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Psychro-active bacteria, important constituents of polar ecosystems,
have a unique ability to remain active at temperatures below 0 °C,
yet it is not known to what extent the composition of their outer
cell surfaces aids in their low-temperature viability. In this study,
aqueous suspensions of five strains of Arctic psychro-active marine
bacteria (PAMB) (mostly sea-ice isolates), were characterized by
surface-enhanced Raman spectroscopy (SERS) and compared with
SERS spectra from E. coli and P. aerigunosa. We find the SERS
spectra of the five psychro-active bacterial strainsare similar within
experimental reproducibility. However, these spectra are signifi-
cantly different from the spectra of P. aeruginosa and E. coli. We
find that the relative intensities of many of the common peaks show
the largest differences reported so far for bacterial samples. An
indication of a peak was found in the PAMB spectra that has been
identified as characteristic of unsaturated fatty acids and suggests
that the outer membranes of the PAMB may contain unsaturated
fatty acids. We find that using suspensions of silver colloid particles
greatly intensifies the Raman peaks and quenches the fluorescence
from bacterial samples. This technique is useful for examination of
specific biochemical differences among bacteria.

Index Headings: Escherichia coli bacteria; Pseudomonas aeruginosa
bacteria; Colwellia bacteria; Shewanella bacteria; Pseudoalteromon-
as bacteria; Surface-enhanced Raman spectroscopy; SERS; Silver
colloid particles; Psychro-active bacteria; Mesophilic bacteria.

INTRODUCTION

In our previous study,! surface-enhanced Raman spec-
troscopy (SERS) was shown to be a potentially useful
technique to characterize and distinguish certain strains
of mesophilic (terrestial or aquatic) bacteria (MTAB),
bacteria that grow optimally at temperatures between 20
and 45 °C. In this paper we use SERS to study differences
in bacterial outer-cell membrane structure by comparing
the SERS spectra of two common MTAB strains, Esch-
erichia coli and Pseudomonas aeruginosa, with 5 strains
of psychro-active (including both psychrotolerant and
psychrophilic) marine bacteria>* (PAMB). Psychro-ac-
tive bacteria are capable of growing at temperatures at
least as low as —1 °C.

The five strains of PAMB are closely related to known
marine psychrophiles of the genera Shewanella, Pseu-
doalteromonas, and Colwellia.® Sea-ice isolate 11B5 is
closely related to Shewanella frigidimara, Arctic sedi-
ment isolate Colwellia psychrerythraea strain 34H
(GenBank accession number: AF396670) and sea-iceiso-
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late 6M3 both belong to the Colwellia genus, and the
searice isolates 6B1 and 6M4 are closely related to Pseu-
doalteromonas antarctica. The observed minimum tem-
perature for growth of the strain 34H is —5 °C, but mo-
tility is maintained to —10 °C and this species is com-
monly found in sea ice.5° The PAMB strains fall under
the family Alteromonadaceae, order XlI, Class 1 (Zymo-
bacteria) of the y-Proteobacteria, whereas E. coli and P.
aeruginosa are in the same class, but in different orders,
Enterobacteriales and Pseudomonadal es, respectively.°

Psychro-active marine bacteria, typically found in po-
lar regions,'*? have developed several strategies for sur-
vival in cold environments. Research to date has focused
on the distribution of PAMB in sea-ice, ' their biolog-
ical diversity,? and their enzyme and membrane adapta-
tions4715> But the outer cell surface of the organisms,
which directly interacts with and mediates between the
organism and its environment, remains to be character-
ized chemically.

Much research on cold adaptation has focused on
PAMB from Arctic or Antarctic marine habitats.” Since
membrane flexibility decreases with temperature, much
of the work on cold adaptation has attempted to correlate
changes of fatty acid composition'>*” with changes in
salinity and optimal growth temperature. Results from
these studies indicate that PAMB show an increase in
unsaturated and branch-chained fatty acids and a decrease
in the length of lipids. More recently, it was found that
Antarctic PAMB produce polar carotenoids that decrease
membrane fluidity at low temperatures.’®'® Such carot-
enoids may act to counterbalance the effects of unsatu-
rated fatty acids and fine-tune membrane fluidity. The
production of polyunsaturated fatty acids (PUFAS) occurs
in many PAMB including Antarctic sea-ice bacteria* and
is particularly common within the genera of Colwellia
and Shewanella.?® However, E. coli and P. aeruginosa do
not synthesize PUFASs, which suggests that different
chemical or structural elements may be present in their
cell membranes.

