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Abstract. Six serum-resistant (serR) mutant Pseudomonas aeruginosa strains were isolated
from six serum-sensitive (serS) parental strains by subculturing the sensitive strains in
increasing concentrations of normal pooled fresh human serum (FHS). Although the colonial
type of the mutant was similar to that of the parental strains, each of the serR mutants had an al-
tered serotype when compared to its parental counterpart. Three mutant strains and their
corresponding parental strains were chosen for further examination. The lipopolysaccharide
(LPS) preparations from the serR strains were found to be heterogeneous, containing LPS with
varying degrees of O-side-chain substitution, whereas the LPS of the serS strains contained
primarily lipid A-core polysaccharide components. Although two of the serR mutant strains had
an outer membrane protein (OMP) profile analogous to their serS parental counterparts, one
serR strain differed from its parental strain by the absence of a 32,000 dalton major OMP. These
studies suggest that the susceptibility of P. aeruginosa to the bactericidal activity of FHS may

be related to either or both LPS structure or OMP content.

The bactericidal activity of antibody and comple-
ment in fresh normal human serum (FHS) is regard-
ed as a significant component of host defenses
against Gram-negative bacteria, since bacilli isolat-
ed from localized infections are usually serum-
sensitive (serS), whereas those isolated from cases
of bacteremia are serum-resistant (serR) [18, 24].
The susceptibility of Pseudomonas aeruginosa
strains to FHS appears to be quite heterogeneous.
Whereas most strains isolated from patients with
bacteremia or endocarditis are serR [17, 19, 25],
mucoid and nonmucoid strains of P. aeruginosa
isolated from the sputum of cystic fibrosis (CF)
patients are much more sensitive to the bactericidal
activity of serum than strains isolated from non-CF
patients [9, 13, 15, 19, 22]. The serum sensitivity of
these strains that colonize/infect the lungs of CF
patients may explain their inability to spread sys-
temically and produce disseminated disease in these
patients [8].

Although most strains isolated from CF pa-
tients are serS, occasional spontaneous serR mu-
tants of these serS isolates occur in culture [19, 22].

* To whom reprint requests should be addressed.

Examination of one of these serR mutant strains
suggested that this strain had one or more apparent-
ly altered, absent, or inaccessible cell surface com-
ponents compared to its serS parental counterpart
[1]. To examine further the nature of serum resist-
ance in P. aeruginosa strains, we isolated six addi-
tional serR mutants from serS parental strains. The
isolation and characterization of these strains are
described below.

Materials and Methods

Bacterial strains. Strains Mc 19, Mc 30, Mc 85, Mc 117, 144M,
WcM, and ByM were isolated from the sputum of cystic fibrosis
(CF) patients. Non-CF strains were obtained from sputum
samples (Mc 145, Mc 207), urine (Mc 192), a surface wound (Mc
84), and the skin of a burn patient (Mc 170). These strains were
identified as P. aeruginosa by Gram stain, oxidase reaction,
pigment production, and growth at 42°C. Where required, strains
were further identified using Flow Laboratories, Inc. N/F Sys-
tem (Flow Laboratories Inc., Roslyn, NY). The colonial type of
each strain was classified as previously described [19].

Normal pooled fresh human serum (FHS). Blood from four
normal, healthy adult male volunteers was obtained by veni-
puncture and allowed to clot at room temperature for 20 min.
After centrifugation at 1000 g for 15 min at 4°C, the serum was



186

CURRENT MICROBIOLOGY, Vol. 10 (1984)

Table 1. Serum sensitivity, colonial type, and serotype specificity of parental and mutant Pseudomonas aeruginosa strains

Parental strains

Mutant strains

Colonial Serum Difco Colonial Serum Difco
Strain type sensitivity* serotype® Strain type sensitivity serotype
Mc 30 rough 1.56% 1,3,10 (weak) Mc 30 (SR) rough >50% 9 (strong)
Mc 85 entero 3.12% 1,3,14 (weak) Mc 85 (SR) entero >50% 6 (strong)
Mc 170 rough 1.56% 10 (strong) Mc 170 (SR) rough >50% 9 (strong)
144M mucoid 0.78% 3,14 (weak) 144M (SR) mucoid >50% 6 (strong)
ByM mucoid 0.78% 3,14 (weak) ByM (SR) mucoid >50% 6 (strong)
WcM mucoid 0.78% 2,16 (moderate) WcM (SR) mucoid >50% 6 (strong)

¢ Percent FHS needed to kill >90% of bacteria in assay.

b Serotyping was recorded as strong (immediate reaction and maximal agglutination), moderate, or weak (delayed reaction and minimal

agglutination).

removed, pooled, sterilized using a 0.45-p filter, and either used
immediately or stored at —70°C in small aliquots until ready for
use.

