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In agricultural cropping systems, crop residues are sources of organic carbon (C), an important factor
influencing denitrification. The effects of red clover, soybean, and barley plant residues and of glucose on
denitrifier abundance, denitrification gene mRNA levels, nitrous oxide (N,0) emissions, and denitrification
rates were quantified in anoxic soil microcosms for 72 h. nosZ gene abundances and mRNA levels significantly
increased in response to all organic carbon treatments over time. In contrast, the abundance and mRNA levels
of Pseudomonas mandelii and closely related species (nirSp) increased only in glucose-amended soil: the nirS,
guild abundance increased 5-fold over the 72-h incubation period (P < 0.001), while the mRNA level signifi-
cantly increased more than 15-fold at 12 h (P < 0.001) and then subsequently decreased. The nosZ gene
abundance was greater in plant residue-amended soil than in glucose-amended soil. Although plant residue
carbon-to-nitrogen (C:N) ratios varied from 15:1 to 30:1, nosZ gene and mRNA levels were not significantly
different among plant residue treatments, with an average of 3.5 X 107 gene copies and 6.9 x 107 transcripts
g~ ! dry soil. Cumulative N,O emissions and denitrification rates increased over 72 h in both glucose- and
plant-tissue-C-treated soil. The nirS, and nosZ communities responded differently to glucose and plant residue
amendments. However, the targeted denitrifier communities responded similarly to the different plant residues

under the conditions tested despite changes in the quality of organic C and different C:N ratios.

Denitrification is the enzymatic, stepwise reduction of ni-
trate and nitrite to the gases nitric oxide (NO), nitrous oxide
(N,O), and molecular nitrogen (N,). A series of reductases,
including nitrate reductase (Nar), nitrite reductase (Nir), nitric
oxide reductase (Nor), and nitrous oxide reductase (Nos), are
in the denitrification respiratory chain. Nitrous oxide is a
known greenhouse gas with a global warming potential 296
times that of carbon dioxide (CO,) (29), resulting in serious
environmental concerns. Denitrification in agricultural soils is
a leading source of anthropogenic N,O, especially in humid
climates (4).

Crop residues are important sources of C and N in agricul-
tural cropping systems (28). Crop residues affect the rate of
denitrification (27), primarily by increasing organic C availabil-
ity, one of the most important factors influencing denitrifica-
tion (39). The rate of plant tissue decomposition depends on
the physical characteristics of the plant residues, such as resi-
due particle size and the quality of the crop residue. The
amount of available N (25) and the C-to-N (C:N) ratio (2) are
often the best indicators of the availability of C in plant resi-
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dues; however, they do not explain the differences in plant
residue decomposition rates in all studies (28).

Increases in rates of denitrification enzyme activity (DEA)
and N,O emissions in soils have been observed after the in-
corporation of crop plant residues (17, 27), and the addition of
plant residues has been found to influence the composition and
diversity of the denitrifying community (11, 33). Plant residues
also influence the partitioning of gaseous losses to N,O and
N,; plant residues with lower C:N ratios increase the amount
of N,O produced compared with N,, while N, is the predom-
inant gaseous product from soil amended with plant residues
with higher C:N ratios (24).

Denitrifier community abundances in environmental sam-
ples, including agricultural soils (13, 26, 30, 31), estuarine sed-
iment (16), and activated sludge (1, 19), have been quantified.
Miller et al. (31) found a positive correlation between the
abundance of Pseudomonas mandelii (a predominant cultur-
able denitrifier from agricultural soil in New Brunswick, Can-
ada [12]) and C addition. Miller et al. (30) also found increases
in the abundances of P. mandelii and related species (cnorBp)
and the nosZ-bearing community after the addition of plant
residues to soil. In another study, denitrifier community abun-
dance increased in soil microcosms after the addition of arti-
ficial rhizosphere exudates (AREs), with the exception of the
nosZ-bearing community (23).

Quantitative reverse transcriptase (RT) PCR (qRT-PCR)
has been used to quantify the mRNA levels of genes involved
in denitrification, which provides insight into active denitrifier
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communities (6, 36). This technique has been used to evaluate
denitrification gene expression in Thiobacillus denitrificans un-
der denitrifying conditions (6) and to quantify the abundance
of denitrification gene transcripts in estuarine sediments (36).
To date, there have been no studies to assess the effect of
complex C sources, such as crop plant residues, on denitrifi-
cation gene expression in agricultural soils.

The objective of this research was to evaluate the effect of
complex C sources on denitrifier abundance and mRNA levels
in an agricultural soil. Our hypothesis was that the addition of
different plant residues would result in different levels of abun-
dance and/or denitrification mRNA levels due to differences in
C availability, as indicated by differences in C:N ratios of the
plant residues, and that greater C availability would stimulate
greater denitrifier abundance and/or activity. We also hypoth-
esized that the increase in N,O emissions observed after the
addition of plant residues was due to an increase in the deni-
trifier abundance and/or denitrification mRNA levels. Glucose
was used as a simple and readily metabolized organic C source
for comparative purposes. Complex C sources included plant
residues from two legume species, red clover (Trifolium prat-
ense cultivar AC Endure) and soybean (Glycine max cultivar
90M101), and one nonlegume, barley straw (Hordeum vulgare
cultivar Encore). The complex C sources were chosen to reflect
representative rotation crops used in potato production in At-
lantic Canada.

