vigna etc. 

Soybean 

Lupine 

Cowpea 

Miscellany 
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species. Thus the idea of a cross-inoculation 'group' of 

plants can be misleading. A new system of classification 

has been proposed which is based mainly on the physiological 

and biochemical characteristics of the bacteria themselves. 

Taxonomic Classification g.f. .H.Q.Q.t. Nodule Bacterta .Q1. 
Legumes Based Qn Physiological ~ 

Biochemical Characteristics 

The most recent system of classification separates 

the ni trogen-fixing, root nodule bacteria into two genera, 

Rhizobium and Bradyrhizobium, with reference to their 

relative growth rates (See Table 2). The name Rhizobium has 

been retained for the fast-growing strains (generation time, 

2-4h) which possess multiple flagella, produce acid in a 

defined medium and have a mole percent guanine-cytosine of 

59-64 in their DNA. A new genus name, Bradyrhizobium, has 

been designated for the slow-growing strains (generation 

time > 6h) which have a single, polar or subpolar flagellum 

and produce alkaline end products in defined medium. Mole 

percent guanine+cytosine is 61-65. Additional 

characteristics, including carbohydrate utilization, 

intrinsic antibiotic resistance, DNA homology, serological 

reacti on and nu meri cal analy ses subs tanti ate thi s d i vi si on 

at the generic level, and aid in establishing species as 

well. The only recognition of the earlier host-infectivity 

system comes at the biovar level. The biovar generally 
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Table 2. Bergey's new classification (Jordan, 1984) 

GENUS 

Rhizobium 

Bradyrhizobium 

SPECIES 

R. leguminosarum 

biovar leguminosarum 

biovar trifolii 

biovar ohaseoli 

R, meliloti 

R. loti 

R. fredii 

B. japonicum 

PREVIOUS SPECIES 

R. leguminosarum 

R. trifolii 

R. phaseoli 

R. meliloti 

Fast cowpea, 

leucaena, lotus 

Fast soybean 

R. ; apon icum 

R. lupini 

Slow cowpea,etc. 
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refers to the host plant from which the strain was 

originally isolated. A more detailed discussion of these 

characteristics follows. 

Growth Rate and Acid Versus Alkali Production 

The difference in growth rate is the most conspicuous 

trai t separating these two groups, and was recognized even 

in earlier classifications (See Table 1). The slow-growers 

were grouped with a collection of strains known as 

Rhizobiym spp. and the cross-inoculation group was called 

the cowpea miscellany. This miscellaneous group included 

both fast and slow strains from a variety of host plants. 

In nodulation studies, the fast-growing strains were 

considered ineffective or inferior (Cooper, 1982; Franco and 

Vincent, 1976) and were not given much attention because 

they were not considered agronomically important. As a 

wider range of legume hosts came under examination it became 

apparent, that given the proper host, many of these strains 

could form effective nodules (Laurie, 1983; Trinick, 1980). 

Species of acacia have been found which form effective 

nodules with both fast- and slow-growing strains (Dreyfus 

and Dommergues, 1981). In addition, effective, fast-growing 

strains have been isolated from wild soybean (Hattori and 

Johnson, 1984; Keyser, et aI, 1982), hyacinth bean (Trinick, 

1980), and lupine (Miller, unpublished data). The discovery 

of these strains made it obvious that the species of plant 

from which the strain was isolated says little about the 



9 

bacteria. Separating the strains at the generic level based 

on growth rate, acid versus alkali production and other 

characteristics of the bacteria is a more satisfying system 

of classification, but it is not without problems. A study 

of 103 strains from many different hosts showed that 

although the strains could be grouped by relative growth 

rate, the separation was not entirely distinct (Hernandez 

and Focht, 1984). When glucose is used as a carbon source, 

acid versus alkali production is not always consistent with 

growth rate (Cooper, 1982; Hernandez and Focht, 1984). In 

fact for a single strain, the production of acid or alkaline 

end products can dependen on carbon source (Stowers and 

Elkan, 1984; Cooper, 1982), nitrogen source (Stowers and 

Elkan, 1984; Tan and Broughton, 1982) and initial pH of the 

medium (Miller, unpublished data). One explanation of the 

difference in end products is the preferential utilization 

of sugars by fast-growers and nitrogenous compounds by slow

growers (Tan and Broughton, 1981), so perhaps an unexpected 

reaction is a reflection of the organisms ability to utilize 

the compounds supplied by the medium. 

Number of Flagella 

Number of flagella is another characteristic which 

distinguishes Rhizobium from Bradyrhizobium. In general, 

strains of Rhizobium possess multiple, peritrichous flagella 

while Bradyrhizobium has a single polar or subpolar 

flagellum. Fast-growing strains from Leucaena (Tan and 
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Broughton, 1981) and Lotus (Jarvis, Pankhurst and Patel, 

1982) have been reported which possess a single flagellum. 

Although peritrichous strains frequently bear a polar or 

subpolar flagellum which is more firmly attached (Ley and 

Rassel, 1965; Tan and Broughton, 1981), these strains more 

likely represent intermediate types of bacteria since all 

cells observed possessed this type of flagellation. 

Carbohydrate and Nitrogen Utilization 

Strains of Bradyrhizobium are more exacting 

nutritionally than those of Rhizobium (Chakrabarti, Lee and 

Gibson, 1981; Chowdhury, Marshall and Parker, 1968). These 

differences in nutritional requirements have been attributed 

to the possession of different metabolic pathways, enzymes 

a nd uptake abi 1 i ti es. In general, fas t-grower s a re a bl e to 

utilize a wider range of carbohydrates (Graham and Parker, 

1964; Laurie, 1983; Martinez De Drets, Arias and De 

Cutinella, 1974). The major carbon metabolizing pathways are 

the tricarboxylic acid cycle (TCA), glycolysis which is also 

known as the Embden Meyerhoff Parness (EMP) pathway, the 

Entner Douderoff (ED) pathway and the pentose phosphate (PP) 

shunt. All strains possess the TCA cycle (Hernandez and 

Focht, 1984; Jordan, 1984), but it may be partially 

defective, based on the ability of strains to utilize TCA 

cycle intermediates (Skotniki and Rolfe, 1977). In 

addition, all strains possess the ED pathway which converts 

glucose to pyruvic acid via 6-phosphogluconate (Glenn, et 
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aI, 1984; Ronson and Primrose, 1979). Information regarding 

the EMP pathway is inconsistent. Slow-growing strains 

appear to possess this pathway (Glenn, et aI, 1984; Mulongoy 

and Elkan, 1977a; Stowers and Elkan, 1983) although one 

extensive study indicated that the activity of fructose 

diphosphate aldolase, the enzyme involved in the reversible 

cleavage of fructose 1,6-diphosphate in this pathway, was 

absent or very low in both fast- and slow-growing strains 

(Martinez-De Drets and Arias, 1972). The pentose pathway 

appears to be present only in Rhizobium (Glenn, et aI, 1984; 

Ronson and Primrose, 1979). The presence of a NADP linked 

6- phosphogluconate dehydrogenase in fast-growers but not 

slow, is well documented and has been suggested to be 

responsible for the difference in growth rate (Hernandez and 

Focht, 1984). The presence of another enzyme, an NAD 

dependent- 6 phosphogluconate dehydrogenase suggests that 

perhaps an as yet unknown catabolic pathway exists in root 

nodule bacteria (Mulongoy and Elkan, 1977a; Mulongoy and 

Elkan, 1977b). 

Dissacharide metabolism may also differ in these two 

genera. Fast-growers have been shown to possess 

constitutive and inducible enzymes for the uptake and 

metabolism of some disaccharides which are absent in slow

growing strains (Glenn and Dilworth, 1981; Martinez-De 

Drets, et aI, 1974). However, slow-growing strains from 

acacia (Laurie, 1983), cowpea (Stowers and Elkan, 1984) and 

chickpea (Bromfield and Kumar Roa, 1983) have been shown to 
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grow well in sucrose. 

Slow-growing strains preferentially use ni trogenous 

compounds such as glutamate for carbon and energy (Tan and 

Broughton, 1982) and demonstrate a more rapid and complete 

uptake of glutamate and 2-ketoglutaric acid than do fast 

growers (Werner and Berghauser, 1976). The production of 

indole acetic acid, an important compound in nodule 

initiation, is stimulated by 2-ketoglutaric acid in slow

growers but not fast (Garcia-Rodriguez, et aI, 1982). This 

is not to say that Rhizobium are incapable of utilizing 

ni trogenous compounds; clover rhizobia will use asparagine 

when carbohydrates are limited (De Hollander, Bettenhaussen 

and Stouthamer, 1979), and stimulation of indole acetic acid 

production by glutamic acid has been shown for 1L.. 

leguminosarum, biovars leguminosarum and phaseoli (Garcia

Rodriguez, et aI, 1982). 

Rhizobium can utilize ammonium salts, nitrate, 

nitrite and most amino acids as nitrogen ~ources, where as 

Bradyrhizobium is unable to utilize nitrite and is more 

limited in its use of amino acids (Jordan, 1984). Fast

growers may possess a more complete nitrate assimilation 

pathway than slow (Stowers and Elkan, 1984) and utilize less 

nitrogen, phosphorous and potassium (Tan and Broughton, 

1982). 

Intrinsic Antibiotic Resistance 

Another characteristic which distinguishes the two 



13 

genera is intrinsic antibiotic resistance. Slow-growing 

strains are resistant to higher levels and a wider range of 

antibiotics (Anayaba and Wong, 1982; Davis, 1962). This 

appears to be especially true for those antibiotics which 

affect protein synthesis and cell wall permeability (Kremer 

and Petersen, 1982; Pankhurst, 1977). Antibiotic mutants of 

fast-growing strains are more likely to lose their symbiotic 

effectiveness (Josey, et aI, 1979; Levin and Montgomery, 

1974). 

Megaplasmid Borne Genes 

The presence of megaplasmid (100-200md) borne genes 

for nitrogen fixation and nodulation is well documented for 

fast-growers (Christensen and Schubert, 1983; Prakash, 

Schilperoot and Nuti, 1981;Yelton, et aI, 1983), including 

the strains from soybean (Hattori and Johnson, 1984; 

Masterson, Russell and Atherly, 1982) and one which is 

capable of nodulating a non-legume Parasponia (Morrison, et 

aI, 1983). These large plasmids have not been detected in 

slow-growers (Denarie, Boistard and Case-Delbert, 1981; 

Masterson, et aI, 1982), but it is possible that current 

techniques are not appropriate for these strains. It is 

interesting to note that antibiotic resistance can be 

plasmid borne in both groups (Cole and Elkan, 1979; 

Hagedorn, 1979). If genes for antibiotic resistance, 

nitrogen fixation and nodulation are located on the same 

megaplasmid in fast-growing strains, this could perhaps help 
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to explain the correlation between loss of symbiotic 

effectiveness, and mutation to antibiotic resistance seen 

in fast- but not slow-growers. Sensitivity to certain 

phages,a characteristic which is plasmid borne in fast

growing strains (Kondorsi, 1981), may also be associated 

with antibiotic resistance (Trinick, 1980).' 

Adansonian analysis, a process which rates bacteria 

on numerous characteristics, demonstrates the distinctness 

of these two groups (Graham, 1964; Moffett and Colwell, 

1968). Protein content also differs between fast- and slow

growing strains, with the fast growers tending to contain 

acidic proteins, and the slow growers basic ones (Roberts, 

et aI, 1980). 

Characteristics Which Are Used to Establish Species 

The designation of species for Rhizobium is based on 

numerical taxonomy, DNA/DNA homology, protein content and 

serological reaction (Jordan, 1984). A strong relationship 

has been established between Rhizobium leguminosarum biovar 

leguminosarum and biovar trifolii based on DNA/DNA homology 

(Crow, Jarvis and Greenwood, 1981), nucleic acid 

hybridization (Gibbins and Gregory, 1972), serology (Graham, 

1963), use of tricarboxylic acid cycle constituents 

(Skotnicki and Rolfe, 1977) and possession of constitutive 

enzymes for dissacharide metabolism (Glenn and Dilworth, 

1981). Based on serology (Graham, 1963) and DNA homology 

(Crow, et aI, 1981),bean rhizobia have also been included 
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with them to form" the species Rhizobium leguminosarum. 

