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Abstract: A genetically modified strain of the symbiotic nitrogen-fixing bacterium Rhizobium leguminosarum biovar viciae was used 
to inoculate a typical host, pea, and a control non-host cereal crop in the field. The inoculant was monitored for survival and spread 
from the site of application, and for genetic interactions with the native population. It could be identified by chromosomally located 
antibiotic resistance markers and additional markers conferred by the transposon Tn5 inserted on its conjugative symbiotic 
plasmid. These markers facilitated enumeration of the strain on selective agar, enabling survival and spread to be monitored over a 
six year period. Although culturable cell numbers dropped two to three orders of magnitude after the first year, subsequently they 
remained around 102 viable cells per g soil, even in subplots where only the non-host cereals had been grown. However, peas did 
give the inoculant a small survival advantage compared with non-hosts. Soil cultivation appeared to play a major role in inoculant 
dissemination from the site of application. Transfer of the Tn5 marker to other rhizobia could be monitored by screening for 
isolates with Tn5-encoded antibiotic resistance in the absence of the inoculant chromosomal markers. Over three years, more than 
4000 pea root nodules were screened for indigenous rhizobia that had acquired the Tn5-marked symbiotic plasmid from the 
inoculant. None were detected, although overall about 2% of nodules contained the inoculant strain, and transfer of the 
Tn5-marked symbiotic plasmid to three out of four R. leguminosarum biovar viciae isolates from the field site could be 
demonstrated under laboratory conditions. 
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Introduction 

Bacter ia l  inoculants  have b e e n  appl ied  in agri- 

cu l ture  for over  100 years. Advances  in molecu la r  

biology and microbial  genet ics  over  the  past  two 

decades  have m a d e  the const ruct ion  of  bac ter ia  
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with novel  genes rout ine  and have b rought  closer  

the exploi ta t ion of  inoculants  improved  by ge- 

net ic  manipula t ion .  These  have potent ia l  as agri- 

cul tural  inoculants  but  the re  are reservat ions  

about  the consequences  and implicat ions of  thei r  

use. Desp i te  many repor ts  on the survival of  

bac ter ia  af ter  f ield applicat ion,  inoculants  are 

difficult  to mon i to r  when  cul turable  cell numbers  

drop, and little is unde r s tood  about  the  ability of  

in t roduced  microorganisms  to persist  and the de- 
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gree to which they may spread from the site of 
introduction. Even less is known about their im- 
pact on the native soil population, and the fre- 
quency of genetic exchanges between inoculant 
and indigenous bacteria, although plasmid trans- 
fer between introduced strains has been demon- 
strated under favourable conditions in soil, such 
as the rhizosphere [1,2]. This is of particular 
concern, as it could result in the propagation of a 
gene in a new genetic background, well adapted 
to survival in local conditions. Paradoxically, ge- 
netically modified strains also offer the means to 
answer some of these questions. Marker genes 
not normally present in the soil population can be 
introduced into inoculant strains to facilitate 
monitoring that would otherwise not be possible. 

We report  here such an experiment using a 
genetically modified strain of the symbiotic nitro- 
gen-fixing bacterium R. leguminosarum biovar vi- 
ciae released in the field at Rothamsted as an 
inoculant on pea, a host plant, and non-host 
cereals, and subjected subsequently to different 
cropping regimes. Rhizobia have a long history of 
widespread use in agriculture as inoculants for 
leguminous plants, and offer the advantage over 
some other soil bacteria in that they can be 
isolated from soil relatively free from contamina- 
tion by other microorganisms via the root nodules 
which they induce on compatible host plants. 

The experiment was designed to examine inoc- 
ulant persistence in the presence of host and 
non-host legumes, and non-legume crops, and to 
see if transfer of the genetic marker Tn5  to the 
native population could be detected. The inocu- 
lant strain RSM2004 was constructed to maxi- 
mize the potential for detecting gene transfer, 
with the Tn5  marker inserted in a conjugative 
symbiotic plasmid known to transfer to a range of 
other rhizobia at relatively high frequencies, up 
to 10% of acceptor bacteria receiving the plasmid 
when crossed with RSM2004 [3]. Details of the 
construction of RSM2004 and a preliminary de- 
scription of the field experiment have been re- 
ported [4]. 

The Tn5  marker was chosen because the 
neomycin resistance which it encodes is known to 
be expressed in a wide variety of Gram-negative 
bacteria [5] and it provides a DNA sequence that 

can be identified following hybridization to ho- 
mologous DNA probes. Its ability to transpose 
was also seen as an advantage for this experi- 
ment: after transfer of genetic material to a new 
host, Tn5 can move to a new site in the genome 
even if the DNA on which it entered the host is 
lost; thus it can act as a marker for transient 
genetic interactions. 

Initially, we intended to compare the be- 
haviour of the same genetically modified inocu- 
lant in three countries with different soil and 
climatic condition: Rothamsted, UK; Dijon, 
France, and Bayreuth, FRG. Preliminary results 
showed that RSM2004 could not be detected 
three months after application in Dijon, and did 
not appear to survive the first winter in Bayreuth 
although it was still present three years after its 
introduction at Rothamsted [6]. We present here 
the detailed results from monitoring the intro- 
duced strain at Rothamsted over a six year pe- 
riod. 

