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Abstract .  Significantly higher n u m b e r s  o f  Gram-nega t ive  heterot rophic  
bacter ia  were present  at the a i r -wa te r  interface (neuston) of  f reshwater  lakes 
than  in the bulk water. Neus ton  bacter ia  were dist inguished as a popula t ion  
distinct f rom bacter ia  in the bulk  water  by  a higher incidence o f  p igmented  
colony types and significantly greater  levels o f  mult iple  resistance to an- 
t ibiotics and heavy  metals. The  incidence of  p lasmids  in 236 neuston and 
229 bulk water  strains were s imi lar  (14 and 16.2%, respectively). Nine  o f  
168 plasmid-free strains and  2 o f  14 p lasmid  carrying strains, isolated f rom 
bo th  bulk water  and  neuston, acted as recipients o f  p lasmid  R68.45 in 
plate matings with a P s e u d o m o n a s  aeruginosa  donor  strain PAO4032  at 
21~ but  at frequencies below tha t  o f  mat ings  with a res t r ic t ion-minus  
recipient  strain o fP .  aeruginosa,  strain PAO 1168. In  a model  sys tem com-  
posed o f  nutrient-free synthetic lake water,  p l a smid  R68.45 was shown to 
t ransfer  between P. aeruginosa  strains at frequencies between 10 -3 and 
10 -5. Transconjugants  were detected abou t  100 t imes more  frequently at 
the interface than in the bulk water,  which in par t  reflected a greater en- 
r i chment  of  the donor  at this site. N o n e  of  the aquatic  isolates were able 
to act as recipients o f  p lasmid  R68.45 in this mode l  system with strain 
PAO4032  as donor.  The  results suggest that  under  nutr ient  depr ived  con- 
ditions, the spread o f  p lasmid  R68.45 and s imilar  p lasmids  by  lateral 
t ransfer  into this part icular  aquat ic  popula t ion  would be a rare event.  

Introduction 

The  a i r -wate r  interface consti tutes a surface with physical  and  chemical  prop-  
erties very  different f rom those o f  the bulk  water  [17, 21], which in mar ine  
areas has been shown to harbor  a unique bacterial  flora [11]. I t  has been 
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p roposed  that  the distinguishing characterist ics o f  the surface microf lora  o f  
mar ine  env i ronment s  (significantly higher incidences o f  p igmented  and  mul -  
tiple antibiot ic  resistant  bacteria) m a y  reflect m e c h a n i s m s  that  protec t  cells 
against  lethal solar radia t ion and  accumula ted  an t imicrobia l  substances in the 
surface film [11]. Moreover ,  the higher  f requency o f  p lasmids  in interface 
bacter ia  m a y  be the result o f  these popula t ions  accumula t ing  p la smid  genes 
that  p rov ide  functions that  enhance microbia l  survival  at  the a i r -wate r  interface 
[ 11]. I f  this were the case, then effective m e c h a n i s m s  for the acquisi t ion o f  
p lasmids  m a y  exist within the bacterial  flora o f  the neus ton  and  these organisms 
could, therefore, act as reservoirs  for in t roduced  plasmids.  

P lasmid  transfer  between bacter ia  is known to occur  in aquatic  env i ronments .  
P lasmid  transfer  between bacter ia  has been  observed  within the epi l i thon o f  
r ivers  [ 1 ], within submerged  chambers  [22], and  between Escherichia coli strains 
in bo th  wastewater  [8] and sed iment  [25]. Surfaces and  interfaces m a y  be 
impor t an t  sites o f  microbial  conjugat ion in aquatic  locations,  because microb ia l  
popula t ions  are often denser  on surfaces [ 18], and  the major i ty  o f  conjugat ive 
plasmids,  part icularly those that  encode rigid pili are m o r e  efficiently, i f  not  
exclusively, t ransferred between cells on surfaces [5]. 

