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ABSTRACT: In this study, the abundance of major bacterial taxa (based on fluorescent in situ 
hybridization, FISH) and the structure of the bacterial community (based on denaturing gradient gel 
electrophoresis, DGGE) were determined in the benthos of 9 streams in the southeastern and mid- 
western United States and related to differences in environmental conditions. Taxa examined via 
FISH were Domain Bacteria, Domain Archaea, a-, P-I and y-Proteobacteria, a portion of the Bac- 
teroidetes (formerly Cytophaga-Flavobacterium-Bacteroides), and Gram-positive bacteria with high 
(actinobacteria) and low percent guanine+cytosine (GC) content. Of these taxa, generally the most 
abundant were the P- and a-Proteobacteria, which constituted on average 19.5 and 17.0% of the 
Domain Bacteria, respectively. Abundance of most taxa was significantly different among streams 
and sites within a stream. Based on canonical correspondence and correlation analyses, P- and y-Pro- 
teobacteria tended to be most abundant at sites with high dissolved organic carbon (DOC) and 
nitratehitrite concentrations and high benthic organic matter content. In contrast, a-Proteobacteria 
were more abundant in environments with low DOC and nitratehitrite concentrations and low sedi- 
ment organic carbon content. The other taxa did not exhibit clear correlations with the environmen- 
tal variables measured. DGGE results revealed that the structure of the bacterial community differed 
among the streams examined, with limited differences in a given stream and much larger differences 
among streams. Overall, there were clear differences in community composition that in some cases 
correlated with differences in environmental conditions. 
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INTRODUCTION 

Examination of bacterial community structure in 
freshwater habitats reveals not only information con- 
cerning most abundant taxa but also strong spatio- 
temporal changes (e.g. Lemke et al. 1997a, Leff 2000, 
Battin et al. 2001, McNamara et al. 2002, Pearce 2003, 
McNamara & Leff 2004). Despite recent advances in 
our understanding of freshwater bacterial ecology, 
there is still a paucity of information on lotic systems 
(Leff 2002), with most studies reporting data from only 
one or, at most, a couple of ecosystems (e.g. Leff 2000, 
McNamara et al. 2002). Thus, we do not have data 

concerning the extent of differences in bacterial com- 
munities in different streams or regional differences in 
stream bacterial communities. Gaining an understand- 
ing of the degree of interstream variation relative to 
variation within a given stream is necessary for com- 
bining studies of different systems to create a compre- 
hensive representation of trends in stream bacterial 
communities. If variation in bacterial community struc- 
ture among streams is comparatively high, it will be 
not only difficult but inappropriate to draw generalities 
from studies in only a few ecosystems. 

In this study, benthic bacterial community structure 
was compared among 9 streams in different geographic 
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regions (the southeastern and midwestern US) and ob- 
servations were related to differences in environmental 
conditions in the streams. The abundance of major 
taxonomic groups, Domain Bacteria, Domain Archaea, 
a-, p-, and y-Proteobacteria, a portion of the Bac- 
teroidetes (formerly Cytophaga-Flavobacterium-Bac- 
teroides), and Gram-positive bacteria with high (HGC) 
and low (LGC) percent guanine+cytosine (GC) con- 
tent, was determined. These taxa were selected be- 
cause of their documented occurrence in other streams 
(e.g. Simek et al. 2001, Araya et al. 2003). In addition, 
bacterial community structure was examined using de- 
naturing gradient gel electrophoresis (DGGE) (Muyzer 
et al. 1993), and within-stream variability was assessed. 

From prior studies on freshwater bacterial communi- 
ties several trends emerge related to the occurrence of 
the taxa examined in this study. Specifically, Proteobac- 
teria (particularly a, P, and y subclasses), Cytophaga- 
Flavobacteria (Bacteroidetes), and Actinobacteria 
(HGC Gram-positive bacteria) are prevalent in lakes 
and streams (Gloeckner et al. 2000, Battin et al. 2001, 
Simek et al. 2001, Trusova & Gladyshev 2002, Zwart et 
al. 2002, Araya et al. 2003, Zwisler et al. 2003). In par- 
ticular, j3-Proteobacteria are common in both oligo- 
trophic and eutrophic freshwater systems (Simek et al. 
2001, Araya et al. 2003, Zwisler et al. 2003), while a- 
Proteobacteria appear to be less abundant in freshwa- 
ter ecosystems and may prefer labile dissolved organic 
matter (DOM) (Zwisler et al. 2003). Cytophaga- 
Flavobacteria are most commonly associated with the 
occurrence of recalcitrant, high molecular weight DOM 
(Kirchrnan 2001, Zwisler et al. 2003) and are prevalent 
on particulate matter (Selje & Simon 2003). 

