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ABSTRACT 

 Anaerobic ammonium oxidation (anammox) is the microbial N removal pathway of NH4
+ 

oxidation coupled to NO2
- reduction, and is mediated by bacteria belonging to the phylum 

Planctomycetes. A comparative analysis of 16S rRNA and hydrazine oxidase genes (hzoA/hzoB) 

was conducted to reveal anammox bacterial diversity and distribution in various aquatic 

environments, focusing on the Cape Fear River Estuary (CFRE). Phylogenetic analyses of 16S 

rRNA and hzoA/hzoB genes showed the dominance of Scalindua organisms in marine 

ecosystems, but there was no congruence of 16S rRNA and hzoA/hzoB gene phylogenies among 

the freshwater anammox bacteria associated with Brocadia sp., Jettenia sp., and 

Anammoxoglobus sp. Much higher diversity of anammox bacteria was revealed based on 

hzoA/hzoB genes than 16S rRNA genes in the examined environments. Thus, molecular 

detection and resulting phylogeny of the hzoA/hzoB gene generated a better understanding of 

anammox bacterial diversity and their ecological distribution in various aquatic ecosystems.  

 The spatiotemporal variability of anammox and denitrification in the CFRE were 

assessed using sediment slurry incubation experiments with 15N isotope. Samples were collected 

at 15 stations along the estuarine gradient of the CFRE on the banks and in the shipping channel 

during the spring and fall of 2009. Potential N2 production rates were slightly higher but not 

statistically different in the spring than in the fall (6.42 ± 4.42 and 5.85 ± 3.87 nmol N2 g-1 h-1, 

respectively), no clear pattern was seen along the estuarine gradient. Total N2 production rates 

were higher, on average, in bank sediments than in the channel. Denitrification was the dominant 

N-removal process in all sediments, accounting for 81 to 99% of total N2 production. Of the 

physical and chemical parameters that were measured, mean sediment grain size was most 

significantly correlated (R2 = 0.153) to the N2 production rates in the spring sampling. The 
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correlation between denitrification and anammox rates in the spring (R2 = 0.7015) and fall (R2 = 

0.5469) explained more variance than that of any of the environmental parameters. 
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CHAPTER 1. INTRODUCTION 
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Humans have had a large effect on the amount of nitrogen introduced into terrestrial 

ecosystems. In America, the application of fertilizers for agricultural purposes adds about 10Mt 

N/year into soil systems (Fixen and West 2002).  Nitrogen in the form of NH3 and NO3
+ are vital 

nutrients for plants, however only 30-70% of the N added to fields gets taken up by the plants, 

depending on the crop (Stevenson 1985). The rest of the N can be converted to dinitrogen or 

nitrouse oxide gases by denitrification and alternatively by anaerobic ammonium oxidation 

(anammox). N can also be leached out of the fields with rainwater or volatized into the 

atmosphere via chemodenitrification (Nelson 1982). Chemodenitrification is an abiotic process 

wherein NO2
- reacts with NH4

+, amino acids, or organic matter; however estimates of the 

contribution of this process have not been made because it cannot be distinguished from 

nitrification-denitrification (Stevenson 1985). 

Anammox, a newly discovered process involving the coupling of ammonium oxidation 

with nitrite reduction in anoxic conditions, was first discovered in a wastewater treatment reactor 

in the Netherlands (Van de Graaf et al. 1995).  Anammox has since been studied in multiple 

environments to evaluate its contribution to dinitrogen production compared to denitrification.  

Anammox was reported to be responsible for up to 67% of N2 production in sediments of the 

Baltic-North Sea (Thamdrup and Dalsgaard 2002).  Anammox has also been detected in other 

continental margin sediments (Engström et al. 2005; Rysgaard et al. 2004), estuarine sediments 

(Meyer et al. 2005; Risgaard-Peterson et al. 2004; Tal et al. 2005; Trimmer et al. 2003), anoxic 

marine waters (Kartal et al. 2007; Dalsgaard et al. 2003; Kuypers et al. 2003; Kuypers et al. 

2005) and anoxic tropical freshwater (Schubert et al. 2006).  Positive correlations have been 

observed between anammox activity and NH4
+ concentration (Dalsgaard et al. 2003) as well as 
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anammox activity and NO2
- concentrations (Meyer et al. 2005; Rysgaard et al. 2004) and organic 

carbon.  

Anammox bacteria belong to the order Planctomycetales and were first cultivated from a 

stable consortium obtained from a waste water treatment reactor (Strous et al. 1998).  This first 

cultivated anammox was named Candidatus Brocadia anammoxidans. The second genus, named 

Candidatus Kuenenia stuttgartiensis, was also found in wastewater treatment systems.  The first 

anammox bacteria in a natural environment were found in the Black sea, the world’s largest 

anoxic basin, and were named Candidatus Scalindua sorokinii (Kuypers et al. 2003).  In a 

propionate enriched culture, a fourth genus, named Candidatus Anammoxoglobus propionicus, 

was identified with 16s rRNA.  However, pure cultures of anammox bacteria have not yet been 

obtained due to their slow generation time of about 2 weeks.   

Experiments using molecular detection techniques in various ecosystems including 

wastewater treatment reactors (Egli et al. 2001; Schmid et al. 2000; Schmid et al. 2001; Tal et al. 

2006), marine sediments (Dale and Song 2006; Dalsgaard and Thamdrup 2002; Engström et al. 

2005; Frietag and Prosser 2003; Meyer et al. 2005; Rich et al. 2007; Risgaard-Peterson et al. 

2004; Tal et al. 2005; Thamdrup and Dalsgaard 2002; Trimmer et al. 2003), anoxic water basins 

(Dalsgaard et al. 2003; Kirkpatrick et al. 2006; Kuypers et al. 2003; Kuypers et al. 2005) and a 

freshwater lake (Schubert et al. 2006) showed three common features of anammox bacterial 

diversity. First, all of the anammox bacteria are related by an 85% 16S rRNA sequence similarity 

except for anammox bacteria found in Baltimore harbor sediments (Tal et al. 2005).  Second, the 

genera Brocadia and Kuenenia were mostly found in engineered systems, while Scalindua is 

mainly present in natural systems. Third, in most of the examined systems, only one genus of 

anammox dominated. 
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In terms of metabolism, anammox are chemolithoautotrophs, oxidizing NH4
+ to N2 with 

NO2
- as terminal electron acceptor and fixing CO2 as a carbon source (Strous et al. 1999).  The 

entire genome of Candidatus Kuenenia stuttgartiensis has been sequenced and showed that there 

are three important enzymes involved in the anammox reaction: dissimilatory nitrite reductase 

(NirS), hydrazine hydrolase (Hh), and hydroxylamine oxidoreductase (Hao) (Strous et al. 2006). 

First, NO2
- is reduced to NO by NirS, second, NO reacts with NH4

+ to form N2H4 by Hh, and 

finally N2H4 is oxidized to N2 by Hao.  Also found in the genome study was a gene involved in 

nitrite:nitrate oxidoreduction (NarGH), supporting the capability of anammox to reduce nitrate 

while oxidizing propionate and acetate (Güven et al. 2005; Kartal et al. 2007). 

Anammox are active between 6 and 43 °C and a pH range of 6.7-8.3 with optimal growth 

at pH of 8 (Strous et al. 1999).  It was also found that high levels of ammonium and nitrate do 

not inhibit anammox, however 20 mM concentrations of nitrite inhibited the process (Strous et 

al. 1999).  In oxygenated conditions, anammox is inhibited, but once returned to anaerobic 

conditions, anammox can recover quickly because the organelle called the anammoxosome 

protects the enzymes involved in their metabolic pathway (Strous et al. 1997).  In addition, the 

anammoxosome membrane is proposed to protect the intracellular components from toxic 

metabolites such as nitrous oxide and hydrazine. The anammoxosome membrane is comprised 

mainly of unique ladderane lipids, which can be used as a biomarker of anammox bacteria 

(Sinninghe Damsté et al., 2005).  

The 15N stable isotope technique is one of the most common methods to measure 

anammox and denitrification rates in environmental samples (Dalsgaard and Thamdrup 2002, 

Engstrom et al. 2005, Risgaard-Peterson et al. 2003, Thamdrup and Dalsgaard 2002).  

Denitrification combines two molecules of NO3
- to form one molecule of N2 while anammox 
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uses one NH4
+ and one NO2

- for N2 production.  Based on the different pathways, 30N2 (15N15N) 

is produced by denitrification and 29N2 (14N15N) is produced through anammox when 15NO3
- and 

14NH4
+ are incubated with samples under anoxic conditions (Dalsgaard and Thamdrup 2002).  

The production of 29N2 can be detected with 15NH4
+ and 14NO3

- labeling if anammox is active in 

the samples.  The rates of anammox and denitrification can be measured simultaneously from the 

production rates of 29N2 and 30N2, respectively.   

Two methods commonly used for determining the abundance of anammox bacteria based 

on 16S rRNA are Q-FISH (Quantitative-Fluorescent in situ Hybridization and Q-PCR 

(Quantitative-Polymerase Chain Reaction).  For Q-FISH, oligoprobes with genus specificities 

bind to ribosomal RNA and can be visualized and quantified using epifluorescence microscopy.  

Q-FISH is limited because it depends on a two dimensional image to quantify cells in a three 

dimensional area and cells can be hidden behind grains of sediment or other materials.  Q-PCR is 

a method for quantifying the number of gene copies in a sample and is based on the exponential 

rate of DNA amplification in the PCR.  A known amount of DNA is added to each reaction, and 

the Real-Time PCR machine makes a reading of DNA quantity after each cycle.  The cycle 

during which the DNA concentration in a sample reaches the critical threshold correlates to the 

number of copies of the gene in question that were added to the reaction.  An inherent problem 

with these methods lies in the fact that the 16S rRNA gene primers are not specific enough, so 

they amplify not only anammox bacterial genes, but other 16S rRNA genes of other 

planctomycetes as well, thus resulting in an overestimate of abundance.  

 Shimamura et al. (2007, 2008) successfully isolated and characterized two types of key 

proteins: hydrazine oxidase (HZO) and hydroxylamine oxidoreductase (HAO).  HZO is specific 

for anammox bacteria, whereas HAO is found in both anammox and nitrifying organisms (AOA 
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and AOB/Ammonium Oxidizing Archaea and Ammonia Oxidizing Bacteria).  For this reason, 

the hzo gene (which codes for the HZO enzyme) can be used for expression studies in fluctuating 

environments (Jetten 2008). Our lab, along with at least three other groups (Quan et al. 2008, 

Schmid et al. 2008, Li et al. 2010), have recently developed specific primer sets to target the hzo 

gene of anammox bacteria.  In addition, our lab is developing Q-PCR methods for hzo to 

quantify anammox bacteria in environmental samples to estimate anammox potentials in various 

environments. 

The Cape Fear River Estuary (CFRE) is the main study site for my thesis work.  A 

previous graduate student examined the anammox community by sequencing 16S rRNA genes 

and by using the stable isotope technique described above (Dale et al. 2008).  I have extended 

this work by sequencing hzo genes from the CFRE, confirming the presence of Scalindua-like 

bacteria in the more marine sites and non-Scalindua bacteria in the freshwater sites.  These data, 

along with hzo sequences from groundwater aquifers in North Carolina, hydrothermal vent 

sediments from the Guaymas Basin, tephra deposits from the seafloor in the Caribbean, as well 

as activated sludge samples are reported in Chapter 2.  Additionally, a more stringent sampling 

regime has been recently established where sediments were collected in transects across the bank 

and channel of the CFRE.  Stable isotope incubations were conducted from these sediments and 

the metabolic readiness, or potential rates, of anammox and denitrification were determined in 

Chapter 3.  This allowed me to test the hypotheses that N removal by anammox and 

denitrification vary along the estuarine gradient, between the bank and the channel sediments, 

and from the spring and fall seasons over the course of a year. 
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Hypotheses:  

1) The population of anammox bacteria varies along the length of the CFRE. Different 

ecotypes of anammox bacteria are present in freshwater and marine habitats. 

Test: Anammox bacterial communities were examined based on 16S rRNA and 

hzoA/hzoB genes (Chapter 2). 

2) Functional genes may reveal greater diversity of anammox bacteria than 16S genes.  

Test: DOTUR and phylogenetic analyses of both 16S rRNA and hzoA/hzoB 

genes were conducted to compare diversity and distribution of anammox bacteria 

in freshwater and marine ecosystems (Chapter 2). 

3) Microbial N removal processes are most active in shallow sediments (bank) in the 

upstream portion of the CFRE during the fall season because shallow sediments tend 

to be more electrochemically reactive, other studies have shown greater activities 

upstream and sediments in the fall have been ‘incubated’ at warmer temperatures over 

the summer.  

Test: Sediment slurry experiments with 15NO3
- were conducted to compare the 

rates of potential anammox and denitrification in the sediment samples collected 

in the spring and fall of 2009 (Chapter 3). 

4) Denitrification is the major microbial N removal pathway and anammox may make 

significant contributions. 