Rhizobium meliloti is retained in a separate species (Crow, 

et aI, 1981 ; Graham, 1963) but shows a slight relationship 

with liL phaseoli when nucleic acid hybridization is employed 

(Gibbins and Gregory, 1972), and with fast-growing strains 

of the cowpea miscellany in the possession of inducible 

enzymes for dissacharide metabolism (Glenn and Dilworth, 

1981). The possession of a single flagellum (Jarvis, et aI, 

1982; Tan and Broughton, 1981), DNA homology (Crow. et al., 

1981 ;Jarvis, et aI, 1982) and uptake preference similar to 

slow-growing strains (Tan and Broughton, 1982) and a soluble 

protein pattern different from other fast-growers (Jarvis, 

et aI, 1982) establishes Rhizobium loti as a separate 

species. DNA homology also indicates that at least one other 

species of fast-growers exists (Jarvis, et aI, 1982). This 

group includes strains isolated from crown vetch, sainfoin, 

Sophora spp. and possibly soybean (Scholla and Elkan, 1984) 

and lupine (Miller, unpublished data). Rhizobium fredii has 

been suggested as a name for this group (Scholla and Elkan, 

1984). Strains from lupine and soybean have been isolated 

which possess multiple flagella, another characteristic 

which distinguishes them from Rhizobium loti (Ley and 

Rassell, 1965; Keyser, 1985). 

Bradyrhizobium, as of now, consists of a single 

species, !2..a. ;aponicum (Jordan, 1984). Serological evidence 

supports this (Graham, 1963), however nucleic acid 

hybridization (Gibbons and Gregory, 1982), DNA homology 
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(Hollis, Kloos and Elkan, 1981) and the utilization of 

tricarboxylic acid cycle constituents (Skotnicki and Rolfe, 

1977) indicate that with further research additional species 

may be established. 

Suriyal Qi Rhizobium ~ Bradyrhizobium in Desert Soils 

Rhizobium and Bradyrhizobium have very little in 

common except that they both produce nodules on the roots of 

legumes. The question of whether the two groups represent 

the evolution of two different organisms to symbiosis with 

legumes, or the progressive evolution of one group to the 

other, is difficult to answer. One theory proposes that 

fast-growing, acid-producing bacteria developed as the more 

advanced tribes of legumes adapted to the newer, more 

alkaline soils of temperate regions (NorriS, 1965). These 

strains were described as "advanced degenerates" because of 

their narrow symbiotic range and their requirement for high 

soil pH, nutrient availability and calcium. This theory can 

be supported because of the presence of evolutionary 

intermediates which possess characteristics of both fast and 

slow-growing strains (Bromfield and Kumar Rao, 1983; Laurie, 

1983; Tan and Broughton, 1981). Numerical taxonomy, 

however, suggests that the two genera are too different to 

have evolved from the same organism (Graham, 1964). If the 

acquisition of fast-growing characteristics is seen as an 

adaptation to temperate conditions, then fast-growing 

strains should survive better than Slow-growing strains 

under these conditions. Characteristics which would be 
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advantageous in desert conditions would be a tolerance for 

high pH, high temperature and low moisture, and a fast 

growth rate to take advantage of the short life cycles found 

in the desert. In addition, high resistance to the 

antibiotics produced by actinomycetes, which are present in 

large numbers in desert soils would be desirable. An 

ability to utilize a wide range of nutrients for carbon, 

energy and nitrogen sources would allow the bacteria to 

compete in conditions of limited nutrient availability. The 

possession of multiple flagella could allow more rapid 

movement in soils where moisture is available for only short 

periods of time. Production of large quantities of 

extracellular polysaccharides could be a protecti ve factor 

against the effects of heat and drought. 

Survival of root-nodule bacteria in the soil is dependent on 

many factors including soil pH, texture, temperature, 

moisture content, and the presence of antagonistic 

organisms. Studies involving survival in the soil are 

confounded by the interdependence of these soil factors and 

by the existence of strain-related differences in the 

ability of bacteria to tolerate experimental conditions. 

Enough information does exist however to allow some general 

conclusions to be drawn about the survival of fast- and 

slow-growing strains. 
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E f f e c t 0 f G row t h Rat e and A c i d V"e r sus A 1 k ali Pro d u c t ion 0 n 
Survival. 

The concept that fast-growing, acid-producing strains 

came from alkaline soils and slow-growing, alkali-producing 

strains from acid soils was based on a study of 717 strains 

i sol ate d fro m .6Q.t.y.§. s p • ( Nor r is, 1 9 6 5 ) • A 1 tho ugh i t has 

been suggested that the ability to alter the pH of the 

microenvironment would be an advantage for the bacteria 

(Stowers and Elkan, 1984), and it has been shown that 

alkali-producing strains are more acid tolerant and vice 

versa (Graham and Parker, 1964; Norris, 1965), no real 

evidence exists that the bacteria can actually elicit a 

change in pH in the soil (Cooper, 1982). As described 

earlier, the direction of change of pH in defined media 

depends on many factors and it is difficult to extrapolate 

these factors to soil conditions. The presence of different 

strains depending on the pH of the soil could be due to the 

effect of pH on nutrient availat,5.1ity (H~m, Frederick and 

Anderson, 1971) or could depend on the presence of a 

compatible host plant which in turn is dependent on soil pH 

(Bushby, 1984; Norris, 1965). In addition, it has been 

shown that the difference in growth rate seen in laboratory 

media does not necessarily occur in the soil (Chowdhury, et 

aI, 1968; Pena-Cabriales and Alexander, 1983). 



19 

Effect of Dessication on Survival and Motility 

As soil undergoes drying, root nodule bacteria 

demonstrate a biphasic rate of decline (Chao and Alexander, 

1982; Mahler and Wollum, 1980). Numbers of bacteria 

decrease rapidly during the first two weeks and then level 

off to a slower rate until an equilibrium number is reached 

at five to seven weeks. Some studies have shown that slow

growing bacteria survive dessication better than fast

growers, especially during the first week (Bushby and 

Marshall, 1977a; Busby and Marshall, 1977b; Mahler and 

Wollum, 1981), but in general the evidence is inconsistent 

(Lowendorf, 1980; Pena-Cabriales and Alexander, 1979). 

Survival of bacteria in soils undergoing dessication appears 

to be related to the amount of moisture retained by the 

cells (Bushby and Marshall, 1977a; Osa-Afiana and Alexander, 

1982b). It was suggested that the fast-growing strains are 

more susceptible because they retain more water and do not 

undergo the reduction in enzyme activity associated with 

survival capacity (Bushby and Marshall, 1977a). Strain 

differences in res i stance to dessi ca ti on are ev i dent (Osa

Afiana and Alexander, 1982), with strains indigenous to 

moisture stressed areas showing some degree of adaptation 

(Mahler and Wollum, 1980; Mahler and WOllum, 1981). 

However, intrinsic resistance to dessication does not appear 

to be related to geographic origin (Osa-Afiana and 

Alexander, 1982), ability to grow at low water potentials 

(Bushby and Marshall, 1977b; Chao and Alexander, 1982) or 
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persistence of the population as a whole (Osa-Afiana and 

Al ex ander, 1982 a; Pena-Cabrial es and Alex ander, 1979). 

Texture, most specifically clay content, effects 

survival during dessication because the moisture held in the 

soil at 15 bars increases as clay content increases (Bushby 

and Marshall, 1977a; Osa-Afiana and Alexander, 1982b). In 

general, as clay content ii1creases, survi val increases, but 

at high clay contents survival is reduced. This is probably 

due to competition with the clay particles for moisture 

(Chao and Alexander, 1982; Mahler and Wollum, 1981). The 

protective effect of montmorillonite clay may be more 

important for fast-growing strains (Bushby and Marshall, 

1977 a) • 

Other soil factors which may C;lffect the survival of 

bacteria undergoing dessication are pH, with survival being 

greater at higher pH's (Chao and Alexander, 1982; Lowendorf, 

1980), and organic carbon content (Bushby and Marshall, 

1977 a; Pena-Cabr ial es and Al exander, 1983). 

Root nodule bacteria possess flagella and are 

therefore considered motile. Positive chemotaxis and 

motility have been demonstrated in media and are affected by 

the pH and calcium content of the medium (Bowra and 

Dilworth, 1981; Gaworzewska and Carlile, 1982). In 

addition, active motility in moist soil has been shown 

(Gulash, et al , 1984; Soby and Bergman, 1983), but other 

studies indicate that no movement occurs in the absence of a 

transporting agent (Madsen and Alexander, 1982), or at water 
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tensions higher than those which produce discontinuous 

water-filled pores (Hamdi, 1971). Assuming that soil 

moisture conditions are conducive to active motility, 

multiple flagella could give fast-growing strains a 

competitive edge. Motile strains are more competitive than 

non-motile mutants (Ames and Bergman, 1981; Hunter and 

Fahring, 1980) and fast-growing strains of alfalfa and 

lupine rhizobia have been shown to possess complex flagella 

which allow rapid motility even with increased viscosity 

(Gotz, et aI, 1963). 

Effect of High Temperature on Survival 

Bradyrhizobium may be more resistant to the effects 

of high temperature than Rhizobium (Marshall, 1964), and has 

been shown to be a superior competitor at high temperatures 

in nodulation studies (Trinick, Rhoades and Galbraith, 

1983). However, tolerance to high temperatures does not 

appear to be related to geographic origin (Munevar and 

Wollum, 1981), as might be expected if the bacterial 

evolution was based on adaptation to temperate regions. 

Rate of decline is enhanced by increasing temperature, and 

as with moisture stress, the effect is more pronounced in 

course textured soils (Danso and Alexander, 1974). 
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Relationship of Colony Morphology and Extracellular 
Polysaccharide Production to Survival. 

Root-nodule bacteria are known to produce copious 

amounts of extracellular polysaccharides (EPS) even in 

carbon-limited cultures (De Hollander, et .al, 1979). It is 

possible that this affords the bacteria some protection 

since production of EPS helps bind bacteria to soil 

particles and aids in the formation of stable soil 

aggregates (Fehrmann and Weaver, 1978). Two basic colony 

types exist; small, dry pinpoint colonies and large, slimy 

ones, due to the amount of EPS produced (Upchurch and Elkan, 

1977). In some cases fast-growers produce the large, slimy 

colonies (Graham and Parker, 1964) but colony morphology and 

EPS production is not always a reflection of growth rate 

(Scholla and Elkan, 1984; Trinick, 1980). There are, 

nevertheless, some correlations between colony morphology 

and extracellular polysaccharide production and tolerance or 

susceptibility to certain conditions. Acid-tolerant strains 

isolated from Cicer, Phaseolus, Leucaena and Melilotus 

produced significantly more EPS than acid-sensitive ones and 

the quantity produced varied with the pH of the medium 

(Anayaba, Asanuma and Munns, 1983; Cunningham and Munns, 

1984a). This does not appear to be due to a pH buffering 

effect because EPS from acid-sensitive strains had a higher 

buffering capacity (Cunningham and Munns, 1984a). Rhizobium 

meliloti has been shown to bind soil particles more 

effectively than Bradyrhizobium japonicum (Fehrmann and 
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Weaver, 1978). Wet, slimy colonies appear to be more 

resistant to salt (Upchurch and Elkan, 1977) and antibiotics 

(Sinclair and Eaglesham, 1984), but information on 

resistance to dessication is conflicting (Bushby and 

Marshall, 197.7b; Osa-Afiana and Alexander, 1982a). 