I f  the a i r -wa te r  interface in f reshwater  sys tems harbors  heterot rophic  bacter ia  
distinct f rom those o f  the bulk water,  then  this popula t ion  mus t  be character ized 
before meaningful  studies on the influence o f  the interface on p lasmid  t ransfer  
be tween cells localized at the surface film can be accomplished.  Accordingly,  
the existence o f  unique heterot rophic  bacterial  popula t ions  at the a i r -wa te r  
interface o f  freshwater systems was first investigated,  and  the Gram-nega t i ve  
isolates were tentat ively assigned to one o f  seven groups. Subsequently,  the 
conjugal t ransfer  o f  the b road  host- range IncP group p lasmid  R68.45 f rom P. 
aeruginosa to representat ive aquatic  isolates was measured  at the a i r -wa te r  
interface o f  a mode l  aquatic  system. This  mode l  aquat ic  system util ized syn- 
thetic lake water  to ove rcome  var ia t ions  in the qualities o f  natural  lake waters  
[19]. 

M e t h o d s  

Isolation and Characterization of Freshwater Bacteria 

Two Lake Michigan stations (Garden Peninsular and Benton Harbor) and a Lake Superior station 
at Marquette were sampled during June and July of 1988. Three local lakes (Whitmore, Indepen- 
dence, and Geddes) that differ in usages and development were examined at intervals from October 
1987 to August 1988. 

Near-shore, air-water interface samples were obtained with 10 Teflon sheets [15]. Each Teflon 
sheet had a surface area of 63.6 cm 2 and lifted an average of 25 /~I of air-water interface film, 
giving an average sample depth of about 4 ~tm. Bulk water samples were taken at a depth of 0.5 
m with a bottle sampler (Grab Sampler, Fisher) at the same site. Dilutions were plated onto a 
standard plate count (SP) agar (which contained, per liter: 5 g Bacto Tryptone, 2.5 g Bacto Yeast 
Extract, 1 g glucose, 15 g Bacto Agar, final pH 7.0) [23] and onto SP agar containing 5 ~g/ml of 
either novobiocin (Nb), nalidixic acid (Nx), ampicillin (Ap), streptomycin (Sm), chloramphenicol 
(Cm), tetracycline (To), carbenicillin (Cb), or kanamycin (Kin), and onto SP agar containing 20 
/~g/ml of either ZnC12 (Zn), CuSO, (Cu), COC12 (Co), KCrO, (Cr), HgC12 (Hg), or NiCI: (Ni). The 
inclusion of antibiotics and heavy metals allowed for the identification of subpopulations that 
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would be overlooked on SP agar. Plates were counted and the pigmentation of colonies evaluated 
as described [11] after incubation for 3 days at 21"C. Isolates, representing different colony and/ 
or pigmentation types in a sample, were purified on SP agar and tested for oxidase, the oxidation/ 
fermentation of glucose and motility, and then stored in 50% glycerol at -70"C. 

All isolates were examined for plasmids by the method of  Kado and Liu [ 13]. Minimal inhibitory 
concentrations (MIC) for the antibiotics and metal ions given above were determined by replica 
plating onto SP agar containing either 5, 15, 50, or 100/~g/ml of  an antibiotic, or 20, 50, 100, or 
200/zg/ml of a heavy metal salt. 

Bacterial Strains and Plasmids 

The broad host-range IncP- 1 group plasmid R68.45 (Tc r, Cb r, Km r, Tra § [10] was used throughout 
these studies. P. aeruginosa strain PAO4032 (catA1, met-9020, nar-9011, mtu-9002, tyu9030) was 
obtained from R. Olsen, University of Michigan, and used as the standard donor ofplasmid R68.45 
throughout these experiments. The restriction-negative P. aeruginosa strain PAO1168 (leu-38, 
hsdR15, FP2 § was provided by B. W. HoUoway (Monash University, Australia) and used as the 
recipient. All other bacteria used as recipients were isolated from freshwater lakes in Michigan as 
described above. Cultures were routinely grown on SP agar, or in SP broth at 2 I*C. 

Conjugation 

All conjugation experiments were done at 2 I~ Plate conjugation was carried out on SP agar by 
spreading a I00 tzl volume of a mixed suspension of  the donor and the recipient strains over an 
area of about 5 cm 2, followed by incubation for 18 hours. M9 minimal media containing methionine 
or leucine (100 #g/ml) were used for the selection of the donor strain PAO4032 and the recipient 
strain, PAP1168, respectively. Transconjugants of strain PAP 1168 were selected on M9 media 
containing leucine, Tc (25 #g/ml), Cb (125 #g/ml), and/or Km (50 #g/ml). Aquatic isolates were 
recovered from mating mixtures either o n  M9 medium or on SP agar containing an antibiotic or 
heavy metal to select against the donor strain PAO4032. Transconjugants of water isolates were 
selected at three times the MIC of the recipient for To, Cb (or Ap), and/or Kin. All putative 
transconjugants were reexamined for resistance to Tc, Cm, and Km, and for the presence ofplasmid 
R68.45. 