Test: The rates of anammox and denitrification were compared to determine the 

contributions of the major N2 production pathways in the CFRE (Chapter 3).  
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CHAPTER 2. Anammox bacterial diversity in various aquatic ecosystems based on the detection 

of hydrazine oxidase genes (hzoA/hzoB) 
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Abstract 

Anammox bacteria belonging to the phylum Planctomycetales are responsible for N 

removal through NH4
+ oxidation coupled to NO2

- reduction. Microbial diversity and ecology of 

anammox bacteria have not yet been fully revealed due to limitations of 16S rRNA analysis. The 

hydrazine oxidase gene in cluster 1 (hereafter hzoA/hzoB) was suggested as a proper genetic 

marker due to its high expression and ubiquitous presence in anammox bacteria. We conducted a 

comparative analysis of 16S rRNA and hzoA/hzoB genes to reveal anammox bacterial diversity 

and distribution in various aquatic environments. Phylogenetic analyses of 16S rRNA and 

hzoA/hzoB genes showed the dominance of Scalindua organisms in marine ecosystems, but there 

was no congruence of 16S rRNA and hzoA/hzoB gene phylogenies among the freshwater 

anammox bacteria associated with Brocadia sp., Jettenia sp., and Anammoxoglobus sp. Higher 

diversity of anammox bacteria was revealed based on hzoA/hzoB genes than 16S rRNA genes in 

the examined environments. Multiple regression analysis showed that salinity is related to 

differential distribution and diversity of anammox bacteria in different ecosystems. Thus, 

molecular detection and resulting phylogeny of the hzoA/hzoB gene generated a better 

understanding of anammox bacterial diversity and their ecological distribution in various aquatic 

ecosystems. 
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Introduction  

Anaerobic ammonium oxidation (anammox) contributes to N removal from terrestrial 

and aquatic environments (as N2 gas) through the microbial coupling of NH4
+ oxidation and NO2

- 

reduction. It has been found to be one of the many key processes in the biogeochemical N cycle 

in various ecosystems and constitutes more than 50% of total N2 production in some marine 

environments (Arrigo, 2005). The anammox process is mediated by a deeply branching clade of 

bacteria within the phylum Planctomycetales that are not readily cultured through traditional 

microbiological techniques due to their slow growth rates. The first anammox bacteria, called 

Candidatus Brocadia anammoxidans, were enriched from bioreactor sludge of a wastewater 

treatment plant in the Netherlands (van de Graaf et al., 1995; Strous et al., 1998). Additional 

anammox bacteria have since been discovered in wastewater treatment systems: Candidatus 

Kuenenia stuttgartiensis (Schmid et al., 2000), Candidatus Scalindua brodae, Candidatus 

Scalindua wagneri (Schmid et al., 2003), Candidatus Anammoxoglobus propionicus (Kartal et 

al., 2007), Candidatus Brocadia fulgida (Kartal et al., 2008) and Candidatus Jettenia asiatica 

(Quan et al., 2008). Kuypers et al. (2003) first reported naturally occurring marine anammox 

bacteria, Candidatus Scalindua sorokinii, from the Black Sea.  

Molecular detection of anammox bacteria has been successfully conducted using 

fluorescent in situ hybridization (FISH) and PCR amplification of anammox bacterial 16S rRNA 

genes (Schmid et al., 2005). The highly conserved nature of 16S rDNA may limit its efficacy as 

a tool to examine the full diversity of anammox bacteria and their distribution in various 

environments. In addition, most of the published PCR methods for anammox detection amplified 

the 16S rRNA genes of anammox bacteria as well as non-anammox bacteria belonging to 

Planctomycetales, although some methods are more specific than others (Penton et al., 2006; 
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Dale et al., 2009). Molecular methods targeting functional genes have enhanced the detection 

and understanding of the microbial diversity involved in the nitrogen cycle (e.g. Francis et al., 

2003 & 2005; Herfort et al., 2009; Smith et al., 2007; Jayakumar et al., 2004; Prieme et al., 

2002; Braker et al., 2000). The gene encoding for hydrazine oxidation was proposed to be a 

useful genetic marker for anammox bacteria since it is exclusive and essential for the anammox 

pathway (Francis et al., 2007).  

Based on the metagenome sequences of Candidatus Kuenenia stuttgartiensis, at least 

eight genes were proposed as candidates for hydrazine oxidation (Strous et al., 2006). 

Shimamura et al. (2007) purified hydrazine oxidase (Hzo) from the anammox enrichment culture 

KSU-1 and showed that the enzyme catalyzed the oxidation of hydrazine but not hydroxylamine. 

Two copies of nearly identical genes (hzoA and hzoB) coding for Hzo were detected in the 

genome of KSU-1. The hzoA and hzoB genes share 77% nucleotide sequence similarities with 

two putative hydroxylamine oxidoreductase genes (hao) in the genome of K. stuttgartiensis 

(GenBank accession numbers: CT573073 and CT573072).   Klotz et al. (2008) re-annotated 

eight putative hao genes to hzo genes in K. stuttgartiensis and differentiated them into three 

different clusters (hzo cluster 1 to 3) based on phylogenetic relationships and biochemical 

characteristics. The hzoA and hzoB genes in KSU-1 and two homologous genes (CT573073 and 

CT573072) in K. stuttgartiensis were grouped within hzo cluster 1 (Klotz et al., 2008; Schmid et 

al., 2008). In addition, several putative hzo genes associated with hzo cluster 1 were detected 

from bioreactors enriched with Candidatus Jettenia asiatica (Quan et al., 2008) and Candidatus 

Kuenenia sp. (Li et al., 2009).   

Detection of hzo genes in environmental samples was initially accomplished with many 

degenerate PCR primers and various PCR conditions (Schmid et al., 2008). Although the hzo 
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genes in cluster 1 (hereafter hzoA/hzoB) were detected only in anammox enrichment cultures and 

landfill leachate, the hzoA/hzoB genes were suggested as a proper genetic marker of anammox 

bacterial detection due to the ubiquitous presence in all the examined anammox bacterial 

enrichment cultures (Schmid et al., 2008). Li et al. (2010) recently compared different 

degenerate primers for hzoA/hzoB gene detection and reported the presence of different 

hzoA/hzoB gene phylotypes in three marine sediment communities along a gradient of 

anthropogenic impact. However, the PCR protocols for hzoA/hzoB gene detection have not been 

fully evaluated with different types of environmental samples. In addition, anammox bacterial 

diversity in various ecosystems has not been compared with the 16S rRNA and hzoA/hzoB genes. 

Therefore, we tested different degenerate primers and developed new primers and PCR 

conditions specific for hzoA/hzoB gene detection. Furthermore, comparative analysis of 16S 

rRNA and hzoA/hzoB gene sequences was conducted to reveal the anammox bacterial diversity 

and distribution in various aquatic ecosystems including a wastewater treatment bioreactor, 

groundwater, estuarine, river and deep-sea sediments. Thus, we present new insights of 

anammox diversity and ecology based on the hzoA/hzoB genes detected from various 

ecosystems. 



 13

Materials and Methods 

Site Descriptions, Sample Collection, and DNA Extraction. Samples were collected from a 

variety of ecosystems: a wastewater treatment bioreactor, underground aquifers, rivers, an 

estuary and the deep sea (Table 1). Environmental parameters measured at each sampling site are 

reported in Table 2. Sediment samples from North Carolina, USA at one station (6RC) in the 

Black River and 8 stations (in order from marine to freshwater: M35, M54, M61, NAV, IC, DP, 

AC, and NC11) in the Cape Fear River Estuary were collected using a petite Ponar® grab 

sampler in 2006. Dr. Constantino Vetriani at Rutgers University provided sediment from a deep 

sea hydrothermal vent located in the Guaymas basin. The deep sea tephra deposits near 

Montserrat Island (16°35’48”N/62°16’59”W) were collected on the JC18 cruise of 2007. An 

activated sludge sample from a wastewater treatment bioreactor in New York, New York was 

kindly provided by Dr. Kartik Chandran at Columbia University. All the samples were stored at -

80ºC until DNA extraction. Environmental DNA was extracted from sediments and sludge 

samples using Power Soil DNA Kit (Mo Bio Laboratories, Inc.; Carlsbad, CA), following the 

manufacturer’s instructions. Additionally, three water samples called Crosby, Neal, and Rushing 

wells were obtained from underground aquifers located in Union County, NC, USA. Water 

samples (1 L) from the three wells were filtered onto 0.22 µm Millipore Sterivex™ filter units 

(Millipore Corporation; Billerica, MA). Genomic DNA was extracted from the filters using a 

Gentra Puregene® Genomic DNA Purification Kit (Gentra Systems, Inc.; Minneapolis, MN) as 

described by Oates and Song (2008). 

PCR primer design and amplification of hzoA/hzoB and 16S rRNA genes. The 16S rRNA 

genes of anammox bacteria were amplified as described by Dale et al. (2009). The hzoA/hzoB 

gene detection from various environmental samples was tested with three different primer sets 
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and PCR conditions (Table 2) described by Quan et al. (2008), Schmid et al., (2008) and Li et al. 

(2010). In order to enhance the detection of hzoA/hzoB genes, new PCR primers were developed 

based on the gene sequences (CT573073, CT573072, AB257585 and AB255375) from the 

genome of Candidatus K. stuttgartiensis (Strous et al., 2006) and Planctomycete KSU-1 

(Shimamura et al., 2007). Two sets of primers (hzoAB1F/1R and hzoAB4F/4R) were designed 

using the Codehop program (http://bioinformatics.weizmann.ac.il/blocks/codehop.html) as well 

as comparing the previously published primers (Table 2). The primers targeted specific amino 

acid sequence regions of hzoA/hzoB genes, which are quite different from those found in the hzo 

cluster 2 genes (Supplementary Figure 1). In addition, the published primers are indicated in the 

alignment of Hzo sequences for a comparison (Supplementary Figure 1). The hzoAB4F primer 

targets a region 150 bp upstream from the hzocl1F1 primer, and has a 17 bp overlap with the 

Ana-hzo1F primer. The hzoAB4R primer has an 8 bp overlap with the hzocl1R2 primer while 

hzoAB1R primer has 16 bp overlapping with Ana-hzo2R and hzoR1 primers (Table 2 and 

Supplementary Figure 1).  

Direct PCRs were conducted using either primer combination of hzoAB1F/hzoAB1R or 

hzoAB4F/hzoAB4R. Both PCRs (hzoAB1 and hzoAB4) were conducted in a 25 µl volume with 

GoTaq master mix (Promega, Madison, WI) following the manufacturer’s instructions. The PCR 

cycle was started with a 4 minute denaturation step at 94°C, followed by 35 cycles of 94ºC for 1 

minute, 53ºC for 1 minute, 72ºC for 2 minutes, and a final cycle at 95ºC for 1 minute, 53 ºC for 1 

minute, and 72 ºC for 10 minutes. A nested PCR was employed using hzoAB1F and 1R primers 

in the first reaction (hzoAB1P) and hzoAB4F and hzoAB4R primers in the second reaction 

(nested hzoAB4) to increase the sensitivity of hzoAB gene detection. The hzoAB1P reaction was 

conducted in a 25 µl volume with Phusion™ High-Fidelity DNA Polymerase (New England 
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Biolabs, Ipswich, MA), following the manufacturer’s instructions. The PCR cycle was started 

with a 4 minute denaturation step at 94°C, followed by 35 cycles of 94ºC for 30 seconds, 55ºC 

for 45 seconds, 72ºC for 2 minutes, and a final cycle at 95ºC for 30 seconds, 55 ºC for 45 

seconds, and 72 ºC for 10 minutes. The nested hzoAB4 reaction was conducted with hzoAB4F 

and hzoAB4R primers and the GoTaq master mix (Promega, Madison, WI) using the following 

PCR settings: the initial denaturation at 95ºC for 5 minutes, followed by 35 cycles of 94ºC for 30 

seconds, 55ºC for 45 seconds, 72ºC for 1 minute, and a final cycle at 95ºC for 30 seconds, 55 ºC 

for 45 seconds, and 72 ºC for 10 minutes. The nested PCR reaction with hzoAB4F and hzoAB4R 

primers yielded 600 bp amplicons (Figure 1).  

Cloning and sequence analysis of hzoA/hzoB and 16S rRNA genes. The amplified products 

were examined in 1.0% agarose gels by electrophoresis and then purified using the Eppendorf 

Perfect Gel Clean-Up Kit, following the manufacturer’s instructions (Eppendorf, Brinkmann 

Instruments Inc., USA). The purified amplicons were ligated into a pCR2A vector and 

transformed into Escherichia coli using a TOPO TA cloning kit following the manufacturer’s 

instructions (Invitrogen, Carlsbad, CA). The clones were sequenced using BigDye Terminator 

chemistry (Applied Biosystems, Foster City, CA) and ABI 3400 automated sequencer (Applied 

Biosystems, Foster City, CA). DNA sequences were examined and edited using SeqMan 

Program (DNASTAR, Inc., Madison, WI). Both 16S rDNA and hzoA/hzoB gene sequences were 

aligned using ClustalW (http://www.ebi.ac.uk/Tools/clustalw2/index.html). Phylogenetic 

analyses were conducted using the MEGA program (Kumar et al., 2004). Before constructing the 

16S rDNA tree, all of the sequences with 99% nucleotide sequence similarity were grouped 

together into one representative sequence. The phylogenetic tree of 16S rDNA sequences was 

reconstructed using the neighbor-joining topology (Saitou and Nei, 1987) with Kimura’s two 
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parameter method (Kimura, 1980) and bootstrap values were obtained from data resampling of 

1000 replicates. Phylogenetic analysis of translated amino acid sequences of hzoA/hzoB genes 

were conducted using the MEGA program (Kumar et al., 2004). The Hzo tree was constructed 

after identical amino acid sequences were removed and representative phylotypes were selected.  

Sequences obtained from this study were deposited under the accession numbers HM851535 to 

HM852029. The Genbank accession numbers of the reference sequences used in both 

phylogenetic analyses are listed in Figures 2 and 3. 

  Rarefaction, Chao1, and Shannon indices were calculated using the DOTUR (Distance-

Based OTU and Richness) program (Schloss and Handelsmann, 2005). The operational 

taxonomic units (OTUs) of 16S rRNA genes were defined by a 1% distance level in nucleotide 

sequences, while 3 % distance level in hzoA/hzoB genes was used with the furthest neighbor 

algorithm to exclude two homologous copies of hzoA/hzoB genes present in one anammox 

bacterial cell. 

Multiple regression analysis of anammox bacterial communities. UniFrac program with 

Principal coordinate analysis (PCO) (Lozupone et al., 2006) was used to determine ecological 

distribution of anammox bacteria based on 16S rRNA and hzoA/hzoB phylogenies. In addition, 

we used multiple regression analyses to evaluate if the first principal coordinate scores were 

related to environmental parameters (salinity, NO3
-, and their interaction).  Separate analyses 

were conducted for 16S rRNA and hzoA/hzoB using R version 2.9.2.  



 17

Results and discussion 

PCR amplification of 16S rRNA and hzoA/hzoB genes. PCR methods targeting both 

hzoA/hzoB and 16S rRNA genes were used to detect anammox bacteria from fifteen different 

samples (Table 1). Nested PCR of 16S rDNA generated 450 bp products from all the samples 

except two river sediments (AC and 6RC). The site AC is one of the sampling stations at the 

Upper Cape Fear River (UCFR) while the site 6RC is located in the Black River (BR), one of 

three bodies of freshwater flowing into the Cape Fear River Estuary (CFRE). Cloning and 

sequence analysis confirmed that all of the amplicons were closely associated with the 16S 

rRNA sequences of anammox bacteria.  

