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In aquatic ecosystems, carbon (C) availability strongly influences nitrogen (N) dynamics. One manifestation of this linkage is the
importance in the dissolved organic matter (DOM) pool of dissolved organic nitrogen (DON), which can serve as both a C and
an N source, yet our knowledge of how specific properties of DOM influence N dynamics are limited. To empirically examine the
impact of labile DOM on the responses of bacteria to DON and dissolved inorganic nitrogen (DIN), bacterial abundance and
community composition were examined in controlled laboratory microcosms subjected to various combinations of dissolved
organic carbon (DOC), DON, and DIN treatments. Bacterial communities that had colonized glass beads incubated in a stream
were treated with various glucose concentrations and combinations of inorganic and organic N (derived from algal exudate, bac-
terial protein, and humic matter). The results revealed a strong influence of C availability on bacterial utilization of DON and
DIN, with preferential uptake of DON under low C concentrations. Bacterial DON uptake was affected by the concentration and
by its chemical nature (labile versus recalcitrant). Labile organic N sources (algal exudate and bacterial protein) were utilized
equally well as DIN as an N source, but this was not the case for the recalcitrant humic matter DON treatment. Clear differences
in bacterial community composition among treatments were observed based on terminal restriction fragment length polymor-
phisms (T-RFLP) of 16S rRNA genes. C, DIN, and DON treatments likely drove changes in bacterial community composition
that in turn affected the rates of DON and DIN utilization under various C concentrations.

Dissolved organic matter (DOM) is the largest component of
the organic matter pool in lotic ecosystems (1, 2). The con-

centrations and compositions of DOM vary spatially and tempo-
rally (3–5), which in turn affects the productivity of stream food
webs (6, 7). Heterotrophic bacteria are major consumers of DOM
(8, 9), and thus, DOM influences bacterial community composi-
tion (i.e., structure) and abundance (10–12).

The processing and fate of organic carbon (C) is fundamentally
and synergistically linked to the nitrogen (N) cycle (13, 14). De-
spite this linkage between the C and N cycles, many studies focus
solely on C dynamics (15–17) or N dynamics (18–20) rather than
their interrelationship. In streams, specifically, C and N are tightly
linked (21), and C availability strongly influences N dynamics (22,
23), yet our knowledge of how specific properties of DOM influ-
ence N dynamics is limited.

Nitrogen is an important component of DOM (24), and a ma-
jor fraction (often more than 50%) of the total dissolved N pool is
dissolved organic nitrogen (DON) (25–27). The DON pool is
composed of a continuum of compounds ranging from high-mo-
lecular-weight polymers, like polypeptides, to low-molecular-
weight monomers, like amino acids and urea (28, 29). DON is also
derived from different sources (e.g., allochthonous versus auto-
chthonous), which influence the composition and lability
(30, 31).

Allochthonous sources contribute the majority of refractory
DON to streams (32), whereas alga-derived DON is more labile
(33, 34). DON utilization by heterotrophic bacteria varies; the
labile fraction is readily utilized (35–38), while the recalcitrant
fraction is utilized with the aid of extracellular enzymes (39).

Reliance on organic versus inorganic forms of N depends on N
availability. The ability to take up dissolved inorganic nitrogen
(DIN) in the form of nitrate or ammonia is widespread among

bacteria; ammonia uptake is energetically favorable, but often ni-
trate is more available (40, 41). Although DON serves as a poten-
tial N (and C) source for microbial communities (28, 29, 42),
bacterial metabolism of DON is influenced by inorganic N con-
centrations (43). High DIN concentrations inhibit the production
of enzymes that scavenge N from DON (44) and reduce extracel-
lular hydrolysis of refractory DON (44, 45).

DOM serves as a substrate for bacterial growth (46), which in turn
increases the demand for assimilation of nitrogen (21). DON serves,
potentially, as both a C and an N source. The ability of DON to meet
the metabolic demand for organic C likely influences the assimilative
demand for N and whether, energetically, that demand is best met by
N from DON or DIN. To empirically examine the impact of labile
DOM on the responses of bacteria to DON and DIN, bacterial abun-
dance and community composition (based on terminal restriction
fragment length polymorphisms [T-RFLP] of 16S rRNA genes) (47)
were examined in controlled laboratory microcosms subjected to
various dissolved organic carbon (DOC), DON, and DIN treatments.
Bacterial communities that had colonized glass beads incubated in a
stream were treated with three labile C (glucose) concentrations and
four combinations of inorganic and organic N. Because DON is di-
verse and compounds vary in bioavailability, three DON sources
were examined: humic matter, bacterial protein, and algal exudate.
Additional energy expenditure is required for utilization of humic
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matter and protein because extracellular enzyme production is re-
quired for their assimilation (44, 48, 49). In contrast, algal exudates
are typically low molecular weight, more labile, and readily utilized by
bacteria (50–52).