Surface-enhanced Raman scattering (SERS) (first ob-
served by Fleischmann in 1974)% is useful for studying
biological materials and single molecules?? because the
signal istypically many orders of magnitude more intense
than ordinary Raman scattering and quenches the fluo-
rescence of biological moleculest SERS requires the
presence of metal atoms in close proximity to the mole-
cule of interest (the analyte). It has been shown that large
enhancements in signal can be obtained when, instead of
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a solid metal surface, either a specialy prepared metal
film, a suspension of colloidal metal particles (Ag, Au,
or Cu),? or carbon nanotubes? with certain regular nano-
scale structures are used.

The size of the colloidal particles or film structures
may determine which molecular bonds are enhanced,?
but the typical colloid particle size is in the range 10—
100 nm. The magnitude of the enhancement is also de-
termined by whether the colloidal particles cover the an-
ayte (if the analyte is a cell or other large biological
complex) or if the analyte covers the colloidal particles
(if the analyte is of molecular size).* Thereisan excellent
review of the SERS technique by Moscovits.?¢

There have been many recent SERS studies character-
izing the spectra of various single cells, spores, DNA,
amino acids, peptides, and proteins.?”3 Recent SERS
studies of bacteria, 334 have attempted to distinguish
or ‘“‘fingerprint” bacteria. Zeiri et a.** did not observe
large differences between the spectra of the gram-nega-
tive and gram-positive bacteria they studied. On the other
hand, Jarvis and Goodacre® found that with discriminant
function analysis (DFA), hierarchical cluster analysis
(HCA), and some a priori knowledge about class differ-
ences, they could clearly distinguish between their bac-
terial samples.

It is well known that the preparation and handling of
colloid suspensions of silver affects the resultant SERS
spectra from analyte adsorbed on the colloid particles
(see references cited within Keir et al.%%). Munro et al.*”
report on an optimization study of a citrate-reduced col-
loid (following a procedure reported by Lee and Mei-
sel).®® They find that the citrate-reduction method is more
stable and reproducible, as measured by visible absorp-
tion spectra, than the borohydride-reduction method used
in this study. In addition, they find that the magnitude of
the SERS enhancement for the citrate-reduced colloidsis
greater.

However, we found from the literature that the citrate-
reduction method was much less reproducible in the lab-
oratory than the borohydride-reduction method of Keir et
al.,*® so we chose to use the latter for making our colloi-
dal suspensions.

Using the borohydride-reduction method, Sengupta et
al.! found that the variations between samples of the same
bacteria can be as large as those between different bac-
terial samples unless certain variables are carefully con-
trolled: volume ratio (bacterial to colloidal suspension),
age of colloid, time after mixing bacteria and colloid, and
colloidal preparation. However, when these variables are
controlled it was found that small differences could be
observed between various bacterial strains over certain
ranges of Raman shift (cm~1), without DFA. Moreover,
when three pollen families were compared, Sengupta et
al.“° found that the SERS spectra of the pollen families
are significantly different.

EXPERIMENTAL

The SERS spectra shown in this paper were obtained
using a bioanalyte/silver colloid mixture. The silver col-
loidal suspensions of 104 M concentration were made
using the method of Keir et a.*® The PAMB were mixed
with the 104 M Ag colloid in a volume ratio of 100:1

(Ag colloid solution to aqueous bacterial suspension).
The bacterial suspensions were prepared up to one day
(24 h) before being mixed with the colloid solution, and
most Raman spectra were obtained within 20 min after
the bacterial/colloidal mixture was prepared. The bacteria
solutions were stored between data runs in a refrigerator
at 4—6 °C. The MTAB spectra were acquired in 60 s and
the PAMB spectra were acquired in 300 and 400 s.

