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Abstract

Soil microcosms are a valuable tool for the study of genetic interactions between microorganisms in natural soil
environments. However, many factors, some of which are better studied than others, can affect gene transfer events occurring
in soil systems, and hence should be carefully considered when performing experiments in soil microcosms. This paper is a
guide to setting up and evaluating gene transfer experiments, and in particular conjugation studies in soil microcosms.
Particular emphasis is given to the transfer of broad-host-range (primarily clinically derived) plasmids, and natural antibiotic
resistance and catabolic soil plasmids. © 1998 Federation of European Microbiological Societies. Published by Elsevier

Science B.V.
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1. Introduction

Studies of horizontal gene exchange in soil micro-
cosms are important from several points of view.
Firstly, the increasing interest in the possible spread
of GMOs (genetically modified microorganisms) and
antibiotic resistance traits has prompted researchers
to study genetic interactions between bacteria in a
number of different habitats. Secondly, horizontal
gene transfer in soil may play a role in the evolution
of new bacterial traits. Also, thirdly there is the pos-
sibility of applying catabolic genes to contaminated
soils as a bioaugmentation strategy to enhance the
biodegradation potential of microbial communities.

* Corresponding author. Tel: +44 (1222) 874000 ext. 5884;
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Microcosms can be used to study these phenomena
and provide easy to handle systems, which can be
reproduced and set up in a controlled laboratory
environment.

Laboratory microcosms are used to assess poten-
tial ecological effects which may result from the in-
troduction of a particular organism in a particular
habitat by mimicking key field parameters in a labo-
ratory situation. For example, they may be used in
the testing of potentially beneficial strain inoculants
for bioremediative or agricultural purposes. Impor-
tantly, the use of microcosms in pre-release studies is
an essential requirement prior to the environmental
release of GMOs.

Microcosms need to be calibrated prior to use to
ensure that they adequately simulate key parameters
[1]. However, field calibration of a microcosm does
not imply that it should be an exact analogue of a
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field environment. Instead, calibration acts as a
measuring rod to show how closely related the mi-
crocosm is to the field environment. In this way, the
environmental significance of data obtained from the
microcosm can be assessed [2]. Hence microcosms
can be used to give vital information on the survival
and dispersal of bacterial strains, as well as on their
ability to compete with the indigenous microbiota
and their capacity for gene exchange, and on the
stability of heterologous DNA in soils. A number
of these considerations are discussed below. Impor-
tantly though, the ecological effects which may result
from the introduction of a particular organism must
be evaluated on a ‘case-by-case’ basis [3].

For the purpose of this review we will focus solely
on studies examining plasmid-mediated gene transfer
in soil microcosms. The most efficient and best
studied mechanism by which plasmids are dissemi-
nated in soil is by conjugation, so only this mecha-
nism will be discussed in this mini-review. The plas-
mids described are shown in Table 1.

2. Gene transfer experiments in soil microcosms
2.1. Soil microcosms

There is a need for studies to be carried out in soil
systems which mimic as much as possible those pa-
rameters which exist in a natural field system. In a
study examining the survival of Pseudomonas sp.
RCl1, growth chamber microcosms which simulated
mean field parameters were, in general, better pre-
dictors of field behaviour than microcosms incubated
continuously at 22°C [1]. Obviously a compromise
has to be reached in the number of variable param-
eters that can be used in any given study. Too many
variables will make the study unmanageable and any
results obtained unclear or indecisive. This is one
advantage of a microcosm, in that the variables ap-
plied can be limited so that real effects can be meas-
ured. However, there can be a danger in over-sim-
plifying a system as dynamic as soil. Consequently,
the use of simple microcosms containing only a few
grams of soil must go hand in glove with more com-
plex, scaled-up soil microcosms, to validate any re-
sults obtained.

A number of soil microcosms used to assess gene

transfer have been described in the literature. These
vary in complexity from very simple closed vessels
containing a few grams of soil, for example in a
conical flask [4] or Falcon tube [5], to more elaborate
open systems such as vertical soil columns in which
either the soil has to be sliced to be sampled [6] or
the percolated effluent passing through the column is
sampled [7]. A number of examples are given in Fig.
1.

2.2. Small and larger sized microcosms

A microcosm should be relatively simple to ensure
that reliable and reproducible sampling procedures
can be used. However, size is also an important con-
sideration. Most soil microcosms described in the
literature are very simple, consisting of quite small
containers such as milk dilution bottles [8,9], screw-
capped flasks [10], petri dishes [11] or test tubes [12]
and containing only a few grams of soil.

Several studies on plasmid transfer have been car-
ried out in 1-g soil microcosms in a test tube. How-
ever, since soil is very heterogeneous, it is question-
able whether such small microcosms, which are
strongly influenced by wall effects, can be represen-
tative of real field conditions. The larger a micro-
cosm, the smaller the wall effects produced, and
the better problems of heterogeneity can be avoided.
We have found a 100-g soil microcosm to yield re-
producible results and to be a reasonable compro-
mise between reality and practicality [13]. Moreover,
whether disturbed or undisturbed soil and what type
of vessel (i.e. jars or packed columns) is used will
also have an effect. Additionally, microcosm design
is important. For example, a number of different
strategies to maintain soil moisture can be applied
such as the placing of the microcosm onto a water
saturated sand bed (Fig. 1a) or the use of cotton or
paper wicks connecting the microcosm soil to a
water supply (Fig. 1b,c).