MATERIALS AND METHODS
The bacterial communities used in the experiments were grown on etched
soda lime glass beads (4 mm in diameter; Fisher Scientific) that were
incubated in the West Branch of the Mahoning River, Portage County,
OH, USA (12, 53). The beads were autoclaved, packed in mesh bags
(80-�m mesh size; WildCo Wild Life Supply, Yulee, FL), and incubated
for 45 days in a riffle in the stream.

Water temperature, pH, conductivity, and dissolved oxygen (DO)
were measured using a Qd/IntelliCAL Rugged Field Kit (Hach Com-
pany, Loveland, CO), and turbidity was measured with a Hach tur-
bidometer, model 2100P, when substrates were deployed and re-
trieved. DOC and total nitrogen (TN) concentrations were determined
using a Shimadzu TOC5000 analyzer with TNM-1 (Shimadzu Corpo-
ration, Columbia, MD).

Upon retrieval, beads from bags were pooled and divided into sub-
samples. A portion of the beads were frozen at �80°C for DNA extraction
from the initial bacterial community, another portion were preserved with
8% paraformaldehyde in phosphate-buffered saline (pH 7.2) for bacterial
enumeration, and the remainder were used in experiments as described
below.

In the laboratory, each treatment and control was carried out in trip-
licate. Experiments were performed in flasks containing 10 g of beads in
150 ml of artificial stream water (ASW) (composition per liter, 12 mg
NaHCO3, 7.5 mg CaSO4 · 2H2O, 7.5 mg MgSO4, 0.5 mg KCl, 10 mg
CaCO3, 10 mg K2HPO4, pH 6.4). Treatments consisted of different N
sources (and concentrations) and different organic C concentrations (Table
1). The organic N sources were bacterial protein, algal exudate, and humic
matter (obtained as described below), and the source of inorganic N was
NaNO3. For each N treatment, there were three glucose concentrations (low,
medium, and high). N and DOC concentrations were selected based on the
average concentrations in the study stream (12). Positive controls (without N
but amended with low, medium, or high concentrations of glucose) were
used to examine the effect of glucose amendment on bacterial communities.
Negative controls (without C and N amendments) were also set up. The flasks

were incubated in the dark, to prevent photochemical degradation, with
shaking at 25°C and were sampled after 5 or 10 days.

Soluble bacterial proteins were obtained from cultures of Bacillus sub-
tilis, Pseudomonas aeruginosa, and Staphylococcus aureus incubated at
27°C for 24 h. Proteins were extracted using the Qproteome Bacterial
Protein Prep Kit (Qiagen, MD) according to the manufacturer’s protocol,
and proteins from the three bacteria were pooled. Algal exudates were
prepared by growing Chlamydomonas, Chlorella, and Synedra (Carolina
Biological Supplies, Burlington, NC) in ASW with 20 mg/liter of NaNO3.
Cultures were grown under constant light for 35 days and processed as
described below. Humic matter was derived from senescent red oak
(Quercus rubra), witch hazel (Hamamelis virginiana), and corn (Zea
mays) leaves extracted overnight in the dark in 0.027% NaCl and was
pooled. Algal exudates and leaf leachates were filtered through GF/F
filters (Whatman, Maidstone, United Kingdom) and filter sterilized
with 0.02-�m Anodisc filters (Whatman, Maidstone, United King-
dom). Nonionic DAX-8 resin (Supelco; Sigma-Aldrich, MO) was used
to separate the humic fraction of the leaf leachate from the nonhumic
fraction. The total DON and DOC concentrations of the bacterial
protein, algal exudate, and humic matter were measured with the Shi-
madzu TNM-1 and TOC-5000 analyzers, respectively (Shimadzu Cor-
poration, Columbia, MD).

After 5 or 10 days, ASW from the experimental units was filtered
through 0.22-�m-pore-size polycarbonate filters (Poretics, Livermore,
CA) before total dissolved organic carbon (TDOC) and total nitrogen
(TN) concentrations were determined as described above. Nitrate
(NO3

�) concentrations were measured via ion chromatography (Dionex
chromatography system; Thermo Fisher Scientific Inc., CA). pH was mea-
sured with a Delta 320 pH meter (Mettler-Toledo, OH).