The Relationship Between Intrinsic Antibiotic Resistance and 
Survival 

Bradyrhizobium has been shown to have a higher 

intrinsic resistance to antibiotics than Rhizobium (Jordan, 

1984) and it has been suggested that multiple intrinsic 

resistance could have some survival value in natural 

habitats (Cole and Elkan, 1979). However, an extensive 

study of rhizobia isolated from cowpeas in Africa showed 

that the most sensitive and the most resistant strains 

occurred at the same site (Sinclair and Eaglesham, 1984) 

leading the authors to state that environmental pressure was 

not related to intrinsic antibiotic resistance. Slow-

growers do grow better in antibiotic amended soils (Pena-

Cabriales and Alexander, 1983) and it has been shown that 

slow-growing cowpea rhizobia from strongly acidic soils were 

more resistant to antibiotics than those from slightly 

acidic (pH 6.5) soils (Anayaba and Wong, 1982). In studies 

involving the antagonism of actinomycetes against rhizobia, 

extensive strain variation is found regardless of species of 

rhizobia (Damirgi and Johnson, 1966; Patel, 1974; Van 

Schreven, 1964). Infor rna ti on regardi ng the suscept i bi 1 i ty 
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of slow- versus fast-growing strains is varying. One study 

involving 12 strains of rhizobia and 279 strains of 

actinomycetes did report that non-acid producing strains 

were less susceptible (Patel, 1974), but another found no 

difference between fast and slow strains (Van Schreven, 

1964). 

The majority of information available indicates that 

Rhizobium and Bradyrbizobium are sufficiently different to 

be separated at the genus level. However, the information 

currently available on survival does not allow specific 

conclusions to be drawn regarding the relationship of these 

physiological and biochemical differences to tolerance or 

susceptibility under specific environmental conditions. 

Although individual strains appear to adapt to site related 

stresses (Mahler and Wollum, 1980; Mahler and Wollum, 1981; 

Sinclair and Eaglesham, 1984), there does not appear to be 

any relationship between such factors as growth rate, 

resistance to dessication (Osa-Afiana and "Alexander, 1982a), 

tolerance of high temperatures (Munevar and Wollum, 1981) or 

intrinsic resistance to antibiotics (Sinclair and Eaglesham, 

1984) and geographic origin. It is evident that more 

extensive studies involving numerous fast- and slow-growing 

strains and the characteristics of their native environments 

a~e necessary. These studies would ideally include 

information on soil pH, texture, moisture content, 

temperature, nutrient availability and the presence or 

absence of antagonistic organisms. 



MATERIALS AND METHODS 

This research involved recovering nitrogen-fixing, 

root nodule bacteria from desert soils in an effort to 

determine how different strains survive in these soils. The 

strains were characterized based on physiological and 

biochemical traits prior to inoculation into soil. Bacteria 

were recovered using the sucrose density centrifugation 

technique (Schmidt, 1974; Wollum and Miller, 1980). Strain 

identification in non-sterile soils was made possible 

through the use of antibiotic mutants and flourescent 

antibodies. 

Strains Qf Rhizobia 

Three strains of root nodule bacteria were selected 

for use in this research. Lupine 43 was isolated from a 

species of Lupinus native to Baja California, Mexico and is 

fast-growing. Melilotus 73 is also fast-growing and was 

isolated from a Melilotus indicus plant which was growing in 

a wash in Tucson, Arizona. Both plants are common spring 

annuals found along roadsides and in washes in the Sonoran 

Desert. Lupine 96A11 was kindly supplied by the Nitragin 

Company of Milwaukee, Wisconsin. This strain is slow-

25 
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growing and was isolated from a Lupinus albus plant from 

Wadena, Minnesota. 

Isolation Q! Indigenous Strains 

Nodules from Melilotus were cylindrical or elongate 
I 

club-shaped and had an average length of four millimeters. 

Lupine nodules were either collar nodules, located on the 

tap root, ranging from five to eight millimeters in length, 

or spherical on the branched roots with an average diameter 

of three millimeters. Selected nodules were surface 

sterilized by rinsing wi th 95 percent ethanol, soaking for 

30 seconds to three minutes in two percent acidified 

mercuric chloride (two to three drops of concentrated 

hydrochloric acid to one liter two percent mercuric 

chloride) and then rinsed five to ten times in sterile 

water. Nodules were then crushed in a few drops of sterile 

water and a loopful of the cloudy suspension was streaked 

onto Yeast Extract Mannitol (YEM) agar plates (See Appendix 

A). After one to two weeks, single colonies which were 

suspected to be rhizobia were transferred to fresh agar 

plates. Selected colonies were fairly circular, convex, 

white to off-white and less than 5 mm in diameter after one 

week. When plates appeared to contain a pure culture, gram 

stains were performed. Gram-negative rods which were 0.5-

0.9 by 1.0-3.0 urn and contained red-staining circular bodies 

at the ends were presumed to be rhizobia and were 

transferred to YEM agar slants for storage. 
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Selection Qf Antibiotic Mutants 

The following antibiotics were selected for the 

purpose of developing mutants resistant to low levels of two 

or more antibiotics: Kanamycin sulfate - 5, 10, 15 ug/mlj 

Erythromycin sulfate - 5, 10, 15 ug/ml; and Streptomycin 

sulfate - 2.5, 5, 10 ug/ml. Antibiotics were dissolved in 

deionized water, or 95% ethanol (erythromycin), and then 

filter-sterilized before being added to cooled (50C) yeast 

extract mannitol agar. Fresh plates were prepared for each 

step of the selection procedure. Cultures were grown to 

late log phase, four to six days (fast growers) or eight to 

ten days (slow growers) in YEM broth on a rotary shaker at 

27C. Antibiotic plates were initially inoculated by 

spreading 0.1 ml turbid culture evenly over the surface of 

the agar. Subsequent transfers to verify mutant colonies 

ability to grow on antibiotic media were done with a sterile 

loop. 

Infectiyity Qf Selected Strains 

Infectivity studies of parent and mutant strains were 

carried out in growth pouches (Scientific Product No. 

B1220), Leonard jars (Vincent, 1970) and conetainers 

(Conetainer-Nursery, 1500 N. Maple, Canby, Oregon 97013). 

Growth pouches were autoclaved, after the addition of 21 ml 

of deionized water, for one-half hour at 121C. Leonard jars 

were filled with moist silica sand (grade 20) which had 

been thoroughly washed with deionized water to remove silica 
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dust. Leonard jars were autoclaved for two hours. 

Conetainers were sterilized by soaking overnight in a 2.5 

percent bleach solution and rinsing three times with sterile 

water. Conetainer racks were disinfected by misting them 

with a two percent solution of amphyl. A small amount of 

sterile pea gravel was placed at the bottom of the 

conetainer which was subsequently filled with sterilized 

vermiculite. 

Seeds from Lupinus sparsiflorus, Lupinus Rolyphyll~ 

c v • r u sse 11 , Mel i lot u.s i n die usa n d M e die ago sat i v awe r e 

surface sterilized prior to planting. In addition, seeds 

from indigenous legumes were scarified before surface 

sterilization by rubbing on medium-fine sand paper, or by 

immersion in water hot from the autoclave. Surface 

sterilization consisted of rinsing in 95 percent ethanol, 

soaking for one to five minutes in acidified mecuric 

chloride (depend i ng on size of seed), and ri nsi ng ten ti mes 

in sterile water. Lupinus sparsiflorus seeds were placed in 

four times their volume of hot water and soaked overnight. 

They were then placed on YEM plates and stored in the dark 

at room temperature to germinate. Germinated seeds which 

were free of contamination and had radicles one to four mm 

in length were used for planting. Melilotus seeds were 

scarified and soaked in the same way, but were not 

germinated prior to planting. Lupine seeds were planted two 

to four per treatment and inoculated by pipetting one ml of 

turbid culture directly onto each seed. Medicago and 
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Melilotus seeds were planted eight to ten per treatment and 

were inoculated with two to four ml turbid culture per 

treatment. Control treatments were made by pipetting 

equivalent quantities of sterile water onto the seeds. 

Plants were grown in a Percival walk-in growth chamber 

(Model #PGW9675) under a twelve hour, day/night (27C/16C) 

cycle. Treatments were watered with sterile deionized water 

until the cotyledons began to yellow, and thereafter with 

sterile, nitrogen-free nutrient solution (See Appendix A). 

Growth ~ ~ A£iQ Versus Alkali Production 

The three strains were grown in M.S. Chowdhury broth 

(See Appendix A) to determine their growth rate and whether 

acid or alkaline end products were formed. Five hundred ml 

quantities of broth were inoculated with between 10 3 and 10 5 

cells, and flasks were placed on a rotary shaker at 28C. 

For fast growers, the pH and turbidity of 30 ml subsamples 

were determined every 24 hours for the first week and every 

48 hours for the second. The same measurements were 

recorded for the slow-growing strain every 48 hours for two 

weeks and every 72 hours a third week. A dilution series 

was run every time pH and turbidity were recorded. 

Turbidity was measured using a Bausch and Lomb Spectronic 

100, set at 650 nm, and pH with a Corning pH/ion meter 135. 

Duplicate flasks were inoculated for each strain. 
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Utilization Q! Sugars snQ Amino Acids 

Combinations of sugars arid amino acids were utilized 

which were shown to cause an alkaline reaction for slow~ 

growers and an acid one for fast-growers (Tan and Broughton, 

1981). In addition to fructose and galactose, the sugars 

arabinose, glucose and manni tol were tested. Arabinose was 

included because it has been shown to be a better source of 

sugar for slow growers than fast growers (Chakrabarti, Lee 

and Gibson, 1981). Glucose and manni tol are carbon sources 

commonly used in culturing rhizobia (See Appendix A). All 

sugars were added to a final concentration of 60mM, and 

amino acids to 6 mM (Tan and Broughton, 1981). Yeast 

extract, when used, was added at the amount found in YEM 

broth. All combinations were added to broth containing 

salts at the following concentrations: K2HP04' 0.5 g/ml; 

MgS0 4 • 7H 20, 0.2 g/ml; NaCI, 0.1 g/ml. Bacteria were 

added to 100 ml quantities of broth in low numbers by 

diluting mid-log phase cultures with deionized water. 

Initial and final numbers were determined by running 

dilution series on inoculated flasks. Duplicate flasks were 

inoculated for each strain and combination of sugar and 

amino acid. Initial and final pH and turbidity were 

recorded. Uninoculated flasks of each nutrient combination 

were also placed on the rotary shaker with the inoculated 

flasks to determine the effect of aeration on the turbidity 

and pH of the media. 
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Detection Qi Flagella 

Strains were grown in YEM broth on a rotary shaker 

until mid-log phase. Turbid cultures were then pipetted 

into wells in YEM agar plates until wells were just filled. 

Well plates were incubated for 24 (fast-growers) or 48 hr 

( s low - g r 0 \01 e r s) ina n u p rig h t p 0 sit ion a t roo m t e m per a t u r e 

(25C). Wells which had gone dry and showed visible signs of 

growth on the surface of the agar were then filled with pH 

7.0 ammonium acetate and left undisturbed for one-half hour. 

Copper grids which had been carbon coated and treated 

briefly with polylysine were then floated, carbon side down, 

on the surface of the ammonium acetate. After five minutes, 

the grids were treated with a fixative (one percent 

paraformaldehyde) for one minute. After a serial washing 

which consisted of transferring a grid to six separate drops 

of pH 7.0 ammonium acetate, the grids were dried on filter 

paper (carbon side up) for ten minutes. The grids were then 

evaporated for a minimum of 24 hours in a Varian VE10 Vacuum 

evaporator and finally shadowed with platinum at an angle of 

40 0 • A Hi tachi H-500 transmission electron microscope was 

used to view the grids. 

