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Chromosomal Gene Transfer in Spiroplasma citri

GERARD BARROSO AND JACQUES l...ABAUR.E* 

The study of rcsiatance marker rearrangement in Spirop"1mto dtri mutants provides
cridcnce of transfer of chromosomal infurmation followed by recombination. This is
the fint report of such a transfer in vivo in the mol1icuta that is, in the smallcst self.
replicating organism•. '1hc double-resistant phenotypes obtained are stable even 
without selection pressure. The mcdtanism of gme transfer is insensitive to dcoxyribo
nuclcasc, requires contact, and possibly, areas of fusion of the cdl membranes; it shares 
properties with the transfer by protoplast fusion in Gram-positive bacteria. '1hc 
cDenshe clegenerativc evolution of mollimta bas retained, in S. dtri, bacterial 
functions of chromosomal transfer and recombination. 

S
PIROPLASMA CITRI IS A HELICAL 
mollicutc, pathogenic fur citrus trees 
(1). Mollicutes arc mainly character

W:d by absence of cell wall and by a small 
si7.c:d genome (2). They arc the simplest and 
smallest self-replicating organisms and may 
consequently be considered as minimum 
living systems (3). 

Little is known about the genetics of 
mollicutes because of the absence of muta
tions that can be used as chromosomal 
markers ( 4). An in vitro transfurmation of 
Acholeplasma laidlawii and Mycoplasma pul
monis with Tn916 has been reported (5). 
More recently, a conjugal transfer of this 
transposable clement from bacteria to Myco
plasma was obtained in mixed cultures of 
Streptococcus .foecalis and Mycoplasma hominis 
(6). However, nothing is known about in 
vivo chromosomal gene exchange in molli
cutcs. To detennine the existcncc of a spon
taneous transfer of chromosomal infurma
tion in S. citri, we used chromosomal mu
tants selected fur resistance to vanadium 
oxide orarsenic acid(�B). 

The isolation of ultraviolet-induced mu
tant strains (Arsal, resistant to arsenic acid, 
and V anR2, resistant to vanadium oxide) 
from S. citri R8A2 (ATCC 27S77) has been
described (7). All strains were triply cloned 

by conventional procedures (9), and stability
of phenotypes was verified after five subcul
turings (about 20 generations) in nonsclec
tive BSR medium (10). Spiroplasma citri cells 
were grown at 32"C in liquid or solid (O.S% 
agar) BSR medium or in BSR medium
supplemented with O.S mM arsenic acid 

(Merck) or 1 mM vanadium oxide (Merck). 
To study transfer of chromosomal infur

mation, we mixed 1 ml of a cell culture of
the mutant strain AfsR 1 in middle logarith
mic phase of growth (26 hours; H>9 cell/ml) 
with 1 ml of a culture of the mutant strain 
VanR2 in the same phase of growth (26 
hours; 2 x 10" cell/ml). After the mixture
was incubated at 32"C fur 3, 9, 18, or 42 
hours, samples were recovered and diluted, 
and 100 pl of convenient dilutions were
plated (in petri dishes SO mm in diameter) 
on BSR medium, to determine the number 
of colony-furming units (CFU), and on 
selective medium containing the two toxic 
products, to detennine the number of dou
ble-resistant colonies. The double-resistant 
colonies may have two different origins: 
spontaneous mutations in single-resistant 
cells or exchange of genetic material be
tween the two single mutant strains. In all 
the cxpcrimcnts, the spontaneous mutation 
fn:quencies were determined in control cell 

cultures of each single mutant strain. Assay
conditions fur the control cell cultures were 
the same as fur the mixture. 

Transfer of chromosomal infurmation 
was also investigated when SO Kunitz units 
of dcoxyribonuclease I (DNase I) and 20 pl 
of MgS04 (lM) were added per milliliter of 
culture medium, in mixtures and in control 
cultures. Persistence of the DNase activity
was verified after 60 hours of incubation of 
the mixture. 