At each of the two sampling points, 5 g of beads and 5 ml of ASW from a
given microcosm were preserved in 8% paraformaldehyde for bacterial enu-
meration. Subsequently, samples were treated with 0.1% tetrasodium pyro-
phosphate and sonicated at 40 kHz for 5 min (ultrasonic cleaner, model 2210;
Branson Ultrasonics Co., Danbury, CT) to detach bacterial cells (54). Samples
were then filtered through 0.2-�m black polycarbonate filters (Livermore,
CA) and stained with DAPI (4,6-diamidino-2-phenylindole) (55). Bacteria in
10 fields per filter were enumerated via epifluorescence microscopy and used
to calculate the total number of bacteria in each flask.

For DNA extraction, 5 g of beads from each microcosm were son-
icated as described above, and bacteria were concentrated by filtration
(0.22-�m-pore-size polycarbonate filters; Poretics). The filters were
frozen at �80°C until DNA was extracted using a Power-Soil DNA
extraction kit (MoBio Laboratories, Carlsbad, CA) following the man-
ufacturer’s instructions with minor modifications as described by
Feinstein et al. (56).

PCR of the 16S rRNA genes followed by T-RFLP was used to examine
the bacterial community structure. An equimolar mixture of 5=-ACTCC
TACGGGAGGCWGC-3= (Eub338F-0-III) and 5=-ACACCTACGGGTG
GCWGC-3= (Eub338F-I-II), labeled with 6-carboxyfluorescein, as for-
ward primers and 5=-ACGGGCGGTGTGTACA-3= (1392R) (W � A or T)
(57) as the reverse primer was used. Each 25-�l reaction mixture con-
tained GoTaq Flexi DNA polymerase (2.5 U), buffer (1�), MgCl2 (0.5
mM), bovine serum albumin (0.64 mg ml�1), deoxynucleoside triphos-
phates (0.2 mM each), and forward and reverse primers (0.2 �M each),
along with 2 �l of template DNA. Positive controls (P. aeruginosa genomic
DNA) and negative controls (sterile deionized water) were run with each
set of PCRs. Five PCRs per sample were carried out in a PTC 200 DNA
Engine Cycler (Bio-Rad, Hercules, CA) with a thermal profile of 94°C for
3 min and 40 cycles of 94°C for 30 s, 57°C for 30 s, and 72°C for 90 s,
followed by a final extension of 72°C for 7 min. The success of the PCR
amplification was verified by pooling the five reaction mixtures per sam-
ple and performing gel electrophoresis. PCR products were purified using
the Qiaquick PCR purification kit (Qiagen, Valencia, CA) and digested
with the endonuclease HaeIII (2 U) at 37°C for 18 to 24 h, followed by
another round of clean up with the Qiaquick PCR purification kit (Qia-

TABLE 1 Carbon and nitrogen treatments used in the experimenta

Carbon
treatment

Nitrogen
treatment

Glucose
(mg C/liter)

Organic
nitrogen
(mg N/liter)

Inorganic
nitrogen
(mg N/liter)

C-low OH � IL 0.5 1 0.5
OL � IH 0.5 0.5 1
OL � IL 0.5 0.5 0.5
OH � IH 0.5 1 1

C-medium OH � IL 10 1 0.5
OL � IH 10 0.5 1
OL � IL 10 0.5 0.5
OH � IH 10 1 1

C-high OH � IL 25 1 0.5
OL � IH 25 0.5 1
OL � IL 25 0.5 0.5
OH � IH 25 1 1

a Organic nitrogen sources consisted of bacterial protein, algal exudate, and humic
matter, and nitrate was the source of inorganic nitrogen. Three concentrations of
organic carbon, in the form of glucose, were used for each nitrogen treatment. OH,
organic nitrogen, high concentration; OL, organic nitrogen, low concentration; IH,
inorganic nitrogen, high concentration; IL, inorganic nitrogen, low concentration.
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gen, Valencia, CA). Analysis of PCR products was performed at the Ohio
State Plant Microbe Genomics Facility using a 3730 DNA Analyzer (Ap-
plied Biosystems, Foster City, CA). The results were analyzed with Gene
Mapper 4.0 (Applied Biosystems, Foster City, CA).