Materials and Methods 

Bacterial strains, methods and probes 
General  methods for working with Rhizobium 

including growth conditions, TY (Tryptone Yeast) 
and YM (Yeast Mannitol) media, DNA extrac- 
tion, and screening plasmid profiles are described 
in [7]. Other  molecular methods, e.g. preparation 
of DNA probes and hybridization to gel blots and 
colony lifts to identify the presence of homolo- 
gous sequences, were essentially as described [8]. 
Antibiotics were purchased from Sigma. 

The parent strain from which RSM2004 was 
derived, from the John Innes Institute culture 
collection, is R. leguminosarum biovar viciae 
strain 248 isolated from a Vicia faba root nodule 
from a field in Great  Witchingham, Norfolk. It is 
thus native to the UK but not to Rothamsted soil. 
The construction of RSM2004 involved sequen- 
tially selecting spontaneous mutants resistant to 
streptomycin and rifampicin before introducing 
Tn 5 (an element not normally present in rhizobia 
or other UK soil) on a suicide vector and screen- 
ing for insertion of Tn5  on the symbiotic plasmid. 
From several transposon mutants, RSM2004 was 
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chosen as it had no apparent  disruption of phe- 
notype (apart  from gaining the resistance genes 
carried by Tn5)  and its symbiotic competence in 
plant infection tests, growth rate, and survival in 
laboratory culture was apparently identical to the 
parental  strain. The absence of vector sequences 
was confirmed by the lack of homology to vector 
D N A  probes [4]. The probe used to detect Tn5  in 
Rhizobium isolates was the plasmid pKan2. This 
consists of the central 3.5 kb HindlII fragment of 
Tn5 cloned in pBR322 [9]. 

The ability of RSM2004 to transfer the Tn5 
marker  to other rhizobia was confirmed in stand- 
ard laboratory crosses, in which 108-109 colony 
forming units (cfu) of each parent  were mixed 
and incubated overnight on a nitrocellulose mem- 
brane (25 mm diameter,  0 .22/xm pore, Millipore) 
on a TY plate before washing off and plating on 
selective TY agar. In crosses to 10 other R. 
leguminosarum biovar viciae strains, there were 
10-1-10 -4 Tn5-carrying transconjugants per par- 
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ent, depending upon the recipient strain; to other 
Rhizobium strains the frequency was lower, at 
10-2-10  -7. These transconjugants appeared to 
contain the Tn5-marked  symbiotic plasmid from 
RSM2004. Transfer  of Tn5  to Escherichia coli 
and Enterobacter agglomerans could also be de- 
tected at low frequencies, but no autonomously 
replicating plasmid could be demonstrated and 
Tn5 appeared to have transposed into the accep- 
tor genome [3]. 

Although common sense suggests that the de- 
liberate release of bacteria carrying transferable 
antibiotic resistance genes may be undesirable, 
Tn5  has been used widely in laboratories for over 
20 years in genetic studies of many different 
bacterial genera, often with no special precau- 
tions but there are no reports of health problems, 
and the antibiotics to which it confers resistance 
are not used as a first line of defence against 
human bacterial infections (unlike, for example 
the penicillins, or gentamicin). 

t r a c k  Nm~ 

grass ' / lJlllll//A /l/Ill/IlL, grass 

I13O 

. . . . . . . . . . . . . . . . . . . . .  f e n c e  . . . . . . . . . . . . . . . . . . .  

Fig. 1. Plan of field release site. The field site of the experimental release is surrounded by permanent grass extending over 20 m 
north and south. Other experimental fields lie beyond the track to the west and the fence to the east. The arrows denote the 

directions of the slopes on the site for which the gradients are given. 
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lnoculant preparation and application 
The inoculant RSM2004 was used both as a 

seed coating and to form granules. It was grown 
in liquid YM culture before injecting into bags 
containing a sterile commercial formulation, 
HiStick ® (European Patent Application No. 
87306342.2-2111 "Inoculant  Composition for 
Plants" - Agricultural Genetics Co. (AGC) Ltd.) 
kindly provided by the AGC. The bags were 
incubated for several days, then a small sample of 
each was resuspended and plated on selective TY 
agar to obtain a viable cell count (cfu) before the 
remainder was added to 500 ml sterile water and 
mixed with the seeds. To make granules, an equal 
weight of CaSO 4 (British Gypsum fine casting 
plaster) was blended with HiStick containing the 
inoculant strain, then sterile deionized water 
added and mixed in to give approximately 40-45% 
moisture, the level at which appropriately sized 
aggregates form: these were sieved through a 5 
mm mesh. After preparation of inoculants in the 
laboratory the coated seeds and granules were 
securely packed in plastic bags and transported to 
the field. The inoculant granules have a soft, 
loose structure and rapidly loose their integrity 
when saturated with water, disintegrating within 
a few weeks of application in field soil conditions, 
enhancing the dispersal of the inoculant bacteria 
(J. Jebb, personal communication). 

In a paraUel experiment to look at bulk move- 
ment of soil using soil bacteria as a marker, 
commercial chick peas were coated with a Rhizo- 
bium "cicer" inoculant formulation provided by 
John Jebb, AGC. 