MATERIALS AND METHODS

Soil characteristics and sampling. Soil was collected from a 0- to 15-cm depth
from a field in potato (Solanum tuberosum)-spring wheat (Triticum aestivum L.)
rotation in Fredericton, New Brunswick, Canada (45°52'N, 66°31'W). The soil
was collected in September 2007 after potato harvesting. The soil was coarse
loamy till and contained 111 g kg~' clay, 345 g kg~ ' sand, and 543 g kg~ silt as
determined by a pipette method with organic matter removal. The soil pH was
6.0, as determined by a 1:1 soil-water suspension. The organic C concentration
was 25.5 g kg ™!, and the total N concentration was 1.70 g kg~ !, as determined by
combustion (Leco CNS-1000) (9, 32). Soil was frozen at —20°C (6 months) to
limit biological activity. Fields in New Brunswick, Canada, are snow covered/
frozen for at least 4 months each winter, so soil communities are commonly
subjected to similar conditions. At the start of the experiment, soil was thawed at
room temperature, air dried to a gravimetric water content of 0.30 g g~ ' dry soil,
homogenized, and passed through a 2-mm sieve. The soil was stored in the dark
at room temperature for 5 days prior to use.

Plant tissue preparation. Soybean, red clover, and barley were seeded on 9
May 2007 and were sampled on 26 July 2007. After 78 days of growth, the red
clover crop was ready for its first harvest, the soybean crop was flowering, and the
barley crop was not yet mature. The plant tissues used as C treatments were an
above-ground plant biomass of red clover and soybean and only stalks of barley
straw. Collected plant tissues were dried at 55°C and ground for passage through
a 2-mm screen. The total C and N contents of the plant tissue were determined
by combustion with an Elementar varioMACRO apparatus (Elementar Ameri-
cas Inc., Mt. Laurel, NJ). Total C concentrations were similar in the plant tissues,
with values of 444, 422, and 432 g C kg~ ! for barley straw, soybean, and red
clover residues, respectively. However, the total N concentration varied among
plant tissues, with values of 14.8, 18.8, and 36.8 g N kg~ ! for barley straw,
soybean, and red clover residues, respectively. The C:N ratios were 30:1, 22:1,
and 15:1 for barley straw, soybean, and red clover, respectively. The C:N ratio of
the barley straw was relatively lower than expected from data reported previously
by Miller et al. (30) because the straw was not completely mature at the time of
sampling.

Experimental design. The experiment was a randomized complete-block de-
sign, with incubation time and C treatment as fixed factors and six replicates. The
experimental blocks were three time periods (1 week each), and in each block,
two completely randomized replicates of the experiment were conducted. There
were duplicate soil jars, one incubated with the addition of 10% (vol/vol) acet-
ylene (C,H,; inhibits the reduction of N,O to N,) to quantify total denitrification
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and one incubated without the addition of C,H, to quantify N,O emissions, for
each treatment combination. Treatments included a control with no C amend-
ment (C0) and amendment with 1,000 mg C kg~ dry soil as glucose (G1000), red
clover (RC1000), soybean (S1000), or barley straw (B1000). Each treatment
included 500 mg N kg~' dry soil as potassium nitrate (KNOs) to ensure a
nonlimiting nitrate supply. The required quantity of C treatment was added to
approximately 180 g soil (quantity required for an individual jar) and incorpo-
rated into the soil by mixing. Nitrate solution was added to obtain a water content
equivalent to a water-filled pore space (WFPS) of 70%. The soil was then packed
into 250-ml canning jars (Bernardin, Toronto, ON, Canada) with a 2-cm head-
space. The jars were sealed with a screw lid fitted with a rubber septum, evac-
uated to 2 torr, flushed with nitrogen (N,) gas, and equilibrated to atmospheric
pressure. The sealed jars were placed immediately into an incubation chamber at
25°C for 72 h. Each jar was packed in a time series so that there was less than 2
min between the addition of carbon treatment and the start of incubation.
Treated soils were destructively sampled at 0, 2, 4, 8, 12, 24, 48, and 72 h of
incubation. A 20-ml headspace gas sample was taken from jars that were incu-
bated with and without C,H, at the end of the incubation periods and injected
into a previously evacuated Exetainer (Labco, United Kingdom) containing the
desiccant magnesium perchlorate. The jars were opened, and 25 g of soil was
sampled to perform analytical measurements, including measurements of ex-
tractable organic carbon (EOC), nitrate (NO; ™), and ammonium (NH,") con-
centrations. A soil sample comprised of a composite of six subsamples amounting
to a total weight of 10 g was flash-frozen using liquid nitrogen and kept at —80°C
for nucleic acid extraction.

Analytical methods. Headspace gas was analyzed for N,O and CO, concen-
trations by using a Varian Star 3800 gas chromatograph (Varian, Walnut Creek,
CA) fitted with an electron capture detector (to measure N,O), a thermal
conductivity detector (TCD; to measure CO,), and a Combi-PAL Autosampler
(CTC Analytics, Zwingen, Switzerland). The electron capture detector was op-
erated at 300°C with 90% Ar and 10% CH, carrier gas at 20 ml min~' with a
Haysep N 80/100-mesh precolumn (0.32 cm in diameter and 50 cm in length) and
Haysep D 80/100-mesh analytical columns (0.32 ¢cm in diameter and 200 cm in
length) in a column oven operated at 70°C. The precolumn was used in combi-
nation with a 4-port valve to remove water from the sample. The TCD was
operated at 130°C with prepurified He carrier gas at 30 ml min~! and a
Haysep N 80/100-mesh (0.32-cm diameter by 50-cm length) precolumn fol-
lowed by a Porapak QS 80/100-mesh (0.32-cm diameter by 200-cm length)
analytical column maintained at 70°C.

Concentrations of EOC, NO; ™, nitrite (NO, "), and NH," were quantified
from 25 g of soil previously shaken for 45 min with 50 ml of 0.5 M K,SO,. The
extracts were vacuum filtered and stored at —20°C until they were colorimetri-
cally analyzed with a Technicon Auto Analyzer II system (Technicon Industrial
Systems, Terrytown, MA). Technicon industrial methods 455-76W/A and 97-
70W were used to determine the concentrations of EOC and NH, ", respectively.
Technicon Industrial Method 100-70W was used to determine the concentrations
of NO;~ plus NO, ™ and NO, ", where the latter was performed without the
cadmium reduction coil.

