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In order to evaluate the impact of an urban effluent on antibiotic resistance of freshwater bacterial
populations, water samples were collected from the Arga river (Spain), upstream and downstream from the
wastewater discharge of the city of Pamplona. Strains of Enterobacteriaceae (representative of the human and
animal commensal flora) (110 isolates) and Aeromonas (typically waterborne bacteria) (118 isolates) were
selected for antibiotic susceptibility testing. Most of the Aeromonas strains (72%) and many of the Enterobac-
teriaceae (20%) were resistant to nalidixic acid. Singly nalidixic acid-resistant strains were frequent regardless
of the sampling site for deromonas, whereas they were more common upstream from the discharge for
enterobacteria. The most common resistances to antibiotics other than quinolones were to tetracycline (24.3%)
and beta-lactams (20.5%) for Enterobacteriaceae and to tetracycline (27.5%) and co-trimoxazole (26.6%) for
Aeromonas. The rates of these antibiotic resistances increased downstream from the discharge at similar
degrees for the two bacterial groups; it remained at high levels for enterobacteria but decreased along the
30-km study zone for Aeromonas. Genetic analysis of representative strains demonstrated that these resistances
were mostly (enterobacteria) or exclusively (deromonas) chromosomally mediated. Moreover, a reference strain
of Aeromonas caviae (CIP 7616) could not be transformed with conjugative R plasmids of enterobacteria. Thus,
the urban effluent resulted in an increase of the rates of resistance to antibiotics other than quinolones in the
riverine bacterial populations, despite limited genetic exchanges between enterobacteria and Aeromonas.
Quinolone resistance probably was selected by heavy antibiotic discharges of unknown origin upstream from

the urban effluent.

Antibiotic-resistant bacteria (2, 3, 9, 34) and antibiotics (22)
are discharged in various amounts in the environment as a
result of the increasing and often indiscriminate use of antibi-
otics in medical, veterinary, and agricultural practices. River
waters are the main receptacle for these polluants, since they
receive the sewage of urban effluents. As rivers are one of the
major sources of water, directly or indirectly, for human and
animal consumption, this pollution may contribute to the
maintenance and even the spread of bacterial antibiotic resis-
tance.

Most investigations on antibiotic resistance in the aquatic
habitat have concerned bacteria of fecal origin, because they
are used as pollution indicators and may be associated with
infectious diseases. However, in many freshwater systems, fecal
bacteria are of little numerical significance despite the fact that
they are discharged into almost all inland waters (27). Thus, if
the environmental pool of resistance is to be measured, bac-
teria other than those of fecal origin must be considered. Other
studies were interested in whole bacterial populations (Entero-
bacteriaceae (18, 30], gram-negative bacteria [4, 28, 32], het-
erotrophic bacteria [14, 33, 34], or viable bacteria [11]) and
dealt with global antibiotic resistance (the frequency of cells
able to grow on antibiotic-supplemented media). Such studies
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cannot differentiate intrinsic resistance, i.e., species-specific
resistance (17), from acquired resistance due to either chro-
mosomal mutations or incoming and thus transferable genes,
mainly carried by plasmids or transposable elements (36).

The aim of this study was to evaluate the impact of an urban
effluent on the antibiotic resistance of riverine bacteria,
namely, that of the wastewater discharge of the city of Pam-
plona on the Arga River (Spain). The rate of acquired resis-
tance, upstream and downstream from the polluted discharge,
was investigated for two bacterial groups whose wild-type an-
tibiotic resistance patterns are well known: Enterobacteriaceae,
most of which are of human or animal origin, and Aeromonas
spp., which are typically waterborne bacteria. For strains ex-
hibiting representative antibiotic resistance patterns, plasmid
content was analyzed, and the location and transferability of
resistance determinants were examined.

