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ABSTRACT

Spiroplasma citri, the causal agent of stubborn disease of 

citrus, is an important disease in Arizona and other citrus producing 

areas throughout the world.

Seven isolates of Spiroplasma from different hosts and various 

locations in Arizona were compared with the California strain by the 

three following parameters: serology (growth inhibition test, 

metabolic inhibition test, deformation test, and Ouchterlony double 

diffusion test), utilization of different carbohydrates and arginine, 

and electrophoresis.

Results of the serological tests showed wide variation. In 

the growth inhibition and metabolic inhibition tests, two Arizona 

isolates (Nos. 1835 and 103) were different from the other isolates. 

Results of the deformation test showed one Arizona isolate (No. 1825) 

and the California strain (C-189) were different from the other 

isolates. In the Ouchterlony double diffusion test, two Arizona 

isolates (Nos. 1825 and 103) were serologically different from the 
other isolates studied.

Differences found by the carbohydrate and arginine test and 

electrophoresis indicate that two Arizona isolates (Nos. 1825 and 103) 

showed significant differences from all other isolates studied 

including the California strain.
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INTRODUCTION

The discovery of mycoplasma-like organisms in phloem tissue by 

Doi et al. (33) in 1967, has led to the reexamination of many plant 

diseases that were once believed to be caused by viruses (15, 22, 27, 

41, 42, 50, 54, 55, 72, 79). Stubborn disease of citrus is one such 

disease and is of considerable importance in many citrus growing areas 

of the world, including Arizona. In 1973, Leel'et al. (48) reported

that in California an estimated two million orange, grapefruit, and 

tangelo trees were severely affected with stubborn disease. It is 

estimated that 35-40 per cent of all Washington navel orange trees and 

15-20 per cent of all grapefruit trees grown in Arizona are infected 

with stubborn disease (6). Recently, it has been reported by Kennedy 

and Alcorn (46) that annual yield losses in 1976 from stubborn-affected 

citrus trees in two states (Arizona and California) have amounted to 

approximately 1.1 million dollars.

In 1970, Igwegbe and Calavan (41) demonstrated, by electron 

microscopy, that sieve tubes of young citrus leaves infected with 

stubborn disease contained many mycoplasma-like organisms. By 1973, 

various workers (2, 3, 35, 36, 68) had isolated this mycoplasma-like 

organism in cell-free media. Characterization studies performed on two 

isolates in particular (California 189, ATCC No. 27563, and Morocco 

R8-A2, ATCC No. 27556) (13, 69) allowed its placement within the class 

Mollicutes, order Mycoplasmatales (69). The citrus stubborn disease 

organism was named Spiroplasma citri by Saglio et al. (69) and the
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Moroccan isolate was designated as the type strain. Since then, 

various workers have shown the pathogenicity of Spiroplasma citri by 

transmission with insect vectors (48, 56-59).

Allen (2, 3) obtained Spiroplasma isolates from different 

cultivars of stubborn-affected citrus grown at various locations in 

Arizona. Several Arizona isolates were differentiated from previously 

described isolates from California and Morocco by various metabolic 

and serological tests (4, 7, 75). Results of these tests indicated
: ;5tithe existence of distinct strains of Spiroplasma citri. h
1 ; i

■; ' •; 11 :j Discovery of a Spiroplasma as the causal agent of corn stunt ■;

disease (28, 29, 32) provided additional evidence for the occurrence of u

strains, or even species, of Spiroplasmas. The corn stunt organism

(CSO) appears to have the same morphology as Spiroplasma citri but

differs in nutritional requirements (19, 39, 40, 70, 81), serology (19,

76, 81), and electrophoretic characteristics (52, 53). In addition,

Spiroplasmas have been isolated in pure culture from such diverse

sources as Bermuda grass (20, 63), flowers of tulip trees (25, 30),

ticks (77, 78), Drosophila spp. (80), Opuntia sp. (47), and honey bees

(31). The relationship of many of these isolates to Spiroplasma citri

and the corn stunt organism has not been fully determined. Many of the

serological and electrophoretic studies used for identification and

classification of Spiroplasmas from various sources are modifications of

studies of mycoplasmas from animals (21, 23, 37, 49, 64-67, 71, 73, 74).

Recently, Spiroplasmas have been cultivated from many naturally 

infected host cultivars near or in citrus growing areas. These 

cultivars include London rocket (8, 16, 44, 45), sedum, black mustard.
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and wild radish (17), periwinkle (5, 8, 12, 14, 38), shortpod mustard, 

Chinese cabbage, turnip, and pak-choi (60), and leafhoppers (8, 48, 59).

In Arizona, Spiroplasmas have been isolated from naturally 

infected host plants including both wild turnip and London rocket that 

are weeds often found in or adjacent to citrus groves (8). Viola, 

marigold, zinnia, and periwinkle (cultivated plants of wide distribu

tion) were found to harbor Spiroplasmas, as was the beet leafhopper 

Circulifer tenellus (Baker) in the Tucson area (5, 8). Relationships of 

these new isolates of Spiroplasma to the pathogenic citrus stubborn 

disease isolate from California (C-189) are important when considering 

that these naturally infected hosts may serve as reservoirs and 

alternate hosts of the organism causing stubborn disease of citrus 

in Arizona. Furthermore, C-189 has been used as a standard test 

organism in many areas worldwide (4, 7, 26, 36, 39).

This study was undertaken to determine the serological and 

electrophoretic differences, if any, of six recently cultivated 

Spiroplasma isolates collected from different naturally infected host 

cultivars at various locations in Arizona, as compared with the 

California strain (C-189) of the stubborn disease pathogen and one 

Arizona strain (isolate 103) also from stubborn-affected citrus. This 

research had four objectives:

1. To develop antisera to six isolates of Spiroplasma from 
Arizona.

2. To determine by serological and electrophoretic methods whether 

isolates of Spiroplasma from different host species and 

geographical locations were identical.
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3. To compare the Arizona isolates with the pathogenic isolate, 

C-189, from California citrus.

4. To evaluate methods used for strain identification of 

Spiroplasma isolates.



MATERIALS AND METHODS

Isolates

Eight isolates of Spiroplasma were compared serologically and 

electrophoretically. These included the California strain (C-189) and 

seven isolates of Spiroplasmas obtained from different host cultivars 

at various locations in Arizona (Table 1). Each isolate of 

Spiroplasma was.triply cloned prior to use.

,' Media

Organisms used for immunization, • electrophoresis, and serology 

tests (metabolic inhibition, growth inhibition, Ouchterlony double 

diffusion, and deformation) were grown in a slightly modified complete 

sorbitol medium (69). This medium, hereafter designated as No. 1-AZ, 

consisted of 1 g glucose, 1 g Bacto-D-fructose, 10 g sucrose, 10 g 

Bacto-tryptone, 21 g Bacto-PPLO broth, 2 g Bacto-yeastolate, 70 g 

sorbitol, 20 mg phenol red, in 1 liter of distilled water. The pH of 

the medium was adjusted to 7.7—7.8 by adding 7 ml of 1 tl NaOH. After 

autoclaving at 15 psi for 35 min the medium was cooled, then 12 ml 

sterile PPLO bovine serum fraction (Difco Laboratories, Detroit, MI) 

and 24 ml horse serum (Grand Island Biological Co., Grand Island, NY) 

were added. The horse serum was heat treated at 56 C for 1 hr before 

being added aseptically to the medium.

The agar medium used for growth inhibition tests consisted of 

10 g Bacto-agar, 21 g Bacto-PPLO broth, 2 g Bacto-yeastolate, 10 g

5
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Table 1. Isolates of Spiroplasma compared for serological and 
electrophoretic relationships.

Isolate Host Host location

1667 Wild Turnip (Brassica tournefortii) Yuma, Arizona

1802 Viola (Viola sp.) Tucson, Arizona

1806 Marigold (Tagetes sp.) Tucson, Arizona

1825 Zinnia (Zinnia sp.) Tucson, Arizona

1835 Periwinkle (Catharanthus roseus) Tucson, Arizona

1897 Leafhopper (Circulifer tenellus) Tucson, Arizona

103 iFrost Washington navel (N) Tempe, Arizona

201-Californiaa ;v Madam Vinous sweet .orange C-189, ATCC No. 
27563

^Isolate obtained from American Type Culture Collection (ATCC).



Bacto-tryptone, 10 g maltose, in 800 ml of distilled water. After 

sterilization 200 ml heat-treated horse serum was added aseptically 

to complete the medium, hereafter designated as No, 2-AZ."

