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Summary--The gusA gene encoding jl-glucuronidase has been adapted for use as a marker gene for 
ecological analysis of Gram-negative bacteria. A key requirement for such marker genes is that they 
should no1 directly affect the ecological behaviour being studied. In this paper, we examine the effects 
of introduction of the gusA gene on a representative and easily studied ecological phenotype, rhizobial 
nodulation competitiveness. Five independent isolates of Rhizobium tropici strain CIAT899 marked 
with the gusA gene on mini-transposon mTn5SSgusAlO were characterized for nodulation character- 
istics and Icompetitive abilities on common bean (Phuseolus vulgaris). Insertion of mTnSSSgusAl0 did 
not significantly change the nodulation or nitrogen fixation behaviour of R. tropici CIAT899. However, 
the competitiveness index of different mTn_5SSgusAlO-marked derivatives varied relative to the parental 
strain, both between three independent experiments and between isolates. One isolate was less competi- 
tive than the wild-type in all three experiments. The competitiveness indices of the other four gusA- 
marked strains varied between experiments, but in each case, they appeared either equally competitive 
or more competitive than the parental strain. The data obtained enabled highly statistically significant 
calculations of competitiveness indices, as all the nodules on each plant could be analysed for nodule 
occupancy. These experiments indicate that, although, primary selection of marked strains is essential, 
gusA-mark,cd Rhizobium derivatives with competitive abilities indistinguishable from the parental strain, 
can be reaclily obtained. 0 1997 Elsevier Science Ltd 

INTRODUCTION 

The gusA marker gene, encoding the enzyme /3-glu- 
curonidase (GUS), has been adapted for use as a 
marker for ecological studies in Gram-negative bac- 
teria (Wilson et al., 1995), with particular emphasis 
on its use as a marker for Rkizobium competition 
studies (Streit et al., 1992, 1995; Wilson et al., 
1995). Introduction of the gusA gene into a 
Rhizobium strain enables detection of marked bac- 
teria through a s’imple colour assay, the develop- 
ment of blue colour following incubation with X- 
GIcA (5-bromo,.4-chloro-3-indolyl /?-D-glucuro- 
nide). For strain identification, this has a number of 
advantages over previous techniques, such as intrin- 
sic (Josey et al., l979) or induced antibiotic resist- 
ance markers (Bushby, 1981; Turco et al., 1986), 
fluorescently-labell.ed antibodies (Schmidt et al., 
1968), immunodiffusion (Dudman, 1971) or ELISA 
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(Berger et al., 1979). These include a high degree of 
specificity due to the absence of GUS activity in 
both rhizobia and their plant hosts, and the fact 
that the assay can be carried out on intact nodu- 
lated root systems (Wilson et al., 1995), thus obviat- 
ing the need for picking of nodules for individual 
analysis of their contents, which has been a major 
impediment in competition studies. The latter is 
also a substantial advantage in terms of cost and 
speed of throughput compared to other molecular 
biological techniques, such as analysis of plasmid 
profiles (Shishido and Pepper, 1990), or discrimi- 
nation of strains using polymerase chain reaction 
(PCR) based techniques, including amplification of 
targeted and random DNA sequences (de Bruijn, 
1992; Pillai et al., 1992; Richardson et al., 1995). 

A number of mini-transposons have been con- 
structed that express gusA under different promo- 
ters for use in various ecological situations (Wilson 
et al., 1995). These ‘mini-transposons’ are disarmed 
to prevent autonomous transposition following 
insertion in the host genome, rendering them highly 
suitable for ecological studies involving microbial 
releases (Herrero et al., 1990; de Lorenzo et al., 
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1990). However, to use any marker gene system for 
ecological studies, the effect on fitness of the host 
organism must be rigorously evaluated first of all. 
There are at least three potential effects that could 
be associated with the use of the GUS mini-trans- 
posons. The first is the effect of expression of the 
gusA gene; the second is the effect of expression of 
the linked selectable marker in the mini-transposon, 
the aadA gene encoding spectinomycin-streptomy- 
tin resistance; and the third is the mutagenic impact 
of insertion of the transposon at random in the 
host genome. 

To date, the effects of introduced genes on the 
ecological fitness of the host organism have only 
rarely been evaluated (Doyle et al., 1995). Initially, 
it was widely assumed that genetically engineered 
microorganisms (GEMS) would always be impaired 
in fitness compared to parental strains, due to the 
additional metabolic load imposed by expression of 
the introduced DNA. In practice, this has proven 
not to be the case, with a number of studies demon- 
strating equal survival of GEMS and their parents. 
For example, a strain of Erwinia carotovora, engin- 
eered to contain a chromosomal kanamycin resist- 
ance gene, showed equivalent survival capabilities 
to its parental strain in soil microcosms (Orvos et 
al., 1990). Likewise, Pseudomonas aeroginosa and P. 
putida growth rates were unaffected by introduced 
plasmids, although survival capabilities may have 
declined slightly (Yeung et al., 1989). In other 
examples, fitness was compromised. For example, 
strains of P. Juorescens, marked with a Bacillus 6- 
endotoxin gene, had slightly decreased growth and 
survival capabilities compared to the parental strain 
(van Elsas et al., 1991). Further, effects on fitness 
may be dependent on the nature of the host strain, 
rather than the nature of the foreign DNA 
(Devanas et al., 1986) and the host genome may 
even evolve to become adapted to introduced DNA 
such that loss of that DNA subsequently reduces 
fitness (Bouma and Lenski. 1988). 