MATERIALS AND METHODS

Study area and sample collection. The river Arga (1.5 to 24 m?/s), located in
northern Spain, receives the wastewater discharge (1 m?s) from the sewage
treatment plant of the city of Pamplona (200,000 inhabitants) (Fig. 1). Prior to
discharge in the river, the urban sewage is filtered, and oil and suspended matter
are removed by settling, but chlorination is not carried out. The sampling stations
were chosen along the pollution gradient in the river, with one site upstream at
Arazuri and five sites downstream at Ororbia (0.2 km from the sewage effluent),
Ibero (2.5 km), Echauri (10 km), Belascoain (16 km), and Puente la Reina (30
km). Between Ibero and Echauri the river receives one additional unpolluted
effluent (biotic and abiotic parameters comparable to those at Arazuri), which
has approximately the same flow as the river. Water samples (500 ml) were
collected at all sites in June, July, September, and October 1996, using sterile
screw-capped bottles, and stored in cold bags at 4°C until analysis in the labo-
ratory within 18 h of collection. The physicochemical and biological character-
istics of water at the sampling sites during the sampling period were determined
by the Mancomunidad de Aguas de la Comarca de Pamplona.
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FIG. 1. Locations of sampling sites in the Arga River. kp, kilometric point.

Isolation and identification of Enterobacteriaceae and Aeromonas spp. The
samples were plated on MacConkey agar. Representative colonies were purified
on Trypticase soy agar. Preliminary identification of strains obtained in pure
culture was based on Gram staining, respiration-fermentation tests, and oxidase
reaction; biochemical tests were performed with the API bacterial identification
system from bioMérieux (API 20E for enterobacteria and API 20NE for Aero-
monas). Complete identification of enterobacteria was achieved by use of the
tests in Bergey’s Manual of Determinative Bacteriology (25) and the conventional
methods described by Balows et al. (6). Final identification of Aeromonas was
carried out according to the criteria of Popoff and Véron (35), as recommended
by Austin et al. (5) for environmental isolates. Strains that could not be identified
at the genus level were disregarded for this study.

Antibiotic susceptibility testing. Antibiotic susceptibility was determined by
the agar diffusion method (17), using 22 antibiotic disks (Sanofi Diagnostics

Pasteur) corresponding to the drugs most commonly used in the treatment of
human and animal infections caused by gram-negative bacilli (ampicillin, ticar-
cillin, cephalothin, cefoxitin, cefuroxime, cefotaxime, ceftazidime, latamoxef,
imipenem, amoxicillin-clavulanate, piperacillin-tazobactam, gentamicin, tobra-
mycin, amikacin, netilmicin, nalidixic acid, ofloxacin, co-trimoxazole [tri-
methoprim-sulfamethoxazole], tetracycline, chloramphenicol, fosfomycin, and
colistin). After 24 h of incubation at either 37°C (Enterobacteriaceae) or 30°C
(Aeromonas), organisms were classified as sensitive, intermediate, or resistant
according to French national guidelines (17). Acquired resistances were deduced
from data on wild-type antibiotic susceptibility patterns characteristic of each
species (17, 19, 37, 40). Strains with a decreased susceptibility were considered
low-level resistant.

Plasmid DNA analysis. Eighteen strains of Enterobacteriaceae and 16 strains of
Aeromonas exhibiting representative antibiotic resistance patterns were selected
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TABLE 1. Biochemical characteristics of the sampling sites in May, June, July, August, and September 1996“

Site oH Temp SM DO cop BOD TC FC
(°C) (g/liter) (mg/liter) (mg of Oyliter) (mg of Oy/liter) (CFU/100 ml) (CFU/100 ml)
Arazuri 7.9-8.5 16-24 10-30 7-8.4 9-32 12 9 X 10%-5 x 10* 1 X 10%-4 x 10°
Ororbia 73-7.7  15-24 14-33 1-6 51-129 27-68 3 % 10°-2 x 107 2 X 10°-7 X 10°
Ibero 7.3-7.6 13-24 14-31 0.7-3.4 45-146 25-79 4 X 10°—4 x 107 2 X 10°-1 X 107
Echauri 7.4-77  14-24 11-25 2-4 32-103 16-25 4 % 10°-3 x 107 5 % 10%-6 x 10°
Belascoain 7.5-8.0  14-25 2-16 0.6-5.1 11-74 7-17 6 X 10%-7 x 10° 2 X 104 x 10°
Puente la Reina ~ 7.6-7.9  14-26 1-13 3-6 9-63 4-14 3 % 10°-2 x 10° 5 % 10>-8 x 10*