The 9 streams examined in this study differ in many 
environmental features, including sources and 
amounts of DOM and inorganic nutrient concentra- 
tions (Webster & Meyer 1997, Gao et al. 2004, Olapade 
et al. 2005), both of which were hypothesized to poten- 
tially generate differences in bacterial community 
composition. Three of the streams are blackwater 
streams (with high amounts of hurnic materials) of the 
US coastal plain (Georgia and Virginia, which are well 
canopied, and South Carolina). A well-canopied 
Appalachian Mountain region stream (North Carolina) 
was also sampled in the southeastern USA. In the Mid- 
west, a prairie stream (Kansas), a 'corn belt' stream 
(Iowa), and 2 upper midwestern streams (Michigan 
and Wisconsin) were sampled along with a well- 
canopied stream in Ohio. 

MATERIALS AND METHODS 

Sampling sites. Sediment samples were collected 
from 9 streams: Meyers Branch in South Carolina (MB- 

SC, located on the Savannah River Plant; McArthur et 
al. 1992, Koetsier et al. 1997), Black Creek in Georgia 
(BC-GA; Leff & Meyer 1991, Leff 2000), Hugh White 
Creek in North Carolina (HWC-NC, located at the 
Coweeta NSF Long-Term Ecological Research [LTER] 
site; Webster et al. 1997), Buzzard's Branch in Virginia 
(BB-VA; Smock 1997), Allequash Creek in Wisconsin 
(AC-WI, located at the North Temperate Lakes LTER; 
Meyer et al. 1993)) Augusta Creek in Michigan (AuC- 
MI, located at the Kellogg Biological State LTER; 
Manny & Wetzel 1973, Bott et al. 1985)) Buffalo Creek 
in Iowa (BuC-IA), King's Creek in Kansas (KC-KS, 
located at the Konza Prairie LTER, McArthur & Marzolf 
1986, Gray 1997), and the West Branch of the Mahon- 
ing River in Ohio (WB-OH; Lemke et al. 1997c, Leff et 
al. 1998). These streams are second to third order and 
were chosen based on prior studies and differences in 
their sources and quantities of organic matter (OM) 
(Webster & Meyer 1997, Gao et al. 2004). Samples 
were collected during the summer of 2001 from June 
through August. 

Sample collection. Samples were collected from 3 
sites along the mid-channel of each stream (referred to 
as Sites A, B, and C for a given stream). These sites 
were 100 to 1000 m apart. Five replicate sediment sam- 
ples were collected at each sampling site from the top 
5 cm of the stream bottom (in total, 135 samples were 
collected). For bacterial enumeration, about 9 g of sed- 
iment from each replicate was put into a 50 rnl Falcon 
tube and fixed with 36 rnl PBS-paraformaldehyde 
(phosphate-buffered saline + 8 % paraformaldehyde; 
Lemke et al. 199723). Upon returning to the lab, 12 ml 
sodium pyrophosphate (0.1%) was added, and sam- 
ples were sonicated for 5 rnin (Branson Model 2210 
ultrasonic bath, Ultrasonics). Samples for DNA extrac- 
tion were mixed with Tris-EDTA and frozen at -70°C 
until processing. 