There are few examples where fitness properties 
other than growth or survival have been measured. 
Lam et al. (1990) analysed over 1200 mutants of P. 
putida containing a promoterless lacZ gene on a 
transposon Tn5 derivative for their ability to colo- 
nize roots and found isolates with both increased 
colonization ability and severely decreased coloniza- 
tion ability. However, the majority of isolates 
showed a colonization ability that differed little 
from the wild-type strain. A few research groups 
have examined the effect on competition of marking 
rhizobia with the intact transposon Tn5. Sharma et 
al. (1991) found that Tn5 insertion did not affect 
the competitive ability of two strains of chickpea 
rhizobia which had wild-type fixation abilities. 
Brockman et al. (1991) studied the symbiotic effec- 
tiveness and competitive ability of R. leguminosarum 
bv. viciae and R. Ieguminosarum bv. phaseoli strains 

marked variously with spontaneous antibiotic resist- 
ances or transposon Tn5 insertions or Tn5 plus vec- 
tor sequences. The two R. leguminosarwm bv. viciae 
isolates that contained only Tn5 insertions were not 
affected in either symbiotic effectiveness or competi- 
tive ability. Of three TnS-containing isolates of R. 
leguminosarum bv. phaseoli, one was unaffected in 
these properties, and two showed reduced nodule 
occupancy, with one of these exhibiting apparently 
increased symbiotic effectiveness. Rynne et al. 
(1994) used transposon Tn5-233 to isolate three 
mutants of R. leguminosarum bv. trifolii which were 
defective in aromatic compound degradation, but 
unaltered in competitive ability. These examples 
imply that effects of introduced transposons on eco- 
logical behaviour are due to position effects rather 
than inherent properties of the transposons them- 
selves. 

The ability of rhizobia to compete for occupancy 
of nodules on the legume host can be measured in a 
number of ways. Most commonly, ‘percentage 
nodule occupancy’ is quoted as reflecting competi- 
tive ability, which is generally determined by co-in- 
oculating two strains at a 1: 1 ratio in sterile 
conditions in the greenhouse (as in the above 
examples). In fact, it is the relationship between 
representation in the nodules (percentage nodule oc- 
cupancy) and representation in the inoculum that 
accurately defines competitiveness. A number of 
mathematical models have been devised to describe 
this relationship and to calculate the ‘competitive- 
ness index’ or CXn a constant derived from a re- 
gression of the log of the ratio of strains in the 
inoculum against the log of the ratio of nodules 
occupied by the inoculum strain (Marques Pinto et 
al., 1974; Weaver and Frederick, 1974; Amarger 
and Lobreau, 1982; Beattie et al., 1989). 

In the present study, we have examined the 
effects of insertion of the gusA marker gene on the 
competitive ability of R. tropici strain CIAT899 by 
determining the competitiveness indices of five 
gusA-marked derivatives of strain CIAT899 relative 
to that of the parental strain. For the first time, 
competitiveness indices could be calculated using 
analysis of all the nodules on each host plant, 
rather than the sampling strategy that was necessary 
in earlier work. 

MATERIALS AND METHODS 

Bacterial strains and media 

The bacteria used are listed in Table 1. 
Rhizobium tropici strain CIAT899 and its deriva- 
tives were grown in a modified yeast extract manni- 
to1 (YM) medium (Danso and Alexander, 1974) at 
28°C and E. coli was grown in LB (Ausubel et al., 
1995) at 37°C. Derivatives of strain CIAT899 con- 
taining mTnSSSgusA10 insertions were obtained by 
plate matings between CIAT899 and the mob+E. 