Conjugation experiments were done in synthetic lake water (SLW), the composition of which 
was based on the inorganic components of  Lake Michigan water present at greater than 10 -7 M 
[24]. SLW contained per liter of double distilled water: NaHCO3, 19.7 mg; KHCO3, 3.2 mg; CaCO3, 
86 mg; MgCO3, 38 mg; HCI, 0.31 ml o f a  1 M solution; H2SO,, 0.5 ml of a 0.5 M solution. After 
autoclaving, the salts were dissolved by sparging with filter-sterilized CO2 to give a pH less than 
5.5, followed by sparging overnight with filter-sterilized air. After equilibration with air, the pH 
was 8.2 and the conductivity 200 to 220 #mhos, similar in both respects to Lake Michigan [24] 
and to the local lakes examined (unpublished data). Plate counts showed that the bacteria used in 
these studies remained 100% viable in SLW for the duration of the test period, and survival in 
SLW was comparable with survival in 6~ sterilized water samples from lakes Superior, 
Geddes, and Whitmore (data not shown). 

Twice washed donor and recipient bacteria were mixed in SLW in glass pots (15.9 cm 2 by 3.5 
cm deep, Kimax Brand, Fisher) to give a final concentration of  about 1 x 107/ml of each. After 
an 18 hour incubation at 21"C, the surface films were obtained with Teflon sheets (4.5 cm in 
diameter) and bulk samples taken at a depth of  1.5 cm. Volumes (100/zl) of each sample were 
plated as described above for the enumeration of donors, recipients, and transconjugants. Organic 
surface films composed ofoleic acid, yeast extract, and peptone [ 16] were used for some experiments. 

Nalidixic acid was not used to control for conjugation on the isolation plates because mutants 
more resistant to nalidixic acid than the donor strain, PAO4032, were rarely obtained from the 
aquatic isolates. Therefore, controls were set-up in the following way: Separate suspensions (1 x 
10Vml) of donors and recipients were incubated in SLW in parallel with the mating test. Surface 
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Fig. 1. Distribution of heterotrophic bacte- 
ria at the air-water interface and in the bulk 
waters of three freshwater lakes. Open bars 
show the numbers (loglo) of bacteria per ml 
of paired surface and bulk samples obtained 
from November 1987 (month 11) to August 
1988 (month 8); shaded areas represent the 
numbers  (logto)/ml of pigmented colony 
types in that population. The front column 
represents the bulk sample and the back col- 
umn the surface sample. A Independence; 
B Whitmore; C Gedde lakes. 

Table 1. Differentiation of  heterotrophic bacterial populations of the air-water interface and the 
bulk water by primary isolation on media containing single antibiotics or heavy metals 

Percentage resistant to: b 

Station Site ~ Nx Nb Ap Sm Cm Tc Cb Km 

Michigan S 67 7.1 24 36 12 0 9.4 82 
(Benton Harbor) B 0.7 5.9 1.7 3.1 0.8 0 1.4 2.6 

Independence S 0 7.0 24 0 14 0 11 0 
B 0 0 0 0 0 0 63 30 

Geddcs S O 100 57 63 57 66 82 1.3 
B O 100 0 0 O 0 0 3.6 

a S, surface; B, bulk samples 
Viable counts on SP agar containing 5 ~g/ml antibiotic or 20 ~g/ml metal ions as a percentage 

of the total viable counts on SP agar 
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and bulk water samples obtained as described were counted. Volumes (50 gl) of the surface and 
the bulk water samples of the donor and of the potential recipient were then mixed immediately 
on the plates used for the selection oftransconjugants. Transconjugant colonies arising from plasmid 
transfer on these plates usually appeared 6 or more hours later than transconjugants already present 
in the mating mixture. The number of transconjugants on these control plates was then subtracted 
from the transconjugant counts obtained from the mating mixture. Frequencies were defined as 
number of transconjugants per donor cell in the same sample volume and also as number of 
transconjugants per donor cell x recipient cell to reflect relative differences in the localization of 
the donor strain, PAO4032, relative to the recipient strain. Antagonism between mating pairs 
during the transfer period was shown by the differences in viable counts of donors and recipients 
when these were incubated separately (controls) and when they were incubated together (mating 
mixture). 