Isolation of serum-resistant (serR) mutants. After overnight
growth on brain-heart infusion (BHI) (BBL Microbiology Sys-
tems, Cockeysville, MD) agar plates at 37°C, the bacteria were
resuspended in 0.01 M phosphate-buffered saline (PBS), pH 7.4,
and adjusted spectrophotometrically at 550 nm to a concentra-
tion of approximately 2 X 10® bacteria/ml with PBS. This
suspension was then diluted 50-fold with PBS and 0.1 ml used as
the bacterial inoculum (approximate starting concentration of 4
% 10° bacteria/ml). Experimental tubes contained FHS (at final
concentrations of 0.625%—40%), 0.1 ml inoculum, and BHI broth
in a final volume of 1.0 ml. (Control tubes contained PBS in place
of FHS.) After overnight incubation at 37°C, the tube with the
highest serum concentration in which visible growth was ob-
served was selected, the organisms were diluted 100-fold with
PBS, and 0.1 ml of this suspension was used to inoculate a
second set of tubes. A third subculture was similarly prepared.
Organisms that grew in the tube with 40% FHS were presumed
to be serR and used for additional studies.

Serum bactericidal assay. The sensitivity of P. aeruginosa strains
to the bactericidal activity of FHS was determined as described
previously [19]. For these assays, the lowest concentration of
FHS that caused a >90% reduction in bacterial survival was
recorded.

Serotyping. Pseudomonas strains were serotyped by the slide-
agglutination technique using the Bacto-Pseudomonas aerugino-
sa antiserum set (Difco Laboratories, Detroit, MI).

Outer membrane isolation and SDS-polyacrylamide gel electro-
phoresis. Each strain was grown overnight at 37°C with shaking
in 500-ml BHI broth lots. A total of 4.5 liters of bacteria was
harvested by centrifugation at 10,000 g for 20 min at 4°C, washed
twice with saline, and the pellet was resuspended in distilled
water (dH,0) and lyophilized. The protocol for isolation of outer
membranes and their analysis by electrophoresis on sodium
dodecyl sulfate (SDS) polyacrylamide slab gels has been previ-
ously described [19]. The protein content was determined using
the Folin phenol method of Lowry et al. [10].

Lipopolysaccharide isolation and SDS-polyacrylamide gel electro-
phoresis. For these studies, each strain was grown overnight at

37°C with shaking in 500-ml BHI broth lots, and a total of 12
liters was harvested, washed, and lyophilized as described
above. The lipopolysaccharide (LPS) was isolated from each
strain according to a recently described protocol of Darveau and
Hancock [3], which has been proven useful for isolation of both
smooth and rough LPS forms. Isolated LPS preparations were
then mixed 1:1 with buffer containing 0.1 M Tris-hydrochloride
(pH 6.8), 2% SDS (wt/vol), 1% 2-mercaptoethanol (vol/vol),
0.001% bromophenol blue (wt/vol), 20% sucrose (wt/vol), and
0.1 M tetrasodium EDTA at a final concentration of 1 mg/ml
LPS. After the samples were heated for 10 min at 100°C, 15 ul
were applied per lane to a 15% SDS-polyacrylamide slab gel, 0.8
mm thick, prepared according to the protocol of Lugtenberg et
al. [11] with the exception that 4 M urea was added to both
stacking and separating gels as recommended by Tsai and Frasch
[23]. Electrophoresis was carried out at room temperature using
a constant current of 20 mA until the tracking dye migrated to the
bottom of the slab gel (usually about 3~4 h). Gels were fixed by
incubation in a 40% ethanol-5% acetic acid solution in a clean
dish overnight without agitation.