The microcosms described so far have been en-
closed batch systems. However, a number of unen-
closed soil microcosms have also been employed,
such as continuous flow column reactors through
which water or nutrients are percolated. Percolation
of varying concentrations of 2,2-dichloropropionic
acid [6] or nutrients [7] enhanced both survival and
transfer of a DCPA degradative plasmid, pLF40 and
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Table 1
Summary of characteristics of plasmids described in this review
Plasmid Incompatibility group Phenotype References
(if known)
RP4 IncP KmR, TcR, ApR, BHR [12,13,34,45,47,48]
RP4p (RP4::pat) IncP KmP®, Tck, Ap®, BHR [15]
pBLK1-2 (pRK2073::TnJ5) IncP Km®, Sm®, Sp*, BHR [8]
RP4::Tn4371 IncP Km®, Tc®, Ap®, 4-chlorobiphenyl*, [39]
biphenyl™, BHR
pJP4 IncP Hg", 2,4-D*, BHR [30,32,41,42]
pWWO0-EB62 IncP p-ethyltoluene™, p-methylbenzoate™, [40]
m-methylbenzoate™, m-xylene*
pDN705 IncP Tck, CdR, Zn®, Co®, BHR [13]
pEMT3k (pEMT3::miniTnSKm1) IncP 2,4-D*, Km®, BHR [43,44]
pEMTIk (pEMTI::miniTn5Kml) not IncP, IncN or 2,4-D*, Km®, BHR [43,44]
IncW
R57.b IncC Cm®, BHR [12]
R388::Tnl721 IncW Tck, Tp*, BHR [7,33]
pLF40 2,2-dichloropropionate™ [6]
pFT30 Tck [10]
pJBSII1::TnS nift, Km® [30]
plI673 Tsr®, Vph®, Nm® [18]

Abbreviations used in review text and table: Ap, ampicillin; Cm, chloramphenicol; Km, kanamycin; Nm, neomycin; Sm, streptomycin; Sp,

spectinomycin; Tc, tetracycline; Tp, trimethoprim; Tsr, thiostrepton; Vph, viomycin; nif, nitrogen-fixing; 2,4-D, 2,4-dichlorophenoxyacetic
acid; Co, cobalt; Zn, zinc; Cd, cadmium; Hg, mercuric chloride; BHR, broad host range.

Enterobacter cloacae carrying plasmid R388::Tn/721
respectively (Fig. 1b).

A few studies have used larger soil volumes of 50—
200 g for microcosm studies [14-16], but few have
used very large soil volumes of 600 g or more [17].
Cresswell et al. [18] looked at transfer of the multi-
ple-resistance plasmid plJ673 from Streptomyces vio-
laceolatus to Streptomyces lividans. In this study, 200
g soil in the nutrient-amended microcosm was peri-
odically refreshed by removal of ‘spent’ soil and re-
plenishment with fresh, un-inoculated soil to main-
tain nutrient levels. This fed-batch system was not
designed to act as a true model of field conditions,
but was more accurately able to produce a dynamic
system, and therefore perhaps a more realistic model
to actual events observed in situ.

2.3. Microcosms for studying bacterial interactions in
the vicinity of plant roots

Two examples of soil microcosms incorporating
plants are given in Fig. 1. For both examples, com-
plete destruction of the microcosm was needed for
sampling and hence this could only be done once per

experiment. Hence, such systems may be unsuitable
for longer term experiments where continuous sam-
pling is required. In this case, many identical micro-
cosms (one for each sampling in duplicate or tripli-
cate) are used and set up at the start of an
experiment.

The microcosm in Fig. la contained up to 40 g
soil. In this system, surface sterilised plant seeds were
placed on top of the nylon gauze and covered with
gravel to protect them from drying. The entire sys-
tem was then incubated until a root mat had devel-
oped and the shoots sprouted to 10 cm in height.
The soil block was frozen in liquid nitrogen and
then sampled using a thin slicing technique on a
microtome. The bacterial distribution could then be
determined in individual slices at increasing distance
from the root mat. Fig. 1c shows a slightly different
soil column containing only 10-12 g soil. By con-
trast, whole plant seedlings were planted into this
microcosm at the beginning of the experiment and
subsequently, the complete core was withdrawn and
sampled, including the whole plants.

Larger, more complex rhizosphere microcosms
also require destruction of the plants for sampling.
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Fig. 1. Examples of three different soil microcosms with/without rhizosphere, used for studying survival, distribution of and gene transfer
between bacteria in soil. (Figures (a), (b) and (c) were redrawn from [53], [6], and [4] respectively.) a: A soil chamber for studying bacteri-
al populations in close vicinity to plant roots, sitting on a layer of Blokzijl sand to regulate the moisture tension. The root-mat developed
was analyzed using a thin-slicing technique. b: A vertical soil microcosm in a glass column percolated with varying concentrations of 2,2-
dichloropropionic acid. Effluent samples percolated through the microcosm were collected and sampled from the receptor flask. c: A col-
umn microcosm which can be used with or without plants from which the whole soil core was removed and sampled at the end of the ex-

periment.
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However, if sufficient plants can be added to a sys-
tem, only a small number need to be destroyed at
each sampling and the microcosm can be used over a
much longer period of time [17]. Also, if larger plants
are used, soil in close proximity to the root surface
can be shaken off and sampled instead of using the
whole plant [15].