Basic broth medium used for the carbohydrate and arginine tests 

consisted of 10 g Bacto-tryptone, 21 g Bacto-PPLO broth, 2 g Bacto- 

yeastolate, 70 g sorbitol, 20 mg phenol red, in 1 liter of distilled 

water. Equal volumes (250 ml) of the medium were placed into each 

of four 1-liter flasks. The pH of the medium in three flasks was 

adjusted to 7.7-7.8 by adding 1 _N NaOH and the pH of the fourth flask 

was adjusted to 7.0 by adding 1 HC1. Two and a half g of arginine, 

glucose, fructose, or sucrose were each dissolved individually in four 

beakers containing 12.5 ml distilled water and each solution was 

sterilized by filtration through 0.22 pm Millipore filters (Millipore 

Corp., Bedford, MA). To each sterile carbohydrate or arginine medium,

3 ml sterile PPLO bovine serum fraction (Difco) and 6 ml heat-treated 

horse serum (GIBCO) were added aseptically. Arginine was placed into 

the flask containing the medium adjusted to pH 7.0 before autoclaving, 

and filter-sterilized glucose, sucrose, and fructose were each placed 

into one of the remaining three flasks. This medium is hereafter 

designated as No. 3-AZ,

7

Culture of Organisms

Spiroplasma isolates for routine use were prepared by 

transferring 0.5 ml of inoculum from 2-3 day old log phase cultures into 

each of 2-3 screw-capped vials (4 drams) containing 4.5 ml of broth 

medium 1-AZ and incubated at 32 C for 2-3 days.
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Antigen Preparation

Samples of cultures 2-3 days old were examined by darkfield

microscopy to verify that Spiroplasmas occurred in populations of 
8 910 -10 before use as inocula. To one or more 1-liter flasks, each 

containing 800 ml of broth medium 1-AZ, 0,5 ml of inoculum was added 

and incubated at 32 C for 10-12 days. Samples were removed from each 

flask to confirm purity and growth of substantial populations of 

Spiroplasmas.

The cultures were then harvested by centrifugation at 4100 x g 

for 45 min at 4 C (Lourdes Beta-Fuge Centrifuge, Model No, A~2), The 

resulting pellets were washed and recentrifuged twice with phosphate- 

buffered saline (PBS), pH 7.0 (18). The pellets were resuspended in 

15 ml of PBS and cooled in an ice bath before disruption of the 

organisms by sonication for 1 min at 45 amp/min with a Bronson S-125 

Sonicator (Boston Instruments, Inc., Boston, MA).

Protein Analysis

The protein content of the sonically disrupted antigen was 

determined by Chaykin's modification of the Lowry protein analysis (18). 

The procedure required two reagents: Reagent A included one part 1% 

CuSO^'ZHgO, one part 2% Na^^H^Og’S^O, and 100 parts 2% Na^CO^; 

reagent B included one part Folin's reagent and two parts distilled 

water.

A standard curve was made by using bovine albumin stock solution 

(Sigma Chemical Co., St. Louis, M0) containing 1.0 mg/ml of protein.

The stock solution was diluted, using PBS at various dilutions ranging
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from the original concentration of 1,0 mg/ml to 1 p.g/ml. Each protein 

sample (0.5 ml) was combined by agitation with 5.0 ml of reagent A and 

allowed to incubate for 10 min at room temperature (t 25 C). Reagent B 

(0.5 ml) was then added and the resulting solution was again mixed 

thoroughly.: These solutions were incubated for 1 hr at room temperature 

before being poured into Spectronic 20 colorimetric test tubes (1.27 x 

10 cm) and light transmittance was read at 600 nm with a Spectronic 

20 spectrophotometer (Bausch & Lomb, Rochester, NY). The result of 

each dilution was plotted on semi-log paper with per cent transmittance 

on the abcissa and mg/ml of protein on the ordinate. Three separate 

trials were performed and averaged to establish a single standard curve 

representing the transmittance of each dilution.

Each sample of Spiroplasma antigen to be analyzed spectro- 

photometrically for protein content was diluted (1:5 and 1:10) with PBS 

buffer (pH 7.0) and was reacted with the reagents as described above. 

Transmittance of each dilution was read and protein content of each 

antigen was determined using the standard curve.

Preparation of Antisera

Antisera for six Spiroplasma isolates were prepared in white 

doe rabbits, each weighing 2-3 kg. Duplicate animals were used for 

antiserum production for each Spiroplasma isolate and, before a series 

injection was initiated, normal serum was collected from each rabbit 

by use of the heart puncture technique. Each rabbit received 5 intra

muscular injections, at 1-week intervals, of a 2 ml mixture of equal 

volumes of approximately 1.0 mg/ml of sonically treated Spiroplasma
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protein and Fruend's incomplete adjuvant (Difco). Bleedings were 

started one week after the last injection and repeated at 2-week 

intervals by the heart puncture technique for as long as 8 weeks.

During alternate weeks booster injections were administered to each 

rabbit. The blood collected was refrigerated at 4 C for 30 min while 

clotting. Clots were pelleted by centrifugation at 1026 x g for 15 min. 

The remaining antisera were transferred by Pasteur pipette to clean 

centrifuge tubes and then recentrifuged at 1026 x g for 15 min. The 

antisera were transferred to sterilized containers and frozen at 

—20 C until needed.

Antisera, Nos. 201 and 103, for the California isolate (C-189) 

and the Arizona isolate from Frost Washington navel, respectively, 

were prepared by Yoshimura (82).

Microprecipitin Test

Homologous microprecipitin tests were performed- for each 

antiserum for determination of titer. The procedure described by Ball 

(10) was used. Disposable plastic petri plates (100 x 15 mm) were used 

in the experiment, and as the plate surface was hydrophobic no plastic 

coating was required. Graph paper was used for tracing the correct 

pattern of squares on the inner lower half of each petri dish with a 

wax pencil. Two-fold dilutions were made of each antigen and antiserum 

(1:1 to 1:512) in small test tubes using PBS (pH 7.0) as the diluent.

To each square, the appropriate dilution of each antigen and antiserum 

was added. For controls, each dilution of antigen and antiserum was 

reacted with PBS buffer. Initial readings were taken after the plates
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had incubated at room temperature (t 25 C) for 2 hr. The surface of 

the inner lower half of each petri dish bearing the reactants was then 

flooded gently with mineral oil and the plates were stored at 4 C for 

an additional 22 hr at which time final readings were taken. The 

microprecipitin test was performed twice to determine the titer of each 

antiserum from each bleeding. The descriptions of microprecipitin 

reactions for the titers of antisera are shown in Table 2.

Growth Inhibition Test

Clyde's (21) procedure for the growth inhibition test was used 

with some modification. This test is based on the premise that growth 

of Spiroplasma on agar medium is inhibited by specific antiserum..

Agar medium 2-AZ, as previously described under Media, was

poured (10 ml) into petri dishes (60 x 15 mm) and before use was

allowed to dry partially for 2 days. Each Spiroplasma isolate having an
8estimated population of 10 colony-forming-units per ml (CFU/ml), as

_3determined by dark field microscopy, was diluted 1:10 . From this

dilution, 0.2 ml was applied evenly over the agar surface.

Antiserum of each Spiroplasma isolate was tested twice for both 

homologous and heterologous growth inhibition tests. Twofold dilutions 

were made of each full strength antiserum, using PBS (pH 7.0) as the 

diluent, until reaching a final dilution of 1:512. Sterilized, filter 

paper assay discs (12.7 mm; Schleicher and Schuell, Inc., Keene NH) 

were impregnated with 50 pi of either diluted antiserum, normal serum.

or PBS.



12

Table 2. Ratings and corresponding descriptions of microprecipitin 
reactions for determination of titer of each antiserum.

Rating Description

4 Dense clump centrally located in drop, with 
peripheral cloudy precipitation.

or without

3 Dense cloudy precipitation of large quantity, covering most 
of drop diameter (no clumps).

2 Scattered precipitation of medium density, 
of drop diameter.

covering 25-75%

1 Any visible precipitationiless than the "2" rating.

0 No visible reaction.



Three plates were used for each individual test: Plate 1 

received three antiserum impregnated discs (dilutions 1:1, 1:2, and 1:4) 

and, as control, one normal serum impregnated disc; plate 2 received 

four antiserum impregnated discs (dilutions 1:8, 1:16, 1:32, and 1:64); 

and plate 3 received three antiserum impregnated discs (dilutions 

1:128, 1:256, and 1:512) and, as control for the diluent, one PBS 

impregnated disc. The assay discs on all three plates were placed on 

the agar surface equidistant from one another and from the inner wall 

of the petri plate.