PCR primers to detect hzoA/hzoB genes (Table 3) were previously published by three 

different groups (Quan et al., 2008; Schmid et al., 2008; Li et al., 2010). Li et al. (2010) tested 

different primers and PCR conditions with three marine sediments and reported that the primers 

hzocl1F1 and hzocl1R2 (Schmid et al., 2008) had the highest efficiency of detecting hzoA/hzoB 

genes. PCR tests (hzocl1) with the primers hzocl1F1 and hzocl1R2 generated the expected size 

fragments (450 bp) in 6 out of 15 samples (Table 4), but multiple products with different sizes 

were amplified along with the expected size fragment in 3 of the 6 positive samples. Additional 

PCR tests (Ana-hzo and hzoFR) with the primers developed by Quan et al. (2008) and Li et al. 

(2010) yielded the expected amplicons with 1,000 bp in 10 samples (Table 4). However, the 

hzoA/hzoB genes in four environmental samples including two estuarine sediments, one 

groundwater and one river sediment were not amplified using either primer set, although the 

presence of anammox bacteria was confirmed based on 16S rRNA gene analysis.   

In order to enhance the hzoA/hzoB gene detection, two different sets of primers were 

developed in this study (Table 1). PCR (hzoAB1) with the primers hzoAB1F and hzoAB1R 
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generated amplicons with the expected size of 1,550 bp from 5 DNA samples (Table 4) and 

smear products in estuarine sediments. PCR (hzoAB4) with hzoAB4F and hzoAB4R primers 

generated the 600 bp amplicons in 11 environmental DNA samples (Table 4). This showed 

higher detection yield of hzoA/hzoB genes with hzoAB4F and hzoAB4R primers compared to the 

previously published primer sets. However, the hzoA/hzoB genes were not amplified from two 

sediment samples (NAV and M61) where the presence of anammox bacteria was previously 

reported (Dale et al., 2009).  

In order to detect the hzoA/hzoB genes in all the samples examined, nested PCR (nested 

hzoAB4) was employed with the PCR combinations of hzoAB1 and hzoAB4. The nested 

hzoAB4 PCR generated a single amplicon with 600 bp from all the DNA samples. Cloning and 

sequence analysis of the amplicons confirmed the detection of the hzoA/hzoB gene as expected. 

The nested PCR approach increases the sensitivity of hzoA/hzoB gene detection in different 

environmental samples. Conventional PCR with different primers did not amplify hzoA/hzoB 

genes from M61, NAV and AC, probably due to lower abundance of anammox bacteria than 

other sites. Nested PCR approach has been employed in many studies of ammonia oxidizing 

bacteria (AOB) to increase the sensitivity of AOB detection in natural ecosystems (e.g. Ward et 

al., 1997, 2000; Kowalchuk et al., 2001; Webster et al., 2002; O’Mullan and Ward 2005; Kim et 

al., 2006). In addition, hzoA/hzoB genes were detected in two river sediments (AC and 6RC) in 

which the anammox 16S rRNA genes were not amplified. Thus, the nested PCR of hzoA/hzoB 

genes can increase the detection limit of anammox bacteria in variety of environments. 

16S rRNA gene phylogeny. Phylogenetic analysis of the amplified 16S rRNA genes was 

conducted to identify different members of anammox bacteria present in the examined 

ecosystems. A total of 213 gene sequences were obtained from 13 different clone libraries (Table 
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3). For a better presentation of 16S rRNA sequences, 41 phylotypes were selected for 

phylogenetic analysis after grouping the sequences sharing more than 99% sequence similarities 

(Figure 2). Sixteen sequences of 16S rRNA genes from the activated sludge were represented by 

one phylotype as they shared more than 99% sequence similarities. This phylotype had 98.9% 

similarity with Candidatus K. stuttgartiensis (Figure 2).  

Anammox communities in groundwater were clustered in two groups (Figure 2). Three 

samples had the similar anammox bacterial populations as 39 clones were represented by one 

phylotype represented by Neal1 in cluster 10, which shared 94.4 and 93.7% sequence similarity 

with Brocadia and Jettenia species, respectively. This phylotype might represent a major 

anammox bacterial population in groundwater systems in spite of clustering with a sequence 

detected from reductisol (Humbert et al., 2010). In addition, a unique group of 16S rRNA 

sequences (Cluster 5) was present in two sampling wells (Crosby and Neal) and shared 90% 

sequence similarities with the five known anammox genera (Figure 2). This unique group might 

represent new anammox bacteria in underground aquifers.  

Freshwater anammox communities were further examined with the river sediments 

collected from 4 sites (NC11, DP, IC and NAV) at the UCFR. Most of the sequences were 

grouped in clusters 8 and 9, which were closely related to Brocadia spp.  Two sequences found 

in NC11 (represented by NC11G) were quite different from the sequences in the cluster 8 and 9, 

and shared 93% sequence similarities with Kuenenia and Brocadia spp. Cluster 8 was composed 

of the sequences found in NC11, DP and IC, which are located upstream from NAV. Salinity at 

these three sites remained below the detection limit while NAV had the annual mean salinity of 

0.9 ± 1.4 ‰ in 2006 (Table 2). All of the sequences found in NAV were represented by one 

phylotype (NAV24), which was clustered with sequences found in a porous aquifer (Humbert et 
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al., 2010). The presence of different Brocadia organisms in NAV from those in upper sites might 

be related to salinity intrusion although two similar sequences were found in NC11.  Thus, 

Brocadia spp. were found to be representative anammox bacteria in the UCFR sediments and the 

presence of different phylotypes might correspond to salinity influences in the sediment 

communities. 

 Anammox communities in the CFRE were previously reported by Dale et al. (2009). 

Sediment from one more station (M35) within the CFRE was added for 16S rRNA sequence 

analysis in this study. M35 is the closest of the stations in this study to the Atlantic Ocean and 

had exclusively Scalindua organisms (Figure 2). Site M54, located upstream of M35, was 

dominated by Scalindua spp. although the presence of Brocadia spp. and Jettenia spp. was 

reported (Dale et al., 2009). The anammox community at M61 was a consortium of Scalindua, 

Brocadia and Kuenenia spp. Scalindua organisms found in the CFRE sediments were grouped in 

Cluster 4, which was more closely related to Candidatus S. wagneri than other Scalindua spp.. 

Thus, Scalindua cluster 4 is proposed in this study for the phylotypes associated with Candidatus 

S. wagneri while Candidatus S. sorokinii and Candiatus S. brodae are represented in Scalindua 

cluster 1 (Woebken et al., 2008).  

Anammox bacteria in the deep-sea sediments were identified to be Scalindua spp. based 

on 16S rRNA sequences (Figure 2). The sequences from the Guaymas Basin (Guaymas clones) 

belonged to the Scalindua cluster 1 with Candidatus S. brodae and Candidatus S. sorokinii. This 

cluster contained the sequences found in bay sediments (Amano et al., 2007), hydrothermal vent 

sediments (Byrne et al., 2009), anoxic water columns (Woebken et al., 2008; Schmid et al., 

2007) and marine sponge tissue (Hoffmann et al., 2009). The 16S rRNA sequences found in 

tephra deposits near Montserrat Island showed the presence of different anammox bacterial 
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communities from the Guaymas Basin sediments. The eight Montserrat sequences in cluster 2 

shared more than 98% similarities with those found in the Arabian Sea, which was represented 

by Candidatus S. arabica in Scalindua cluster 2 (Woebken et al., 2008). In addition, nine 

Montserrat sequences grouped together with the sequences found in two different deep sea 

sediments (Li et al., 1999; Li et al., 2010). Although this cluster does not have a representative 

species, we propose this phylotype group as the Scalindua cluster 3, which might represent 

anammox populations in deep sea environments.     

Brocadia-like organisms were found to be dominant anammox bacteria in freshwater 

rivers and underground aquifers. Scalindua organisms were dominant in marine and estuary 

sediments, which was in agreement with other studies (e.g., Risgaard-Petersen et al. 2004; 

Penton et al. 2006; Schmid et al. 2007; Rich et al. 2008;  Kuypers et al. 2003; Kuypers et al. 

2005; Kirkpatrick et al. 2006; Hamersley et al. 2007; Woebken et al. 2008; Galán et al., 2009). 

Sequences belonging to Scalindua cluster 1 were also found in the anoxic water column of a 

tropical freshwater lake (Schubert et al., 2006) and in the upper part of Chesapeake Bay 

sediments (Rich et al., 2008). Humbert et al. (2010) reported the presence of anammox bacteria 

closely related to Kuenenia and Jettenia in terrestrial soils and Brocadia in a porous aquifer. 

Transition of anammox bacterial communities from Brocadia to Scalindua groups was observed 

along the salinity gradients at the Cape Fear River Estuary (Dale et al., 2009) and permanently 

stratified water column of Lake Rassnitzer (Hamersley et al., 2009). Thus, anammox bacteria 

associated with the genera of Brocadia, Jettenia and Kuenenia seem to dominate in terrestrial 

freshwater habitats while Scalindua organisms are mostly present in marine ecosystems.  

 hzoA/hzoB gene phylogeny. A total of 331 hzoA/hzoB sequences were obtained from 15 

different clone libraries (Table 3). In order to clearly represent the diverse hzoA/hzoB sequences, 
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79 unique phylotypes were selected for phylogenetic analysis after clustering identical Hzo 

protein sequences (Figure 3). All of the Hzo sequences belonged to ‘hzo cluster 1’ from Schmid 

et al. (2008) as the hao gene (AB365070) of Planctomyces KSU-1 became an outgroup 

(Shimamura et al., 2008), which was assigned to the ‘hzo cluster 2’ (Schmid et al., 2008).  The 

Hzo sequences were grouped into 11 clusters by comparing the genes found in the enrichment 

cultures of Scalindua spp., Kuenenia sp., Anammoxoglobus sp., Jettenia sp., and Brocadia spp. 

The sequences from estuarine and deep sea sediments were associated with the Scalindua Hzo 

sequence while all other sequences were grouped with Kuenenia, Brocadia, Anammoxoglobus 

and Jettenia sequences.     

A total of 18 hzoA/hzoB clones were sequenced from the activated sludge and had 

identical sequences with one (CT573073) of the Hzo sequences in the genome of Candidatus K. 

stuttgartiensis (Figure 3).  Both 16S rRNA and Hzo sequence analyses agreed that the activated 

sludge had one monophyletic group of Kuenenia sp. as its dominant anammox bacterial 

population. Community structures of groundwater anammox bacteria were examined with 57 

Hzo sequences (Table 3). All of the Hzo sequences in the groundwater samples were closely 

related to the Jettenia Hzo sequences, sharing more than 94% sequence similarities. Most of the 

clones formed a large clade (cluster K) except one sequence from Crosby well. This showed a 

disagreement with the 16S rRNA sequence analysis, which grouped groundwater anammox 

bacteria into one cluster closely associated with Brocadia and Jettenia genera as well as a unique 

group (Figure 2). Since 16S rRNA and Hzo phylogenies were not congruent, it was not possible 

to determine if the detected hzoA/hzoB genes were from the anammox populations assigned to 

either cluster 10 or 5 of 16S rRNA gene tree (Figure 2). However, both Hzo and 16S rRNA 
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sequence analyses demonstrated the presence of anammox bacteria closely related to Brocadia 

and Jettenia spp. in underground aquifers.  

The Hzo sequences from the BR, UCFR and CFRE showed a clear shift of community 

structures from freshwater to marine anammox bacteria (Figure 3). The Hzo sequences in the 

UCFR stations (NAV, IC, DP, AC and NC11) and the BR (6RC) were most closely related to the 

Jettenia sequences with more than 90% sequence similarities. The NAV site (the transition site 

between the UCFR and CFRE) contained anammox bacteria assigned to only one phylotype 

(NAV 1) of Brocadia sp. based on 16S rRNA genes (Figure 2). However, the phylogenetic 

analysis of Hzo sequences demonstrated the presence of several different phylotypes of 

anammox bacteria associated with Jettenia sp. rather than Brocadia sp. (Figure 3). The Hzo 

sequences from the upstream stations (IC, DP, AC and NC11) of the UCFR as well as 6RC were 

also associated with the Jettenia sequences, but they were grouped in different clusters (cluster 

H, I and J) from the NAV sequences except 6 sequences in the cluster G. This demonstrated the 

presence of different anammox populations at the upstream stations from the NAV communities. 

The discrepancy of anammox populations between NAV and the upstream stations might result 

from different levels of tidal influence and the encroaching salt wedge on the bottom of the water 

column (Table 2). Interestingly, the Hzo sequences in cluster E were closely associated with 

those found in coastal wetland and marine aquaculture sediments (Li et al., 2010). The anammox 

populations carrying the hzoA/hzoB genes in cluster E might be able to tolerate increased salinity 

in the UCFR. Furthermore, anammox bacteria in AC and 6RC were detected based on the 

hzoA/hzoB genes although anammox bacterial 16S rRNA gene was not amplified. Phylogenetic 

analysis of the Hzo sequences from both sites showed the presence of anammox communities 
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similar to those found in other river sediments (Figure 3). This provided additional evidence of 

higher detection capability of anammox bacteria by targeting the hzoA/hzoB genes.  

A total of 93 Hzo sequences were obtained from the CFRE stations (M35, M54 and 

M61). All the sequences were grouped in the cluster C, which was clearly segregated from those 

found in the river sediments. They shared 84.6% sequence similarities with the Scalindua sp. 

T23 enrichment Hzo sequence (Figure 3). Most of the Hzo sequences detected in coastal wetland 

sediment (Li et al., 2010) were grouped within the cluster C, which can represent the anammox 

bacterial phylotypes in estuarine and coastal sediments. None of the Hzo sequences reported 

from the anammox enrichment cultures were found in this cluster. It is necessary to have the Hzo 

sequences from Candidatus S. wagneri for a better comparison since 16S rRNA sequences in the 

CFRE sediments showed a closer relatedness to Candidatus S. wagneri. In addition, the Hzo 

sequences associated with the Brocadia, Anammoxoglobus,  Jettenia and Kuenenia sequences 

were not found in M54 and M61 (Figure 3), which is different from the phylogenetic analysis of 

16S rRNA genes (Figure 2). It is questionable if the 16S rRNA gene approach is truly detecting 

functional anammox bacteria in the environment. It is noteworthy that 16S rRNA sequences 

provide taxonomic identification of bacteria but no evidence for functional capability. Thus, the 

detection of hzoA/hzoB genes can be more promising to examine functional anammox bacteria in 

the environment.    

