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Summary

Recent studies have demonstrated the ability of visible light or
phototherapy to modify the intracellular DNA of prokaryotic and
eukaryotic cells. The present study was undertaken to determine
the effect of light used in phototherapy on antibiotic resistance in
prokaryotic cells using tester strains of gentamicin-sensitive Esch-
erichia coli and Staphylococcus aureus. A growing population of the
tester microorganisms was inoculated on plates containing nutri-
ent medium and gentamicin. Experiments were performed to de-
termine the effect of blue light on the induction of gentamicin-
resistant mutants. The plates were divided into two populations,
one of which was illuminated, while the other was kept in the dark
to serve as a control. During photoirradiation, the plates were
protected from direct sunlight and air cooled to maintain a tem-
perature of 27°C. The sample distance from the light source was
adjusted to maintain a fluence rate (450 nm) of 141 uW/cm?
Control experiments were performed to investigate the effect of
photoirradiation on the media and gentamicin. An increased fre-
quency of mutation to gentamicin resistance was seen in the
irradiated population of bacteria. The mutagenic effect was ob-
served over a wide range of gentamicin concentrations and corre-
lated in a linear fashion with increasing duration of photoirradia-
tion. There was an inverse correlation between the size of the
bacterial inoculum and the recovery of mutant bacteria.

Speculation

In view of the demonstrated ability of high-intensity visible light
to modify intracellular DNA and induce mutations in bacterial
populations, the relationship between the widespread use of pho-
totherapy and the emergence of multiple antibiotic-resistant bac-
teria in nursery populations needs to be determined.

Since the introduction of sulfonamides in the 1940’s, antibiotic
resistance has become an increasingly common problem in neo-
natal intensive care units. Selective pressure brought about by the
widespread use of antimicrobial agents has produced flora with
altered antibiotic sensitivity patterns. The decision to withhold
antibiotics when they are marginally indicated is unacceptable to
many because of the consequences of delaying therapy in the truly
septic infant. A particularly serious problem has been the devel-
opment of bacteria resistant to aminoglycoside antibiotics. The
frequency of appearance of spontaneous kanamycin and genta-
micin-resistant mutants is low and has been estimated at less than
one in 10" cells per generation (5). The mutation frequency might
theoretically be increased by agents with the capacity to modify
intracellular DNA. Speck and Rosenkranz (10-13) have demon-
strated that high intensity illumination with blue light (450 nm)
will produce genetic alterations both in eukaryotic and prokaryotic
cells as well as in isolated DNA in the presence of bilirubin or
riboflavin. Because of its widespread acceptance for treating neo-
natal hyperbilirubinemia, phototherapy has the potential for pro-
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ducing large numbers of resistant organisms. The purpose of the
present study is to investigate the role of phototherapy in the
induction of gentamicin resistant bacteria.

MATERIALS AND METHODS

BACTERIAL STRAINS

Two strains of Escherichia coli (A and B) and a single Staphy-
lococcus aureus were isolated from blood culture specimens by the
Children’s Hospital of Philadelphia Microbiology Laboratory. A
third strain of E. coli (C) was provided by the Babies Hospital
Microbiology Laboratory, Columbia Presbyterian Medical Center,
New York. Organisms were maintained on nutrient agar slants
and inoculated weekly on MacConkey plates (E. coli) or sheep
blood agar (S. aureus). The minimum inhibitory concentrations to
gentamicin for E. coli A and B were <1 pg/ml and for S. aureus,
=2 pg/ml. The minimum bactericidal concentration for E. coli C
was 5 ug/ml. A minimum inhibitory concentration was not deter-
mined for this organism.

MEDIA AND ANTIBIOTIC PREPARATION

Nutrient agar, containing beef extract and peptone (Difco Lab-
oratories) was used for all experiments. Media were prepared
following manufacturer’s instructions, and the gentamicin was
added to the media just before pouring the plates.

Gentamicin (Clinical Laboratory Standard; Schering Corpora-
tion, Kenilworth, NJ; specific activity, 568 ug/mg) was weighed in
powder form, dissolved in phosphate-buffered saline (pH 7.2), and
sterilized by passage through a 0.2 um filter (Gelman, Ann Arbor,
MI). A 100 ml volume (1 mg/ml) was divided in 5 ml aliquots
and maintained at —70°C. The gentamicin plates were kept
refrigerated until use within 10 days.

ILLUMINATION

A phototherapy unit with eight blue lights (Westinghouse Spe-
cial Blues) was used to provide illumination (88% of output
between 425 and 475 nm). The unit was protected from direct
sunlight and air cooled to maintain the culture plates at 27 + 1°C.
The distance between the agar surface and the light source was
adjusted to maintain a fluence rate (450 nm) of 141 pW/cm®
Photometric measurements were made with an IL 600A photom-
eter coupled to an IL 60 photodensitometer manufactured by
International Light, Inc.