The spectra were obtained using an argon-ion laser at
a wavelength of 514.5 nm and 100 mW of laser light
incident onto the sample. The spectrum of the scattered
light was analyzed by a 500-mm focal-length single-pass
Acton SpectraPro-500i spectrometer after attenuation of
the laser line by a Kaiser Optical Systems SuperNotch-
Plus holographic filter. The detector was a Princeton In-
struments back-illuminated, liquid-nitrogen-cooled 1340
X 100 pixel array charge-coupled device (CCD) camera.

Cultures of E. coli and P. aeruginosa were grown for
15-20 h in Luria broth, centrifuged, and washed twice
before being re-suspended in 2 mL of deionized water.
The optical density of the bacterial suspensions, E. coli
and P. aeruginosa, ranges from 0.5 to 3.4 and gives an
indication of bacterial concentration. These bacterial sus-
pensions were mixed in various ratios with the silver col-
loid solution. We found that for E. coli and P. aeruginosa
grown to the stationary stage our optimal volume ratio
(for the best spectra) was 50 parts silver colloid solution
to 1 part bacterial suspension. Additional experimental
details are described in a previous paper.t

The Arctic searice bacterial strains 11B5, 6B1, 6M4,
and 6M3 were isolated from ice-core samples collected
during the Arctic West Summer 1996 (AWS96) cruise of
the USCGC icebreaker ‘‘Polar Sea’ into the Chukchi
Sea® C. psychrerythraea strain 34H was isolated from
Arctic shelf sediments.® Cultures of 34H, 11B5, 6B1,
6M4, and 6M 3 were grown at —1 °C for 14 days (to late
exponential growth) in half-strength Marine 2216 broth
(DIFCO laboratories, Detroit, MI). Bacterial cells in 5
mL of the culture medium were centrifuged at 3000 rpm
for 10 min, washed twice in artificial seawater (for 1 L
of solution: 24 g NaCl, 0.7 g KCl, 5.3 g MgCl,-6H,0,
7.0 g MgSO,-7H,0, and 1.3 g TAPSO buffer), and after
the final centrifugation step were re-suspended into 2.5
mL artificial seawater. The resulting bacterial suspensions
were found to have an optical density between 0.5 and
15.

RESULTS AND DISCUSSION

E. coli and P. aeruginosa Spectra. The E. coli/silver
colloid (Volume ratio, VR = 50:1) spectrum shown in
Fig. 1 is the average of three spectra normalized to the
1635 cm~! water peak to adjust for background differ-
ences. To obtain the normalized average spectra, the steps
were as follows: (1) divide each intensity (all three spec-
tra) by the integration time to get counts per second, (2)
multiply each of these values by a factor that normalizes
to the height of the water peak of one spectrum, (3) shift
the spectra so that the water peaks overlap, and (4) take
the average of all three spectra. The dominant peak is at
1355 cm%, and other major peaks occur at 1635, 1587,
1539, 1460, 1283, 1240, 1166, 956, 813, 753, 703, 636,
and 571 cm™2.
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Fic. 1. Average of three E. coli spectra. The lines are positioned on
the major peaks that appear in Table |. The VR was 50:1 (Ag colloid
to bacterial suspension).

We also investigated a different method of analysis:
instead of normalizing to the height of the water peak at
1635 cm~?, we subtracted a pure deionized water spec-
trum (first normalized to the background intensity of the
E. coli spectrum) from each of the E. coli spectra, since
the MTAB were all suspended in deionized water. The
steps were as follows: (1) divide each bacterial spectrum
by the integration time, (2) subtract background value at
1827 cm* from all data points, (3) subtract background
at 1827 cm~* from all points of the deionized water (after
having converted to counts per second), and (4) subtract
the resulting deionized water spectra point by point from
the E. coli spectra. Comparing the results of the two
methods, it is clear that, for high signal-to-noise ratio
spectra, the water background is a very small fraction of
the overall intensity, so that the two methods produce
amost identical results. However, for small signal-to-
noise spectra, such as the PAMB spectra, the results are
significantly different for the two methods. As will be
explained below, we chose to analyze the PAMB spectra
by first subtracting the artificial seawater background.