The Hzo sequences detected from the Guaymas Basin and the Montserrat Island 

sediments were most closely related to those found in the enrichment culture of Candidatus 

Scalindua sp. T23 in Cluster A (Figure 3). This confirmed the presence of Scalindua organisms 

in both sediments and agreed with the 16S rRNA sequence analysis (Figure 2). Cluster A 

contained Hzo sequences from a biological contactor (Schmid et al., 2008) and coastal wetland 
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sediment (Li et al., 2010) as well. The enrichment cultures contained the anammox bacteria 

closely associated with Candidatus S. sorokinii/brodae (de Vossenberg et al., 2008). Thus, the 

Hzo sequences in this cluster are likely to have originated from the same anammox bacteria 

grouped in the Scalindua cluster 1 based on the 16S rRNA phylogeny (Figure 2). Cluster B 

contained Hzo sequences exclusively from deep sea sediments (Figure 3), which might represent 

the same anammox bacteria in the Scalindua clusters 2 and 3 (Figure 2). Phylogenies of both the 

Hzo and 16S rRNA sequences showed that different marine anammox phylotypes were present 

in deep-sea sediments from estuarine and coastal sediments. Thus, anammox phylotypes in 

groundwater, river, estuary and deep-sea sediments were better differentiated by the Hzo 

phylogeny while 16S rRNA sequence analysis segregated freshwater and marine anammox 

bacteria.  

The hzoA/hzoB genes appear to be part of a genetic system only found in anammox 

bacteria, which provides strong promise to be a functional gene marker for anammox bacteria. 

As seen in the studies of ammonia oxidizing bacteria (AOB), the molecular methods targeting 

the ammonia monooxygenase genes (amoA) have been extensively used to detect various AOB 

in various terrestrial and aquatic systems (Purkhold et al., 2000; Bernhard et al., 2005, 2007; 

O’Mullan and Ward, 2005). Furthermore, the detection of homologous amoA genes in 

uncultured marine crenarchaeota led to the discovery of ammonia oxidizing archaea (AOA) as 

new microorganisms in N cycle (Treusch et al., 2005). AOA and AOB have been examined with 

the amoA genes as genetic markers in various ecosystems revolutionizing our knowledge of their 

diversity, distribution, and activities (Purkhold et al., 2000; Francis et al., 2005; Mincer et al., 

2007). As the amoA gene studies showed higher specificity and resolution of detecting functional 
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groups of AOB and AOA (Rotthauwe et al., 1997; Francis et al., 2005), the hzoA/hzoB gene 

detection can enhance the identification of true anammox bacteria in the environment.  

Anammox bacterial diversity and distribution. The diversity of anammox bacteria was 

compared between each ecosystem based on 16S rRNA (1% cutoff) and hzoA/hzoB genes (3% 

cutoff) using the analyses of rarefaction, Chao1 estimator, and Shannon Index (Table 1, Figures 

4A & 4B). In general, marine anammox communities have higher diversity than freshwater 

communities (Table 1). Higher estimates of anammox bacterial diversity were found based on 

the hzoA/hzoB genes than 16S rRNA sequences at each ecosystem except the wastewater 

bioreactor. Rarefaction analyses of 16S rRNA and hzoA/hzoB sequences showed the highest 

diversity of anammox bacteria in deep-sea sediments collected from the Guaymas Basin and near 

Montserrat Island (Figures 4A & 4B). Anammox communities in estuarine sediments were more 

diverse than those in aquifers and river sediments based on 16S rRNA (Figure 4A). However, 

hzoA/hzoB sequences showed that estuarine sediment anammox communities had lower diversity 

than both freshwater ecosystems (Table 3 and Figure 4B). In addition, a contrasting view of 

anammox bacterial diversity was observed in groundwater and river sediments based on 16S 

rRNA and hzoA/hzoB genes. This discrepancy suggests that the hzoA/hzoB gene can be a better 

genetic marker to estimate anammox bacterial diversity in various ecosystems since the diversity 

measured by 16S rRNA appears to be an underestimate. 

Both hzoA/hzoB and 16S rRNA sequences showed the highest diversity of anammox 

bacteria in the Montserrat tephra deposit (Table 3). The second highest diversity was observed in 

the Guaymas hydrothermal vent sediment based on hzoA/hzoB genes. Among the sampling 

stations in the estuary and river, site M54 had the most diverse anammox bacteria based on both 

hzoA/hzoB and 16S rRNA sequences. The 16S rRNA analysis severely underestimated the 
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diversity of anammox bacteria in the communities in groundwater and river sediments. For 

example, the 16S rRNA sequences in NAV shared more than 99% sequence similarities, which 

yielded only one phylotype representing in the community. However, the Chao1 estimator 

calculated the presence of at least 17 different phylotypes based on the hzoA/hzoB sequences 

using a 3% distance level for the OTU determination (Table 3). This discrepancy can be the 

result of either a PCR bias of 16S rRNA or faster evolution of hzoA/hzoB genes. The nested PCR 

method of 16S rRNA gene (Dale et al., 2009) used in this study was developed for specific 

detection of anammox bacteria based on the distinct genomic structure of anammox bacteria 

from other groups in Planctomycetales (Schmid et al., 2001). Anammox bacteria possess 16S 

and 23S rRNA genes linked by an internal transcribed spacer (ITS) ranging from 376 to 529 bp 

(Woebken et al., 2008). It is possible that some anammox bacteria do not have the linked 16S 

and 23S rRNA genes. Alternatively, higher diversity of freshwater anammox bacteria was 

estimated using the hzoA/hzoB genes instead of 16S rRNA. It is possible that the 16S rRNA 

genes of anammox bacteria are more conservative in evolution than the hzoA/hzoB genes, which 

also have a restricted level of evolution due to multiple haem binding sites as well as regions 

coding for functional amino acids (Klotz et al., 2008). Further comparative studies of hzoA/hzoB 

genes and 16S rRNA will provide better understanding of true anammox bacterial diversity in 

natural ecosystems. 

Ecological distribution of different anammox bacterial communities was demonstrated 

based on 16S rRNA and hzoA/hzoB genes (Figures 5A &5B). PCO of 16S rRNA phylogeny 

clearly segregated anammox communities in four different aquatic habitats including aquifer, 

river, estuary and deep sea within 27.15% of P1 and 16.53% of P2 percent variations (Figure 

5A). Anammox community found in wastewater bioreactor was also differentiated from other 
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communities (data not shown) but not included for further analysis since only one community 

was compared. PCO of hzoA/hzoB gene phylogeny also showed different distribution of 

anammox communities in four different ecosystems within 24.43% of P1 and 13.77% of P2 

percent variations (Figure 5B). The NAV community was segregated from other river sediment 

communities since hzoA/hzoB genes detected higher diversity and different members of 

anammox bacteria compared to 16S rRNA genes. In addition, marine anammox communities 

were more closely clustered based on hzoA/hzoB genes than 16S rRNA sequences. Multiple 

regression analysis indicated that the first principal coordinate scores for both hzoA/hzoB and 

16S rRNA genes were related to salinity (p=0.03 for hzoA/hzoB and p=0.01 for 16S rRNA).  

NO3
-/NO2

- did not influence principal coordinate scores (p=0.89 for hzoA/hzoB and p=0.58 for 

16S rRNA).  The interaction was marginally significant (p=0.09 for hzoA/hzoB and p=0.07 for 

16S rRNA).  Thus, salinity seems to be the driving factor that differentiates anammox 

community structures in the different ecosystems studied here.   

Salinity effect on community structure was well demonstrated in the studies of AOB and 

denitrifying bacteria. Nitrosomonas like bacteria were preferentially present at freshwater 

regions while Nitrosospira spp. dominated higher saline environments (Stehr et al. 1995; Francis 

et al. 2003; Bernhard et al. 2005; Freitag et al. 2006). Some studies indicated that the abundance 

and diversity of AOB were reduced as salinity increased (Stehr et al. 1995; Francis et al. 2003: 

Bernhard et al. 2005; Bernhard et al. 2007). Increased salinity also decreased diversity of 

denitrifying bacteria in waste water treatment systems (Yoshie et al. 2004). The composition 

variation in denitrifying communities along gradients of salinity, DIN and DOC in the 

Chesapeake Bay was observed using microarray analysis of the dissimilatory nitrite reductase 

genes (nirS) (Taroncher-Oldenburg et al., 2003). Bulow et al. (2008) also reported the highest 
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diversity of nirS genes in freshwater station while the diversity was reduced at higher salinity 

station at the Bay. Our study indicated that salinity also significantly influenced the community 

structures of anammox bacteria in aquatic environments. Both 16S rRNA and hzoA/hzoB gene 

analyses differentiated freshwater vs. marine anammox bacteria, and determined the presence of 

different anammox phylotypes in the examined ecosystems.    
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Conclusion 

We have demonstrated the hzoA/hzoB gene as a new genetic marker to detect and 

examine anammox bacterial diversity and distribution in various ecosystems. By targeting the 

hzoA/hzoB genes, the presence of anammox bacteria can be rapidly determined as hydrazine 

metabolism is a unique pathway found only in anammox bacteria. The hzoA/hzoB gene analysis 

affirms the evolutionary distinction between freshwater and marine anammox bacteria in natural 

environments. Furthermore, we were able to differentiate four different groups of anammox 

bacteria depending on their ecological niches including groundwater, rivers, estuaries and the 

deep sea. With the use of the hzoA/hzoB gene, there is potential to identify extant groups of 

bacteria capable of anammox metabolism. In addition, active members of anammox 

communities can potentially be detected based on the expression of hzoA/hzoB genes. Thus, 

hzoA/hzoB gene approach will enhance our understanding of anammox bacterial diversity and 

activities in the natural ecosystems. Further work needs to be done to develop a reliable 

quantitative method based on the hzoA/hzoB gene, which will provide better estimates of 

anammox bacterial abundance in various environments. 
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Figure Legends: 

Table 1. Summary of sampling sites, detected genes and DOTUR analyses 

Table 2. Environmental parameters measured in different sampling sites 

Table 3. PCR Primers for hzoA/hzoB gene detection 

Table 4. hzoA/hzoB gene amplification with different PCR primers and conditions 

Figure 1. Primers targeting specific amino acid sequence regions of hzoA/hzoB genes. The 

primers hzoAB1F, hzoAB1R, hzoAB4F, and hzoAB4R were designed in this study. 

Figure 2. Consensus phylogenetic tree of anammox bacterial 16S rDNA detected from various 

ecosystems. Bootstrap values based on 1000 replications that were greater than 50 are provided. 

The numbers in parenthesis refer to the number of 16S rDNA sequences assigned to a 

representative phylotype sequence. The GenBank accession numbers for the reference sequences 

of 16S rRNA genes are listed in the parentheses.  

Figure 3. Consensus phylogenetic tree of HZO sequences detected from various ecosystems. 

Bootstrap values based on 1000 replications that were greater than 50 are provided. The numbers 

in parenthesis refer to the number of HZO sequences assigned to a representative phylotype 

sequence. The GenBank accession numbers for the reference sequences of hzo genes are listed in 

the parentheses.  

Figures 4A and 4B. Rarefaction analyses of 16S rDNA (A) and hzoA/hzoB (B) in anammox 

bacteria from various ecosystems. DOTUR program was used with 1% and 3% distance levels 

for 16S rDNA and hzoA/hzoB genes, respectively. 

Figures 5A and 5B. UniFrac analysis of anammox bacterial communities detected in different 

environmental samples. (A. PCO of 16S rRNA genes, B. PCO of hzoA/hzoB genes). 



 32



 33

Table 2. Environmental parameters measured at different sampling sites

Parameters Neal1 Rushing1 Crosby1 M352 M542 M612 NAV2 IC2 DP2 AC2 NC112 6RC2 Montserrat3

Salinity (‰) 0.0 0.0 0.0 12.1 7.4 6.0 0.9 0.0 0.0 0.0 0.0 0.0 35.0
NO3

-/NO2
- (µM) 1.4 100.0 200.0 13.0 15.0 16.0 22.5 28.0 30.0 39.0 35.0 37.0 28.0

NH4
+ (µM) n.d. n.d. n.d. 3.7 6.8 5.3 5.2 4.9 5.9 5.9 3.1 9.0 n.d

1Salinity and NO3
-/NO2

- concentration were measured when groundwater was sampled in 2007.
2Annual means of bottom water parameters measured in 2006 are reported.
3Salinity and NO3

-/NO2
- concentration were measured from porewater of top 3cm sediments.  
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Table 3. PCR Primers for hzoA/hzoB  gene detection
Forward Sequence Reverse Sequence References
primer primer
hzoAB1F 5'-GAAGCNAAGGCNGTAGAAATTATCAC-3' hzoAB1R 5'-CTCTTCNGCAGGTGCATGATG-3' This study
hzoAB4F 5'-TTGARTGTGCATGGTCTAWTGAAAG-3' hzoAB4R 5'-GCTGACCTGACCARTCAGG-3' This study
hzocl1F1 5'-TGYAAGACYTGYCAYTGG-3' hzocl1R2 5'-ACTCCAGATRTGCTGACC-3' Schmid et al., 2008
Ana-hzo1F 5'-TGTGCATGGTCAATTGAAAG-3' Ana-hzo2R 5'-ACCTCTTCWGCAGGTGCAT-3' Quan et al., 2008
hzoF1 5'-TGTGCATGGTCAATTGAAAG-3' hzoR1 5'-CAACCTCTTCWGCAGGTGCATG-3' Li et al., in press
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Table 4. hzoA/hzoB  gene amplification with different PCR primers and conditions 

PCR setup Primers Template     Bioreactor           Groundwater      Estuarine sediment River sediment    Deep sea sediment
Activated sludge Neal Rushing Crosby M35 M54 M61 NAV IC DP AC NC11 6RC Guaymas Montserrat

hzoAB1 hzoAB1F and hzoAB1R DNA  +  -  +  -  -  -  -  -  +  +  -  -  -  +w  -
hzoAB4 hzoAB4F and hzoAB4R DNA  +  +  +w  +  +w  +  -  -  +w  +w  -  +  +w  +  +
hzocl1 hzocl1F1 and hzocl1R2 DNA  +  +  +w  -m  -  +m  -  -  -m  -m  -m  -m  -  +m  +m
Ana-hzo Ana-hzo1F and Ana-hzo2R DNA  +  +  +  -  -  +w  -  -  +  +  -  +w  +  +w  +w
hzoFR hzo1F and hzo2R DNA  +  +  +  -  -  +w  -  -  +  +  -  +  +  +  +
nested hzoAB4 hzoAB4F and hzoAB4R hzoAB1P reaction1  +  +  +  +  +  +  +  +  +  +  +  +  +  +  +

 +: PCR amplicon of the expected size fragments.
 -:  No PCR amplification
 +m: PCR generated the expected size amplicons with multiple size products.
 -m: PCR generated multiple size products without the expected size amplicons.
 +w: PCR generated lower yield of expected size amplicons.
1The hzoAB1P reaction was conducted with hzoAB1F and hzoAB1R primers under different PCR condition from the hzoAB1 reaction.
See the detauls in the experimental procedures.  
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Figure 1. Primers targeting specific amino acid sequence regions of hzoA/hzoB genes. The 

primers hzoAB1F, hzoAB1R, hzoAB4F, and hzoAB4R were designed in this study. 
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Figure 2. Consensus phylogenetic tree of anammox bacterial 16S rRNA genes detected from 

various ecosystems. Bootstrap values based on 1000 replications that were greater than 50 are 

provided. The numbers in parenthesis refer to the number of 16S rRNA sequences assigned to a 

representative phylotype sequence. The GenBank accession numbers for the reference sequences 

of 16S rRNA genes are listed in the parentheses.
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Figure 3. Consensus phylogenetic tree of Hzo sequences detected from various ecosystems. 