To study the possible role of molecules or 
virus particles in cultures in dFecting the 
transfer, WC replaced 1 ml of the cell culture
of one mutant strain in the mixture by 1 ml 
of the same mutant strain culture that had
previously been centrifuged ( 11,000g fur 20 
minutes at 4"C) (Sorvall SS.I) and filtered 
on a Millipore membrane of 0.22-J.UD po
rosity to eliminate S. citri cells. To study the 
role of contaa between the two mutant 
cells, wc carried out experiments in a U-tube 
with two compartments. The two cultures 

(SO ml of each mutant strain) were separated
by a membrane of 0.22-J.UD porosity. The 
dFect of fusing agents was tested on mix
tures and control cultures in BSR medium 
containing polyethylene glycol (PEG) 6000 

(Merck), or in the presence of calcium and 
magnesium ions. In that case, O.OS volume 
of 20 mM KH2P04, O.OS volume of lM 
c.aa2, and 0.02 volume of lM MgS04 were 
successively added to the contents of the 
tubes. 

In all experiments, results were expressed 
as the fn:quency of double-resistant colonies 
in the population of CFU obtained on 
nonsclective BSR medium. In Table 1 arc 
reported the values of double-resistant colo
nies fn:quency in the mixture (T) and the 

Laboraroirc de GalmQuc Mol«ulairc, Univcrsib! de 
Bordeaux 11-INRA, C.ltA. de Bordeaux, Domainc de la 
Grande Fcrradc, 33140 Pont-dc-la·Mayc, France. 

"To whom oonapondcncc should be addressed. 

Table 1. Transfer of chromosomal infunnation in S. dtri. C.ells wen: from S. dtri cultures in middle logarithmic phase of growth. Each cxpcrimcntal value is 
the average of three independent c:xpcrimcnts. Standard crron arc indicated. 

Mixture 
conditions 

&sR l + V anR2 
+ DNasc 

An!-1 + filtered 
supernatant from V anR2 

VanR2 + filtered 
supernatant from AraRl 

Incubation 
time 

of the 
mixtures 
(hours) 

0 
3 
9 

18 
42 
18 
42 
18 
42 
18 
42 

Faucnceyof 
ARV colonies 

in mixture 
(T) 

(1 ± o.6) x lo-• 
(1 ± o.8) x lo-• 
(7 ± 1.2) x 10-• 
(1 ± 0.1) x 10-4 
(1±0.5) x10-4 
(1 ± 0.7) x 10-4 
(9 ± 0.8) x 10-5 

s1 x10-11 
s1 x10-9 

(3 ± 1.2) x 10-• 
(6 ± 2.1) x 10-• 

Frequency of Aava colonies Frequency of Aava 
obtained by spontaneous mutation colonies obtained 

by transfer of 
Control AraRl C.Ontrol V anR2 genetic information 

(S1) (S2) T- (S1 + S2) 