Nucleic acid extraction. DNA and RNA were coextracted from 1.5 g soil and
split equally into two 2-ml tubes according to a method described previously by
Griffiths et al. (20). Genomic DNA was obtained from half of the nucleic acids
from each duplicate soil extraction and combined into a single tube. From the
other half of the extracted nucleic acids, RNA was further purified by using 50 U
DNase (127 U/pl) (Invitrogen, Burlington, ON, Canada) in 200 pl of buffer (1.1
mM CaCl, and 1.1 mM MgCl in Tris-HCI [pH 7.5]) and then incubated for 1 h
at 37°C. RNA was extracted using phenol-chloroform-isoamyl alcohol (25:24:1),
incubated at room temperature for 5 min, and centrifuged for 5 min. RNA from
the aqueous phase was precipitated by incubation overnight at —20°C with twice
the volume of 97% ethyl alcohol (EtOH) and a 1/10 volume of 5 M NaCl. The
RNA was pelleted by centrifugation at 16,000 X g for 45 min and resuspended
in nuclease-free, RT-PCR-grade water. RNA from duplicate extractions was
combined before being purified using an RNeasy Cleanup column (Qiagen,
Mississauga, ON, Canada). The quality of DNA and RNA was assessed by
agarose (1.0% [wt/vol]) gel electrophoresis. The lack of DNA in the RNA
samples was confirmed by performing a PCR without reverse transcriptase. The
RNA and DNA were quantified by using the fluorescent dyes Ribogreen and
Picogreen, respectively, as recommended by the manufacturer (Invitrogen, Bur-
lington, ON, Canada).

Primers used in this study. Primers targeting several denitrifier communities
were tested on DNA and cDNA synthesized from total RNA isolated from soil.
Primers for nirS (8, 26, 38), nirK (21), and nosZ (22) were tested by using
quantitative PCR (qPCR) conditions and cycling parameters as described pre-
viously.
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TABLE 1. Bacterial strains used to test specificity of primers

qPCR result

Species® Class” with
primers®
Nondenitrifiers
Achromobacter cycloclastes Betaproteobacteria -
ATCC 21921
Alcaligenes faecalis ATCC Betaproteobacteria -
35655
Bradyrhizobium japonicum Alphaproteobacteria -
USDA 110
Escherichia coli ATCC 29425  Gammaproteobacteria -
nirK gene-bearing species
Ochrobactrum anthropi Alphaproteobacteria -
ATCC 49187
nirS gene-bearing species
Azoarcus tolulyticus ATCC Betaproteobacteria -
51758
Paracoccus denitrificans Alphaproteobacteria -
ATCC 17741
Paracoccus denitrificans Alphaproteobacteria -
ATCC 19367
Pseudomonas fluorescens Gammaproteobacteria -
ATCC 13525
Pseudomonas mandelii PD 30 ~ Gammaproteobacteria +
Pseudomonas mandelii PD 8 Gammaproteobacteria +
Pseudomonas mandelii PD 2 Gammaproteobacteria +
Pseudomonas stutzeri ATCC Gammaproteobacteria -
14405
Pseudomonas stutzeri ATCC Gammaproteobacteria -
17588
Thauera aromatica DSMZ Betaproteobacteria -
14793

“ ATCC, American Type Culture Collection (Manassas, VA); USDA, U.S.
Department of Agriculture (Beltsville, MD); DSMZ, Deutsche Sammlung von
Mikroorganismen und Zellkulturen GmbH (Braunschweig, Germany).

® Data from the literature.

¢+, PCR product of the expected size; —, no PCR product.

Primers were designed to target the nirS gene of P. mandelii and closely related
species (nirSp). Pseudomonas lini and P. migulae have been isolated from soil
(bulk and rhizosphere) and were shown to be taxonomically close to P. mandelii
(15). Primers were designed in the identified conserved region found among P.
mandelii (GenBank accession number DQ518190) strains and the closely related
species P. lini (accession number DQ518197) and P. migulae (accession number
DQ518195) by using Primer Select (Lasergene 7) based on standard conditions
for quantitative PCR as recommended by Applied Biosystems (Foster City, CA).
The designed primers nirSsh2F (ACC GCC GCC AAC AAC TCC AAC A) and
nirSsh4R (CCG CCC TGG CCC TTG AGC) amplified a 244-bp fragment using
PCR. The specificity of the primers was tested by comparing their sequences with
sequences from the GenBank database and by PCR with genomic DNA from
several pure cultures of denitrifying and nondenitrifying strains as templates
(Table 1). Eleven amplification products from the primer pair using extracted
soil genomic DNA as a template were cloned into the vector pCR2.1 TOPO
(Invitrogen), sequenced (Robarts Research Institute Sequencing Facility, Lon-
don, ON, Canada), and then compared to sequences from the GenBank data-
base.