Intrinsic Antibiotic Resistance 

The disk method was used to determine intrinsic 

resistance (BBL Sensi-Discs). A lawn of bacteria was 

created on YEM agar plates by pipetting 0.1 ml of a 1:10 

dilution, or 0.5 ml of a 1:100 dilution of late-log phase 
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culture onto the center of each plate and then spreading the 

inoculum evenly over the surface of the agar with a 

sterilized glass-rod spreader. Disks were then placed on 

the bacteria with a flamed forceps. Four different disks 

were placed on each plate at equal distances from each other 

and from the side of the plate. The following 

concentrations of antibiotics were used: Penicillin, 10 

units; Cephalothin, 30 ug; Sulfadiazine, 0.25 ug; 

Carbenicillin, 100 ugj Ampicillin, 10ug; Chloramphenicol, 30 

ug; Methicillin, 5 ug; Neomycin, 30 ug; Streptomycin, 10 

ug; Tetracycl i ne, 30 ug; Kanamycin, 30 ug; Erythromyc in, 

15 ug. Plates were incubated in an upright position at 27C. 

Duplicate plates were inoculated for each concentration of 

inoculum. 

Preparation QL Fluorescein Isothiocyanate Conjugated 

Antibodies (May, 1981) 

Preparation of Somatic Antigens 

The three strains were grown in YEM broth for three 

to four days (fast-growers) or seven to ten days (slow

growers). Turbid cultures were placed in sterile centrifuge 

tubes and centrifuged for one-half hour at 10,000 rpm. 

Pelleted cells were resuspended in 25 ml of filter

sterilized physiological saline (0.85 percent NaCI) 

containing 0.01 percent Thimersol. Cells were centrifuged 

and resuspended in saline two more times to wash cells free 
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of medi a consti t·uents. After the final resuspension, cells 

were heated for one hour to inactivate flagellar proteins. 

Tubes were loosely covered to reduce evaporation. The 

suspension was adjusted to an optical density of 0.45 at 600 

nm (Bausch and Lomb Spectronic 100) to approximate a 

concentration of 1 x 10 6 cells/mI. Sufficient turbid 

culture was processed to give a final volume of 60-100 ml. 

The suspension was stored in sterile serum bottles at 4C 

until it could be injected into rabbits. Portions of the 

antigens were sent to ABSCO (Sheila N. May, P.O. Box 352, 

USAFA, Colorado, 80840) for production of antiserum. 

Injection and Bleeding of Rabbits for Production of 
Antiserum 

Portions of the antigens were also injected into the 

marginal ear vein (IV) and the loose skin at the back of the 

neck (SC) of female New Zealand White rabbits with a 25 

gauge, 16 mm needle according to the schedule in Table 3 

(Salo, 1985). 

Up to 50 ml of blood were collected in a sterile 

syringe from the main ear artery every two weeks with a 23 

gauge, 19 mm infusion set. A few drops of xylene were 

placed near the ear margins at the end of the artery before 

bleeding to facilitate the flow of blood. Care was taken to 

thoroughly wash the xylene off of the ear after blood had 

been collected. The blood was transferred to a sterile 

glass jar and allowed to clot at room temperature for one to 



Table 

DAY 

1 
2 
3 

4-6 
7 
8 
9 

10 
1 1 
12 

3. Injection schedule for rabbits 

AMOUNT (ml) 

0.5 IV; 2.0 SC* 
1 .0 IV 
1..5 IV 
No injections 
1.0 SC 
1.5 SC 
2.0 SC 
2.0 SC 
2.0 SC 
2.0 SC 

Then 1.5 ml SC every 14 days 
*Method of injection: IV = ear vein; SC = subcutaneous 
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two hours. After the serum was poured off and collected, 

the clot was stored in the refrigerator overnight so that 

the additional serum extruded from the clot could be 

collected. The serum was stored in the refrigerator for 24 

hrs to allow remaining whole blood cells to settle out. The 

clear serum was pipetted off the top and stored at -20C. 

The titer of the antiserum was checked against the 

homologous antigens at dilutions of 1/400, 1/800, 1/1600, 

1/3200 and 1/6400 in 0.85 percent NaCl. The antigens and 

the antiserum were allowed to react overnight at 35C and the 

highest dilution in which the antigens precipitated out 

leaving a clear supernatant was designated as the titer of 

the antiserum. 

Fractionation of Antiserum 

Antiserum with a titer of at least 1/1600 was 

fractionated in an ice bath by the dropwise addition of 15 
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ml of cold (4C) saturated ammonium sulfate (4.1 M) to 20 ml 

of cold, thawed antiserum with constant stirring. This 

mixture was stirred overnight at 4C to maximize 

precipitation. The next day, the antiserum was centr'ifuged 

at 4C for 30 minutes at 10,000 rpm. The pelleted immuno-g

globin fraction was resuspended in 18 ml cold, deionized 

water, reprecipitated by the dropwise addition of 15 ml of 

cold, saturated ammonium sulfate and centrifuged at 4C for 

ten minutes at 10,000 rpm. This washing procedure was 

continued until a clean, white pellet was obtained (usually 

two to four times). The pellet was resuspended in 5 ml of 

cold, deionized water, transferred to dialysis tubing (All 

dialysis done with 10 mm cellulose tubing (Spectrapor», and 

then dialyzed against 0.85 percent MaCI at 4C with 

continuous stirring. The dialysis bath was changed 

periodically (usually three times in a 15 hour period) until 

ammonium could no longer be detected in the dialysis bath. 

The presence of ammonium was determined by the addition of 

three drops of Nessler's Ammonium Color reagent to 50 ml of 

diazylate. A color change from clear to yellow indicated 

that ammonium was still present. 

Conjugation of Antiserum and Fluorescein Isothiocyanate 

To determine the quantity of Fluorescein 

Isothicyanate (FITC) necessary for complete conjugation of 

the antiserum, total protein was measured using the Bio-Rad 

Protein Assay kit. A standard protein curve was generated 
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using successive dilutions of the supplied protein 

concentrate, reconstituted with deionized \-later. The 

dilutions were made with deionized water. When necessary» 

the antiserum was also diluted with deionized water to 

ensure that the protein content was within the boundaries of 

the curve. Five ml of diluted, filtered Dye Reagent 

concentrate were added to 0.1 ml of the standards, the 

antiserum and a blank consisting of deionized water. The 

tubes were sealed with Parafilm and inverted several times 

to mix. After allowing the color to develop for five 

minutes to one hour, the samples were read at 595 nm on a 

Bausch and Lomb Spectronic 100. 

After the protein concentration of the antiserum was 

determined it was adjusted to one percent (10 mg/ml) with 

deionized water and the total volume was recorded. Four ml 

of pH 8 phosphate buffer (See Appendix A) containing 

sufficient FITe to give 50 ug FITe/mg protein were added to 

the diluted antiserum. The 'container used to add the FITe 

was rinsed with four ml of pH 9 phosphate buffer (O.1M 

Na2HP04) and this rinse was also added to the antiserum 

mixture. The pH of the mixture was then adjusted to nine 

using 0.1 M NaOH, and the volume of NaOH added was recorded. 

The volume of the antiserum was adjusted to twice the 

original value recorded when the concentration of protein 

was adjusted to one percent, using pH 9 phosphate buffer. 

Sufficient 0.01 percent thimersol was added to give a final 
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thimersol concentration of 1:10,000. This mixture was 

stirred continuously in the dark, overnight, at 4C. 

Purification of FITC-conjugated Antiserum 

The FITC-conjugated antiserum (FA) was dialyzed 

against pH 7 phosphate buffer (See Appendix A) in the dark, 

at 4C, with continuous stirring, until diazylate no longer 

fluoresced (This was usually accomplished in three days with 

five to seven bath changes). Particulate matter was removed 

by centrifugation of the FA for ten minutes at 10,000 rpm 

and filtration of the supernatant through a 0.4 urn Nuclepore 

filter. Serially diluted FA (Use pH 9 buffer) was tested 

with smears of the appropriate strain to determine what 

dilution would still give the maximum fluorescent reaction 

(4+; very bright with glowing "halo"). Smears were heat 

fixed and treated with a few drops of rhodamine gel (See 

Preparation of Rhodamine Isothiocyanate Gelatin). The 

rhodamine gel was dried to a thin film over the smear by 

placing the slides in an oven at 60C until just dry. After 

the slides cooled, one drop of the appropriate dilution of 

FA was placed on each of three previously marked areas of 

the smear. Moist chambers for incubating the slides were 

prepared by insertion of a moistened piece of filter paper 

into the lid of a petri plate. The slides were incubated 

for one-half hour, rinsed with 0.85 percent NaCI, and placed 

in staining jars filled with the saline for fifteen minutes. 

After gentle rinsing with deionized water, the slides were 
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allowed to air dry. When slides were thoroughly dry, a drop 

of buffered glycerol mounting media was added to the slide 

and covered with a No.1 Corning coverslip. Slides were 

observed using a Zeiss epifluorescent ultraviolet 

microscope. Concentrated FA was stored at -10C in 0.5-1.0 

ml portions, and labelled to indicate the optimum dilution. 

Preparation of Conjugated Rhodamine Isothiocyanate-Gelatin 

One gram of Bacto gelatin was dissolved in 50 ml of 

deionized water with gentle heating. After the gelatin was 

completely dissolved it was cooled to 25C and adjusted to pH 

11 with 1 N NaOH. The suspension was autoclaved for ten 

minutes at 121C and after cooling, the pH was readjusted to 

pH 11. Ten milligrams of Rhodam.ine Isothiocyanate (RITe) 

was dissolved in two ml of photograde acetone (RITC does not 

dissolve completely) and added to the gelatin. The mixture 

was stirred overnight at room temperature and dialyzed at 4C 

with continuous stirring against a mixture of 200 ml pH 7 

phosphate buffer, 1800 ml distilled water and 15 gm NaCl. 

The diazylate bath was changed twice daily until it no 

longer became pink (three to five days). Rhodamine gel was 

centrifuged for ten minutes at 10,000 rpm and the 

supernatant was fil tered through a 0.4 urn Nuclepore fil ter 

to remove particulate matter. Rhodamine gel was stored at -

10C in one to three ml portions. After thawing, the gel can 

be used for up to one week, if it is refrigerated. 
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Serotyping QL Strains 

FITC-Selected strains were tested against the 

conjugated antiserum for Lupine 43 and Melilotus 73. 

strains were grown to late-log phase in YEM broth. 

fixed smears of turbid cultures were prepared 

These 

Heat

for 

observation by the same method used to test the original 

antiserum, using the dilution of FA which gave the optimum 

reaction with the original strain. Strains were rated from 

o (no reaction) to 4+ (very bright fluorescence with glowing 

"halo"). 

Recovery Qf Rhizobia from Sterile SoiJ 

Lupine 43 was recovered from previously steriled soil 

using the sucrose density centrifugation technique (Schmidt, 

1974; Wollum and Miller, 1980). Bulk soil samples were air 

dried, then ground and sieved to two mm. Ten gram samples 

were placed in 120 ml French square bottles and autoclaved 

for 1-1/2 hours, on each of three successive days. Four 

different textured soils were used: Anthony sandy loam, 

Laveen loam, Pimer silt loam and Pima clay loam. A 

predetermined amount of sterile deionized water was Qdded to 

the soil before inoculation so that an evenly moistened, 

friable sample was obtained when one ml of inoculum was 

mixed into the soil. A dilution series was done on the 

inoculum to determine rate of inoculation. After 

equilibrating for one hour at room temperature, a sample was 

removed from the bottle by successive washings with one 
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percent CaC1 2 and placed in a sterilized 500 ml Nalgene 

mason jar. Total volume of CaCl 2 used per sample was 90 ml. 

Three drops of Antifoam B and one drop of Tween 80 were 

added to the soil mixture to reduce foaming and aid in the 

release of the bacteria from the soil, respectively. 

Samples were stirred for five minutes with a propeller blade 

mixer. The inside of the jar was rinsed with approximately 

five ml of one percent CaC1 2 before a five ml subsample of 

the soil mixture was removed with a sterile pipet. 