Figure 2 shows 24 spectra from suspensions of P.
aeruginosa/silver colloid (VR = 50:1). The dominant
peak occurs at 1354 cm-! and other major peaks are at
1637, 1531, 1415, 1328, 1166, 1091, 853, 752, 701, 624,
and 565 cm~1. Several differences are evident when com-
paring the E. coli and P. aeruginosa spectra in Figs. 1
and 2. In particular, the peaks at 1539, 1283, 1240, 1057
and 956, and 813 cm~* in the E. coli spectra are either
not present or are much reduced in the P. aeruginosa
spectra, the dominant E. coli peak at 1354 cm~! is a dou-
ble peak in the P. aeruginosa spectra (i.e., there is also
a peak at 1328 cm™?), the P. aeruginosa peaks at 540
and 1091 cm~* do not appear in the E. coli spectra, and
several peaks (at 624, 1166, and 1283 cm~1) are notice-
ably enhanced in the P. aeruginosa spectrarelative to the
E. coli spectra.

Our spectrafor E. coli compare well with recent results
(also at 514.5 nm laser excitation) obtained by Zeiri et
al.,** who used a different method of coating the bacteria
with silver colloid. In their study, bacteria act as nucle-
ation centers for the silver colloid formation and are in-
troduced during the preparation of the colloids, whereas
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Fic. 2. Twenty-four SERS spectra of P. aeruginosa bacteria, with VR
equal to 50:1 (Ag colloid solution to bacterial suspension) for all spec-
tra. Spectra are normalized such that the Raman water peaks are at the
same height for all scans. The variation (maximum = 25%, average
~15%) between spectra gives an indication of experimental reproduc-
ibility, as well as the variability due to aggregation of the colloid par-
ticles over a 4-h period.

in our method the silver colloid is made first and later
mixed with the bacteria. Although Zeiri et al.** find some
evidence that different parts of the cell give different
spectra, their spectra appear to be dominated by a flavin
adenine dinuclectide (FAD)-like compound present in the
plasma membrane of the cell. We also observe this same
FAD compound that dominates their bacterial spectra.

We also find several spectral features that are different
from those present in Fig. 8 in Zeiri et a.*' For instance,
the peaks we observe at 956 and 1240 cm~! are not pre-
sent in any of their data, our peak at 753 cm~* is much
larger than the one they observe (although their peak at
550 cm~* is much larger than the one we observe), and
they observe peaks at 850 and 1080 cm~* that are not
present in our data.

Some of the differences between our data and that of
Zeiri et a.** may be due to different methods of sample
preparation and measurement. Our bacteria are mixed
with the already-prepared silver colloid solution, and we
obtain spectra from agueous mixtures in glass cuvettes
instead of dry samples on a glass slide. Because our E.
coli and P. aeruginosa samples are suspended in deion-
ized water for up to one day before measurement, the cell
walls may be rupturing so that we are seeing other com-
ponents of the cell in the aqueous mixture. Although we
have no independent evidence for this, it is possible that
the PAMB bacteria are not rupturing because they are
suspended in artificial seawater (a medium similar to that
in which they live). In this case, our results would be
complicated by comparing components of the wall in one
case (PAMB bacteria), and of the whole cell in the other
(E. coli and P. aeruginosa).

Methods and Reproducibility of Spectra. We ob-
tained spectra from suspensions of both deionized water
and artificial seawater mixed with silver colloid to check
that we were not observing features of the aqueous sus-
pensions in the SERS spectra.* We found that a deionized
water/silver colloid spectrum is identical to the Raman
spectrum for pure water with a peak at 1637 cm~. The



artificial seawater/silver colloid (100:1, Ag col : ASW)
spectrum exhibits some broad fluorescence in the range
1100-1500 cm-1, but no distinct peaks except the 1637
cm-! water Raman peak. Therefore, we are confident that
the agueous suspensions add no spectral peaks (except
the identifiable water peak) to the SERS spectra of the
bacteria

We studied the reproducibility of P. aeruginosa SERS
spectra by examining 24 spectra taken over a 4-h period.
In Fig. 2, all of the spectra have been divided by the
integration time, then normalized so that the Raman wa-
ter peak at 1637 cm1 is the same height, to within 3%.
The spectra are shifted so that the water peaks (at 1637
cm-1) lie on top of each other. (Thisis the same analysis
as used in Fig. 1). With this normalization it is clear that
there are many peaks in the spectrum that change less
than 20% during colloidal aggregation (624, 701, 752,
853, 1091, 1166, 1354, 1415, and 1637 cm1). The peaks
at 752, 1166, and 1637 cm~* change by less than 10%.
Note that the background level between 850 and 1300
cm-! also appears to change by less than 10%. On the
other hand, there are also regions in the spectrum that are
quite sensitive to colloidal aggregation effects, such as
between 500 and 600 cm* and between 1400 and 1600
cm~1, where the background changes by as much as 25%.