Plates were incubated in a moist chamber at 32 C. Depending 

on the rate of.maturation of different Spiroplasma isolates, the 

inhibition zone was measured after 10-14 days of incubation. Inhibi

tion zones of colony growth on the agar surface were measured from the 

edge of each assay disc to the margins of colonies. Titer was 

expressed as the reciprocal of the highest dilution of antiserum 

causing inhibition greater than 1.0 mm; inhibition zones less than 

1.0 mm were not considered to be significant.

Antibody Titer Ratios (Per Cent 
Relationship)

Difficulties were encountered when trying to express the degree 

of serological relationship of the eight isolates of Spiroplasma 

from the results obtained from the growth inhibition test. Therefore, 

the results were analyzed using a formula of Archetti and Horsfall (9) 

as modified by Clyde (21), which allowed the magnitude of relationship 

among the Spiroplasma isolates to be more simply expressed. The formula 

states that per cent relationship (r) equals /r^ x r^ x 100 per cent,

13
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where r heterologous titer, antigen 2 ,
rl homologous titer, antigen 1 ’ an r2

. A single figure, reflecting the

per cent of relationship, is derived by the degree of interaction 

between two antigens and their homologous antisera and a figure of 

less than 50 per cent indicates a distinct serological difference 

between two isolates. Homologous antigen-antiserum reaction is by 

definition 100 per cent in all instances.

when Spiroplasmas grow, glucose in the liquid medium is metabolized 

through fermentation and lactic acid is produced as an end product. 

Production of lactic acid causes reduction of pH in the liquid medium. 

Phenol red is incorporated into the liquid medium as an indicator of 

pH change. Color change of the liquid medium from red to orange or 

yellow indicates a reduction in pH. The resultant color change is then 

used as an indication that growth of Spiroplasmas has taken place. No 

lactic acid is produced when a specific antiserum that inhibits the 

growth of a particular Spiroplasma isolate is added to the liquid 

medium. Subsequently, there is an observed failure of the liquid 

medium to change color.

Taylor-Robinson and Berry (73) were used with some modifications.

Broth medium 1-AZ was prepared as described under Media and each 

metabolic inhibition test involved the use of 240 vials (each containing 

4.5 ml of broth medium 1-AZ), including controls. Twofold dilutions,

Metabolic Inhibition Test

The metabolic inhibition test is based on the knowledge that

The procedures described by Taylor-Robinson et al. (74) and
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starting with an initial preparation of 1:1 were made of each antiserum 

using PBS (pH 7.0) until reaching final dilutions of 1:256. Each 

dilution was filter sterilized through 0.22 pm Millipore filters, and 

50 pi of each sterilized dilution was placed into each of 24 vials.

Each set of vials was then heated at 56 C for 1 hr for inactivation of 

complement in each antiserum.

Cultures of Spiroplasma isolates were prepared for the 

metabolic inhibition test as described under Culture of Organisms.

Standardizing Spiroplasma populations of each isolate was 

required for reaction with specific dilutions of each antiserum. 

Microscope slides of each Spiroplasma isolate were prepared by placing 

a 10 pi drop of an active broth culture (2-3 days old) on a clear glass 

slide (25 mm x 75 mm) and covering the drop with a 22 mm x 22 mm cover 

slip (No. 1 thickness). To allow stabilization (reduced motility and 

suspension flow) of individual Spiroplasmas for accurate counting, 

prepared slides were kept at room temperature (i 25 C) for 10-15 min 

before microscopic examination. Populations of Spiroplasma isolates 

were estimated by calculating average numbers of Spiroplasmas seen by 

darkfield microscopy in 10 rectangular fields of view (70 pm x 100 pm) 

on duplicate glass slides.

A calculated quantity of each Spiroplasma isolate was placed 

into a vial containing a known volume of broth medium 1-AZ to yield 

adjusted populations of approximately 5.0 x 1C? CPU. Two successive 

tenfold dilutions were then made to obtain populations of each 

Spiroplasma isolate of approximately 5.0-6.0 x 105 CPU to be used for

inoculum. Vials of each dilution of antiserum received 0.5 ml of
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inoculum so that each contained a final population of each
4Spiroplasma isolate of 5.0-6.0 x 10 CPU.

Controls consisted of vials containing broth medium 1-AZ only 

for purity control of the medium, vials containing broth medium 1-AZ 

and each dilution of antiserum for pH control for titer determination, 

and vials containing broth medium 1-AZ and each of the eight 

Spiroplasma isolates as positive viability controls in the medium.

Each set of vials, including controls, was incubated at 32 C 

for 14 days. The pH of each test medium was then determined along 

with noting color changes. Titer was determined as the reciprocal of 

the highest dilution of antiserum inhibiting growth of Spiroplasma in 

the broth medium.

The metabolic inhibition test was performed three times for 

each antiserum. The results obtained from these tests were analyzed 

to determine the per cent of serological relatedness using the formula 

of Archetti and Horsfall (9) as modified by Clyde (21) (described 

previously under the Growth Inhibition Test).

Deformation Test

This test is based on the fact that, when a dilution of 

antiserum and a suspension of Spiroplasmas are mixed together, the 

antiserum will cause deformation of individual Spiroplasma units. The 

procedure outlined for the deformation test by Williamson and Whitcomb 

(80) was used.

Cultures of Spiroplasma isolates were raised as described under 

Culture of Organisms. Use of a standardized population of each

/
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Splroplasma isolate throughout this test was essential. Populations of

each Spiroplasma isolate were determined as described under Metabolic

Inhibition Test and only cultures containing populations within the 
8 Qrange 6.3 x 10 to 1.0 x 10 CPU were used. Both homologous and 

heterologous deformation tests were performed twice for each antiserum.

For this test, equal volumes (0.2 ml) of an antiserum and a 

suspension of Spiroplasmas were mixed together for an initial dilution 

of 1:1. The series was extended by making twofold dilutions of that 

preparation, to a final dilution of 1:2048. Each dilution was incubated 

at room temperature (t 25 C) for 1 hr before being examined by 

darkfield illumination. Slides were prepared as described under 

Metabolic Inhibition Test. Titer was expressed as the reciprocal of 

the highest dilution of antiserum at which approximately one-half of 

the Spiroplasmas were either completely or partly affected and one-half 

were unaffected and motile.

The results obtained from these tests were analyzed to determine 

the per cent of serological relatedness using the formula of Archetti 

and Horsfall (9) as modified by Clyde (21) (described previously under 

the Growth Inhibition Test).

Carbohydrate and Arginine Tests

The ability to utilize certain carbohydrates through fermenta

tion and the potential for hydrolyzing arginine by isolates of 

Spiroplasma were the basis for this test. The method was described

by Allen and Donndelinger (7).
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Each isolate of Spiroplasma was tested for capability of 

metabolizing glucose, sucrose, fructose, and hydrolyzing arginine. 

Carbohydrate and arginine media were prepared as described under 

Media (Medium 3-AZ). Phenol red was incorporated into the carbohydrate 

and arginine media as an indicator that growth of Spiroplasma had 

occurred (described previously under the Metabolic Inhibition Test).

Each test involved the use of 240 vials. Each vial contained either 

4.5 ml of basic medium plus one of the four individual energy sources 

(sugar or arginine) or, as a check for control of inoculum viability 

of each isolate, complete broth medium 1-AZ.’

Cultures of Spiroplasma isolates were prepared for the deforma

tion test as described under Culture of Organisms. Isolates of
8Spiroplasma having estimated populations of 10 CPU, as determined by 

darkfield microscopy, were used. One dilution (0.5 ml) was then made 

of each Spiroplasma isolate into one vial of each carbohydrate, 

arginine, and broth medium 1-AZ for use as inocula. Test vials of 

media each received 0.5 ml of one inoculum so that each vial of medium 

received approximately 10^ Spiroplasma CPU. Several vials of each 

carbohydrate, arginine, and broth medium 1-AZ were retained uninoculated 

for comparing the pH of each uninoculated medium with the inoculated 
test medium.

