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Initial nitrogen enrichment conditions
determines variations in nitrogen substrate
utilization by heterotrophic bacterial
isolates
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Abstract

Background: The nitrogen (N) cycle consists of complex microbe-mediated transformations driven by a variety of
factors, including diversity and concentrations of N compounds. In this study, we examined taxonomic diversity and N
substrate utilization by heterotrophic bacteria isolated from streams under complex and simple N-enrichment conditions.

Results: Diversity estimates differed among isolates from the enrichments, but no significant composition were detected.
Substrate utilization and substrate range of bacterial assemblages differed within and among enrichments types, and not
simply between simple and complex N-enrichments.

Conclusions: N substrate use patterns differed between isolates from some complex and simple N-enrichments while
others were unexpectedly similar. Taxonomic composition of isolates did not differ among enrichments and was
unrelated to N use suggesting strong functional redundancy. Ultimately, our results imply that the available N pool
influences physiology and selects for bacteria with various abilities that are unrelated to their taxonomic affiliation.
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Background
Bacterial nitrogen (N) uptake and assimilation are
influenced by availability and nature of dissolved organic
and inorganic forms of N [1]. Simple N compounds are
readily available to heterotrophic bacteria [2–4], whereas
more complex N compounds require enzymatic degrad-
ation prior to uptake and assimilation [5, 6]. Hetero-
trophic bacterial communities use a variety of dissolved
organic nitrogen (DON) compounds, including amino
acids [7], nucleic acids [8], and proteins [9, 10], as
carbon, N, and/or energy sources, or directly as specific
compounds, such as via salvage pathways for amino
acids [11]. In addition to DON, dissolved inorganic
(DIN) species, such as nitrate [12] and ammonium [3],
are also used to meet N requirements.

The ability of bacterial communities to utilize particular
N types (simple vs. complex, labile vs. recalcitrant) depends
on taxonomic composition [13], biochemical capacities,
and competition with other bacteria for N [14]. Interactions
under differing conditions result in varied N-utilization
profiles [15, 16] among members of a bacterial community
and may lead to ecological specialization [17, 18]. Ultim-
ately, although N-utilization differs among heterotrophic
bacterial communities, there is uncertainty regarding the
scale at which common metabolic capabilities are shared
regardless of the dominant forms of available N.
In this study, we investigated utilization of N

substrates, ranging from labile to recalcitrant, by hetero-
trophic bacteria isolated from stream sediments under
different N-enrichments (simple and complex). We
sought to determine: 1) whether bacteria isolated
from complex and simple N-enrichments would be
taxonomically and compositionally different, and 2) if
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N-substrate utilization by isolated bacteria was dependent
on initial N-enrichment conditions.

Methods
Bacterial isolation
Stream sediment samples from three streams used in prior
N studies: West Branch of Mahoning River near Ravenna,
OH [19], Sycamore Creek located in Morgan County, IN
[20], and Sugar Creek near Shirley, IN [20] were incubated
in M9 minimal media, (amended with glucose as the
carbon source) with 8 different N compounds. All final N
concentrations were 94 mM. These included five single-
source N treatments (nitrate in the form of NaNO3,
ammonium, urea, glycine, and tryptophan), an equimolar
mixture of these compounds (ammonium + nitrate + urea
+ glycine + tryptophan), a bacterial protein (undefined
cellular extract) and nutrient broth (complex medium;
Difco BD nutrient broth [Becton, Dickinson and Com-
pany, Franklin Lakes, NJ, USA]). The bacterial protein was
obtained as described in Ghosh et al. (2013) [21]. Briefly,
soluble bacterial proteins were extracted from cultures of
Bacillus subtilis, Pseudomonas aeruginosa, and Staphylo-
coccus aureus incubated at 27 °C for 24 h and proteins
were obtained using the Qproteome Bacterial Protein
Prep Kit (Qiagen, MD, USA) and total DON quantified
using a Shimadzu TNM-1(Shimadzu Corporation,
Columbia, MD). Among the enrichments, ammonium,
nitrate, and glycine were considered simple N-
enrichments. Nutrient broth and the bacterial protein
extract were considered complex enrichments, as were
tryptophan and urea. In this study, urea was considered a
complex enrichment due to low bacterial uptake
compared to inorganic N species, amino acids and carbo-
hydrates in a study of freshwater bacterial N turnover
[22]. Tryptophan was considered complex due to its large
molar mass, and chemical composition [23]. The defined-
N-mixture (ammonium, nitrate, glycine, urea and trypto-
phan) was considered a simple enrichment for three
reasons. First, the abundance of simple compounds
relative to urea and tryptophan. Second, repression of the
nitrogen assimilation control (nac) operon for urea uptake
in the presence of ammonium and other simpler N com-
pounds [1], as is the case in the defined-N-mix. Third, the
high affinity for electrophilic substitutions in the indole
ring of tryptophan renders it readily deoxidized in the
presence of other compounds (including nitrate, carbon
dioxide, and ammonia) leading to modifications into other
compounds that could be utilized by bacterial cells [23].
Enrichments were incubated at 25°C for 24 h to isolate

fast-growing bacteria or for 72 h to isolate slow-growing
bacteria. Samples from each enrichment were used to
inoculate plates of the same composition mixed with
agar. Distinct colonies from respective plates were
selected for isolation into pure cultures.

