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The distribution of phospholipid ester-linked fatty acids (PLFA) in sediments of eutrophic bays (Hiroshima
Bay and Aki Nada) was studied to quantify the microbial biomass, community structure, and nutritional status.
A total of 63 fatty acids in the range of C,, to C,, were determined. They consist of saturated fatty acids,
branched fatty acids, monounsaturated fatty acids, and polyunsaturated fatty acids, and variation was revealed
in the relative proportions of these fatty acids in sediments. On the basis of the PLFA concentration in
sediments, the calculated microbial biomass showed variation (mean * standard deviation = 0.70 x 10® + 0.53
x 10 cells per g [dry weight] of sediment) in the eutrophic bays. In sediments, a higher amount of biomass was
observed in the coastal area of Hiroshima Bay than that observed in the rest of the bay and adjacent Aki Nada.
The microbial community structure of the present study area, as characterized by the PLFA profiles, showed
very low percentages of polyunsaturated fatty acids and long-chain fatty acids characteristic of microeukary-
otes and terrestrial input, respectively, and high percentages of fatty acids characteristic of bacteria. The
distribution of PLFA profiles also showed the relative contribution of both aerobic and anaerobic bacteria,
especially sulfate-reducing bacteria, in the study area. The relative proportions of PLFA revealed distinctive
differences among the stations of the study area, as is evidenced from six clusters obtained for the PLFA
profiles. The results of Tukey’s honestly significant difference test further confirmed that the sediments in the
coastal area of Hiroshima Bay were significantly enriched by a number of fatty acids when compared with other
areas investigated where relatively few fatty acids were present in significant quantities. No marked variation
in environmental parameters in the surface- and bottom-water samples was observed, indicating the absence
of any water movement in the study area. Furthermore, low redox potential and the levels of sulfide in the
sediment revealed the reduced condition of the sediment. The existing environmental conditions and pollution

of the study area were attributed to the observed microbial community structure in the sediments.

The accurate determination of microbial biomass in sedi-
ments poses many problems. Changes in the structure and
functional relationships in the microbial community of sed-
iments have proven to be difficult to measure without
distorting the in situ microbial population (4). Several tech-
niques have been used to enumerate and identify bacterial
types present in marine sediments, but all suffer from
various limitations. Culture techniques using selective media
also have their own limitations, and the results can distort
and underestimate the in situ population. Epifiuorescence
microscopic analysis of the sediment can provide data on
bacterial distribution, but it involves various disruptive
techniques for the separation of microbes from sediments (9)
and, also, the stripping process is supposed to be selective
and is often not quantitative (43). Furthermore, microscopic
analyses of the sediment provide little information on the
types of organisms present.

To overcome these difficulties, methods involving bio-
chemical components as biomarkers were proposed to iden-
tify and quantify the viable biomass in sediments. Microbial
biomarkers which can be analyzed directly from environ-
mental samples provide an alternative to enrichment meth-
ods for the in situ study of indigenous bacterial populations.

* Corresponding author.
1 Present address: AQUAS, Tsukuba 305, Japan.
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Analyses of lipids, especially fatty acids, have been of great
value in understanding bacterial phylogenic and taxonomic
classifications (25). Perry et al. (32) proposed that bacteria
make a major contribution to the solvent-extractable fatty
acids found in the sediment. Fatty acids are particularly
useful biomarkers since they are essential components of
bacteria with the exception of archaebacteria. Analysis of
fatty acids is used to indicate the presence and relative
abundance of the microorganisms in a given environment
(30).

Phospholipids can be used to identify and quantify the
viable biomass in sediments (3, 33, 41). Phospholipids are
not found in storage lipids and have relatively rapid turnover
in sediments, so the analysis of phospholipids provides a
better measure of the viable cellular biomass than other
measures of biomass such as enzyme activities, muramic
acid levels, and total ATP (41). Analysis of phospholipid
ester-linked fatty acids (PLFA) is presently one of the more
sensitive chemical methods to determine the microbial bio-
mass and community structure (42). Analyses of PLFA have
been extensively used to identify the bacteria and their
community structure in sediments (2, 4, 26, 28, 45) and
subsurface aquifer sediments (3). Validations of PLFA in the
determination of microbial biomass and community struc-
ture have been extensively reviewed (42).

Eutrophication in the present study area makes the water
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FIG. 1. Map of the study area showing the sampling stations.

polluted because of excessive growth of phytoplankton and
not because of direct organic loadings from land. Microor-
ganisms play a vital role in the mineralization of organic
matter contributed by plankton. A diverse mixture of both
aerobic and anaerobic bacteria is involved in the degradation
of organic matter and cycling of nutrients in the aquatic
environment. However, the information available on these
microbial communities is rather limited. Hence, the present
study was carried out to determine the distribution of
bacterial biomass and community structure in the present
study area, where the problems of eutrophication and or-
ganic pollution are acute. The distribution of microbial
biomass and its community structure are also discussed in
relation to the environmental parameters monitored in the
study area.