Each carbohydrate and arginine test was performed twice with 
each Spiroplasma isolate.
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Piazzi Test

The procedure described by Piazzi (62) was used to establish 

a balanced homologous antigen-antibody reaction for the Ouchterlony 

double diffusion test. Agar for this test was prepared as described 

below in the Ouchterlony Double Diffusion Test. Two parallel lines of 

round holes graduated in size were cut into the agar with a special 

cutter designed by Piazzi (62). Sonically disrupted antigen 

suspensions containing 1 mg protein per ml of each Spiroplasma isolate 

• were prepared as previously described. Antiserum for each Spiroplasma 

isolate was heated at 56 C for 1 hr for inactivation of complement and 

twofold dilutions were then made of each homologous antiserum (1:1 to 

1:8) using glycerol as the diluent. The Piazzi tests were performed 

by placement of antigen in one line of holes and one dilution of its 

■homologous antiserum in the other. Plates were incubated in a moist 

chamber at room temperature (dr 25 C) for 6-8 weeks. Optimal dilution 

of each homologous antiserum was determined by the formation of 

precipitin lines that were centrally located between the two lines of 

holes. The Piazzi test was performed twice for each dilution of 

homologous antiserum for each isolate of Spiroplasma.

Ouchterlony Double Diffusion Test 

The technique described by Lemcke (49) was used with some 

modification. Agar for this test consisted of 0.75 g Difco Noble Agar, 

0.9 g sodium chloride, 20 mg sodium azide, 6 drops (0.2 ml) of 1.0% 

(w/v) Trypan blue, in 100 ml of distilled water. After autoclaving 

at 15 psi for 10 min, 10 ml aliquots of agar were placed into plastic
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petri plates (100 x 15 mm). Cork borers were used to form a triangle 

of three wells in the agar in each plate. The center well was 7 mm 

diam. and the two companion wells were 6 mm diam. The distance between 

the center of the wells was 16 mm.

Sonically treated antigen suspensions containing 1 mg protein 

per ml of each Spiroplasma isolate were prepared as previously 

described.

Antisera were heated at 56 C for 1 hr for inactivation of 

complement. Antiserum (100 pi) from a Spiroplasma isolate was placed 

into the center well and homologous and heterologous sonically disrupted 

antigen suspensions (75 p.1) were placed individually into one of the 

two companion wells. Plates were incubated in a moist chamber at room 

temperature (i 25 C) for 6-8 weeks.

Each homologous antigen and antiserum was tested in duplicate 

for relationship with each heterologous antigen. Precipitin lines were 

characterized by number, shape, and location.

Electrophoresis

Polyacrylamide gel electrophoresis (PAGE) was performed using a 

vertical slab gel apparatus (Life Science Design and Development 

Facilities). The protein extraction procedure described by Dunker and 

Rueckert (34) was used after some modifications were made by Zaitlin 

and Hariharasubramanian (83) and Nelson and Tremaine (51). The Bishop, 

Claybrook, and Speigelman (11) method of preparing 5% polyacrylamide 

gels was slightly modified as described below and gels were stained 

using a modified technique of A1 Ani, Pfeiffer, and Lebeurier (1).
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Sonically disrupted antigen suspensions of 2 mg protein per ml 

of each Spiroplasma isolate were prepared as previously described.

Spiroplasma samples were dissociated by heating them to 90 C 

for 5 min in a protein extraction solution (pH 7.0) consisting of 4 M 

urea, 1% sodium dodecyl sulfate (SDS; Sigma Chemical Co., St. Louis,

MO), 0.05% 2-mercaptoethanol (Bio-Rad Laboratory, Richmond, CA) and 

0.5 M sodium phosphate (NaHgPO^).

The procedure of preparing a 5% polyacrylamide gel required a 

mixture of distilled water (6.7 ml) and four reagents: Reagent A 

included 5 ml of polyacrylamide stock solution consisting of 15 g 

acrylamide (Eastman Kodak Co., Rochester, NY) and 0.75 g N,N’-methylene- 

bis-acrylamide (Eastman Kodak Co.) in 100 ml distilled water; reagent B 

included 3 ml 5xB buffer (pH 7.5) consisting of 0.15 M NaH^PO^, 0.12 M 

Tris(Hydroxymethyl)aminomethane (Tris) and 0.005 M disodium 

ethylenediaminetetraacetate (EDTA) in 1000 ml distilled water; 

reagent C included 25 pi N,N,N',N*-tetramethylenediamine (TEMED; Bio- 

Rad Laboratory); reagent D included 0.25 ml of 10% ammonium persulfate 

(Bio-Rad Laboratory). This mixture was poured into the gel apparatus 

and allowed to polymerize for 30 min. A running buffer was used during 

the prerun to incorporate SDS into the gel. It was prepared by mixing 

one volume of 5xB buffer, 4 volumes distilled water, and 0.2% SDS (w/v), 

and was run for 15 min at 40 mA.

Test samples of protein in solution (40 pi) were mixed with 

0.5 mg bromophenol blue tracking dye (Bio-Rad Laboratory) and layered 

on top of the gel. Electrophoresis was run at room temperature 

(- 25 C) for 2.5 hr using 60 mA. After electrophoresis, the SDS was
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removed and the protein precipitated by soaking the gel in 10% 

trichloroacetic acid for 18 hr. The gel was washed,twice in distilled 

water to remove the acid and stained for 10-15 min in 0.25% Coumassie 

brilliant blue R-250 (Bio-Rad Laboratory) in methanol, acetic acid, 

and distilled water (5:1:5; v/v). Destaining the gel involved several 

changes in 5% methanol and 10% acetic acid solution.



RESULTS

Microprecipitin Tests

Results of the microprecipitin tests are summarized in Table 3. 

The data in Table 3 show that antisera from the last (4th or 5th) 

bleeding of each rabbit had the highest titers. Based on that data, 

the antisera from the last bleedings, titer 512, were then selected 

for use with all other serology tests.

Growth Inhibition Test

Results of homologous tests are shown in Table 4. These data 

represent the average widths of inhibition zones for each antigen by 

various dilutions of their homologous antiserum. For all antigens, 

the average widths of the inhibition zones were directly proportional 

to each antiserum concentration. Titer (reciprocal of the highest 

dilution of antiserum causing inhibition greater than 1.0 mm) of the 

homologous antiserum to isolate 1806 was 4. Antisera for isolates 

1667, 1897, and 103 each had a titer of 8 and the antiserum titer for 

isolates 1802, 1825, 1835, and 201 was 16. No inhibition zones were 

observed around discs impregnated with antiserum dilutions of 1:64, 

1:128, and 1:256 for all eight isolates of Spiroplasma and these results 

are not shown in Table 3. In addition, no inhibition zones were 

observed around discs impregnated with homologous normal serum or PBS. 

Figure 1 represents an example of a homologous reaction.

23
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Table 3. Homologous antiserum titer from the microprecipitin test for 
each collection of antiserum for six isolates of Spiroplasma.

Isolate Source
Rabbit
number

Bleeding
number

Antiserum
titer

1667 Brassica 1 1 512
1667 Brassica 1 2 512
1667 Brassica 1 3 256
1667 Brassica 1 4,5 512

1802 Viola 2 1 512
1802 Viola 2 2 256
1802 Viola 2 3,4 512

1806 Marigold 3 1 512
1806 Marigold , 3 2 256
1806 Marigold 3 3,4 512

1825 Zinnia 4 1 512
1825 Zinnia 4 2 • 128
1825 Zinnia 4 3,4 512

1835 Vinca 5 1 512
1835 Vinca 5 2 256
1835 Vinca 5 3 256
1835 Vinca 5 4,5 512

1897 Leafhopper 6 1 512
1897 Leafhopper 6 2 256
1897 Leafhopper 6 3 256
1897 Leafhopper 6 4,5 512

1667

1802

Brassica

Viola

7a

8b

1 256

1806 Marigold 9 1 256
1806 Marigold 9 2 256
1806 Marigold 9 3,4 512
1825 Zinnia 10 1 512
1825 Zinnia 10 2 64
1825 Zinnia 10 3,4 512
1835 Vinca 11 1 512
1835 Vinca 11 2 256
1835 Vinca 11 3 256
1835 Vinca 11 4,5 512
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Table 3.— Continued Homologous antiserum titer from the microprecipitin 
test for each collection of antiserum for six isolates of 
Spiroplasma.

l

Rabbit Bleeding Antiserum
Isolate Source number number titer

1897 Leafhopper 12 i 512
1897 Leafhopper 12 2 256
1897 Leafhopper 12 3 512
1897 Leafhopper 12 4,5 512

aRabbit expired during first bleeding, 
bRabbit expired during injection series and no antiserum was

obtained.
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Table 4. The relationships between average width of inhibition zone, 

various dilutions of antiserum, normal serum, and PBS in the 
homologous growth inhibition test for each of eight isolates 
of Spiroplasma.