Quantitative PCR. Gene copy number and transcript abundance for the nirSp-
and nosZ-bearing communities were quantified via qPCR and qRT-PCR using
an Applied Biosystems (Streetsville, ON, Canada) ABI Prism 7000 thermal
cycler and SYBR green detection. Quantitative PCR for nirSp gene numbers was
performed by using SYBR green PCR master mix (Invitrogen), primers nirSsh2F
and nirSsh4R at 300 nM each, 0.25 ng T4 gene 32 protein (New England Biolabs,
Pickerington, ON, Canada), and 5 pl of a 1:100 dilution of DNA extracted from
soil (about 10 ng DNA) in a 25-ul reaction mixture. Cycling conditions were 1
cycle of 50°C for 2 min followed by 1 cycle of 95°C for 10 min and then 40 cycles
of 95°C for 15 s, 68.4°C for 30 s, 72°C for 30 s, and 83°C for 30 s. Fluorescence
was measured at 83°C to remove signal from any nonspecific products or primer-
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dimers. qPCR for nosZ-bearing community gene numbers was performed in a
25-ul final volume with the same reaction mix components as those described
above for the nirSp gene except that the primers used were nosZ1F and nosZ1R
(22) at concentrations of 300 nM and 400 nM, respectively, and 2 ul of a 1:50
dilution of DNA extracted from soil (about 10 ng DNA) was used. The cycling
conditions were 1 cycle of 50°C for 2 min, 1 cycle of 95°C for 10 min, and 6 cycles
of 95°C for 15 s, 68°C to 62°C (—1°C per cycle) for 1 min, and 81.5°C for 30 s,
followed by 40 cycles of 95°C for 15 s, 62°C for 1 min, and 81.5°C for 30 s.
Fluorescence was read at 81.5°C. No template controls were included in triplicate
for both nirSp and nosZ primer sets.

nirSp transcripts were quantified by using the SuperScript III Platinum One-
Step qRT-PCR kit (Invitrogen) in a 25-pl reaction mixture according to the
manufacturer’s recommendations. Primers nirSsh2F and nirSsh4R were used at
300 nM and 500 nM, respectively, and the reaction mixture contained 5 pl of a
1:100 dilution of RNA extracted from soil (about 500 pg RNA). The cycling
conditions were identical to those previously described for measurements of
nirSp gene numbers with the exception that the initial incubation at 50°C was
extended to 30 min to facilitate reverse transcriptase activity. nosZ transcripts
were quantified as described above for the nirSp transcripts by using primers
nosZ1F and nosZ1R at same concentrations as those used for qPCRs. The
reaction mixture contained 2 pl of a 1:50 dilution of RNA extracted from soil
(about 500 pg RNA), and cycling conditions were identical to those described
above for nosZ gene copy number determinations with the exception that the
initial incubation at 50°C was extended to 30 min. No template controls and no
reverse transcription controls (nine random samples) were included in triplicate
to ensure that contaminating DNA was not present.

Standard curves were constructed for the absolute quantification of nirSp and
nosZ gene numbers and transcripts. For a standard curve of nirSp, genomic DNA
from P. mandelii strain PD30 (13) was used to amplify a nirSp gene fragment by
using primers nirSsh2F and nirSsh4R, which was then cloned in the TOPO vector
and verified by sequencing. The plasmid was linearized by digestion with Sacl
(Roche, Laval, Quebec, Canada) and quantified by using Picogreen. The copy
number of the nirSp-containing plasmid was calculated from the concentration
and size (base pairs) of the extracted plasmid. A standard curve was generated
by using three replicates of 10-fold serial dilutions (from 10! to 10° copies) of
linearized plasmid containing the nirSp sequence as a template and the
cycling conditions described above. For the standard curve of nosZ, genomic
DNA from Pseudomonas brassicacearum strain PD5 (13) was used to amplify
a nosZ gene fragment by using primers nosZ1F and nosZ1R. The gene
fragment was cloned and sequenced as previously described (30). The plas-
mid carrying the nosZ fragment was used to generate a standard curve of
nosZ as described above for the nirSp standard curve and using the PCR
conditions described above for nosZ.

Soil DNA and RNA extracts were tested for the presence of coextracted
inhibitory substances. A known quantity of nirSp gene fragment bearing plasmid
or RNA from a pure culture of P. mandelii cells grown under anoxic conditions
was used as a control reaction. A concentration of the nirSp gene fragment or
RNA identical to that used for the controls was added to soil DNA or RNA
extracts that were serially diluted 10-fold. The nirSp product was amplified by
using qPCR or qRT-PCR. Gene copy or transcript numbers were compared with
those of the control reactions. The presence of inhibitors in soil at 10° and 10~
dilutions resulted in no amplification or in lower cycle threshold values than
those of the control reactions. A 1072 dilution of soil DNA or RNA templates
was not inhibitory to the qPCR or qRT-PCRs.

Data analysis. All statistical analyses were conducted by using Systat software
12 (Systat Software Inc., Chicago, IL). Homogeneity of variance within the data
was tested by using Levene tests. Data were tested for normality by using the
Shapiro-Wilk test, and all nonnormal data were log transformed. A mixed-model
three-way analysis of variance was performed based on a randomized complete-
block design with treatment and time as fixed factors and block as a random
factor. Interactions were tested by using Tukey-adjusted least-squares means.
Simple main effects were determined by performing post hoc Tukey honestly
significant difference tests. Regression analyses were performed to determine
possible relationships between NO;~, EOC, CO,, N,O, or total denitrification
and gene copies and transcripts of nosZ and nirSp at individual time points.
Treatment means and standard errors presented in the figures were calculated
from untransformed data. Significance was accepted at a P value of <0.05.

RESULTS

Changes in soil analyte concentrations in response to or-
ganic carbon treatment. The C treatments had a significant
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FIG. 1. Soil concentrations of NO;~ (A), NO,~ (B), NH," (C), and EOC (D). Treatments consisted of 0 mg C kg~ dry soil (C0), 1,000 mg
glucose-C kg~ ! dry soil (G1000), 1,000 mg red clover-C kg~ 'dry soil (RC1000), 1,000 mg soybean-C kg ' dry soil (S1000), and 1,000 mg barley
straw-C kg~ ! dry soil (B1000). Values are means (n = 6). Error bars are =1 standard error. Significant differences among mean values are
represented in two ways based on Tukey’s test (P < 0.05): (i) differences among treatment means for individual time points are represented by
letters adjacent to the time points but only for sampling dates in which significant differences among treatments means exist, and (ii) differences
among treatment means averaged across time points are shown by letters in the figure legend.