INOCULATION OF PLATES

Overnight cultures in trypticase soy broth (2 to 3 X 10° cfu/ml)
were diluted tenfold, and 0.1 ml was inoculated on plates contain-
ing gentamicin. Plates were either photoirradiated or immediately
incubated in the dark. Colony counts were determined at 48 and
72 hr and expressed as mutants per 10° organisms plated. To
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quantitate the number of organisms in the original inoculum, the
overnight culture was diluted by a factor of 10, and 0.1 ml was
inoculated on plates without gentamicin.

PHOTOIRRADIATION OF BACTERIA

To determine the effect of light on the production of gentamicin-
resistant mutants, E. coli strains A, B, and C and S. qureus were
inoculated on nutrient agar containing specified concentrations of
gentamicin. One-half the plates were immediately incubated in
the dark, and the remainder were photoirradiated for 6 hr and
then incubated. '

RECOVERY OF GENTAMICIN-RESISTANT MUTANTS WITH
INCREASING DURATION OF PHOTOTHERAPY

To determine the effect of increasing duration of phototherapy,
E. coli A was inoculated on plates containing gentamicin (6 ug/
ml) and photoirradiated for periods ranging from 1 to 6 hr.
Control plates, containing an equal number of organisms and an
identical concentration of gentamicin, were incubated in the dark.

RECOVERY OF GENTAMICIN-RESISTANT MUTANTS FROM PLATES
INOCULATED WITH INCREASING NUMBERS OF BACTERIA

To determine the effect of increasing inoculum size on the
recovery of gentamicin-resistant organisms, 10°%, 107, or 10°® E. coli
A were inoculated on plates containing gentamicin (6 pg/ml) and
photoirradiated for 6 hr. Control plates, inoculated in the same
fashion, were incubated in the dark.

VIABILITY OF BACTERIA AFTER PHOTOIRRADIATION

To determine the viability of E. coli A and S. aureus after
photoirradiation, 10° organisms were plated on nutrient agar
without gentamicin and exposed to phototherapy for 6 hr. Control
plates were kept in the dark.

STABILITY OF MUTANTS

To evaluate the stability of the gentamicin-resistant E. coli A
mutants, single colonies were removed from plates containing
gentamicin (6 pug/ml) and subcultured on gentamicin-free blood
agar plates. After 24 hr of incubation, single colonies were isolated
and reinoculated on agar plates containing gentamicin (6 ug/ml).

CONTROL DATA

Control experiments were performed to determine if photother-
apy had any measureable adverse effects on the media and/or
gentamicin.

IRRADIATION OF MEDIA WITHOUT GENTAMICIN

Plates without gentamicin were exposed to 6 hr of phototherapy
before inoculation with E. coli A and S. aureus. After photoirra-
diation, 10% organisms were inoculated on each plate and incu-
bated in the dark. Identical plates, which had not been photoir-
radiated, were inoculated with 10% bacteria and incubated.

IRRADIATION OF MEDIA WITH GENTAMICIN

Plates containing gentamicin (6 ug/ml) were illuminated for 6
hr before inoculation with E. coli A. After photoirradiation, 107
organisms were inoculated on- the irradiated plates and immedi-
ately incubated in the dark. Identical plates, which had not been
photoirradiated, were inoculated with 107 organisms and incu-
bated.

IRRADIATION OF GENTAMICIN WITHOUT MEDIA

Gentamicin was photoirradiated for 6 hr, and plates containing
photoirradiated antibiotic (6 pg/ml) were prepared. E. coli (107)
were inoculated on these plates and on control plates, containing
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gentamicin (6 pug/ml) which had not been photoirradiated. All
plates were immediately incubated in the dark.

STATISTICS

Data were analyzed using the Student’s independent ¢ test.

RESULTS

PHOTOIRRADIATION OF BACTERIA

Table 1 illustrates the number of gentamicin-resistant mutants
recovered with increasing gentamicin concentrations in both light
and dark environments. At every antibiotic concentration tested,
there were increased numbers of gentamicin-resistant mutants on
photoirradiated plates compared to those kept in the dark. This
effect was observed for each of the four organisms studied. The
ratio of the number of mutants on photoirradiated plates to the
number of mutants on nonirradiated plates varied from 1.5 to
108.9. In general, the mutagenic effect of light was most evident
at the lower gentamicin concentrations.