Antigen

Reciprocals of dilutions of homologous 
antiserum for impregnation of discs

NSa PBSb1 2 4 8 16 32

Average width of inhibition zone (mm)C
1667 6.5 5.25 3.5 1.75 0 0 0 0

1802 10.75 8.75 7.0 5.5 2.75 0 0 0 :

1806 6.0 4.25 2.0 0 0 0 0 0

1825 8.25! 7.25 5.0 3.25 2.25 0 0 0

1835 7.75 7.25 5.0 4.0 2.5 0 0 0

1897 6.0 5.0 3.0 1.25 0 0 0 0

103 7.5 4.75 3.75 1.0 0 0 0 0

201 7.0 5.75 3.75 3.5 2.0 0 0 0

^Normal Serum.

^Phosphate-buffered saline (pH 7.0).

^Measurements were taken from edge of discs to margin of 
Spiroplasma growth. The results are averages of duplicate tests.
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Figure 1. Photographs of growth inhibition test plates showing the 
zones of inhibition in homologous trials —  These agar 
plates were incubated with 0.2 ml (1 x 10^ CFU) of a 2-3 day- 
old culture of isolate 1825 of Spiroplasma. Discs were 
impregnated individually with 50 pi of either antiserum 
(AS) at various dilutions indicated, normal serum (NS), or 
phosphate-buffered saline (PBS). Plates were incubated in 
a moist chamber for 10-14 days at 32 C.
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In the cross-reaction test, each antigen was tested against 

each heterologous normal serum, various dilutions of each heterologous 

antiserum, and PBS. Results of homologous and heterologous antiserum 

titers of the growth inhibition tests for each isolate of Spiroplasma 

are shown in Table 5. Data from Table 5 show that all antisera at 

several dilutions were capable of inhibiting growth of all isolates 

tested. Most heterologous titers were within one or two titer steps 

(dilutions) of the homologous titers, indicating that all the isolates 

(antigens) were closely related. Isolates 103 and 1806 show a differ

ence of 3 steps from isolate 1835,•thus indicating ttie presence of 

related but different strains. No inhibition zones were observed 

around discs impregnated with heterologous normal sera or PBS. Repre

sentative heterologous reactions are shown by Figure 2.

Antiserum titers from Table 5 were employed in the Archetti and 

Horsfall (9) formula as modified by Clyde (21) to determine the per 

cent of serological relatedness. The results are shown in Table 6.

Data from Table 6 indicate that isolates 1802 and 103 are serologically 

different. Isolates 103 and 1825 are not closely related to isolate 

1835 and differences exist between isolates 1825 and 103. Therefore, 

as determined by results of the growth inhibition test, isolates 103 

and 1825 are different from the other isolates of Spiroplasma as well 

as being serologically different from each other.

Metabolic Inhibition Test

It was observed in the metabolic inhibition tests that when the 

pH change of the medium in a vial was greater than 0.5 unit, as compared
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Table 5. Growth Inhibition test titers; antisera prepared against eight 
isolates of Spiroplasma reacted against their homologous and 
heterologous antigens.

Antisera and titers3

Antigen 1667 1802 1806 1825 1835 1897 103 201

1667 (8)b 8 8 8 4 8 8 16

1802 8 (16) 16 16 8 16 4 ' 16

1806 8 4 (4) 4 2 4 4 8

1825 8 8 8 (16) 4 8 8 16

1835 16 16 16 16 (16) 16 16 32

1897 8 8 8 16 4 (8) 4 16

103 8 4 4 4 2 8 (8) 16

201 8 8 8 16 4 8 8 (16)

aEach titer represents the average titer in two separate but 
identical tests.

^Parentheses indicate homologous titers.
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Figure 2. Photographs of growth inhibition test plates showing the 
zones of inhibition in heterologous trials —  These agar 
plates were inoculated with 0.2 ml (1 x 10^ CPU) of a 2-3 
day-old culture of isolate 1825 (A,B,C,D) of Spiroplasma. 
Discs were impregnated individually with 50 pi of either 
antiserum (AS) at various dilutions or normal serum (NS) 
as indicated. The antisera used were those to isolate 1802 
(AS-1802) and isolate 1806 (AS-1806). Plates were 
incubated in a moist chamber for 10-14 days at 32 C.
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Table 6. Serological relatedness among eight isolates of Spiroplasma 

determined by results of their antiserum titers from the 
growth inhibition test converted to antibody titer ratios and 

x expressed as per cent relationships.a

Antiserum

Antigen 1667 1802 1806 1825 1835 1897 103 201

1667 (100)b

1802 100 (100)

1806 100 100
:

71 ;

(100)

1825 71 71 (100) '»
1835 71 71 71 50 (100)

1897 100 100 100 100 71 (100)

103 100 35c 71 50c 50c 71 (100)

201 100 71 71 100 71 100 100 (100)

aThe serological relationships were calculated by the formula of 
Archetti and Horsfall (9) as modified by Clyde (21).

^Homologous antigen-antiserum reaction is by definition 100 per 
cent in all instances. Parentheses indicate homologous reactions.

^Indicates low serological relationship between the designated 
homologous antiserum and the heterologous antigen.
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to the control medium, the medium always changed in color from red to 

orange or yellow. This indicated that the particular dilution of 

antiserum used did not inhibit the growth of Spiroplasma. Vials of 

medium that remained red for a particular dilution contained sufficient 

antibodies to inhibit the growth of the organism, and the pH of the 

medium changed less than 0.5 unit.

Results of the homologous and heterologous antiserum titers of 

the metabolic inhibition tests for each isolate of Spiroplasma are

shown in Table 7. These data:indicate that all are closely related
i

1 because most of the titers (reciprocal of the highest dilution of 

:antiserum inhibiting growth of Spiroplasmas in liquid medium) of 

heterologous reactions are within the range of one or two dilutions 

of their homologous titers. Isolates 1835 and 1897 show a difference 

of 3 steps from isolate 103, thus indicating the presence of related 

but different strains. In addition, isolates 1802 and 201 show a 

difference of 3 steps from isolate 1835 emphasizing the presence of 

additional differing serological strains. Examples of both homologous 

and heterologous reactions are shown in Figures 3 and 4.

Antiserum titers from the metabolic inhibition test were 

converted to per cent of serological relatedness by the Archetti and 

Horsfall (9) formula as modified by Clyde (21). Results of these 

conversions are shown in Table 8. Data from Table 8 indicate that 

serological differences exist between isolates 1802 and 1835. Isolate 

103 is serologically different from isolate 1802 and, to a lesser 

degree, different from isolates 1835 and 1897. Based on the results 

of the metabolic inhibition test, isolates 103 and 1825 are different
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Table 7. Metabolic inhibition test titers; antisera prepared against

eight isolates of Spiroplasma reacted against their homologous 
and heterologous antigens.

Antisera and titers3

Antigen 1667 1802 1806 1825 1835 1897 103 201

1667 (4)b 8 8 8 2 4 16 8

1802 8 (16) 8 8 2 4 8 16

1806 4 8 (4) 8 2 4 8 8

1825 8 16 8 (8) 2 4 16 16

1835 4 8 8 8 (4) 4 16 16

1897 8 16 8 8 2 (4) 8 16

103 4 4 4 4 1 2 (16) 8

201 2 4 4 4 1 2 8 (8)

aEach titer represents the average titer in three separate but
identical tests.