Physical and chemical variables. Selected physical 
and chemical variables were measured in triplicate at 
each site. Nitratehitrite was determined using a Hach 
colorimeter-nitrate (model DR100). Soluble reactive 
phosphorus (SRP) concentration was measured using a 
Hach colorirneter-phosphorus (model DR100). pH was 
measured using an Oakton meter. Dissolved organic 
carbon (DOC) concentration was determined using a 
Shimaszu TDC-5000 carbon analyzer. Chlorophyll a 
concentration was determined via the standard spec- 
trophotometric method (APHA 1996). The percentage 
of OM of the sediment samples was determined based 
on the difference between the dry wt and ash wt 
divided by the dry wt and multiplied by 100. The par- 
ticle size distribution of sediment samples was ana- 
lyzed by fractionating the samples via sieving into dif- 
ferent size classes (>1 mm, 0.5-1 mm, 0.1-0.5 mm, 
0.01-0.1 mm, and <0.01 mm). 
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muorescent in situ hybridization (FISH). Abundance 
of Domain Bacteria, Domain Archaea, a-, P-, and y- 
Proteobacteria, a portion of the Bacteroidetes group (in 
the interest of consistency with other papers, cells 
hybridizing this probe will henceforth be referred to as 
CFB), HGC and LGC Gram-positive bacteria were de- 
termined using the FISH procedure of Lemke et al. 
(199713). Sediment slurry (diluted 1000 times) was fil- 
tered through a 0.2 pm Whatman Anodisc membrane, 
rinsed with 1 ml deionized water and 1 ml0.1% Non- 
idet P-40 (Sigma), and incubated with 40 pl corre- 
sponding Texas-red-labeled oligonucleotide probe 
(Sigma Genosys) (5 ng p1-I in hybridization buffer [6 x 
SSC, 0.02 M Tris buffer, pH 7, 0.1 % SDS, and 0.01 % 
poly A]) at the specified temperature for 4 h. Hy- 
bridized cells were then rinsed 2 times with 1 ml wash- 
ing buffer (NaC10.9 M, Tris pH ? .2 0.02 M, SDS 0.1 %, 
and water) and 1 ml deionized water, air dried, and 
mounted with type FF nonfluorescent immersion oil 
(R. P. Cargille Laboratories). Bacterial cells were enu- 
merated via epifluorescence microscopy; at least 
200 cells were enumerated and the minimum number 
of fields examined was 10. 

Depending on the probe used, NaCl concentration of 
the washing buffer was varied to achieve the highest 
specificity. For Domain Bacteria and Domain Archaea, 
a-Proteobacteria, and HGC and LGC Gram-positive 
probes, 0.9 M NaCl was used, and for the other probes 
0.009 M NaCl was used. Thirty percent formamide was 
used in the hybridization buffer of P- and y-Proteobac- 
teria and CFB to achieve high specificity, Formamide 
caused strong background autofluorescence if we used 
Anodisc filters; thus white 0.2 pm polycarbonate filters 
were used. Sequences of the probes and hybridization 
temperatures are listed in Table 1. 

Denaturing gradient gel electrophoresis. DNA 
extraction, PCR, and DGGE were performed as 
described in Cody et al. (2000) and Xu & Leff (2004). 
Briefly, DNA was extracted following the method of 
Zhou et al. (1996) and purified using Sephadex G-200 
(Tsai & Olson 1992). 

PCR was performed using 968F+GC clamp (5'-GCC- 
CCGCCGCGCGCGGCGGGCGGGGCGGGGGACG 
GGGGGAACGCGAAGAACCTTAC-3'; Heuer & 
Smalla 1997) and 1392R (5'-ACGGGCGGTGTGTRC- 
3'; Brosius et al. 1981). PCR reaction mixtures were 
prepared using 1 pl of DNA extract, 68.5 pl water, 
10 pl of 10X PCR buffer (with 15 mM MgC12), 2.5 pl of 
100 pM Bovine Serum Albumin, 16 pl of dNTPs 
(1.25 mM), and 1 pl of each primer. A hot start protocol 
was followed and 1 pl of Expand High Fidelity PCR 
system enzyme (Roche) was used. PCR amplification 
was performed using 40 cycles and a temperature 
touch-down scheme (van Elsas & Wolters 1995) with a 
PTC-100 TM Programmable Thermal Controller (MJ 
Research). 

Six percent polyacrylamide gels with a 40 to 70% 
denaturant range (100 % = 7 M urea and 40 % for- 
mamide) were used for DGGE. Gels were run using 
the D-code system (Bio-Rad) for 8 h at 170 V and 
stained with Syber Green I (Molecular Probes). Gel 
images were taken using a Hamamatsu C5985 chilled 
CCD camera and analyzed using GelPro 3.0 (Media 
Cybernetics). 

Statistical analyses. Data were analyzed using 
nested ANOVAs (sites nested within streams). Ordina- 
tion was performed via canonical correspondence 
analysis (CCA; MVSP 3.0, Kovach Computing Ser- 
vices; ter Braak 1988) to examine relationships 
between bacterial assemblage differences among 
streams and environmental variables; correlations 
were used to examine relationships between specific 
pairs of variables. 