2.4. Bulk soil

Only a handful of conjugative gene transfer experi-
ments in field situations have been carried out in
bulk soil using defined donor and/or recipient strain
inoculants [19,20]. Hence, laboratory-based soil sys-
tems have almost exclusively been used to demon-
strate that the potential for gene transfer in the nat-
ural soil environment exists. One of the predominant
reasons for this must be the difficulty in identifying
suitable phenotypic/genotypic markers encoded by
natural soil plasmids. This has meant that in many
cases GMOs are the only option for use in mating
experiments to ensure adequate selection against the
indigenous soil microflora. However, the use of
GMOs in a field situation is costly in time and also
financially speaking where rigorous application pro-
cedures to obtain permission to do field release ex-
periments are required. Another problem is that
transfer frequencies observed in the field situation
are often below the levels of detection, perhaps be-
cause of spatial separation of donor and recipient
cells in soil. For example, in a 3-year study looking
at plasmid transfer from a genetically modified Rhi-
zobium inoculant to indigenous soil Rhizobium spe-
cies in the field, no in situ gene transfer could be
observed, although transfer could successfully be
demonstrated to occur in laboratory matings [21].
Hence the dearth of field data has led to the use of
soil microcosms without calibration to field systems
to verify the authenticity of the data produced.
Therefore in many respects, it is impossible to eval-
uate how well data from laboratory systems reflects
those from natural soil systems. A number of field
experiments are reportedly under way however
[22].

Retrospective field evidence for in situ gene trans-
fer in the soil environment has been shown [23,24].
Such studies infer that horizontal gene transfer has
taken place where a highly conserved gene/plasmid is

shown to be shared by a group of taxonomically
diverse hosts. However, no conclusive relationship
between transfer and time can be made, and any
quantification of transfer frequency is rather limited.
This is perhaps not the case for a study by Lilley and
Bailey though [20] where a narrow window for per-
missive transfer was observed in the sugarbeet rhizo-
sphere environment. Interestingly, this study sug-
gested that plasmid transfer to an introduced
recombinant Pseudomonas fluorescens strain from
the indigenous bacterial population occurred as a
result of plant signals at a very precise time in the
plants growth and development. The scarcity of
available data on the impact of such environmental
signals on conjugation contrasts strongly with the
important consequences they may have on the dis-
semination of genetic information in field situations.
Therefore results from microcosms have to be eval-
uated from a very critical viewpoint, with the real-
isation that there may be many unknown factors
which cannot be taken into account and could not
be mimicked in the microcosm set-up.

3. Factors affecting gene transfer in soil

Besides microcosm size and design, a number of
other factors can strongly influence gene transfer
events in the microcosm. These include inoculum
treatment [25], its mode of application [26], the con-
centration at which it is added and the sampling
method used.

3.1. Soil treatment

Prior to its use in the microcosm, soil may under-
go one or more of the following treatments: drying,
sieving, sterilisation, adjustment to standard mois-
ture content and/or amendment with nutrients and/
or salts. Additional parameters which can be set pri-
or to an experiment include temperature, pH, ionic
composition and microbial competition with other
inoculated strains or, with the indigenous soil micro-
flora.

Microcosms consisting of undisturbed soil samples
are ideal as they best mimic real soil conditions. An-
gle et al. [27] compared the survival of lacZY marked
Pseudomonas aeruginosa strains in two different mi-
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crocosms and in a field plot. One microcosm con-
sisted of 50 g of dried and sieved soil in a 160-ml
dilution bottle (disturbed soil), while the other one
consisted of an undisturbed soil column. They
showed that the population size of P. aeruginosa
declined at a significantly greater rate in the dis-
turbed soil microcosm than in the intact soil core
microcosm or in the field. The destruction of the
soil aggregates by drying and sieving was thought
to be the cause of the poorer survival of the strain.
Therefore, since survival also influences conjugative
plasmid transfer, it may be important to re-evaluate
results of conjugation studies obtained with dried
and sieved soil!

3.2. Sterile versus non-sterile soil

Transfer frequencies are almost always higher in
sterile soil than in non-sterile soil. This seems to be
due to better survival of the donor and/or recipient
strains because of lack of competition with indige-
nous microorganisms and a generally higher soil nu-
trient content after sterilisation. In addition, more
efficient conjugational transfer occurs thanks to the
higher microbial metabolic state in the presence of
more available nutrients. Hence, the use of sterile
soil represents a compromise between strict labora-
tory and in situ conditions [28]. Obviously, sterile
soil is a very artificial environment, and results ob-
tained using it can only be used as a first indication
for further research rather than to draw important
ecological conclusions.

Transfer of TnS-marked symbiotic plasmids
(pSym) has been observed in sterile soil microcosms
between Rhizobium leguminosarum biovar trifolii and
specific soil bacteria [29] at frequencies of 10™* per
donor strain. For transfer of the pea symbiotic
plasmid pJBSJI in non-sterile soil between Rhizo-
bium fredii and a pSym-cured strain of R. legumino-
sarum [30], highest transfer frequencies of 10™* per
recipient were obtained when soil temperatures
(28°C) and moisture levels (30-35%) were optimal
for rhizobial growth. Plasmid transfer frequencies
were also increased by the presence of pea rhizo-
sphere, by SBM (dried soyabean meal) additions
and by increasing the inoculum density but, in each
case, the increase was no more than one order of
magnitude.

3.3. Spatial separation between donor and recipient
strains

Soil is a heterogeneous system which may act as a
physical barrier to bacterial cell-to-cell contact.
Hence, an important factor for conjugative gene
transfer in soil is that the bacteria reach and main-
tain high enough cell numbers to facilitate cell-to-cell
contact between donor and recipient strains. The
ability to maintain high numbers and to migrate
through soil depends on the characteristics of each
species and is an important factor in the process of
genetic transfer [31]. Hence it seems likely that genet-
ic transfer will be limited to the area of dispersal of
donor and recipient strains and has been shown to
be primarily influenced by the amount of water
present which aids the mobility and survival of cells
[11]. For example, experiments by Van Elsas et al.
[16] have shown that plasmid transfer did not occur
between donor and recipient organisms introduced
separately into soil samples which were subsequently
mixed. However, more recent microcosm studies
have shown that dispersal of inoculated bacteria by
mesobiota such as earthworms can enhance gene dis-
semination in deeper soil layers [32].