^Parentheses indicate homologous titers.
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Figure 3. Photographs of metabolic inhibition test vials showing the 
results of homologous and heterologous reactions using 
antiserum 201 —  Vials containing 4.5 ml of medium were 
inoculated with 0.5 ml (5.0-6.0 x 10^ CPU) of a 2-3 day-old 
culture of isolates 201, 1806, and 103. In addition, 50 pi 
of serial twofold dilutions of antiserum from isolate 201 was 
added in each vial. (A) AG-201 with AS-201, titer (growth 
inhibition) is 16; (B) AG-1806 with AS-201, titer (growth 
inhibition) is 16; (C) AG-103 with AS-201, titer (growth 
inhibition) is 8. Vials were incubated 14 days at 32 C.
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Figure 4. Photographs of metabolic inhibition test vials showing the 
results of homologous and heterologous reactions using 
antiserum 1802 —  Vials containing 4.5 ml of medium were 
inoculated with 0.5 ml (5.0-6.0 x 10^ CFU) of a 2-3 day-old 
culture of isolates 1802, 1825, and 1897. In addition, 50 p,l 
of serial twofold dilutions of antiserum from 1802 was added 
in each vial. (A) AG-1802 with AS-1802, titer (growth 
inhibition) is 16; (B) AG-1825 with AS-1802, titer (growth 
inhibition) is 16; (C) AG-1897 with AS-1802, titer (growth 
inhibition) is 16. Vials were incubated 14 days at 32 C.
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Table 8. Serological relatedness among eight isolates of Spiroplasma 
determined by results of their antiserum titers from the 
metabolic inhibition test converted to antibody titer ratios 
and expressed as per cent relationships.a

Antiserum

Antigen 1667 1802 1806 1825 1835 1897 103 201

1667 (100)b

1802 . 100 (100)

1806 141 100 (100)

1825 141 100 141 (100)

1835 71 50C 100 71 (100)

1897 141 100 ' 141 100 71 (100)

103 100 35C 71 71 50C 50C (100)

201 71 71 100 100 71 100 71 (100)

aThe serological relationships were calculated by the formula of 
Archetti and Horsfall (9) as modified by Clyde (21).

^Homologous antigen-antiserum reaction is by definition 100 per 
cent in all instances. Parentheses indicate homologous reactions.

^Indicates low serological relationship between the designated 
homologous antiserum and the heterologous antigen.
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from the other isolates of Spiroplasma as well as being serologically 

different from each other.

Deformation Test

In the deformation tests, different types of results were 

observed when mixing a diluted antiserum directly with a culture of 

Spiroplasmas, including complete disintegration of Spiroplasma units, 

agglutination of several to many Spiroplasma units, malformation and 

deformation of Spiroplasma units, or no visible effect upon the 

Spiroplasma units. There were;many different forms of malformation 

and deformation of Spiroplasma units including straightening of helical 

filaments, formation of large blebs, decreased mobility and flexion, 

and swollen appearance of helices or straightened filaments. Figure 5 

shows the effects of mixing various dilutions of antiserum with 

Spiroplasma units.

Results of homologous and heterologous antiserum titers of the 

deformation tests for each isolate of Spiroplasma are shown in Table 9. 

Data from Table 9 indicate that all antisera had a strong effect on 

all isolates tested. All heterologous antiserum titers were within 

one or two dilutions of the homologous antiserum titer indicating 

that all isolates are closely related.

For further determination of the serological relationship 

among the eight isolates of Spiroplasma, the results from Table 9 were 

analyzed by the formula of Archetti and Horsfall (9) as modified by 

Clyde (21). The relationships among these eight isolates are shown in 

Table 10. Data from table 10 indicate that isolate 1825 differs from
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Figure 5. Photographs of deformation test slides showing the effects of 
mixing various dilutions of antiserum with Spiroplasma 
units —  Each antiserum dilution was mixed directly with 
0.2 ml (8.4 x 10^ CFU) of a 2-3 day-old culture of isolate 
1667 of Spiroplasma. (A) AG-1667 with AS-201 at 1:256 
dilution, arrows indicate swollen and straightened filaments; 
(B) AG-1667 with AS-201 at 1:123 dilution, arrows indicate 
formation of blebs; (C) AG-1667 with AS-201 at 1:64 dilution, 
arrows indicate agglutination of Spiroplasma units. Each 
slide was incubated for 1 hr at 25 C before examination.
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Table 9. Deformation test titers; antisera prepared against eight

isolates of Spiroplasma reacted against their homologous and 
heterologous antigens.

Antigen

Antisera and titersa

1667 1802 1806 1825 1835 1897 103 201

1667 (128)b 512 128 128 128 128 256 256

1802 256 (512) 256 256 256 256 256 1024

1806 128 128 (128) 128 128 64 64 128

1825 128 256 64 (256) 64 64 128 128

1835 128 512 128 256 (128) 128 128 128

1897 256 256 128 128 128 (128) 64 256

103 256 256 128 512 128 128 (128) 256

201 128 256 128 128 128 128 128 (512)

3Each titer represents the average titer in two separate but 
identical tests.

^Parentheses indicate homologous titers.
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Table 10. Serological relatedness among eight isolates of Spiroplasma 

determined by results of their antiserum titers from the 
deformation test converted to antibody titer ratios and 
expressed as per cent relationships.3

Antigen

Antiserum

1667 1802 1806 1825 1835 1897 103 201

1667 (100)b -

1802 141 (100)

1806 100 71 (100)

1825 71 71 50c (100)

1835 100 141 100 71 (100)

1897 141 100 71. 50C 100 (100)

103 200 100 . 71 141 100 71 (100)

201 71 100 50c 35c 50c 71 71 (100)

aThe serological relationships were calculated by the formula 
of Archetti and Horsfall (9) as modified by Clyde (21).

^Homologous antigen-antiserum reaction is by definition 100 per 
cent in all instances. Parentheses indicate homologous reactions.

^Indicates low serological relationship between the designated 
homologous antiserum and the heterologous antigen.
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isolate 201 and, to a lesser degree, from isolates 1806 and 1897. 

Isolates 1806 and 1835 are only distantly related to isolate 201, 

Therefore, as indicated by the results of the deformation test, 

isolate 1825 is different from the other isolates of Spiroplasma and 

isolates 1806 and 1835 are different from isolate 201.

Carbohydrate and Amino Acid Test

It was observed in the carbohydrate tests that when the pH 

change of the carbohydrate medium in a vial was greater than 0.5 unit, 

as compared to the control carbohydrate medium, the color of the medium 

changed from red to orange or yellow. This indicated that the 

Spiroplasma was capable of utilizing that particular carbohydrate as a 

source of energy. Vials of carbohydrate medium that remained red 

indicated that the Spiroplasma isolate was unable to metabolize that 

particular carbohydrate; the pH of the carbohydrate medium also changed 

less than 0.5 unit when compared to the control carbohydrate medium.

Utilization of arginine as a source of energy by Spiroplasma 

isolates resulted in ammonia production and concomitant increases in 

pH greater than 0.5 unit when compared to the control medium. The 

color of the medium in a vial changed from dark orange to red.

Results of the pH readings of the test media for eight isolates 

of Spiroplasma are shown in Table 11, Data from Table 11 indicate that 

all the isolates were capable of metabolizing fructose as a source of 

energy and none of the isolates was able to utilize sucrose. All 

isolates except 1825 and 103 were able to metabolize glucose and 

hydrolyze arginine as energy sources.
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Table 11. Results of utilization of components of test media (based on 

pH change) by eight isolates of Spiroplasma.

Test media3 and pH

Antigen Glucose Sucrose Fructose Arginine l-AZb

1667 5.50 7.98 5.19 7.59 6.57

1802 5.50 7.95 5.21 7.53 6.38

1806 6.34 7.96 5.19 7.66 6.11

1825 7.63 7.96 5.15 7.29 6.09

1835\ 7.20 8.00 5.14 7.46 6.31

1897 7.23 7.93 5.19 7.49 6.34

103 7.50 7.96 5.38 7.23 5.95

201 5.38 7.96 5.16 7.67 6.13

Control
media 7.87 7.99 7.78 6.95 7.65

aEach pH reading represents the average pH in two separate but 
identical tests each consisting of two replications.

^1-AZ broth medium was a positive control for the inoculum of 
each isolate.

^Control media were uninoculated test media. Initial pH was 7.8 
for each medium except arginine which was 7.0.
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Based on the results of the carbohydrate and amino acid tests, 

isolates 103 and 1825 appear to have different nutritional requirements 

as compared to the other isolates of Spiroplasma tested.

Piazzi Test

Results of the Piazzi tests indicated that mixing pure 

antiserum 1:1 (v/v) with glycerol formed a balanced homologous antigen- 

antibody reaction for each of the eight isolates of Spiroplasma. Based 

on these data, the homologous antiserum dilution of 1:1 was then

selected for ufee in all the Ouchterlony double diffusion tests.
!

Ouchterlony Double Diffusion Test

Preparations of each isolate of Spiroplasma citri were reacted 

against homologous and heterologous antisera and representative examples 

are shown in Figures 6, 7, and 8. Serological relationship between each 

pair of isolates was determined by the formation of precipitin lines of 

identity and lines of partial identity (spurs). In addition, anomalous 

precipitin lines were formed in some homologous and heterologous 

reactions but not in the counterpart reaction in the same test plate. 