Results 

Distribution of Bacteria in Freshwater Lakes 

T h e  c o n c e n t r a t i o n s  o f  b a c t e r i a  a t  t he  a i r - w a t e r  in t e r faces  o f  f r e s h w a t e r  l akes  
were  s ign i f ican t ly  h ighe r  t h a n  t h o s e  in  t h e  b u l k  wa te r s  in  19 o f  21 p a i r e d  
s a m p l e s .  T h e  log~0 m e a n  n u m b e r  (+_ SD)  o f  h e t e r o t r o p h i c  b a c t e r i a  p e r  m l  in  
the  in t e r f ace  s amp le s  was  5.9 (_+ 1.2) c o m p a r e d  w i t h  3.5 (+_ 0.7)  for  b u l k  
s a m p l e s  (P  < 0.0001 for  d i f fe rences  b e t w e e n  m e a n s  b y  S t u d e n t ' s  t test).  S e a s o n a l  
f l uc tua t i ons  in  the  n u m b e r s  o f  b a c t e r i a  r e c o v e r e d  f r o m  the  in te r face  o f  t h e  t h r e e  
loca l  l akes  s a m p l e d  o v e r  a p e r i o d  o f  o n e  y e a r  were  gene ra l ly  s i m i l a r  (Fig.  1). 
T h e  f luc tua t ions  in the  c o n c e n t r a t i o n s  o f  b a c t e r i a  in  the  b u l k  gene ra l ly  m i r r o r e d  
t h o s e  o f  t he  surface.  P i g m e n t e d  c o l o n i e s  we re  i s o l a t e d  on  SP agar  f r o m  al l  b u t  
one  o f  t he  21 p a i r e d  s ample s .  T h e  p r o p o r t i o n  o f  c o l o n i e s  r e c o v e r e d  f r o m  the  
in t e r f ace  t h a t  were  p i g m e n t e d  was  s ign i f i can t ly  h ighe r  t h a n  t h o s e  i s o l a t e d  f r o m  
the  b u l k  wate r s ,  g iv ing  an  ove ra l l  m e d i a n  v a l u e  for  the  r a t i o  o f  b u l k  to  in t e r f ace  
o f  4.4 logto. T h e  ex i s tence  o f  d i s t i n c t  b a c t e r i a l  p o p u l a t i o n s  a t  the  i n t e r f ace  a n d  
in  b u l k  w a t e r  was  a lso  s u p p o r t e d  b y  the  e v i d e n c e  p r e s e n t e d  in  T a b l e  1. T h e  
th ree  e x a m p l e s  d e m o n s t r a t e d  t h a t  d i s t i n c t  d i f fe rences  e x i s t e d  in t he  p r o p o r t i o n s  
o f  the  t o t a l  p la te  coun t s  o f  p a i r e d  su r face  a n d  b u l k  s a m p l e s  t ha t  were  ab l e  to  
g row o n  SP agar  c o n t a i n i n g  5 ~ g / m l  a n t i b i o t i c  o r  20 #g/m1 h e a v y  m e t a l  i ons  
on  p r i m a r y  i so la t ion .  

Table 1. Extended 

Pe~enmge~sistantto: b 

Zn Cu Co Cr Hg Ni 

12 8.0 17 21 0 14 
3.8 6.5 35 2.5 0 2.1 

32 18 20 0 0 35 
84 100 7.4 0 0 100 

3.7 2.5 2.4 1.8 0.3 2.4 
100 93 100 73 87 100 
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T a b l e  2. Group assignment of air-water interface and bulk water isolates 