To identify bacterial sequences in microcosms treated with algal exu-
date and amended with a high glucose concentration, PCR products of
16S rRNA genes were cloned and sequenced. PCR was carried out with the
universal primers 27F (5=-AGAGTTTGATCMTGGCTCAG-3=) and
1552R (5=-AAGGAGGTGATCCARCCGCA-3=) (58, 59) in a PTC 200
DNA Engine Cycler (Bio-Rad, Hercules, CA) with a thermal profile of
94°C for 3 min and 35 cycles of 94°C for 30 s, 58°C for 30 s, and 72°C for
90 s, followed by a final extension of 72°C for 5 min. The amplified PCR
products were purified using a Qiaquick PCR purification kit (Qiagen,
Valencia, CA) before it was ligated into the pGEM-T vector, followed by
overnight incubation and transformation of competent Escherichia coli
cells according to the manufacturer’s protocol (Promega, Madison, WI).
Plasmids were isolated from transformants as described by Ausubel et al.
(60). Sequencing was performed at the Advanced Genetic Technologies
Center at the University of Kentucky in Lexington, KY, using M13 primers
[M13 forward sequencing primer, 5=-d(GTTTTCCCAGTCACGAC)-3=;
M13 reverse sequencing primer, 5=-d(CAGGAAACAGCTATGAC)-3=]
(Promega, Madison, WI). The plasmid sequence was removed, and am-
plicon sequences were trimmed for quality in Sequencher (Gene Codes
Corporation, Ann Arbor, MI) using the default settings. Sequences were
analyzed using BLAST at the National Center for Biotechnology Informa-
tion website (61).

Statistical analysis. Bacterial abundance, DOC, organic N, the nitrate
concentration, and terminal restriction fragment (T-RF) numbers were
compared among treatments via three-way analysis of variance (ANOVA)
using JMP statistical software (version 10; SAS Institute Inc., Cary, NC),
followed by Student’s t test and Tukey’s test for post hoc analysis; P values
of �0.05 were considered significant. To determine the relationship be-
tween the growth rate and chemical variables (the DOC and inorganic and
organic N used), multiple linear regression with stepwise forward and
backward selection was used. The values to enter and leave the analyses
were 0.10 and 0.05, respectively.

The contributions of N treatments, glucose concentrations, and the
interaction of these factors to variation in T-RFLP profiles were deter-
mined using redundancy analysis (62). R statistical software (version
2.15.1 for Windows) was used to determine differences in T-RFLP pro-
files. Variation in relative peak heights (the Hellinger distance) and the
absence and presence of peaks (Jaccard’s distance) were considered for
such analysis. Prior to analysis, the T-RFLP relative peak heights were
square root transformed.

In addition, the composition of the bacterial community was exam-
ined by calculating the relative abundance of dominant T-RF peaks (63,
64). Smaller T-RF peaks (which contributed less than 2% to the total) in a
pattern were lumped together as “other T-RFs.” Three-way ANOVA, fol-
lowed by Tukey post hoc tests, was used to identify differences in T-RF
patterns among treatments and times (5 and 10 days); percent relative
abundances of T-RFs were normalized by log transformation.

FIG 1 Increase in bacterial abundance after 5 and 10 days of incubation. (A to I) Humic matter (A to C), bacterial protein (D to F), and algal exudate (G to I)
as DON sources. C-Low, C-Medium, and C-High refer to glucose concentrations. O, organic N; I, inorganic N; H, high concentration; L, low concentration. The
values are means and standard errors. Different letters above the bars indicate significant differences (P � 0.05).
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RESULTS
Bacterial abundance. Growth of bacteria was determined based
on changes in abundance of both the attached and planktonic
cells. For each DON source separately, three-way ANOVAs were
used to test for significant differences in bacterial abundance
among treatments (Fig. 1). Growth of bacteria in microcosms
treated with DON derived from humic matter was relatively mod-
est, and at each of the three glucose concentrations, abundance at
the end of the experiment (10 days) was highest in microcosms
amended with the highest concentrations of both inorganic and
organic N (Fig. 1A to C). Under high and medium glucose con-
centrations, bacterial growth in high-DIN and low-DON treat-
ments was significantly lower than in treatments with both high
DIN and high DON, revealing bacterial growth on DON. After 5
days of incubation under all three glucose concentrations, growth
in treatments with high DIN and high DON was more similar to
growth in high DIN and low DON, which changed after 10 days.

When protein was the DON source, bacterial growth was 10-
fold higher than in microcosms with humic matter. However, like
humic matter, after 10 days of incubation, bacterial abundance
was highest in the high organic and inorganic N treatment under
high and low glucose concentrations (Fig. 1D to F). In contrast,
under a medium glucose concentration, responses to this treat-
ment were not significantly different from those under the high
inorganic and low organic N treatment. Like humic matter, after 5
days of incubation, bacterial growth under high DIN and high
DON was similar to growth in high DIN and low DON, except
under a high glucose concentration.

Bacterial abundance in microcosms with algal exudate as the
DON source was similar to that achieved by the protein amend-
ment. Also, like protein, after 10 days of incubation, the greatest
growth occurred in high-DIN and -DON treatments (Fig. 1G to

I), except under a medium glucose concentration. After 5 days of
incubation under high and medium glucose concentrations,
growth was significantly higher in the high-DIN and -DON treat-
ment than in the other treatments.