Table 1. Photoirradiation of bacteria

Mutant no./10° bacteria’ Photoirradiated/

Gentamicin nonirradiated
concentration  Nonirradiated  Photoirradiated ratio
Escherichia coli A
1.0 94.1 152.4 1.6
2.0 19.0 76.1% 4.0
4.0 6.8 16.1 24
6.0 44 10.6° 24
7.0 4.7 8.3 1.8
8.5 5.0 10.4 2.1
9.0 5.8 10.4% 1.8
9.5 6.0 10.9 1.8
10.0 5.1 9.0° 1.8
Escherichia coli B
1.0 45.5 151.5¢ 33
2.0 30.3 121.2* 4.0
4.0 8.3 28.9° 35
6.5 29 8.9° 3.1
7.0 1.2 5.4% 47
8.0 1.4 54 3.9
9.0 0.7 2.9% 4.1
10.0 1.0 2.4 2.5
Escherichia coli C.
6.0 2.1 %1072 2.3 108.9
Staphylococcus aureus
0.50 22.7 194.9* 8.6
0.75 7.6 34.1% 45
1.00 5.0 9.9? 1.8
1.25 2.7 5.0 . 1.9
1.50 1.9 45 24
' Significant difference between photoirradiated and nonirradiated
plates.
2P <0.05.
P <0.02.
‘P <0.001.
* P < 0.005.
%P <00l
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RECOVERY OF GENTAMICIN-RESISTANT MUTANTS WITH
INCREASING DURATION OF PHOTOTHERAPY

The number of gentamicin resistant-mutants produced by 1 to
6 hr of photoirradiation are shown in Figure 1. There was a linear
relationship between the duration of phototherapy and the num-
ber of gentamicin-resistant E. coli A produced (r = 0.95; P <
0.001). A single hour of photoirradiation was sufficient to dem-
onstrate a significant increase in the number of mutants compared
to dark controls.

RECOVERY OF GENTAMICIN-RESISTANT MUTANTS ON PLATES
INOCULATED WITH INCREASING NUMBERS OF BACTERIA

At a gentamicin concentration of 6 ug/ml, the number of
mutants recovered per 10° organisms inoculated on photoirra-
diated and nonirradiated plates decreased as the number of bac-
teria were increased from 10° to 107 per plate (P = NS). However,
there was a significant decrease in mutant recovery when the
number of E. coli A was increased from 107 to 10° organisms per
plate (“photoirradiated” P < 0.01; “nonirradiated” P < 0.001). At
all concentrations of organisms, the number of mutants on pho-
toirradiated plates was significantly greater than on nonirradiated
plates (Table 2).
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Fig. 1. Recovery of gentamicin-resistant mutants with increasing du-
ration of phototherapy.

Table 2. Recovery of gentamicin-resistant E. coli A on plates
inoculated with increasing numbers of bacteria’

Mutant no./10¢ bacteria

Organism
concentration/plate Dark Light
10° 7.6 13.6°
107 52 11.4°
10 23 3.9
' Significant difference between photoirradiated and nonirradiated
plates.
?P<0.05.
% P < 0.0001.
*P < 0.001.
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VIABILITY OF BACTERIA AFTER PHOTOIRRADIATION

The mean number of E. coli A on photoirradiated plates lacking
gentamicin (66.8 + 4.0; m + S.E.) did not differ from the mean
number of organisms on plates kept in the dark (65.0 + 2.0). In
contrast, there was a significant decrease in the viability of S.
aureus exposed to light (photoirradiated, 62.8 + 10.2; nonirra-
diated, 88.8 & 3.6; P < 0.05).

STABILITY OF MUTANTS

E. coli A mutants resistant to gentamicin (6 ug/ml) remained
resistant after subculture on gentamicin-free blood agar plates.

CONTROL DATA

Irradiation of Media Without Gentamicin. Photoirradiation of
media did not alter its ability to support the growth of E. coli A or
S. aureus. The mean colony counts for both organisms on pho-
toirradiated and nonirradiated plates were not significantly differ-
ent (E. coli A “irradiated media,” 75.6 £ 5.4, m = S.E.; “nonir-
radiated media,” 76.3 * 5.2; S. aureus irradiated media, 78.7 +
8.4; nonirradiated media, 83.0 = 1.9).

Irradiation of Media With Gentamicin. The mean number of
gentamicin-resistant E. coli A recovered on plates in which gen-
tamicin and media were both irradiated before inoculation did not
differ from the mean number of mutants on identical plates not
photoirradiated. (Mutant number/10° bacteria: “nonirradiated
media and gentamicin,” 4.4; “irradiated media and gentamicin,”
4.6).

Irradiation of Gentamicin Without Media. Irradiation of genta-
micin before plate preparation did not affect the number of
mutants obtained. (Mutant number/10° bacteria: irradiated gen-
tamicin, 7.6; nonirradiated gentamicin, 7.9).