effect on the soil nitrate (NO; ) concentration (P < 0.001)
(Fig. 1A). Following the application of 1,000 mg C kg™ * dry
soil as glucose (G1000), the soil NO; concentration de-
creased from 443 mg NO; -N kg™* dry soil at 0 h to 15 mg
NO; -N kg~ ! dry soil at 72 h. In contrast, there was no sig-
nificant difference among soils amended with 1,000 mg C kg "
dry soil as red clover (RC1000), as soybean (S1000), and as
barley (B1000) and for the nonamended soil (CO) (Fig. 1A),
and soil NO; ™ concentrations did not change significantly over
time for these treatments. The C treatments also had a signif-
icant effect on the soil nitrite (NO, ) concentration (P <
0.001) (Fig. 1B). The nitrite concentration significantly in-
creased with the G1000 treatment at 48 h and 72 h (average of
36 mg NO, -N kg~ ! dry soil) and with the B1000 treatment at
48 h (11 mg NO, -N kg~ * dry soil) compared with the nitrite
concentration at the beginning of the incubation, whereas the

NO,~ concentrations with C0, RC1000, and S1000 did not
increase significantly during the incubation period (Fig. 1B).

The soil ammonium (NH, ") concentration at the start of the
incubation period was very low, <0.1 mg NH,"-N kg~ ' dry
soil. For the C0, G1000, S1000, and B1000 treatments, the
NH," concentration remained very low and reached concen-
trations ranging from 0.8 to 2.0 mg NH,* kg~ ' dry soil at 72 h
(Fig. 1C). The NH,* concentration of the RC1000 treatment
was significantly higher than those for all other treatments
(P < 0.001) and averaged 0.6 mg NH,*-N kg~ dry soil for the
first 24 h of incubation and then increased over time to a final
concentration of 4.4 mg NH,"-N kg~ ! dry soil at 72 h.

EOC concentrations in soil were significantly affected by soil
treatments (P < 0.001). The soil EOC concentration with the
C0 treatment did not change over time, while the EOC con-
centration significantly decreased over the incubation period in
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all C-amended soils (Fig. 1D). The EOC concentration was not
significantly different among the RC1000, S1000, and B1000
treatments (average of 127 mg EOC kg™ 1) at 0 h; however, it
was significantly higher for the G1000 treatment (816 mg EOC
kg~ ! dry soil) at 0 h. The EOC concentrations of the plant-
amended soils reached similar values at the end of the incu-
bation, with an average of 31.7 mg EOC kg ' dry soil, whereas
the EOC concentration of the G1000 treatment was 123 mg
EOC kg™ ! dry soil at 72 h.

Effect of carbon treatment on N,O emissions, denitrification
activity, and respiration. Cumulative denitrification was quan-
tified from soils incubated with acetylene (C,H,), and cumu-
lative N,O emissions were quantified from soil incubated with-
out C,H,. There was no significant difference between
denitrification and N,O emissions (P = 0.697), indicating that
almost all gaseous emissions from denitrification occurred as
N,O (Fig. 2A and B). However, some differences were noted
between total denitrification and N,O emission data sets. For
example, there was significantly more total denitrification with
the G1000 treatment at 72 h than with other treatments, but
cumulative N,O emissions with G1000 at 72 h were different
only for the CO treatment at 72 h. Discrepancies between the
two data sets are probably due to the use of two different jar
sets to measure total denitrification and N,O emissions. Cu-
mulative N,O emissions and denitrification significantly in-
creased over 72 hin all treatments (P < 0.001) (Fig. 2A and B).
Cumulative denitrification and N,O emissions from CO0,
G1000, RC1000, S1000, and B1000 after 72 h averaged 3, 94,
39, 36, and 60 mg N,O-N kg~ ' dry soil, respectively (Fig. 2A
and B). The cumulative N,O emissions and denitrification
from nonamended soil were negligible. The cumulative deni-
trification at the end of the incubation was equivalent to 10, 26,
39, 50, and 33% of the reduction in soil NO; and NO, con-
centrations for the C0, G1000, RC1000, S1000, and B1000
treatments, respectively.