Field release 
Untreated seed of pea, Pisum satiuum cv Pro- 

greta, was kindly provided by the PGRO, Peter- 
borough, UK. Lucerne was obtained from John 
Chambers, Kettering, UK. The phaseolus bean 
(Phaseolus vulgaris) variety was Edmund. Cereal 
varieties were: spring wheat (Triticum aestivum) - 
cv Alexandria; spring barley (Hordeum vulgare) - 
cv Klaxon; and winter wheat (T. aestivum) - cv 
Mercia. Unless otherwise stated, the sowing den- 
sities and treatment of the crops were to the 
standard Rothamsted Farm practice, but cultiva- 
tion equipment was washed with hypochlorite 

solution (Chloros - Hays Chemical Distribution 
Ltd., Leeds, UK) diluted to 1% between sub-plots 
and after use, and plant material was incinerated 
after harvesting. 

The release site (Fig. 1) was situated in the 
'Garden Plots' area of the Rothamsted Farm. It 
is known to have good natural drainage with no 
run-off into drainage ditches or history of bulk 
water or soil flow after heavy rain. The site has a 
Batcome series soil, loam over clay with flints 
overlying chalk, known agriculturally as a light 
clay and more specifically as a fine loamy chromic 
luvisol with 32% clay, pH 7.5 [10]; J. Catt, per- 
sonal communication. It has been managed as a 
typical arable agricultural soil. In spring 1987, the 
field was prepared as a seed bed and drilled with 
spring wheat, leaving unsown an area containing 
three 20 m x 5 m strips separated by 0.5 m paths. 
The inoculated peas and chick peas were planted 
manually in two of these strips. In the pea plot, 
inoculant granules were placed in the furrows 
before planting the inoculated seed. A third strip 
was broadcast with inoculant granules over the 
surface before planting half the width of the strip 
with spring wheat, the other half with barley 
(neither inoculant-coated) using a mechanical 
seed drill. The action of the drill turned over the 
soil thus covering the inoculant granules. Initial 
results from the two halves of the strip were 
indistinguishable and samples were subsequently 
pooled: for simplicity the strip is referred to as 
'cereals' throughout this paper, although the same 
combination of spring wheat and barley was used 
for the following two years. The three strips and 1 
m of the surrounding uninoculated cereal were 
covered by a fruit net to exclude birds. This was 
surrounded by an electric fence to exclude small 
mammals, especially rabbits. Apart  from remov- 
ing any clods of soil from footwear and equip- 
ment before leaving the site, and sterilizing sam- 
piing and cultivation equipment, no other special 
precautions above those normally used for small- 
scale field trials were taken. No further inocula- 
tion was performed after the first year. 

Approximately 1012 viable RSM2004 (cfu) were 
added to each strip. The seed coating contained 
10 6 rhizobia per seed, peas were planted at 80 
per m z, resulting in a total contribution of ap- 

D
ow

nloaded from
 https://academ

ic.oup.com
/fem

sec/article-abstract/15/1-2/147/915284 by Periodicals Assistant - Library user on 17 January 2020



prox. 108 RSM2004 per m 2. Granules were ap- 
plied to give 10 l° per m 2, approximately equiva- 
lent to the total number of indigenous R. legumi- 
nosarum biovar viciae estimated in field soil, i.e. 
5 x 104 infective cells per g dry soil, assuming 
that the dry weight of soil to 25 cm depth under 1 
m 2 of the field site is about 280 kg [11] and that 
the majority of aerobic soil bacteria including 
rhizobia are found in the top 25 cm of arable 
soils. This represents 10-100 × the normal com- 
mercial rate for inoculants, to overcome problems 
of competition for nodulation of the peas from 

J J N-. cerea ls  inocu la ted  w i th  RSM2004  

i _ . .  I .... 

I - "  ' - - - -  .... I , . ,  

phaseo lus  peas  
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. ,. . .,. 
. . . . . .  ".: . . . . . . .  . . . . . . . .  ~.: . . . . .  

. . . . . . . . . . . . . . . . . . . . . . . . . .  Peas 

. . . . . . . . . .  ,. . . . . . . . .  . :  . . . . . . . .  . . ~  . . . . . . .  
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ce rea ls  ' 
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Fig. 2. E x p e r i m e n t a l  f ield re lease  strategy.  In 1987, the th ree  
str ips were  inocu la ted  wi th  rh izobia  as ind ica ted .  In 1988 four 
s tr ips were  p l an ted  at  90 ° c rea t ing  12 sub-plots .  In  1989 most  
of the  si te was p l an t ed  wi th  peas  and  cerea l s  wi th  one  lucerne  
subplo t  tha t  had  been  left  over  the  winter ,  c rea t ing  20 sub- 

plots.  No inocu lan t s  were  app l i ed  in 1988 and 1989. The  field 
inc luding  the  re lease  si te has  b e e n  p l an t ed  only wi th  ce rea l s  

s ince 1989. 
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the indigenous rhizobial population. Thus, the 
contribution from granules to the bulk soil was 
approximately 500 x that of the seed-coating in- 
oculant (which is, however, particularly important 
for host nodulation as it delivers a locally high 
concentration of the inoculant to the emerging 
root). The R. "cicer" inoculant, intended to act 
as a marker for bulk soil movement, was applied 
at the commercial rate (i.e 105-106 rhizobia per 
seed, equivalent to 107-108 per m 2 or 102-103 
rhizobia per g soil). Previous investigations had 
found no evidence of indigenous rhizobia capable 
of nodulating chick peas in the field site. 