Effects of the gzd marker on Rhi:obium competition 

Table 1. Bacteria and plasmids used in the present study 

R. tropic; 
CIAT899 Wild-type strain Martinez-Romero rt al. (1991) 
CIAT899: :gusAlO A Sm’, Sp’, GUS+; mTnSSSgruAl0 integrated in genome 
CIAT899: :gusAlO B Sm’, Sp’, GUS+; mTnSSSgrwA10 integrated in genome 

This study 
This study 

CIAT899: :gusA 10 C Sm’. Sp’, GUS+; mTnSSSgrcsAI0 integrated in genome This study 
CIAT899: :gusA 10 D Sm’, Sp’, GUS+: mTnSSSgusA10 integrated in genome This study 
CIAT899: :gusAlO E Sm’. Sp’, GUS+; mTnSSSgusAl0 integrated in genome This study 

E. coli 
SI’I-I(>.-pir) RP4-2 (Tc? :Mu) (Km”: :Tn7) Tp’ Smr recA i.-ir V. de Lorenzo. University of Madrid 

Plasmids 
pCAMl10 Ap’, Sm’. Sp’; mobilizable plasmid carrying mTnSSSgrrsA10 transposon Wilson ef nl. (I 995) 

coli donor strain S 17- IQ-pir) harbouring pCAM 110 
as described by Wilson et al. (1995). 
Transconjugants were selected on agar plates con- 
taining minimal medium (Brown and Dilworth, 
1975) amended with 50 pg spectinomycin ml-’ and 
were obtained at a frequency of 1 per lo4 recipient 
cells. Eight transconjugants were purified on the 
selection medium amended with 40 pg ml-’ of the 
inducer isopropyl-/?-D-galactopyranoside (IPTG) 
and 50 pg ml-’ of the chromogenic substrate 5- 
bromo-4-chloro-3~-indolyl-8_D-glucuronic acid (X- 
GlcA). These iransconjugants were separately 
inoculated on to Phaseolus vulgaris plants grown as 
described below in N-free conditions (three plants 
per isolate), and after 3 weeks’ growth, the nodules 
were checked for the development of a blue colour 
in buffer containing X-GlcA as described below. 
Five isolates (A, IB, C, D and E), which gave deep 
blue nodules, were chosen for further study. The 
growth rates of CIAT899 and its derivatives were 
determined by inoculating single colonies into mini- 
mal medium (Brown and Dilworth, 1975) with 
sucrose (0.2% w/v) as the carbon source and am- 
monium chloride (0.7 g I-‘) as the nitrogen source 
and measuring lthe optical density at 600 nm 
(OD6a0) of a growing culture over 12 h. 

DNA isolation and Southern analysis 

Total genomic DNA from CIAT899 and its 
mTnSSSgusAlO-marked derivatives was isolated as 
described (Ausubel et al., 1995). Total DNA of 
CIAT899 and CIAT899::gusAlO A, B, C, D and E 
was digested separately with EcoRV and Notl, and 
2 pg of DNA was separated by gel electrophoresis 
(1.2% and 1% agarose, w/v, respectively) and 
blotted on to nylon membrane (Nylon 66, 
Sartorius). For the probe, the 3.3-kb Not1 fragment 
containing the gusA and 1acZ genes from 
mTnSSSgusAl0 [Fig. l(A)] was isolated from a low- 
melting-point agarose gel (Ausubel et al., 1995) and 
labeled with 32P by random priming (Ausubel et al., 
1995) to high specific activity (10’ counts min- 
-’ pg-’ DNA). The membrane was prehybridized 
for 6 h at 65°C in 5 x SSC (1 x SSC is 150 mM 
NaCl, 15 mM sodium citrate), 0.5% sodium dode- 
cyl sulfate (SDS), 0.1% Ficoll, 0.1% bovine serum 
albumin and 0.1% polyvinylpyrrolidone. 

Hybridization was performed in the same solution 
for 16 h at 65°C with the addition of 1.4 x lo6 
counts min-’ of probe. The filters were then washed 
twice with 2 x SSC, 0.1% SDS for 10 min at 65”C, 
once with 1 x SSC, 0.1% SDS for 10 min at 65°C 
and once with 0.5 x SSC, 0.1% SDS at 65°C. Auto- 
radiography was carried out at -70°C for 6 h in the 
presence of intensifying screens. 

GUS activity 

GUS activity was quantified using a spectropho- 
tometric assay in which the amount of p-nitro- 
phenol (pNP) produced by /I-glucuronidase activity 
from p-nitrophenyl glucuronide (pNPG) was 
measured (Wilson et al., 1995). GUS activity was 
normalized to the number of viable cells as deter- 
mined using a Miles and Misra drop count assay 
(Collins and Lyne, 1985) and was expressed in nmol 
pNP produced min-’ lo9 cells-’ (nmol pNP lo9 
cells-’ min-‘). Three replicate cultures were used for 
each strain. IPTG-inducible GUS activity was 
measured following growth of the cultures in YM 
broth containing 5 mM IPTG for 16 h. 