G. W. Jones et al. 

Number of 
Pigmentation b isolates 

Group Oxidase Glucose ~ Motility W Y B R L Surface Bulk 

1 + O + + + + + + 73 51 
2 + O + + . . . .  32 36 
3 + O - - + + + - 25 27 
4 + F + / -  + + + - - 23 20 
5 + F ( - )  . . . . .  + 0 6 
6 - F + / -  + + + + - 17 9 
7 - (+) (O) - + - (+) - - 66 80 

a o, oxidation; F, fermentation of glucose 
b W, white or colorless; Y, yellow; B, brown; R, red,.L, blue or black pigmentation [11] on SP agar 
at 2 I*C 
c ( ) ,  variable, weak, delayed, or uncertain property 

Characterization o f  Isolates 

Isolates  representa t ive  o f  the Gram-neg a t i ve  bacter ia  recovered  on SP agar  
plates were selected on the basis  o f  p igmen ta t ion  and  co lony  m o r p h o l o g y  and  
assigned to 1 o f  7 groups as descr ibed  above  (Table 2). G r o u p  1 bac te r ia  were 
the second mos t  f requent ly  isola ted bac te r ia  and  were recovered  f rom all  bu t  
one sample.  These  isolates seem to mos t  closely resemble  p s e u d o m o n a d s  and  
33% produced  fluorescent p igments  on King ' s  m e d i u m  [14]. G r o u p  2 isola tes  
often grew in flat, effuse colonies  on SP agar  and  were alcal igenes- l ike in  char-  
acter. The  highly p igmen ted  bacter ia  o f  G r o u p  3 were dif ferent ia ted f rom bo th  
G r o u p  1 and  G r o u p  2 bacter ia  by  the absence o f  mo t i l i t y  and  a p p e a r e d  to 
resemble  f lavobacter ia .  G r o u p  4 isolates had  the character is t ics  o f  v ib r io s  and  
ae romonads .  Bacter ia  in G r o u p  5 had  the intense p igmen ta t ion  r e sembl ing  
chromobac te r ia .  Mot i le  and  non -mot i l e  bac ter ia  that  were ox idase -nega t ive  
and  fe rmented  glucose rap id ly  were ass igned to G r o u p  6. These  bac te r ia  were 
s imi la r  to the Enterobacter iaceae .  G r o u p  7 was c o m p o s e d  o f  n o n - m o t i l e  or-  
ganisms that  were ei ther  oxidase-negat ive ,  or  gave a weak  de layed  react ion ,  
and  e i ther  d id  not  uti l ize glucose, or  ox id ized  it slowly. G r o u p  7 bac te r ia  
r esembled  ac ine tobacters  and  were the mos t  c o m m o n l y  i so la ted  bacter ia .  

Because less than  five different co lony /p igmen ta t ion  types  were usual ly  pres-  
ent  in each pa i red  sample,  representa t ives  o f  each c o l o n y / p i g m e n t a t i o n  type 
could  be selected and  placed in a group as descr ibed  above .  Es t imates  o f  the 
re la t ive  con t r ibu t ion  o f  each group to the neus ton  and  bu lk  water  showed  tha t  
bacter ia  o f  all groups,  wi th  the possible  except ion  o f  groups  5 and  6, a p p e a r e d  
to be evenly  d i s t r ibu ted  between bulk  a n d  surface sites (Table  2). 

Antibiotic and Heavy Metal Resistance 

Mult ip le  drug and  heavy  meta l  resis tance were de t e rmined  f rom m e a s u r e m e n t s  
o f  the MICs  on SP agar conta in ing 0 - 1 0 0  /zg/ml an t ib io t ic  or  0 -200  ug /ml  
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Table  3. Multiple antibiotic and heavy metal resistance and 
incidence of plasmids in aquatic isolates 

Plasmids 
Group Site" N b Resistance (mean • SD) C (%)a 

1 S 73 7.1 + 3.2 12.3 
B 51 4.7 + 2.7 (P < 0.0001) e 21.6 

2 S 32 6.8 _-. 2.7 9.4 
B 36 3.2 _+ 2.3 (P < 0.0001) 13.9 

3 S 25 3.5 --- 3.4 36.0 
B 27 2.6 _ 2.1 (P > 0.1) 22.2 

4 S 23 5.3 -+ 2.4 17.4 
B 20 2.6 _ 2.0 (P < 0.0002) 15.0 

5 S 0 -- 
B 6 5.0 -+ 3.9 < 15.0 c 

6 S 17 4.4 _+ 2.8 17,7 
B 9 2.3 +_ 1,5 (P > 0.2) <10.0 

7 S 66 4.1 _+ 2.7 15.2 
B 80 2.3 +_ 2.1 (P < 0.0001) 15.0 

= s, surface; B, bulk samples 
b Total number of isolates examined 
c Mean number (_+ SD) of 8 antibiotics and 6 heavy metals to 
which isolates of each group were resistant (see text) 
a Percentage of isolates harboring plasmids 