16S rRNA gene amplification and sequence analyses
Genomic DNA was extracted from bacteria isolates
using the CTAB method followed by phenol: chloroform
extraction and ethanol precipitation as in Moore et al.
(2004) [24]. Polymerase chain reaction (PCR) was
carried out with the universal primers 27F (5′-
AGAGTTTGATCMTGGCTCAG-3′) and 1552R (5′-
AAGGAGGTGATCCARCCGCA-3′) [25] in a PTC 200
DNA Engine Cycler (Biorad, Hercules, CA) with a ther-
mal 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. Each 25 μl PCR reaction
mixture consisted of 2 μl of template DNA, 12.5 μl of
water, 0.5 μl of both forward and reverse primers, and
12.5 μl of GoTaq Pre- Mixed Green Master Mix
(Promega Corporation, Madison, WI). Amplified
products were visualized on a 1% agarose via gel electro-
phoresis, purified and submitted for Sanger sequencing
at the Advanced Genetic Technologies Center, at the
University of Kentucky (Lexington, KY), using the same
primer pair.
Resulting amplicon sequences were quality checked in

Sequencher (Gene Codes Corporation, Ann Arbor, MI)
using default settings. Sequences were classified using
the Classifier tool in the Ribosomal Database Project
(RDP) server [26]. Taxonomic affiliations of the isolates
were determined at a cut-off threshold of 80% in RDP,
and an operational taxonomic unit (OTU) table gener-
ated summarizing the taxa and abundance of isolates
from each enrichment at the class level. This table was
subsequently used to determine within-enrichment alpha
diversity estimates (Chao1) [27] in QIIME (version 1.9.0)
[28] following rarefaction. The reliance of Chao1
estimates on singletons, makes it a more robust esti-
mate. A non-metric multidimensional scaling (NMDS)
[29] analysis was performed on the Bray-Curtis distance
matrix and axes used to visualize relatedness among the
enrichments. Compositional difference between enrich-
ments was assessed using the analysis of similarity
(ANOSIM) multivariate test in QIIME.

Nitrogen substrate utilization assays
Substrate utilization by bacterial isolates was assessed
spectrophotometrically in 96-well microtitre plates. 12
single-source N-substrates (94 mM each) ranging from
labile to recalcitrant forms were used. The labile and
recalcitrant designations are based on known resistance/
refraction to degradation, bioavailability, and impacts on
bacterial growth. The substrates were nitrate, ammo-
nium, urea, glycine, proline, tryptophan, bacterial
protein, peptidoglycan, nucleic acid (purified DNA), algal
exudate, putrescine (polyamine), and humic matter.
Humic matter, algal exudates and nucleic acids were ob-
tained as described in Ghosh et al. (2013) [21]. Briefly,
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algal exudates were extracted from cultures of Chlamy-
domonas, Chlorella, and Synedra (Carolina Biological
Supplies, Burlington, NC) grown in artificial stream
water with 20 mg/L of NaNO3, under constant light for
35 days. Humic matter was extracted from senescent red
oak (Quercus rubra), witch hazel (Hamamelis virgini-
ana), and corn leaves (Zea mays) in 0.027% NaCl and
pooled. Nucleic acids were obtained following DNA
extraction from cultures of Bacillus subtilis, Pseudo-
monas aeruginosa, and Staphylococcus aureus incubated
at 27 °C for 24 h; extractions were performed using the
Power-Soil DNA extraction kit (MoBio Laboratories,
Carlsbad, CA) and nucleic acids were pooled among the
three cultures. Following initial cell lysis and precipita-
tion of bacterial cultures during DNA extraction, cell
debris was collected and quantified to represent peptido-
glycan. Putrescine was purchased from MP Biomedicals
(MP Biomedicals, Santa Ana, CA, USA). Of N treat-
ments, algal exudates, ammonium, nitrate, glycine, tryp-
tophan, and urea were considered labile [21, 30]
whereas, bacterial proteins, nucleic acid, and humic mat-
ter were considered recalcitrant [31, 32]. Peptidoglycan,
polyamine (putrescine) and proline (Amresco Biochemicals
and Life Science Research Products, Solon, OH, USA) were
considered intermediate compounds. The rationale for
these designation is that proline, as a N source in the pres-
ence of glucose, is suboptimal for E. coli growth [33], and
disproportionately accumulates in particulate residues
following microbial exposure, suggesting proline utilization
following degradation of more bioavailable N sources [34].
In contrast, bacterial growth is positively correlated with
tryptophan availability [35]. Peptidoglycan is designated an
intermediate compound because the efficiency of peptido-
glycan degradation by bacteria has ranges from 49% - 58%
depending on whether they were from gram negative or
positive bacterial sources, respectively [36]. Each of the 12
single-source N media had the same amount of nitrogen
(94 mM) as the standard minimal media used in
Maheswaran and Forchhammer 2003 [37] with glu-
cose as the only carbon source.
Before beginning the assays, bacterial cultures were in-

cubated in their respective broth media for 24–48 h
depending on growth rate. After cultures reached an op-
tical density (OD) of 0.4, they were centrifuged and
washed five times with N-free minimal media and diluted
1:10 with the N-free minimal media to minimize transfer
of N to the test plates. Washed cultures were subsequently
transferred to plates, making up 10% of the final assay
volume. Plates were incubated at room temperature for
6 days and OD determined at 600 nm every 12 h for the
first 48 h, and every 24 h for the remaining 4 days. Treat-
ments were carried out in triplicates for each isolate.
Bacterial growth rates (day−1) were calculated from OD600

values recorded at the different time points.

Assessment of substrate utilization and substrate range
used by isolates was carried out by dividing the growth
rates (day−1) into ranges as: −1 for growth rates <0, 0 for
rates between 0 and 29, 1 for rates between 30 and 39, 2
for rates between 40 and 99, and 3 for growth rates
>100. Substrate range for each isolate was calculated by
determining the mean score for each isolate across all 12
substrates. The score difference (Δ score = total isolate
score – mean) for each isolate was determined and then
used to categorize the substrate range of each isolate.
Isolates with positive score differences were categorized
as having broad substrate ranges and those with negative
score differences were categorized as having narrow
substrate ranges.