“ SM, suspended matter; DO, dissolved oxygen; COD, chemical oxygen demand; BOD, biological oxygen demand; TC, total coliforms; FC, fecal coliforms. Data are
from the purifying station at Arazuri (Mancomunidad de la Comarca de Pamplona, Navarra, Spain). Maxima and minima for this period are shown.

for genetic analysis of their resistance determinants. Plasmid DNA was extracted
by an alkaline lysis method and analyzed by electrophoresis on 0.9% (wt/vol)
agarose gels in Tris-borate buffer, staining with ethidium bromide (2 mg/liter),
and visualization under UV light (39). The molecular sizes of the plasmid bands
were evaluated by comparison with reference plasmids pUC19 (2.6 kb) (41),
pBR322 (4.3 kb) (10), pKK3535 (11.9 kb) (12), and PP4 (54.0 kb) (26).
Transformation and conjugation experiments. The locations and the transfer-
abilities of resistance determinants of the selected strains were further investi-
gated by transformation and conjugation experiments. Transformation experi-
ments with plasmid DNA extracts were performed by the high-voltage
electroporation procedure (with Escherichia coli HB101 as the recipient) or by
the heat shock method with competent cells prepared with calcium chloride (with
Aeromonas caviae CIP 7616 as the recipient) (39). Conjugation experiments were
carried out by a broth-mating procedure with a nalidixic acid-resistant (Nal")
mutant of E. coli K-12 as the recipient. Recipient strains and donor strains
(resistant strains of enterobacteria or Aeromonas) were grown for 24 h in brain
heart infusion broth. Equal volumes (2 ml) of parental strains were mixed and
incubated with 100 pl of each conjugation mixture and then incubated for 1 to 3
days before they were examined for the presence of transconjugants. Incubation
was performed at either 37°C (E. coli recipient) or 30°C (Aeromonas recipient).
The selective antibiotic concentrations used for conjugation and transformation
experiments were as follows: nalidixic acid, 50 mg/liter; ticarcillin, 100 mg/liter
(Enterobacteriaceae) or 500 mg/liter (Aeromonas); tetracycline, 10 mg/liter; chlor-
amphenicol, 15 mg/liter; sulfamethoxazole, 50 mg/liter (Enterobacteriaceae) or
500 mg/liter (Aeromonas); trimethoprim, 20 mg/liter; and tobramycin, 4 mg/liter.

RESULTS

As shown in Table 1, the indicators of pollution increased
dramatically downstream from the wastewater discharge. Nei-
ther the pH nor the temperature had changed significantly
after the discharge. However, the dissolved oxygen decreased
from a range of 7 to 8.4 mg/liter at Arazuri to a range of 0.7 to
3.4 mg/liter at Ibero. Similarly, the chemical and biochemical
oxygen demands increased from ranges of 9 to 32 and 1 to 2 mg
of O,/liter at Arazuri to ranges of 45 to 146 and 25 to 79 mg of
O,/liter at Ibero, respectively. Total and fecal coliforms also
increased drastically; they were 100- to 1,000-fold greater at
Ibero than at Arazuri. A total of 228 bacterial strains were
isolated and could be identified to at least the genus level: 110
enterobacterial strains (23 E. coli, 23 Enterobacter, 22 Kleb-
siella, 19 Kluyvera, 15 Citrobacter, 3 Serratia, 3 indole-positive
Proteus, and 2 Yersinia frederiksenii) and 118 Aeromonas strains
(88 A. caviae, 19 Aeromonas sobria, and 11 Aeromonas hy-
drophila) (Table 2).

Most of the enterobacteria (58.2%) did not have any ac-
quired resistance to the antibiotics tested; i.e., they presented
a wild-type antibiotic resistance pattern (Fig. 2). Similar resis-
tance rates were observed for nalidixic acid (20%) and tetra-
cycline (18.2%); beta-lactam-resistant strains were also found
(13.6%); fewer than 10% of the strains were resistant to co-
trimoxazole, fosfomycin, and chloramphenicol; and all strains
were uniformly susceptible to aminoglycosides. Only 21.8% of
the isolates displayed a single acquired resistance, principally
to nalidixic acid (6.3%), tetracycline (5.5%), or beta-lactams
(4.5%) (Table 3). Multiple-antibiotic-resistant enterobacteria

(isolates with more than three acquired resistances) were un-
common (5.5%).