P values for differences between population means of surface 
and bulk isolates by Student's t test 
z Lower limits of detection based on total number of isolates 
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me ta l s .  A b a c t e r i a l  i so la te  was  c o n s i d e r e d  a n t i b i o t i c - r e s i s t a n t  i f  g r o w t h  o c c u r r e d  
a t  50 ~g /ml .  H o w e v e r ,  because  o f  a n  o v e r a l l  g r e a t e r  s ens i t i v i t y  to  N x ,  Tc ,  a n d  
Krn ,  b a c t e r i a  were  c o n s i d e r e d  to  be  r e s i s t a n t  to  t hese  th ree  a n t i b i o t i c s  i f  g r o w t h  
o c c u r r e d  at  15 ug /ml .  Res i s t ance  to  h e a v y  m e t a l s  was  set a t  100 u g / m l ,  excep t  
for  H g  a n d  C o  (20 ~g/ml) .  W i t h  the  e x c e p t i o n  o f  G r o u p  3 i so la tes ,  s ign i f ican t  
d i f fe rences  in  the  m u l t i p l e  r e s i s t ance  o f  su r face  a n d  b u l k  i so la te s  were  a p p a r e n t  
(P  < 0 . 0 1 - < < 0 . 0 0 0 1  b y  S t u d e n t ' s  t t e s t  for  i n d i v i d u a l  g roups ;  T a b l e  3). T h e  
p s e u d o m o n a s - l i k e  i so la tes  o f  G r o u p  1 we re  t he  m o s t  r e s i s t an t ,  a f ind ing  s i m i l a r  
to  t ha t  o f  o the r s  for  f r e shwa te r  b a c t e r i a  [ 12]. 

Incidence of Plasmids 

T h e  i n c i d e n c e  o f  p l a s m i d s  was  g e n e r a l l y  s i m i l a r  in  sur face  a n d  b u l k  i so l a t e s  o f  
a l l  g r o u p s  (Tab l e  3), ave rag ing  14 a n d  16 .2% for  su r face  a n d  bu lk ,  r e s p e c t i v e l y .  
A s i m i l a r  pe rcen tage  o f  f r e shwa te r  b a c t e r i a  i s o l a t e d  f r o m  s o m e  s e d i m e n t s  were  
f o u n d  to  h a r b o r  p l a s m i d s  [6]. I s o l a t e s  r e c o v e r e d  f r o m  p r i m a r y  i s o l a t i o n  p l a t e s  
c o n t a i n i n g  a n t i b i o t i c  (5 tzg/ml) o r  h e a v y  m e t a l  (20 tzg/ml) p la tes  d i d  n o t  e x h i b i t  
a s t a t i s t i ca l ly  h ighe r  i n c i d e n c e  o f p l a s m i d s  (14.7 a n d  18.7% for  t he  su r face  a n d  
the  b u l k  i so la tes ,  r e spec t ive ly ) .  T w o - t h i r d s  o f  t he  d e t e c t e d  p l a s m i d s  were  45-  
k b  o r  g rea te r  in  s ize a n d  41% o f  t he  s t r a i n s  h a r b o r e d  an  a ve ra ge  o f  3 p l a s m i d s .  
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Table 4. Transfer of plasmid R68.45 from P. aeruginosa strain 
PA04032 to P. aeruginosa strain PA01168 

Transeonjugants/ 
Surface Transconjugants/ donor x recipient 

film ~ Site donor (ratio) ~ (ratio) 

Present Surface 4.1 • 10 -3 (137) 2.2 • 10 -13 (2.9) 
Bulk 3.0 x 10 -5 7.7 x 10 -14 