Bootstrap values based on 1000 replications that were greater than 50 are provided. The numbers 

in parenthesis refer to the number of Hzo sequences assigned to a representative phylotype 

sequence. The GenBank accession numbers for the reference sequences of hzo genes are listed in 

the parentheses. 
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Figures 4A and 4B. Rarefaction analyses of 16S rRNA (A) and hzoA/hzoB (B) genes in 

anammox bacteria from different ecosystems. DOTUR program was used with 1% and 3% 

distance levels for 16S rRNA and hzoA/hzoB genes, respectively
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Figures 5A and 5B. UniFrac analysis of anammox bacterial communities detected in different 

environmental samples. (A. PCO of 16S rRNA genes, B. PCO of hzoA/hzoB genes). 
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CHAPTER 3. ANAMMOX AND DENITRIFICATION RATES TO ESTIMATE N REMOVAL 

POTENTIAL IN THE CAPE FEAR RIVER ESTUARY, NC, USA 
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Abstract 

Nitrogen is an essential nutrient for primary production, which, in high amounts, can lead 

to eutrophication, resulting in hypoxia and anoxia. Two microbial processes, anaerobic 

ammonium oxidation (anammox) and denitrification, remove DIN from the environment through 

two separate metabolic pathways. In order to assess the spatiotemporal variability of these 

microbial processes, sediment slurry incubation experiments with 15NO3
- were conducted using 

the sediments collected from the Cape Fear River Estuary (CFRE). Sediment samples were 

collected at 15 stations along the estuarine gradient of the CFRE on the banks and in the shipping 

channel during the spring and fall of 2009. Potential N2 production (anammox + denitrification) 

rates were slightly higher in the spring than in the fall (6.42 ± 4.42 and 5.85 ± 3.87 nmol N2 g-1 h-

1, respectively); no clear spatial pattern was seen along the length of the estuary. Total N2 

production rates were higher on average in bank sediments than in the channel. Denitrification 

was dominant over anammox and accounted for 81 to 99% of the total N2 production. Of the 

physical and chemical parameters that were measured, mean sediment grain size was most 

significantly correlated (R2 = 0.15) to the N2 production rates in the spring sampling.   The 

correlation between denitrification and anammox rates in the spring (R2 = 0.70) and fall (R2 = 

0.55) was more significant than that of any of the environmental parameters.  The N removal 

potential in the sediments of the CFRE is highly variable with a combined production of roughly 

3 mmol N2 m-2 day-1 from anammox and denitrification. 
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Introduction 

Estuaries are among the most productive marine ecosystems and are particularly 

vulnerable to anthropogenic impacts.  In particular, high N loading from point and non-point 

sources can result in eutrophication, which is characterized by low dissolved oxygen content and 

harmful algal blooms.  The intensity and duration of estuarine eutrophication in response to high 

N loading and the rate of estuarine recovery by N reduction are primarily controlled by 

biogeochemical N removal processes.  While numerous processes transform N, only 

denitrification (nitrate conversion to N2) and anaerobic ammonium oxidation (ANAMMOX; 

ammonium plus nitrite conversion to N2) remove fixed N from the environment.  

Denitrification occurs in a wide variety of bacteria and is mainly a heterotrophic process, 

involving the reduction of NO3
- to N2O and N2 in a stepwise manner (NO3

-  NO2
-  NO  

N2O  N2).  In estuaries and marine environments, denitrification rates are controlled by labile 

organic carbon and nitrate availability, which can vary spatially throughout the estuary 

(Cornwell et al. 1999; Trimmer and Nicholls 2009).  NO3
- becomes available for denitrification 

either from the water column (direct denitrification) or from nitrification (coupled 

denitrification).  In sediments with less than ~10µM NO3
- in the overlying water coupled 

denitrification dominates with direct denitrification often accounting for ~10% of the total 

denitrification rates (Seitzinger et al. 2006).  

Anammox is a chemolithotrophic process producing N2 gas by the anaerobic oxidation of 

NH4
+ coupled to the reduction of NO2

- (NO2
- + NH4

+  N2 + H2O). Anammox is limited to a 

specific group of Planctomycetes with a slow generation time of 7 to 14 days under laboratory 

conditions (Strous et al. 1999). Therefore, anammox bacteria require stable environments with 

constant supplies of NO2
- in order to be successful, in contrast to denitrifying bacteria, which are 
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facultative and relatively fast growing and are therefore able to take advantage of fluctuating 

environmental conditions (Rysgaard et al. 2004; Risgaard-Peterson et al. 2005; Trimmer et al. 

2005). Anammox is more active in low temperatures relative to denitrification, suggesting that 

the relative importance of anammox should be greater in colder seasons (Dalsgaard and 

Thamdrup 2002; Rysgaard et al. 2004). Anammox has been shown to decrease linearly with 

increasing salinity (Koop-Jacobsen and Giblin, 2009). Since NO2
- is usually observed in low 

concentrations in anoxic sediments, anammox depends on either denitrification or diffusion from 

nitrification in oxygenated sediments for a supply of NO2
-. Anammox bacteria not only reduce 

NO2
- to N2 gas but also oxidize NO2

- to NO3
- as the initial step in their carbon fixation pathway 

(Strous et al., 2006), making NO2
- availability critical for the survival of these organisms.  

The importance of anammox to total N removal has been shown for offshore systems.  

Anammox in continental shelf sediments have been observed to be responsible for an average 

67% of total N2 production (Thamdrup and Dalsgaard, 2002).  Nicholls and Trimmer (2009) 

recently showed that anammox contributed to 33% of total N2 production in continental shelf 

sediments and 62% in continental slope sediments, where the shelf sediments had greater overall 

production as well as higher levels of organic C. In estuarine sediments, anammox contributed 

just 0-10% of total N2 production with a trend of greater anammox significance in the upstream 

portions of the Thames Estuary and the Logan/Alberta river system (Trimmer et al. 2003, Meyer 

et al. 2005, Nicholls and Trimmer 2009).  

The Cape Fear River Estuary (CFRE) in North Carolina is representative of the numerous 

“blackwater” river estuaries that occupy the coastal plain of the Southeast coast of the USA.  

Initial evidence for denitrification and anammox in the CFRE was measured by Dale et al. 

(2009) where anammox rates ranged from 0.065 to 0.6 nmol N2 g-1 h-1 (3.8 to 16.5% of total N2 



 45

production). The overall importance of anammox relative to denitrification on expanded spatial 

and temporal scales remains undetermined in the CFRE.  Improved characterization of fine scale 

spatial variations, seasonal variations, and sediment/water chemistry may help to assess the 

impact of these two processes on annual N removal and the geochemical conditions that might 

enhance them.  In the CFRE, a shipping channel about 15 meters deep is maintained by dredging 

leaving more possibility for primary production to occur in the bank sediments, The four goals of 

the current study are to determine if N-removal capacity varies: 1) among shallow photic bank 

sediments vs. dark channel sediments, 2) along the length of the estuary, 3) between the spring 

and fall seasons. Also, an attempt was made to determine any physical and chemical parameters 

that drive the N-removal capacity in the CFRE. 
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Methods 

General Approach for Anammox and Denitrification – 15N tracer 

Anammox and denitrification have typically been measured using a set of stable isotope 

incubations using either 15NH4
+ only, 15NH4

+ with 14NOx
-, 15NOx

- only, or 15NOx
- with 14NH4

+ 

based on the fact that anammox uses a combination of NH4
+ and NO2

- whereas denitrifiers use 

NOx
- only (Dalsgaard and Thamdrup, 2002; Thamdrup and Dalsgaard, 2002; Risgaard-Peterson 

et al. 2004; Engström et al. 2005).  It has been shown that incubation experiments using 15NO3
- 

and 14NH4
+ allow the estimation of potential N2 production rates from both anammox and 

denitrification simultaneously (Thamdrup and Dalsgaard 2002) and provide a more sensitive 

proxy than 15NH4
+ incubations in estuarine sediments where DNRA (dissimilatory nitrate 

reduction to ammonium) occurs along with low anammox activity (Nicholls and Trimmer 2009). 

Sediment sampling:  

Fifteen stations were demarcated about every two kilometers along the estuarine salinity 

gradient of the CFRE. The saltwater and freshwater end-members were designated stations 1 and 

15, respectively. (Figure 6).  Sampling was conducted in April/May (spring) and 

September/October (fall) of 2009. Sediments were collected using a Petite Ponar® grab from 

west to east along a cross-estuary transect at each station including, where possible, both banks 

(depth less than two meters) and both sides of the channel (~12 m).  Samples were defined as 

either east or west bank (EB, WB) (0-2 m water column depth), east or west channel (EC, WC) 

(8-15 m), as well as east mid-bank (EMB), west bank-shore (WBS) and east bank-shore (EBS) at 

stations where more than 4 samples were taken.  Sediments were stored in multiple 

polypropylene centrifuge tubes on ice for transport to the laboratory. Sediment pore water was 

extracted by spinning the sediments at 3500 rpm for 5 minutes and decanting the supernatant for 
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NO3
-/NO2

- measurement. The remaining sediments were stored overnight at 4°C.  In addition, 

water samples were collected from the surface and bottom and were filtered immediately for 

nutrient analysis. 

Sediment slurry incubation experiments:  

The following day, 2.0 ± 0.1 g aliquots of homogenized sediment from each grab were 

placed into 8 Exetainer™ tubes (Labco, High Wycombe, United Kingdom) containing 6 mm 

glass beads (Kimble-Chase, New York, USA) for mixing.  These Exetainer™ tubes were then 

sealed, spun in a centrifuge briefly and flushed with helium gas for 5 minutes to create anoxic 

conditions.  These sediments were stored overnight in the dark at room temperature to remove 

residual NO3
-/NO2

-.  After the overnight incubation, the Exetainer™ tubes were again flushed 

with helium gas for 5 minutes. At this point, pore water was collected from two of the 

Exetainer™ tubes using a needle and syringe and the pore waters were frozen at -80°C for NOx 

measurements, which was conducted using the vanadium chloride reduction method of Braman 

and Hendrix (1989) on an Antek 7020 nitric oxide detector (Antek Instruments Inc., Houston, 

TX, USA).  The remaining 6 tubes were injected with 0.1mL 2mM K15NO3 (15N at. %: 99) + 

2mM (NH4)2SO4 to a final concentration of about 100 µM N. Both anammox and denitrification 

were immediately stopped in duplicate tubes by adding 0.2mL of 4M KOH, and these tubes 

served as time-zero incubations. The sediments in the remaining four tubes were incubated for 1 

h and 2 h, and the reactions were stopped with KOH in the same manner.  After incubation was 

completed, samples were vortexed upside down and stored underwater to avoid air 

contamination until they were analyzed on an automated gas bench interface (Thermo Gas Bench 

II) in line with a continuous flow isotope ratio mass spectrometer (Delta V plus; Thermo 

Scientific).  Rates of anammox and denitrification were calculated using the slopes of 14N15N and 



 48

15N15N over the incubation time, respectively, in excess relative to air, taking into account stable 

isotope dilution from residual NO3
-/NO2

- measured with the NOxBox according to Thamdrup 

and Dalsgaard (2002).   

Environmental parameter measurements:  

Salinity, Dissolved Oxygen, and pH were measured with a YSI model 650 MDS (YSI 

Inc., Yellow Springs, OH, USA) in the field at the surface and at the bottom when depths were 

greater than 1 meter.  Sediment samples from the spring sampling were treated with 35% H2O2 

until all organic matter was dissolved.  Samples were then run on a Coulter Counter (model LS-

200, Beckman) to measure the distribution of sediment grain sizes.  Organic content was 

measured as a percentage of the ashed weight/pre-ashed weight.  Fe (II) and H2S were measured 

spectrophotometrically from porewater that was fixed with ferrozine and/or diamine immediately 

after centrifugation the day after they were collected from the CFRE (Stookey, 1960, Cline, 

1969).  Filtered surface and bottom water was analyzed for NO3
- and NH4

+ with the standard 

colorimetric method using a Bran Lubbe continuous flow autoanalyzer.   