MATERIALS AND METHODS

Study area and sample collection. Hiroshima Bay is a
semiclosed bay located in the western part of the Seto Inland
Sea (Fig. 1); it has an area of about 900 km? and a mean
depth of 24 m. This bay is approximately 30 km wide from
east to west and 50 km long from north to south and reaches
41 m at its deepest point. This bay is one of the most polluted
bays in the Inland Sea of Japan because of eutrophication.
The presence of many islands near the mouth of the bay
prevents water movement, and stagnation prevails in the
bay. In summer, oxygen depletion in the bottom water and
absence of a detectable oxidized layer in sediment were
observed. The bay adjacent to Hiroshima Bay on the eastern
side is called Aki Nada (Fig. 1), which is also reported to be
polluted. The sediment of the present study area is mainly
composed of silty clay, with a median grain size of less than
1.7 pm (21). Sixteen sampling stations were selected in
Hiroshima Bay (HO-1 to HO-24), and four stations were
selected in Aki Nada (O-3a to O-6) for the purposes of the
present study. About 1 to 2 cm of the top layer of the
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sediment was sampled from the sediment collected by use of
a Smith-MclIntyre sampler (0.1 m?) and frozen at —20°C.
Surface- and bottom- (i.e., 2 m above the sediment) water
samples were collected by use of a Van Dorn water sampler
for dissolved oxygen analysis.

Environmental parameters. An STD monitor (Alec 1000;
Alec Co., Kobe, Japan) was employed to monitor the
salinity, temperature, and density (sigma ‘t’) in the water
column. The dissolved oxygen concentration was estimated
as previously described (37), and the mud temperature was
measured by using a thermometer. E; and pH of the sedi-
ment were determined with an ORP meter (RM 1; Toa
Electronics Ltd., Tokyo, Japan) and a pH meter (pH S-33;
Fujiwara Seisakusho, Tokyo, Japan), respectively. The sul-
fide concentration in sediments was estimated as previously
described (22).

Lipid extraction. Freeze-dried sediment samples were
solvent extracted by using the modified method of Bligh and
Dyer as described by Baird and White (2). Phosphate buffer,
chloroform, and methanol (2:3:6, vol/vol/vol) were used to
extract lipid from sediment samples. The extracted lipids
were fractionated into neutral lipids, glycolipids, and phos-
pholipids by column chromatography on silica gel by using
chloroform, acetone, and methanol, respectively. A mild
alkaline methanolysis was carried out on the phospholipid
fraction of the lipids to release and methylate the PLFA (43).

Thin-layer chromatography. The fatty acid methyl esters
obtained from phospholipid fractions were purified by thin-
layer chromatography. The precoated silica gel plates (20 cm
by 20 cm by 250 pm; Merck, E. Merck, Darmstadt, Ger-
many) were precleaned in hexane-diethyl ether (1:1, vol/
vol). A standard C,, fatty acid methyl ester was applied to
the end lanes of the silica gel plate, and the sample was
spotted in the middle. After development in the solvent
system described above, the end lines were sprayed with
Rhodamine 6G (0.01% [wt/vol] in water) and visualized
while wet under UV light. The 2-cm-wide band correspond-
ing to the standard fatty acid methyl ester was scraped from
the sample line. The silica gel was collected in Pasteur
pipettes plugged with glass wool preextracted with chloro-
form and methanol (1:1, vol/vol), and the PLFA were eluted
from the silica gel with 10 mi of chloroform. The PLFA
samples were dried under a stream of nitrogen and analyzed
by gas chromatography (GC).

GC. GC analyses were carried out with a Hewlett-Packard
GC (HP 5890A) equipped with a 25-m cross-linked 5%
phenylmethyl silicone fused capillary column (inside diame-
ter, 0.20 mm) and a flame ionization detector. The sample
was injected (by using an HP 7673A automatic sampler) in
the splitless mode with a 30-s venting time at 250°C. The
oven temperature was programmed to be at 50°C for 1 min,
to increase at a rate of 20°C min~?! for 3 min, to increase at
arate of 3°C min~! to 270°C, and then to be isothermal for 10
min. Helium was used as a carrier gas. Before GC-mass
spectrometry (GC-MS) analysis, a comparison of retention
times with known standards of fatty acid methyl esters
(Supelco Inc.) was made for tentative peak identification of
compounds separated by GC. Methyl nonadecanoate (19:0)
was used as an internal standard.

GC-MS. GC-MS analyses (on a model GC HP 5890A with
a model 5970 series mass selective detector) of PLFA
samples were carried out by using the same type of column.
Monoenoic double-bond position and geometry of PLFA
were determined by GC-MS analysis of the adducts after
reaction of the sample with dimethyl disulfide as described
by Nichols et al. (27).
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TABLE 1. Environmental characteristics of Hiroshima Bay and Aki Nada (September 1989)

Tem Salinit Density Dissolved oxygen . ..

st Depth (oc)p (%0) y (sigma ‘t") %) Sediment characteristics

ation (m) Surface Bottom Surface Bottom Surface Bottom Surface Bottom Temp H E, Sulfide

water water? water water water water water water ©C) P (mV) (mg of S/g)