Competition experiments 

Three competition experiments were carried out 
between the parental strain and the five independent 
marked derivatives. Surface-sterilized seeds of P. 
vulgaris L. cv. Riz 44 (obtained from the Centro 
International de Agricultura Tropical (CIAT), 
Colombia) were germinated on 1.5% (w/v) water- 
agar plates and the seedlings transplanted into ster- 
ile modified Leonard jars (Vincent, 1970) containing 
sand and N-free nutrient solution (Somasegaran 
and Hoben, 1985). Each seedling was inoculated 
with a 1 ml cell suspension of CIAT899, and its de- 
rivatives either individually or in combination at 
five different ratios (levels I-V). Level I contained 
the highest proportion of the marked strain, and 
level V had the lowest proportion of 
CIAT899: :gusAlO strains. The inoculum was 
applied at approximately 2 x lo’-lo9 cfu per seed- 
ling for the first experiment and at lo6 cfu per seed- 
ling for the subsequent experiments; the exact 
numbers of each strain were verified at the time of 
inoculation using the Miles and Misra drop count 
method (Collins and Lyne, 1985). Jars containing 
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Fig. 1. Southern analysis of gusA-marked R. tropici CIAT899 transconjugants. (A): Structure of 
mTnSSSgusA10. (B, C) Autoradiograms of total DNA and plasmid control DNA, digested with 
EcoRV (B) and Not1 (C). respectively. Hybridization was performed using the 3’P-labelled 3.3 kb Not1 
fragment of mTnSSSgusAl0 [hatched area in (A)] as a probe. Plasmid pCAMll0 which contains 
mTnSSSgusA10 (lane 1) and total DNAs from strains CIAT899, CIAT899::gusAlO A, B, C. D and E 

(lanes 2-7) are shown. 

single plants were arranged in a complete random- 
ized block design (five replicates in experiments one 
and two, three replicates in experiment three). 
Controls included uninoculated plants and plants 
grown with the addition of 0.05% w/v KN03, i.e. 
70 pg ml-’ N. Plants were grown at 20-2X with 
16-h days, and were harvested 30-35 days after 
planting, at the early vegetative stage. Shoot dry 
weight and nodule numbers were determined. 

Staining of nodules 

Nodulated roots were harvested, washed with 
water and immersed in 40 ml GUS-extraction buffer 
(50 mM sodium phosphate buffer pH 7.0, 0.1% (v/ 
v) Triton X-100, 0.1% (w/v) Sarcosyl, 0.05% (w/v) 
SDS, 1 mM EDTA) amended with 4Opg 

IPTG ml-’ and 100 pg X-GIcAml-‘. A vacuum 
was applied for IO-15 min to facilitate penetration 
of the substrate. Afterwards, the roots were incu- 
bated for 24 h at 37°C in the substrate-containing 
buffer. The roots were then transferred to fresh buf- 
fer amended with IPTG and X-GlcA, and a vac- 
uum was again applied for lo-15 min, followed by 
incubation at 37°C overnight. 

Statistical analysis 

The mean value for the log of the proportion of 
nodules occupied by the GUS-marked strain was 
calculated for each inoculation ratio (I-V), and 
competitiveness indices were then calculated by lin- 
ear regression using the equation of Beattie et al. 
(1989) as described in Results. The probability that 
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the intercept (i.e. C,,) was equal to zero was calcu- 

lated, as were the 95% confidence limits for both 
intercept and slompe. The coefficient of determination 
and the probability that the slope of the regression 
line is zero were also calculated for each data set to 
verify that a linear relationship did exist between 
the log of inoculation ratio and the log of the pro- 
portion of nodule occupied by a strain. Data on 
growth rates and GUS activities of the different 
strains, and on :jhoot dry weight and nodule num- 
ber for the plants, were first subjected to analysis of 
variance. If thi:j showed there to be significant 
differences between treatments, the means were sep- 
arated using Duncan’s Multiple Range Test 
(Gomez and Gomez, 1984). 

RESULTS 

Southern analysis 

To confirm that five independent mTn5SSgusA lo- 
marked derivatives were being studied, the position 
of insertion of th.e transposon in the CIAT899 gen- 
ome was determined for each derivative using a 
Southern blot analysis. Total DNA of the wild-type 
strain CIAT899 and the transconjugants used in 
this study, digested with EcoRV, was probed with 
the 3.3-kb Not1 fragment containing the gusA 
and 1acZ genes from mTnSSSgusA10 [Fig. l(A)]. 
No hybridization signal was obtained with the 
parental strain CIAT899. Two EcoRV fragments 
of 1.4 and 0.2 kb, both of which are internal to 
mTnSSSgusA10, hybridized in all transconjugants, 
except isolate E; DNA from isolate E showed hy- 
bridization of a 0.2-kb fragment, but not of a 1.4- 
kb fragment [Fig. l(B)]. Additional hybridizing 
EcoRV fragments were apparent in the different iso- 
lates. These correspond to restriction fragments 
containing the ends of the transposon and the adja- 
cent genomic DNA, and vary in size depending on 
the insertion site Iof the marker gene in the genome. 
Two such border fragments were apparent in iso- 
lates B, C, D and E, indicating that mTnSSSgusA10 
was introduced in the single copy and was 
inserted randomly in the genome. However, 
CIAT899: :gusAlO isolate A showed four variable 
fragments, suggesting that two copies of 
mTnSSSgusA10 had been integrated [Fig. l(B)]. 

