
AQUATIC MICROBIAL ECOLOGY 
Aquat Microb Ecol I Published May 29 

Bacterial utilization of dissolved humic substances 
from a freshwater swamp 

Nasreen Bano*, Mary Ann Moran, Robert E. Hodson 

Department of Marine Sciences, University of Georgia, Athens, Georgia 30602-2206, USA 

ABSTRACT Dissolved humic substances from 5 different aquatic habitats in the Okefenokee Swamp, 
USA, ecosystem were tested for their ability to support growth of natural bacterial communities In 
batch bioassay experiments The in s j tu  dissolved 01-ganlc carbon (DOC) concentration in samples from 
all sites was high, ranging from 46 to 58 mg C l '; 63 to 78% of the DOC was humic substances. Humic 
substances were isolated by adsorption onto Amberlite XAD-8 resin and provided to natural bacterial 
communities either from the same site or one of the other sites as the only carbon source. Humic sub- 
stances from all sites supported bacterial growth; generally there were no significant differences 
among the bacterial communities in the rates or extent of utilization of humic substances. The average 
specific growth rates of bacteria, determined as changes in biovolume, were 0.026 to 0.044 h-'  for all 
experiments and were comparable to rates measured in situ. The cumulative bacterial carbon produc- 
tion ranged from 58 to 176 pg C 1-' Based on measures of bacterial carbon production and oxygen con- 
sumption, bacterial growth efficiency on humic substances was estimated at 2 2 # ,  and the percentage 
of the hulnic substances pool utilized during the 1 wk b~oassay was 0.8 to 1 8 %  
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INTRODUCTION 

Humic substances constitute a large fraction of the 
dissolved organic matter (DOM) In most natural 
waters, typically accounting for about 50% of the DOM 
(Thurman 1985). Although previously considered 
nearly inert from a biological standpoint, humic sub- 
stances are now recognized to play important roles as 
carbon and energy sources for bacteria and, ultimately, 
microbial food webs. Initially, evidence for this role 
came from correlative studies showing that humic-rich 
waters often supported higher bacterial biomass or 
production than did waters with low concentrations of 
humic substances (Hessen 1985, Tranvik & Hofle 1987. 
Tranvik 1988). Recently, bacterial bioassay studies 
have provided more direct evidence that components 
of the humic substances pool can be assimilated by 
natural bacterial assemblages and used for growth 
(Tranvik & Sieburth 1989, Moran & Hodson 1990, 
1994a, Tranvik 1990). 
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The potential for hun-11~ substances to play an impor- 
tant biological role in aquatic systems will be greatest 
in those environments with high concentrations of 
DOC and humic substances. The flux of humic carbon 
into bacteria has geochemicai impiicdlions in these 
systems as well, since the entry of humic substances 
into the mineralization-intensive microbial loop would 
compete with other carbon flux pathways, such as floc- 
culation, peat accumulation, or export. It is therefore of 
interest to determine the magnitude of bacterial uti- 
lization of humic substances in freshwater systems 
with high concentrations of DOM and to learn more 
about the mechanisms regulating this process. 

MATERIALS AND METHODS 

Site descriptions. The Okefenokee Swamp is a large 
freshwater wetland (1700 km2) located in southeastern 
Georgia and northeastern Florida, USA. Vegetation in 
this system is variable, with numerous habitats scat- 
tered in mosaic fashion throughout, including wooded 
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swamps, open marshes, and tree islands. Okefenokee 
Swamp surface water has high concentrations of both 
DOC and humic substances. The major input of water 
is from precipitation, with slow sheet movement of sur- 
face water from north to south. Thus, depending on the 
speed of water movement relative to local rates of DOC 
production and transformation, local differences may 
develop in the concentration, chemical composition, or 
biological availability of humic substances, affected by 
the dominant vegetation type of each habitat. Further, 
the utilizability of humic substances may be a function 
of the local composition of bacterial assemblages, 
which might be adapted to site-specific differences in 
the sources or chemical attributes of humic substances. 