Soil respiration was measured over the experiment by quan-
tifying cumulative CO, emissions. There was no difference in
respiration between soils incubated with and those incubated
without C,H, (P = 0.139), indicating that C,H, was negligible
as a C source for soil microbes. Respiration significantly in-
creased (P < 0.001) over the incubation period for all treat-
ments (Fig. 2C) and averaged 16, 199, 106, 99, and 142 mg
CO,-C kg ! dry soil for the C0, G1000, RC1000, S1000, and
B1000 treatments at 72 h, respectively (Fig. 2C). Respiration
was significantly higher in C-amended soil than in non-
amended soil. Within the C-amended soils, the CO, emissions
from G1000 were significantly greater than that from the plant
tissue C-amended soils at 72 h (Fig. 2C). The CO, emissions
from the B1000 treatment were significantly greater than the
CO, emissions from the legume-amended soil (RC1000 and
$1000). When corrected for CO, emissions from the non-
amended soil, the increases in cumulative CO, emissions mea-
sured at 72 h were the equivalents of 29, 11, 10, and 15% of the
C added for the G1000, RC1000, S1000, and B1000 treatments,
respectively. Therefore, C concentrations in red clover, soy-
bean, and barley straw were estimated to be about 38%
(RC1000 CO,/G1000 CO,), 34% (S1000 CO,/G1000 CO,),
and 51% (B1000 CO,/G1000 CO,), respectively, as available
for microbial respiration as glucose C.
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FIG. 2. Total denitrification (N,O plus N,) (A), cumulative N,O
emissions (B), and respiration (C). Treatment mixtures were incubated
with C,H, to measure cumulative denitrification or without C,H, to
measure cumulative N,O emissions. Respiration was calculated from
the average between soils incubated with and those incubated without
C,H,. Treatments consisted of 0 mg C kg~ ! dry soil, 1,000 mg glu-
cose-C kg~ ! dry soil, 1,000 mg red clover-C kg~ ' dry soil, 1,000 mg
soybean-C kg~ ! dry soil, and 1,000 mg barley-C kg~ ! dry soil. Values
are means (n = 6). Error bars are *1 standard error. Significant
differences among mean values are represented in two ways based on
Tukey’s test (P < 0.05): (i) differences among treatment means for indi-
vidual time points are represented by letters adjacent to the time points
but only for sampling dates in which significant differences among treat-
ments means exist, and (ii) differences among treatment means averaged
across time points are shown by letters in the figure legend.
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Specificity of nirSp, primers. Alignment of nirS nucleotide
sequences from the related Pseudomonas species P. mandelii,
P. lini, and P. migulae showed a high degree of identity (96 to
98% identity) among these species; thus, primers were de-
signed to quantify this group of denitrifiers. The specificity of
the primers was tested by PCR using genomic DNA from four
nondenitrifying bacteria, one nirK-bearing denitrifier, and 10
nirS-bearing bacterial species as templates (Table 1). Amplifi-
cation with the nirSp primers resulted in the expected 244-bp
fragment for all P. mandelii strains tested (Table 1). No PCR
products were obtained for nondenitrifiers, the nirK-bearing
denitrifier, and other nirS-bearing denitrifiers (Table 1). When
soil genomic DNA and cDNA (synthesized from total RNA)
were used as templates, the nirSp primers amplified a single
DNA fragment of the expected size. The 11 clones bearing the
nirS fragment obtained by PCR amplification of soil genomic
DNA showed between 97 and 99% sequence identity with P.
mandelii nirS (GenBank accession number DQ518190), P. lini
(accession number DQ518197), and P. migulae (accession
number DQ518195) (GenBank accession numbers GU353322
to GU353332). Of the 11 clones sequenced, no other known
Pseudomonas sp. nirS genes were amplified by using these
primers.

Denitrifier abundance and denitrification gene mRNA lev-
els. Primers targeting nirS- or nirK-bearing denitrifiers did not
successfully amplify both genomic DNA and ¢cDNA from soil
even after exhaustive optimization of the PCR conditions and
cycling parameters. Primers targeting nosZ (22) and nirSp were
successful in amplifying both DNA and cDNA from soil nu-
cleic acid extractions.

The nosZ abundance decreased numerically for all treat-
ments between 0 and 12 h, but this change in the nosZ abun-
dance was not statistically significant. The nosZ abundance
during the first 12 h of the incubation did not differ among
treatments and averaged 7.7 X 107 gene copies g ' dry soil
(Fig. 3A). The nosZ abundance significantly increased after
12 h for all treatments (P < 0.001), reaching 1.8 X 10%, 3.0 X
108,5.1 X 108, 6.3 X 108, and 5.5 X 10® gene copies g~ 'dry soil
for the CO, G1000, RC1000, S1000, and B1000 treatments,
respectively, at 72 h. The nosZ abundance with the RC1000,
$1000, and B1000 treatments averaged over time were signif-
icantly higher than those with the G1000 and CO treatments.
G1000 and CO had similar mRNA levels when averaged over
time (Fig. 3A). The nosZ mRNA levels increased significantly
over the 72 h of incubation in C-amended soils (P = 0.001),
with averages of 1.7 X 107 transcripts g~ * dry soil at 0 h and of
6.9 X 107 transcripts g~ " dry soil at 72 h, representing a 4-fold
increase (Fig. 3B). The nosZ mRNA levels did not change over
time with the C0 treatment, with an average of 1.1 X 107 gene
transcripts ¢! dry soil. There were significantly more nosZ
transcripts in the C-amended soils than in the nonamended soil
at 48 h and 72 h (Fig. 3B). The nosZ mRNA levels for plant
residue treatments averaged over time were significantly
higher than those with G1000 and C0. There was a significantly
higher nosZ mRNA level with G1000 averaged over time than
with the CO treatment. Similar results were observed when
ratios of nosZ gene mRNA levels/abundance were calculated,
with averages of 0.32 = 0.41 for CO0, 0.45 = 0.32 for G1000, and
0.51 = 0.37 to 0.56 £ 0.38 for plant residue treatments.

The nirSp abundance responded significantly to the treat-
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FIG. 3. Quantification of nosZ gene numbers (A) and nosZ tran-
scripts (B) using qPCR and RT-qPCR, respectively. Treatments con-
sisted of 0 mg C kg~ ! dry soil (C0), 1,000 mg glucose-C kg~ ! dry soil
(G1000), 1,000 mg red clover-C kg™ ! dry soil (RC1000), 1,000 mg
soybean-C kg~ ! dry soil (§1000), and 1,000 mg barley straw-C kg ' dry
soil (B1000). Values are means (n = 6). Error bars are +1 standard
error. Standard curve descriptors and detection levels are as follows:
for nosZ gene numbers,y = —3.33x + 39.14, R> = 0.999, E = 99.9%,
and NTC = undetected; for nosZ transcripts,y = —3.27x + 38.41, R*=
0.999, E = 102%, and NTC = undetected. Significant differences
among mean values are represented in two ways based on Tukey’s test
(P < 0.05): (i) differences among treatment means for individual time
points are represented by letters adjacent to the time points but only
for sampling dates in which significant differences among treatments
means exist, and (ii) differences among treatment means averaged
across time points are shown by letters in the figure legend.