HO-1 15 249 25.2 22.8 31.0 14.2 20.3 100.0 88.1 24.0 7.54 10 0.32
HO-2 24 25.5 24.3 28.0 32.1 18.0 214 101.0 60.8 23.8 7.52 —60 0.46
HO-3 35 24.2 24.4 31.0 32.2 20.6 21.4 95.1 66.9 24.1 7.49 -30 0.25
HO-4 27 24.7 24.4 319 32.3 21.1 21.5 92.9 77.1 23.8 7.36 30 0.17
HO-5 41 249 24.4 32.2 32.4 21.1 21.6 92.4 83.6 24.4 7.59 0 —*
HO-11 27 26.6 23.8 30.0 323 19.0 21.8 116.7 29.8 23.4 7.56 0 0.22
HO-12 27 26.6 24.1 26.2 32.4 16.4 21.6 132.3 40.6 24.6 7.52 50 0.13
HO-13 22 26.6 24.1 27.3 32.4 17.1 21.6 123.9 43.2 23.6 7.46 0 0.30
HO-14 14 26.5 24.6 26.1 31.4 16.3 20.8 136.4 46.5 23.8 7.39 —40 1.59
HO-15 16 25.8 24.4 29.0 32.2 18.6 21.4 114.9 55.4 24.0 7.54 60 0.21
HO-16 22 25.6 24.2 30.1 32.4 19.5 21.7 90.6 50.4 24.4 7.47 30 0.04
HO-21 29 25.8 24.2 30.3 32.4 19.6 21.6 109.4 68.6 23.4 7.42 -130 0.39
HO-22 29 23.1 24.4 31.1 32.0 134 21.3 95.3 82.5 239 7.64 -20 0.22
HO-23 29 25.2 24.6 31.5 32.0 20.7 21.2 96.6 82.9 24.5 7.38 -80 0.16
0-3a 47 25.0 24.8 32.0 32.2 21.1 21.3 89.6 87.8 24.6 7.34 240 0.01
0-3b 28 25.1 25.0 32.0 32.0 21.1 21.1 90.2 87.0 24.0 7.28 -20 0.08
0-4 31 25.4 25.2 31.8 31.9 20.8 21.0 90.4 86.9 25.2 7.40 -10 0.04
0-5 25 25.8 25.4 31.5 31.8 20.5 20.8 89.2 87.8 25.5 7.53 250 —
0-6 11 25.7 25.6 31.1 31.8 20.2 20.5 89.2 81.0 25.5 7.31 100 0.03

“ Two meters above the bottom.

b _, not detectable.

Nomenclature. The fatty acid nomenclature used in the RESULTS

present study is as follows. The length of the carbon chain is
indicated by a number, and the degree of unsaturation is
indicated by a number separated by a colon from the chain
length number. This degree of unsaturation number is fol-
lowed by a number indicating the position of the double bond
nearest the ‘‘d”’ (carboxyl) end of the molecule of the
monounsaturated fatty acids. In cases where the exact
positions of the double bonds were not determined, the ‘‘d”’
has been omitted. The prefixes ‘‘i’’ and ‘‘a’’ refer to iso and
anteiso branching, and the suffixes ‘‘c’’ and *‘t’’ indicate cis
and trans geometry. ‘‘br’’ indicates that the type of branch-
ing is not determined. Other methyl branching is indicated as
the position of the additional methyl carbon from the car-
boxylic end. The presence of a cyclopropane ring in the fatty
acid is indicated by ‘‘cy.”’

Statistical analysis. The similarity in PLFA composition of
sediments in the study area was calculated by Bousfield’s
coefficient (7). It has been reported that Bousfield’s coeffi-
cient is suitable to determine the difference in fatty acid
composition since these values are smaller than that of the
correlation coefficient (37a). On the basis of the results of the
similarity analysis, the stations were grouped into two areas
(coastal area and other areas) to find the difference in the
PLFA composition between them. Tukey’s honestly signif-
icant difference test was performed to determine the differ-
ence between the PLFA composition of these two areas by
using a HITAC M-680H (VOS3) program with a mainframe
computer available at the Hiroshima University Information
Processing Saijo Center.

Microbial biomass. The following conversion factors were
used to calculate the microbial biomass in sediments. It has
been reported that the average bacterium, the size of Esch-
erichia coli contains 100 umol of PLFA per g (dry weight) (3,
43), and 1 g of bacteria is equivalent to 5.9 x 10'? cells,
which provides 1.7 x 1077 mol of PLFA per bacterial cell
(26).

On the basis of the vertical stability of the water column in
summer, the present study area was divided into the coastal
area of Hiroshima Bay, the southern region of Hiroshima
Bay, and the adjacent bay. The environmental characteris-
tics of the study area are shown in Table 1. The depth of the
sampling stations varied from 11 to 47 m. A normal pattern
of high saline and low thermal conditions was observed in
the study area. The temperature and density (sigma ‘t’) of
the surface- and bottom-water samples did not show marked
variations, whereas the salinity of the bottom-water samples
was comparatively higher than that of the surface-water
samples in Hiroshima Bay and no such difference in salinity
was observed in Aki Nada. The percentage saturation of
dissolved oxygen in surface water varied from 89.2 to
136.4%, whereas, in bottom water, it ranged from 29.8 to
88.1%, indicating that the oxygen saturation in the bottom
water was low. The observed variations in density, temper-
ature, and salinity between surface- and bottom-water sam-
ples of the study area were small, indicating the virtual
absence of any water movement. The mud temperature
ranged from 23.4 to 25.5°C, and the pH varied from 7.28 to
7.64. These values did not show much variation among the
stations. E,, values showed wide variation in the study area,
ranging from —130 to +250. Higher values of hydrogen
sulfide were determined in the sediments of stations in
Hiroshima Bay than in those in Aki Nada, and the values
ranged from 0.01 to 1.59 mg of S per g of sediment. The
sediment samples were black, silty mud with an odor of
hydrogen sulfide.