3.4. Presence of nutrients

Importantly, the survival and persistence of
GMOs, as well as conjugative DNA transfer has
been shown to be greatly influenced by the addition
of nutrients. Top et al. [13] showed that mobilisation
of the IncP plasmid pDN705 from Escherichia coli to
Alcaligenes eutrophus was only detected in a sterile
sandy soil at 20°C when nutrients were added
(5.0X 1077 per recipient after 4 days). In a richer
sterile sandy loam soil, transfer occurred at similar
frequencies in both nutrient-amended and non-
amended soil (1X107° per recipient after 1 day)
but no transfer was observed in non-sterile soil un-
less nutrient amended (6.9 X 10™7 per recipient after
5 days).

In soil slurry, greatest transfer of the plasmid
R388::Tnl721 between Pseudomonas cepacia strains
was observed at 35°C when enriched with a nutrient
supplement [33]. Conversely, low numbers of trans-
conjugants were observed in low nutrient or pH
stress, even when initial donor and recipient numbers
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were maintained at high levels. A similar positive
effect of nutrients on the number of transconjugants
formed was also seen for transfer of R388::Tn/721
in a continuous-flow soil column [7], for transfer of
plasmid RP4 and (retro)mobilisation of an IncQ vec-
tor in sterile and non-sterile soil microcosms [34] and
for transfer of IncP, IncN, and IncW plasmids in
sterile soil [35].

3.5. Presence of a selective pressure such as heavy
metals or recalcitrant organics

Researchers have become aware that conjugative
plasmid transfer may play an important role in the
acquisition of heavy metal resistance and degradative
traits by bacteria in natural ecosystems exposed to
high concentrations of heavy metals and novel, man-
made recalcitrant organics. Kinkle et al. [36] showed
that the 2,4-D degradative and Hg® plasmid pJP4
was transferred from an introduced Bradyrhizobium
Jjaponicum strain to several introduced Bradyrhi-
zobium sp. strains in non-sterile soil. However, the
addition of mercury (up to 50 mg kg~' soil) had no
apparent stimulatory effect on the number of trans-
conjugants obtained.

Direct and triparental mobilisation, and retromo-
bilisation of the heavy metal resistance gene cassette
cze (CoR, Zn®, CdR®) from E. coli or Pseudomonas
putida to A. eutrophus has also been investigated in
sterile and non-sterile soil microcosms [13,34,37,38].
These studies showed that the presence of heavy met-
als in the soil positively influenced the number of
transconjugants found in sterile soil. However, this
positive effect was not clearly demonstrated in non-
sterile soil. Ratios of transconjugants to recipients
were sometimes higher in sterile polluted soil than
in plate matings.

In contrast to the results with heavy metal conta-
minated soils, the presence of certain man-made or-
ganic substrates has clearly been shown to enhance
the number of transconjugants obtained which ex-
press the catabolic genes in non-sterile soil. De
Rore et al. [39] studied the transfer of a non-re-
combinant biphenyl degradative transposon located
on RP4, to indigenous bacteria in sandy soil. The
plasmid was transferred to bacteria belonging to a
number of different genera and in spite of the fast
disappearance of the donor, the number of transcon-

jugants was higher in biphenyl spiked soil than in
non-treated soil (5.9x10* g=' soil compared to
4.1x10% g~! after 26 days). In contrast, transfer of
the catabolic plasmid pWWO-EB62, encoding degra-
dation of ethylbenzoate, between introduced strains
in sterilised soil with and without addition of ethyl-
benzoate was only detected when the donor and re-
cipient strains were of the same species [40]. A pos-
itive effect of ethylbenzoate on the number of
transconjugants obtained was not observed. On the
contrary, a negative effect was seen, i.e. a lag phase
in the formation of transconjugants, which was
probably due to toxic effects of the chemical on the
recipient strain.

The effect of selective pressure exerted by 2,4-D on
the dissemination of pJP4 in soil was studied by
Neilsson et al. [41] and diGiovanni et al. [42]. Neils-
son et al. [41] found that transfer of pJP4 from
A. eutrophus JMP134 to Variovorax paradoxus in
nonsterile soil amended with 100 ppm 2,4-D oc-
curred at 1078 per parent strain after 48 h. diGio-
vanni et al. [42] examined the frequency of plasmid
transfer to indigenous bacteria, and observed that
transconjugants were only detected at high concen-
trations of 2,4-D (1000 ppm), and not at 100 ppm or
500 ppm. In both studies [41,42], the plasmid donor
strain survived well thereby compromising the ability
to assess frequencies of plasmid transfer to indige-
nous bacteria. Indeed, the donor strain by itself
could readily deplete the carbon source required
for the selection of transconjugants in the 2,4-D en-
riched soil.