The gels containing LPS were then stained according to the
silver stain procedure described by Tsai and Frasch [23] with a
few modifications, as detailed below. After overnight fixation,
the fixing solution was replaced with 1.4% periodic acid in 40%
ethanol-5% acetic acid and allowed to oxidize for 20 min with
agitation. The gel was then washed three times for 15 min each
using deionized dH,O (ddH,0). After draining off the last wash,
the gel was stained for 10 min with agitation (using the staining
reagent prepared as described by Tsai and Frasch). After three
15-min washes, the gel was developed to the desired intensity
(which usually occurred within 10 min) using a solution contain-
ing 50 mg citric acid and 0.5 ml of 37% formaldehyde per liter of
ddH,O. The reaction was then stopped by placing the gel in a
stop bath consisting of 0.33% acetic acid [7].

Results and Discussion

Isolation of serR mutant strains. For these studies 12
serS P. aeruginosa strains were grown overnight at
37°C in BHI broth in the presence or absence of
FHS at concentrations ranging from 0.625% to 40%
FHS. From these 12 strains, six serR mutants were
obtained. For these six strains (Mc 30, Mc 85, Mc¢
170, 144M, WcM, and ByM), growth initially oc-
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curred only in those tubes with low serum concen-
trations (such as 1.25% FHS using 144M). Howev-
er, if the organisms that grew in the tube with 1.25%
FHS were used to inoculate a second series of
tubes, the bacteria appeared more serR after the
second subculture. After a third subculture, the
bacteria grew in the presence of 40% FHS. Similar
growth patterns were obtained for strains Mc 30,
ByM, and WcM, while strains Mc 85 and Mc 170
required only two such subcultures. The organisms
that grew in the tubes containing 40% FHS were
designated serR (SR), and these organisms were so
labeled, e.g., 144M (SR), Mc 30 (SR), etc. No serR
mutants were obtained from Mc 19, Mc 84, Mc 117,
Mc 145, Mc 192, or Mc 207 using this technique.

Does subculturing serS strains in serum induce
serR or simply select out a small subset of serR
organisms within the serS population? Examination
of an occasional survivor of a serS strain that had
been incubated with 50% FHS for 60 min at 37°C
revealed that the survivors were still serS. Although
this would imply that there were no serR organisms
within that serS pool, a fluctuation test [12] would
be needed to determine whether there was induc-
tion or selection of serum resistance in these stud-
ies.

Serum sensitivity, colonial type, and serotype of
parental and mutant strains. Each of the six mutant
strains and the six corresponding parental strains
was examined for sensitivity to the bactericidal
activity of FHS, and the least amount of serum
required to kill >90% of the inoculum after 60 min
incubation at 37°C was determined. The results are
shown in Table 1. Whereas all of the parental
strains were sensitive to the bactericidal activity of
3.12% FHS or less, the mutant strains were insensi-
tive to the bactericidal activity of 50% FHS (the
highest concentration tested).

Previous studies by Thomassen and Demko
{22] and Schiller and Hatch [19] have suggested that
a strain’s colonial type is not related to its sensitiv-
ity to the bactericidal activity of FHS. This was
supported by the present investigation, in which
each of the serR mutants maintained the same
colonial pattern as their parental serS counterparts.
Of more interest was the observation that the
serotype of the serR mutants differed from that of
the parental counterpart strains (see Table 1). While
most of the parental strains serotyped weakly or
moderately (except Mc 170), the serR strains all
serotyped strongly, with a serotype distinct from
that of its parental strain. Considering the fact that

144M 144M ByM ByM WcM WcM
(SR) (SR) (SR)
£

i

&

Fig. 1. SDS-polyacrylamide gel electrophoresis of LPS prepara-
tions prepared from parental serS Pseudomonas aeruginosa
strains and their serR mutants. Each lane was loaded with
approximately 15 ug of bacterial LPS preparation.

serotype is based on the O-antigenic side chain of
LPS [2], the alteration in serotype configuration in
these mutants suggested a variation in the LPS
composition that might be related to serum resist-
ance.