PLFA composition. The percent distribution of PLFA in
the study area is shown in Table 2 and includes saturated
fatty acids (C,, to C,,), branched fatty acids, monounsat-
urated fatty acids, and polyunsaturated fatty acids (Table 3).
Sixty-three fatty acids were identified in the sediment sam-
ples analyzed. High percentages of 16:0 fatty acid were
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determined in all of the samples. The fatty acids in the range
of C,, to C,, are reported to be bacterial in origin. In the
range of C,, to C,,, branched and monounsaturated fatty
acids were present in higher percentages than even-num-
bered saturated fatty acids (Table 3). Low percentages of
odd-numbered saturated fatty acids were present in all of the
samples. Monounsaturated fatty acids longer than 20 carbon
atoms and polyunsaturated fatty acids were also determined
to be present in small quantities. Longer-chain fatty acids
with more than 20 carbon atoms were determined to be
present in low percentages, indicating small input from a
terrestrial source. The saturated fatty acids 16:0, 14:0, and
18:0 were present in high percentages. The iso, anteiso, and
methyl branching fatty acids were determined to be present
in sediment samples. The monounsaturated fatty acids with
chain lengths shorter than 20 were in the range of C,, to C,3,
and the cis isomer of 16:1d9 was present in higher percent-
ages than the trans isomer (Table 2). In general, the number
of fatty acids present in the sediment of the study area
showed variation, indicating the differences in the lipid-
contributing communities.

To determine the similarity in the composition of PLFA in
sediments in the study area, which is reported to be charac-
teristic for different bacteria, a similarity analysis was per-
formed. The results of cluster analysis of PLFA composition
are shown in Fig. 2. Six clusters were obtained, and the
PLFA compositions were similar at the 70% level. Clusters
1 and 2 are present in the coastal area of Hiroshima Bay,
clusters 4 and 5 are present in southern Hiroshima Bay, and
clusters 3 and 6 are present in Aki Nada (Fig. 3). The clusters
obtained in the present study revealed the differences in the
PLFA compositions and, in turn, indicated the differences in
the microbial communities present in the study area.

To find the difference in the relative proportions of PLFA
of stations grouped in cluster 2 with stations grouped in other
clusters, Tukey’s honestly significant difference test was
performed and the results are shown in Table 4. The results
illustrate the difference between the community structures of
these two areas. CA refers to stations in the coastal area
(cluster 2), and OA refers to stations in other areas (clusters
other than cluster 2). Of the 40 fatty acids tested, 16 and 24
fatty acids were present in large amounts in OA and CA,
respectively. Three fatty acids (al4:0, 14:1d7, and 14:2) of 16
fatty acids were significantly abundant in OA. In the CA, 10
fatty acids (i13:0, 16:1d9t, 16:1d11c, i17:1, cy17:0, 18:1d11t,
18:1, 10Me18:0, 20:1d11t, and 24:0) were present in signifi-
cant quantities, and other fatty acids were present in large
amounts (Table 4).

Biomass. The PLFA content in sediment samples showed
marked variation, ranging from 0.26 (0-6) to 3.79 (HO-22)
ng/g (dry weight) of sediment (Table 5). The variation in
PLFA content of sediment samples was in conformity with
the clusters obtained. The PLFA content in sediments of
stations grouped in cluster 2 was higher than that measured
in stations grouped in other clusters (Table 5). The PLFA
content was generally lower in Aki Nada than in Hiroshima
Bay. Microbial biomass calculated by using the conversion
factor in the present investigation revealed that the bacterial
biomass in sediments ranged between 0.1 x 10® cells per g
(dry weight) at 0-6 and 1.7 x 108 cells per g (dry weight) at
HO-22 (Table 5). The calculated biomass seems to decrease
with distance from the coast, and wide variation among the
stations was also evident. The microbial biomass was higher
in stations of cluster 2 than in the other stations grouped into
other clusters. In Table 5, the ratios of branched fatty acids
and monounsaturated fatty acids, the ratios of iso and
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anteiso fatty acids of 15:0 to 16:0, and the ratios of trans to
cis of 16:1d9 are also illustrated.

DISCUSSION

Of 63 PLFA identified in the sediments of Hiroshima Bay
and Aki Nada, most of the fatty acids are considered to be of
bacterial origin. Fatty acids in the range of C,, to C,, are
reported to be characteristic of bacteria (25). A number of
investigations have revealed that branched fatty acids, mo-
nounsaturated fatty acids, cyclopropyl fatty acids, and cer-
tain saturated fatty acids present in sediments are definitely
contributed by the in situ bacterial populations (14, 32, 40,
45). High percentages of 16:0 fatty acids (15 to 22% of the
total PLFA), which are ubiquitously present in most organ-
isms, were determined in all sediment samples. Other satu-
rated straight-chain fatty acids which are known to be
present in both prokaryotes and eukaryotes were also de-
tected in significant amounts. In all samples, odd-numbered
fatty acids were detected in low percentages (Table 3).