Dissolved humic substances and natural bacterial 
communities were o'uidi~~eci frofil 5 sites iri thc Okc- 
fenokee Swamp representing different vegetation 
types. One site (Cypress Swamp Site or CS) is domi- 
nated by woody vegetation, primarily pond cypress 
Taxodium ascendens; this type of forested swamp 
accounts for about 29% of the Okefenokee Swamp 
area. Two sites are dominated by non-woody vegeta- 
tion; Chesser Prairie (CP) is an open-water marsh in 
which white water lily Nuphar advena is the major 
plant species, while Mizell Prairie (MP) is an  emergent 
grass-sedge marsh dominated by maidencane Pan- 
icum hemitomon and sedge Carex spp. Non-woody 
marshes cover about 23% of the Okefenokee Swamp 
area. The last 2 sites represent integrated mixtures of 
DOC and bacterial communities from many Okefeno- 
kee habitats. Sill site (SS) is located at the southern 
boundary of the Swamp, adjacent to an earthen sill at 
the source of the Suwannee River; the Suwannee River 
site (SR) is 22 km downstream from SS. This river is the 
route by which humic substances are exported from 
the Okefenokee Swamp to the Gulf of Mexico. 

Sample collection. Water samples were collected on 
December 12, 1993 from SR site, on March 19, 1994 
from CP, CS, and SS sites, and on July 7 ,  1994 from MP 
site. Water samples (10 1) were filtered sequentially 
through ashed Gelman A/E and Whatman GF/F filters, 
adjusted to pH 2 with 6 N HC1, and stored on ice for 
transport to the laboratory. Within 1 d of collection, the 

filtered and acidified water samples were brought to 
room temperature and humic substances (operationally 
deflned as the fraction of DOC that is retained on a 
hydrophobic macroporus resin at pH 2) were isolated. 
The isolation procedure involved pumping the filtered 
water sample through columns of Amberlite XAD-8 
resin, eluting the humic substances with NaOH, and 
desalting the humic substances concentrate by cation 
exchange as previously described (Aiken 1985, Moran 
& Hodson 1994a). Although the XAD-8 and ion ex- 
change resins were cleaned thoroughly before use 
(Aiken 1988), any organic matter still bleeding from the 
resins might have been problematic in subsequent bac- 
terial assays. To control for any effect of resin contami- 
nation on bacterial growth, 10 1 volumes of distilled/ 
deicmized wate r  were pumped through the columns 
in a manner identical to that used for Okefenokee 
samples. The column eluant obtained from these dis- 
tilled/deionized water samples (designated 'column 
leachate') was used as controls in the biological avail- 
ability studies (see below). 

Chemical characterization of humic substances. 
Subsamples of humic concentrate from each site were 
rotary evaporated, freeze dried, and stored frozen until 
chemical analysis. Concentrations of 8 characteristic 
lignin phenols were determined by the method of 
Hedges & Ertel (1982) as previously described (Moran 
et al. 199413) to provide a relative index of vascular 
plant influence on the dissolved humic substances. 
Lignin phenol concentrations were highest in humic 
substances from the CP site (8.1 1-19 mg-l; Table 1). The 
total lignin phenol concentration in humic substances 
of the other sites ranged from 3.2 to 4.0 pg mg-l. 

Percentages of carbon, hydrogen and nitrogen 
(CHN) in the freeze-dried humic substances were 
determined with a Perkin-Elmer 240C CHN analyzer. 
CHN contents were similar among sites (Table 1) and 
within the range reported for other aquatic humic sub- 
stances (Thurman 1985). The C:H ratios (1.02 * 0.03; 
mean & SD) indicate an important aromatic compo- 
nent, and together with the low nitrogen concentra- 
tions (0.85 * 0.04%) suggest sources dominated by 
lignin-rich vascular plants (Leenheer et al. 1989). 