Transfer of two other 2,4-D degradative plasmids,
pEMT1 and pEMT3, isolated from agricultural soil
[43] was recently investigated in soil microcosms [44].
Transfer of plasmid pEMTI1k (a kanamycin marked
derivative of pEMTI1) to the indigenous microbial
populations was observed in non-amended and 2,4-
D-amended soil though 2,4-D amendment had an
enhancing effect on transconjugant numbers
(2x10% per donor in 2,4-D treated soil compared
to 3.9x1073 per donor in non-treated soil after
5 days). Transfer of plasmid pEMT3k was only ob-
served in 2,4-D treated soil (one per donor after
5 days). These results show that a selective pressure
in a soil habitat can strongly affect the extent of gene
spread and hence needs to be considered as an influ-
ential factor in each case.
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3.6. Soil type

Soil type has been shown to greatly influence con-
jugal transfer in soil. Hence bacterial strains and
plasmids might then be expected to exhibit different
survival and transfer characteristics in different soils
[13]. For example, intergeneric transfer of plasmid
pBLK1-2 occurred in soil but was strongly influ-
enced by soil variables such as clay, organic matter,
soil pH, soil moisture and soil incubation tempera-
ture [8]. Maximum transfer frequencies per recipient
were obtained at 15% clay content, 5% organic mat-
ter, pH 7.25, 8% moisture, and a soil incubation
temperature of 28°C. Soils containing high clay
and organic matter [15], sandy soil with a high clay
and silt contents [12], a sandy loam [13] and benton-
ite amended soil [45] were all shown to enhance
transfer of IncP plasmids. This is thought to be
due to an enhancing of cell-to-cell contact required
for conjugal transfer in finer textured soil. The 4.4-
kb Bacillus cereus plasmid pFT30 isolated from soil
[10] transferred at a frequency of 1X 1075 per donor
in laboratory matings between Bacillus sp. In sterile
loamy sand, this transfer frequency declined to
0.7x107" and no transfer was observed in un-
amended non-sterile soil. However in the presence
of bentonite clay, plasmid transfer occurred at a fre-
quency of 0.9 1077 in non-sterile soil and survival
of the recipient strain was concomitantly enhanced.
When a more efficient transfer/soil system was used,
for example the pea symbiotic plasmid pJB5J1 and a
silt loam soil [30], transfer was demonstrated to oc-
cur in non-sterile and unamended soil.

3.7. Influence of plant rhizosphere

Plant roots in rhizosphere soil have been shown to
be just as influential on gene transfer as soil type.
This is primarily due to the large amount of nu-
trient-rich plant root exudates which are released
into the soil. Foster et al. [46] showed that bacterial
growth was stimulated in soil as far as 1-2 mm from
the root, although the effect was most pronounced at
0-50 um from the root surface. Notably, enhance-
ment of transfer of RP4 [47] was found to occur just
around the plant root area and a marked decrease in
frequency was observed with increasing distance
from the root. However, although transfer was de-

tected in soil in a model wheat rhizosphere micro-
cosm, no transfer was detected in non-rhizosphere
soil [45], unless the soil was nutrient amended [48].
In addition, there may also be some evidence for
migration of bacterial populations towards the plant
roots due to the flux of soil water induced by the
plants themselves [16].

3.8. Temperature

Temperature has been shown to greatly affect gene
transfer frequencies. For example, plasmids RP4 and
R57.b transferred at high frequencies (1072) at 30°C,
but at low frequencies at 20°C in a number of differ-
ent sterile soils [12]. (It is unclear from this reference
how these particular transfer frequencies were esti-
mated.) This observation has probably been biased
however, by the use of E. coli as the donor strain in
this study which has a high optimal growth temper-
ature. Hence, indigenous soil strains are likely to
produce higher transfer frequencies at more environ-
mentally relevant soil temperatures than E. coli. This
has been shown very distinctly by plasmids indige-
nous to river epilithon such as pQMI1, pQM3 and
pQM4 which transferred optimally at 25, 20 and
15°C respectively [49].

3.9. Earthworm activity

A major limiting factor in the dispersal of bacteria
and their genes introduced into soil is their poor
mobility through the soil system. Meso- and macro-
biota can however contribute to the dispersal of bac-
teria and plasmids in soil, as recently shown by
Daane et al. [32]. In a 40 cm high soil column plas-
mid pJP4 transferred from P. fluorescens to the in-
digenous bacteria in the higher layers, but the num-
ber of transconjugants was significantly increased in
the deeper layers of the soil columns containing one
earthworm. Hence, the effect of earthworm activity
on the numbers of transconjugants, their vertical dis-
tribution, and their diversity should be considered in
future risk assessment and other plasmid transfer
studies in soil.

3.10. Plasmids used for the transfer experiments

There are a predominance of plasmid transfer
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studies in soil microcosms which have utilised the
broad-host-range (BHR) or so-called promiscuous
plasmids [50] belonging to the IncC, IncN, IncP,
IncQ and IncW groups. The IncP plasmids in partic-
ular have specific characteristics which have made
them the plasmid of first choice in many cases
when studying gene transfer in natural environments.
IncP plasmids transfer at very high frequencies, have
an extremely broad host-range and encode a range of
selective markers such as resistance to kanamycin
and tetracycline (e.g. RP4) or mercuric chloride
(e.g. pJP4) which have made them easy to select in
soil environments. Many of these plasmids (with the
exception of pJP4) were not isolated from a soil en-
vironment, but were derived from clinical sources.
Hence, they are perhaps less appropriate for use in
microcosms which pertain to mimic natural field
populations. Perhaps the most interesting plasmids
in such studies are those which have been isolated
from the soil of interest. Such natural plasmids in-
clude antibiotic resistance, heavy metal resistance,
and catabolic plasmids. However, relatively few stud-
ies have been conducted in natural soils using indig-
enous soil microbes with realistic population den-
sities and incubation conditions [16,19,51].