The branched fatty acids are commonly encountered in
bacterial lipids, and similar ranges of fatty acids were
identified in the sediment and bacterial cultures. Branched
fatty acids are reported as biomarkers in bacteria (39, 41),
anaerobic bacteria (17, 23), and the sulfate-reducing bacteria
(SRB) Desulfovibrio spp. (5, 6, 11). The 10Me16:0 fatty acid
is a signature fatty acid for the SRB Desulfobacter spp. (10,
35) and is not detected in other SRB; approximately 27% of
the total PLFA of the bacteria was reported to be this fatty
acid (10). These acids are generally found in higher concen-
trations in bacteria than in other organisms, making them
useful indicators of bacterial lipid contribution. The relative
proportions of these branched fatty acids in sediments of the
present study area reveal the contribution of anaerobic
bacteria and SRB to sediments. The occurrence of SRB and
the seasonal variation of both heterotrophic bacteria and
SRB in sediments of Hiroshima Bay have been observed
(29a). These results showed that higher numbers of SRB
were distributed in coastal sediments than in other parts of
the bay, and they were in the range of 10' (southern
Hiroshima Bay) to 10* (coastal area of Hiroshima Bay). The
above results of microbiological investigation also support
the finding of the biomarker fatty acids of anaerobic bacteria
in the present study, i.e., that anaerobic bacteria, especially
SRB, were widely distributed in the sediments. In addition
to the organic pollution, the environmental conditions of the
study area confirm the existence of reduced conditions in the
bays, which explains the presence of SRB.

The presence of monounsaturated fatty acids in sediments
suggests the dominance of prokaryotic organisms in the
sediment of the present study area (Table 2). Information on
the presence of these fatty acids in bacteria has been
available (31, 32), and the bacterial contribution of these
fatty acids has also been reported for marine sediments (15,
31, 32). The unsaturated fatty acids in the range of C,, to C,o
are indicative of gram-negative bacteria (24, 31). It has been
reported that monoenoic fatty acids 16:1d9 and 18:1d9,
which occur in bacterial cultures, can also be contributed by
microalgae (12, 14). However, low percentages (1 to 8%) of
polyunsaturated fatty acids (18:2, 20:4, 20:5), which are
characteristic of microeukaryotes (4, 12, 41), suggest that the
contribution of microeukaryotes is minor in the present
study area. An estimation of the bacterial contribution to the
sediment on the basis of the presence of unsaturated fatty
acids and low percentages of polyunsaturated fatty acids
supports the view that bacteria are the predominant contrib-
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TABLE 2—(untinued

% of fatty acid at station

Fatty acid

0-6
6.05

0-4

7.17

0-3b
7.03
0.35

0-3a
5.22

HO-4 HO4a HO-5 HO-11 HO-12 HO-13 HO-14 HO-15 HO-16 HO-21 HO-22 HO-23 HO-24

9.64
0.74

HO-3
9.53

HO-2
6.15

HO-1
9.83
0.62
0.21
2.75
0.88
0.56
0.54

5.92
0.72

7.51
0.51
0.22
2.75
0.63
0.41
0.40
0.85
1.29

7.47
0.53
0.18
2.35
0.48
0.36
0.37
0.81
0.98
0.34
0.30

7.18
0.56
0.19
2.80
0.45
0.27
0.46
0.34
0.33
0.51
0.29
0.32
0.46

6.56
0.47

6.29
0.67
0.33
3.96
0.82
0.62
2.61
0.13
0.16
0.32
0.23
0.22
1.25

7.59
0.56
0.17
2.87
0.44
0.44
0.41
0.48
0.61

9.00
0.78

7.75
0.68
0.22
2.95
0.40
0.40
0.40
1.02
1.65
0.72
0.39
0.32
0.36
0.20

6.92

10.19

18:1d11c
18:1d11t

18:1

0.75

0.58

3.81
0.71

3.07
0.57
0.32
0.49
0.89

2.84
2.46

4.06
1.00

3.65
0.89

2.33
0.69
0.36
0.53
0.34
0.48
0.42
0.30

2.99
0.53
0.50
0.69
0.37
0.49
0.53
1.48
0.43

2.46
0.24
0.22
0.35
0.17

3.08
0.73
0.70

2.44
0.39
0.25
0.41
0.36
0.33
0.29
0.26

3.27
0.82
0.17
0.55
0.41
0.54
0.32

3.01
0.64
0.35
0.49
1.05
2.12
1.00
0.54
0.55
0.71
0.53
0.46
0.35

3.02
0.80
0.47
0.46
1.09
1.23
0.49
0.45
0.24
0.42
0.21

18:0

br19:1

1.28
0.62
0.60
1.36

10Mel8:0
cy19:0

20:5

0.46
0.85
1.74
0.36

0.64
0.61

1.46
1.92
0.56
0.39
0.17
0.53
0.17
0.33
0.20
0.16

0.22

1.77
0.32

20:4

20:1d11c
20:1d11t

20:1

0.43

0.38
0.13
0.52
0.12
0.14
0.28
0.27

0.29
0.54
0.34

0.73

0.19
0.76
0.16

0.41

0.65
0.62

0.50

0.61
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0.35

0.40

0.66
0.71

20:0

22:1

0.72

0.30
0.23

1.36
0.81

|—<—c

22:1

o

=

22:0

=
=

0.14

24:0

, not detected.

a

567

utor of fatty acids to the sediment and the predominant
source of monounsaturated fatty acids in these sediments. In
mangrove-associated sediments, the presence of high per-
centages of these acids was attributed to microalgae and
higher-order plants (14). The difference in the relative pro-
portions of branched and monounsaturated fatty acids in
sediments which are reported to be marker acids for gram-
positive and gram-negative bacteria suggests the difference
in the origins of these acids (Table 3).