Table 1. Chemical characterization of humic substances at Okefenokee Swamp. USA, sites. DOC: dissolved organic carbon. For 
hurnic substances, percentage of DOC given in parentheses 

Site DOC Humic substances C:N C:H Lignin phenols 
(mg C 1.'; *SD. n = 3) (mg C I-'; *SD, n = 3) (1.19 mg-'; ISD, n = i 

Suwannee River (SR) 57.7 * 0.5 33.4 * 4.8 (63) 61.3 1.02 4.0 5 0.28 
Chesser Prairie (CP) 56.1 ? 1 1 40.9 r 0.11 (73) 73.9 1.04 8.1 5 2 0  
Cypress Slte (CS) 46.2 i 0.6 35.3 + 0.01 (76) 66 8 0.98 4 .0*  054  
Sill Site (SS) 53.4 + 1.4 41.8 + 0.06 (78) 67.5 1.06 3.4 * 0.12 
Mizell Prairie (MP) 53.6 + 0 1 34.1 i 3.4 (64) 70.5 1.00 3.2 * 0.24 
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DOC concentration before and after humic sub- 
stance isolation was measured by direct injection into a 
high temperature combustion carbon analyzer (Shi- 
madzu TOC-5000) using a 4 point calibration curve 
with potassium biphthalate as the standard. Seven 
repeated injections showed within-replicate standard 
deviations of 0.2 to 1 'K, and all measurements of DOC 
concentration were carried out in triplicate. The DOC 
concentration at all Okefenokee sites was high (46.2 to 
57.7 mg C I - ' ) ,  as was the contribution of humic sub- 
stances to the DOC pool (>63 % of DOC; Table 1) .  

Bacterial bioassays. Batch culture experiments were 
carried out to determine the fraction of the humic sub- 
stances pool readily utilizable by natural bacterial 
communities (over time periods of 5 to 7 d ) .  Humic 
substances from each site were reconstituted in filter- 
sterilized deionized water at concentrations approxi- 
mately equivalent to natural concentrations at the time 
of collection. Each solution was amended with inor- 
ganic nutrients to final concentrations of 10 PM P as 
PO, and 60 pM N as NO3 and NH, (concentrations 5- to 
10-fold higher than typically found) to insure carbon- 
limited growth, and inoculated with 10 to 20 m1 1-' of 
bacterial inoculum. To obtain the inoculum, 20 1 of 
water from each site was filtered through 0.6 pm pore- 
size Nuclepore filters to remove bacterivores and par- 
ticulate material. Bacteria were concentrated using 
either tangential flow filtration with a 0.1 pm pore-size 
filter cartridge (hollow fiber cartridge; HlMP01-43; 
Amicon, Inc., Beverly, MA, USA) or a Sharples contin- 
uous-flow centrifuge at speeds of 20000 to 30000 rpm 
(1000 to 1500 x g )  and a flow rate of 80 m1 min-l. The 
concentration factors ranged from 66- to 200-fold, with 
25 to 38% bacterial recovery efficiency. In all experi- 
ments, the bacterial inoculum was used immediately 
after concentration. 

Bacterial numbers were determined by the acridine 
orange direct count (AODC) method (Hobbie et a l .  1977) 
using an Olympus BH-2 epifluorescence microscope. 
Original concentrations of bacteria in Okefenokee water 
samples averaged ranged from 1.0 to 1.9 X 106 ml-l, and 
starting concentrations in the bacterial bioassays aver- 
aged about 30% of this value. Volume measurements 
were made on an average of 150 cells or 10 fields per 
filter using an image analysis system (Southern Micro 
Instruments, Atlanta, GA, USA) calibrated with 1.7 pm 
fluorescent latex beads (Polysciences, Inc.). Average cell 
size was multiplied by average cell number to calculate 
total biovolume, and biovolume measurements were 
converted to cell carbon by assuming a conversion factor 
of 0.22 g C cm-3 (Bratbak & Dundas 1984). The specific 
growth rate (p) was calculated based on changes in 
bacterial biovolume. 