Among the Aeromonas strains, 75% showed at least one
acquired resistance (Fig. 2). Nalidixic acid resistance (72%)
was much more frequent than tetracycline (21%) or co-trimox-
azole (14%) resistance, resistances to other antimicrobial
agents (chloramphenicol, fosfomycin, beta-lactams, and ami-
noglycosides) were scarce (=5%). Strains with a single resis-
tance (45.7%) were principally nalidixic acid resistant (43.2%)
(Table 4). Of the 34 strains presenting more than one resis-
tance, only one was sensitive to nalidixic acid. Multiple-antibi-
otic-resistant Aeromonas strains were rare (3.4%).

In both groups of bacteria, there was an increase in the
percentages of resistant strains downstream from the wastewa-
ter discharge (Fig. 3): from 30% of enterobacteria and 50% of
Aeromonas strains at Arazuri to 50% and more than 90%,
respectively, at Belascoain. Enterobacteria were always less
resistant than Aeromonas strains, at all sites. However, if we
consider all antibiotic resistances except the single nalidixic
acid resistances, the rates of resistant strains for the two groups
were quite similar. For enterobacteria, singly nalidixic acid-
resistant strains represented half of the resistant strains at
Arazuri and fewer than one-third at the other sampling sites; at
Puente la Reina, no singly nalidixic acid-resistant strain was
isolated. In contrast, singly quinolone-resistant strains of Aero-
monas represented more than half of the resistant strains at
Ororbia (50.2%, with a total of 87.5% resistant strains), at
Ibero (42.5%, with a total of 75% resistant strains), and at
Echauri (33.3%, with a total of 66.6% resistant strains), and
this rate increased upstream from the wastewater discharge
(37.5% of the 50% resistant strains isolated at Arazuri) and far
downstream, at Belascoain (54.7% of 91% resistant strains)
and at Puente la Reina (50% of 58.3% resistant strains). For
both bacterial groups, the rates of strains resistant to antibiot-
ics other than quinolones increased downstream from the dis-
charge. For Enterobacteriaceae, the greatest increase was found
with beta-lactams (from 0% at Arazuri to 20.5% at Ororbia)
and tetracycline (from 12.5% at Arazuri to 24.3% at Ibero).
For Aeromonas, the greatest increase was found with tetracy-
cline (from 0% at Arazuri to 27.5% at Ibero) and co-trimox-
azole (from 0% at Arazuri to 26.6% at Echauri). At Puente la
Reina (kp 30), enterobacteria resistant to tetracycline, co-tri-
moxazole, chloramphenicol, and beta-lactams were still en-
countered, whereas only one strain of Aeromonas was resistant
to antibiotics other than quinolones.

A total of 18 Enterobacteriaceae and 16 Aeromonas strains
exhibiting one to six resistance markers were selected for plas-
mid content and transfer analysis. All strains except three
contained one or more plasmids. Enterobacteria carried 0 to 7
plasmid bands, ranging in size from >100 to 1.9 kb (Fig. 4;
Table 3), and Aeromonas strains harbored 0 to 11 plasmid
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TABLE 2. Numbers of Aeromonas and Enterobacteriaceae strains
isolated in the Arga River

Aeromonas spp. Enterobacteriaceae
Sie NO'.Of Identification No..of Identification
strains strains
Arazuri 4 A. caviae 3 Klebsiella spp.
4 A. sobria 2 E. coli
1 Citrobacter freundii
Total 8 6
Ororbia 26 A. caviae 8  Kilebsiella spp.
3 A sobria 9 E. coli
3 A. hydrophila 3 C. freundii
9 Kluyvera spp.
2 Enterobacter cloacae
1 Morganella morganii
1 Serratia liquefaciens
1 Yersinia frederiksenii
Total 32 34
Ibero 30 A. caviae 6  Klebsiella spp.
S A sobria 6 E. coli
5 A. hydrophila 8  Citrobacter spp.
4 Kluyvera spp.
9  Enterobacter spp.
1 M. morganii
2 Serratia spp.
1 Y. frederiksenii
Total 40 37
Echauri 14 A. caviae 4 Kilebsiella spp.
1 A. sobria 4 E. coli
1 C. freundii
4 Kluyvera spp.
7  Enterobacter spp.
1 Providencia rettgeri
Total 15 21
Belascoain 9 A. caviae 1 Klebsiella spp.
1 A. sobria 1 E. coli
1 A. hydrophila 1 C. freundii
2 Kluyvera spp.
1 Enterobacter
intermedius
Total 11 6
Puente la Reina 5 A caviae 1 E. coli
5 A. sobria 1 C. freundii
2 A. hydrophila 4 Enterobacter spp.
Total 12 6
Total 118 110