We have observed aggregation of colloidal particles
induced by E. coli bacteria over a time period of one
day,* and so we expect that some colloidal aggregation
will occur over the 4-h time period. Because this aggre-
gation will affect the intensity of the peaks, the variability
we measured is an upper limit on experimental errors,
combining both experimental error and sample variabil-
ity.

We also observed that aggregation effects are much
more pronounced in the PAMB/colloidal suspensions
than in the MTAB/colloidal suspensions. There is evi-
dence® that the Cl- ions in the artificial seawater induce
rapid colloid aggregation. When we measured PAMB
spectra we found it was necessary to obtain the spectra
immediately after mixing the PAMB solution and colloi-
dal suspension; otherwise, it was evident that aggregation
had occurred (black precipitate was observed). Because
aggregation was occurring so rapidly, it was difficult to
optimize the SERS signal intensity, unlike for MTAB.
This is the reason that the PAMB SERS spectra appear
noisier than the MTAB SERS spectra.

Given that the PAMB/colloidal solutions were much
less stable than the MTAB/colloidal solutions, the repro-
ducibility of the P. aeruginosa SERS spectra should be
taken to be representative of MTAB SERS spectra, but
only representative of PAMB SERS spectra if measure-
ments are made within 5-10 min of mixing the colloidal
suspension and the PAMB solution (as in our method-
ology).

We observed very little deterioration of the bacterial
solutions (bacteria plus water) over a time period less
than one day (the maximum amount of time we used the
bacterial solution before using a newly grown solution).
In Fig. 3, the spectrum at t = O was taken from a freshly
prepared colloidal solution (<20 min old) mixed with
freshly grown 6M 3 bacteria (<1 h old). The second spec-
trum (t < 1 day) was taken using the same bacterial so-
lution, which was now almost a day old, mixed with a
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Fic. 3. Comparison of a 6M3 bacterial solution over a time period of
less than one day. Thet = 0 solution was a mixture of afresh bacterial
solution (<1 h) with fresh colloidal suspension (<20 min). Thet < 1
day solution was a mixture of the same bacterial solution, about a day
later, mixed again with a freshly made colloidal suspension. There is
no more than 23% variation between the two spectra for any Raman
shift, and the average variation is 9%. The fact that the peaks seen in
the two spectra have not changed indicates that the bacteria does not
change or deteriorate in a time period of less than a day. The back-
ground differences may be due to differences in the colloid suspension.

freshly made colloidal suspension. The data have been
normalized to the water peak height and shifted so that
the water peaks lie on top of each other. The % differ-
ence, (absolute value(l (t;) — 1(t,))/1(t,))*100), for the two
spectra has a maximum of 23%, but an average value of
9% over the spectral range 515-1827 cm=2.

PAMB Spectra Compared to E. coli and P. aerugi-
nosa. Figure 4 shows the SERS spectra from E. coli and
P. aeruginosa (MTAB) and marine bacterial strains 34H,
6M3, 6M4, 6B1, and 11B5 (PAMB). Each PAMB spec-
trum shown in Fig. 4 is an average of at least seven
spectra. For Fig. 4, first we normalized the water back-
ground (either pure deionized water or artificial seawater,
depending on the bacteria) to the bacteria spectra (at 1827
cm-1) and then subtracted the water background from the
averaged bacteria spectrum. The water backgrounds were
obtained using an Ag colloid solution and are displayed
in Fig. 5.