RESULTS 

Physical and chemical variables differed among 
sampling sites (Table 2). SRP concentration ranged 
from about 0.08 to 0.48 pg 1-l. Low SRP concentrations 
were observed at the 3 SC sites and Site A of the KS 
stream. Site A of the GA stream and Site C of the IA 

Table 1. Sequences of the oligonucleotide probes (reviewed by Amann et al. 1995) and hybridization temperature used 

Taxon Sequence Hybridization Source 
temp. ("C) 

Domain Bacteria GCTGCCTCCCGTAGGAGT 48 Amann et al. (1990) 
Domain Archaea GTGCTCCCCCGCCAATTCCT 45.5 Stahl & Amann (1991) 
a-Proteobacteria CGTTCG(C/T)CTGAGCCAG 54 Manz et al. (1992) 
P-Proteobacteria GCCTTCCCACTTCGTTT 50 Manz et al. (1992) 
y-Proteobacteria GCCTTCCCACATCGTIT 57 Manz et al. (1992) 
Cytophaga-Flavobacteria TGGTCCGTGTCTCAGTAC 52 Amann et al. (1995) 
Gram-positive high GC bacteria ATAGTTACCACCGCCGT 4 8 Roller et al. (1994) 
Gram-positive low GC bacteria YSGAAGATTCCCTACTGC 4 6 Meier et al. (1999) 
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Table 2. Environmental variables measured at studied sites (Gao et al. 2004, Olapade et al. 2005). OM: percent organic matter 
content of sediment samples. Values represent mean k 1 SE (n = 3) 

Stream, location Site SRP N03/N02 DOC PH Sed. chl a OM 
(pg P 1-7 (pg N 1-7 (mg I-') (PS g-I) (%I 

Meyers Branch, SC SC-A 0.08 + 0.00 0.06 + 0.01 11.48 k 0.74 7.13 + 0.09 0.12 + 0.04 0.42 + 0.08 
SC-B 0.11+0.00 0.05+0.00 6.51k0.77 6.52k0.08 0.09+0.03 1.21k0.83 
SC-C 0.09 k 0.00 0.06 + 0.00 10.02 + 2.01 6.53 i 0.07 0.06 + 0.03 0.81 k 0.19 

Black Creek, GA GA-A 0.48~0 .09  0.00k0.00 35.05k1.31 5.74+0.05 0.46+0.14 0.42k0.11 
GA-B 0.18 + 0.04 0.00 k 0.00 19.47 + 0.69 5.56 + 0.04 0.39 k 0.06 1.12 + 0.22 
GA-C 0.25 + 0.03 0.00 * 0.00 10.62 + 0.30 5.40 + 0.06 1.87 A 0.74 1.01 k 0.25 

Hugh White Creek, NC NC-A 0.33k0.03 0.03k0.00 0.10zt0.02 6.18+0.14 0.10+0.07 1.76+0.15 
NC-B 0.20 + 0.03 0.02 k 0.00 1.38 + 0.06 6.11 + 0.14 0.04 k 0.00 1.65 + 0.15 
NC-C 0.18 + 0.04 0.03 k 0.01 1.25 + 0.05 6.89 + 0.20 0.09 * 0.01 1.42 + 0.10 

Buzzard's Branch, VA VA-A 0.29+0.08 0.96k0.00 5.97k0.23 6.66k0.02 0 . 1 3 ~ 0 . 0 1  0.55+0.06 
VA-B 0.20k0.05 0.96k0.02 5.95+0.16 6.52k0.04 0.15+0.04 0.79k0.16 
VA-C 0.38 0.06 0.92 * 0.06 6.30 + 0.42 5.65 + 0.31 0.21 k 0.12 0.45 k 0.06 

Allequash Creek, WI WI-A 0.28 A 0.02 0.02 k 0.00 7.55 k 0.48 6.87 + 0.04 1.65 + 0.56 0.51 k 0.10 
WI-B 0.30k0.00 0.02k0.00 6.65+0.07 7.08k0.09 0.79+0.12 3.80k1.41 
WI-C 0.23 kO.03 0.02 + 0.00 8.14 kO.43 6.81 k O . 1 1  2.79k0.82 0.79 k0.09 

Augusta, MI MI-A 0.37k0.03 0.41+0.02 8.29k0.09 7.88k0.04 1.48k0.32 1.50k0.64 
MI-B 0.37 + 0.03 0.45 + 0.03 9.55 2 0.30 7.67 + 0.03 0.43 + 0.20 3.98 + 1.69 
MI-C 0.43 a 0.03 0.58 k 0.02 10.36 + 1.15 7.85 k 0.12 1.47 + 0.27 0.76 + 0.42 