Contour plot construction and statistical analysis:  

Contour plots of the rate data were constructed using Surfer 7.0 (Golden Software Inc., 

Golden, CO, USA).  PCA (Principal Components Analysis) was conducted using Canoco for 

Windows and PCA plots were created using CanoDraw. Linear regression analysis and 

descriptive statistics of rate data and each environmental variable were conducted using 

Microsoft Excel analysis toolpak. 
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Results  

Spatial variation of anammox and denitrification in spring:  

In the spring, the highest potential anammox rates were measured in sediments from 

station 14EB (1.65 nmol N2 g-1 h-1), station 12WB (1.17 nmol N2 g-1 h-1), and station 10WC 

(1.19 nmol N2 g-1 h-1) (Table 7, Figure 7).  Each of these samples also had relatively high 

denitrification rates (14.24, 12.78, and 16.55 nmol N2 g-1 h-1, respectively) with station 10WC 

representing the greatest potential denitrification rates in the spring.  Interestingly, the lowest 

anammox activity (3.5 pmol N2 g-1 h-1) from the spring sampling was measured in incubations 

using sediment collected from station 14EC, just meters away from the sediments with the 

highest anammox activity. 14EC also had the lowest ra (relative anammox = 100*anammox 

rate/(denitrification rate + anammox rate)) at 0.2%, while the highest ra was measured in 

sediments from the west bank shore of station 6WBS (18.2%). The lowest denitrification rate 

(0.88 nmol N2 g-1 h-1) was measured in sediments from station 1WC).   

After aggregating the spring rate measurements along the whole estua the bank sediments 

had higher N2 production rates (7.86 nmol N2 g-1 h-1 ± 4.02) and ra (7.02% ±3.01) than the 

channel sediments (N2 production = 4.78 nmol N2 g-1 h-1 ± 4.35 and ra = 5.80% ± 3.39) (Table 

7), yet they are clearly not statistically different. At sites 7, 13, and 14 a clear pattern of higher 

anammox and denitrification rates in the banks than in the channels was observed (Figure 7).  In 

contrast, the channel sediments at site 10 had higher N2 production rates than the bank sediments 

from the same site.  Also, at sites 2 and 6 (among others) there was no distinguishable pattern 

from the rate data between the banks and channels.   

Spatial variation of environmental parameters in spring:  
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Physical and chemical data from the spring sampling period are provided in Table 8. The 

surface salinity in the spring ranged from less than 0.1 (11EC, 12WB, and stations 13, 14 and 15) 

to 20.1 (3EC) and the bottom salinity ranged from less than 0.1 (12WB and stations 13, 14 and 

15) to 22.2 (3EC). The average NO3
- concentration from surface waters was 19.9 µM (Table 6), 

ranging from 4.4 (1EB) to 40 µM (13WB, 15EB and 13WC).  In the bottom waters, the average 

NO3
- concentration was 22.5 µM, ranging from 3.8 (1WC) to 41.2 µM (13WC). The average 

NH4
+ concentration in the surface waters was 4.25 µM, ranging from 0.4 (1EB) to 9.6 µM (8EC). 

In the bottom waters, the average NH4
+ concentration was 5.1 µM, ranging from 0.4 (1EB) to 

11.6 µM (12WC). The concentration of Fe (II) in the spring was 23.9 µM on average, ranging 

from 0 (21 samples) to 214.7 µM (14EB). The concentration of H2S in the spring was 2.6 µM on 

average, ranging from 0 (6 samples) to 15.8 µM (12EB). Organic content accounted for an 

average of 5.2% of dry sediment weight, ranging from 0.1% (9EB) to 35.3% (11WB).  Sediment 

grain sizes were only measured on sediments collected during the spring sampling period.  The 

mean grain size among all samples was 331 µm on average with range of 22 µm (8WB) to 833 

µm (9EB).  Average values for physical and chemical data were determined after grouping 

samples together as either bank or channel (Table 6). On average, the channel had more coarse 

sediment grains (356 µm) than the bank (309 µm) as would be expected due to higher mean tidal 

velocities in the channel. 

Spatial variation of anammox and denitrification in fall: 

In the fall, the highest potential anammox rate was measured in sediments from station 

5EC (0.92 nmol N2 g-1 h-1), the highest denitrification rate was measured in station 10WB (16.6 

nmol N2 g-1 h-1) and the highest ra was measured in station 13EC (17.5%) (Table 7, Figure 8). 

The lowest anammox rate (1.4 pmol N2 g-1 h-1), denitrification rate (83 pmol N2 g-1 h-1) and ra 
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(1.6%) were all measured from sediments collected from station 4WC.  In bank sediments the 

average N2 production rate (6.84 N2 g-1 h-1 ± 4.16) was higher than in the channel (4.75 nmol N2 

g-1 h-1 ± 3.25), and the % ra was lower than in the bank (5.38%  ± 2.51) than in the channel 

6.85% ± 4.13) sediments (Table 5). Sites 7, 10, and 13 showed higher anammox and 

denitrification rates on the banks than in the channel (Figure 8).  In contrast, site 15 had higher 

N2 production rates in the channel sediments than in the bank.  

Spatial variation of environmental parameters in fall: 

The surface salinity in the fall ranged from less than 1.0 (14EB) to 30.1 (2EC) and the bottom 

salinity also ranged from 1.0 (14EB) to 30.1 (2EC) (Table 9), although on average, the bottom 

salinity was greater than that measured at the surface (Table 6). The average NO3
- concentration 

from surface waters was 16.2 µM, ranging from 3.0 (8EB) to 39.1 µM (15EC).  In the bottom 

waters, the average NO3
- concentration was 14.4 µM, ranging from 3.7 (9EB) to 37.8 µM 

(15WC). The average NH4
+ concentration in the surface waters was 9.6 µM, ranging from 2.9 

(1EB) to 32 µM (6WC). In the bottom waters, the average NH4
+ concentration was 9.4 µM, 

ranging from 4 (4EC) to 34.8 µM (11EB). The concentration of Fe (II) in the fall was 102.1 µM 

on average, ranging from 0 (1EB, 4EB, and 5WB) to 824.4 µM (12WB). The concentration of 

H2S in the fall was 4.2 µM on average, ranging from 0 (7 stations) to 32 µM (13WB). Organic 

content accounted for an average of 17.6% of dry sediment weight, ranging from 0.3% (4EBS) to 

31.1% (4WB).  Dissolved oxygen in the surface waters was 7.2 mg/L on average with a range of 

6.0 (5EC) to 8.2 mg/L (7WB).  Dissolved oxygen in the bottom waters was 7.1 mg/L on average, 

ranging from 6.0 (4EC) to 8.0 mg/L (1EC, 2WB) so no hypoxic areas were encountered. 
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Discussion 

The annual range of potential anammox and denitrification rates and % anammox in the 

CFRE (0.08 to 16.62 nmol N2 g-1 h-1, 0.00 to 1.65 nmol N2 g-1 h-1, and 0.19 to 18.21%, 

respectively) were on the lower end of reported rates from other marine environments 

(Thamdrup and Dalsgaard 2002, Nicholls and Trimmer 2009) and were on par with rates 

reported from temperate estuaries (Koop-Jakobsen and Giblin 2009, Nicholls and Trimmer 2009) 

anammox accounting for a greater portion of N2 production. In one spring sediment (6WBS) and 

two fall sediments (3WC and 13 EC) anammox accounted for ~18% of the total N2 production, 

which is higher than the values reported in similar studies on estuarine sediments (Meyer et al. 

2005, Nicholls and Trimmer 2009). The upper, middle and lower estuary did not have 

significantly different aggregated rates although some intraestuary variation in rates was 

observed. 

Among the two sampling seasons more N2 production was measured during the spring 

and in each season the bank sediments were more reactive than the channel sediments, however 

they were not significantly different (Table 5). Overall, the rate measurements were slightly 

higher in the spring, averaging 6.42 nmol N2 g-1 h-1 compared to 5.85 nmol N2 g-1 h-1 in the fall 

(Table 5).  No significant linear correlations were observed when comparing rate measurements 

with chemical and physical variables, with the highest R2 being 0.162 for a negative regression 

between anammox rates and mean sediment grain size in the spring (Table 10). In both seasons, 

there is a correlation between anammox and denitrification rates with an R2 value of 0.7015 in 

the spring (Figure 13) and 0.5469 in the fall (Figure 14). Daily N removal was estimated (under 

the assumption that the bulk density of sediments was 2 g cm-3 and slab thickness was 1 cm) and 

it was found that the potential anammox rates ranged from 0.33 (4WC fall) to 394.91 (14EB 
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spring) µmol N2 m-2 d-1 and that of denitrification ranged from 19.9 (4WC fall) 3988.71 (10WB 

fall) µmol N2 m-2 d-1. 

In the spring samples anammox accounted for 0.19 to 18.15% of total N2 production (ra) 

with an average of 6.45% ± 3.22) and in the fall samples anammox accounted for 1.61 to 18.21% 

of total N2 production with an average of 6.07% ± 3.42)  (Tables 5 and 7).   Channel sediments 

had nearly identical N2 production rates in the spring and fall and the average contribution of 

anammox was slightly higher in the fall (Table 5). From Table 6 it can be seen that in the spring 

there were higher levels of NO3
- and lower levels of salinity, NH4

+, Fe(II), H2S and % organic 

matter than in the fall.    Contour plots were created using denitrification, anammox, and total N2 

production rate data along with latitude and longitude data (Figures 9 and 10).  From the spring 

contour plots (Figure 9), it is clearly seen that there is a high level of spatial heterogeneity with 

‘hotspots’ at stations 2 (33.98° N) and 10 (34.19° N) and that denitrification contributed most 

significantly to overall N2 production. The only ‘hotspot’ of N2 production from the fall 

sampling period was at station 10 (34.19° N), with an area of low activity becoming apparent in 

the lower portion of the estuary on the west bank (34° N to 34.03° N) (Figure 10). There were no 

clearly observed trends of increased potential N removal in the upstream portion of the estuary 

like those reported in previous studies (Trimmer et al. 2003, Meyer et al. 2005, Nicholls and 

Trimmer 2009). 

Stark contrasts were observed at many sites between the bank and the channel in terms of 

N2 production by both anammox and denitrification. For example, at site 13 the bank sediments 

had much higher anammox and denitrification rates in both the spring and fall sampling than the 

channel sediments (Figures 7 and 8). This pattern was not always consistent between the spring 

and fall transects or throughout the length of the estuary during either sampling season. The 
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channel sediment from site 10 in the spring had the highest N2 production rates whereas the 

highest rates in the fall were measured in the bank sediments of the same site.  14EB had the 

highest potential anammox rate and 14EC had the lowest potential anammox rate throughout the 

entire estuary in the spring yet in the fall 14EC had higher anammox and denitrification rates 

than any other sediment from station 14. Whether this was due to a shift in the microbial 

community over time or just an artifact due to not being able to sample the exact same sediment 

twice remains unclear. These observations are most likely due to a high level of heterogeneity of 

sediment characteristics on the river bottom. Since this spatial heterogeneity is present on the 

scale of a few meters, perhaps it is fruitless to expect to see temporal variation under the current 

experimental design. 

The estuary was divided into upper (sites 11-15), middle (sites 6-10), and lower (sites 1-

5) and potential rates (in units of µmol N m-2 d-1) were estimated based on the assumption that 1 

g of wet sediment is equal to 1 cm2 of sediment volume (Table 11).  In the middle portion of the 

estuary, the greatest individual denitrification rates were observed, yet the mean denitrification 

rates were less than those in the upper and lower portions of the estuary.  The greatest mean 

denitrification rates were observed in the lower portion of the estuary in both the spring and fall.  

Anammox rates were higher in the spring season than in the fall with the upper and middle 

portions having the greatest mean rates. Although their mean rates were similar, the upper 

portion had a higher standard deviation (114.94 µmol N m-2 d-1) than the middle portion (86.24 

µmol N m-2 d-1).  In the fall, mean anammox rates were similar throughout the estuary. 

Linear regression showed a slight negative correlation between mean sediment grain size 

and total N2 production (R2 = 0.15).  All other environmental parameters measured showed even 

lower correlations to N2 production (Table 10).  In the spring (Figure 11), a negative correlation 
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was observed between mean sediment grain size and anammox rates, as well as denitrification.  

In other words, sediments with smaller grain sizes tended to have higher N2 production rates.  

This is in agreement with previous work showing a negative correlation between total bacterial 

abundance and sediment grain size (Dale, 1974). A similar trend was reported from estuarine 

samples in Denmark, where Norsminde Fjord sediments had larger grain sizes and less N2 

production than sediments from Randers Fjord, although the authors attributed the difference in 

activity to the availability of organic carbon (Risgaard-Peterson et al. 2004).   

A weak positive correlation between pore water H2S concentrations and anammox 

activity was observed (Figures 11 and 12, Table 10). Jensen et al. (2008) showed that anammox 

and denitrification rates from the water column of the Black Sea were inhibited by H2S (4 µM), 

however, based on the fact that there are microenvironments in the sediment and they were not 

handled anaerobically in this study, it is difficult to draw conclusions about H2S.  In the pore 

water samples collected in this study, H2S concentrations as high as 15.83 µM in the spring (as 

high as 32 µM in the fall) were measured, although the average H2S concentration was much 

lower (2.6 µM in spring and 4.2 µM in fall).  Anammox activity was indeed measured in these 

sediments, perhaps suggesting that either not all anammox bacteria are inhibited by H2S or that 

the distribution of H2S is variable in the sediments.  The most striking contrast between the PCA 

of the two seasons is that % organic content was positively related to N2 production in the spring, 

whereas a negative relation was observed in the fall.  This could be due to the fact that organic 

matter was more abundant in the fall (Tables 8 and 9) and therefore may not have been a limiting 

factor in as many of the incubations. Since anammox is an autotrophic process, it seems 

anomalous that the relative importance (ra) has been positively correlated to sediment organic 

content (Trimmer et al. 2003; Dalsgaard et al. 2005) however dependency on partial 
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denitrification for a supply of NO2
- in anoxic incubations could explain this (Meyer et al. 2005).  

Bottom water nitrate has been shown to have a strong correlation with anammox activity in 

arctic marine sediments (Rysgaard et al. 2004), yet we did not observe any significant correlation 

in the spring (R2 = 0.01) or fall (R2 = 0.01) (Table 10). 

 The experiments in this study were designed to measure the metabolic readiness of 

anammox and denitrification in vitro. The fact that the incubations were all conducted at room 

temperature may be a reason that we did not see a marked difference in N2 production rates 

between the spring and fall. In the CFRE, the coldest water temperatures are typically measured 

in February (~7 to 8º C) and the warmest are measured at the end of spring in July and August 

(~28º C) (data from the Lower Cape Fear River Monitoring Program 

http://uncw.edu/cmsr/aquaticecology/laboratory/LCFRP/index.htm) Although both anammox 

and denitrification have been shown to occur in a wide temperature range (for review, see Zhu et 

al. 2010), it has been shown that anammox have a lower optimal temperature than denitrifiers 

(Rysgaard et al. 2004).  If similar incubations were conducted at in situ temperatures we would 

expect lower overall N2 production along with a greater relative contribution from the anammox 

process from the spring season, when in situ temperatures are lower than in the fall.  