These precipitin lines were included in the total number of precipitin 

lines formed by either the homologous or the heterologous reaction 

as shown in Table 12.

Results of the Ouchterlony double diffusion tests for the eight 

isolates of Spiroplasma are shown in Table 12. Based on the results of 

the Ouchterlony double diffusion tests, isolates 1825 and 103 are 

closely related; isolates 1825 and 1802 are only distantly related.
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Figure 6. Photographs of precipitin line patterns developed in
Ouchterlony double diffusion tests (A through F) after 6 
weeks incubation at 25 C —  Antiserum (AS) to the indicated 
Spiroplasma isolate was placed (100 pi) in the central well; 
sonically treated antigen (AG) suspensions (1.0 mg protein/ 
ml), as indicated, were placed (75 pi) into companion wells.
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Figure 7. Photographs of precipitin line patterns developed in
Ouchterlony double diffusion tests (G through L) after 6 
weeks incubation at 25 C —  Antiserum (AS) to the indicated 
Spiroplasma isolate was placed (100 pi) in the central well; 
sonically treated antigen (AG) suspensions (1.0 mg protein/ 
ml), as indicated, were placed (75 pi) into companion wells.
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Figure 8. Photographs of precipitin line patterns developed in
Ouchterlony double diffusion tests (M through P) after 6 
weeks incubation at 25 C —  Antiserum (AS) to the indicated 
Spiroplasma isolate was placed (100 pi) in the central well; 
sonically treated antigen (AG) suspensions (1.0 mg protein/ 
ml), as indicated, were placed (75 pi) into companion wells.
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Table 12. Results of the Ouchterlony double diffusion tests for eight 
isolates of Spiroplasma.

Antiserum
Antigen

1667 1802 1806 1825 1835 1897 103 201

1667 (4)a 3b>c 3C 3d 3C 3C 3d 4d
31 31 21 31 31 21 21

1802 4C (5)3 4C 4C 4d 4C 4d 4C
41 21 21 31 41 31 41

1PI 1PI 1PI 1PI

1806 4d 5d (4)a 4C 5d 3d 3d 3d
21 31 31 11 11 11 21
1PI 1PI 1PI

1825 4d 7d 5d (3)a 3d 2d 4° 3C
21 11 21 21 31 21

1835 3C 4d 3° 3d (3)a 3C 3C 4d
31 31 31 31 31 31 31

1897 5d 4d 4C 3d 3d (4)a 4d 5d
31 31 41 31 31 31 31

103 5C 5d 5d 6C 4d 3d (6)a 4d
51 41 31 51 41 31 31

1PI

201 4C 4C 5d 3d 4° 4C 3d (6)
41 41 41 31 41 41 31

^Numbers inside the parentheses indicate the number of 
precipitin lines formed by the homologous reactions.

^Indicates the total number of precipitin lines formed by the 
heterologous reactions.

cClosely related isolates, when compared to the homologous 
reaction.

^Related but different isolates, when compared to the homologous 
reaction.

Code: I = Precipitin lines of identity formed by the 
heterologous antigen. PI = Precipitin lines of partial identity formed 
by the heterologous antigen.
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Isolates 1667, 1802, 1806, 1835, 1897, and 201 are serologically 

related but contain some different antigenic properties.

Electrophoresis

Figure 9 shows representative examples of polyacrylamide gel 

electrophoresis (PAGE) of eight isolates of Spiroplasma. The upper 

portion of the gel shows five groups of heavy molecular weight proteins. 

Each group consists of either two or three bands and the total number 

of bands in the upper portion is 12. Seven prominent bands of low 

molecular weight proteins are shown in the lower portion of the gel. 

Therefore, the entire gel shows that each isolate of Spiroplasma has 

19 bands.

The results also show that the last band (lowest molecular 

weight protein) for isolates 1825 and 103 exhibits different mobility 

in the gel when compared to the other isolates. This indicates that 

isolates 1825 and 103 are identical and are closely related to the 

other isolates of Spiroplasma although slightly different from them.
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Figure 9. Photographs of polyacrylamide gel electrophoresis (PAGE)
columns showing the protein band patterns for eight isolates 
of Spiroplasma —  Sonically treated antigen (AG) suspensions 
(2.0 mg protein/ml), as indicated, were dissolved in 4 M 
urea and 1% SDS and 40 pi were placed on top of each column. 
Electrophoresis was run for 2.5 hr using 60 mA.



DISCUSSION

The eight isolates of Spiroplasma obtained from different host 

species and geographical locations were found to be related but based on 

serology and electrophoresis were differentiated into two groups.

Results obtained from growth inhibition tests showed that 

isolate 1835 was serologically different from isolates 1806 and 103.

In addition, when these results were analyzed by the method of Archetti 

and Horsfall (9) as modified by Clyde (21), isolate 1825 was 

serologically different from isolate 1835. Distinct serological 

differences were shown by isolate 103 when comparisons were made with 

isolates 1802, 1825, and 1835. On the basis of these data the eight 

Spiroplasma isolates can be sorted into two groups. Isolates 1667,

1897, and 201 constitute one group because no serological differences 

existed between these three isolates. Isolates 1802, 1806, 1825, 1835, 

and 103 represent the second group because each isolate showed individual 

serological differences.

Results of the metabolic inhibition tests showed that serological 

differences existed for isolates 1802, 103, and 201 from isolate 1835. 

Furthermore, isolate 103 was serologically different from isolate 1897. 

The results obtained by the metabolic inhibition tests, when expressed 

as per cent relationship, showed that isolate 1835 was serologically 

different from isolate 1802. In addition, isolate 103 showed low 

serological relationships with isolates 1802, 1835, and 1897. Based 

on these data the eight Spiroplasma isolates may be sorted into two

50
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groups. These data showed that isolates 1667, 1806, and 1825 represent 

one group because no serological differences existed between these 

three isolates. The second group consisted of isolates 1802, 1835,

1897, 103, and 201 because each isolate showed individual serological 

differences. It is noteworthy that the group of isolates showing no 

serological differences in the growth inhibition test differed from 

the comparable group identified in the metabolic test.

Results obtained from the deformation tests showed that all 

eight Spiroplasma isolates were serologically related. However, when 

these results were analyzed by the method of Archetti and Horsfall (9) 

as modified by Clyde (21), isolate 201 was serologically different from 

isolates 1806 and 1835. Serological differences were also observed for 

isolate 1825 when comparisons were made with isolates 1806, 1897, and 

201. These data support the division of the eight Spiroplasma isolates 

into two groups. Group one consisted of isolates 1667, 1802, and 103 

because no serological differences existed between these three isolates. 

Isolates 1806, 1825, 1835, 1897, and 201 constitute the second group 

because each isolate showed individual serological differences.

In the Ouchterlony double diffusion tests, all eight isolates 

of Spiroplasma shared at least one precipitin line of identity (with the 

one exception of AG-1802 and AG-1825 with AS-1825). However, none of 

the isolates could be shown to be identical by the standards of these 

tests. Therefore, the eight isolates of Spiroplasma are closely 

related, but are not identical.

The eight isolates of Spiroplasma when tested by growth inhibi

tion, metabolic inhibition, deformation, and Ouchterlony double
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diffusion tests, yielded different results. In the growth inhibition 

and metabolic inhibition tests, the eight isolates can be divided into 

groups based on serological differences. By the deformation tests, 

the eight isolates can be divided into two groups only after application 

of the results to the formula of Archetti and Horsfall (9) as modified 
by Clyde (21). Furthermore, in the Ouchterlony double diffusion tests, 

all eight isolates seem to differ only slightly from one another.

Both the growth inhibition and metabolic inhibition tests 

appeared to be insensitive to a specific antigen-antibody reaction.

This was indicated by the uniformly low homologous and heterologous 

titers shown in the results of both tests. However, the antiserum 

in the metabolic inhibition tests was diluted 100 times more than 

the antiserum in the growth inhibition tests by the placement of 50 pi 

of antiserum into 5 ml liquid medium. Positive results with this 

greater dilution suggest that the metabolic inhibition tests are much 

more sensitive than the growth inhibition tests. Thus, fewer 

antibodies are required to inhibit the metabolic activity of the eight 

Spiroplasma isolates than were needed to inhibit colony development.

The most reasonable explanation for the differences in sensitivity 

between the two tests is that in the metabolic inhibition tests the 

antiserum is in direct contact with the Spiroplasma units, whereas in 

the growth inhibition tests the antiserum must diffuse through the agar 

to react with the antigens. This conclusion has been reached by other 

workers (37, 73).