Subsamples were taken after the mixer was stopped but while 

the mixture was still moving. Ten ml of sterile 1.33 g/ cm 3 

sucrose (855 g sucrose dissolved in 450 ml deionized water) 

were mixed with the five ml soil sample in a sterile 50 ml 

centrifuge tube. for one minute, using a vortex mixer. 

Fifteen ml of sterile sucrose were then layered under the 

soil-sucrose mixture using a 25 ml Mohr pipet. Samples were 

centrifuged at varying speeds and times to determine which 

speeds and times gave maximum recovery for each texture. 

After centrifuging, a five ml sample was removed from the 

middle of the top layer and pipetted into a 95 ml sterile 

water blank. Dilution series were plated from this stage to 

determine the number of live bacteria recovered. If 

necessary, additional dilutions were made before the sample 

was filtered through a 0.4 urn Nuclepore filter to collect 

the bacteria. Nuclepore filters had been pretreated by 

soaking them overnight in 40 ml of deionized water mixed 

with two drops of Tween 80, to overcome the hydrophobic 
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properties of the filter. The filters were soaked for at 

least 24 hours in a solution of Irgalan Black dye (two g 

Irgalan Black dissolved in one liter of two percent acetic 

acid). Just prior to use, the dyed filters were rinsed 

thoroughly in deionized water. 

The tips of the filter bases were blotted dry and 

sealed with parafilm before being treated with five to six 

drops of rhodamine gel. The filter holder was rocked gently 

from side to side to distribute the rhodamine. After ten 

minutes, the parafilm was removed and the excess rhodamine 

was suctioned off. Filter holders were placed in an oven at 

55C for approximately five minutes, until the gel was just 

dry, but still slightly shiny. Filter tips were resealed 

with Parafilm, six to eight drops of FITC-conjugated 

antiserum were added and filter holders were incubated in 

the dark for one-half hour. Filters were rinsed by passing 

at least 250 ml of 0.85 percent NaCI through them. A drop 

of buffered glycerol mounting media was placed on a slide 

and distributed evenly in a circle the size of the filter. 

The filter was positioned over the media, covered by a 

second drop of mounting medium, and finally by a No. 1 

Corning coverslip. Filters were observed using a Zeiss 

epifluorescent ultraviolet microscope. 



42 

Su ryiyal Qf. Bact"eri a ill Non-Sterile fuU.l 

Field Study 

The field studies were conducted at Oracle 

Agricultural Center, a University of Arizona experimental 

station located about 30 miles north of Tucson, Arizona. 

This site was chosen because natural desert conditions still 

exist over most of the square mile area. The dominant 

vegetation was mesquite, cholla and annual grasses, and the 

soil within the experimental plot was a Whitehouse gravelly 

loam (See Table 4). The experimental design was split-plot, 

with harvest times being the main plots, and bacterial 

strains the sub-plots. Within the plots, treatments were 

assigned a location using a random number table. There were 

five replicates per strain for each harvest time. 

After staking out square foot plots, a 7.6 x 15 cm 

hole was dug in the center of each plot using a bucket 

auger. A container, consisting of a 15 cm piece of 7.6 cm 

diameter sewer and drain pipe with nylon screen secured over 

the bottom, was placed in each hole. The bulk soil 

sample which was removed from the holes was stored under 

plastic sheets to retain moisture. The soil was ground and 

sieved to two mm in the field-moist condition and stored in 

sealed 76 liter plastic garbage cans. 



TABLE 4. Soil analysis of Whitehouse gravelly loam. 

Percent sand 
Percent silt 
Percent clay 
pH 
EC X 10 3 
Soluble salts (ug/g) 
N (ug/g) 
P (ug/g) 

42 
40 
18 
6.1 
0.6 

38 
5.2 
0.7 
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The bulk sample was divided into four equal 

portions for treatment. A cement mixer was surface 

sterilized with 2 percent amphyl After sterilization the 

mixer was thoroughly rinsed with tap water followed by three 

changes of sterile deionized water and drained. The soil 

was inoculated with one of the three strains, or treated 

with sterile deionized water for the control plots. Inocula 

or water was added to the soil as a fine mist, using a 5.6 

liter compressed air sprayer, as the mixer was turning. The 

mixer was resterilized between treatments. 

In the field studies, mutant strains of Melilotus 73 

and Lupine 43 resistant to 15 ug/ml kanamycin and 100 ug/ml 

erthromycin were used. The parent strain of Lupine g6A11 

was used. Cultures were grown in Yeast Extract Mannitol 

Broth without antibiotics for inoculation into the soil. 

Control plots were included to monitor the presence of 

indigenous microorganisms capable of reacting with the 

fluorescent antisera or growing on antibiotic media. 

The soil was inoculated until it contained between 
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10 7 and 10 8 cells/gram of soil. Care was taken not to 

overmoisten the soil and mixing was discontinued before the 

soil began to clump. 

In the second field study soil temperature at a depth 

of 7.6 cm was recorded using copper-tungsten thermocouple 

wire and a type T, Doric Trendicator"400. 

No moisture was added to the plots after the initial 

inoculation. Initial moisture content and numbers of 

recovered bacteria were determined from the bulk samples. 

Periodically thereafter, samples were harvested by removing 

the entire container from the soil and sealing both ends 

with sterile petri dishes. 

The top five centimeters of soil in a container were 

discarded under aseptic conditions. The next five 

centimeters were placed on a clean piece of newsprint and 

thoroughl y mi xed. The rema i ni ng so i I was discarded. From 

the mixed soil, a soil moisture can was filled, and 

sufficient soil for ~everal 10 grams samples was placed in a 

sterile 50 ml beaker. For each replicate, a 10 gram sample 

was processed using the sucrose density centrifugation 

technique (Wollum and Miller, 1980). Controls and 

antibiotic mutant treatments were serially diluted and 

plated onto media containing YEM salts and 15 ug/ml 

Kanamycin, 100 ug/ml Erythromycin, 250 ug/ml Pimaricin and 

100 ug/ml Actidione, the latter two being fungicides known 

to reduce growth of soil fungi (Bushby, 1981). 
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Incubator Study 

Survival studies were conducted in the laboratory on 

the two lupine strains, using the parent cultures. In 

addition to the Whitehouse gravelly loam, a second soil with 

a different pH and texture was used. This soil, a Pima clay 

loam, was collected from a noncultivated area of the 

University of Arizona's Marana Agricultural Center. A 

comparison of the more important characteristics of these 

two soils is shown in Table 5. The soils were ground and 

sieved to two mm in field-moist condition. Each soil was 

examined for the presence of microorganisms capable of 

reacting with the lupine fluorescent antisera using the 

sucrose density centrifugatiun technique described earlier. 

The samples for the incubator study were prepared by 

placing ten gram portions of the soils into 120 ml French 

square bottles. Sufficient sterile deionized water was 

mixed into each sample so that when one ml of late log phase 

culture was added, a moist, friable sample was obtained. A 

volume of sterile water equivalent to the total volume of 

water plus inoculum used in the other samples was added to 

the control bottles. The weight of each bottle was recorded 

so that the moisture content could be maintained by the 

addition of sterile water when a change in weight was 

recorded. After being allowed to equilibrate for one hour, 

four samples of each strain, in each soil, were processed 

using the sucrose density centrifugation technique. Optimum 

speed and time for centrifugation had been previously been 
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TABLE 5. Comparison of the two soils used in incubator 
study. 

Texture 
Percent clay 
pH 
Soluble salts (ug/g) 
Nitrogen (ug/g) 

PIMA 

Clay loam 
29 

8.2 
78 
11 

l-IHITEHOUSE 

Loam 
18 

6. 1 
70 

5.2 

determined for each strain in each soil. Remaining samples 

were loosely capped and placed randomly in incubators at 20C 

and 40C. Four replicates of each soil and strain 

combination were harvested at selected intervals over a 

period of one month. At the end of one month the incubated 

control samples were processed to determine the effect of 

incubating the moist soil on the numbers of indigenous 

organisms capable of reacting with the fluorescent antisera. 



RESULTS AND DISCUSSION 

Selection Q! Antibiotic Mytants 

The selection of antibiotic mutants was undertaken as 

a supplement to the identification of the strains in 

nonsterile soil using the fluorescent antibody technique. 

This was done for two reasons. It was found that the 

fluorescent antiserum prepared for Melilotus 73 was unstable 

and that even when stored at -10C the FITC-conjugated 

antiserum failed to produce a satisfactory fluorescent 

reaction after only a few weeks of storage. Because of the 

length of time and the expense involved, it was not deemed 

practical to process new FA that frequently. The second 

reason was that the initial testing of Melilotus 73 and 

Lupine 43 FA showed varying degrees of cross reaction with 

many of the commercial and indigenous strains examined (See 

section on serotyping of strains.) 

The three strains were initially plated onto media 

containing 5,10 or 15 ug/ml of kanamycin sulphate. After 

one (fast-growers) or two (slow-growers) weeks, selected 

colonies were transferred to fresh plates containing the 

same amount of antibiotic as the plates they were growing 

47 
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on. A third transfer 'was done before the strains were 

returned to plain Yeast Extract Mannitol (YEM) agar. Gram 

stains of mutant strains were compared to those of parent 

cultures. All gram stains of antibiotic mutants appeared 

identical to parent cultures. Antibiotic medium was then 

prepared containing both kanamycin and erythromycin so that 

each level of kanamycin was combined with 5, 10 or 15 ug/ml 

of erythromycin. One strain from each level of kanamycin 

was selected and streaked onto the various combinations of 

erythromycin and that particular level of kanamycin. The 

results of this stage of selection are shown in Table 6. 

Mutants of Lupine 43 and Melilotus 73 were subsequently 

transferred twice more onto respective levels of 

antibiotics. Lupine 96A11 was not continued on this 

combination of antibiotics because of poor growth at most 

combination levels. The selection procedure was continued 

in this manner using various combinations and levels of 

antibiotics until the media could effectively suppress 

indigenous bacteria. Mutants of Lupine 96A11 could not be 

developed which would grow on media containing sufficient 

antibiotics to suppress indigenous bacteria, therefore it 

was decided that only filter counts would be used to trace 

this strain. Mutants of the two fast growers resistant to 

15 ug/ml kanamycin plus 50, 75 or 100 ug/ml erythromycin 

were selected to be tested for infectivity on native and 

commercial plants. 
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TABLE 6. Growth of strains in antibiotic media containing 
kanamycin and erythromycin. 

Strain Lupine 43 Melilotus 73 Lupine 96A11 

Concentration Plate No. PIa t e,.JLQ... Plate No. 

(ug/l) 1 2 1 2 1 2 

15K + 15E +* + + -(+) -(+) 

15K + 10E + + + -(+) -(+) 

15K + 5E + + + + + + 

10K + 15E + + + +(-) 

10K + 10E + + + + 

10K + 5E + + + + +(-) -(+) 

5K + 15E + + + + 

5K + 10E + + + + + +(-) 

5K + 5E + + + + + -(+) 

* + growth 

- no growth 

- ( ... ) bacteria on plate, very little growth 

+(-) moderate growth 
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To ensure that the antibiotic mutants could grow on the 

fungicide-containing media to be used in the field studies, 

these strains were transferred to the media containing the 

appropriate antibiotics plus 100 ug/ml actidone and 250 

ug/ml of pimaricin. To determine the effectiveness of this 

antibiotic and fungicide containingmedia at suppressing 

indigenous soil organisms, 10 fold dilutions of Whitehouse 

gravelly loam were plated onto the various combinations. No 

fungi were observed growing on any of the plates. 

Although mutants of Lupine 96A11 could not be 

obtained, the two lupine strains could still be 

distinguished by growth on erythromycin-containing medium if 

necessary. Since the experiment was designed with the 

i n ten t ion 0 f red u c i n g c r 0 s·s con tam ina t ion e f f e c t s by 

including control plots which could be monitored throughout 

the experiment with the two lupine FA and the antibiotic 

containing media, an increase in one of the test organisms 

in a control area would be noted as probable cross 

contamination. In addition, the experimental area was 

fenced to omit contamination from animal traffic. 