Controls were used to examine the effects of the glucose con-
centration alone on bacterial abundance. In these glucose-only
controls, cell numbers were significantly lower (10-fold lower af-
ter 5 days and 1,000-fold lower after 10 days) than in glucose with
N amendments (average abundance in glucose-only controls,
0.16 � 106 to 0.45 � 106 [5 days] to 0.07 � 106 to 0.36 � 106

cells/ml [10 days]). Negative controls were not amended with
DOC or N, and cell abundances were low, ranging from 0.9 � 105

to 1.17 � 105 (5 days) to 0.15 � 105 to 0.3 � 105 cells/ml (10 days).
DOC utilization. The average declines in DOC concentration

were 67.9% and 83.7% after 5 and 10 days, respectively. Final
DOC concentrations differed significantly among treatments. Re-
gardless of the DON source, in positive controls with medium and
high glucose amendments, the DOC concentration remaining was
significantly higher than in the respective N treatments after both
5 and 10 days of incubation (Table 2). Maximum DOC loss was
observed in treatments with low glucose concentrations and was
lowest in treatments with high glucose, DON, and DIN, irrespec-
tive of the DON source and the duration of incubation. Also,
microcosms with high and medium glucose had greater DOC loss
(more bacterial uptake) in treatments with high DON and low
DIN than in treatments with low DON and high DIN.

Because initial differences in DOC concentrations impacted
the final concentrations, DOC loss was expressed as DOC utiliza-
tion per bacterial cell (loss of DOC [i.e., the difference between
initial and final DOC concentrations] divided by bacterial abun-
dance) and differed significantly among treatments (Fig. 2). Gen-
erally, experimental microcosms with higher bacterial abundance

TABLE 2 Final DOC concentrations in C- and N-amended microcosms after 5 and 10 days of incubation

Carbon treatment Nitrogen treatmenta

Final DOC concn (mg C/liter)

Humic Bacterial protein Algal exudate

5 days 10 days 5 days 10 days 5 days 10 days

C-low OH � IL 0.57 0.40 0.35 0.18 0.30 0.17
OL � IH 0.50 0.33 0.35 0.18 0.23 0.12
OL � IL 0.41 0.14 0.27 0.16 0.25 0.10
OH � IH 0.51 0.36 0.38 0.24 0.32 0.15
Positive control 0.29 0.44 0.17 0.40 0.25 0.38
Negative control 0.21 0.83 0.25 0.79 0.22 0.74

C-medium OH � IL 6.72 4.35 5.24 2.73 5.00 2.40
OL � IH 5.02 2.62 4.11 2.02 3.93 1.96
OL � IL 8.13 6.01 5.13 2.96 5.95 2.59
OH � IH 5.33 1.80 3.94 2.15 4.11 1.83
Positive control 9.31 8.60 8.35 6.51 7.80 6.52
Negative control 0.21 0.83 0.25 0.79 0.22 0.74

C-high OH � IL 12.42 9.42 10.33 4.79 10.35 4.22
OL � IH 10.54 5.87 9.75 3.63 8.83 3.02
OL � IL 11.76 5.48 10.52 4.77 9.71 3.32
OH � IH 9.36 3.31 8.92 3.32 7.95 3.18
Positive control 22.18 19.07 19.33 17.16 18.22 6.52
Negative control 0.21 0.83 0.25 0.79 0.22 0.74

a Three concentrations of organic carbon, in the form of glucose, were used for each nitrogen treatment. OH, organic nitrogen, high concentration; OL, organic nitrogen, low
concentration; IH, inorganic nitrogen, high concentration; IL, inorganic nitrogen, low concentration.
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had lower DOC use per cell than those with low bacterial abun-
dance; bacterial DOC use per cell tracked with patterns of bacterial
abundance, with some exceptions. At the end of the experiment,
for all DON sources used, under low glucose concentrations, bac-
terial abundance in amendments with high DON and low DIN
was similar to that with low DON and high DIN (Fig. 1A, D, and
G). However, bacterial DOC use per cell was significantly lower in
the low-DON and high-DIN treatment than in the high-DON and
low-DIN treatment (Fig. 2A, D, and G).

Since bacterial DOC use per cell was a function of abundance,
in positive controls, DOC use per cell (average, 84.35 � 9 pg/cell)
was higher than DOC use in experimental microcosms. DOC was
not added to the negative controls, and thus, DOC use per cell was
below the detection limit.