Statistical analysis
One-way analysis of variance (ANOVA) was used to
examine differences among enrichments based on the
Chao1 estimates without transformation. This was
followed by visualization of the NMDS coordinates using
the generated distance matrix, after the ANOSIM multi-
variate test of compositional differences. Differences in
patterns of N-utilization by bacteria isolates were ana-
lyzed using a mixed-model analysis with actual growth
rates as the dependent variable and N-enrichment and
N-substrates as independent variables. Relationship
between phylogenetic distance and substrate utilization
(growth rates expressed as scores as described above)
was examined using regression analysis, and the
relationship between categorical bacterial N-utilization
profiles (broad vs. narrow substrate ranges) and taxo-
nomic affiliations was examined using contingency
analysis followed by the Pearson’s chi-square test. Statis-
tical analyses were carried out in JMP 10 (SAS Institute
Inc., Cary, NC, USA) and QIIME (version 1.9.0).

Results
Composition and diversity of bacterial isolates from N-
enrichments
A total of 266 isolates representing 24 families were ob-
tained (Additional file 1: Table S1). The highest number
of isolates were from the nutrient broth enrichment
(58), followed by tryptophan (34), ammonium (32),
defined-N-mixture (31), glycine (29), nitrate (28) and
urea (28), with the bacterial protein enrichment yielding
the least number of isolates (26).
Taxonomically, four bacterial families, Comamonadaceae,

Enterobacteriaceae, Bacillaceae, and Pseudomonadaceae,
were most commonly isolated from complex N-
enrichments (bacterial protein, nutrient broth, urea and
tryptophan). In addition, 9 unique bacterial families
(present in only one enrichment) were detected from these
complex enrichments. Three families, Alteromonadales
incertae sedis (relative abundance, 3.57%), unassigned
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Sphaerobactereales (3.57%), and Methylophilaceae (3.57%),
were only detected from the urea enrichment. Planctomyce-
taceae (3.85%) was only detected from the bacterial protein
enrichment and five bacterial families, Burkholderiales
incertae sedis (1.69%), Shewanellaceae (6.78%), Pseudoalter-
omonadaceae (1.69%), Ferrimonadaceae (1.69%), and
Rhodocyclaceae (1.69%), were only detected only from the
nutrient broth enrichment (Fig. 1). Partial 16S rRNA
sequence data for each isolate are provided in Additional
file 2: Document 1.
Three bacterial families (Comamonadaceae, Entero-

bacteriaceae, and Pseudomonadaceae) were well repre-
sented in isolates from the simple N-enrichments
(ammonium, glycine, nitrate and defined-N-mixture)
and 4 unique bacterial isolates were detected. Oceanos-
pirillaceae (3.45%) was only detected from the glycine
enrichment. Halobacteriaceae (3.13%) and Chitinopha-
gaceae (3.13%) were only detected from the ammonium
enrichment and Unassigned Calescibacterium (3.23%)
was only detected from the defined-N-mixture enrich-
ments (Fig. 1).
Mean Chao1 diversity estimates at the family level

differed significantly among N-enrichments (F = 2.22;
df = 7, 136; P = 0.04), but there was no significant differ-
ence in alpha diversity between simple and complex
N-enrichments when grouped together. Individually,
the least diverse enrichments, tryptophan (1.83 ± 0.63,
mean ± s.e.) and defined-N-mixture (1.94 ± 0.63), were
significantly different from the most diverse enrichments,

glycine (4.35 ± 0.63) and nutrient broth (4.24 ± 0.63).
Bacterial protein (3.58 ± 0.63), urea (3.2 ± 0.63), nitrate
(3.14 ± 0.63) and ammonium (2.7 ± 0.63) enrichments
had comparable richness estimates.
In spite of observed differences in Chao1 diversity

estimates among N-enrichments and the presence of a
few enrichment-specific isolates, overall community
composition were very similar among N-enrichments
(ANOSIM; Test statistic = −0.013, P = 0.55, number of
permutations =1000, number of samples =24, number of
groups =8). In the NMDS plot (Fig. 2, stress <0.01), the
complex N-enrichments, tryptophan and nutrient broth
grouped separately from each other and from the
remaining two complex enrichments (urea and bacterial
protein), and the simple N-enrichment glycine, was
displaced from the other three simple N-enrichments,
ammonium, nitrate, and defined-N mixture, which clus-
tered closely together (Fig. 2). The observed
displacements may be attributed to the presence of
single unique isolates in several of the enrichments, but
these were not sufficient to result in significant differ-
ences in overall community composition.

Bacterial isolate N-utilization
Substrate utilization by isolates differed significantly
among the 8 initial source N-enrichments (F = 36.2;
df = 7, 3184; P < 0.001). Overall, substrate utilization
was lowest in bacteria obtained from the bacterial pro-
tein enrichment and highest in bacteria obtained from

Fig. 1 Relative abundances (%) of bacterial families of bacterial isolates from the eight initial N-enrichments
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glycine, defined-N mix, and tryptophan (Fig. 3). There
were significantly differences in substrate utilization by
isolates among the 12 N-substrates used (F = 557.2;
df = 11, 3180; P < 0.001), as well as significant N-enrich-
ment by N-substrate differences in utilization by bacteria
isolates (F = 3.9; df = 77, 3114; P < 0.001) (Fig. 4).