In Expt 1, the humic substances concentrate and 
bacterial inoculum were prepared from the SR site and 

the following treatments were established in duplicate 
flasks: (1) humic substances at approximately natural 
concentrations; (2) deionized water; and (3) deionized 
water with column leachate as a control for possible 
resin effects. All treatments were incubated in the dark 
at the in situ temperature at the time of water collec- 
tion (14°C) and sampled periodically over the next 7 d 
for determination of bacterial biovolume. 

In Expt 2, hun~ic  substance concentrates and bacter- 
ial inocula we]-e prepared from the CP, CS, and SS 
sites. Duplicate flasks of humic substances at approxi- 
mately natural concentration were inoculated with a 
bacterial concentrate either from the same site or from 
one of the other 2 sltes in all 9 possible combinations; 
likewise, duplicate flasks of column leachate controls 
were also set up and inoculated with bacteria from 
each site. Two additional treatments were established. 
one with a lower concentration of SS humic substances 
(0.5x), and one with a lower concentration of column 
leachate ( 0 . 5 ~ ) ;  these 2 treatments were inoculated 
with bacteria from the SS site. Flasks were incubated 
in the dark at the in situ temperature at the time of 
water collection (16°C) and sampled periodically over 
the next 6 d for determination of bacterial biovolume. 

In Expt 3, the humic substances concentrate and 
bacterial inoculum were prepared from the MP site. 
Humic substances were reconstituted at  l x  and 0 . 5 ~  
natural concentration and incubations were carried out 
in BOD (biologial oxygen demand) bottles in the dark 
at room temperature (21°C; in situ temperature at the 
time of water collection was 28°C). Periodically over 
the next 5 d,  2 bottles were sacrificed from all treat- 
ments for determination of bacterial biovolume. In the 
l x  treatments only, 5 replicate bottles were also sacri- 
ficed for measuring oxygen concentration using. the 
precision Winkler method with a Mettler DL21 auto- 
matic titrator (Pomeroy et al. 1994). 

RESULTS 

Bacterial volumes in Expt 1 increased from an initial 
value of 0.04 X 106 pm3 ml-' to a maximum biovolume 
of 1.0 X 106 pm3 ml-l by Day 5 (Fig. 1). The column 
leachate control supported accumulations of biomass 
no higher than the deionized controls (0.20 x 106 pm3 
ml-l), indicating that contamination due to the humic 
substances isolation procedure was minimal. 

Bacterial biovolume increased to approximately 0.5 X 

106 pm3 ml-' in 8 of 9 treatments in Expt 2, regardless of 
the source of the humic substances or bacterial inocu- 
lum (Fig. 2). The exception was humic substances from 
the CP site inoculated with bacteria from this same site; 
in this treatment, the bacteria initially grew at nearly 
twice the rate measured in the other treatments (Fig. 2). 
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Fig. 1 Changes in bacterial biovolume over a 7 d incubation 
(Expt 1) dunng growth on hurnic substances (U) ,  deionized 
water alone (O), and deionized water with column leachate 
(A)  (n = 2 * 1 SE). Humic substances and bacteria were both 

from the SK slte 

As in Expt 1, there was little or no growth of bacteria in 
the column leachate treatments at  l x  or at 0.5 X concen- 
trations (Fig. 2). When SS bacteria were provided with 
half the natural concentration of SS humic substances 
( 0 . 5 ~  treatment), the final bacterial biovolume was ap- 
proximately half that at  the l x  concentration (0.23 X 106 
pm3 ml-l) (Fig. 2). 