The field plan and cropping sequence are 
shown in Fig. 2. After the first year the site was 
ploughed north-south (N-S) within the three strips 
and the soil was sampled to examine migration of 
R. "cicer" and RSM2004. The field surrounding 
the release site was planted with spring barley in 
1988 and the strips inoculated in 1987 were 
planted in four 5 m × 16 m strips (peas, phaseo- 
lus beans, lucerne and spring barley/wheat) run- 
ning east-west (E-W) across the three original 
treatments to give 12 sub-plots. After harvesting, 
the strips were ploughed E-W, leaving a sub-plot 
of lucerne to overwinter. In 1989, the third year, 
most of the sub-plots were planted with peas or 
spring barley/wheat, retaining the lucerne plot, 
and the surrounding field was again planted with 
spring barley. Subsequently the field has been 
kept in arable cultivation with spring barley in 
1990, winter wheat in 1991 and 1992, and spring 
wheat in 1993, the original sub plots being treated 
the same way as the surrounding field. 

Plant infection tests 
Rhizobial soil population densities from field 

soil samples (prepared as described below) were 
estimated from the number of nodulated host 
plants when four-fold soil dilutions were added to 
four replicate plants at each dilution, using the 
density estimate tables of R.E. Fisher and F. 
Yates [12], as described in [13]. This method 
determines total numbers (infective cells per g 
soil) of different rhizobial biovars and species, 
depending upon which host plant is used. It has 
recently been shown to correspond with direct 
colony counts (cfu) made by plating soil dilutions 
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on semi-selective agar, then using specific DNA 
probes to identify colonies as Rhizobium biovars 
and species [14]. The test plant for R. legumi- 
nosarum biovar viciae was hairy tare (Vicia hir- 
suta), whereas for R. meliloti lucerne (Medicago 
sativa) was used (both supplied by John Cham- 
bers, Kettering, UK). White clover (Trifolium 
repens cv Aberystwyth $184) was used to enumer- 
ate R. leguminosarum biovar trifolii. These 
small-seeded test plants were grown on N-free 
Ffihraeus agar slopes in test tubes [7]. To esti- 
mate R. leguminosarum biovar phaseoli popula- 
tions, surface-sterilized phaseolus beans (Phase- 
olus vulgaris cv Edmund) were grown in 10 cm 
pots containing sterile calcined montmorillonite 
clay (Terragreen - Oil Dri Corporation of Amer- 
ica), dilutions of soil extract were applied, and 
the plants were watered with sterile N-free feed 
[7]. Rhizobia were isolated from surface-sterilized 
root nodules by crushing and spotting onto TY 
agar, transferring bacterial growth to fresh TY 
plates, then replicating to selective agar media 
(TY with neomycin or rifampicin at 100/zg ml-1)  
to check the antibiotic resistance phenotype, and 
to nitrocellulose membrane filters (0.45 ~m pore, 
Schleicher and Schiill) to perform in situ lysis for 
DNA hybridization following overnight incuba- 
tion on TY agar. 

The presence or absence of R. "cicer" was 
determined by mixing 400 g field soil (consisting 
of five sub-samples) mixed with an equal volume 
of sterile sand in a 10 cm pot with surface-steri- 
lized pre-germinated chick peas, Cicer arietinum. 
After six weeks, roots were examined for nodules. 
This strategy, employing the host root system to 
probe much larger soil samples than is possible 
with the standard plant infection assays (utilizing 
1-10 g soil), is more sensitive but non-quantita- 
tive. 

Sampling bacteria from soil 
Soil samples were taken from the field using a 

trowel surface-sterilized with 70% ethanol be- 
tween each sub-sample. The top 10 cm of soil 
were removed and a sample of about 100 g taken 
at this depth and placed in a polythene bag. For 
pooled samples, ten independent 100 g sub-sam- 
ples taken at evenly spaced intervals over the plot 

(about 1 m apart from the large strip plots in the 
first year, about 0.3 m apart for smaller sub-plots 
in the second and subsequent years) were pooled 
in the same bag. The samples were sieved through 
a 5 mm mesh to aid mixing and removal of small 
stones, fauna, plant roots etc. The sieve was 
washed thoroughly and sterilized with 70% etha- 
nol between samples and care was taken to avoid 
any cross-contamination. After further mixing 
with a sterile spatula, 1 g of the mixed sub-sam- 
ples was taken and resuspended in 10-100 ml 
sterile sodium hexametaphosphate (2%) by vigor- 
ous vortexing for 1-2 min. Suspensions were im- 
mediately diluted further and used to inoculate 
test plants or plated on selective agar (described 
below). The moisture content of the remaining 
soil sample was calculated by weighing before 
and after drying for 48 h at 80°C. Sampling when 
the ground was waterlogged (field capacity is 
about 30% water w t / w t )  was avoided and in dry 
conditions the site was irrigated before sampling. 
Consequently, the moisture content of soil sam- 
ples was always in the range 10-20% w t / w t  

Direct counting of RSM2004 from soil was 
possible on TY agar supplemented with ri- 
fampicin and neomycin which counterselected the 
indigenous bacterial population, and the fungi- 
cide cycloheximide, all at 100 /zg m1-1. Fungal 
contamination was the main factor which limited 
the detection of antibiotic-resistant bacteria as 
cycloheximide slowed the spread of fungal 
colonies, but did not completely inhibit growth. 