Substrate utilizations were lowest on recalcitrant nucleic
acid (6.02 ± 0.81) and humic matter substrates
(11.74 ± 0.81) for bacteria from all enrichments,
followed by peptidoglycan (17.9 ± 0.81) and bacterial
protein (29.2 ± 0.81) substrates. On the other hand, all
labile substrates, except for glycine and tryptophan were
efficiently utilized by bacteria from all N-enrichments.
Utilization of glycine, proline and tryptophan differed
among bacteria in a N-enrichment driven manner;
utilization of glycine and proline substrates were greater
among bacteria from the simple enrichments, whereas
utilization of tryptophan was greater among bacteria
from the complex enrichments (Fig. 4). Growth rates for
each of the 266 isolates are shown in Additional file 3:
Table S2. The relationship between substrate range/
utilization and N-enrichment was statistically significant
(Pearson’s test; Chi-square = 32.5, P < 0.0001), demon-
strating that initial enrichment influenced subsequent
substrate utilization and the range of substrates used.
However, there was no significant linear correlation
between average phylogenetic distance and average
substrate utilization (R-statistic = 0, P = 0.96).
Finally, among enrichments there were differences in

the range of substrates that were effectively utilized by
bacteria. Bacterial isolates from the simple defined-N-
mixture and ammonium N-enrichments had compara-
tively broader substrate ranges, followed by isolates from
the complex tryptophan and urea N-enrichments (Fig. 5)

Fig. 2 Displacement of bacterial communities within the NMDS plot
(Stress <0.01). Complex N-enrichments were tryptophan (open triangle),
nutrient broth (open diamond), urea (open inverted triangle), and
bacterial protein (open circle). Simple N-enrichments were glycine
(filled triangle), ammonium (filled circle), nitrate (filled inverted
triangle), and defined-N mixture (filled diamond)

Fig. 3 Actual growth rates averaged across all N substrates (day−1)
(mean ± s.e.) for bacterial isolates from the eight initial N-enrichments
(F (7, 3184) = 36.2, P < 0.001). The N-enrichments were: Nitrate,
Ammonium, Glycine, Tryptophan, Urea, Defined-N-mixture,
Bacterial Protein, and Nutrient Broth. Different letters represent
significantly different growth rates on each N-enrichment at P = 0.05

Fig. 4 Substrate utilization by groups of isolates from the initial
enrichments on the twelve substrates used in the substrate assay
(F(77, 3114) = 4, P < 0.001) depicted in a heat map. The color legend
indicates the scaled scores from −0.25 to 2.00, with high and moderate
substrate utilization shown as red and orange respectively, and the low
and least substrate utilization shown as shades of yellow and
green respectively
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(Additional file 4: Table S3). The bacterial protein en-
richment yielded isolates with the narrowest substrate
range, whereas the proportions of isolates with narrow
and broad substrate ranges were equivalent in the nitrate
and nutrient broth enrichments.

Discussion
Initial N-enrichments significantly impacted subsequent
N substrate use. However, these differences were not
related to taxonomy of the isolates. Likewise, bacteria
isolated from each of the 8 initial N-enrichments did not
differ in taxonomic composition in spite of differences
in richness and the presence of a number of unique taxa
in specific enrichments. In general, patterns of N sub-
strate use were influenced by enrichment rather than
taxonomy, suggesting there was enrichment-specific
selection for organisms independent of 16S rRNA gene
sequences. Thus the lack of a relationship between sub-
strate utilization and taxonomic affiliations is most likely
explained by taxon-independent capacity for N-
utilization (functional redundancy) [38].
Bacterial functional traits, such as nitrogen utilization

and substrate ranges are influenced by environmental
factors leading to variations in metabolic capabilities
and, ultimately, ecological specialization within micro-
bial assemblages and are taxon-independent [17, 18].
Additionally, substrate utilization patterns may be a
function of acclimation and physiological change rather
than reflective of genotypic differences. Isolates from
two complex enrichments (tryptophan and urea) and
three simple enrichments (ammonium, glycine and

defined-N-mixture) had similar substrate utilization
profiles and greater proportions of broad substrate range
isolates, suggestive perhaps of activated metabolic path-
ways enabling utilization of subsequent various N sub-
strates regardless of the initial enrichments. The same
explanation may be applied to the substrate utilization
profiles of the defined-N-mixture enrichment, wherein a
broad range of N compounds that can be utilized by
bacteria is to be expected. As a result, the nitrogen-rich
condition in this enrichment may have facilitated growth
of metabolically versatile and broad substrate range.
Utilization of other single N compounds and the pro-
duction of intermediates, such as ammonium by bacteria
isolates from these enrichments, may explain the
breadth of N substrate use and similarities in N-profiles
in the substrate assay [1].
Various operons within the bacterial nitrogen regula-

tion system (ntr) enable degradation and/or uptake of
diverse N sources [1, 5, 6]. Some of these operons are
only activated by specific N sources leading to their
rapid uptake, while others are repressed by certain N
sources and only activated in their absence leading to in-
stantaneous and primed N uptake pathways, respectively
[1]. Priming may have contributed to the observed
substrate ranges of isolates from complex enrichments.
For example, one pathway for tryptophan use is non-
oxidative degradation to ammonia, indole and pyruvate
via the indole pathway [39]. The pyruvate and ammonia
formed are then respectively used for respiration and
amino acid biosynthesis [39]. Along these same lines,
urea can be taken up by a variety of bacteria and
hydrolyzed to ammonium and CO2 by urease; the result-
ing ammonia is subsequently used for biosynthesis and
growth [40]. Finally, glycine is oxidatively degraded into
ammonium, CO2 and a methylene group via the glycine
cleavage system or glycine synthetase [41, 42]. Thus,
among these bacterial communities, similar substrate
utilization profiles may be attributed to shared/activated
metabolic capacities by differently primed nitrogen
utilization pathways selected by the various enrichments.
Although several bacteria families, including Planc-