Strong correlations between anammox and denitrification rates were observed in both the 

spring (Figure 13) and fall (Figure 14) with R2 values of 0.70 and 0.55, respectively.  Because 

anammox requires NO2
- and the incubations were enriched with NO3

-, anammox was dependent 

on an initial reduction step by denitrifying bacteria.  In the environment, nitrite could also be 

supplied to anammox bacteria at oxic/anoxic interfaces via diffusion through the sediments from 

the water column or from nitrification.  Another possible explanation for the observed correlation 

between anammox and denitrification rates is simply that in the sediments of the CFRE the two 
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processes function similarly under the same environmental conditions such as nitrate availability 

and sediment grain size.  

Limitations of this study: 

Samples were not able to be collected expeditiously during each sampling season due to 

the large number of samples and some inclement weather.  Tidal variation and changes in 

freshwater input due to rain caused the observed salinity gradient to be less than ideal.  High 

flow rate and water column depth in the channel made collecting water and sediment samples 

from the sediment/water interface impossible at times.  Pore-water chemistry measurements were 

dependent on extracting a sufficient volume of water from the sediments, which was not possible 

with all of the samples.  In particular, the sandier sediments were often dry upon return to the lab 

because the pore-water would drain out of the sampling device in the field. Additionally, because 

the sediments were collected by a grab technique, there is uncertainty as to where in the sediment 

column our samples are actually from.  When sediments were collected in the dredge, we 

attempted to only collect samples from the surface of the grab.  
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Figure legends:  

Table 5. Summary of rate data from spring and fall seasons.  N2 production rates are in units of 

nmol N2 g-1 h-1 

Table 6. Average values for physical and chemical parameters from spring and summer sampling 

periods categorized as either bank or channel sediments. 

Table 7.  Rate data (in nmol N2 g-1 h-1) and relative anammox importance (ra) as a percentage for 

spring and fall sampling periods. 

Table 8. Environmental parameter data from spring sampling period.   

Table 9. Environmental parameter data from fall sampling period.   

Table 10. R-squared values from linear correlations between environmental parameters and rate 

measurements. 

Table 11. Estimated potential N removal from the CFRE divided into upper (Sites 11-15), middle 

(6-10), and lower (1-5) portions of the estuary. 

Figure 6. Satellite image of Cape Fear River Estuary showing sampling locations. 

Figure 7. Bar graph showing detailed rate data from spring season.  Anammox rates are in cyan 

and denitrification rates are in magenta.   

Figure 8. Bar graph showing detailed rate data from fall season.  Anammox rates are in cyan and 

denitrification rates are in magenta.   

Figure 9. Spring contour plots of denitrification (left), anammox (center) and total N2 production 

(right) rates in units of nmol N2 g-1 h-1. 

Figure 10. Fall contour plots of denitrification (left), anammox (center) and total N2 production 

(right) rates in units of nmol N2 g-1 h-1. 

Figure 11. Ordination plot based on PCA from spring season.   

Figure 12. Ordination plot based on PCA from fall season.   
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Figure 13. Anammox (y-axis) and Denitrification (x-axis) scatter plot with linear regression 

based on spring rate measurements. R2 = 0.70 

Figure 14. Anammox (y-axis) and Denitrification (x-axis) scatter plot with linear regression 

based on fall rate measurements. R2 = 0.55 
  



 60

 

Table 5. Summary of rate data from spring and fall seasons.  N2 production rates are in units of nmol N2 g
‐1 h‐1

Mean S.D. Mean S.D.
Overall N2 production 6.42 4.42 5.85 3.87
Overall ra % 6.45 3.22 6.07 3.42
Bank N2 production 7.86 4.02 6.84 4.16
Bank ra % 7.02 3.01 5.38 2.51
Channel N2 production 4.78 4.35 4.75 3.25
Channel ra % 5.80 3.39 6.85 4.13

Spring Fall
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Table 7. Rate data and relative anammox importance (ra) as a percentage for spring and fall sampling periods. 

Station Location Latitude Longitude Denitrification Anammox  ra (%) Denitrification Anammox  ra (%)
15 WB N34°18.190' W78°00.881' 11.79 0.96 7.56 1.05 0.09 7.79

WC N34°18.172' W78°00.847' 1.50 0.18 10.73 4.07 0.34 7.72
EC N34°18.170' W78°00.798' 1.64 0.07 4.30 7.34 0.71 8.84
EB N34°18.174' W78°00.740' 2.93 0.10 3.18 1.19 0.03 2.74

14 WB N34°17.053' W77°59.885' 14.47 0.99 6.42 4.13 0.29 6.64
WC N34°17.030' W77°59.785' 3.02 0.08 2.72 4.36 0.21 4.65
EC N34°17.050' W77°59.734' 1.89 0.00 0.19 12.22 0.84 6.43
EB N34°17.093' W77°59.598' 14.24 1.65 10.36 9.51 0.55 5.42

13 WB N34°15.520' W77°59.051' 6.48 0.55 7.81 11.84 0.43 3.53
WC N34°15.542' W77°59.049' 1.40 0.06 3.88 0.95 0.08 7.98
EC N34°15.559' W77°59.052' 2.23 0.09 3.84 1.11 0.24 17.49
EB N34°15.592' W77°59.085' 6.59 0.44 6.25 9.50 0.49 4.86

12 WB N34°14.500' W77°58.079' 12.78 1.17 8.36 2.40 0.16 6.17
WC N34°14.533' W77°58.083' 5.91 0.20 3.33 10.36 0.39 3.67
EC N34°14.537' W77°58.045' 6.77 0.48 6.60 6.83 0.25 3.58
EB N34°14.567' W77°58.043' 9.02 0.93 9.38 7.03 0.42 5.59

11 WB N34°13.971' W77°57.079' 2.28 0.16 6.51 3.70 0.12 3.15
WC N34°13.948' W77°57.065' 3.10 0.22 6.56 4.06 0.30 6.80

10 WB N34°11.606' W77°57.720' 7.65 0.44 5.40 16.62 0.66 3.83
WC N34°11.617' W77°57.634' 16.55 1.19 6.72 5.84 0.12 1.97
EC N34°11.617' W77°57.483' 14.88 1.05 6.58 nd nd nd

9 WB N34°10.021' W77°57.848' 8.54 0.97 10.19 2.33 0.08 3.23
WC N34°09.976' W77°57.649' 2.45 0.18 7.00 2.83 0.34 10.86
EC N34°09.957' W77°57.567' 2.58 0.09 3.28 7.16 0.61 7.85
EB N34°09.982' W77°57.392' 3.57 0.27 6.99 3.29 0.51 13.43

8 WB N34°08.420' W77°57.115' 5.65 0.61 9.76 5.79 0.40 6.42
WC N34°08.407' W77°56.961' 2.17 0.11 4.80 1.08 0.05 4.60
EC N34°08.430' W77°56.810' 2.90 0.08 2.62 2.82 0.08 2.63
EB N34°08.511' W77°56.725' 3.03 0.37 10.90 2.24 0.20 8.08

7 WB N34°07.533' W77°57.133' 12.83 0.90 6.58 9.24 0.45 4.66
WC N34°07.700' W77°56.267' 3.11 0.12 3.70 3.58 0.22 5.66
EC N34°07.717' W77°56.133' 2.35 0.12 4.97 4.72 0.39 7.60
EB N34°08.033' W77°55.800' 9.77 0.67 6.38 7.15 0.88 10.98

6 WBS N34°05.433' W77°56.600' 3.56 0.79 18.15 nd nd nd
WB N34°05.400' W77°56.250' 2.22 0.09 3.73 1.51 0.03 2.21
WC N34°05.383' W77°56.117' 4.08 0.58 12.51 1.33 0.14 9.36
EC N34°05.383' W77°56.000' 2.46 0.31 11.04 3.53 0.15 4.01
EB N34°05.533' W77°55.600' 5.47 0.39 6.73 8.72 0.80 8.38

5 WB N34°04.067' W77°56.433' 8.18 0.70 7.88 12.50 0.69 5.20
WC N34°04.050' W77°56.150' 3.10 0.14 4.39 2.46 0.09 3.36
EC N34°04.133' W77°55.950' 4.29 0.76 15.04 7.32 0.92 11.13
EB N34°04.014' W77°55.583' 6.40 0.29 4.37 9.06 0.32 3.39

4 WB N34°02.050' W77°56.567' 1.54 0.13 7.55 0.93 0.04 3.89
WC N34°02.050' W77°56.483' 7.57 0.46 5.67 0.08 0.00 1.61
EC N34°02.100' W77°56.283' 2.97 0.33 10.06 nd nd nd
EM N34°02.117' W77°56.100' 4.13 0.22 4.95 5.28 0.39 6.81
EB N34°02.167' W77°55.583' 4.30 0.52 10.80 7.90 0.36 4.34
EBS N34°02.300' W77°55.117' 6.56 0.40 5.81 12.29 0.43 3.37

3 WC N33°59.800' W77°56.750' 3.65 0.27 6.80 1.17 0.26 18.21
EC N33°59.833' W77°56.583' 6.29 0.38 5.75 2.31 0.09 3.72
EB N33°59.833' W77°56.417' 6.91 0.34 4.68 5.62 0.20 3.45
EBS N33°59.783' W77°56.000' 9.03 0.26 2.83 nd nd nd

2 WB N33°58.683' W77°56.967' 13.87 0.95 6.39 8.86 0.43 4.68
EC N33°58.700' W77°56.733' 13.81 0.48 3.36 8.36 0.56 6.27
EB N33°58.817' W77°56.067' 8.14 0.42 4.93 8.34 0.35 4.08

1 WB N33°56.877' W77°58.498' 9.09 0.41 4.27 5.38 0.23 4.11
WC N33°56.800' W77°58.250' 0.88 0.02 2.27 5.75 0.31 5.07
EC N33°56.617' W77°57.883' 2.05 0.08 3.74 3.80 0.28 6.97
EMB N33°56.533' W77°57.283' 4.27 0.25 5.56 nd nd nd
EB N33°56.683' W77°56.867' 8.60 0.36 4.05 4.60 0.27 5.48

GPS coordinates Spring Fall
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Table 8. Environmental parameter data from spring sampling period.
surface bottom surface bottom surface bottom organic content mean

Station Location salinity salinity NO3
‐ (µM) NO3

‐ (µM) NH4
+ (µM) NH4

+ (µM) Fe(II) (µM) H2S (µM) (% dry weight) grain size

15 WB 0.1 0.1 36.8 40 4.6 4.2 55.33 14.72 6.1 51.33
WC 0.1 0.1 40 41 5.4 4 nd nd 0.25 753
EC 0.1 0.1 35.8 40.2 8 4.4 177.33 2.98 11.78 729.7
EB 0.1 0.1 40 34.2 4.2 6.6 nd nd 0.17 52.6

14 WB 0.1 0.1 30 26.5 4.2 3.4 21.58 3.47 3.72 214.5
WC 0.1 0.1 33.6 36.4 4 4.4 0 2.48 0.19 673.5
EC 0.1 0.1 35.2 37.4 3.8 4.4 3.15 4.5 10.11 543.4
EB 0.1 0.1 32.8 37.4 3.4 4.4 214.71 2.73 7.51 286.5

13 WB 0.1 0.1 40 29.8 9.2 4.4 1.37 7.19 17.48 447.2
WC 0.1 0.1 39 41.2 4.2 6.2 0 4.28 0.12 687.2
EC 0.1 0.1 34.4 39.6 4.2 4.2 0 3.23 9.82 374.3
EB 0.1 0.1 38.2 nd 4.2 4.2 34.49 3.35 6.83 116.6

12 WB 0.1 0.1 37.4 38 4.4 4.4 3.44 4.21 10.21 30.65
WC 0.6 5.3 33.8 33 8.2 11.6 116.95 1.75 13.56 57.05
EC 0.4 6.4 26.4 22.2 7.6 9.4 9.46 2.03 1.09 577
EB 0.9 2.1 31 12.8 9 6.6 49.56 15.83 6.79 55.64

11 WB 5 10.2 20.4 8.6 6.6 5.2 204.46 1.89 35.32 125.6
WC 5.7 9.3 35.4 18.8 8.8 7.8 0 1.21 0.43 616.9

10 WB 3.3 nd 13.6 12.2 4.8 4 12.62 3.35 1.93 398.5
WC 2.4 4.2 13.1 16.2 3.6 4.6 37.15 6.45 14.13 39.03
EC 1.9 3.9 14.2 16.4 4.2 4.6 12.41 3.6 16.43 29.31

9 WB 6.7 6.7 34.8 34.8 9.4 9.4 0.378 3.66 1.41 144.1
WC 4.9 8.9 24.4 7.4 7.2 5 4.58 1.21 0.81 518.6
EC 4.4 10.8 10.4 16.8 6.2 6.8 116.95 1.34 5.53 100.5
EB 6.6 6.6 12.6 15 5.8 5.8 0.179 4.76 0.1 832.5

8 WB 6.8 6.8 nd nd nd nd 0 1.21 0.34 21.62
WC 5.8 7.3 15 34.2 6.2 9.8 108.4 0.932 12.32 84.53
EC 7 7 12.6 12.6 9.6 9.6 1.59 2.16 9.25 43.39
EB nd nd nd nd nd nd 0 1.07 0.75 425

7 WB 7.6 7.6 8.6 nd 3 nd 0.088 1.24 3.72 234.7
WC 7.3 15.3 28.1 nd 7 nd 0 1.92 3.05 397.6
EC 6.3 15.3 30 nd 6.2 nd 0 nd 0.31 355.1
EB 8 8 8.6 nd 3 nd 10.54 2.06 2.88 202.1

6 WBS 8.4 10.5 10 nd 2.6 nd 0 1.65 4.12 92.57
WB 10.9 13.5 11.6 nd 2.4 nd 0 nd nd 272.7
WC 10.4 20.1 16.4 nd 4 nd 11.55 2.2 2.75 239.9
EC 9.6 19.8 13.6 nd 2.8 nd 12.15 nd nd 211.5
EB 9.7 9.7 12.6 nd 2 nd 0 0.962 1.75 256.3