Cyclopropyl fatty acids (C,; and C,,) have also been
proposed as bacterial signatures in sediments (2, 8, 32) and
have been reported as major constituents in a large number
of gram-negative bacteria (24) and Desulfobacter spp. (10),
but are rare in eukaryotes. The results of Parkes and Taylor
(31) suggest that cyclopropyl fatty acids are characteristic of
aerobic sediment bacteria, and this was supported by the
presence of high concentrations of cyclopropyl fatty acids in
oxidized sediment surface layers and the decrease of these
concentrations with increasing depth as anaerobic condi-
tions prevailed. The observations of Parkes and Taylor (31)
also suggested that cyclopropyl fatty acids are more indica-
tive of aerobic bacteria than of anaerobic bacteria. The
environmental characteristics of the study area revealed that
the sediments are subject to less physical disturbance by
currents, resulting in greater vertical stability, which favors
the formation of microniches of anaerobic conditions. From
the small amounts of these fatty acids in sediment of the
present study area, it could be inferred that there is a shift in
the microbial community structure from aerobic to anaero-
bic bacteria.

One of the characteristic features of the sediment samples
analyzed in the present study, in comparison to estuarine
and abyssal marine sediments (1, 44, 45), was the relatively
low percentage of polyunsaturated fatty acids longer than 19
carbon atoms in the PLFA profiles. A plausible cause of the
relatively low quantities of these biomarker acids in the
present study area could be the existing environmental
conditions and the extent of organic pollution in the study
area. An E, value of +100 mV or higher indicates that
oxidizing conditions prevail (16). Variation in the E, values
from +100 to —130 mV except at station O-3a revealed that
the sediments were in a reduced condition. At this redox
level, the presence of sulfide in sediments supports the
mineralization of organic matter by sulfate reduction. Dis-
solved oxygen is present in the bottom water (2 m above the
sediment) but at low concentrations, and, at the sediment-
water interface, the dissolved oxygen concentration must be
lower than that in the bottom water. As observed by Findlay
et al. (13), the reduced availability of oxygen in sediments
may cause the loss of microeukaryotic biomass, the decrease
in aerobic bacteria, and the increase in anaerobic bacteria
and SRB. Survival of microeukaryotes might be restricted in
polluted bays like Hiroshima Bay, which is one of the
heavily polluted bays in the Seto Inland Sea. The results of
the present study are in agreement with the results of Smith
et al. (36), who reported a relative lack of polyenoic fatty
acids longer than 19 carbon atoms in organically contam-
inated sediments. Low percentages of these acids in coastal
sediments were attributed to the organic pollution and the
prevailing anoxic conditions (32a). Low percentages of long-
chain fatty acids in sediments, which are known to be
contributed to the sediment by terrigenous input, indicate
that the terrestrial contribution in the present study area is
minor. In the study area, the land-based organic matter is
considerably lower than that contributed by primary produc-
tion (34).
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TABLE 3. Distribution of different groups of PLFA in sediments

% Fatty acid present

Station Even-numbered Odd-numbered
Branched Monounsaturated Polyunsaturated Saturated fatty Monounsaturated
s:i‘:;‘;‘filf;;ﬁy sa:é‘i:fs“’(i%‘;y fatty acids fatty acids (<19) fatty acids acids (>20)  fatty acids (>19)

Cluster 1: HO-2 26.85 3.26 32.11 31.46 4.94 0.66 0.71
Cluster 2

HO-1 24.00 3.23 31.11 34.93 4.22 0.90 1.62

HO-3 24.69 3.42 29.94 36.21 3.29 0.75 1.50

HO-11 24.89 3.64 33.04 32.32 3.90 0.59 1.63

HO-12 31.14 3.86 31.31 31.15 0.95 0.62 0.97

HO-13 28.50 4.04 31.94 31.85 1.83 1.06 0.77

HO-14 31.66 4.10 33.23 25.27 1.55 3.42 0.77

HO-15 29.00 3.80 36.09 28.08 2.06 0.41 0.55

HO-16 26.67 3.95 33.81 31.06 2.66 0.73 1.12

HO-21 26.97 3.9 31.75 32.54 3.30 0.69 0.76

HO-22 27.27 3.97 30.15 33.38 2.72 1.63 0.87
Cluster 3

HO-5 34.10 4.07 28.61 28.15 4.21 0.50 0.36

0-3a 29.25 3.58 36.37 25.40 2.23 0.43 2.74

0-3b 26.82 5.31 31.59 33.02 2.20 0.35 0.71

0-4 29.47 3.50 29.54 30.88 4.30 0.00 2.33
Cluster 4

HO-4 28.03 3.63 26.33 35.27 5.81 0.61 0.32

HO-4a 27.26 3.54 25.13 35.36 4.57 1.06 3.07
Cluster 5

HO-23 31.04 4.16 42.11 20.18 1.77 0.73 0.00

HO-24 25.98 5.93 46.49 15.00 4.68 1.08 0.85
Cluster 6: 0-6 27.73 4.31 21.71 37.79 8.46 0.00 0.00