tomycetaceae, were obtained from the bacterial pro-
tein enrichment, isolates from this enrichment were
predominantly narrow in their substrate ranges. The
combined presence of refractory N compounds, such
as membrane-bound proteins and histones in the pro-
tein extract [43], in addition to reported antimicrobial
activity of histones [44] during the initial bacterial
protein enrichment may have selected for bacteria
with different traits. Thus, the reduced growth rate
and subsequent narrow substrate range of these iso-
lates during the substrate assay may be attributed to
delayed or reduced activation of N scavenging en-
zymes in these bacteria.

Fig. 5 Proportion (%) of isolates with broad and narrow substrate
ranges from each enrichment following the substrate utilization assay
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Isolates from the nutrient broth enrichment had com-
parable proportions of members with broad and narrow
substrate ranges. Some of the substrates effectively
utilized by these isolates (labile free amino acids, algal
exudate and ammonium) were also present in the nutri-
ent broth enrichment (i.e. beef extract, labile and recalci-
trant peptides and amino acids, nucleotide fractions,
organic acids). Thus the subset of available and recalci-
trant N compounds in the initial enrichment may have
primed different nitrogen regulatory pathways in isolates
from this enrichment, resulting in broad and narrow
substrate ranges. Nitrate isolates also exhibited a similar
profile as seen in nutrient broth. Lower growth rates of a
variety of bacteria have been encountered when nitrate
is provided as the only nitrogen source under aerobic
conditions, due to lowered assimilatory nitrate reductase
function [45, 46]. In addition, isolates under high nitrate
conditions have been shown to reduce the production of
N scavenging enzymes [32], and extracellular hydrolytic
enzymes that degrade dissolved organic nitrogen species
[47]. Thus the initial nitrate enrichment condition may
have selected for isolates capable of effectively using
some substrates but not others.
Nitrogen substrates examined inherently differed in

their use regardless of the properties of the isolates.
Specifically, the most complex, recalcitrant compounds
(nucleic acids, peptidoglycan, and humics) were gener-
ally used poorly in comparison to other substrates. The
crystalline and polymerized forms of these compounds
makes them refractory to enzymatic degradation al-
though degradation of humic matter [48], nucleic acids
[49], and peptidoglycan [36] occurs under certain growth
conditions. Thus, the observed low utilization of these
recalcitrant substrates relative to the labile substrates
may be a function of the minimal media conditions used
in the substrate assay in this study.

Conclusions
We observed differences in N substrate use patterns
of bacteria from some complex and simple N-
enrichments while others were unexpectedly similar.
This is attributed to priming and metabolic flexibility.
Taxonomic composition of bacterial isolate groups
from the N-enrichments did not differ and was unre-
lated to N use, suggesting breadths of function and
strong functional redundancy. Given the considerable
functional variations among bacterial isolates, further
studies examining expression of functional gene
markers (transcripts) related to N utilization, quantifi-
cation of gene abundances, and direct quantification
of substrate utilization via stable isotope techniques
may provide insights into the metabolic processes re-
sponsible for observed similar N utilization profiles
from different enrichment conditions.

Additional files

Additional file 1: Table S1. Taxonomical affiliations (to genus) of the
266 bacterial isolates from the 8 initial N-enrichments. Description of data:
The name, and taxonomic identification to the genus level obtained for
bacterial isolates obtained from this study using the Classifier tool in
the Ribosomal Database Project (https://rdp.cme.msu.edu/classifier/
classifier.jsp). (DOCX 33 kb)

Additional file 2: Document 1. Partial bacterial 16S rRNA sequence
data. Description of data: The partial 16S rRNA bacterial sequence
information for all 266 bacterial isolates obtained in this study. (DOCX 94 kb)

Additional file 3: Table S2. Title: Growth rates of all bacterial isolates
from the initial N-enrichments on each of the 12 substrates. Description
of data: The growth rates of each bacterial isolate from each N-enrichment
on the 12 N-substrates used in the study. (DOCX 55 kb)

Additional file 4: Table S3. Title: Score differences (total isolate score –
mean) and substrate range classification of bacterial isolates from the initial
N-enrichments across substrates. Description of data: The score difference
between mean scaled growth rates and total scaled growth rates for each
isolate on the 12 N-substrates. Positive score differences represent isolates
with broad substrate range and negative score differences represent isolates
with narrow substrate range. (DOCX 28 kb)

Acknowledgement
We would like to thank Moumita Moitra and Erin Manis for their assistance in
this study.

Funding
This work was supported by Kent State University via a Graduate Student
Senate research grant, which had no roles in the design, execution, analysis
and preparation of this manuscript.

Availability of data and materials
All data generated or analysed during this study are included in this published
article [and its supplementary information files].

Author contributions
SG, TR, and LL conceived and designed the study. CB helped design the study,
assisted with statistical analysis and writing. SG collected the data. SG, OVB, CB,
and PAA analyzed the data. SG, PAA, LL, CB, OVB, TR wrote the manuscript. All
authors consent to the publication of the materials in this submission.

Competing interests
The authors declare no conflict of interest.

Consent for publication
Not applicable.

Ethics approval and consent to participate
Not applicable.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Author details
1Department of Biological Sciences, Kent State University, Kent, OH 44242,
USA. 2International Center for Tropical Botany (ICTB), Florida International
University, Miami, FL 33199, USA. 3School of Public and Environmental Affairs,
Indiana University, Bloomington, Bloomington, IN 47405, USA.