Results 

Nodule occupancy 
Although preliminary glasshouse pot experi- 

ments had demonstrated that, when 108 RSM2004 
were applied to germinating pea seeds in 600 g of 
soil from the field site, 30% of the nodules con- 
tained the inoculant, the results from the field 
release showed a lower occupancy, averaging 
about 2.5% overall. However, the first-formed 
nodules on the main root sampled six weeks after 
planting did contain around 20% RSM2004 (i.e. 
Neo r, Rif r, Tn5-DNA probe homologous iso- 
lates). After ten weeks and in the final sampling 
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at 17 weeks, only the lateral roots were nodulated 
(the first-formed nodules having senesced) and 
they contained fewer RSM2004, resulting in the 
6% first year average (Table 1). The following 
year no RSM2004 were detected in pea root 
nodules although the sample of 572 was only half 
of the 1987 total. In the third year, in response to 
the difficulty in detecting RSM2004, most of the 
plot was sown with peas but only 0.8% of nodules 
contained the inoculant strain. The proportion 
was higher in plants from sub-plots planted with 
cereals (rather than peas) in 1987, but all these 
RSM2004-containing nodules came from the 
sub-plot with phaseolus in 1988. In contrast, nod- 
ules from all four sub-plots where peas had been 
grown in 1987 contained RSM2004 in 1989. Since 
the actual numbers involved were small (Table 1), 
these differences are unlikely to be statistically 
significant. 
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The chick peas planted in 1987 were well- 
nodulated and appeared to contain the inoculant 
R. "cicer" strain, on the basis of plasmid profiles 
of ten separate nodule isolates (data not shown). 
Since no nodules had developed on uninoculated 
chick peas grown in soil from the site in the 
glasshouse, we concluded that there were in- 
significant numbers of indigenous rhizobia capa- 
ble of nodulating chick peas. Thus, nodulation of 
chick peas was used to assay the presence of the 
R. "cicer" inoculant in subsequent investigations 
of soil and inoculant movement over the field 
site. 

Plasmid transfer 
There was no evidence over the three year 

period, with over 4000 pea nodules screened (and 
also several hundred phaseolus bean and lucerne 
nodules in the second year), that transfer of the 

Table 1 

Frequency of rhizobia containing Tn5  in root nodules 

Year Plant 1987 1988 Number  Nodules Nodules 
Crop Crop of containing containing 

nodules RSM2004 transconjugants 

1987 Peas Total 1035 65 (6%) 0 ( < 0.1%) 
1988 Phaseolus Peas 140 0 0 
1988 Phaseolus Cereals 130 0 0 
1988 Phaseolus Total 270 0 ( < 0.4%) 0 ( < 0.4%) 
1988 Lucerne Peas 135 0 0 
1988 Lucerne Cereals 125 0 0 
1988 Lucerne Total 260 0 ( < 0.4%) 0 ( < 0.4%) 
1988 Peas Cereals 236 0 0 
1988 Peas Peas 336 0 0 
1988 Peas Total 572 0 ( < 0.2%) 0 ( < 0.2%) 
1989 Peas Peas Phaseolus 398 1 (0.2%) 0 ( < 0.2%) 
1989 Peas Peas Lucerne 477 4 (0.8%) 0 ( < 0.2%) 
1989 Peas Peas Cereals 342 1 (0.3%) 0 ( < 0.3%) 
1989 Peas Peas Peas 715 3 (0.4%) 0 ( < 0.1%) 
1989 Peas Peas Total 1932 9 (0.5%) 0 ( < 0.05%) 
1989 Peas Cereals Phaseolus 231 11 (4.8%) 0 ( < 0.4%) 
1989 Peas Cereals Lucerne 69 0 ( < 1.4%) 0 ( < 1.4%) 
1989 Peas Cereals Cereals 86 0 ( < 1.2%) 0 ( < 1.2%) 
1989 Peas Cereals Peas 182 0 ( < 0.5%) 0 ( < 0.5%) 
1989 Peas Cereals Total 568 11 (2%) 0 ( < 0.2%) 
1989 Peas Total 2500 20 (0.8%) 0 ( < 0.04%) 

Peas 1987-1989 Total 4107 85 (2%) 0 ( < 0.02%) 

The number  of nodules containing viable bacteria is given. Nodule isolates were identified as RSM2004 on the basis of  ability to 
grow on neomycin and rifampicin and homology to T n 5 - D N A  probe. Putative transconjugants were isolates able to grow on 
neomycin and with Tn5-homology but  lacking rifampicin resistance: all possible candidates were rechecked but were found to be 
RSM2004. 
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Fig. 3. Plasmid profiles of putative RSM2004 isolates from field soil. The track on the far right of the gel contains laboratory 
culture of RSM2004, the other tracks contain 24 separate field soil isolates from selective plates (TY agar containing rifampicin and 

neomycin). 

Tn5 marker to other R. leguminosarum strains 
had occurred. All nodule isolates that were 
neomycin resistant and had homology to the Tn5  
DNA probe had the RSM2004 phenotype: they 
were also rifampicin resistant, and the identity of 
10-20 isolates from each batch of nodules was 
confirmed by examining their plasmid profiles 
(Fig. 3). Overall, the plasmid profiles of about 
100 putative RSM2004 isolates have been exam- 
ined and no differences between these and 
RSM2004 maintained in the laboratory have been 
detected. 