:Sl x 10-9 (l ± 0.1) x lo-• 0 
:Sl x 10-9 (1 ± 0.1) x 10-• 0 
s1 x10-9 (3 ± o.5) x lo-• (4 ± 1.7) x lo-• 
:Sl x 10-9 (3 ± 2.0) x 10-• (1 ± 0.1) x 10-4 
:Sl x 10-9 (7 ± 1.2) x 10-• (I ± o.5) x lo-• 
:sl x 10-9 (3 ± 0.9) x 10-• (1 ± 0.7) x 10-4 
:Sl x 10-9 (4 ± 1.4) x 10-• (9 ± o.8) x 10-5 
s1 x 10-9 (3 ± 0.9) x 10-• 0 
s1 x10-9 (6 ± 0.9) x 10-• 0 
:sl x 10-9 (3 ± 0.9) x 10-• 0 
:Sl x 10-9 (5 ± 2.4) x 10-• (1 ± 4.5) x lo.,.• 
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spontaneous mutation frequencies 81 and no effect in transfer (Table 1). Accordingly, 
82 in the control cultures of each single the transfer does not require the presence of 
mutant, after various incubation times. The free DNA in culture medium. 
difference between T and the sum 81 + 82 8piroplasma citri may be infected by virus 
represents the frequency of the double-re- whose known properties are very similar to 
sistant colonies obtained by gene transfer those of bacteriophages ( 12). 8piroplasma citri 
between the two types of cells in the mix- strain RaA.2, used in our experiments, has
ture. This difference was equal to zero until never revealed the presence of virus particles 
9 hours of incubation; it became clearly by appearance of plaque lysis or of extra
positive between 9 and 18 hours of incuba- chromosomal DNA molecules when total 
tion. After 18 hours, the difference was DNA was analyzed by agarose gel electro
maximal and equal to 1 x io-4• This high phoresis. Results of experiments searching 
frequency may be easily distinguished from for a possible role of undetected viral parti
spontaneous mutation frequencies, which des (for details of procedure, see above) 
are always less than 1 x 10-1• Accordingly, have shown that the double-resistant colony 
the excess of double-resistant organisms in frequencies obtained corresponded to the 
the mixture may be attributed to a transfer spontaneous mutations frequencies (Table 
of genetic material between the two single- 1). Accordingly, viral particles do not ap
resistant strains. pear to be involved in the transfer of the 

To verify the stability of the double- genetic material studied. . 
resistant phenotype of the colonies obtained The double-resistant colony frequencies 
from the mixture, 20 CFU of ArsRVanR in the two cultures of single mutant strains 
cells were triply cloned in nonselective BSR incubated for 18, 42, and 60 hours on the 
medium and transferred ten times (48 hours two sides of the membrane of the U-tube 
of incubation for each transfer) in nonselec- were equal to the double-resistant colony 
rive medium. For each clone that was trans- frequencies of each respective control cul
ferred ten times, the numbers of CFU and of ture . Consequently, a contact between the , 
double-resistant strains have always been two mutap.t cells seems necessary to transfer 
equal. This result shows that the double- genetic information. 
resistant strains are stable even on a medium High concentrations of PEG have been · 

without selection pressure, and accordingly, extensively used to increase fusion ofGram
that there is no segregation of the resistance positive bacterial protoplasts (13, 14). When 
phenotype. It allows the elimination of two PEG was added in S. citri mixtures in final 
possibilities: (i) "cross-feeding," in which concentrations of 40% (w/v) and 20% (w/ 
double resistance is the result of a cooper- v), the already high frequency of double
ation between single-resistant cells in mixed resistant colonies obtained by transfer and 
clumps resulting from cellular aggregation, recombination (1 x 10-4) was increased by
and (ii) the presence of the two chromo- factors of 2 and 4, respectively, and in a
somal molecules in the same polyploid cell. · poorly reproducible way. In the same way, 
The stability of the double-resistant pheno- the fusion-like effect of centrifugation 
type indicates that the transfer is definitive (11,000g for 20 minutes at 4°C) (Sorvall 
and is followed by a stable event such as SS.I) of a mixture of the two mutant strains, 
recombination, as shown for other orga- followed by suspension of the cell pellet in 
nisms ( 11). the supernatant, increased the frequency of 

The presence ofDNase in the mixture has double-resistant colonies by a factor of 2.5. 

These results suggest that the mechanism of 
chromosomal gene transfer involves a step 
of membrane fusion. 

The divalent cations calcium (CaCl2) and 
magnesium (Mg S04), used as fusing agents 
for plant protoplasts (15), had no effect on 
genetic marker transfer in 8. citri.

Table 2 shows results of mating experi
ments between cells collected at three 
growth phases. Only 8. citri from cultures in 
middle logarithmic phase of growth (26 
hours) was able to transfer genetic markers, 
indicating that this transfer depends on the
physiological state of the cultures. 