N utilization. Bacterial utilization of organic and inorganic N
(based on declines in DON and DIN concentrations in micro-
cosms) differed significantly among treatments (Fig. 3). Irrespec-
tive of the DON source, under high DON, high DIN, and low
glucose concentration conditions, bacterial use of organic N was
significantly higher than use of inorganic N after both 5 and 10
days (Fig. 3A, D, and G). However, bacteria utilized organic and
inorganic N equally well under medium and high glucose concen-
trations, when bacterial protein and algal exudate were the DON
sources (Fig. 3E, F, H, and I). In microcosms treated with humic
matter under both medium and high glucose concentrations, bac-
terial use of DON was lower than that of DIN in amendments with
high DON and high DIN (Fig. 3B and C).

To determine if changes in pH played a role in bacterial re-
sponses, pH was measured initially after 5 and 10 days. Initial pH
values ranged from 6.50 to 7.45, and no significant differences in
pH were observed; final values ranged from 6.25 to 7.20 (5 days) to
6.05 to 6.79 (10 days).

T-RFLP. Based on redundancy analysis (RDA) of 16S rRNA
gene T-RFLP, bacterial community structures differed signifi-
cantly among treatments for all DON sources (P � 0.05). The
largest percentage of variation in community structure was ex-
plained by the interaction between the N treatment and the glu-
cose concentration (Table 3). Generally, the percentage of varia-
tion explained by this interaction was higher after 5 days (average,
83%) than after 10 days (average, 60%).

For bacterial communities in humic matter treatments, com-
positions varied among glucose concentrations and N treatments
after 5 days (Fig. 4A). However, after 10 days, only bacterial com-
munities under high glucose and low DIN and DON concentra-
tions were spatially separated on RDA axis 1, whereas communi-
ties from other treatments were clustered relatively close together
on this axis (Fig. 4B). Other treatments varied along RDA axis 2,
but generally, those with the same glucose concentrations were the
most similar.

For the humic matter amendments, the number of T-RFs was
highest in the treatment with low DON and high DIN under a high
glucose concentration but did not differ significantly among the
rest of the treatments after 5 days (Fig. 5A). However, after 10
days, there were significant differences in the numbers of T-RFs

FIG 2 Utilization of DOC per bacterial cell after 5 and 10 days of incubation. (A to I) Humic matter (A to C), bacterial protein (D to F), and algal exudate (G to
I) as DON sources. The values are means and standard errors. Different letters above the bars indicate significant differences (P � 0.05).
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among treatments, with the highest numbers recorded in micro-
cosms treated with high DON and DIN under low glucose con-
centrations (Fig. 5B).

There were also significant differences in the relative abun-
dances of T-RFs (Fig. 6A and B). For example, after 5 days under
low and medium glucose concentrations, T-RF-2 and T-RF-4 had
low relative abundances but were more dominant after 10 days.
T-RF-3 had high relative abundance in all treatments except un-
der high DON, low DIN, and low glucose. T-RF-12 and T-RF-19

were absent in all treatments after 5 days but together contributed
60% of the community in the treatment with low DON and high
DIN under high glucose concentrations after 10 days.

When bacterial protein was the DON source, after 5 days, bac-
terial community structures differed among glucose and N treat-
ments with no discernible pattern based on the treatment (Fig.
4C). However, after 10 days, communities became more similar,
with varying degrees of overlap. Under high glucose concentra-
tions, two N treatments (low DON plus high DIN and low DON
plus low DIN) had distinct communities (Fig. 4D). The numbers
of T-RFs differed significantly among treatments after 5 days, with
maximum numbers under high glucose concentrations (Fig. 5C).
However, after 10 days, the numbers of T-RFs decreased in all
treatments, and there were few significant differences in the num-
bers of peaks (Fig. 5D).

Significant differences among treatments were also observed in
relative abundances of T-RFs (Fig. 6C and D). Bacterial commu-
nities became more uniform in all the treatments, as they were
dominated mostly by T-RF-2, -6, and -7 after 10 days.

The compositions of bacterial communities treated with algal
exudate differed significantly among treatments after 5 days; a
high glucose concentration with high-DON and low-DIN, as well

FIG 3 Utilization of organic and inorganic nitrogen per bacterial cell after 5 and 10 days of incubation. (A to I) Humic matter (A to C), bacterial protein (D to
F), and algal exudate (G to I) as DON sources.