The intrinsic antibiotic resistance levels and 
plasmid profiles of 240 R. leguminosarum biovar 
viciae isolates from the site were screened and 
four with distinct phenotypes representing differ- 
ent prevalent indigenous strains from the field 
soil, were chosen (Fig. 4). Spontaneous mutants 
to spectinomycin resistance were selected and 
crossed (in standard filter matings) with RSM 
2004, selecting for transconjugants on TY agar 
supplemented with spectinomycin and neomycin. 
The transfer frequency to three of the isolates 
was 10 -s, but none could be detected in the 
fourth cross (frequency less than 10-8). The 

Table 2 

Transfer frequencies ~ of Tn5 from RSM2004 

Recipient strain Cross on Cross in 
filters a sterile soil a 

Rhizobium meliloti 2 × 10 4 8 × 10 5 
RCR2001 Spc r b 

R. leguminosarum biovar 1.7 x 10 -3 1.1 x 10 -4 
L~iciae RCR1001 Spc rb 

a Transconjugants per parent: since number of both parents 
was equal, transfer frequencies apply to either parent. 

b Spc r = spectinomycin resistant. 
A 0.2 ml aliquot of mixture of the parental strains (108 each) 
was spotted on to either 25 mm diameter nitrocellulose filter 
on TY agar plate (standard cross conditions), or 10 g soil in 
universal bottle (sterilized by autoclaving) providing surface 
25 mm diameter. After overnight incubation at 28°C, the filter 
was washed in 1 ml and the soil was resuspended in 10 ml 
sterile H20,  then diluted and plated on selective agar. 

transfer frequency in sterile soil was investigated 
in crosses between RSM2004 and two different 
strains (Table 2). Transfer was less efficient in 
soil than with the standard filter method, and 
could not be detected when the original cross 
mixtures were diluted 10-fold to give fewer than 
10 6 parents per g soil. 

1 2 3 4 

Fig. 4. Plasmid profiles of R. leguminosarum biovar ciciae isolates. The gel contains 23 separate isolates from V. hirsuta nodules 
inoculated with soil from the field release site. Spectinomycin-resistant derivatives of the isolates marked 1-4 were crossed with 
RSM2004 using standard conditions: isolates 1, 3, and 4 received the Tn5 marker at frequencies of 10 -5 transconjugants per 

parent (donor or acceptor); transfer to isolate 2 could not be detected. 
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Survival in soil 
The neomycin resistance encoded by Tn5, in 

conjunction with the chromosomally located ri- 
fampicin resistance, facilitated direct isolation of 
RSM2004 from field soil on selective agar. The 
first counts were done in January 1988 (four 
months after harvesting, but just before the plots 
were ploughed), one month later after ploughing, 
and then at monthly intervals until June 1989. 
For the first three samplings, five independent 
soil samples taken from each plot were resus- 
pended, diluted and plated in duplicate. Result- 
ing colony counts showed considerable variation 
between the five replicates from each plot, re- 
flecting the non-homogeneous distribution of the 
inoculant. This was investigated further for one 
sub-plot where 16 independent soil samples were 
diluted and plated in quadruplicate (Table 3). A 
log-linear model was fitted to the results, showing 
that replicate counts for each sample were slightly 
more variable than a Poisson distribution would 
predict (significant at the 2% level). However, the 
variation between soil sub-samples was much 
greater (significant at the 0.1% level). The inter- 
pretation of these findings is that there was in- 
creased variability between replicates and in each 
dilution series compared with a homogeneous 
bacterial culture (where colony counts should 

Table 3 

Variation in RSM2004 numbers  in different samples 

Sample Replicate plate counts (cfu): 

1 6 1 0 1 

2 1 8 2 12 
3 16 16 9 13 
4 8 7 4 12 
5 3 2 2 6 
6 0 0 0 0 
7 6 2 6 4 
8 4 3 4 6 
9 16 13 11 6 

10 56 51 34 32 
11 3 0 1 0 
12 3 2 1 3 
13 13 15 18 15 
14 13 5 8 6 
15 3 3 6 2 
16 10 9 7 8 

Separate 1 g soil samples taken on 25 May 1988 from sub-plot 
with peas in both 1987 and 1988 were each resuspended in 10 
ml sterile sodium hexametaphosphate  (2%), diluted 1 in 4, 
then 0.1 ml was plated on selective agar. Thus,  counts repre- 
sent 1 in 400 dilution of the number  per g soil. 

have a Poisson distribution), probably due to the 
non-uniform nature of the soil suspensions. How- 
ever, this was far less important than the great 
variation between samples from different sam- 
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10 e 10e 

aaa or cereals sown and inoculated with RSM2004 in Msy 1987 

A only cereals grown after 1989 

rhizobia per g soil 
106 

p a y o r  cereals sown and inoculated with RSM2004 in May 1987 
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• Indigenous, peas 87-89 "~ Indigenous, non-hosts 0 RSM2004, peas 87-89 ~ RSM2004, non-hosts 

Fig. 5. Comparison of the indigenous population of R. leguminosarurn biovar viciae .with RSM2004 inoculated on host and 
non-host  crops. Peas or cereals were inoculated with RSM2004 in 1987, soil samples were taken from sub-plots with peas only or 
non-host  crops only between 1987-1989. After  1989, only cereals have been grown on all subplots. (A) Total populations of 
indigenous R. leguminosarurn biovar viciae, calculated from plant infection tests; error bars are not shown but each estimate has 
95% probability of  varying by less than  factor of 2.7 (i.e. approximate 95% fiducial limits). (B) Colony counts of  RSM2004 made on 

selective agar. Means  were calculated from min imum of four plates, s tandard errors are shown for each value. 
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plings within each sub-plot, presumably reflecting 
the heterogeneity of the field soil and the ten- 
dency of rhizobia to be clumped in microcolonies 
on soil or organic debris particles, peat particles 
released by disintegrating inoculant granules, or 
senesced nodules. Subsequently, ten separate soil 
samples taken from different parts of each sub- 
plot were pooled to overcome such sampling 
problems. 