bands, of >100 to 2.4 kb (Fig. 5; Table 4). Some singly resistant
strains contained multiple plasmid bands (e.g., Ec233 and
Acl100) (Ec = E. coli; Ac = A. caviae), whether some multire-
sistant strains contained a single plasmid band (e.g., Ec173 and
Ac2). Resistance determinants were considered to be chromo-
somally located in the absence of plasmids or when no trans-
formation with plasmid DNA was obtained. These resistances
were thought to be plasmid mediated when transformation
experiments gave positive results, providing that the plasmid
profiles of the transformant and the donor strain were consis-
tent (presence of a common plasmid band) (data not shown).
Plasmids were demonstrated to be conjugative or not, depend-
ing on the results of mating experiments between the transfor-
mants and the adequate recipient. For enterobacteria (Table
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FIG. 2. Percentages of strains resistant to antibiotics. Total, strains showing
at least one acquired resistance; Nal, nalidixic acid; Te, tetracycline; Sxt, co-
trimoxazole; Cmp, chloramphenicol; Fos, fosfomycin, B-lac, beta-lactams; Amac,
aminoglycosides.

3), among the 51 acquired resistance determinants tested (in-
cluding 44 high-level and 7 low-level resistances), 15 (all high-
level resistances) were present on plasmid DNA, 8 of which
were transferred to E. coli K-12 Nal". Except for nalidixic acid
and fosfomycin resistance determinants, which were always
situated on the chromosome, markers were found either on
plasmids or on the chromosome. The distribution of the plas-
mid locations for high-level resistance determinants was as
follows ticarcillin, 83%; sulfamethoxazole, 50%; chloramphen-
icol, 50%; tetracycline, 30%; and trimethoprim, 14%. Only 10
of the 18 strains tested (56%) carried R plasmids, encoding
one (8 strains), two (1 strain) or five (1 strain) resistances; only
4 of the 10 R plasmids (40%) were conjugative, including that
in the strain that carried the five markers. For Aeromonas,
none of the 45 acquired resistance determinants tested (includ-
ing 32 high-level and 13 low-level resistances) could be trans-
ferred by transformation, using either A. caviae CIP 7616 or E.
coli K-12 as the recipient strain. Furthermore, no transformant
could be obtained with plasmid DNAs of the four enterobac-
teria that carried conjugative plasmids (E. coli 233, E. coli 163,
Enterobacter cloacae 436, and E. coli 173) and A. caviae CIP
7616 as the recipient.

DISCUSSION

Urban effluents are known to contain high levels of antibi-
otics and antibiotic-resistant bacteria belonging to the human
and animal commensal flora, mainly Enterobacteriaceae (9,
22, 27). In order to study the impact of an urban effluent on
the antimicrobial resistance of the microbial riverine flora,
the acquired antibiotic resistance rates of enterobacteria
and Aeromonas spp. (typical freshwater bacteria) upstream
and downstream from a polluted discharge have been de-
termined.

In our opinion, such studies should differentiate intrinsic and
acquired resistances, and antibiotic resistances should be ana-
lyzed by chemical family. Indeed, various antibiotics are dif-
ferentially effective against different groups of bacteria. For
example, the benzyl- and isoxazolylpenicillins are mainly effec-
tive against gram-positive bacteria, and nalidixic acid is mainly
effective against gram-negative bacteria (36). This intrinsic re-
sistance is a function of the genetic inheritance of each species
(17). Moreover, several molecules belonging to the same
chemical family are usually affected by a single mechanism of
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TABLE 3. Distribution of antibiotic resistance patterns in enterobacteria and locations of resistance determinants in representative strains