The silver colloid/PAMB spectra contain dominant
peaks at 1361, 1635, 1533, 1587, 1293, 1174, 1053, 759,
and 705 cm~1. There is an indication of a peak in all the
PAMB spectra at 1135 cm* that does not occur in the
E. coli and P. aeruginosa spectra. The five PAMB spectra
are quite similar to each other. The positions of the major
peaks occur at similar Raman shifts, with only small dif-
ferences in peak height. However, the PAMB spectra are
clearly different from the E. coli and P. aeruginosa spec-
tra in several aspects, in particular, in the regions 900—
1300 cm-* and 500—700 cm-1.

In Fig. 4, lines are drawn centered on the PAMB peaks
so that differences can clearly be seen with the MTAB
spectra. The large peak in the PAOL1 spectra at 624 cm~—?
is shifted significantly from the small peak at 646 cm—
in the PAMB spectra. Other peaks at 759 and 573 cm*
are not noticeably shifted, but the relative amplitudes are
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Fic. 4. Comparison of five strains of Arctic psychro-active marine
bacteria (6B1, 6M4, 6M3, 34H, and 11B5) with P. aeruginosa (PA01)
and E. coli (MC4100) spectra. The lines and Raman shift numbers are
positioned on the 34H peaks. After the artificial seawater baseline spec-
trum was subtracted from the PAMB spectra and the deionized water
baseline spectrum was subtracted from the MTAB spectra, the resulting
spectra have been shifted for ease of viewing. The MTAB spectra are
averages of up to 13 spectra.

different. The relative intensities of peaks in the region
570-900 cm~* are similar for al of the PAMB, but are
not similar to the peaks of either PAO1 or MC4100.
The ratio of the height of the 1053 cm~* peak to the
1101 cm-* peak is larger for the PAMB spectra than for
the PAO1 and MC4100 spectra. Also for PAQOL, the dom-
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Fic. 5. SERS spectra of artificial seawater and pure deionized water.
The artificial seawater spectra was subtracted from the PAMB spectra

and the deionized water spectra was subtracted from the PAO1 and
MC4100 spectra to obtain the spectra shown in Fig. 4.

inant peak at 1361 cm~* is a narrow, double peak with
several obvious shoulder peaks at 1293, 1414, and 1250
cm~1, whereas for the PAMB, it is a single broad peak
with shoulder peaks at 1293, 1332, and 1414 cm™?, but
not at 1250 cm~1. The MC4100 spectrum is similar to
the PAO1 spectrum near the 1361 cm~* peak, but is not
double-peaked.

The peaks in the region between 1400 and 1650 cm~*
for the PAMB spectra are almost as large as the dominant
peak at 1361 cm~! and are distinct, whereas there appears
to be one broad peak with shoulders centered at 1553
cm-tin the PAO1 and MC4100 spectra.

The differences between spectra of the MTAB and
PAMB species are the largest reported so far for bacterial
samples. Using SERS, these species are easily distin-
guishable without resorting to multivariate analysis of the
data.

Peak Identification. Table | shows our tentative as-
signment of the peaks seen in the SERS spectra of E.

TABLE I. Assignment of the peaks (cm') for the average SERS spectra for C. psychrerythraea, str. 34H, E. coli, and P. aeruginosa.
(Notation: b = broad, m = medium, s = strong, sh = shoulder, vw = very weak, w = weak.)

MC4100 PAO1 34H
E. coli P. aeruginosa C. psychrerythraea Tentative peak assignment
540(w)
571(m) 565(s) 573(m) carbohydrates®
636(s) 624(s) 646(m) COO~ bend*
703(m) 701(w) 705(m) adenine from flavin*
753(s) 752(w) 759(m) ring | defomation*®

813(m), 853(vw)

964(s,b)

812(m), 853(m)

817(w), 855(w)

different C—N stretch,
probably from tyrosine groups*
C—N stretch*”