3.11. Estimation of transfer frequencies

Transfer frequencies are estimated as a ratio of
transconjugant counts to donors or recipients. A
number of studies in soil microcosms still make the
assumption however that all transconjugants ob-
served arise as a direct result of transfer occurring
in the soil. In the initial stages of an experiment this
will indeed be the case. However, there will be
subsequent survival, growth and die-off of transcon-
jugants in competition with donors, recipients and
indigenous soil microorganisms. Increases in trans-
conjugant numbers with time are therefore likely to
result from replication of the initial transconjugants,
particularly in instances where selective pressure ac-
tively promotes growth of these transconjugants.
Consequently, sampling time after inoculation will
play an important role in transconjugant numbers
observed and in any subsequent interpretation of
these counts.

Conjugal transfer of thiostrepton resistance plas-
mids has been reported between Streptomycetes col-

onising sterile soil microcosms [52] and in nutrient
amended and non-amended non-sterile soil [51]. In
this last study, plasmid transfer in soil was compar-
able to that obtained on laboratory media, although
after day two in the soil microcosm, frequencies
mainly reflected growth and sporulation of transcon-
jugants. After day two in this case, ‘transfer fre-
quency’ does not reflect the frequency of actual con-
jugative transfer and use of the term ‘transfer
frequency’ is incorrect. The transconjugant to do-
nor/recipient ‘ratio’ can still be calculated after day
two, but this should remain defined as a ‘ratio’ and
be distinct from the true estimate of transfer fre-
quency.

4. In conclusion

Microcosm studies are invaluable to our under-
standing of how field systems and the dynamics of
such systems work. Hence, the use of microcosms is
fundamental to research in microbial ecology if we
are to gain in our understanding of how plasmid
mediated gene dispersal occurs and to what extent
it affects the microbial community structure and dy-
namics in the natural soil environment. Numerous
studies have shown that many factors affect the
rate of gene transfer in soil, and can be used to
draw useful insights into the design of new micro-
cosm studies. It has also been shown that selective
pressure exerted by a xenobiotic compound can
greatly increase the populations of bacteria that
have acquired genes that encode mineralisation of
or resistance to that compound. This should not be
overlooked when assessing plasmid dissemination in
natural environments.

In conclusion, comparison of several studies has
revealed that the standard soil microcosm does not
exist. Therefore one has to be very careful when
drawing conclusions based on comparisons made be-
tween different microcosm studies which have been
performed under even slightly different environmen-
tal conditions. We hope that our list of factors which
may directly or indirectly influence the extent of con-
jugative gene transfer occurring in soil can be used as
a guideline for setting up future soil microcosm stud-
ies, and that this will aid the researcher in evaluating
the data obtained from such studies.



328 K E. Hilll EM. Top! FEMS Microbiology Ecology 25 (1998) 319-329

Acknowledgments

We would like to acknowledge support from the
EC Biotech program BIO2-CT92-0491 (K.E.H.) and
from the National Fund for Scientific Research-
Flanders in the form of a senior research associate
position (E.M.T.).

References

[1] Bolton, H., Fredrickson, J.K., Thomas, J.M., Li, SW., Work-

man, D.J., Bentjen, S.A. and Smith, J.L. (1991) Field calibra-

tion of soil-core microcosms: Ecosystem structural and func-

tional comparisons. Microb. Ecol. 21, 175-189.

Pritchard, H.A.P. (1988) Round Table 6: Use of microcosms.

In: Release of Genetically Engineered Microorganisms (Suss-

man, M., Collins, C.H., Skinner, F.A. and Stewart-Tull, D.E.,

Eds.), pp. 265-267. Academic Press, London.

Domsch, K.H., Driesel, A.J., Goebel, W., Andersch, W., Lin-

denmaier, W., Lotz, W., Reber, H. and Schmidt, F. (1988)

Considerations on release of gene-technologically engineered

microorganisms into the environment. FEMS Microbiol. Ecol.

53, 261-272.

Henschke, R.B. and Schmidt, F.R.J. (1989) Survival, distribu-

tion, and gene transfer of bacteria in a compact soil micro-

cosm system. Biol. Fertil. Soils 8, 19-24.

[5] Krasovsky, V.N. and Stotzky, G. (1987) Conjugation and
genetic recombination in Escherichia coli in sterile and non-
sterile soil. Soil Biol. Biochem. 19, 631-638.

[6] Brokamp, A. and Schmidt, F.R.J. (1991) Survival of Alcali-
genes xylosoxidans degrading 2,2-dichloropropionate and hor-
izontal transfer of its halidohydrolase gene in a soil micro-
cosm. Curr. Microbiol. 22, 299-306.

[7] Sun, L., Bazin, M.J. and Lynch, J.M. (1993) Plasmid dynam-
ics in a model soil column. Mol. Ecol. 2, 9-15.

[8] Richaume, A., Angle, J.S. and Sadowsky, M.J. (1989) Influ-

ence of soil variables on in situ plasmid transfer from Esche-

richia coli to Rhizobium fredii. Appl. Environ. Microbiol. 55,

1730-1734.

Glover-Glew, J.G., Angle, J.S. and Sadowsky, M.J. (1993) In

vivo transfer of pR68.45 from Pseudomonas aeruginosa into

indigenous soil bacteria. Microb. Releases 1, 237-241.

[10] Van Elsas, J.D., Govaert, JJM. and Van Veen, J.A. (1987)
Transfer of plasmid pFT30 between Bacilli in soil as influ-
enced by bacterial population dynamics and soil conditions.
Soil Biol. Biochem. 5, 639-647.