DISCUSSION

This study demonstrates that a brief exposure to phototherapy
induces mutations to gentamicin resistance in previously sensitive
strains of E. coli and S. aureus. The mutagenic effect was observed
over a wide range of gentamicin concentrations and correlated in
a linear fashion with increasing duration of photoirradiation.

Three mechanisms may be responsible for the appearance of
gentamicin-resistant mutants. In bacteria recovered from clinical
specimens, resistance is usually mediated by extrachromosomal
DNA, i.e., plasmids containing resistance determinants (2, 4-6).
Bacteria carrying these extrachromosomal elements inactivate
antibiotics by means of enzymatic reactions. Gentamicin resist-
ance obtained in vitro is frequently due to failure of the antibiotic
to reach the ribosomal target or to structural alteration of the
ribosomal binding site for gentamicin (1, 9). Mutations induced
by the light used in phototherapy most probably involve one of
the in vitro mechanisms.

For each of the bacterial strains tested, the mutagenic effect of
phototherapy was most evident at the lower gentamicin concen-
trations. The mechanism(s) responsible for the increased recovery
of mutants resistant to low levels of gentamicin after photoirradia-
tion is unknown. One possibility is that different mechanisms were
responsible for bacterial resistance at low and high gentamicin
concentrations. Two classes of nalidixic acid resistant E. coli K-12
have previously been demonstrated by Hane and Wood (7).
Phototherapy may be more efficient in initiating the mechanisms
responsible for low-level gentamicin resistance. An alternative
explanation may be that at higher gentamicin concentrations the
organisms were rapidly killed before mutations induced by pho-
totherapy could be expressed. Discovery of the actual explanation
will require further investigations.

An unexgected finding in this study was that the mutant recov-
ery per 10° organisms inoculated decreased as the number of
bacteria were increased exponentially. This decrease in the recov-
ery of gentamicin-resistant mutants among both photoirradiated
and nonirradiated bacteria may have been due to competition for
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nutrients in the agar medium, decreasing organism survival. The
viability of E. coli A was not significantly affected by photoirra-
diation. However, a significant number of S. aureus were killed by
the light used in phototherapy. It is somewhat surprising that
although blue light was mutagenic for E. coli, we could not
demonstrate a bactericidal effect. The control experiments dem-
onstrated that the media was nutritionally adequate and did not
contain toxic or mutagenic substances after photoirradiation. In
addition, the bactericidal effect of gentamicin was not altered by
illumination.

There was a linear increase in the number of resistant E. coli A
as the duration of photoirradiation was increased from 1 to 6 hr.
An hour of photoirradiation was sufficient to produce gentamicin-
resistant mutants. The minimum duration of photoirradiation
necessary to produce resistant E. coli A was not determined. It is
unknown whether this linear dose response relationship is unique
for E. coli or represents a more general phenomenon.

The increased number of gentamicin-resistant organisms after
photoirradiation is not surprising in view of the known ability of
near UV and visible light to modify DNA both in mammalian
cells and bacteria (10-13). As early as 1943, light in the near UV
spectrum had been shown to be lethal for several species of
microorganisms (8). Webb (15) demonstrated a biomodal muta-
genic effect of light with maximal effect at 265 and 470 nm. In
their laboratory, streptomycin resistant E. coli were produced by
these wave lengths. Cabrera-Juarez and Espinosa-Lara in 1974 (3)
induced streptomycin-resistant Hemophilus influenzae by exposing
them to black light between 325 and 400 nm (3). Using strains of
Salmonella typhimurium auxotrophic for histidine, Speck and Ro-
senkranz (12) demonstrated that phototherapy most probably
alters bacterial DNA by inducing base substitution mutations.

The production of gentamicin-resistant mutants after a rela-
tively brief exposure to the light used in phototherapy may be of
clinical importance. Storer et al. in 1975 (14) completed a similar
study also investigating the effect of phototherapy on three bac-
terial strains. They photoirradiated Staphylococcus aureus, Esche-
richia coli, and Streptococcus pyogenes for intervals up to 48 hr.
Streptococcus pyogenes demonstrated cell wall defects after illu-
mination as noted by a change in colony appearance and a
decrease in growth rate. S. aureus exhibited increased sensitivity
to kanamycin. E. coli was not affected. The disparity between
Storer’s results and our may be explained by the higher fluence

Copyright © 1981 International Pediatric Research Foundation, Inc.
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used in our study, the specific strains tested, or the methodology
used in the detection of mutants. The production of gentamicin
resistant mutants with photoirradiation may not represent a gen-
eral phenomena. The relationship between the development of
bacterial resistance to other antimicrobial agents and use of pho-
totherapy will require further investigation.
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