Comparisons of the deformation tests to the growth inhibition 

and metabolic inhibition tests are extremely difficult to make because.
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first, the antiserum was mixed directly with the Spiroplasma cultures in 

the deformation tests and deformation, not inhibition, of the 

Spiroplasma units was being measured. Second, the amount of antiserum 

used for the deformation tests was substantially larger than the amount 

used for in either the growth inhibition or metabolic inhibition tests. 

Third, the results of the deformation tests were obtained in 1 to 2 hr 

after mixing the antiserum with the Spiroplasma units while the results 

of the growth inhibition and metabolic inhibition tests were obtained 

after incubation for 10-14 days, during which time reproduction of 

Spiroplasma units occurred. Finally, in the Ouchterlony double diffu

sion tests sonically disrupted antigens were used; this treatment 

exposed both internal and external antigenic factors to react with the 

antiserum. In the other serology tests (antiserum induced growth 

inhibition, metabolic inhibition, and deformation) whole Spiroplasma 

units were used. In these instances reactions probably involved mainly 

external antigenic components and the antibodies against them.

The fact that Spiroplasma is a complex organism is substantiated 

by the results of the PAGE tests in which 19 protein bands were 

observed. Such complexity made the widely varying results of the 

Ouchterlony double diffusion tests extremely difficult to interpret in 

establishing bona fide differences between isolates. Relatedness, on 

the other hand, was more easily established because in 63 of the 64 

comparisons of antisera against both homologous and heterologous 

antigens (sonically disrupted Spiroplasma suspensions) (Table 12) there 

were lines of identity. In four comparisons there was only one line of 

identity; two lines of identity occurred in 11 comparisons; three such



lines occurred in 27 comparisons; four lines of identity were found in 

11 comparisons; five lines of identity developed in only two compari

sons.

The single instance in which no line of identity was found was 

in the test involving AS-1825 reacted against AG-1802; there were, 

however, seven precipitin lines formed by AG-1825. In the reciprocal 

test, in which AS-1802 was reacted against AG-1825, there were two 

lines of identity. This result suggests definite though perhaps 

distant relatedness between these isolates despite the negative result 

shown by the first test described above.

Table 12 clearly illustrates the variations found in the 

comparative double diffusion plate tests. Ouchterlony (61) describes 

six conditions contributing to the variations observed in my tests:

1. "The site of a precipitate depends on the initial concentration 

of the reactants and their diffusion coefficients" (61, p. 46).

In all trials reported here the protein concentration obtained 

from each antigen (isolate) was adjusted to identical amounts (1 mg/ml) 

and all eight antisera showed identical titers in the homologous 

microprecipitin tests. Differences in diffusion coefficients of 

proteins (antigens) as were shown by PAGE tests possibly contributed 

in part to the recorded variations.

2. "Balanced systems produce stable precipitation lines, un

balanced systems may produce 'migrating* precipitates and 

eventually duplication of lines" (61, p. 46).
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Unbalanced systems obviously occurred in the comparisons of 

eight antigens (derived from as many different host sources) against 

eight antisera, each of the latter produced in a different rabbit. 

Because each animal may respond differently in production of antibodies 

against individual antigenic components even though immunized with 

identical Spiroplasma preparations, this may have been a primary cause 

for the observed variations resulting from imbalanced systems. This 

would account, at least in part, for the presence of anomalous 

precipitin lines observed in some comparisons and absence of such 

lines in others.

3. "Established precipitates may dissolve in an excess of antigen 

and for certain immunosystems in an excess of antibody as 

well" (61, p. 46).

I found no direct evidence that established precipitates 

dissolved but the absence of certain precipitin lines in homologous 

reactions and their presence in heterologous reactions suggests that 

excesses of certain antigenic components or antibodies may have 

occurred in the complex immunosystems being compared.

4. "A precipitate acts as an immunospecific barrier for the 

reactants taking part in the precipitation but only to certain 

degree [sic] as, for instance in unbalanced systems" (61,

p. 46).

The occurrence of extremely broad precipitin lines between 

certain reactants (AS-1825 vs. AG-1825; Figure 7-H) and distinct 

thinner lines (AS-1825 vs. AG-103; same figure) suggests that



immunospecific barrier precipitates did occur. The possibility that 

this phenomenon did occur is strengthened by the fact that similar 

reactions were recorded in Figures 7-1, 7-K, and 8-P.

5. "Into consideration should be taken the possibility of bi- or 

multi-specific antigens, i.e., the reactive particle carrying 

determinants of two or more separate specificities" (61, 

p. 46).
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None of my tests established the presence of bi- or multi

specific antigens. The widely varying numbers of precipitin lines in 

comparable reciprocal trials of antisera versus antigens suggests the 

possibility of bi-specificity of antigens but no firm conclusions could 

be made.

6. "There is also the possibility that antibodies may be bi

specific, i.e., carrying two serologically different reactive 

sites" (61, p. 46).

Likewise, my tests did not conclusively establish bi

specificity of antibodies. However, for the same reasons stated above 

for antigens it is possible that some antibodies may have carried bi

specific capabilities.

Another possible explanation for the appearance of additional 

lines in a heterologous reaction is that the splitting of a major 

protein unit may occur. The heterologous isolate may contain the 

major protein unit in the form of two components and, when reacted 

with the antiserum of the homologous isolate, may form two precipitin
lines.
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It is my conclusion that the variation encountered in the 

results obtained from each different serological test was because of 

substantial differences in the test systems themselves. It would be 

difficult to draw firm conclusions for identification of new species 

or strains of Spiroplasma based on any single serological test. Strains 

may be differentiated on the basis of several different serological 

tests although such differences may be minor and not well understood 

at the present time. This conclusion agrees with recent reports by 

Davis (24) and Davis, Lee, and Basciano (26). Davis used four 

serological tests (growth inhibition, ring-interface precipitin, 

microprecipitin, and deformation) to divide Spiroplasma from several 

different hosts into three related but different serological groups.

Results obtained from the carbohydrate and arginine tests showed 

that only isolates 1825 and 103 were unable to utilize glucose and 

arginine as sole" sources of energy. On the basis of these tests these 

two isolates have different nutritional requirements than the other six 

Spiroplasma isolates. Furthermore, these results suggest that isolates 

103 and 1825 lack the arginine dihydrolase pathway apparently functional 

in many isolates of Spiroplasma.

It is my conclusion that the carbohydrate and arginine tests 

have useful diagnostic value for identification of species or strains 

of Spiroplasmas. This conclusion confirms the work of Allen (4),

Allen and Donndelinger (7), and Jones et al. (43). Allen (4) and Allen 

and Donndelinger (7) have shown by the use of these tests that isolate 

103 from Arizona is different from other Arizona isolates as well as 

the Morocco (R8—A2) and California (C—189) strains of Spiroplasma citri.
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In 1977, Jones et al. (43) showed that the growth of Spiroplasma citri 

is greatly reduced by the elimination of amino acids from the medium.

In addition, the growth of the corn stunt Spiroplasma (CSO) is greatly 

affected when organic acids are deleted from the medium.

Results of electrophoresis showed that isolates 1825 and 103 had 

a low molecular weight protein not found in the other isolates. These 

results emphasized that all eight isolates were closely related but 

that two identical isolates, 1825 and 103, by this test, are not 

identical to the other six isolates.

It is my conclusion that the use of electrophoresis will 

provide strong new evidence for the diagnosis of new species and strains 

of Spiroplasmas. This conclusion agrees with those made by Saglio et 

al. (69) and Padhi, McIntosh, and Maramorosch (52, 53), In 1973,

Saglio et al. (69) showed that the cell protein patterns of the 

California strain (C-189) and the Morocco strain (R8-A2) appeared 

identical but were different from other known Mycoplasma strains 

isolated from animals. Padhi et al. (52, 53) showed that differences 

existed in the proteins of Spiroplasma citri and the corn stunt 

Spiroplasma and taxonomic implications were drawn.

It is my conclusion, based on the research performed for this 

thesis, that two strains of Spiroplasma may be isolated from different 

host plants in Arizona, Two Arizona isolates (Nos. 103 and 1825) 

comprise one strain. The other five Arizona isolates (Nos, 1667, 1802, 

1806, 1835, and 1897) comprise the second strain; the California strain 

(C-189) is identical to the Arizona members of the second strain.
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All, however, are sufficiently related that they must be regarded as 

being strains of the one recognized species, Spiroplasma citri.
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