4 Values in parentheses indicate number of carbon atoms.

On the basis of the presence of biomarker fatty acids in
sediments, Findlay et al. (13) classified the microorganisms
into four distinct functional groups, namely, microeukary-
otes (polyunsaturated fatty acids), aerobic prokaryotes (mo-
nounsaturated fatty acids), gram-positive and other anaero-
bic bacteria (saturated and branched fatty acids in the range

Station

HO-2

HO-1 HO-3

HO-11 HO-12 HO-13 HO- 14
HO-15 HO-16 HO-21 HO-22

HO-5 O-3a O-3b O-4

HO-4 HO-4a

HO-23HO-24 [EE— |
0-6

100 90 80 70 60 50

Similarity value (%)
FIG. 2. Simplified dendrogram based on average linkage method. FIG. 3. Distribution of clusters in the study area.
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TABLE 4. Tukey'’s significant difference maps generated from
Tukey’s honestly significant difference test (HITAC)
of the study area®

Fatty acid Low High Fatty acid Low High

12:0 CA OA i17:0 0A CA
i13:0 OA CA al7:0 QA CA
13:0 QA CA 17:1d8 CA 0OA
i14:0 OA CA 17:1d11 0A CA
al4:0 CA OA cyl7:0 OA CA
14:1d7 CA OA 17:0 CA OA
14:2 CA OA 18:2 CA OA
14:0 CA OA 18:1d9c QA CA
i15:0 QA CA 18:1d9t QA CA
als:0 QA CA 18:1d11c 0A CA
15:0 CA OA 18:1d11t OA CA
i16:0 OA CA 18:1 OA CA
16:1d6 CA OA 18:0 CA 0A
16:1d9¢ QA CA 10Me18:0 OA CA
16:1d9t OA CA cy19:0 QA CA
16:1d11c OA CA 20:1d11c CA OA
16:1d11t CA 0OA 20:1d11t OA CA
16:0 CA OA 20:4 CA 0OA
10Me16:0 CA OA 20:5 QA CA
i17:1 OA CA 24:0 OA CA

2 Values increase from left to right and are significantly different if not
joined by a line.

of C,, to C,¢), and SRB and other anaerobic bacteria
(saturated and branched fatty acids in the range of C,¢ to
C,9). The presence of these fatty acids in the present study
area (Table 3) also results in the inference that all four of
these functional groups of microorganisms are present in
sediments in different proportions.

The calculated biomass was found to be higher in coastal
sediments of Hiroshima Bay than the sediments of the
southern region of Hiroshima Bay and the adjacent Aki
Nada (Fig. 4), where the bacterial biomass was less than 0.5
x 10% cells per g (dry weight) of sediment. A similar
observation on fatty acid composition was reported for
coastal sediments (32a). Microbiological studies in the Seto
Inland Sea also indicated that the densities of heterotrophic
bacteria decreased as the distance from the coast increased
(38). Station 2, located in the CA, contained a low amount of
biomass, which may be due to the tidal current flow in the
narrow passage between the islands. It has been reported
that calculated values of bacterial biomass based on PLFA
may underestimate the actual number of cells if the cells
present are smaller than E. coli cells (2). However, the
results of microcomputer-assisted image analysis of the
bacterial cells in the sediments of Ohmi Bay, which is
located on the western side of Hiroshima Bay, showed that
more than 95% of the bacteria are in the size (equivalent
spherical diameter) range of 0.4 to 1.0 um (20), and the
results of the present study are also in agreement with
epifluorescence direct counts of the bacteria in Ohmi Bay
(20).

The microbial community structure of the study area
showed wide variation, as characterized by the relative
proportions of fatty acids, and this pattern is evidenced by
the results of cluster analysis. Cluster 1 contains high
amounts of branched fatty acids and lesser amounts of
monounsaturated and straight-chain fatty acids (Table 3).
High amounts of both branched and monounsaturated fatty
acids were present in clusters 2 and 3, whereas high quanti-
ties of monounsaturated fatty acids and low percentages of
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TABLE 5. PLFA content and biomass in sediments
of the study area

Ratio of
Stati mor;:tl.tl;s::::ir:ted gf;.ai Biomass Batio f’f Ratio of
ation o (10®  i+al5:0 transto
(<19)%to  content .}y 16 16:0 cis 16:1d9
branched fatty  (ng/g) e : .
acids
Cluster 1: HO-2 0.98 0.34 0.2 0.59 0.16
Cluster 2
HO-1 1.12 3.33 1.5 0.88 0.14
HO-3 1.21 3.04 1.4 0.89 0.17
HO-11 0.98 3.26 1.5 1.07 0.19
HO-12 1.00 1.21 0.6 0.81 0.17
HO-13 1.00 3.25 1.5 0.85 0.16
HO-14 0.76 1.70 0.8 0.74 0.18
HO-15 0.78 1.61 0.7 1.04 0.15
HO-16 0.92 1.17 0.5 0.97 0.17
HO-21 1.03 2.33 1.1 0.94 0.16
HO-22 1.11 3.79 1.7 0.86 0.16
Cluster 3
HO-5 0.98 0.86 0.4 0.70 0.19
0-3a 0.70 0.52 0.2 0.98 0.10
0-3b 1.05 1.64 0.7 0.74 0.10
0-4 1.05 0.49 0.2 0.66 0.00%
Cluster 4
HO-4 1.34 0.59 0.3 0.45 0.14
HO-4a 1.41 0.72 0.3 0.49 0.14
Cluster 5
HO-23 0.48 0.45 0.2 1.10 0.20
HO-24 0.32 0.58 0.2 1.13 0.00
Cluster 6: 0-6 1.74 0.26 0.1 0.44 0.00