TABLE 3 Percent variation in bacterial community structure after 5 and
10 days as explained by N treatments, glucose concentrations, and the
interaction between thema

DON source

Variation (%) explained by:

N treatment Glucose concn
N treatment �
glucose concn

5 days 10 days 5 days 10 days 5 days 10 days

Humic matter 11 15 14 9 87 58
Bacterial protein 12 3.6 17 19 70 50
Algal exudate 13 8.1 20 54 91 72
a Based on redundancy analysis of 16S rRNA gene T-RFLP profiles.
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as low-DON and high-DIN, conditions had the most distinct
communities (Fig. 4E). However, after 10 days, communities in
the high-glucose treatments clustered together regardless of the N
treatment; this was also somewhat the case for the medium and
low glucose concentrations (Fig. 4F). As observed in the humic
matter amendments, the total number of T-RFs did not differ
significantly between 5 and 10 days. Irrespective of the incubation
period, no significant differences in numbers of peaks were ob-
served among treatments, except for the low-glucose, high-DON,
and low-DIN treatment after 5 days and the high-glucose, high-
DON, and high-DIN treatment after 10 days, which had relatively
low numbers of peaks (Fig. 5E and F). The relative abundances of
specific T-RFs differed significantly among treatments (Fig. 6E
and F). T-RF-1 was dominant in all treatments after 5 days. It
continued to be the dominant T-RF at the end of 10 days in treat-
ments with low and medium glucose amendments but was absent

under high glucose concentrations. T-RF-2 was absent in all treat-
ments with low-glucose amendments after 5 days. However, it
showed a striking increase (accounting for 72% to 88% of the
community) in treatments with high glucose after 10 days. Clon-
ing and 16S rRNA sequencing followed by BLAST comparisons to
GenBank performed on samples from this treatment revealed that
75% of the clones had a high degree of sequence similarity to
Pseudomonas spp. while the other 25% had more similarity to
members of the Enterobacteriaceae (Serratia spp., Klebsiella spp.,
and Proteus spp., as nearest neighbors) (Table 4). Out of 12 clones,
7 demonstrated maximum sequence similarity (95 to 97%) to
strains of P. aeruginosa.

DISCUSSION

Carbon availability exerts strong controls on bacterial N dynamics
(23, 65, 66). In aquatic ecosystems, heterotrophic bacteria meet

FIG 4 Ordination plots from redundancy analysis of 16S rRNA gene T-RFLP peak relative abundances after 5 (A, C, and E) and 10 (B, D, and F) days. (A and
B) Humic matter. (C and D) Bacterial protein. (E and F) Algal exudate. The values are means and standard errors.
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their N demand via utilization of inorganic and organic N, but the
interplay between DIN, DON, and labile DOC is not well under-
stood. In this study, we manipulated the supply of labile C to the
bacterial community and then followed loss of N and C and shifts
in bacterial community abundance and composition. We found
that the C supply impacted bacterial N utilization, and reliance on
organic versus inorganic N was determined by changes in the la-
bile-C concentration and the quality of organic N. Likewise, the
availability of N can also affect C dynamics. Low N availability can
result in bacterial sustenance by utilizing DOC for respiration and
converting it to CO2, whereas increased N availability would allow
bacteria to use DOC, not only for respiration, but also for growth.

In freshwater, more than 50% of total dissolved N is DON (25,
67, 68), which varies in composition and bioavailability (48).
DON is an important N source for heterotrophic bacteria (69, 70).
Since DON-derived N can be used either directly (71, 72) or indi-

rectly via extracellular enzymes (73, 74), bacterial uptake depends
on the nature of the DON pool. The stoichiometric ratio of C to N
varies among different DON compounds and plays a critical role
in nutrient mineralization by heterotrophic bacteria (75). While a
high C/N ratio implies low N availability, as is found in recalci-
trant compounds, like humic acids, a low C/N ratio implies in-
creased availability of N, as is found in labile compounds, such as
proteins. In our study, different DON sources elicited different
bacterial responses. For example, bacteria preferentially used DIN
over humic DON under medium and high glucose concentra-
tions, since DON derived from humic matter is more resistant to
biological degradation (52) and more energy is required (39).
However, bacterial uptake of humic DON was higher than that of
DIN under low glucose concentrations, suggesting that the humic
compounds served as sources of both N and C (76) under carbon-
limiting conditions. A high C/N ratio in humic matter coupled

FIG 5 Numbers of peaks of 16S rRNA gene T-RFLP profiles after 5 and 10 days of incubation. (A and B) After 5 days (A) and after 10 days (B) with humic matter
as the organic nitrogen source. (C and D) After 5 days (C) and after 10 days (D) with bacterial protein as the organic nitrogen source. (E and F) After 5 days (E)
and after 10 days (F) with algal exudate as the organic nitrogen source. The values are means and standard errors. Different letters above the bars indicate
significant differences (P � 0.05).
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with the refractory nature of humic compounds accounts for the
low bacterial abundance in microcosms treated with humic mat-
ter. Like humic DON, alga-derived DON and bacterial protein
were used more than DIN under low glucose concentrations and
were more labile (50), yielding greater bacterial abundances. In
contrast, under medium and high glucose concentrations, DIN
and DON were used equally, suggesting that even under condi-
tions where C is less limited, these DON mixtures are useful as C
and N sources.