A log-linear model fitted to the data collected 
from 1988 and 1989 showed that the most signifi- 
cant effect was exerted by the previous crop, i.e. 
whether it was peas or cereals. From this data, 
the model predicted a count of 1.45 × 103 where 
the previous crop was pea (approximate standard 
error 0.16) and 5.3 × 102 (approximate standard 
error 0.10) where the previous crop was cereals. 
A more detailed statistical analysis of the effects 
of different crop plants on RSM2004 survival will 
be presented elsewhere. However, graphical rep- 
resentation of the data (Fig. 5) demonstrates that 
generally there were almost three times as many 

lq 
Fig. 6. Dispersion of R. "cicer" from the site of  application. 
The strip inoculated with t?. "cicer" in 1987 is cross-hatched. 
Samples were taken in 1989 after harvesting but  before 
ploughing, from within blocks 0-1  m and 1-2  m from the 
edges of the original strips. Clear blocks indicate no nodules 
on chick pea plants and therefore R. "cicer" too low to 
detect, hatched areas indicate nodules,  no blocks are shown 

where results were inconclusive due to death of test plants. 

S 
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Fig. 7. Dispersion of RSM2004 from the site of application. 
The upper  diagram shows horizontal spread of RSM2004 in 
November 1989 (after clearing the site but before ploughing) 
in blocks 0-1  m and 1 -2  m from the edges of the original 
strips inoculated in 1987 (cross-hatched). Blocks where 
RSM2004 was detected are hatched; clear blocks indicate no 
RSM2004 was detected (i.e. fewer than 25 cfu per g soil). The 
lower diagram, not drawn to scale, shows vertical distribution 

to depth of 0.8 m (one sample was lost). 

RSM2004 colonies under peas than under non- 
host crops and this survival advantage conferred 
by the host was also apparent in the total infec- 
tive populations of R. leguminosarum biovar vi- 
ciae estimated from plant nodulation tests. Sur- 
vival of RSM2004 for over six years has been 
demonstrated, although no host plants have been 
grown since 1989 (Fig. 5). 

Dispersion of inoculants 
In January 1988, before ploughing, samples of 

soil were taken to assess spread of the R. "cicer" 
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and RSM2004 from the sites of release. Five 
samples from the field margin, 20 m south of the 
inoculated strip, did not contain R. "cicer". All 
20 samples taken at points 15 cm and 30 cm from 
the edge of the inoculated strip, 16 out of 20 at 
40 cm and 1 out of 20 at 60 cm contained R. 
"cicer". Similarly, each of five soil samples taken 
from within the chick pea strip, diluted and plated 
on selective agar contained RSM2004, although 
at very low numbers (fewer than 100 cfu per g 
soil). An unusually wet autumn with some pud- 
dles of surface water may have assisted the spread. 
After the strips had been ploughed N-S in Jan- 
uary 1988 and E-W in January 1989, R. "cicer" 
was present over most of the inoculated area and 
the 2 m surround (Fig. 6). 

A preliminary investigation of horizontal and 
vertical RSM2004 dispersion in 1989 detected 
colonies on selective agar from soil samples taken 
in the strip originally planted with chick peas, up 
to 2 m from the perimeter of the three strips 
inoculated in 1987, and up to 0.8 m below the 
surface of the strip with peas in 1987. Because 
plate counts were very low, these RSM2004 num- 
bers can be estimated only roughly (Fig. 7). 
Nodulation tests on V. hirsuta indicated the pres- 
ence of infective R. leguminosarum biovar viciae 
in all these samples. 

Discussion 

Nodulation by the inoculant 
It is unclear why RSM2004 formed a lower 

proportion of pea root nodules in the field than 
had been predicted from preliminary experiments 
with pots of field soil in the glasshouse. However, 
the indigenous population of R. leguminosarum 
biovar viciae may be more competitive under the 
environmental conditions to which it may be pre- 
sumed to be adapted, than under the more con- 
trolled environment in the glasshouse. The first- 
formed nodules did contain a relatively high per- 
centage of RSM2004. This implies that the seed 
coating formulation gave the inoculant privileged 
access to nodulate the emerging root, but that the 
granules which introduced many more RSM2004 
ceils to the field soil were a less effective method 

for inoculating the roots in the presence of the 
competitive native population. Plate counts on 
selective agar could underestimate the number of 
RSM2004 cells surviving in the soil if a significant 
proportion loose the ability to grow in culture. 
However, experiments on the population dynam- 
ics of rhizobia added to soil, comparing selective 
plate counts and direct counts in situ using spe- 
cific immunofluorescent antibodies, have shown 
no significant evidence of non-culturable R. legu- 
minosarum cells [15]. 