Buffalo Creek, IA IA-A 0.20~0 .00  6.80k0.15 17.60+0.59 6.84k0.07 0.82+0.11 3.18k0.23 
IA-B 0.31 + 0.02 4.93 + 0.03 33.31 + 1.48 7.22 + 0.01 0.62 + 0.16 2.40 + 0.57 
IA-C 0.47*0.02 4.17k1.17 33.03k1.15 7.50k0.02 0.98+0.16 0.26k0.05 

King's Creek, KS KS-A 0.11 k 0.01 0.03 2 0.00 22.37 + 1.88 7.75 k 0.02 0.22 + 0.04 3.10 k 0.19 
KS-B 0.18+0.02 0.02+0.00 11.73+0.06 7.52+0.01 0.27+0.04 0.77k0.10 
KS-C 0.18 +- 0.01 0.31 k 0.08 14.17 k 1.54 7.52 + 0.02 0.95 + 0.36 1.00 + 0.09 

West Branch Mahoning River, OH OH-A 0.14 + 0.01 0.03 k 0.01 7.50 + 0.03 7.67 + 0.04 1.61 + 0.09 2.01 + 0.69 
OH-B 0.17 k 0.04 0.03 + 0.01 8.70 + 0.26 7.57 + 0.03 0.81 + 0.09 0.97 + 0.29 
OH-C 0.18k0.02 0.15k0.02 7.88+0.11 7.62k0.02 1.74k0.32 1.46rt0.17 

stream (in a highly agricultural area) had the highest 
SRP concentration. Nitratehitrite concentration varied 
widely among streams and ranged from undetectable 
in the GA stream to higher than 6 pg N 1-' in the agri- 
cultural IA stream. DOC concentration ranged from 
about 1 mg 1-I in the NC stream to more than 30 mg 1-I 
in the blackwater GA stream and the IA stream. pH 
was relatively constant among different stream sites 
and ranged from 5.40 to about 7.88. The lowest pH was 
observed at the 3 sites in the GA stream (< 6). 

The highest benthic OM was observed at Site B of 
the WI stream (which had a well-developed macro- 
phyte bed) and Site B of the MI stream (which was 
close to a wetland; see Table 2). In addition, high ben- 
thic OM was also observed at Sites A and B of the IA 
stream (which had a layer of fine black material on top 
of more sandy sediments, perhaps resulting from input 
from nearby cattle farms) and Site A of the KS stream. 
At the latter site, a layer of black sediment on top of the 
gravel base of the stream was observed, perhaps 
resulting from the bison that frequent that area. 

Small-sized sediment particles were abundant at 
Sites A and B of the IA stream as a result of the layer of 
black organic material on top of the sandy sediment 
(data not shown). Small-sized sediment particles, 

which appeared to be macrophyte detritus, were also 
common at Site B of the WI stream. 

The number of cells hybridizing the Domain Bacteria 
probe ranged from 6.49 x lo7 cells g-I at Site C of the 
KS stream to 2.32 x lo9 cells gpl at Site A of the IA 
stream (Fig. la). Domain Bacteria counts were high at 
all sites in the IA stream and low at Sites B and C of the 
KS stream and all 3 sites in the NC stream. There were 
statistically significant differences among streams 
(F = 37.0, p < 0.001) and sites within streams (F= 9.69, 
p < 0.001). 

The distribution of cells hybridizing the Domain 
Archaea probe in the streams was different from that 
of the Domain Bacteria. The number of Archaea 
ranged from 4.75 x lo6 cells g-' sediment at Site B of 
the KS stream to 4.99 x lo7 cells g-I sediment at Site C 
of the GA stream (Fig. lb). There were significant d i f -  
ferences among streams (F = 5.94, p < 0.001) and 
among sites within a stream (F = 5.95, p < 0.001). The 
ratio between Archaea and Bacteria counts across all 
the sampling sites was between 0.005 and 0.073. 

Fig. 2 depicts the percentage of total bacterial counts 
accounted for by FISH with the Domain Bacteria and 
Archaea probes. The Domain Bacteria probe typically 
hybridized with less than 50 % of the total cells, except 
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Fig. 1. Abundance of (a) Domain Bacteria and (b) Domain 
Archaea based on FISH in sediments of 9 streams. 
Samples were collected from 3 sites (A, B, C) in each 

stream. Values are means + SE 

State 

Fig. 2. Percentage of total cells (based on DAPI staining, 
reported in Gao et al. 2004) hybridizing with Domain 
Bacteria and Domain Archaea probes. Values are averages 
from 15 samples (5 samples from each of the 3 sites in a 

given stream) 

A B C A B C  mL$t!.\ 

Fig. 3. Abundance of (a) a-, (b) P-, and (c) y-Proteobacteria 
based on FISH in sediments of 9 streams. Samples were 
collected from 3 sites (A, B, C) in each stream. Values are 

means + SE 

in the OH stream, where there were much higher 
values. The Archaea accounted for a very small per- 
centage of the total number of cells. 