[11] Lafuente, R., Maymo-Gatell, X., Mas-Castella, J. and Guer-
rero, R. (1996) Influence of environmental factors on plasmid
transfer in soil microcosms. Curr. Microbiol. 32, 213-220.

[12] Naik, G.A., Bhat, L.N., Chopade, B.A. and Lynch, J.M.
(1994) Transfer of broad-host range antibiotic resistance plas-
mids in soil microcosms. Curr. Microbiol. 28, 209-215.

[13] Top, E., Mergeay, M., Springael, D. and Verstracte, W.
(1990) Gene escape model: transfer of heavy metal resistance

2

—

[3

[

[4

=

[9

—

genes from Escherichia coli to Alcaligenes eutrophus on agar

plates and in soil samples. Appl. Environ. Microbiol. 56,

2471-2479.

Klingmiller, W. (1991) Plasmid transfer in natural soil: a case

by case study with nitrogen-fixing Enterobacter. FEMS Micro-

biol. Ecol. 85, 107-116.

Richaume, A., Smit, E., Faurie, G. and Van Elsas, J.D. (1992)

Influence of soil type on the transfer of plasmid RP4p from

Pseudomonas fluorescens to introduced recipient and to indig-

enous bacteria. FEMS Microbiol. Ecol. 101, 281-292.

Van Elsas, J.D., Trevors, J.T., Starodub, M.E. and Van Over-

beek, L.S. (1990) Transfer of plasmid RP4 between pseudo-

monads after introduction into soil; influence of spatial and

temporal aspects of inoculation. FEMS Microbiol. Ecol. 73,

1-12.

[17] Walter, M.V., Porteous, L.A., Prince, V.J., Ganio, L. and

Seidler, R.J. (1991) A microcosm for measuring survival and

conjugation of genetically engineered bacteria in rhizosphere

environments. Curr. Microbiol. 22, 117-121.

Cresswell, N., Herron, P.R., Saunders, V.A. and Wellington,

E.M.H. (1992) The fate of introduced streptomycetes, plasmid

and phage populations in a dynamic soil system. J. Gen. Mi-

crobiol. 138, 659-666.

[19] Gotz, A. and Smalla, K. (1997) Manure enhances plasmid

mobilization and survival of Pseudomonas putida introduced

into field soil. Appl. Environ. Microbiol. 63, 1980-1986.

Lilley, A.K. and Bailey, M.J. (1997) The acquisition of indig-

enous plasmids by a genetically marked pseudomonad popu-

lation colonizing the sugar beet phytosphere is related to local

environmental conditions. Appl. Environ. Microbiol. 63,

1577-1583.

Hirsch, P.R. and Spokes, J.D. (1994) Survival and dispersion

of genetically-modified rhizobia in the field and genetic inter-

actions with native strains. FEMS Microbiol. Ecol. 15, 147—

159.

Selbitschka, W., Jording, D., Nieman, S., Schmidt, R., Puhler,

A., Mendum, T. and Hirsch, P. (1995) Construction and char-

acterization of a Rhizobium leguminosarum biovar viciae strain

designed to assess horizontal gene transfer in the environment.

FEMS Microbiol. Lett. 128, 255-263.

Herrick, J.B., Stuart-Keil, K.G., Ghiorse, W.C. and Madsen,

E.L. (1997) Natural horizontal transfer of a naphthalene di-

oxygenase gene between bacteria native to a coal tar-contami-

nated field site. Appl. Environ. Microbiol. 63, 2330-2337.

Louvier, P., Laguerre, G. and Amarger, N. (1996) Distribu-

tion of symbiotic genotypes in Rhizobium leguminosarum bio-

var viciae populations isolated directly from soils. Appl. En-

viron. Microbiol. 62, 4202-4205.

[25] Hekman, W.E., Heijnen, C.E., Trevors, J.T. and Van Elsas,
J.D. (1994) Water flow induced transport of Pseudomonas
fluorescens cells through soil columns as affected by inoculant
treatment. FEMS Microbiol. Ecol. 13, 313-324.

[26] Van Elsas, J.D. and Heijen, C.E. (1990) Methods for the in-
troduction of bacteria into soil: a review. Biol. Fertil. Soils 10,
127-133.

[27] Angle, J.S., Levin, M.A., Gagliardi, J.V. and McIntosh, M.S.
(1995) Validation of microcosms for examining the survival of

[14

[15

[16

[18

[20

21

[22

23

[24



K E. Hilll EM. Top! FEMS Microbiology Ecology 25 (1998) 319-329 329

Pseudomonas aureofaciens (lacZY) in soil. Appl. Environ. Mi-
crobiol. 61, 2835-2839.

[28] Trevors, J.T. and Starodub, M. E. (1987) R-plasmid transfer
in non-sterile agricultural soil. Syst. Appl. Microbiol. 9, 312—
315.

[29] Rao, J.R., Fenton, M. and Jarvis, B.D.W. (1994) Symbiotic
plasmid transfer in Rhizobium leguminosarum biovar trifolii
and competition between the inoculant strain ICMP2163
and transconjugant soil bacteria. Soil Biol. Biochem. 26,
339-351.

[30] Kinkle, B.K. and Schmidt, E.L. (1991) Transfer of the pea
symbiotic plasmid pJB5JI in nonsterile soil. Appl. Environ.
Microbiol. 57, 3264-3269.

[31] Stotzky, G. and Babich, H. (1986) Survival of, and genetic
transfer by, genetically engineered bacteria in natural environ-
ments. Adv. Appl. Microbiol. 31, 93-138.