Examination of LPSs from the parental and mutant
strains. It has often been noted that smooth strains
of Gram-negative bacteria, which synthesize LPS
with a high degree of substitution of core units by
O-specific side-chain moieties, are more serum-
resistant than rough isolates or mutants that have
lost the ability to either synthesize or attach the O-
antigen component of LPS [20]. To examine this,
LPSs from 144M (SR), ByM (SR), and WcM (SR),
as well as from each of the parental strains, were
obtained and electrophoresed on a SDS-polyacryl-
amide slab gel and the patterns developed using a
periodic acid-silver stain. The mobility of the LPS
bands correspond to the degree of ‘‘roughness’’ of
the strain with increases in mobility correlating to
the shortening of the oligosaccharide core [3, 5, 7,
16]. The results, presented in Fig. 1, indicate that
the LPSs of the parental serS strains are mainly
“rough™ or short LPS, since the dark-staining
material near the gel bottom is believed to be mainly
lipid-A-core polysaccharide. In contrast, the LPSs
from the serR mutant strains display size heteroge-
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Fig. 2. SDS-polyacrylamide gel electrophoresis of outer mem-
branes of serR Pseudomonas aeruginosa mutants and their serS
parental counterparts: lane 1, ByM (SR); lane 2, ByM; lane 4,
144M (SR); lane 5, 144M; lane 7, WcM (SR); and lane 8, WcM.
Lanes 3 and 6 contain Bio Rad molecular weight standards:
phosphorylase B, 92.5K; bovine serum albumin, 66.2K; ovalbu-
min, 45K; carbonic anhydrase, 31K; soybean trypsin inhibitor,
21.5K; and lysozyme, 14.4K. Each lane was loaded with approx-
imately 30 ug of bacterial outer membrane preparation.

neity as evidenced by the various bands in the
middle to upper regions of the gel, which are
thought to represent LPSs with varying numbers of
side chain lengths, including some with highly sub-
stituted O-antigenic side chains comparable to
those seen in other smooth Gram-negative orga-
nisms.

The role of long-chain LPSs in serum resist-
ance is presumably due to their interference with
either the formation, attachment, or subsequent
activity of the membrane attack complex of the
complement system [20]. We have noted that two
serR derivative strains, 144NM [1] and 144M (SR),
were unable to absorb the bactericidal antibody in
FHS responsible for killing the parental serS strain
144M [1, and N. L. Schiller, unpublished observa-
tion]. This might suggest that the LPS on these serR
strains simply inhibits the ability of bactericidal
antibody from reaching its binding site on the outer
membrane surface. This reasoning is supported by
the study of Feingold [4] who reported that serR E.
coli and P. aeruginosa strains could be made serS if
the amount of O-antigen in the LPS was reduced by
culturing these bacteria in the presence of diphenyl-
amine. However, preliminary studies in this labora-
tory were unable to duplicate these findings for
144M (SR) (N. L. Schiller, unpublished observa-
tion).
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Examination of the outer membrane protein (OMP)
profile of parental and mutant strains. An alterna-
tive explanation for the inability of serR strains to
absorb out bactericidal immunoglobulins is that
these strains are missing the antigenic determinant
to which bactericidal antibody binds. Therefore, we
isolated the outer membranes from three serR
strains and their parental counterparts and analyzed
their OMP profiles by SDS-polyacrylamide gel elec-
trophoresis. As shown in Fig. 2, the most prominent
OMP had a molecular weight of approximately
41,000 daltons (41K) and was detected in all strains.
When each of the mutant OMP profiles was com-
pared with that of its particular parental type, both
144M (SR) and ByM (SR) were observed to have
OMP profiles almost indistinguishable from their
parental strains. However, a 32K-dalton protein
present in the serS strain WcM was either absent or
present in much lower concentration in WcM (SR).
We are presently attempting to determine whether
this 32K OMP is the bacterial target for FHS
bactericidal antibody. It should be noted that other
investigators have detected alterations in OMP pro-
file that correlated with bacterial serum resistance
[6, 14, 21].

In summary, we have isolated six serR mutant
P. aeruginosa strains from their serS parental coun-
terparts. Using three pairs of strains, we have
determined that the amount of O-side chain substi-
tution is greater in the serR strains than in the serS
parental counterparts, implying that LPS side-chain
length is related to strain sensitivity to the bacteri-
cidal activity of FHS. Changes in LPS composition
also explain the altered serotype specificity of the
mutant strains. In addition, in one serR strain, we
have noted the absence of a 32K OMP that was
present in the serS parental type. These studies
suggest that either or both LPS structure or OMP
composition may be related to a strain’s susceptibil-
ity to serum, Further investigations are in progress
to characterize the target site for serum bactericidal
immunoglobulin.
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