Differences in distribution were also observed 
among the 3 groups of Proteobacteria examined. 
Abundance of a-Proteobacteria was high at several of 
the stream sites, especially in the OH stream (Fig. 3a), 
but did not differ significantly among streams (F = 1.62, 
p > 0.05) or among sites within a stream (F = 1.26, p > 
0.05). Lowest abundance was observed at Site C of the 
KS stream. 

The distributions of P- and y-Proteobacteria were 
similar to each other but different than that of the a- 
Proteobacteria (Fig. 3b,c). For both P- and y-Proteo- 
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Fig. 4. Abundance of (a) Cytophaga-Flavobacteria, and 
(b) high (HGC) and (c) low (LGC) GC Gram-positive bacteria 
based on FISH in sediments of 9 streams. Samples were 
collected from 3 sites (A, B, C) in each stream. Values are 

means + SE 

bacteria, the highest cell counts were at Sites A and B 
of the IA stream and Site A of the KS stream. There 
were significant differences among streams (P, F = 
21.48, p < 0.001; y, F = 100.5, p < 0.001) and sites 
within streams (p, F = 8.75, p < 0.001; y F = 28.04, p < 
0.001). Relatively high numbers of P- and y-Proteo- 
bacteria were also observed at Site C of the SC and 
GA streams, but abundance at the other sites was 
very low in comparison to Sites A and B of the IA 
stream. The overall abundance of P- and y-Proteo- 
bacteria was comparable to that of a-Proteobacteria 
at Sites A and B of the IA stream, Site A of the KS 

stream, and Site C of the SC and GA streams. At 
the other stream sites, p- and y-Proteobacteria counts 
were about an order of magnitude lower than a- 
Proteobacteria counts. 

The pattern of abundance of CFB was similar to that 
of the p- and y-Proteobacteria (Fig. 4a) and differed 
significantly among streams (F  = 36.20, p < 0.001) and 
sites within streams (F = 19.25, p < 0.001). The highest 
CFB abundance was at Sites A and B of the IA stream 
and Site A of the KS stream. High cell counts were also 
observed at Site C of the SC stream and Sites B and C 
of the GA stream. 

Numbers of HGC and LGC Gram-positive bacteria 
were about 1 order of magnitude lower than those of 
the other taxa examined (Fig. 4b,c). For the HGC 
bacteria, there were significant differences among 
streams (F = 24.46, p < 0.001) but not for the LGC bac- 
teria (F = 1.88, p > 0.05). In addition, for the HGC bac- 
teria there were significant differences among sites 
within streams (F = 12.90, p < 0.001) but not for the 
LGC bacteria (F = 1.70, p > 0.05). As for several of the 
other taxa, high numbers of HGC and LGC bacteria 
were obsenred at Sites A and B of the IA stream and 
Site A of the KS stream. High HGC counts were also 
found at Sites B and C of the OH stream. LGC abun- 
dance was also high at all 3 sites of the OH stream and 
Sites B and C of the GA stream. 

In Fig. 5, the relative contribution of each taxon 
examined to the total number of cells hybridizing the 
Domain Bacteria probe is given. The LGC and HGC 
bacteria generally contributed little to the total. In most 
streams, the taxa examined accounted for at least 
50% of the Domain Bacteria. In the KS stream, an 
especially large proportion of cells was accounted for 
by these taxa. 

To help explain the distributions of bacterial taxa 
among the study streams, CCA analysis was con- 
ducted using the bacterial abundance and physical/ 
chemical data (Fig. 6). Two CCA axes were included: 
for Axis 1, differences in environmental factors explain 
about 42.2% of the variation in the bacterial cornmu- 
nity and Axis 2 explains another 2.5 % . 