The absence of a 1.4-kb EcoRV fragment hybri- 
dizing to mTnSSSgusAl0 in isolate E suggested that 
the EcoRV restriction site in the lacl gene was lost 
[Fig. l(A, B)]. This was further supported by hy 
bridization of genomic DNA of all strains digested 
with Not1 with the same probe. The genomic frag 
ment that hybridized in isolate E was of a different 
size from the predicted 3.3 kb observed in the other 
isolates [Fig. l(C)], indicating that one of the two 
Not1 sites had been lost. Most probably, a deletion 
of the ‘right-hand’ side of the transposon had 
occurred, leading :to a loss of most of the 1acZ gene, 

Table 2. Growth rates and GUS-activities of wild-type strain 
CIAT899 and five isolates marked with ~usA 

Mean GUS activity 
generation GUS activity (plus 5 mM 

Strain time (min) (no IPTG) IPTG) 

CIAT899 137 0 0 
CIAT899: :gusAlO A 137 2.3” 140.0’ 
CIAT899: :gusAlO B 150 4.5” I 50.0a 
CIAT899: :gusAlO C 137 I .6” 66.0b 
CIAT899: :gusAlO D 137 2.1U 1OO.oab 
ClAT8W:gusAlO E 131 56.0b 79.0b 

Growth rates are presented as mean generation times and are cal- 
culated from values of ODhm obtained between 88 min and 
482 min, when growth was logarithmic (see Fig. 2). 

GUS activity is reported as nmol pNPG hydrolysed lo9 
cells-’ min-‘. Values given are the mean of three replicates. 
Means within one column that are not significantly different 
from each other at P = 0.05 share the same superscript letters. 

including the EcoRV site and adjacent Not1 site 
[Fig. l(A)]. Consistent with this hypothesis, gusA in 
isolate E was constitutively expressed rather than 
being inducible with IPTG (Table 2). 

Growth analysis 

CIAT899 and the five CIAT899: :gusAlO isolates 
showed similar growth behaviour in minimal med- 
ium (Fig. 2). Mean generation times, which were 
calculated over the logarithmic period of growth 
(88-482 min), were very similar between strains 
(Table 2). 

GUS activity 

The GUS activity of CIAT899 and the five gusA- 
marked isolates was quantified both with and with- 
out induction by IPTG (Table 2). Strain CIAT899 
had no detectable GUS activity. GUS-marked iso- 
lates A, B, C and D showed 30- to 60-fold induc- 
tion by IPTG. In the absence of IPTG, there was 
no detectable difference between the basal GUS ac- 
tivities of these four strains. Following induction, 
differences of up to twofold were detectable, but 
these differences were significant only at the 
P = 0.05 level, and not at the P = 0.01 level. By 
contrast, GUS activity for isolate E was high in 
both the presence and absence of IPTG, and no sig- 
nificant difference could be detected between the 
values of induced and uninduced GUS activity for 
isolate E (Table 2). 

Symbiotic characteristics and competitive ability of 
GUS-marked isolates 

The central aim of this work was to compare the 
symbiotic and competitive characteristics of the 
GUS-marked isolates with the parental strain, and 
this was done by evaluating their performance in 
symbiosis with the host legume species P. vulgaris 
L. cv. Riz44 in three separate experiments. In all 
three experiments, no significant differences were 
observed between shoot dry weight or nodule num- 
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Fig. 2. Growth curves of strain CIAT899 and five different mTnSSSgusAlO-marked derivatives. Single 
colonies were inoculated into minimal medium, and growth was monitored over a 12-h period. 

ber (although there was considerable plant-to-plant from one experiment are shown in Table 3. Similar 
variation in nodule number) for all five isolates values were obtained in the other two experiments 
compared to the parental strain CIAT899. The data (data not shown). 

Table 3. Shoot dry weight, nodule numbers and nodule occupancy of plants inoculated with different ratios of wild-type strain CIAT899 
and five GUS-marked derivatives 

Isolate 

Ratio (GUS- Shoot dry weight Number of Percentage GUS- Percentage 
marked strain: (g) nodules marked nodules CIAT899 

wild type) nodules 

Percentage 
mixed nodules 

CIAT899: :gusA IOA 

ClAT899: gusAlOB 

CIAT899: :gusAlOC 

CIAT899: :gusAlOD 

CIAT899: :gusAlOE 

CIAT899 
No inoculation + N 
No inoculation -N 

Single strain 
9 
4 

0.25 
0.1 

Single strain 
9 
4 

0.25 
0.1 

Single strain 
9 
4 

0.25 
0.1 

Single strain 
9 
4 

0.25 
0.1 

Single strain 
6.4 
2.8 
0.8 
0.2 
0.1 

Single strain 

0.90b 
0.8gb 
0.85b 
0.7gb 
1.12b 
0.98 
0.70b 
0.84b 
1 .OOb 
0.81b 
1 .02b 
l.14b 
0.79b 
0.70b 
0.90b 
0.70b 
0.79b 
0.93b 
0.86b 
0.8gb 
0.99b 
0.93b 
1 .07b 
0.93b 
0.89b 
0.8gb 
l.Olb 
0.95b 
0.67b 
0.85b 
0.97b 
2.40’ 
0.29’ 