Bacterial biovolume in Expt 3 reached a maximum 
value of 0.35 X 10\m3 ml-l in the l x  treatment after 
1.5 d of incubation, and approximately half that value 
(0.18 X 106 pm3 ml-') in the 0 . 5 ~  treatment (Fig. 3). The 
total oxygen consumption over 1.5 d (corrected for 
small oxygen decreases in the controls) was 
17 pM 0 2 .  Growth efficiency was calculated 
to be 22%, based on bacterial respiration 
(17 pM 02) and bacterial biomass yield (58 pg 
C 1-' or 4.8 pM C) in the l x  humic substances 
treatment, and assuming a bacterial respira- 
tory quotient of 1 (C02:02)  Changes in DOC 
concentration could not be reliably measured 
(they were small relative to the pool size) and 
therefore could not be used as an alternative 
approach to calculating growth efficiency. 
Previously, Tranvik & Hofle (1987) and Tran- 
vik (1988) estimated bacterial growth effi- 
ciency on lake water with high concentra- 
tions of humic substances to be 26% based on 
measurements of bacterial biomass produc- 
tion and DOC consumption. Thus, our esti- 
mates of bacterial growth efficiency on humic 
substances and the few published values for 
dissolved organic matter of this type both in- 
dlcate relatively efficient bacterial utilization 
of humic substances under conditions of suffi- 
cient inorganic nutrient concentrations. 

Cumulative bacterial carbon production, 
calculated from changes in bacterial biovol- 

ume between initial and final time points, ranged from 
58 to 176 vg C I-' (Table 2). Inorganic nutrients were 
more than adequate to support bacterial carbon pro- 
duction (assuming a 5:l C:N ratio arid a 50:l C:P ratio 
for bacterial biomass; Fagerbakke et al. 1996), indicat- 
ing bacterial growth was carbon limited during these 
experiments. Based on a bacterial growth efficiency of 
22 % for all experiments, the rapidly utilizable humic 
carbon pool (i.e. the fraction used within 5 to 7 d)  
ranged from 276 to 838 1-19 C I-' (Table 2). Humic sub- 
stances from the SR site had the highest concentration 
of biologically available carbon (838 pg C 1-l) and 
humic substances from the MP site had the lowest 
(276 pg C 1-l). Normalized to humic substance concen- 
trations, bacterial carbon demand ranged from 7.4 to 
18.1 p3 C rng-l humic substances (Table 2). Compar- 
isons between the 3 sites sampled at the same time 
(CP, CS, and SS in Expt 2) revealed no significant dif- 
ferences in biological availability of humic substances 
(ANOVA; p > 0.99). Approximately 1 to 2% of the 
humic substances was utilized by bacteria for all sites 
during these short-term experiments. 

DISCUSSION 

Because vegetation in the Okefenokee Swamp is a 
mosaic of many distinctive habitats, we had hypothe- 
sized that chemical composition and biological avail- 
ability of humic substances might vary among sites, as 

Fig. 2. Changes in bacterial biovolume over a 6 d incubation (Expt 2) 
during growth on hurnic substances from 3 sites (CP, CS, and SS) and in 
column leachate controls (CL) (n = 2 + 1 SE). Bacterial inoculum is from 
the CP (U), CS (01, or SS (A) sites, or from the SS site in 0 5 X SS 

humic substances ( A )  
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Table 2. Ut~l~zation of humlc substances d u r ~ n g  bacterial growth studies ( n  = 2 t 1 SE) 

Expt 

1 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
3 
3 

Humic 
substances 

source 

Bacterial Initial Bacterial 
inoculu~n humic yield 
source substances [P3 c I-') 

(mg C 1 '1 

SR 46.4 176 t 4 
CP 44.3 145 + 8 
CS 44.3 89+  16 
SS 45.1 70 + 28 
C P 41.5 82 t 6 
C S 41.9 100 t 15 
SS 42.7 104 + 25 
C P 51.3 1 1 8 2 6  
C S 51.5 1182 1 
SS 51.4 122 t 17 
SS 23.4 47 t 14 
M P  35.2 5 8 2  1 
M P 19.0 28 + 3 