DOC and nitratehitrite concentrations, sediment 
OM, and chlorophyll a contents appeared to be major 
factors related to the abundance of the taxa examined 
(see Fig. 6). P- and y-Proteobacteria tended to be most 
abundant at sites with high DOC and nitrate/nitrite 
concentrations and high benthic OM content. In 
contrast, a-Proteobacteria were more abundant in 
environments with low DOC and nitrate/nitrite con- 
centrations and low sediment organic carbon content. 
However, abundance of these bacteria tended to be 
high at sites with high sediment chlorophyll a con- 
centration. The abundances of CFB, HGC, and LGC 
Gram-positive bacteria appeared unrelated to the 
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loo 1 LGC a blackwater stream with sandy benthos. The number 
of bands detected in the other streams ranged from 9 to 
16, with the greatest number of bands in the MI and 
VA streams. Some bands at similar locations on the gel 
were found in multiple streams, while others were only 
found in 1 or 2 streams. The average number of bands 
in common between any 2 streams was 3.8 and ranged 
from 0 (the NC vs. the OH stream) to 7 (the GA vs. 
the IA and WI streams). Differences among streams 
followed a pattern that did not appear to be related to 
geographic location or environmental conditions. 

DISCUSSION 

State Cross-system studies like this one can offer insights - 
Fig. 5. Percentage of each taxon examined by FISH re- into generalities that transcend several systems. Here, 
presented by Domain Bacteria counts. Values are aver- examination of differences among streams in different ages from 15 samples (5 samples from each of the 3 sites in 
a given stream). LGC and HGC: low and hcrh GC content regi0ns us assess the degree to which we are 
Gram-positive bacteria, respectively; C F ~  Cytophaga- likely to be able to establish general tendencies in 

Flavobacterium-Bacteroides stream bacterial ecology. The degree of variation 
among the streams examined and intrastream differ- 
ences depended on the method used to examine com- 

environmental factors examined in this study based on munity structure. Specifically, both DGGE and FISH 
correlation analysis. revealed differences among the streams examined, but 

Clear differences in community composition among intrastream variation was of greater magnitude with 
the streams sampled were evident in the DGGE results FISH than with DGGE. 
(Fig. 7). Interestingly, there was generally a high Differences in the bacterial community among 
degree of similarity among the 3 sites (A, B, and C) in a streams may be attributable to differences in environ- 
given stream, and replicate samples from each site also mental conditions; however, documenting these rela- 
gave highly similar patterns (data not shown). Despite tionships has proven difficult. For example, Gao et al. 
good amplification of extracted DNA, we were not able (2004) reported that total bacterial number in sedi- 
to detect many bands (1 to 2 per site) in the SC stream, ments of these same streams was not linearly related to 

chlorophyll concentration. Likewise, when 
examining the abundance of 3 bacterial 

CCA variable Scores species in these streams Olapade et al. 
0.06 - (2005) found that planktonic numbers for a 

given species correlated with certain envi- 
0.05 -- ronmental variables but that relationships 

were less apparent for benthic samples. 
In the present study, the abundance of 

the $- and y-Proteobacteria correlated best 
T D O C  with benthic OM content, DOC, and 

, witrate I , nitratehitrite concentration. The P-Pro- 
,0.02 0 . 0 s  0.05 0.06 teobacteria often represent the highest 

I I 

gamma proportion of the Domain Bacteria in fresh- 
water systems (Zwisler et al. 2003), and 
their abundance may be related to concen- 
tration of ammonia, pollutants, or other 
environmental factors (Brihmer et al. 
2000). In contrast, the abundance of the a- 
Proteobacteria was inversely related to 

Fig. 6. Ordination results based on canonical correspondence analysis of 
FISH and environmental data. SRJ? soluble reactive phosphorus; OM these and showed a much differ- 
benthic organic matter; TDOC total dissolved organic carbon; schIa: ent Pattern of dmndance in the study 

sediment chlorophyll a streams. Specifically, abundance of this 
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Fig. 7. DGGE image with lanes labeled with the state in which the stream was allochthonous cells (Leff et al. 1993). 
located and the site (A, B, C )  within a given stream where the samples were Examination of the relative contribu- 
collected (STD = standard). Lanes are arranged in the order in which samples tions of different taxa to the overall bat- were collected from the various locations 

terial community provides an alterna- 
tive to focusing on absolute numbers. 