Absent Surface 5.6 x 10 -~ (82) 1.8 x 10 -~ (7.5) 
Bulk 6.8 x 10 -5 2.4 x 10 -~4 

NA c Plate 2.0 x 10 -2 NIM 

~ Monolayer of oleic acid plus peptone/yeast extract deposited on 
surface [ 16] 
b Ratio of plasmid transfer frequency at the interface/transfer fre- 
quency in the bulk 
c NA, not applicable 
a ND, not done 

G. W. Jones et al. 

Plasmid Transfer 

Conjugal t ransfer  frequencies o f  p l a smid  R68.45 f rom P. aeruginosa strain 
PAO4032  to P. aeruginosa strain, PAO1168 ,  were obta ined  using the SLW 
model .  Conjugat ion occurred at abou t  100-fold higher f requencies /donor  at  the 
a i r -wate r  interface com pa red  with the bulk. With  the presence o f  a p ro te in /  
lipid surface film, t ransfer  frequencies at the interface increased a lmos t  twofold  
c o m p a r e d  with the bulk (Table 4). Because the recipient  and  the donor  were 
enriched at the interface, with the dono r  localizing more  efficiently than  the 
recipient,  t ransfer  frequencies on the surface were not  as markedly  e levated  
when expressed as t ransconjugants  per  (donor  x recipient). This  was par t ic-  
ularly noticeable when a surface film was present,  with which the recipient  
strain more  readily associated. P lasmid  t ransfer  frequencies on SP plates at 
2 I*C were significantly higher (Table 4). 

One  hundred  and  sixty-eight aquatic  isolates that  were plasmid-free  and  could 
grow on M9 min ima l  m ed i um ,  or  had  suitable ant ibiot ic  and /o r  heavy  meta l  
resistant pat terns  for  selection against  the dono r  on SP agar, were chosen for 
fur ther  study. All groups, recovered  f rom both  bulk  and surface samples  at all 
stations, were represented in these isolates. T w o  surface and  two bulk  isolates 
f rom each group that  carried p lasmids  were also included. O f  these, nine plas- 
mid-free  strains and  two strains with indigenous p lasmids  yielded t ranscon-  
jugants  in plate mat ings  with strain PAO4032  at  2 I~ t ransfer  frequencies per  
dono r  were o f  the order  o f  10 -4 to 10 -7. These strains represented G r o u p  1 
bacter ia  (6 isolates), groups 3 and  4 (1 isolate each), and G r o u p  7 (3 isolates). 
P lasmid  transfer  to these strains was not  observed  in the SLW model ,  however ,  
in the presence or absence o f  surface films. The  l imits  o f  detect ion o f  p l a smid  
transfer  in these exper iments  were about  1.5 x 10-Vdonor  to 1.3 x 10-~o/ 
donor ,  depending upon  the dis t r ibut ion o f  the donor  and  recipient bacter ia  
between the surface and  the bulk phases  and  upon  an tagonism between the 
mat ing  pair. In three cases, obvious  an tagonism o f  the aquatic  isolate by  strain 
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PAO4032 was apparent, with the result that no recipients were recovered from 
water matings after 24 hours. 

Discussion 

The Gram-negative heterotrophic bacteria of  the freshwater neuston show strik- 
ing similarities to the bacteria found at the marine air-water interface [ 11] with 
the exception of the incidence of plasmid carriage. Namely, compared with 
bacteria in the bulk waters, the air-water interface bacteria were present in 
higher numbers, a higher proportion of  the types isolated were pigmented, and 
there was a higher incidence of multiple resistance to antibiotics and heavy 
metals. These similarities suggest that similar selective pressures are operational 
at the surfaces of both marine and freshwater habitats. The possible nature of 
these selective pressures has been discussed [11]. In our study a distinctive 
surface population was maintained at all three stations despite mixing and 
heavy recreational use at two of these (Geddes and Whitmore). Changes in the 
composition of the bulk water populations over time, however, did not parallel 
those at the surface, and distinctly different patterns of resistance to antimi- 
crobials of primary isolates were noted. Both observations indicate that the 
interface and bulk bacteria constitute separate populations and that the pop- 
ulation differences are maintained despite neuston bacteria continually being 
lost to and acquired from the bulk waters by, for example, bubble transport 
[3, 4, 17]. 