ments (P < 0.001) (Fig. 4A). The nirSp gene copy numbers in
the G1000 treatment were significantly higher than those for
all other treatments after 24 h and remained higher for the
remainder of the incubation period. The nirSp gene copy num-
bers with the G1000 treatment increased about 7.5-fold, from
8.1 X 10* gene copies g~ * dry soil at 12 h to 6.1 X 10° gene
copies g~ ! dry soil at 72 h. The nirS, abundances with the C0,
RC1000, S1000, and B1000 treatments averaged over time did
not differ from each other and did not change over time (av-
erage of 9.1 X 10* gene copies g~ ' dry soil) (Fig. 4A).
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FIG. 4. Quantification of nirS, gene numbers (A) and nirSp tran-
scripts (B) using qPCR and RT-qPCR, respectively. Treatments con-
sisted of 0 mg C kg~! dry soil (C0), 1,000 mg glucose-C kg~ dry soil
(G1000), 1,000 mg red clover-C kg~ ! dry soil (RC1000), 1,000 mg
soybean-C kg~ dry soil ($§1000), and 1,000 mg barley straw-C kg~ dry
soil (B1000). Values are means (n = 6). Error bars are +1 standard
error. Standard curve descriptors and detection levels are as follows:
for nirSp gene numbers, y = —3.50x + 36.01, R> = 0.999, E = 93.4%),
and NTC = undetected; for nirSp transcripts, y = —3.45x + 37.28,
R?=0.993, E = 95.7%, and NTC = undetected. Significant differences
among mean values are represented in two ways based on Tukey’s test
(P < 0.05): (i) differences among treatment means for individual time
points are represented by letters adjacent to the time points but only
for sampling dates in which significant differences among treatments
means exist, and (ii) differences among treatment means averaged
across time points are shown by letters in the figure legend.

Soil treatments had a significant effect on mRNA levels of
nirSp (P < 0.001) (Fig. 4B). For the G1000 treatment, the nirSp
mRNA levels did not change during the first 4 h of incubation,
averaging 7.5 X 10* transcripts g~ ' dry soil, and then increased
significantly more than 15-fold, to a maximum of 1.2 X 10°
transcripts ¢ ' dry soil at 12 h. The mRNA levels of nirSp
subsequently decreased between 12 and 24 h and then did not
change from 24 to 72 h, averaging 1.5 X 10° transcripts g~ dry
soil. The nirSp transcript abundances at 8 and 12 h with the
G1000 treatment were significantly different from the nirSp
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FIG. 5. Relationship between denitrification and respiration over
the 72-h incubation period. Treatments consisted of 0 mg C kg~ ' dry
soil (C0), 1,000 mg glucose-C kg~' dry soil (G1000), 1,000 mg red
clover-C kg~ ! dry soil (RC1000), 1,000 mg soybean-C kg~ dry soil
(S1000), and 1,000 mg barley straw-C kg~' dry soil (B1000). The line
of best fit indicates the linear relationship described by the following
equation: y = 0.342x — 2.27 (R* = 0.90).

mRNA levels at all other time points. nirS, mRNA levels of
plant residue-amended soils averaged over time were signifi-
cantly higher than levels with the C0 treatment. nirS, mRNA
levels with the C0O, RC1000, S1000, and B1000 treatments did
not change over the 72 h of incubation, averaging 1.1 X 10°
transcripts g~ ! dry soil (Fig. 4B). The ratio of nirS, gene
mRNA levels/abundance of G1000 averaged over the measure-
ment period was higher (3.46 * 5.64) than those for plant
residue-amended soils (1.68 = 0.52 to 1.86 = 0.78) and CO
(1.34 = 0.52).

Possible relationships between analytical measurements
(NO;~ and EOC), respiration, cumulative N,O emissions,
denitrification, and the abundance or denitrification gene
mRNA levels of denitrifier communities were explored. There
was a significant positive relationship between cumulative
denitrification and respiration over the 72-h incubation period
(P = 0.001) (Fig. 5). There were no other significant relation-
ships between NO;~, EOC, respiration, cumulative N,O emis-
sion, and denitrification. Using regression analyses, no signif-
icant relationships were identified between denitrification gene
abundance and denitrification gene mRNA levels of nirSp- or
nosZ-bearing denitrifiers and denitrification as well as N,O
emissions and respiration.

DISCUSSION

Effect of organic C on N,O emissions, denitrification activ-
ity, and respiration. This study evaluated the effects of simple
(glucose) and complex (plant residues) C treatments on the
abundances and gene mRNA levels of broad (nosZ) and spe-
cific (nirSp) denitrifier communities, and on cumulative N,O
emissions and denitrification, in anoxic agricultural soil micro-
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cosms. The addition of simple and complex C sources in-
creased microbial activity, as indicated by increased soil respi-
ration, over that of nonamended soil. The addition of simple
and complex C sources also increased total denitrification, and
there was a positive relationship between denitrification and
respiration regardless of the C treatment. Previous microcosm
studies also reported strong positive relationships between
denitrification and respiration across a wide variety of C
sources (30, 31).

Red clover, soybean, and barley straw were chosen as carbon
amendments to obtain a range of C:N values for the plant
tissues. Crop residues with a high C:N ratio commonly decom-
pose more slowly than residues with a low C:N ratio (28). In
this study, the availabilities of C in red clover, soybean, and
barley straw were estimated to be 37%, 34%, and 51% as
available as glucose C based on soil respiration. Surprisingly,
the barley straw was the tissue with the highest C:N ratio (30:1)
but also the highest C availability. Thus, in this study, the
availability of C in the plant tissue was poorly related with the
C:N ratio of the tissue. The C:N ratio alone, however, may not
be a good indicator of the decomposition of crop residues, and
other components of the residues, for example, lignin and
polyphenols, may influence decomposition rates (37). The
higher C availability for the barley straw than those for red
clover and soybean did not result in significantly higher total
denitrification rates at 72 h. Previous incubation studies re-
ported an inverse relationship between residue C:N ratios and
both respiration and total denitrification (2, 3). The greater C
availability of glucose C than plant tissue C resulted in in-
creased respiration and total denitrification, as was previously
reported (18).