[32] Daane, L.L., Molina, J.A.E., Berry, E.C. and Sadowsky, M.J.
(1996) Influence of earthworm activity on gene transfer from
Pseudomonas fluorescens to indigenous soil bacteria. Appl.
Environ. Microbiol. 62, 515-521.

[33] Walter, M.V., Porteous, L.A. and Seidler, R.J. (1989) Evalu-
ation of a method to measure conjugal transfer of recombi-
nant DNA in soil slurries. Curr. Microbiol. 19, 365-370.

[34] Top, E.-M., De Rore, H., Collard, J.-M., Gellens, V., Slobod-
kina, G., Verstraete, W. and Mergeay, M. (1995) Retromobil-
ization of heavy metal resistance genes in unpolluted and
heavy metal polluted soil. FEMS Microbiol. Ecol. 18, 191-
203.

[35] Pukall, R., Tschipe, H. and Smalla, K. (1996) Monitoring the
spread of broad host and narrow host range plasmids in soil
microcosms. FEMS Microbiol. Ecol. 20, 53-66.

[36] Kinkle, B.K., Sadowsky, M.J., Schmidt, E.L. and Koskinen,
W.C. (1993) Plasmid pJP4 and r68.45 can be transferred be-
tween populations of Bradyrhizobia in non-sterile soil. Appl.
Environ. Microbiol. 59, 1762-1766.

[37] De Rore, H., Top, E., Houwen, F., Mergeay, M. and Ver-
straete, W. (1994) Evolution of heavy metal resistant trans-
conjugants in a soil environment with a concomitant selective
pressure. FEMS Microbiol. Ecol. 14, 263-274.

[38] De Rore, H., Top, E., Slobodkina, G., Mergeay, M. and
Verstraete, W. (unpublished data).

[39] De Rore, H., Demolder, K., De Wilde, K., Top, E., Houwen,
F. and Verstraete, W. (1994) Transfer of the catabolic plasmid
RP4::Tn4371 to indigenous soil bacteria and its effect on
respiration and biphenyl breakdown. FEMS Microbiol.
Ecol. 15, 71-77.

[40] Ramos-Gonzalez, M., Duque, E. and Ramos, J.L. (1991)
Conjugational transfer of recombinant DNA in cultures and

in soils: host range of Pseudomonas putida TOL plasmids.

Appl. Environ. Microbiol. 57, 3020-3027.

Neilsson, J.W., Josephson, K.L., Pepper, L.L., Arnold, R.B.,

DiGiovanni, G.D. and Sinclair, N.A. (1994) Frequency of

horizontal gene transfer of a large catabolic plasmid (pJP4)

in soil. Appl. Environ. Microbiol. 60, 4053-4058.

[42] diGiovanni, G.D., Neilsson, J.W., Pepper, I.L. and Sinclair,
N.A. (1996) Gene transfer of Alcaligenes eutrophus JMP134
plasmid pJP4 to indigenous soil recipients. Appl. Environ.
Microbiol. 62, 2521-2526.

[43] Top, E.M., Holben, W.E. and Forney, L.J. (1995) Character-
ization of diverse 2,4-D degradative plasmids isolated from
soil by complementation. Appl. Environ. Microbiol. 61,
1691-1698.

[44] Top, E.M., Van Daele, P., De Saeyer, N. and Forney, L.J.
(1998) Enhancement of 2,4-dichlorophenoxyacetic acid (2,4-
D) degradation in soil by dissemination of catabolic plasmids.
Antonie van Leeuwenhoek (in press).

[45] Smit, E. and Van Elsas, J.D. (1990) Determination of plasmid
transfer frequency in soil: Consequences of bacterial mating
on selective agar media. Curr. Microbiol. 21, 151-157.

[46] Foster, R.C., Rovira, A.D. and Cock, T.W. (1983) Ultrastruc-
ture of the Root-Soil Interface. The American Phytopatholog-
ical Society, St. Paul, MN.

[47] Van Elsas, J.D., Trevors, J.T. and Starodub, M.E. (1988)
Bacterial conjugation between pseudomonads in the rhizo-
sphere of wheat. FEMS Microbiol. Ecol. 53, 299-306.

[48] Van Elsas, J.D., Nikkel, M. and Van Overbeek, L.S. (1989)
Detection of plasmid RP4 transfer in soil and rhizosphere,
and the occurrence of homology to RP4 in soil bacteria.
Curr. Microbiol. 19, 375-381.

[49] Fry, J.C. and Day, M.J. (1990) Plasmid transfer in the epili-
thon. In: Bacterial Genetics in Natural Environments (Fry,
J.C. and Day, M.J., Eds.). Chapman and Hall, London.

[50] Thomas, C.M. (1989) In: Promiscuous Plasmids of Gram-neg-
ative Bacteria (Thomas, C.M., Ed.). Academic Press, London.

[51] Wellington, E.M.H., Cresswell, N. and Saunders, V.A. (1990)
Growth and survival of Streptomycete inoculants and extent
of plasmid transfer in sterile and nonsterile soil. Appl. Envi-
ron. Microbiol. 56, 1413-1419.

[52] Bleakley, B.H. and Crawford, D.L. (1989) The effects of vary-

ing moisture and nutrient levels on the transfer of a conjuga-

tive plasmid between Streptomyces species in soil. Can. J. Mi-

crobiol. 35, 544-549.

Dijkstra, A.F., Govaert, J.M., Scholten, G.H.N. and Van EI-

sas, J.D. (1987) A soil chamber for studying the bacterial

distribution in the vicinity of roots. Soil Biol. Biochem. 19,

351-352.

[41

(53