Received: 13 January 2017 Accepted: 29 March 2017

References
1. Merrick MJ, Edwards RA. Nitrogen control in bacteria. Microbiol Rev.

1995;59:604–22. http://www.ncbi.nlm.nih.gov/pmc/articles/PMC239390/.

Ghosh et al. BMC Microbiology  (2017) 17:87 Page 7 of 8

dx.doi.org/10.1186/s12866-017-0993-7
https://rdp.cme.msu.edu/classifier/classifier.jsp
https://rdp.cme.msu.edu/classifier/classifier.jsp
dx.doi.org/10.1186/s12866-017-0993-7
dx.doi.org/10.1186/s12866-017-0993-7
dx.doi.org/10.1186/s12866-017-0993-7
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC239390/


2. McCarthy JJ, Carpenter EJ. Nitrogen cycling in near-surface waters of the
open ocean. Nitrogen Mar Environ. Elsevier BV; 1983. p. 487–512. http://dx.
doi.org/10.1016/b978-0-12-160280-2.50022-5

3. Wheeler PA, Kirchman DL. Utilization of inorganic and organic nitrogen by
bacteria in marine systems. Limnol Oceanogr. 1986;31:998–1009. http://dx.
doi.org/10.4319/lo.1986.31.5.0998

4. Brookshire ENJ, Valett HM, Thomas SA, Webster JR. Coupled cycling of
dissolved organic nitrogen and carbon in a forest stream. Ecology.
2005;86:2487–96. http://dx.doi.org/10.1890/04-1184

5. Hoppe HG. Microbial extracellular enzyme cctivity: A new key parameter in
aquatic ecology. Microb Enzym. Aquat Environ. 1991. p. 60–83.
http://dx.doi.org/10.1007/978-1-4612-3090-8_4

6. Sinsabaugh RL, Findlay S, Franchini P, Fischer D. Enzymatic analysis of
riverine bacterioplankton production. Limnol Oceanogr. 1997;42:29–38.
doi:10.4319/lo.1997.42.1.0029.

7. Crawford CC, Hobbie JE, Webb KL. The utilization of dissolved free amino acids
by estuarine microorganisms. Ecology. 1974;55:551–63. doi:10.2307/1935146.

8. Paul JH, Cazares LH, David AW, DeFlaun MF, Jeffrey WH. The distribution of
dissolved DNA in an oligotrophic and a eutrophic river of Southwest
Florida. Hydrobiol. 1991;218:53–63. doi:10.1007/bf00006418.

9. Hollibaugh JT, Azam F. Microbial degradation of dissolved proteins in
seawater. Limnol Oceanogr. 1983;28:1104–16. doi:10.4319/lo.1983.28.6.1104.

10. Coffin RB. Bacterial uptake of dissolved free and combined amino acids in
estuarine waters. Limnol Oceanogr. 1989;34:531–42. doi:10.4319/lo.1989.34.3.0531.

11. Liechti G, Goldberg JB. Helicobacter pylori relies primarily on the purine
salvage pathway for purine nucleotide biosynthesis. J Bacteriol. 2011;194:
839–54. doi:10.1128/jb.05757-11.

12. Wheeler PA, Kokkinakis SA. Ammonium recycling limits nitrate use in the
oceanic subarctic Pacific. Limnol Oceanogr. 1990;35:1267–78. doi:10.4319/lo.
1990.35.6.1267.

13. Kassen R. The experimental evolution of specialists, generalists, and the
maintenance of diversity. J Evol Biol. 2002;15:173–90. doi:10.1046/j.1420-
9101.2002.00377.x.

14. Matias MG, Combe M, Barbera C, Mouquet N. Ecological strategies shape
the insurance potential of biodiversity. Front Microbiol. 2013;3 doi:10.3389/
fmicb.2012.00432.

15. Allison SD, Martiny JBH. Resistance, resilience, and redundancy in microbial
communities. Proc Natl Acad Sci. 2008;105:11512–9. doi:10.1073/pnas.
0801925105.

16. Carbonero F, Oakley BB, Purdy KJ. Metabolic flexibility as a major predictor
of spatial distribution in microbial communities. PLoS One. 2014;9:e85105.
doi:10.1371/journal.pone.0085105.

17. Futuyma D. The evolution of ecological specialization. Annu Rev Ecol Syst.
1988;19:207–33. doi:10.1146/annurev.ecolsys.19.1.207.

18. Devictor V, Clavel J, Julliard R, Lavergne S, Mouillot D, Thuiller W, et al.
Defining and measuring ecological specialization. J Appl Ecol. 2010;47:15–
25. doi:10.1111/j.1365-2664.2009.01744.x.

19. Olapade OA, Leff LG. Seasonal response of stream biofilm communities to
dissolved organic matter and nutrient enrichments. Appl Environ Microbiol.
2005;71:2278–87.

20. Baxter AM, Johnson L, Edgerton J, Royer T, Leff LG. Structure and function
of denitrifying bacterial assemblages in low-order Indiana streams. Freshw
Sci. 2012;31:304–17. doi:10.1899/11-066.1.

21. Ghosh S, Leff LG. Impacts of labile organic carbon concentration on organic
and inorganic nitrogen utilization by a stream biofilm bacterial community.
Appl Environ Microbiol. 2013;79:7130–41. doi:10.1128/aem.01694-13.

22. Jørgensen NOG, Kroer N, Coffin RB, Hoch MP. Relations between bacterial
nitrogen metabolism and growth efficiency in an estuarine and an open-
water ecosystem. Aquat Microb Ecol. 1999;18:247–61. doi:10.3354/
ame018247.