Infectiyity Qf Selected Parent ~ Antibiotic Mutant Strains 

Parent strains of Lupine 43, Melilotus 73 and Lupine 

96A11, and mutant strains of Melilotus 73 and Lupine 43 

(K 15 E50 , K15K75 and K15E100) were tested in a series of 

infectivity studies. In all studies, plants were harvested 

after four to six weeks, and the roots were examined for the 



51 

presence of nodules. Nodules which were pink and firm were 

considered to be active. 

The parent strain of Melilotus 73 formed active 

nodules on Melilotus indicus and Medicago sativa. All of 

the mutant strains also formed active nodules on Medicago, 

but infectivity of mutant strains on Melilotus could not be 

evaluated due to poor germination of Melilotus indicus seeds 

in that particular study. Lack of germination of Melilotus 

seeds was seen in several studies and could have been due to 

storage conditions. Studies in which seeds germinated and 

grew satisfactorily involved seeds which had been stored at 

4C for five months. Freshly harvested seed, and seed which 

had been stored for eight months at room temperature failed 

to germinate. It is possible that Melilotus iodicus seeds 

require a chilling period in order to germinate. It should 

also be noted that the seed which did not germinate was 

collected in a different year than those that did germinate 

and grow. Perhaps climatic conditions during seed set can 

affect the seeds ability to break dormancy. 

Control plants of Medicago and Melilotus were usually 

free of nodules, although there was one instance where a 

small, green nodule was found 00 one Medicago control plant. 

Although Lupinus sparsiflorus seed were 

pregerminated, this species proved to be difficul t to grow 

in growth chamber conditions. Growth pouches were 

completely unsatisfactory, seed either rotted or the 

seedlings died shortly after emerging past the trough of the 
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pouch. Conetainers could be used if sufficient extras were 

planted and only the ones with established seedlings were 

used. Growth in Conetainers could probably be improved by 

finding a more satisfactory medium to grow the plants in. 

Leonard jars appeared to be the most successful way to grow 

~ sparsiflorus, but these are much larger and require large 

growth chambers if numerous replicates are required for an 

experiment. 

The parent strain of Lupine 43 formed active nodules 

on Lupinus sparsiflorus and the K15E100 mutant formed active 

nodules on three out of five of the replicates. The plants 

in the other two replicates died before harvest time. One 

active nodule was found on a K15E75 replicate which 

resembled thetrifuricate nodules normally found on plants 

such as alfalfa, rather than the spherical ones seen on 

lupine branch roots. No other nodules were found on Lupinus 

sparsiflorus treatments. On Lupinus polyphyllus cv. russell 

small green or white nodules were found on at least one 

replicate of all treatments inoculated with the Lupine 43 

strains. 

Lupine g6A11 formed active nodules consistantly on 

Lupinus oolyphyllus cv. russell and on two out of five ~ 

sparsiflorus replicates in one study. Controls for Lupinus 

sparsiflorus had no nodules and controls for ~ polyphyllus 

cv. Russell had small, white nodules on two out of ten 

replicates. 
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An attempt was made to reisolate the strains from 

representati ve nodules selected from each treatment where 

nodules had been found. Gram stains for the following 

isolates appeared to be identical to the strain which was 

originally used for inoculation: Lupine 43, parent culture 

on Lupinus sparsiflorus and ~ polyohyllus cv. russell; 

Lupine 43, K15E100 on h sparsiflorus; Lupine 96A11 on h 

sparsiflorus and h polyphyllus cv. russell; Melilotus 73, 

parent culture and all mutant strains on Medicago sativa and 

Melilotus indicus. No viable bacteria were isolated from 

the nodules found on controls. 

The two K15E100 isolates from Melilotus 73 and 

Lupinus 43 were transferred to the appropriate antibiotic

fungicide medium to determine if they were still capable of 

growth on this medium after reisolation from active nodules. 

Both strains showed good growth after three successive 

transfers onto antibiotic media and were stored on YEM agar 

slants for later use in the field stUdies. 

Growth ~ sng ~ Versus Alkali Production 

The changes in pH and the log number of cells over 

time are shown in Figures 1, 2 and 3. The two fast growers 

followed the standard bacterial growth curve, with a lag 

phase, log phase and stationary phase. Lupine 96A11 did not 

enter a typical stationary phase. A proposed explanation of 
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time. 
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Figure 2. Nelilotus 73; Log number of cells and pH versus 
time. 
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this will "be discussed later in this section. From these 

graphs the generation time of each strain was calculated 

using the following equation: 

where: 

u 
t, to 
Z , Zo 
g 

u = 
(log10 Z - log10Zo) (2.303) 

t - to 

= growth rate constant 
= specific times during growth 
= amount of bacteria at t and t 
= generation time (Stanier, e~ al., 1976). 

Lupine 43 and Melilotus 73 had generation times of 

4.0 and 4.7 hours, respectively. Both fast-growing strains 

reduced the pH of M.S. Chowdhury broth by an average of 2.5 

pH units. As is frequently seen with rhizobia, the major 

change in pH occurred as stationary ph8se was reached 

(Cooper, 1982). The slow-growing strain, Lupine 96A11, 

demonstrated two phases of growth. Initially there was 

rapid multiplication until the media contained approximately 

107 cells/mI. During this phase the generation time was 9.0 

hours. Instead of entering a stationary phase where numbers 

of cells remained fairly constant, Lupine 96A11 numbers 

continued to increase gradually. An increase in pH of 0.2 

units was recorded during the first 96 hours of this phase. 

After that, no change in pH occurred even though the number 

of cells continued to increase at a much slower rate. This 

decline in growth rate after there were 107 cells/ml present 
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in the medium may have been a reflection of the strains 

ability to utilize the nutrients supplied by this medium. 

Lupine 96A11 grew rapidly until the readily utilizable 

substrates were diminished, as did the fast growers. 

However, there was still some form of substrate present in 

the medium at this point which the slow grower could utilize 

and it contined to increase instead of entering a stationary 

phase. 

Utilization Qf Sugars ~ Amino Acids 

The final pH, turbidity and log number of cells were 

determined for each strain in each sugar and amino acid 

combination. The three strains were unable to utilize 

fructose as a carbon source regardless of which amino acid 

was provided. There was no change in turbidity or pH, and 

there was no growth on the plates from the dilution series. 

The results for arabinose were similar. The only exception 

was the combination of asparagine and arabinose for the two 

fas t-grow i ng s tra ins. Lup ine 43 and Mel i lotu s 73 surv i ved 

in small numbers, less than 10/ml and less than 100/ml 

respectively. Original inoculation numbers for both strains 

had been approximately 102/ml. Asparagine is utilized by a 

fast-growing strain of clover rhizobia \vhen carbon is 

limiting (De Hollander, et aI, 1979), so it is most likely 

that the cells were not actually utilizing the arabinose. 

Arabinose and fructose are considered good 

carbohydrate sources for Rhizobium and Bradyrhizobium 
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(Jordon, 1984; Graham and Parker, 1964). Bradyrhizobium in 

particular, is supposed to do well on arabinose 

(Chakrabarti, et aI, 1981). Failure of these three strains 

to grow on fructose and arabinose was probably due to 

experimental technique. Fructose decomposes at 103C, which 

is lower than the standard autoclaving temperature of 121C, 

and arabinose melts at 155C. Repeating the experiment using 

filter sterilzed arabinose and fructose could change the 

results. It would also be interesting to use a disaccharide 

and determine if the differences found between fast and slow 

growers(Glenn and Dilworth, 1981) hold true for the three 

strains in this research. 

Glucose and mannitol were utilized by all three 

strains to some extent. Galactose was only utilized by the 

fast growers. The results of growth on these three sugars 

are summarized in Table 7. The fast-growing strains were 

able to utilize more combinations of amino acids and sugars 

than the ·slow-growing strains. Glutamine was not a 

satisfactory source of nitrogen. With the exception of the 

two lupine strains in mannitol, little or no growth was 

observed for any of these strains when glutamine was 

included in the medium. Asparagine was utilized by all 

strains, with the exception of Lupine 96A11 in galactose. 

Lupine 43 and Melilotus 73 grew much more readily when 

asparagine was provided in media than did Lupine 96A11, 

regardless of the sugar used. The direction of change of 

the pH of the media was opposite for the two strains. When 



Table 7. Utilization of glucose, mannitol and ga~actose combined with various 
nitrogen sources (original inoculation 10 cells/mI. 

Lupine 43 Lupine 96A11 Melilotus 73 

pH T* ff/ml pH T* fl/ml pH T* fI/ml 

Glucose 

Asparagine + 1 • 1 0.5 102 0.0 0.0 10 3 -2.3 0.4 10 8 
Glutamine 0.0 0.0 10 3 0.0 0.0 10 1 0.0 0.0 103 
Yeast extract -0.2 0.0 10 1 0.0 0.0 10 4 0.0 0.0 104 

Mannitol 

Asparagine +0.8 0.8 10 8 0.0 0.0 10 5 -1.2 0.4 107 
Glutamine -0.2 0.2 108 0.0 0.2 106 0.0 0.0 102 
Yeast extract -0.7 1.0 10 8 0.0 0.2 10 8 -0.6 0.9 108 

Galactose 

Asparagine +0.2 0.0 106 0.0 0.0 0 -0.4 O. 1 10 8 
Glutamine 0.0 0.0 102 0.0 0.0 0 0.0 0.0 102 
Yeast extract 0.0 0.0 0 0.0 0.0 0 0.0 0.0 104 

*Turbidity measured at 650 nm. 

0\ 
o 
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asparagine was the nitrogen source, the trend was for Lupine 

43 to produce alkaline products and Melilotus 73 to produce 

acid. Lupine 43 also used galactose less efficiently than 

Melilotus 73. This could indicate that Lupine 43 is an 

intermediate strain since it produces alkaline end products 

when asparagine is supplied as a nitrogen source and its 

usage of galactose is intermediate between Lupine 96A11 and 

Melilotus 73. 

Detection Qf Flagella 

Lupine 43 (Figure 4 and 5) and Melilotus 73 (Figure 6) 

both possessed multiple flagella. In the case of Lupine 43 

many of the bacteria observed had a tendancy to retain a 

single polar flagellum more tenaciously than the other 

flagella (arrow), as is frequently seen in peritrichous 

strains (Ley and Rassell, 1965). Lupine 96A11 possessed a 

single polar flagellum (Figure 7). 
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0 

Figure 4. Lupinus 43; multiple peritrichous flagella. 

' 

Figure 5. Lupine 43; note firmly attached polar flagellum. 
(arrow) 
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Figure 6. Melilotus 73; multiple peritrichous flagella. 

Figure 7. Lupinus 96A11; single polar flagellum. 
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Intrinsic Antibiotic Resistance 

The results of the disc-susceptibility test used to 

determine intrinsic antibiotic resistance (IAR) are 

summarized in Table 8. Relative susceptibility or 

resistance to an antibiotic is expressed as the diameter, in 

millimeters, of the zone of inhibition surrounding a disc 

(Le., the larger the diameter, the more sensitive the 

strain was to the antibiotic (See Figure 8). The first five 

antibiotics function mainly as cell wall inhibitors, which 

are known to be more effective against gram-positive, 

bacteria (Stanier, et al., 1976). Lupine 96A11 and 

Melilotus 73 were not susceptible to any of these compounds. 