Genetic interactions 
The absence of any transconjugant rhizobia 

with the Tn5 marker in the nodule isolates is not 
surprising since even in sterile field soil, transfer 
between RSM2004 and compatible acceptor 
strains could be detected only when more than 
106 of each parent was present, and it has often 
been reported that transfer frequencies are lower 
in non-sterile compared with sterile soils [16,17]. 
The total populations in soil did not reach this 
level, although the non-homogeneous distribution 
of the inoculant could give rise to locally high 
densities. The developing root system in the field 
may provide a surface on which rhizobia coincide 
and grow actively, conditions required for conju- 
gation. However, if transfer of the Tn5-marked 
plasmid occurred, the frequency was below the 
limit of detection. We had not anticipated any 
selective advantage for rhizobia carrying Tn5 and 
the experiment was not designed to detect such 
an event. It has recently been reported that the 
bleomycin resistance gene which is also present 
on Tn5 and is expressed in RSM2004 has DNA 
repair activity which has been shown to confer a 
survival advantage to ageing E. coli in the decline 
phase of batch culture [18]. However, compar- 
isons of isogenic rhizobia with and without Tn5 
in Dijon have not identified any differential sur- 
vival in the field (N. Amarger and S. Mazurier, 
personal communication). 

Inoculant survival 
The method of introducing the inoculant did 

not have a dramatic effect on the survival of 
RSM2004, with about three-fold fewer counts in 
sub-plots where granules only were supplied to 
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cereals compared with sub-plots where the host 
pea plants were inoculated by both seed-coating 
and granules (Fig. 5). A similar difference is 
apparent in the total populations of R. legumi- 
nosarum biovar viciae under peas or non-hosts 
(Fig. 5). Since 500-fold more inoculant was sup- 
plied in the granules than in the coated pea 
seeds, it is assumed that the RSM2004 applied by 
this route to the peas did not make a significant 
contribution to the overall population surviving in 
soil compared with that from the granules. How- 
ever, seed-coating inoculation probably was im- 
portant in enabling RSM2004 to nodulate peas in 
competition with the indigenous population and 
may therefore have contributed to the small sur- 
vival advantage conferred by the host plant. This 
unexpected survival of RSM2004 in the absence 
of the host plant may reflect the ability of R. 
leguminosarum, unlike some other  rhizobial 
species, to survive for long periods in soil at 
relatively high numbers in the absence of any 
host plants. The total population of R. legumi- 
nosarum biovar viciae remained at 104-105 infec- 
tive cells per g soil before sowing in 1987, and 
after peas had been grown for three years. The 
population of R. leguminosarum biovar trifolii 
was similar, although the plot had no record of 
cultivation of host plants for either biovar for at 
least 20 years, when detailed records began. This 
is in contrast to another species, R. meliloti, which 
could not be detected before the host plant 
lucerne was cultivated. The population rose 
rapidly when the host lucerne was grown and 
declined after harvesting [19]. This indicates the 
importance of appraising the behaviour of indi- 
vidual bacterial strains and species when consid- 
ering the release of genetically modified deriva- 
tives as broad generalizations at the genus level 
may be misleading. 

Inoculant dispersion 
The dispersion of microbial inoculants is diffi- 

cult to assess in arable field sites. The exact 
boundaries of sub-plots are lost during cultivation 
and there is some error in their re-location from 
the external marker posts. It is probable that 
mechanical cultivation is the most important route 
for horizontal dispersion of the inoculant bacte- 

ria. The methods used on the site, ploughing and 
non-inversion tillage (harrowing), move bulk soil 
about 0.5 m and a dispersion parameter  of 0.24 
m 2 per tillage has been calculated [20] although 
movement of over 1 m per year has been ob- 
served for weed seeds of varying sizes in soil (G. 
Cussans, personal communication). The vertical 
movement of RSM2004 may be due to migration 
and movement in water films along roots and the 
associated channels and cracks and there may 
have been some horizontal dispersion in surface 
water after heavy rain although the site is well 
drained. Any inadvertent dispersion by humans 
(boots), vertebrates (feet) or invertebrates (on or 
in soil) is likely to be minor by comparison with 
mechanical cultivation which is a normal feature 
of arable agriculture. 

Implications 
The demonstration that RSM2004 has survived 

and remained viable in soil for over six years 
following its introduction is relevant when consid- 
ering the implications of introducing other inocu- 
lants which may be altered more radically. The 
low level of RSM2004, estimated at 0.1-1% of 
the total R. leguminosarum biovar viciae popula- 
tion, would have been difficult to detect without 
the Tn5  marker. There was no evidence of Tn5  
transfer from RSM2004 to native strains in the 
field, i.e. it was below the limit of detection 
(fewer than 0.02% of isolates could have received 
Tn5)  indicating that overall, gene transfer activity 
did not approach the maximum level (0.1% of 
potential acceptors receiving Tn5)  observed in 
standard laboratory crosses. In conjunction with 
the relatively low population of RSM2004, this 
implies that transfer of Tn5  to the indigenous 
population is unlikely to be a major factor in its 
persistence in this field. Survival of RSM2004 in 
the absence of the host plant reflects the be- 
haviour of R. leguminosarum populations in soil 
but not necessarily that of other rhizobial species. 
However the results of the field release demon- 
strate that it should not be assumed that intro- 
duced inoculants disappear after a few years and 
in arable situations, bulk movement of soil during 
cultivation is likely to be a major route for the 
spread of introduced microorganisms. 
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