23. Alkhalaf LM, Ryan KS. Biosynthetic manipulation of tryptophan in bacteria:
pathways and mechanisms. Chem Biol. 2015;22:317–28. doi:10.1016/j.
chembiol.2015.02.005.

24. Moore E, Arnscheidt A, Krüger A, Strömpl C, Mau M. Section 1 update: Simplified
protocols for the preparation of genomic DNA from bacterial cultures. Microb
Ecol Man. 2008. p. 1905–19. http://dx.doi.org/10.1007/978-1-4020-2177-0_101

25. Lane DJ. 16S/23S rRNA sequencing. In: Stackebrandt E, Goodfellow M,
editors. Nucleic acid tech. Bact. Syst. New York: John Wiley and Sons; 1991.

26. Wang Q, Garrity GM, Tiedje JM, Cole JR. Naive bayesian classifier for rapid
assignment of rRNA sequences into the new bacterial taxonomy. Appl
Environ Microbiol. 2007;73:5261–7. http://dx.doi.org/10.1128/aem.00062-07

27. Chao A. Non-parametric estimation of the number of classes in a
population. Scand J Stat. 1984;11:265–70.

28. Caporaso JG, Kuczynski J, Stombaugh J, Bittinger K, Bushman FD, Costello
EK, et al. QIIME allows analysis of high-throughput community sequencing
data. Nat Methods. 2010;7:335–6. http://dx.doi.org/10.1038/nmeth.f.303

29. Mielke PW. Meteorological applications of permutation techniques based
on distance functions. Handb Stat. Elsevier BV; 1984. p. 813–830. http://dx.
doi.org/10.1016/s0169-7161(84)04036-0

30. Bronk DA. Dynamics of DON. Biogeochem Mar Dissolved Org Matter. Elsevier
BV; 2002. p. 153–247. http://dx.doi.org/10.1016/b978-012323841-2/50007-5

31. Billen G. Protein degradation in aquatic environments. Microb Enzym Aquat
Environ. 1991. p. 123–43. Available from: http://dx.doi.org/10.1007/978-1-
4612-3090-8_7

32. Chróst RJ. Environmental control of the synthesis and activity of aquatic
microbial ectoenzymes. Microb Enzym Aquat Environ. 1991. p. 29–59. http://
dx.doi.org/10.1007/978-1-4612-3090-8_3

33. Bren A, Park JO, Towbin BD, Dekel E, Rabinowitz JD, Alon U. Glucose becomes
one of the worst carbon sources for E.coli on poor nitrogen sources due to
suboptimal levels of cAMP. Sci Rep. 2016;6:24834. 10.1038/srep24834

34. Takasu H, Nagata T. High proline content of bacteria-sized particles in the
western North Pacific and its potential as a new biogeochemical indicator of
organic matter diagenesis. Front Mar Sci. 2015;2 doi:10.3389/fmars.2015.00110.

35. Jaeger CHIII, Lindow SE, Miller W, Clark E, FM. Mapping of sugar and amino
acid availability in soil around roots with bacterial sensors of sucrose and
tryptophan. Appl Environ Microbiol. 1999;65:2685–90.

36. Jörgensen NOG, Stepanaukas R, Pedersen A-GU, Hansen M, Nybroe O.
Occurrence and degradation of peptidoglycan in aquatic environments.
FEMS Microbiol Ecol. 2003;46:269–80. doi:10.1016/s0168-6496(03)00194-6.

37. Maheswaran M. Carbon-source-dependent nitrogen regulation in
Escherichia coli is mediated through glutamine-dependent GlnB signalling.
Microbiol. 2003;149:2163–72. doi:10.1099/mic.0.26449-0.

38. Philippot L, Andersson SGE, Battin TJ, Prosser JI, Schimel JP, Whitman WB, et
al. The ecological coherence of high bacterial taxonomic ranks. Nat Rev
Microbiol. 2010;8:523–9. doi:10.1038/nrmicro2367.

39. Vederas JC, Floss HG. Stereochemistry of pyridoxal phosphate catalyzed
enzyme reactions. Acc Chem Res. 1980;13:455–63. dx.doi.org/10.1021/
ar50156a004

40. Solomon CM, Collier JL, Berg GM, Glibert PM. Role of urea in microbial
metabolism in aquatic systems: a biochemical and molecular review. Aquat
Microb Ecol. 2010;59:67–88. doi:10.3354/ame01390.

41. Jacob GS. Garbow JR SJ& KG. Solid-state NMR studies of regulation of N-
(phosphonomethyl) glycine and glycine metabolism in Pseudomonas sp.
strain PG2982. J Biol Chem. 1998;262:1552–7.

42. Kikuchi G, Motokawa Y, Yoshida T, Hiraga K. Glycine cleavage system:
reaction mechanism, physiological significance, and hyperglycinemia. Proc
Japan Acad Ser B. 2008;84:246–63. http://dx.doi.org/10.2183/pjab.84.246

43. Keil RG, Kirchman DL. Utilization of dissolved protein and amino acids in the
northern Sargasso Sea. Aquat Microb Ecol. 1999;18:293–300. http://dx.doi.
org/10.3354/ame018293

44. Sol A, Skvirsky Y, Blotnick E, Bachrach G, Muhlrad A. Actin and DNA
protect histones from degradation by bacterial proteases but inhibit
their antimicrobial activity. Front Microbiol. 2016;7 doi:10.3389/fmicb.
2016.01248.