Antibiotic resistance pattern

Resistance determinant location

Representative strain . Transformation Conjugation of Plasmid
Resistance No. of studied No. of plasmid bands (kb) to E. coli :m:mwo::m:a to Chromosome
marker(s)” strains HB101 E. coli K-12 Nal* (pattern)” Pattern® HSzﬂMMWUEQ
Nal 7 K. pneumoniae 487 0 ND? ND Nal
Tic 5 E. coli 233 7 (54.0, 44.7, 33.9, 9.1, 3.5, 2.5, 1.9) + + Tic + (54.0)
Tc 6 E. coli 163 1 (54.0) + + Tc + (54.0)
Fos 4 E. coli 330 4 (>100, 54.0, 22.9, 6.0) - ND Fos
Nal Tic 3 E. coli 463 7(49.0, 21.9, 11.5, 9.1, 7.2, 4.0, 2.8) + - Nal Tic -
Nal Fos 4 K. cryocrescens 499 4(69.2, 49.0, 33.1, 8.7) - ND Nal Fos
Tc Su 2 E. coli 149 5(79.4, 49.0, 8.7, 3.6, 2.6) - ND Tc Su
Su Tp 1 E. coli 368 7(75.9, 41.7, 30.2, 15.8, 11.5, 10.7, 2.6) - ND Su Tp
Nal Tc (C) 1 M. morganii 157 1(49.0) - ND Nal Te (C)
Tic Te (C) 1 C. freundii 266 1 (46.8) - ND Tic Te (C)
Tc Su Tp 2 E. coli 189 6(79.4, 49.0, 18.2, 17.8, 12.6, 7.9) + ND Tc Tp Su -
C (Su) (Tp) 2 E. cloacae 436 1 (49.0) + + (Su) (Tp) C + (49.0)
Nal (Tc) Su Tp 1 Klebsiella 12 5 (>100, >100, 49.0, 42, 20.9) + - Nal (Tc) Tp Su -
Tic Tc (Su) (Tp) 1 C. freundii 145 6(44.7, 229,120, 5.8, 5.2, 3.3) + ND Tc (Su) (Tp) Tic -
Tc C Su Tp 1 M. morganii 467 1 (49.0) - ND Tc C Su Tp
Nal Tic Tc Su Tp 3 E. coli 312 1 (49.0) + - Nal Tc Su Tp  Tic -
Nal Tc (C) Su Tp 1 E. coli 264 5 (>100, >100, 54.0, 41.7, 25.1) + - Nal (C) Tp Tc Su -
Tic Tc C Su Tp 1 E. coli 173 1 (46.8) + + Tic Tc C Su Tp + (46.8)

“ Nal, nalidixic acid; Tic, ticarcillin; Tc, tetracycline; C, chloramphenicol; Su, sulfamethoxazole; Tp, trimethoprim; Fos, fosfomycin. Parentheses indicate low-level resistance.
> ND, not determined.
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TABLE 4. Distribution of antibiotic resistance patterns in Aeromonas and plasmid contents of representative strains

Antibiotic resistance pattern® ati ai
Representative strain No. of plasmid bands (kb)

Resistance marker(s) No. of strains studied
Nal 51 A. caviae 100 11 (>100, 54.0, 39.8, 24.0, 9.5, 8.1, 7.6, 6.8, 4.6, 3.6, 2.4)
Tc 1 A. caviae 535 1(24.0)
(Fos) 1 A. caviae 520 1(21.9)
Nal Tic 1 A. caviae 218 0
Nal Tc 14 A. caviae 28 2(34.7,22.9)
Nal Su 3 A. caviae 524 3 (>100, 43.7,26.3)
Nal (Tm) 2 A. hydrophila 471 4 (>100, 50.1, 24.0, 18.2)
Nal Fos 1 A. caviae 495 1(24.0)
Su (Tp) 1 A. caviae 210 1(20.4)
Nal Tic (Tm) 1 A. caviae 94 0
Su (Tp) Fos 1 A. caviae 248 2(6.8,3.0)
Nal Tc Su Tp 6 A. caviae 384 5(>100, 46.8, 26.9, 15.8, 6.8)
Nal (Su) (Tp) (Tm) 1 A. caviae 224 2(12.6,3.1)
Nal Tc (C) Su Tp 1 A. caviae 2 1(21.9)
Nal Tic (Tc) (C) Su 1 A. caviae 542 3 (>100, 30.9, 24)
Nal Tic Tc (C) Su (Tm) 2 A. hydrophila 34 7 (>100, 67.6, 46.8, 32.4, 21.9, 8.3, 6.5)