197ab 
162bc 
145de 
153cd 
19Vb 
1 52cd 

;$ 

1 62bc 
1 86”b 
173”b 
1 57cd 
167’b 
167”b 

;;,$ 

144d@ 
l15e 

172”b 
241” 
1 73’b 
1 7tidb 
155cd 
188’b 
190Ub 
228”b 

;;$ 

149+ 
171”b 

27b 
0’ 

100 0 
84 13 
74 21 
59 32 
38 55 
26 65 
100 0 
53 36 
30 59 
16 76 
5 90 
2 95 

100 0 
82 13 
67 24 
47 46 
20 68 
20 69 
100 0 
86 9 
79 16 
48 44 
23 68 
11 84 
100 0 
86 9 
80 13 
59 33 
38 55 
25 68 
0 100 

n.a. n.a. 
na. n.a. 

0 
3 
5 
9 
8 
9 
0 
11 
II 
8 
5 
3 
0 
6 
9 
7 
12 
11 
0 
6 

;; 
9 
5 
0 
5 
6 
8 
7 
8 
0 

n.a. 
n.a. 

Data are from experiment 3 and are the means of three replicates. Means within one column that are not significantly different from each 
other at P = 0.05 share the same superscript letters. The data in the last three columns are an example of the data used to calculate 
competitiveness indices. These percentages are based on the nodule numbers given in the previous column. 

n.a. = not applicable. 
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To determine the influence of insertion of 
mTnSSSgusAl0, on the competitive ability of the 
five isolates, each GUS-marked strain was co-inocu- 
lated with parental strain CIAT899 in five different 
ratios, and nodule occupancy was determined fol- 
lowing XGlcA staining of whole roots [Fig. 3(a)]. 
On plants that were coinoculated with GUS-marked 
isolates and the unmarked parental strain, a small 
proportion (O-20%) of nodules showed distinct 
blue and unstained regions [Fig. 3(b)]. The 
unstained parts of these nodules were considered 
not to be due to substrate limitation as all nodules 
of treatments, where a mTnSSSgusAlO-marked de- 
rivative was used as a single strain inoculum, devel- 
oped a deep blue colour with inner and outer layers 
of the nodule being equally stained, as judged by 
hand sectioning. The partial staining therefore 
could have been due to dual occupancy of nodules 
by marked and unmarked strains. 

This was confirmed by carrying out nodule iso- 
lations. Ten nodules per plant were selected at ran- 
dom from the mixed inoculation treatments and 
were surface sterilized, crushed and spread on YM 
plates containing 50 /*g ml-’ X-GlcA. Strains were 
identified as GUS-marked or wild type, depending 
on whether the colony turned blue or not. The pro- 
portion of mixed infection nodules based on this 
plating assay ranged from 0 to 30% per plant (i.e. 3 
out of 10 nodules sampled), whereas that estimated 
based on partial staining of nodules ranged from 0 
to 20%. It is difficult to compare the two figures 
exactly, because the sample sizes were considerably 
different in each case (10 nodules vs. greater than 
150 nodules), but the plating data support the idea 
that partial staining of nodules is due to dual occu- 
pancy. As the staining assay is a destructive one, it 
is not possible to confirm directly that partially- 
stained nodules contain a mixed infection by isolat- 
ing bacteria from such nodules. 

For all three experiments, the competitiveness in- 
dices of the GUS-marked derivatives were calcu- 
lated relative to the unmarked parental strain using 
the model described by Beattie ef al. (1989). In this 
model, competition between two different strains is 
described by the relationship: 

log[(pX + Pboth)/(PY + Pboth)] = cx: Y + k[log(I.k’/I Y)]. 

where strain X and Y are the two competing 
strains; Px and Py are the proportion of nodules 
occupied by X and :r, respectively; &,,,th. is the pro- 
portion of nodules occupied by both strains; and Ix 
and I y represent the concentrations of strains X 
and Y in the inoculum. The intercept of this 
equation, CxZv, is (defined as the competitiveness 
index: a statistically significant positive value indi- 
cates that strain X is more competitive than strain 
Y, and a negative value indicates that it is less com- 
petitive. The slope, k, gives the rate at which the 
nodule occupancy ratio changes as the inoculum 

ratio changes. This can vary widely, from values as 
low as 0.038 to as high as 1.218 (Amarger and 
Lobreau, 1982). The data for nodule number and 
nodule occupancy from one experiment are shown 
in Table 3. The data for each isolate are presented 
in Fig. 4, and the calculated slope (k) and intercept 
(Cx:u) values for all three experiments are given in 
Table 4. In each case, the GUS-marked isolate is 
strain ‘X’, and the unmarked parent is strain ‘Y’. 