In addition to impacts caused by differences in the type of
DON, the effects of addition of labile DOC were also examined.

DOC is an important driver of bacterial abundance (77), and as
expected, bacterial growth was stimulated by the addition of labile
DOC (78). In microcosms with high bacterial abundance, a rapid
decline in DOC from the water column, along with low DOC use
per cell, indicate strong competition for carbon within the bacte-
rial community (79). In most treatments, it was also observed that
DOC use per cell was lower after 10 days than after 5 days. This
may result from a relatively slow response of bacterial biofilms to
nutrient amendments compared to free-living bacteria in the wa-
ter column. However, low bacterial abundance in treatments with
low N availability and in positive controls without N amendment

FIG 6 Percentages of dominant T-RFs after 5 and 10 days of incubation. (A and B) After 5 days (A) and after 10 days (B) with humic matter as the organic
nitrogen source. (C and D) After 5 days (C) and after 10 days (D) with bacterial protein as the organic nitrogen source. (E and F) After 5 days (E) and after 10 days
(F) with algal exudate as the organic nitrogen source.
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suggests that more of the DOC is utilized for bacterial respiration
than for growth.

Heterotrophic bacteria differ in their utilization of C and N
based on their metabolic capabilities, and thus, bacterial commu-
nity composition plays a critical role in nutrient uptake (80). Bac-
terial community structures differed among DON sources and
treatments. Previous research revealed that while differences in
bacterial community composition can influence the metabolism
of organic N (81, 82), in freshwater ecosystems, changes in re-
sources (nutrient concentrations and quality) often trigger re-
sponses in community metabolism (83). Therefore, community
composition is both a driver of differences in C and N utilization
and an attribute that is influenced by C and N treatments.

Variation in community metabolism can result from physio-
logical acclimation, changes in community composition, or a
combination of the two (78, 84–86). In the experimental micro-
cosms, differences in utilization of N under varying C concentra-
tions is possibly due to changes in the abundance of bacteria with
different nutritional needs, resulting in shifts in community com-
position. Community composition and functional response are
highly correlated (87), and shifts in community composition can
be accompanied by changes in the hydrolytic ectoenzyme activity
(88).

We observed maximum differences in community structure
among treatments after 5 days, which diminished after 10 days
when bacterial protein and algal exudate were the DON sources. It
is likely that, as resources were depleted, lower bioavailability of C
and N led to slow-growing, stable communities that are domi-
nated by fewer T-RFs, with similar capabilities to utilize the
leftover resources (79). However, this was not observed in micro-
cosms treated with humic matter. In this case, lower bioavailabil-
ity of recalcitrant compounds possibly led to more diverse com-
munities composed of different T-RFs, because enzymatic
breakdown of complex compounds by some members allows the
uptake of the products by others in the community (39, 89). This
possibility is supported by the more balanced contributions of
multiple T-RFs in the communities of humic treatments relative
to other DON sources. Competition is another potential contrib-
utor to these differences in bacterial community composition
among treatments as bacteria interact to obtain the C and N re-
quired for their growth (79).

The shift to dominance by a limited subset of T-RFs was most

obvious in microcosms treated with high concentrations of glu-
cose, with algal exudate as the DON source. Regardless of the N
treatment, one T-RF accounted for approximately 80% of the
community. Based on 16S rRNA gene sequencing, these domi-
nant organisms were members of Pseudomonas, a genus that is
widely distributed in aquatic ecosystems (90, 91). Being geneti-
cally and metabolically versatile, Pseudomonas spp. are ubiquitous
and occupy multiple ecological niches (92). Several sequences had
strong similarity to that of P. aeruginosa, which is an efficient
competitor for resources; it produces antibiotics (79) and deploys
toxins to attack the cell walls of other bacterial competitors in a
community (93). In our experimental microcosms treated with
algal exudate and amended with high glucose, Pseudomonas spp.
possibly scavenged C and N, limiting their acquisition by other
members of the bacterial community. Also, the bead method used
may be selective or enriching for specific taxa, as in this laboratory
study with the biofilm community in a closed system, which pos-
sibly contributed to lower bacterial diversity by selecting for a
limited subset of taxa, such as Pseudomonas and members of the
Enterobacteriaceae.

Overall, there was a strong linkage between C availability and
bacterial utilization of DON over DIN. Bacterial utilization of
DON was related not only to the availability of inorganic N, but
also to the nature of the DON (labile versus recalcitrant). Differ-
ences in the use of organic N were strongly associated with differ-
ences in community composition. Most likely, C, DIN, and DON
treatments drove changes in bacterial community composition
that in turn affected the rates of DON and DIN utilization under
various C concentrations.
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