“ Value in parentheses indicates number of carbon atoms.
b trans fatty acid was not detected.

branched fatty acids were present in clusters 4 and 6. In
cluster 5, branched fatty acids were present in high percent-
ages, and saturated and monounsaturated fatty acids were
present in somewhat lower percentages. The presence of low
percentages of polyunsaturated fatty acids provides addi-
tional information about the contributing communities. In
addition to this, the difference among the clusters showed
the shift in the contributing microbial communities. Further-
more, the PLFA content and the calculated biomass were
also higher in cluster 2 than in other clusters.

From the above discussion, it is understood that branched
and monounsaturated fatty acids are characteristic of anaer-
obic and aerobic bacteria, respectively, and hence the ratios
will provide the relative dominance of these bacterial
groups. A ratio less than 1 will indicate the dominance of
anaerobic bacteria, and a ratio above 1 will indicate the
predominance of aerobic bacteria. These ratios in the study
area varied from 0.32 to 1.74 (Table 5). Stations in cluster 4
(HO-4 and HO-4a) and cluster 6 (O-6) had higher percent-
ages of monounsaturated fatty acids than of branched fatty
acids (Table 3), and the ratios were also higher than 1.34.
The lowest ratios observed at stations HO-23 and HO-24
indicated the dominance of anaerobic bacteria. Similarly, the
sum of iso and anteiso fatty acids of 15:0 to 16:0 will give an
indication of the proportions of the bacteria in sediments
(26). These ratios ranged from 0.44 to 1.13, indicating an
approximately 2.5-fold increase in the abundance of bacte-



570 RAJENDRAN ET AL.

above 0.5x10°cels/gA

FIG. 4. Distribution of microbial biomass in the study area.

rial signatures in the study area. The PLFA profiles provide
not only information on the bacterial biomass and commu-
nity structure but also information on the metabolic status of
the microorganisms. The presence of trans fatty acids has
been associated with the physiological status of the micro-
organisms (17, 18, 19, 29), and cis isomers of monounsat-
urated fatty acids are commonly present in microbes (19).
The ratios of trans to cis fatty acids in most bacterial and
sediment samples were found to be less than 0.1 (14, 17, 29,
32), but the ratio was greater than 1 during starvation (26). In
the present study area, the trans/cis ratio of fatty acid 16:1d9
in sediments ranged from 0.1 to 0.2, suggesting that microbes
are likely to be exposed to some physiological stress.

The results of Tukey’s honestly significant difference test
provide additional information on the difference between the
PLFA profiles of the sediments of the CA and those of the
OA. In the OA, the saturated fatty acids are present in large
percentages, whereas in the CA, branched and monounsat-
urated fatty acids are present in large percentages (Table 5).
Although the long-chain fatty acids are present in low
percentages, that fatty acid 24:0 is present in significant
percentages in the coastal sediments indicates the terrestrial
input. The presence of a significantly large number of fatty
acids in the CA suggests that the microbial community is
dominated by prokaryotes and is contributed to by anaerobic
bacteria, which is different from the situation in the OA.

PLFA profiles of the sediment in the range of C,, to C,o
and significantly low percentages of fatty acid markers
(polyunsaturated fatty acids) for eukaryotic organisms and
long-chain fatty acids suggest that the PLFA determined in
the sediments are predominantly bacterial in origin. The
PLFA profiles of the present study area are notably different
from the reported results of PLFA in sediments of other
studies. Significant amounts of polyunsaturated fatty acids
were reported in deep-sea and estuarine sediments (1, 2),
marine sediments (32), and intertidal sediments (40). PLFA
profiles in sediments of an Antarctic lake system showed
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that polyunsaturated fatty acids were present at a significant
level (26). As described earlier, the observed PLFA profile
with high amounts of bacterial biomarkers and considerably
low amounts of polyenoic fatty acids longer than 19 carbon
atoms could be attributed to the existing pollution and
environmental conditions, and these patterns also suggest
that the PLFA analysis could be a useful tool in assessing the
pollution. Similarly, the reported absence of polyunsatu-
rated fatty acids in the contaminated sediments (36) also
supports the observations of the present study.

The above data indicate that analysis of PLFA in sedi-
ments is a useful additional means for the comparison of
microbiota in bay sediments for routine analysis in terms of
both biomass and community structure. From the results,
the presence of aerobic and anaerobic bacteria and of SRB in
the study area was understandable. One of the characteristic
features of the results of the present study has been the
relatively very low percentages of both polyunsaturated
fatty acids and long-chain fatty acids in sediments, indicating
that the source of these fatty acids is extremely limited,
possibly because of the existing pollution and the reduced
oxygen conditions in the bays.
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