In all cases, except one (isolate D, experiment 1), 
there was a strong linear relationship between the 
log of the proportion of nodules occupied by a par- 
ticular strain and the log of the radio of that strain 
in the inoculum, as indicated by the probability 
that the slope of the linear relationship is zero 
being substantially less than P = 0.01 in the ma- 
jority of cases (Table 4). Additionally, the coeffi- 
cients of determination for the relationship were 
also very high (Table 4). These statistical consider- 
ations indicate that these data show a good fit to 
the model developed by Beattie et cd. (1989). 

The competitiveness indices (Cx: y) showed some 
variation in the actual calculated value between ex- 
periments, but were consistent in their general trend 
across experiments. For example. isolate A had a 
competitiveness index indistinguishable from that of 
CIAT899 in experiments 1 and 2, but showed a 
substantially higher competitiveness index in exper- 
iment 3 (P < 0.01, Table 4). Isolate E was indistin- 
guishable from the parental strain in experiment 1, 
but showed a significantly enhanced competitive 
ability in experiments 2 and 3. The only isolate to 
show the same result between the three experiments 
is isolate B, which showed a reduced competitive- 
ness index relative to the parental strain. The calcu- 
lated k-values also varied considerably, but were all 
positive (except for isolate D, experiment 1, which 
did not fit the model as discussed above), indicating 
a positive relationship between representation in the 
inoculum and nodule occupancy. 

DISCUSSION 

An important requirement in using genetically- 
marked microorganisms in ecological studies is that 
the marked strains should not differ from the wild- 
type strain in the trait being studied. In the case of 
Rhizobium, it is critical that the marked strain main- 
tains its nodulation behaviour and competitive abil- 
ity. In this study, insertion of the mTnSSSgL,sA 10 
element did not significantly change the total 
nodule number produced by strain CIAT899 
(Table 3). In addition, the dry shoot weight of 
plants dependent on the GUS-marked isolates for 
nitrogen fixation was not significantly different from 
wild-type inoculated plants, and was significantly 
higher than that of uninoculated controls (Table 3). 
indicating no apparent effect on the nitrogen fix- 
ation ability of the strains. 
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Fig. 3. (a) Stained root showing nodule occupancy by CIAT899 (unstained nodules) and a ClAT899 
GUS-marked derivative (blue nodules). (b) Nodules cluster showing nodules occupied either by 

CIAT899 or by a CIAT899: :gusAlO derivative, and one nodule occupied by both strains. 
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Fig. 4. Graphical presentation of the data used to generate the linear regressions of log[(P, + Pboth)/ 
(Py + Pboth)] against [log(ZX/Zr)] for GUS-marked CIAT899 isolates A to E (strain ‘X’) when com- 
peted against the parental strain CIAT899 (strain ‘r). The intercept of the linear regression is C,, 
and the slope is k. For each strain, data from all three experiments are shown: experiment 1 +; exper- 
iment 2 a; experiment 3 A. Data for isolate D experiment 1 are not shown as there was not a signifi- 
cant linear relationship between the proportion of nodules occupied by the GUS-marked strain and the 

proportion in the inoculum (see text). 

The most important trait being studied was the sented in Fig. 4 and Table 4, showed a numerical 
competitive ability of the marked strains. This was variation between experiments, with four out of the 
measured by determining the competitiveness indi- five strains tested exhibiting competitiveness indices 
ces relative to the parental strain. The results, pre- either equal to or greater than the parental strain. 
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Only one strain, isolate B, showed any consistent 
competitiveness index relative to the parental strain 
in all three experiments, with a significant reduction 
in competitiveness index compared to wild-type 
CIAT899. 

The apparent variation between experiments is 
difficult to explain. The individual data sets fit the 
model used very well, with coefficients of determi- 
nation (R*, indicating the proportion of variation in 
the data that is attributable to the regression line) 
for the proposed linear relationship between inocu- 
lum ratio and nodule occupancy ranging from 0.837 
to 0.998 (other than isolate D, experiment 1; 
Table 4), and the probability that there is not a lin- 
ear relationship between the two parameters being 
<O.Ol in most cases (Table 4). The high statistical 
significance of these measurements is almost cer- 
tainly a result of using a very complete and accu- 
rate data set. Viable cell numbers of each strain in 
the inoculum were determined at the time of inocu- 
lation, and errors in determination of proportion of 
nodule occupancy are an absolute minimum as all 
the nodules were assayed for nodule occupancy, 
rather than applying a sampling strategy, as is 
required with other means of assessing nodule occu- 
pancy. 