The residue C:N ratio may also influence denitrification
through the supply of N from the residue. For example, soil
treatment with a legume (alfalfa) residue resulted in signifi-
cantly more denitrification than treatment with simple organic
C sources (glucose and sucrose), a finding attributed to nitrate
depletion following the addition of simple organic C sources,
whereas N was supplied by the legume residue (14). However,
the addition of NO;™ to all treatments and the inhibition of
nitrification by anoxic conditions would be expected to mini-
mize any influence of the N content of the plant tissue as a
controlling factor in decomposition in this study. A greater
depletion of soil NO; ™~ following treatment with glucose than
with other organic treatments that contain N was previously
reported and was attributed to net immobilization (30).

Nitrite rarely accumulates in soil since its metabolism in soil
can be extremely rapid (10). Interestingly, 7 and 23% of the
reduced NO; ™ accumulated as nitrite in the B1000 and G1000
treatments, respectively, at 48 h. The increase in the soil NO, ™~
concentration can be attributed to two competing processes
under anoxic conditions, denitrification or dissimilatory nitrate
reduction to ammonium (DNRA) (39). Ammonium concen-
trations remained low in soil, and there was a positive corre-
lation between denitrification and respiration, suggesting that
denitrification was more important than DNRA under the
conditions used. A difference in denitrification enzyme activi-
ties between the nitrate reductase and nitrite reductase could
result in nitrite accumulation (7, 34). It is possible that the
remainder of the metabolized soil NO;~ was assimilated by
soil microorganisms.

APPL. ENVIRON. MICROBIOL.

Effect of organic C on denitrifier abundance and denitrifi-
cation gene mRNA levels. The addition of simple and complex
carbon sources resulted in an increase in the nosZ-bearing
community abundance. In contrast, nosZ-bearing communities
did not increase significantly over time in soil amended with
glucose or plant residues in studies described previously by
Miller et al. (30); however, those studies used lower concen-
trations of organic C treatments. These results suggest that
under anoxic conditions, a high concentration of glucose or
plant residues, i.e., 1,000 mg C kg~* dry soil, is required to
increase nosZ gene abundance. In this study, there was no
difference in the abundance of the nosZ-bearing community
among plant residue-amended soils, but the abundance of
nosZ was higher following treatment with plant residues than
treatment with glucose. While the C from plant residues used
in this study was only 34 to 51% as available as glucose C, plant
tissues contain water-soluble components, including simple
sugars, amino acids, vitamins, and aliphatic acids (5), that may
have been beneficial for bacterial growth.

The absence of an increase in the nirSp-bearing community
abundance with the addition of plant residues suggests that the
nirSp-bearing community could not effectively compete for the
nutrients under the conditions used, although glucose was
readily utilized. Limited information on organic C utilized by
P. mandelii is currently available in the literature. Verhille et
al. (40) previously reported that several simple sources of C
were assimilated by P. mandelii under oxic conditions. P. man-
delii cells could also grow in pure culture under low-oxygen
conditions using glucose as a sole source of carbon (our un-
published data). Miller et al. (30) also found an increase in the
abundance of P. mandelii and closely related species in glu-
cose-amended soil compared with red clover-amended soil,
although the increase was greater than that observed in this
study. However, Miller et al. (30) used a different soil micro-
cosm system with different incubation parameters than those
used for the current study, and properties of the red clover
tissue might have differed due to differences in the plant
growth stage.

This study found a significant increase in nosZ mRNA levels
in C-amended soil compared with levels in unamended soil.
There were no differences in nosZ mRNA levels among the
different plant residue treatments. These results suggest that
mRNA levels of nosZ were stimulated by all C sources used in
this study by increasing the nosZ mRNA levels per cell and by
increasing the abundance of nosZ-bearing denitrifiers. In a
previous study, transcripts of the nosZ gene were not detected
in agricultural soil following C release from freeze-thaw events
(35), and there have been no other studies that have examined
the mRNA levels of nosZ transcripts in soils amended with
complex C sources. In contrast to the increase of nosZ mRNA
levels in complex C-amended soil over 72 h, there was no
increase in nirSp mRNA levels in unamended or amended
soils, with the exception of a nirS, expression peak at 12 h in
glucose-amended soil. The absence of an increase of nirSp
mRNA levels in response to plant residues further supports
that the nirSp guild is not well adapted to using plant residues.

This study did not observe relationships between the abun-
dance of nosZ- or nirSp-bearing denitrifiers and denitrification
or N,O emissions. Previous studies also did not find any rela-
tionships between denitrifier abundance in soils and N,O emis-
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sions (13, 30); however, nirS gene abundance was correlated
with the denitrification rate in sediment (16). A relationship
between denitrifier abundance and gas emissions in the current
study may not have been found due to the taxonomic diversity
of denitrifiers; the N,O emissions were from the entire deni-
trifying community and not just the denitrifiers quantified in
this study. No relationships were observed between mRNA
levels of nirSp or nosZ and denitrification activity or N,O
emissions. The expression of the nosZ gene might be expected
to be negatively correlated with N,O emissions, as increased
numbers of nosZ transcripts would be expected to lead to more
N,O reduction to N,. Under the conditions used in this study,
N,O accumulated but was not reduced to N, even when nosZ
gene expression was detected, indicating either a discrepancy
in activity of the NosZ enzyme compared with other denitrifi-
cation enzymes or the preferential use of the more-oxidized
N-oxides over N,O. It is possible that a significant relationship
between denitrification gene mRNA levels and N,O emissions
was not found because denitrification gene mRNA levels do
not necessarily indicate the activity of the resulting enzyme.

In conclusion, denitrification and respiration increased in
soil amended with organic carbon, including plant residues,
compared to unamended soil, although denitrification levels
were not different among the plant residue treatments. The
nirSp and nosZ communities responded differently to organic
carbon amendments, and the response of these communities
was not influenced by the type of plant residue applied under
the conditions tested.
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