It is interesting to note that these two strains have a very 

similar colony morphology (See Figure 9). Within a given 

pattern of intrinsic reSistance, cowpea rhizobia from Vlest 

Africa tend to have the same colony type ~nd IAR within a 

narrow group of strains. The same study indicated that the 

"wet slimy" colonies showed higher and more varied 

resistance to antibiotics. However, Lupine 43, a strain 

with this "wet, slimy" colony morphology is the most 

sensitive of the three strains to antibiotics which inhibit 

cell wall synthesis. It does not appear that any general 

statement can be made about the relationship between colony 

morphology and instrinisic antibiotic resistance. The next 

six antibiotics function as protein synthesis and/or cell 

membrane synthesis inhibitors. In general, slow-growing 

strains are thought to be more resistant to antibiotics that 
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Table 8. Intrinsic antibiotic resistance. 

Diameter (mm) 
Antibiotic Lupine 43 Lupine 96A11 Melilotus 73 

Penicillin 6* 6 6 
Methicillin 6 6 6 
Ampicillin 18 6 6 
Carbenicillin 38 6 6 
Cephalothin 9 6 6 
Neomycin 14 17 18 
Chloramphenicol 9 6 9 
Kanamycin 25 27 25 
Streptomycin 16 30 13 
Tetracycline 51 16 46 
Erythromycin 13 6 6 
Sulfadiazine 46 6 53 

*6 = diameter of disk; indicates no inhibition 
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Figure 8. Zones of inhibition created by antibiotic disks. 

Figure 9. Colony morphology of Lupine 43, Melilotus 73 and 
Lupine 96A11. 
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inhibit protein synthesis (Pankhurst, 1977; Kremer and 

Peterson, 1982). This is true for chloramphenicol and 

tetracycline but not the others. In fact, the slow-growing 

strain was much more susceptible to streptomycin than the 

two desert strains. Most research indicates that fast 

growers are very sensitive to streptomycin (Franco and 

Vincent, 1976; Antoun, Bordeleau and Prevost, 1982). 

Species of Streptomyces have been shown to constitute 98 

percent of the actinomycetes found in Aridisols (Alexander, 

1977), so it is possible that the indigenous strains have 

developed a resistance to this antibiotic. Sulfadiazine 

inhibits growth by acting as an analogue to para

aminobenzoic acid, blocking the pathway which results in 

folic acid production (Stanier, et al, 1976). The two fast 

growing strains were very sensitive to this compound, while 

no inhibition was seen for Lupine 96A11. Since most 

bacteria must synthesize folic acid rather than obtain it 

from outside sources, it is uncertain why this difference 

occurred. Inhibition of bacterial growth by sulfadiazine 

can take several generations to show up (Rusin, 1985) so 

perhaps the difference in sensitivity is due to the 

difference in growth rate. Of the six antibiotics which 

produced a marked difference in the zone of inhibi tion for 

at least one of the strains, ampicillin, carbenicillan and 

erythromycin produced a similar reaction with Melilotus 73 

and Lupine 96A11, while sulfadiazine, streptomycin and 

tetracycline were similar for the two desert strains. 
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In general, the slow-growing Lupine 96A11 was more 

resistant to a broader range of antibiotics than the two 

fast growers. This was especially true for those 

antibiotics which inhibit protein synthesis. The only 

antiobiotic for which this was not true was streptomycin. 

Lupine 43 was more sensitive to compounds which inhibit cell 

wall synthesis than was Melilotus 73. The antibiotics 

neomycin and kanamycin, two compounds which are known to 

affect cell wall permeability as well as protein synthesis, 

demonstrated similar degrees of inhibition for all three 

strains. Mutants of fast-growing strains resistant to these 

two antibiotics usually lose their effectiveness, while 

slow-growing mutants do not (Pankhurst, 1977). It is 

possible that resistance to these two antibiotics is borne 

on the same megaplasimid as the genes responsible for 

symbiotic effectiveness in one genus, but not the other. It 

is also interesting to note that Lupine 43 was the only 

strain which was inhibited by the level of erythromycin used 

in this part of the experiment, yet mutants of Lupine 96A11 

could not be developed which were resistant to this 

antibiotic because of poor growth. Perhaps Lupine 96A11 was 

inhibited by the alcohol used to dissolve the erythromycin 

(Sinclair and Eaglesham, 1984) or by the combination of 

kanamycin and erythromycin. 
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Serotyping Qi Strains 

The fluorescent antisera were tested against 

indigenous Sonoran strains as well as commercial strains. 

Commercial strains were provided by the Nitragin Company 

(Milwaukee, WI). All other strains were isolated from 

plants from the Sonoran Desert. An earlier study involved 

testing 24 desert lupine strains and five commercial lupine 

strains, with the Lupine 43 serum. The results of these 

tests are included in Table 9. Lupine 43 serum reacted with 

18 of the 24 desert lupine strains. Geographic origin did 

not appear to be related to strain reaction. Initial 

testing of the serum showed a strong reaction with all five 

commercial strains. However, in later cross-checks between 

Lupine 96A11 and 43, no reaction was seen when Lupine 43 

cultures were stained with 96A11 antiserum, and only a 

slight reaction «1) was seen when the reverse was tested. 

The earlier reaction seen could have been due to 

unfamiliarity with the serum purification and subsequent 

staining procedures. 

Melilotus 73 serum reacted strongly with itself and 

to a slightly lesser degree with two commercial strains. 

Reaction with two strains which had been isolated from 

Medicago hispida was variable. 
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Table 9. Summary of fluorescent antisera reactions with 
commercial and indigenous Sonoran strains. (4+ = 
very bright with glowing "halo"; 0 = no reaction; 
V= variable*) 

Serum Strain Reaction 

Melilotus 73 Melilotus 73 4+ 
Medicago 74 V 
Medicago 94 V 
102F85(N)** 4 
102F66(N) 4 

Lupine 96A11 96A11 (N) 4+ 
43 0 

Lupine 43 43 1 
1 0 
2 1 
9 V 

10 4 
15 2 
20 4+ 
21 0 
22 4+ 
24 0 
26 0 
27 4+ 
29 4 
32 4 
39 0 
41 4 
50 4 
51 4 
52 4+ 
96A11 (N) V 
96A18 (N) 4 
96A20 (N) 4 
96A22 (N) 4 
96A25 (N) 4 

*Variable reaction indicates that the combination reacted 
sometimes, but not others. 

**(N) = Nitragin strain. 
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Recoyery.ru: Lupine II from Sterile Soils Using .tiLe. Sucrose 
Density Centrifugation Technique 

The following equation was used to calculate the 

number of bacteria recovered after counting the correct 

number of fields on a Nuclepore filter: 

(NF) A D 
No. of cells = 

a V 

where: 
NF = No. of cells counted per field 

A = Area of nuclepore filter 
a = area of microscope field 
D = Soil dilution factor 
V = volume of supernatant filtered. 

Initial recovery studies using Lupine 43 in Pimer 

silt loam indicated that it was necessary to use 

centrifugation speeds at or below 2500 rpm to maximize 

recovery of cells. Ten minutes was the optimum length of 

time. The results of a subsequent soil texture versus speed 

of centrifugation experiment are summarized in Table 10. A 

speed of 2000 rpm maximized recovery for all textures except 

the silt loam. 

Table 10. Percent recovery of Lupine 43 from different 
textured soils using varying speeds of 
centrifugation. 

Soil Texture 
Sandy loam Loam Silt loam Clay loam 

Speed (Anthony) (Laveen) (Pimer) (Pima) 
(rpm) 
1500 77 36 127 61 
2000 109 86 55 83 
2500 53 33 161 16 
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Two field studies were conducted at the· Oracle 

Agricultural Experimental Station, one in the spring and one 

in the summmer. Initial numbers of cells per gram of soil 

and soil moisture content were determined on bulk samples. 

Plate counts on antibiotic resistant mutants of Lupine 43 

and Melilotus 73 were initially performed on dilutions 

obtained on the sucrose plus soil subsample removed from the 

upper layer of the centrifuge tube. Results from the two 

week harvest of the spring study gave low plate counts, less 

than 100 colonies per plate for Melilotus 73, and less than 

10 for Lupine 43, on the full strength plates. Dilutions 

were done directly from the soil samples thereafter, which 

resulted in an apparent increase in number of cells per gram 

of soil which was not seen on corresponding filter counts 

for Lupine 43. In addition, in the second field study, 

Lupine 43 apparently mutated back to a non-resistant form, 

because this strain could no longer be recovered on the 

antibiotic medium used in the field studies. Plate counts 

and filter counts can not reliably compared statistically 

because recently dead cells react with the fluorescent 

antiserum and give higher counts than plates (Schmidt, 

1974). For the set h r e ere a son s , Mel i lot u s 7 3 \1/ a s not 

included in subsequent statistical analyses on survival. 

The first field study was conducted in the spring, 

and plots were harvested at 48 hours, one week, two weeks, 
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four weeks, eight weeks and twelve weeks. Average daily air 

temperature during this time ranged from 5C to 24C. Maximum 

air tern p·e rat u r e was 3 3 C, and min i mum was - 3 C • Mea sur a b I e 

rainfall occured during the ninth week of the experiment and 

totalled 2.8 cm. 

Melilotus 73 was present in higher numbers then 

Lupinus 43 for the first four· weeks, but this difference was 

only potentially significant at one week. At eight weeks 

numbers were higher for Lupinus 43, and at twelve weeks 

Melilotus 73 was higher. Survival for the two desert 

strains, based on plate counts was similar throughout the 

first field study. Melilotus 73 responded to the rainfall 

with an increase in number of cells per gram of soil of 

almost a full log. This data disagrees with a previous 

study in which growth of rhizobia in unammended soils 

occurred only in the presence of some phase of plant growth, 

and Rhizobium. meliloti did not respond at all to 

remoistening of dry soil (Pena-Cabriales and Alexander, 

1983). 

Survival of the two lupine strains is shown in Figure 

10. The significance of the difference between the means of 

the two populations was determined using Helch's 

Approximation to the t-test after converting each 

observation to its square root and then taking the mean 

value of the square roots (See Appendix B). Filter counts 

of control plots did not reveal any indigenous organisms 

which reacted with the fluorescent antisera and resembled 
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the two lupine strains, so it was not necessary to adjust 

the counts on the lupine plots before doing the statistical 

analyses. 

Lupine 43 survived in significantly higher numbers 

than did Lupine g6A11 for the first two weeks of the spring 

study (p<0.01). There was no difference in numbers of cells 

observed for the last three harvests. The timing of the 

spring study coincided with the time of year that lupine 

seeds germinate in the Sonoron desert. Since visible 

nodules are usually observed by two to three weeks after 

germination, the higher number of cells observed for Lupine 

43 during the first two weeks could give this strain an 

advantage. It would be necessary to perform competative 

studies on nodulation of lupines to determine how much of an 

advantage Lupine 43 has. 

The second field study was conducted in the summer, 

just after completion of the spring study. Average daily 

air temperatures ranged from 14C to 30C. Maximum air 

temperature was 38C, and minimum 5C. Soil temperature at 

7.6 cm depth, recorded as close to noon as possible, ranged 

from 34C to 40C, and averaged 37C. Measurable rainfall of 

0.3 cm occured during the third week of the summer field 

study. Samples were harvested at one week, two weeks, four 

weeks and six weeks. 

Lupine 43 was present in significantly higher numbers 

(p<0.01) for the first four weeks of the second field study 

(See Figure 10). At one and two weeks, this difference was 
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highly significant (p<O.001). Number of Lupine 43 cells 

doubled during the first week. The major decrease in cells 

occured between the first and second week, after that 

decline was gradual. Lupine 96A11 also demonstrated this 

biphasic rate of decline. The initial, rapid decline of 

both strains coincided with the major loss of soil mOisture, 

as is frequently seen with root nodule bacteria in soils 

undergoing drying (Pena-Cabriales and Alexander, 1979). 

Melilotus 73 did not begin to decrease until after 

the first week, even though the soil moisture content 

decreased from 11.6 to 6.4 percent during that time. From 

week one to week two, the decrease in the number of cells 

per gram of soil was rapid, almost one and a half logs. 

Numbers stayed the same from week two to week four, but from 

week four to week six, another rapid decline was observed. 