As may be expected, only a fraction of  the heterotrophic bacteria were re- 
covered on SP agar. Comparative counts on SP agar and on Collins medium 
[7], for example, showed that approximately 5 to 10 times more bacteria were 
recovered on the latter from some sites (data not shown). Despite this limitation, 
SP agar was selected because pigmentation was markedly better developed with 
this medium than with Collins medium. This allowed preliminary differenti- 
ation between surface and bulk populations on the basis of pigmentation and 
enabled us to select representative colony/pigmentation types for further ex- 
amination. The assignment of  these more readily isolated bacteria to groups 
according to established criteria [20] provided a reasonable basis for their 
differentiation and a basis for the comparison of these heterotrophic bacteria 
as potential recipients of  introduced plasmids. 

Only 7% of aquatic isolates acted as recipients of  plasmid R68.45 in plate 
matings with strain P. aeruginosa PAO4032, which is less than that observed 
by others [9]. The majority of  those that did act as recipients, however, were 
pseudomonas-like isolates assigned to Group 1, which is consistent with the 
observations of Genthner et al. [9]. Although conjugation between the two 
strains of  P. aeruginosa in water was established and occurred at a higher 
frequency at the air-water interface, no transfer of  plasmid R68.45 from P. 
aeruginosa to any aquatic isolate was observed in the model despite the use of 
bacterial suspensions more than 100-fold above the highest concentration found 
in the bulk waters of the natural habitats studied. The mating temperature of 
2 I*C was probably not the limiting factor in plasmid transfer to aquatic isolates 
in water. This temperature did not prevent plasmid transfer on SP agar, and 
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the transfer  o f  plasmids, including R68.45,  is known to occur at this lower 
envi ronmenta l  temperature  [2, 22]. The  apparent  absence o f  plasmid transfer 
to aquatic isolates in water does not  necessarily mean  that  this cannot  occur, 
al though the plate mating results suggest that  few isolates will act as effective 
recipients. 

The  absence o f  significant levels o f  added nutr ients  in our  model  system was 
probably  a major  reason for reduced plasmid transfer to the aquatic isolates. 
Bacteria, following their  in t roduct ion into the nutr ient-free model  mat ing sys- 
t em are likely to undergo a nutr ient  s tarvat ion response [ 18], a probable con- 
sequence o f  which is reduced activity o f  conjugal t ransfer  systems. The  higher 
frequency o f  plasmid transfer at the surface m ay  be the result o f  the surface 
potent ia t ion o f  conjugation [5] media ted  by  rigid IncP group p i l l  However ,  a 
more  likely explanat ion o f  the higher transfer f requency at the interface is the 
accumulat ion o f  cells at higher concentrat ions at the surface. A surface film o f  
oleic acid, protein,  and yeast extract had a small effect on conjugation, and 
plasmid transfer should be expected to occur  more  efficiently in the presence 
o f  such nutrients.  The  transfer o f  plasmids between bacteria o f  the epil i thon 
[ 1], for example,  probably occurs at high nutr ient  concentrat ions on the surface 
o f  rock. Presumably  the surface film prov ided  insufficient nutrients to main ta in  
the bacteria in the growth phase. It would be o f  interest, therefore, to study 
the effects o f  higher nutr ient  levels on conjugat ion frequencies in this model ,  
because it is possible that  plasmids transfer during periods o f  nutr ient  pulses 
and bacterial growth. This would have impor tan t  consequences,  since once a 
plasmid has established in an aquatic popula t ion under  such conditions,  it m ay  
subsequently proliferate through the populat ion.  

The  unique physical and chemical characteristics at the ai r -water  interface 
result in very  different conditions f rom those o f  the bulk water and, therefore,  
in the deve lopment  o f  a distinct bacterial flora in bo th  marine [11, 17] and 
freshwater systems. Given that the interface o f  mar ine  and freshwater systems 
differs markedly  f rom the bulk waters [ 11] in physical characteristics and bac- 
terial flora, it would seem prudent  to pursue the investigation o f  the neuston 
to include less easily isolated bacteria, as well as the possible proliferation o f  
conjugative plasmids and spread o f  in t roduced  genetic elements  through bac- 
terial populat ions during periods o f  higher nutr ient  concentrat ions.  
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