taxon appeared to be related to chlorophyll concentra- The average percentage of total cells hybridizing the 
tions, suggesting that these organisms depend on Domain Bacteria probe (32%) is the same as that 
labile DOC produced by algae (a trend that has been reported for planktonic cells in the Cuyahoga River of 
documented for total bacterial numbers as well, e.g, northeast Ohio (Liu & Leff 2002), while, overall, in 
Gao et al. 2004). A prior study showed that, in a lake, freshwater aquatic ecosystems, the value averages just 
a-Proteobacteria were more related to concentrations over 50 % and is highly variable (Bouvier & del Giorgio 
of labile organic compounds than other factors (Zwisler 2003). Despite the similarities between our study and 
et al. 2003), and Eiler et al. (2003) experimentally de- others in this regard, it is notable that in one of the 
monstrated that the a-Proteobacteria thrived at the study streams (OH) the average percentage of total 
lowest DOC concentration they examined. Moreover, cells hybridizing the Domain Bacteria probe was 
Jardillier et al. (2004) found that a-Proteobacteria were greater than 100%. This same phenomenon was 
more heavily impacted by grazing than were the P- reported earlier (interestingly, in a study done in the 
Proteobacteria. Together, these findings suggest that same stream) and was attributed to DAPI underesti- 
different factors control these different taxa. mating total cell numbers, perhaps because of DNA 

Although numbers of HGC bacteria correlated to binding proteins produced during starvation (McNa- 
some degree with sediment chlorophyll concentration, mara et al. 2003). In addition, differences in the types 
the abundance of the LGC and CFB bacteria did not of filters used (polycarbonate vs. Anodisc) may affect 
appear to be strongly related to the specific environ- the number of cells that are retained and enumerated. 
mental variables measured in this study. The abun- The taxa examined accounted for on average 69 % of 
dance of the CFB has been related to the occurrence of the Domain Bacteria. In general, in freshwater systems 
high molecular weight organic compounds (Kirchman the majority of cells in the Domain Bacteria are 
2001, Zwisler et al. 2003). Although we only examined accounted for by the a ,  P, CFB, and HGC groups (e.g. 
overall DOC concentration in this study, differences in Simek et al. 2001, Araya et al. 2003), and this was also 
the streams sampled likely result in differences in the the case in this study. Of these taxa, generally, the most 
composition of the DOC pool. DOC in streams (quan- abundant in this study were the P- and a-Proteobacte- 
tity and type) can be a major factor impacting bacterial ria, which constituted on average 19.5 and 17.0 % of 
communities (McNamara & Leff 2004, Olapade & Leff the Domain Bacteria, respectively. 
2005). Specifically, the blackwater streams (GA, SC, The DGGE results demonstrate that there were large 
VA) have higher DOC concentrations with large differences in bacterial assemblage composition 
amounts of recalcitrant material (Meyer 1990), in con- among the streams, while the intrastream variation 
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was low (with different sites and replicates showing 
very similar patterns). The number of bands detected 
was generally similar among sites, with the exception 
of the SC stream, and is comparable to numbers 
detected in other streams. For example, Cody et al. 
(2000) found 7 to 20 bands in a South Carolina stream, 
while Xu & Leff (2004) report 12 to 20 bands in a river 
in Ohio. 

FISH and DGGE revealed somewhat inconsistent 
views of the bacterial communities examined. The num- 
ber of bands detected by DGGE, though consistent with 
those in avariety of systems (e.g. Cody et al. 2000, Castle 
& Kirchman 2004, Xu & Leff 2004), seems low when 
placed in the context of studies, including this one, that 
find several taxa to be major contributors to the bacterial 
community using FISH. The number of bands detected 
by DGGE is variable but seems surprisingly low when 
taking into account that at least a certain number of 
major taxa have been detected in the freshwater systems 
that have been examined. Castle & Kirchman (2004) 
reported 9 or fewer bands in estuarine samples and 
specifically address the differences between FISH and 
DGGE. They report that the P-Proteobacteria, although 
abundant in their estuarine samples based on FISH, 
were not detected via DGGE. A similar finding was 
reported for lake bacteria by Zwisler et al. (2003); others 
have found that DGGE can detect P-Proteobacteria, so 
this phenomenon does not appear to be important in all 
environments (Crump et al. 2003). 

Overall, differences in environmental conditions 
among streams appear to be reflected in both the 
abundance of different taxa as well as the bacterial 
community composition. FISH data revealed, in some 
cases, large intrastream differences in abundance of 
certain taxa, while DGGE data showed few differences 
within a stream. This study demonstrates that the 
ability of single system studies to serve as the foun- 
dation of generalities about stream bacterial ecology is 
potentially limited by the large amount of variation 
among streams. In contrast, variation in DGGE results 
within a stream was comparatively low, suggesting 
that, at the level of resolution used in this study, 
intrastream variation is perhaps less important than 
interstream variation. 
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