Soil moisture content remained the same from week four to 

week six, but number of cells per gram of soil decreased by 

almost a full log. This second phase of rapid decline was 

not seen in either of the two lupine strains, but this could 

have been due to the difference in counting technique used 

for Melilotus 73, rather than a difference in tolerance to 

dessication. 

In both field studies, the slow-growing Lupine 96A11 

demonstrated a major decline in numbers at a higher soil 

moisture content than Lupine 43 (See Table 11). Initially, 

Melilotus 73 responded with a major decline in numbers at a 

soil moisture level similar to Lupinus 43, but Melilotus 
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also declined rapidly during the last two weeks of the 

summer study, and this decline was not related to a drop in 

soil moisture content. 

Both desert strains increased slightly during the 

first week of the spring field study, and Lupine 43 also 

increased during the first week of the summer study. 

Melilotus 73 remained at initial inoculation level during 

the first week of the summer study. Lupine 96A11 decreased 

steadily from initial inoculation numbers during the first 

two weeks of both studies and appears to be less tolerant to 

dessication than the two desert strains. 

Incubator Studies 

Cells of the two lupine strains were harvested from 

the soil at 48 hours, one week, two weeks and four weeks. 

At 20C, with a constant moisture level, there was no 

difference in survival between the two strains in the 

Whitehouse gravelly loam (See Figure 11). This supports the 

conclusion that Lupine 43 is more resistant to dessication 

than 96A11, since differences were observed in the field 

when the soil underwent drying. Increasing the temperature 

to 40C in the Whitehouse soil resulted in a significant 

difference at one week (p<O.01), wi th 96A 11 being present in 

higher numbers (See Figure 12). This trend was true 

throughout the rest of this study, though the difference was 

not significant. Lupine 96A 11 is more tolerant to heat in 

this coarse textured soil, but the significance of this in a 
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Table 11. Percent Soil Moisture Content Field.Study 

Spring Summer 

Harvest ~ g6A 11 ~ g6A 11 

Initial 13.9 13.7 12. 1 11.5 

48 hrs 13.6 13.7 

1 wk 11.3 11 .3 6.2 4.3* 

2 wks 7.7 8.6* 3.1* 2.8 

4 wks 4.4* 5.9 1.3 1.4 

6 wks 1.2 1.2 

8 wks 2.4 2.5 

12 wks 5. 1 5.6 

*Time at which major decrease in log number of cells was 
noted. 
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field situation is doubtful, since lupines normally do not 

germinate at this temperature, and long term survival of the 

two strains is the same. 

In the higher pH Pima clay loam at 20C, both strains 

increased during the first 48.hours (See Figure 11). Lupine 

43 remained at this level throughout the first week, while 

Lupine 96A11 decreased to the initial inoculation level. 

Lupine 43 was recovered from the Pima soil in significantly 

higher numbers in the initial recovery (p<0.01) although 

both strains were inoculated into the soil at a rate of 2 x 

10 7 per gram of soil. Number of cells continued to be 

significantly higher for Lupine 43 for the first week, by 

the second week there was no significant difference between 

the two strains. By the fourth week however, Lupine 43 had 

increased to a significantly higher level (p<0.05). Both of 

the lupine strains survived in higher numbers in the Pima 

soil. Survival of root nodule bacteria is generally higher 

in fine textured soils, provided the clay content is not too 

high (Mahler and Wollum, 1981). Lupine 43 appears to be 

better adapted to survival in the high pH soil based on the 

observations that initial decline started later and was at a 

slower rate than that of Lupine 96A11, and towards the end 

of the study, Lupine 43 began to grow again. 

At the higher temperature, Lupine 43 was again, 

initially recovered in significantly higher numbers even 

though inoculation rates were similar (Lupine 43,6 x 10 7 ; 

Lupine 96A11, 7 x 107 ). By 48 hours however, there was no 
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signficant difference in cell numbers between the two 

strains. Lupine 96A 11 decreased fairly rapidly during the 

first week, while Lupine 43 decreased only slightly. This 

resulted in a significant difference between the two strains 

which persisted through the second week (p<0.01). At the 

end of this study, the two strains were present in 

essentially the same numbers. As with the 20C study, Lupine 

43 appears to be better adapted to survival in the high ph 

soil. 

Growth ~ Lupine Strains in pH-adjusted Media 

The sugar and amino acid utilization study 

demonstrated that the direction of change in the pH of the 

media differed depending on which combination of compounds 

was used. This pH controlled media study was done to 

determine what effect the starting pH of the media had on 

the end products produced by the bacteria. The pH levels 

selected approximated the pH levels of the two soils used in 

the incubator study, pH 6.0 and pH 8.0, plus a neutral pH of 

7.0. 

The pH of yeast extract mannitol broth was adjusted 

after autoclaving using 0.1 M NaOH or 10 percent HCl. 

Duplicate flasks were inoculated with approximately 10 2 

cells/ml of each strain for each pH. The starting pH and 

turbidity were recorded for each flask. Flasks were 

incubated on a rotary shaker at 25C. 

After one or two weeks, the pH and turbidi ty of the 
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samples were determined, and a dilution series was run on 

each flask. The average net change in pH, the turbidity and 

the final log number of cells are shown in Table 12. 

Table 12 : Growth of lupine strains in pH-adjusted media. 

pH 6 pH 7 pH 8 

II 96A11 !L3. 96A]] II 9!2A J ] 
pH +0.3 +0.3 -0.5 +0.1 -0.8 -0.3 

Turbidity 0.37 0.29 1.19 0.29 0.83 0.27 

No. of Cells 10 8 10 8 10 9 10 8 10 9 10 8 

When the starting pH of the media was 6.0, both 

strains produced alkali and raised the pH 0.3 units. A 

neutral starting pH of 7.0 resulted in acid production by 

Lupine 43 and a slight production of alkali by 96A11. Both 

strains produced acid at the higher pH, but the net change 

in pH for Lupine 43 was more than twice that of 96A 11. 

The initial pH of the media affects the type of end 

products formed as seen by the opposite change in pH at the 

high and low pH levels. The initial pH may also affect the 

quantity of extracellular polysaccharides produced by Lupine 

43. Although the increase in log number of cells was 

similar for each pH, the resulting change in turbidity was 

not. Turbidity changes must have been due to the amount or 

type of bacterial end product formed. 

The two lupine strains are capable of alter-ing the pH 

of laboratory media in either direction depending on the 

initial pH. Whether or not they are capable of altering the 
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pH of their microenvironment can not be said for certain, 

but Lupine 43 appeared to have an advantage in the pH 8.0 

soil which could not be attributed to soil texture or 

moisture content. It is possible that variable 

extracellular polysaccharide production at different pH 

levels creates a buffering zone around the cells rather than 

actually altering the pH of the soil (Cunningham and Munns, 

1984b). 



CONCLUSIONS 

Lupine 43 is an effective, fast-growing strain of 

root nodule bacteria. This strain produces acid in M. S. 

Chowdhury medium, and in several combinations of sugar and 

amino acids. When asparagine is supplied as an amino acid 

source however, Lupine 43 produces alkaline end products. 

This could indicate that Lupine 43 is an intermediate strain 

between fast and slow growers. Lupine 43 possesses multiple 

flagella, utilizes a wide range of sugar and amino acids and 

has a low intrinsic resistance to antibiotics, as is 

expected of fast-growing strains. The fact that a single, 

polar flagellum is held more tenaciously than the others 

could also indicate that this is an intermediate type of 

strain. Based on these characteristics, Lupine 43 would be 

classified as either Rhizobium loti or Rhizobium fredii. 

Since this strain possesses multiple flagella, it is 

probably Rhizobium fredii, but it would be necessary to 

perform analyses such as DNA homolgy, protein analysis and 

serological reactions to definately assign it to this 

species. 

Lupine 43 does appear to have adapted to desert 

conditions. Although it has a low intrinsic resistance to 
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antibiotics, it is fairly resistant to streptomycin, an 

antibiotic produced by a genus of actinomtcetes commonly 

found in aridisols. This fast-growing strain survives 

better than the slow-growing Lupine 96A 11 under field 

conditions, 

Lupine 43 a 

as soil undergoes drying, 

competative advantage. 

which would give 

When moisture is 

maintained at a constant level, Lupine 43 survives in higher 

numbers at 40C, a fact which is enhanced in the higher pH 

soil. Since Lupine 43 is able to adjust the pH of the media 

in which it is grown towards neutrality, it is also possible 

that it can create a buffering zone of favorable pH around 

the bacterial cells in the soil to enhance survival. The 

production of copious amounts of slime on laboratory medium 

does not give Lupine 43 a survival advantage over Melilotus 

73, a fast-growing desert strain with dry, pinpoint 

colonies. 
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Yeast Extract Mannitol Broth 
(Vincent, 1970) 

K2HP 04 
MgS0 4 •7H20 
NaCI 
Mannitol 
Yeast extract 
Distilled water 

0.5 g 
0.2 g 
0.1 g 

10 g 
0.4 g 

1000 ml 
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Autoclave at 120C for 15 minutes. The solid medium 
(yeast mannitol agar) contains 15 g agar/I. 



Nitrogen Free Nutrient Solution 
(Vincent, 1970) 

CaHP04 1 .0 g 
K2HP0 4 0.2 g 
MgS0 4 •7H20 0.2 g 
NaCl 0.2 g 
Iron chelate 0.05 ml* 
Water 1 .0 I 
Trace elements 1.0 ml from stock 

Stock Micronutrient Solution - 100 ml 

Bo 
Mn 
Zn 
Mo 
Cu 

0.5% (0.2864gH BO ) 
0.5% (0.1801gM~CI3·4H 0) 
0.005% (0.0220gZngo~·7H20) 
0.005% (0.0075gMoO~) 
0.002% (0.0050gCuS04) 
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Fill 100 ml volumetric flask half full with deionized 
water. Add micronutrients one at a time, swirling to 
dissolve in between additions. Bring to volume with 
deionized water. 

*Hamp-IronTM845 5% Iron Chelate Solution, Organic Cheem. 
Division, W. R. Grace & Co. Nashua, NH 03061. 



Modified M. S. Chowdhury Broth 
(Tan and Broughton, 1982a) 

Solution A 

Glucose 
Monosodium glutamate 
Lysine 
MgS0 4 ·7H20 
NaCl 
CaS04· 2H20 
FeS04·7H20 
Calcium pantothenate 
Thiamine HCl 
Biotin 
H3 B03 
ZnS04· H20 
MnS04· H20 
Distilled water 

Solution B 

10 g 
0.25 g 

0.1 g 
0.25 g 
0.25 g 
0.03 g 

0.0035 g 
0.004 g 
0.004 g 

0.0001 g 
0.0005 g 
0.0001 g 
0.0005 g 

800 ml 

1.2 g 
0.55 g 

200 ml 

Mix after autoclaving. Final pH - 6.8. 
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pH 8.0 Sodium Phosphate Buffer 
(May, 1981) 

Solution A 

NaH 2f'°4· H20 27.8 g 
Deionized water 1 1 

Solution B 

Na;;HP04 ·7H2O 53.65 g 
Delonized water 1 1 

Mix 5.3 mls of Solution A with 94.7 mls solution B. 
Dilute to 200 mls with deionized water. Store at 4C. 

pH 7.0 Sodium Phosphate Buffer 
(May, 1981) 

Prepared in 8 liter quantities. 

NaH2P0 4 ·H20 
Na2HP04 
NaCl 
Thimersol 
Deionized water 

Store at 4C. 

35.8 g 
92.4 g 
72.0 g 

0.8 g 
8 1 
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Welch's Approximation to the T-test 

x - y 
t = 

W S2 S2 
X 

+ -.X 
m n 

S2 Sf) x + 
f' m = 

[if JS;l _ m + 
m-l n-l 

~",here : 

S2 1 m 
X) 2 = m-l ·l:l(x. -x J.= J. 



Ames, P. and K. 
provided 
nodules by 
728-729. 
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