¢ Nal, nalidixic acid; Tic, ticarcillin; Tc, tetracycline; C, chloramphenicol; Su, sulfamethoxazole; Tm, tobramycin; Tp, trimethoprim; Fos, fosfomycin. Parentheses

indicate low-level resistance.

resistance (cross-resistance). For example, both ampicillin and
cephalothin are inactivated by chromosomal beta-lactamases
produced by many enterobacterial (17) and Aeromonas (40)
species. Most studies on bacterial antibiotic resistances in sew-
age (3, 18), freshwater (3, 9, 27, 33, 34), and seawater (8, 38)
did not take into account these elements, leading to unex-
pected conclusions. For example, Jones et al. (27) found a
higher incidence of resistance in the bacteria isolated from
remote upland tarns than in those isolated from a polluted lake
or a sewage, with the highest values being observed for pseudo-
monads, which are naturally multiresistant organisms. Simi-
larly, McKeon et al. (32) have reported that 100% of A. hy-
drophila strains isolated from rural groundwater supplies were
resistant to at least two antibiotics, but among the tested an-

tibiotics were ampicillin and cephalothin, to which A4. hy-
drophila is naturally resistant (40).

In this study, two types of acquired resistances were found:
single nalidixic acid resistance and other resistance profiles.
Strains resistant only to nalidixic acid represented more than
half of the resistant strains of Aeromonas, but a very low per-
centage of resistant enterobacteria, and in any case at a level
similar to that for other antibiotic resistances. Surprisingly, the
highest rates of single nalidixic acid resistance in Aeromonas
were encountered upstream from the wastewater discharge
and at the farthest site downstream. This observation suggests
that the source of the quinolone resistance was located up-
stream from the discharge and that it was not related to waste-
waters. Previous studies have demonstrated that quinolone

El Aeromonas R strains

[ Aeromonas (except single Nal-R)

D Enterobacteriaceae R strains

= Enterobacteriaceae (except single Nal-R)

100

% of resistant strains

Ibero

Ororbia

Arazuri

Echauri Belascoain  Puente

Sites

FIG. 3. Percentages of antibiotic-resistant strains by sampling site. R, resistant.
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FIG. 4. Agarose gel electrophoresis of plasmid DNAs extracted from 18
representative enterobacterial strains. The sizes indicated on the left are those of
plasmids pUC19 (2.6 kb), pBR322 (4.3 kb), pKK3535 (11.9 kb), and RP4 (54.0
kb).

resistance was less than 25% among environmental isolates (2,
11, 21, 28, 32) and less than 5% for clinical Aeromonas isolates
(29). Quinolones (with co-trimoxazole) have even been recom-
mended as the first choice for treatment of infections caused by
Aeromonas (29). These synthetic antibiotics are naturally ab-
sent in freshwaters. Quinolone resistances are exclusively due
to chromosomal mutations (31) and are thus highly stable and
not transferable, as confirmed in this study. Quinolone-resis-
tant strains of Aeromonas probably have been selected by
heavy discharges of these compounds into the river. In Spain,
the agricultural and veterinary use of antibiotics has been
roughly estimated at two-thirds of the amount consumed by
humans (7). Several quinolones (oxolinic acid, flumequine, and
enrofloxacin, etc.) are commonly used as therapeutic agents
for animals (22). The river flows through agricultural catch-
ments and may be contaminated by runoff waters (22). Quin-
olones are excreted mostly as unchanged substances, and they
are among the most persistent antibiotics in the environment
(half-lives of 150 days for flumequine and of 150 to 1,000 days
for oxolinic acid) (22). An extensive use of veterinary quino-
lones in the farms located near the river Arga, upstream from
Pamplona, is thus questionable.