Bacterial 
carbon 

demand 
(Pg c I - ' )  

Bacterial 
carbon demand 

(vg C mg-' 
humic substances) 

might the degradative abilities of the resident bacteria. 
This generally was found not to be  the case, with the 
exception of more rapid growth observed on CP humic 
substances when inoculated with resident bacteria. 
Chemical characterization indicated that CP humic 
substances had lignin phenol concentrations more 
than twice that of the other sites (Table l ) ,  suggesting 
differences in DOC composition. Murray & Hodson 
(1986) previously found DOC from the CP site to be 
inhibitory to bacterial growth, presumably because of 
secondary compounds released from the vegetation 
that dominates this habitat (primarily Nuphar advena). 
Our results suggest that resldent bacterial communi- 
ties may be better adapted to elther the unique chemi- 
cal characteristics of humic substances at this site or to 
the presence of inhibitory substances. 

Humic substances in the Okefenokee Swamp eco- 
system have the potential to play an  important tropho- 
dynamic role because of their characteristically high 
concentrations. We calculated the specific growth rates 
U) for bacteria in the bioassays, which are using humic 
substances as their sole carbon source, based on in- 
creases in biovolume between the end of the initial lag 
period (if any) and the timepoint at which biomass ac- 
cumulation began to slow down (usually a 3 to 5 d pe- 
riod). Specific growth rates averaged 0.030 i 0.009 h-' 
in Expt 1 (23 h doubling time), 0.026 + 0.007 h" in Expt 
2 (27 h doubling time), and 0.044 * 0.003 h-' in Expt 3 
( l x  treatment; 16 h doubling time). Because these ex- 
periments were carried out using a batch culture ap- 
proach with no new inputs of humic substances occur- 
ring during the incubations, the calculated p is 
expected to underestimate bacterial growth rates on 
humic substances in the natural system. Nonetheless, 
estimates of specific growth rates on dissolved humic 
substances are similar to estimates of specific growth 

rates in situ at the Mizell Prairie site from May 1990 
through February 1991 (0.024 i 0.009 h-'; Moran & 
Hodson 1992) and a t  5 different sites from August 1982 
through August 1983 (0.006 to 0.21 h-'; Murray & Hod- 
son 1985). These similarities in specific growth rates 
indicate that a portion of the humic substances pool is 
of similar substrate quality, as  the bulk DOC (humic 
plus non-humic components). Moran & Hodson (1990) 
previously found roughly equal contributions of humic 
and non-humic components of Okefenokee Swamp 
DOC to bacterial secondary production during growth 
in batch cultures. 

The dissolved humic substances in the Okefenokee 
Swamp are in large part formed in situ, and I4C aging 
indicates that they are derived from plant material of 
recent origin (130 yr) rather than from solubilization of 

Fig. 3. Changes in bacterial biovolume over a 4.5 d incubation 
(Expt 3) during growth on humic substances a t  l x  natural con- 
centration (O), humic substances at 0 . 5 ~  natural concentration 
(0), deionized water alone ( A ) ,  deionized water with column 
leachate at l x  concentration (W) ,  and deionized water with 
column leachate at 0 . 5 ~  concentration (0) (n = 2 t 1 SE). 
Humic substances and bacteria were both from the MP site 
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older peat stores (Thurman & Malcolm 1989). None- 
theless, the fraction of the humic substances pool sus- 
ceptible to bacterial degradation within the time frame 
of these studies was small, accounting for only 1 to 2 % 
of the total. If only a relatively small fraction of the 
humic substances pool is eventually utilized by bacte- 
ria, the fate of the remainder is of significant interest. 
One possibility is the active conversion of the biologi- 
cally refractory component of humic substances into 
more labile compounds. Transfer into the labile pool 
might be mediated by processes such as exposure to 
UV light (Kieber et  al. 1989, 1990) or oxidation of 
humic substances by manganese-oxidizing bacteria 
(Sunda & Kieber 1994). 
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