The insensitivity to DNase of the transfer, 
the absence of participation of viral particles, 
and the necessity of a contact between cells 
and, more precisely, of a membrane fusion 
step, as suggested by the influence of fusing 
agents, clearly distinguish chromosomal 
gene transfer in 8. citri from the DNase
sensitive mechanism of bacterial transforma
tion ( 16) and from transduction which in
volves viral particles (17).

Panicker and Minkley ( 18) proposed that 
the stable mating stage that necessarily pre
cedes transfer in conjugation of Escherichia 
coli, might be a stage of membrane fusion. 
This proposal suggests that chromosomal 
gene transfer in 8. citri and in Gram-positive 
bacteria may be related to conjugation in 
Gram-negative bacteria. However, no pilus 
and no F factor have yet been found in 
8piroplasma or in Gram-positive bacteria. 
Accordingly, gene transfer in 8. citri appears 
to be closely related to that in Gram-positive 
bacteria, especially by protoplast fusion ( 13, 
14), and not to conjugation ( 18). This result 
strengthens the previously reported phylo
genetic origin of mollicutes from Gram
positive bacteria ( 19). The degenerative evo
lution appears to have maintained the mech
anism of DNA transfer and recombination 
as two functions of these simple free-living 
organisms. 

Table 2. InBucnce of the physiological stage of the culture on the transfer of chromosomal information in 8. citri. Each experimental value ( T, 81, or 82) is 
the average of three independent experiments. Standard errors are indicated.

Frequency of ARVR colonies 
Phase of in the mixture ( 1) 
growth at indicated hours 

0 18  42 

Middle (1 ± 0.5) (2 ± 0.5) (2 ± 0.5) 
logarithmic x10-• x10-4 x10-4 
(26 hours) 

Late (1±0.6) (6 ± l.?) (9 ± 1.6) 
logarithmic x10-• x10-• x10-s
(43 hours) 

Stationary (7 ± l.?) (6 ± 1.9) (9 ± 0.8) 
(65 hours) x10-• x10-s x10-•

Frequency of ARVR colonies 
obtained by l:taneous 

mutation at in 'cated hours 

Control ArsR l Control V anR2 
(81) 

0 18 42 

:Sl :Sl :sl 
x 10-11 x 10-11 x 10-11 

:sl sl Sl 
x 10-11 x 10-11 x 10-11

:Sl :Sl :Sl 
x 10-11 x 10-11 x 10-11 

(82) 

0 18 

(l  ± 0.8) (3 ± 0.5) 
x10-• x10-s 

(2 ± 0.8) (8 ± 2.1 ) 
x10-• x10-•

(6 ± 0.9) (6 ± 2.1 ) 
x10-• x10-•

42 

(7 ± 1.2) 
x10-• 

(7 ± 2.1) 
x10-• 

(9 ± 0.5) 
x10-• 

Frequency of Aava colonies 
obtained by transfer '!r:etic
information at indica hours 

0 18 42 

(1 ± 1.3) 
x10-• 

(2 ± 0.5) 
x10-4 

(2 ± 0.5) 
x10-4 

0 0 (2 ± 3.7) 
x10-s 

(l ± 2.6) 0 0 
x10-• 
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Chromosomal gene transfer as described 
in this report may be used for the mobiliza
tion of S. citri chromosomes and conse
quently the establishment of a mapping 
system. Moreover, the development of Spi
roplasma genetics, studied in vivo or in vitro 
through recombinant DNA technology, will 
provide genetic tools to investigate prob
lems specific to Spiroplasma, such as helical 
morphology and pathogenicity, as well as 
the natureofgenes providing theminimal 
requirements for the life of these simple 
organisms. 

Finally, this report is a contribution to 
Morowitz's proposal (20) for a thorough 
understanding of all the functions of these 
simplest of prokaryotic cells. 
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