45. van ‘t Riet, Knook DL, Planta RJ. The role of cytochrome b1 in nitrate
assimilation and nitrate respiration in Klebsiella aerogenes.FEBS Lett 1972;23:
44–46. 10.1016/0014-5793(72)80280-1

46. Gates AJ, Luque-Almagro VM, Goddard AD, Ferguson SJ, Roldán MD,
Richardson DJ. A composite biochemical system for bacterial nitrate and
nitrite assimilation as exemplified by Paracoccus denitrificans. Biochem J.
2011;435:743–53. http://www.ncbi.nlm.nih.gov/pubmed/21348864.

47. Münster U, De Haan H. The role of microbial extracellular enzymes in the
transformation of dissolved organic matter in humic waters. Ecol Stud. 1998.
p. 199–257. http://dx.doi.org/10.1007/978-3-662-03736-2_10

48. Van Trump JI, Wrighton KC, Thrash JC, Weber KA, Andersen GL, Coates JD.
Humic acid-oxidizing, nitrate-reducing bacteria in agricultural soils. MBio.
2011;2:e00044–11-e00044–11. http://dx.doi.org/10.1128/mbio.00044-11

49. Antheunisse J. Decomposition of nucleic acids and some of their
degradation products by microorganisms. Antonie Van Leeuwenhoek.
1972;38:311–27. http://dx.doi.org/10.1007/bf02328101

Ghosh et al. BMC Microbiology  (2017) 17:87 Page 8 of 8

http://dx.doi.org/10.1016/b978-0-12-160280-2.50022-5
http://dx.doi.org/10.1016/b978-0-12-160280-2.50022-5
http://dx.doi.org/10.4319/lo.1986.31.5.0998
http://dx.doi.org/10.4319/lo.1986.31.5.0998
http://dx.doi.org/10.1890/04-1184
http://dx.doi.org/10.1007/978-1-4612-3090-8_4
http://dx.doi.org/10.4319/lo.1997.42.1.0029
http://dx.doi.org/10.2307/1935146
http://dx.doi.org/10.1007/bf00006418
http://dx.doi.org/10.4319/lo.1983.28.6.1104
http://dx.doi.org/10.4319/lo.1989.34.3.0531
http://dx.doi.org/10.1128/jb.05757-11
http://dx.doi.org/10.4319/lo.1990.35.6.1267
http://dx.doi.org/10.4319/lo.1990.35.6.1267
http://dx.doi.org/10.1046/j.1420-9101.2002.00377.x
http://dx.doi.org/10.1046/j.1420-9101.2002.00377.x
http://dx.doi.org/10.3389/fmicb.2012.00432
http://dx.doi.org/10.3389/fmicb.2012.00432
http://dx.doi.org/10.1073/pnas.0801925105
http://dx.doi.org/10.1073/pnas.0801925105
http://dx.doi.org/10.1371/journal.pone.0085105
http://dx.doi.org/10.1146/annurev.ecolsys.19.1.207
http://dx.doi.org/10.1111/j.1365-2664.2009.01744.x
http://dx.doi.org/10.1899/11-066.1
http://dx.doi.org/10.1128/aem.01694-13
http://dx.doi.org/10.3354/ame018247
http://dx.doi.org/10.3354/ame018247
http://dx.doi.org/10.1016/j.chembiol.2015.02.005
http://dx.doi.org/10.1016/j.chembiol.2015.02.005
http://dx.doi.org/10.1007/978-1-4020-2177-0_101
http://dx.doi.org/10.1128/aem.00062-07
http://dx.doi.org/10.1038/nmeth.f.303
http://dx.doi.org/10.1016/s0169-7161(84)04036-0
http://dx.doi.org/10.1016/s0169-7161(84)04036-0
http://dx.doi.org/10.1016/b978-012323841-2/50007-5
http://dx.doi.org/10.1007/978-1-4612-3090-8_7
http://dx.doi.org/10.1007/978-1-4612-3090-8_7
http://dx.doi.org/10.1007/978-1-4612-3090-8_3
http://dx.doi.org/10.1007/978-1-4612-3090-8_3
http://dx.doi.org/10.1038/srep24834
http://dx.doi.org/10.3389/fmars.2015.00110
http://dx.doi.org/10.1016/s0168-6496(03)00194-6
http://dx.doi.org/10.1099/mic.0.26449-0
http://dx.doi.org/10.1038/nrmicro2367
http://dx.doi.org/10.1021/ar50156a004
http://dx.doi.org/10.1021/ar50156a004
http://dx.doi.org/10.3354/ame01390
http://dx.doi.org/10.2183/pjab.84.246
http://dx.doi.org/10.3354/ame018293
http://dx.doi.org/10.3354/ame018293
http://dx.doi.org/10.3389/fmicb.2016.01248
http://dx.doi.org/10.3389/fmicb.2016.01248
http://dx.doi.org/10.1016/0014-5793(72)80280-1
http://www.ncbi.nlm.nih.gov/pubmed/21348864
http://dx.doi.org/10.1007/978-3-662-03736-2_10
http://dx.doi.org/10.1128/mbio.00044-11
http://dx.doi.org/10.1007/bf02328101

	Abstract
	Background
	Results
	Conclusions

	Background
	Methods
	Bacterial isolation
	16S rRNA gene amplification and sequence analyses
	Nitrogen substrate utilization assays
	Statistical analysis

	Results
	Composition and diversity of bacterial isolates from N-enrichments
	Bacterial isolate N-utilization

	Discussion
	Conclusions
	Additional files
	Acknowledgement
	Funding
	Availability of data and materials
	Author contributions
	Competing interests
	Consent for publication
	Ethics approval and consent to participate
	Publisher’s Note
	Author details
	References