1057(w), 1089(w) 1091(m) 1053(m), 1101(s) carbohydrates, C-C, C-O, —C—
OH deformation?®
1135(w) =C—C= unsaturated fatty acids in
lipids, C—-N (protein)*48
1166(m) 1166(s) 1174(m) aromatic amino acids in proteins®
1240(m, sh) 1250(m, sh) N—H, C-N, amide I114
1283(m) 1297(s) 1293(m, sh) =CH in plane (lipid) or amide IlI
(protein)*
1355(s) 1328(m, sh), 1354(s) 1332(sh), 1361(s) C—H bend (protein)*®
1404(s, sh) 1415(w, sh) 1414(w, sh) COO- symmetric stretch*’
1460(w) 1475(w, sh) 1473(w) CH, bend (protein, lipid)*
1539(s, b) 1531(s) 1533(s) N-H, C—H bend, C=C stretch*
1587(w) 1579(w) 1587(m) C=C (lipid)*®
1635(s) 1637(s) 1635(s) amide |,** water
1226 Volume 59, Number 10, 2005



coli, P. aeruginosa, and PAMB strain 34H. The small
peak at 1135 cm~* in the PAMB spectra that is missing
in the MTAB spectra has been attributed to the =C-C=
in the unsaturated fatty acidsin lipids.*® Peaks in the 500—
1100 cm* region are due to various groups including
glycosides, nucleic acids (cytidine, uracil), proteins (ty-
rosine), phenylalanine, carbohydrates, and unsaturated
fatty acid and lipids that are present in the bacterial cell.*

The major SERS peaks at 1361 cm1, 1293 cm~1, 1250
cm-1, 1174 cm~?, and 1533 cm~! are the characteristic
peaks seen in the amino acids L-lysine, D-glutamic acid,
D-alanine, and N-acetyl glucosamine, as discussed in de-
tail in Sengupta et al.* We have identified these peaks as
being due to various bends and stretches of proteins as
shown in Table I, according to the references cited there.

The 759 cm~! peak is more intense in the P. aerugi-
nosa and E. coli spectra than in the PAMB spectra. This
peak has been attributed to polysaccharide structures such
as peptidoglycan, which is made up of N-acetyl-D-glu-
cosamine (NAG) and N-acetylmuramic acid,®® and also
ring | deformation of reduced FAD.#

The peak at 1635 cm~! is an amide peak for spectra
where the water background has been subtracted. In those
spectra (Figs. 1-3) without the water background sub-
tracted, the water Raman peak overlays the amide peak.

Cold Adaptation. The spectral differences between E.
coli and P. aeruginosa and PAMB could be a direct result
of differences in the fatty acid composition of the PAMB
cell membranes. It has been found that cold-adapted bac-
teria alter the fatty acid composition of their cell mem-
branes by increasing the amount of unsaturation of the
fatty acids, shortening the fatty acid chain lengths, or in-
creasing the number of methyl-branched-chain fatty ac-
ids.*6

The presence of the small 1135 cm~* peak (identified
as due to unsaturated fatty acids in lipids) in the PAMB
spectra is consistent with observations of the presence of
PUFAs in the membranes of closely related bacterial
strains. This also provides support for the claim that cold
adaptation in PAMB (via membrane fluidity) is assisted
by the production of poly-unsaturated fatty acids within
their cell membranes.152046

CONCLUSION

In this paper we have presented a preliminary attempt
to characterize the outer cell membrane surfaces of psy-
chro-active marine bacteria using SERS. We find that we
cannot distinguish between the PAMB strains to within
our measured experimental reproducibility, but we find
differences (greater than our experimental reproducibili-
ty) between the MTAB and the PAMB. Differences in
the outer cell surface constituents (particularly the lipid
composition of their membranes) of psychro-active and
mesophilic bacteria may explain the differences in their
SERS spectra.

Several mechanisms have been proposed to explain
cold adaptation in searice bacteria, including attachment
to surfaces, protein folding, polyunsaturated fatty acid
synthesis, and psychro-active extra-cellular enzyme pro-
duction. Our results lend support to the observation that
psychro-active bacteria contain unsaturated fatty acids in
their outer cell membranes. We see significant differences

both in the 400—980 cm~* region and in the region from
980—1600 cm~*. In particular, the indication of a peak at
1135 cm~! in the PAMB spectra suggests that there may
be PUFAS present in the PAMB that are not present in
the MTAB.

Several independent studies suggest that psychro-ac-
tive bacteria have different bio-molecular structures in
their cell membrane walls from mesophilic bacteria, due
to evolving in and adapting to continuously cold envi-
ronments. This work suggests that SERS may be a useful
technique for distinguishing and fingerprinting bacteria
that are found in distinctly different environments and
can be used to examine specific biochemical differences
among bacteria.
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