Downstream from the polluted discharge, there was a sim-
ilar increase of rates of acquired resistance to antibiotics other
than quinolones for both bacterial groups. These rates re-
mained high until Belascoain (16 km downstream from the
discharge). For enterobacteria, the levels at Puente la Reina
(30 km downstream from the discharge) were similar to those
at the most polluted sites. In contrast, for Aeromonas they
decreased to a level similar to that upstream from the waste-
water effluent. An increase of resistances was also observed in
strains isolated from rivers receiving urban discharge (9) or
hospital and pharmaceutical plant wastewaters (21). Tetracy-
cline resistance rates similar to or higher than those found in
this study have been reported (2, 3, 21, 28, 34). Beta-lactam
resistance rates found in the literature are difficult to analyze,
since many coliforms are intrinsically resistant to these drugs.
However, Al-Jebouri (3) and Al-Ghazali et al. (2) found that
45 and 90% of E. coli strains were resistant to ampicillin,
respectively, which are higher rates than those found here.
Beta-lactams, co-trimoxazole, and tetracyclines are widely used
in human and veterinary practices. In contrast, chloramphen-
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icol resistances are rare in most studies (3, 9, 28, 34), possibly
as the result of the restricted use of this drug. Acquired resis-
tances to these antibiotics are usually encoded by plasmids
and/or transposable elements (36).

In order to investigate the hypothesis of resistance transfer
between allochthonous and autochthonous riverine flora, ge-
netic analysis was undertaken for representative strains. Most
of the tested strains carried several plasmids, including some
with a high molecular weight. However, no correlation was
found between the number of antibiotic resistance markers
and the number of plasmid bands, as previously reported (15),
suggesting that most of these plasmids either encoded charac-
ters other than antibiotic resistances or were cryptic (13). In
enterobacteria, resistances which are known to be exclusively
(quinolones) or mainly (fosfomycin) due to mutations were
found to be chromosomally located. Only one-third of the
high-level resistance determinants was carried by plasmids,
including most ticarcillin resistances and half of sulfonamide
and chloramphenicol resistances. Very few of the tetracycline
and trimethoprim resistances were found to be plasmid medi-
ated, although chromosomal mutations are rarely involved, at
least in the former case (36). Most of the R plasmids coded for
single resistances and were not conjugative, except for one
strain in which multiple resistance markers were carried by a
single conjugative plasmid of ca. 46.8 kb. Thus, most of the
high-level acquired resistances in enterobacteria were probably
encoded by transposable elements or plasmids integrated into
the chromosome. Low-level resistances to sulfonamides, tri-
methoprim, and chloramphenicol have been related to muta-
tions leading to a decreased permeability of the outer mem-
brane (36). In Aeromonas, although numerous plasmids were
present in most strains, all resistances appeared to be governed
by chromosomal genes. Indeed, half of them were to nalidixic
acid and fosfomycin or were at a low level. In addition, strains
of Aeromonas that are highly resistant to beta-lactams (includ-
ing ticarcillin) are primarily derepressed mutants overproduc-
ing their chromosomal beta-lactamases (23, 40). However,
high-level tetracycline resistances have been found to be en-
coded in Aeromonas by class A or D genes as part of trans-
posons located on plasmids (1, 16, 33), and plasmid transfer
between enterobacteria and Aeromonas has been occasionally
demonstrated (1, 15, 24). Whatever the source of antibiotic

CWVCS X + —nD o<t <t o
S — A SO — <+ T A < <t
— NN AW TTTOAI Clen Ol O nnen

FIG. 5. Agarose gel electrophoresis of plasmid DNAs extracted from 16
representative Aeromonas strains. The sizes indicated on the left are those of
plasmids pUC19 (2.6 kb), pBR322 (4.3 kb), pKK3535 (11.9 kb), and RP4 (54.0
kb).
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resistance determinants in Aeromonas was, a discharge of an-
tibiotics in the urban effluent might have selected preexisting
resistant strains; the decreasing frequency of Aeromonas
strains resistant to antibiotics other than quinolones along the
study zone might be explained by the dilution with susceptible
strains (20).

In conclusion, in this study, the urban discharge resulted in
the increase of resistant strains of riverine autochthonous and
allochthonous bacteria. However, our data are consistent with
limited genetic exchanges between enterobacteria and Aero-
monas. Quinolone-resistant bacteria, particularly Aeromonas
strains, were more frequent upstream than downstream from
the discharge, suggesting an origin other than the urban waste-
water effluent for these resistances. The survey of antibiotic
resistances in the microbial flora of freshwaters allows detec-
tion of hidden uses which contribute to the increase of bacte-
rial resistances and thus limit the efficiency of these drugs in
the treatment of human and animal infections.
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