In fact, the variation between experiments may 
not be as great as it appears at first sight, and it is 
quite possible that this is to be expected when com- 
paring pairs of strains that do in fact have very 
similar competitive abilities. In no case did a GUS- 
marked strain appear significantly more competitive 
than the parental strain in one experiment, and sig- 
nificantly less competitive in another experiment. In 
the one case, isolate B, where the results were con- 
sistent across all three experiments, it is evident that 
this isolate is affected in competitive ability, most 
likely due to a positional effect of the site of trans- 
poson insertion. However, it remains premature to 
argue, for example, that isolates C and E are more 
competitive than the parental strain. The main con- 
clusion to be drawn from these results is that, 
whereas there was a clear decrease in competitive- 
ness index in the case of isolate B, there is no in- 
herent detrimental effect of insertion of 
mTnSSSgusAl0 on the competitive ability of R. tro- 
pici CIAT899. 

An interesting observation in these experiments 
was the appearance of partially-stained nodules in 
mixed inoculum treatments, but not in single strain 
treatments. That these were due to dual occupancy 
by GUS-marked and wild-type strains was con- 
firmed by nodule isolation and plating experiments. 
Partially-stained nodules were also observed by 
Krishnan and Pueppke (1992) when using X-Gal to 
examine infection by a mutant &Z-marked R. fre- 
dii strain co-inoculated with a non-marked strain 
(following fixation of the plant to eliminate back- 
ground b-galactosidase activity). This ability to 
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detect readily dual occupancy nodules is an ad- 
ditional advantage of marker gene systems for 
studying rhizoblal competition, and also facilitates 
more accurate calculation of competitiveness indi- 
ces. 

Regarding other differences between the strains, 
there was no difference in growth rates between 
CIAT899 and the different GUS-marked isolates, 
and hence there was no correlation between growth 
rate and competitiveness as found by Li and 
Alexander (1986). The difference in measured GUS 
activity was only significant at the P = 0.05 level 
between the five isolates when induced with IPTG, 
and there was no difference in measured GUS ac- 
tivity in uninduced conditions. There was no corre- 
lation between GUS activity and measurements of 
competitiveness index. 

One difference, that is perhaps important, is the 
pattern of integration of the transposon. In two out 
of the five strains tested, the transposon had not 
integrated as an intact single-copy insertion. In iso- 
late E, part of the transposon had been deleted, and 
Southern analysis and measurement of GUS ac- 
tivity in the presence and absence of the inducer 
IPTG indicated that this included part of the 
repressor-encoding IucZ gene. In isolate A, there 
were two copies of the transposon, although the 
measured GUS activity was not significantly differ- 
ent from that of :Isolates B or D, both of which con- 
tained a single integrated copy. There did not 
appear to be any relationship between these aber- 
rant insertion events and the competitiveness index. 

Our results are highly encouraging for the future 
use of the GUS system as a marker in microbial 
ecology. They imply that specific isolates with an 
impaired compet.itive ability are due to the site of 
the location of the transposon, rather than the pre- 
sence of the GUS transposon per se. The fact that 
an isolate with constitutive GUS activity (isolate E) 
was unaltered in competitive ability further empha- 
sizes the lack of inherent effect of gusA expression 
on competitive ability. 

It is clear, however, that initial screening is 
necessary before using strains with marker genes in 
ecological experiments to eliminate isolates in which 
important genes for ecological behaviour may have 
been affected by insertion of the marker. Although 
it is difficult to (assess ecological behaviour rigor- 
ously, the expedrent of coinoculating parent and 
marked derivative in a 1:l ratio, and ensuring that 
the proportion of blue nodules does not differ sig- 
nificantly from 50%, appears to be the most reliable 
test that can be carried out in the case of rhizobial 
competition (Streit et al., 1995). In this case, the 
value of (IX/Ii,) will be zero, and hence the 
measured value of nodule occupancies of both 
strains can be used to infer an approximate value 
for C,,. 

The observation that there is no inherent effect of 
gusA insertion on competitive ability also means 
that these transposons could be used to study the 
genetic basis of rhizobial competition. The GUS 
transposons have a number of major advantages 
over other systems: 

they allow rapid screening of the competitive 
ability of potential mutants, opening the possi- 
bility of large-scale screening for competition 
mutants for the first time; 
competition mutants so identified would be pri- 
marily caused by the transposon insertion, facili- 
tating isolation or genomic mapping of 
important competition genes; 
mutants can be screened rapidly in a variety of 
conditions to determine whether the effect is gen- 
eral or is related to a specific factor such as host 
cultivar or specific environmental conditions; 
and 
the point at which competition is affected could 
be determined using a histochemical GUS assay; 
for example, do infection threads initiate and 
then abort (de Boer and Djordjevic, 1995)? 

The results presented here support the concept 
that the ecological fitness of GEMS is not necess- 
arily compromised by the presence of inserted DNA 
(see references in Doyle et al., 1995). The next step 
will be to determine whether these gusA-marked de- 
rivatives, which have been extensively characterized 
in artificial media in the greenhouse, perform simi- 
larly in more natural conditions, including those in 
competition with indigenous Phaseolus-nodulating 
strains in soil. 
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