5 WB 13.8 17.6 19.1 nd 3.7 nd 0 1.65 5.23 154.8
WC 13.5 20.5 13.8 nd 3 nd 1.2 0 nd 80.03
EC 13.8 20.7 8.2 nd 1.8 nd nd nd nd 504.2
EB 12 16 9.2 nd 1.2 nd 0.239 0.55 0.31 519.7

4 WB 16.3 16.3 13 nd 2.6 nd 0 1.51 1.48 773.5
WC 15.5 21.7 12.1 nd 2.6 nd 0 0 0.64 294
EC 16.8 20.9 18 nd 3.1 nd nd nd 1.75 452.7
EMB 14.9 18.4 15.4 nd 2.6 nd 0 nd 0.55 591.1
EB 12.8 14.3 11.2 nd 3.9 nd 1.05 0.55 0.43 338.6
EBS 12.9 12.9 15.3 nd 2.1 nd 9.38 0.412 0.17 541.8

3 WC 15.8 22.1 5.2 nd 1.6 nd 0 1.24 0.34 485.5
EC 20.1 22.2 4.8 nd 1.1 nd 31.29 1.65 nd 147.1
EB 17 8.3 7.1 nd 1.5 nd 0 0.412 nd 367.9
EBS 15.6 15.6 20 nd 2.8 nd 0 0.55 7.25 779.3

2 WB 12.9 14.9 17.6 10.1 3.4 2.1 0 0 nd 437.7
EC 11 17.5 7.8 5 5 1.5 1.39 0 nd 167.8
EB 10.7 10.7 19.7 19.7 2.3 2.3 0 0 nd 273.3

1 WB 17.7 18.5 6.1 7.5 1.2 1.3 0 0 nd 120.6
WC 15.5 26 6.8 3.8 0.7 0.5 nd nd nd 389.8
EC 16.1 20.7 6.5 8.2 1.1 1.5 nd nd nd 410.6
EMB 14.2 19.2 8.3 7.7 0.9 0.9 nd nd nd 383.3
EB 17.5 17.5 4.4 4.4 0.4 0.4 0 nd nd 355.4
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Table 9. Environmental parameter data from fall sampling period.
surface bottom surface bottom surface bottom organic content surface bottom

Station Location salinity salinity NO3
‐ (µM) NO3

‐ (µM) NH4
+ (µM) NH4

+ (µM) Fe(II) (µM) H2S (µM) (% dry weight) DO (mg/L) DO (mg/L)

15 WB nd nd 23.9 33.04 12.17 6.34 nd nd 15.07 nd nd
WC nd nd 38.52 37.82 15.08 6.45 nd nd 21.28 nd nd
EC nd nd 39.08 37.32 7.04 6.23 nd nd 21.26 6.8 6.8
EB nd nd 39.04 33.14 13.25 11.17 nd nd 15.29 6.77 6.57

14 WB 1.75 1.75 21.54 21.54 7.03 7.03 252.01 6.16 15.42 6.76 6.7
WC 1.2 3.83 26.42 15.77 4.79 4.29 10.86 6.85 26.8 6.78 6.78
EC 1.07 1.27 20.86 23.28 5.34 10.35 362.88 5.57 20.09 6.67 6.67
EB 1.01 1.01 32.2 32.2 5.01 5.01 427.51 9.96 9.25 6.68 6.6

13 WB 5.1 5.1 27.12 27.12 5.88 5.88 433.08 31.99 5.63 6.77 6.47
WC 4.56 6.2 28.54 27.54 8.36 7.03 15.8 6.16 27.03 6.71 6.5
EC 4.7 8.02 28.08 9.23 15.17 12.02 1.82 2.21 27.39 6.83 6.79
EB 5.7 7.2 12.95 18.07 9.12 5.95 33 1.6 25.02 6.7 6.48

12 WB 7.3 7.4 25.73 23.57 13.97 7.7 824.37 3.07 8.44 6.67 6.41
WC 6.6 12.3 19.75 24.16 19.49 9.6 382.94 3.88 4.63 6.7 6.7
EC 6.3 12 26.51 8.69 8.93 9.19 67.4 21.35 14.08 6.65 6.65
EB 7.2 7.2 24.85 24.85 10.39 10.39 150.34 8.18 17.09 6.67 6.36

11 WB 10.6 10.6 15.71 15.71 7.7 7.7 740.89 4.64 5.36 6.91 6.91
WC 9.5 15.4 14.32 17.04 29.55 7.54 169.86 18.54 27.31 6.77 6.56

10 WB 13.75 13.75 10.1 10.1 8.87 8.87 73.73 14.69 26.23 7.37 7.47
WC 13.76 16 17.92 10.72 16.67 10.71 576.54 6.66 6.08 7.64 7.46

9 WB 19 19 7.96 9.49 5.64 12.32 nd nd 9.97 7.41 7.32
WC 21.1 24.3 7.06 7.15 7.89 15.06 nd nd 24.75 7.24 7.33
EC 18.4 24.9 5.7 3.81 20.3 6.34 3.03 0 25.76 7.92 7.92
EB 18.1 20.6 18.15 3.67 15.01 10.13 1.02 0.219 29.01 7.7 7.44

8 WB 20.1 20.1 10.08 10.08 10.02 10.02 2.36 1.92 25.2 7.65 7.5
WC 19.2 24.1 3.76 4.99 6.93 7.86 30.82 10.39 8.2 7.57 7.39
EC 20.1 24.1 10.14 6.1 19.14 32.5 145.24 1.04 14.26 8.16 8.16
EB 20.1 23.3 2.95 5.17 6.2 7.23 1.35 3.33 nd 7.65 7.51

7 WB 21.8 21.8 5.37 5.37 6.41 6.41 1.66 0.001 5.84 7.5 7.46
WC 21.2 22.6 7.29 11.89 7.84 8.81 2.24 1.37 27.98 nd nd
EC 20.9 21.06 5.05 3.9 7.48 10.01 1.64 1.04 7.41 8.14 7.91
EB 23.2 23.2 8.44 8.44 13.07 13.07 0.529 0 4.63 7.56 7.43
WB 21.2 22 6.48 4.12 6.72 13.69 83.37 0.65 9.51 7.43 7.39
WC 21.3 24 9.03 6.13 32.03 6.36 1.36 0.89 15.69 7.55 7.55
EC 21 22 7.86 5.51 20.32 27 4.85 0.181 28.14 nd nd
EB 22.3 22.3 5.95 5.95 9.64 9.64 9.22 0 14.61 nd nd

5 WB nd nd 29.51 29.51 6.91 6.91 1.62 3.03 1.93 6.04 6.3
WC nd nd 25.73 16.96 6.68 6.68 19.52 3.55 10.68 nd nd
EC 2.2 5.3 33.69 14.68 8.32 8.84 0.398 1.99 2.74 nd nd
EB nd nd 33.17 33.17 8.51 8.51 0 2.53 0.58 nd nd

4 WB nd nd 10.36 10.36 5.44 5.44 1.06 3.62 31.1 7.13 6.98
WC nd nd 22.39 13.02 7.01 14.11 9.83 2.31 13.98 nd nd
EMB 6 6.7 9.05 12.04 3.88 5.46 nd nd 25.33 nd nd
EB nd nd 29.45 29.45 7.44 7.44 0 4.17 nd nd nd
EBS nd nd 16.68 16.68 6.44 6.44 2.24 2.48 0.3 nd nd

3 WC nd nd 12.25 9.67 6.73 6.92 14 0.559 nd nd nd
EC nd nd 15.4 11.49 6.41 5.86 nd nd 28.09 7.7 8
EB nd nd 16.08 16.08 6.81 6.81 0.789 0.169 26.73 7.8 7.8

2 WB 29.5 28.2 5.19 6.11 3.75 7.35 15.65 0 26.81 8 8
EC 30.1 30.1 5.44 5.81 2.16 2.37 9 0 23.77 7.9 7.9
EB 28.4 28.4 5.35 5.35 5.47 5.47 1.69 2.59 26.35 7.8 7.8

1 WB 29 29 5.15 5.15 4.14 4.14 2.23 0.901 23.68 7.9 8
WC 29.8 30 7.46 5.69 2.93 17.73 3.23 0.637 25.32 7.9 7.9
EC 29.9 29.4 5.04 5.25 13.63 10.43 7.8 0 25.89 nd nd
EB 29.7 29.8 5.81 4.71 2.93 4.38 0 0 27.56 nd nd
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Table 10. R-squared values from linear correlations between environmental parameters and rate measurements.

Anammox Denitrification Relative anammox Total N2 Anammox Denitrification Relative anammox Total N2

Surface Salinity 0.04 0.01 <0.01 0.01 0.01 0.02 0.01 0.02
Bottom Salinity 0.06 0.04 <0.01 0.04 0.02 0.04 <0.01 0.04
Surface Nitrate 0.00 <0.01 <0.01 0.00 0.01 0.01 <0.01 0.01
Bottom Nitrate 0.01 0.01 0.02 0.01 0.01 0.04 0.01 0.03
Surface Ammonium <0.01 0.01 <0.01 0.01 0.01 0.04 0.05 0.04
Bottom Ammonium 0.01 0.04 0.01 0.04 0.03 0.04 0.01 0.04
Iron (II) 0.01 <0.01 <0.01 <0.01 <0.01 0.01 0.03 0.01
Hydrogen Sulfide 0.12 0.04 0.02 0.05 <0.01 0.07 0.04 0.07
Organic Content 0.01 0.03 0.02 0.03 0.02 0.06 0.04 0.05
Surface DO nd nd nd nd 0.01 0.02 0.02 0.02
Bottom DO nd nd nd nd 0.06 0.04 0.02 0.05
Mean Grain Size 0.16 0.15 0.01 0.15 nd nd nd nd

Spring Fall
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Table 11. Estimated potential N removal from the CFRE divided into upper (Sites 11-15), middle (6-10), and lower (1-5) portions of the estuary.

Upper Middle Lower Upper Middle Lower
Maximum 6.83 7.90 6.66 0.79 0.57 0.45

Spring Minimum 0.67 1.00 0.42 0.00 0.04 0.01
Mean ± s.d. 2.88 ± 2.21 2.78 ± 2.15 2.96 ± 1.68 0.22 ± 0.23 0.22 ± 0.17 0.18 ± 0.11
Maximum 5.69 7.98 6.00 0.40 0.42 0.44

Fall Minimum 0.45 0.52 0.04 0.02 0.03 0.02
Mean ± s.d. 2.71 ± 1.83 2.39 ± 1.84 2.23 ± 1.73 0.16 ± 0.10 0.16 ± 0.13 0.16 ± 0.11

Denitrification (µmol N2 m
-2 d-1) Anammox (µmol N2 m

-2 d-1)
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Figure 6. Satellite image of Cape Fear River Estuary showing sampling locations.  
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Figure 7. Bar graph showing detailed rate data from spring season.  Anammox rates are in cyan 

and denitrification rates are in magenta.  
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Figure 8. Bar graph showing detailed rate data from fall season.  Anammox rates are in cyan and 

denitrification rates are in magenta.  
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Figure 9. Spring contour plots of denitrification (left), anammox (center) and total N2 production 

(right) rates in units of nmol N2 g-1 h-1.    
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Figure 10. Fall contour plots of denitrification (left), anammox (center) and total N2 production 

(right) rates in units of nmol N2 g-1 h-1.    
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Figure 11. Ordination plot based on PCA from spring season.
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Figure 12. Ordination plot based on PCA from fall season. 
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Figure 13. Anammox (y-axis) and Denitrification (x-axis) scatter plot with linear regression 

based on spring rate measurements. R2 = 0.70
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Figure 14. Anammox (y-axis) and Denitrification (x-axis) scatter plot with linear regression 

based on fall rate measurements. R2= 0.55 
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 Anammox bacteria are a fascinating group of microorganisms which have probably been 

on this planet for as long as any living thing which is still around today, yet they were only 

discovered about 15 years ago.  They are like a mixture of the three domains: they have an 

organelle like Eukaryotes, yet the membrane of this organelle has ether-linked lipids, typical of 

Archaea, and their 16S rDNA genes place them at the root of the Bacteria.  An anammox cell has 

to be well constructed as it must store the toxic intermediates N2H4 (rocket fuel) and NO while 

maintaining the integrity of its genome and other basic cellular machinery.  They are arguably 

responsible for a large portion of the air that we breathe (which is ~79% N2) as they most likely 

thrived on the anoxic early earth before the advent of photosynthesis and are still around to be 

discovered today. Anammox also has practical potential in terms of wastewater treatment as it 

has the following advantages over traditional denitrification: anammox does not require organic 

carbon, produces only N2 gas, consumes NH4
+ and NO2

- while denitrification requires organic 

carbon (increasing costs), produces the greenhouse gas N2O as well as N2, and does not consume 

NH4
+, requiring a separate nitrification bioreactor.  

 Hopefully the work I presented in this thesis along with other work I did over my 3 years 

in Dr. Song’s lab and in the IRMS lab helps expand our collective understanding of nitrogen 

cycling in the environment.  I decided to pursue a career in microbiology once I discovered that 

we only understand the ‘tip of the iceberg’ in microbial ecology, yet we do know that they are 

the foundation of the earth’s biosphere and with current technological advances we are beginning 

to understand what they are truly capable of.  When you consider that we, as animals, must 

consume organic nutrients and breathe oxygen, it is remarkable that microbes are able to make a 

living through such a wide variety of metabolic pathways in both temperate and extreme 

environments.   
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 In Chapter 2 the diversity of anammox, at distinct lineage of bacteria, was the subject of 

discussion.  Using PCR we were able to detect a functional gene from anammox bacteria in more 

samples than we were able detect their 16S rRNA genes.  Additionally, when we cloned and 

sequenced these genes, the functional gene and 16S rRNA phylogenies showed similar patterns 

showing distinct marine and freshwater groups.  In the CFRE, the main focus of this research, 

there is a transition from the freshwater to marine ecotypes of anammox bacteria which was 

clearly demonstrated.  Since it is not enough to just know ‘who’, the next question I attempted to 

answer was how much N is capable of being removed from the river?  The results (Chapter 3) 

show that even though there are different populations of anammox bacteria along the estuarine 

gradient of the CFRE, their activities are similar and highly variable in sediments that were 

collected just meters apart from each other. Environmental factors such as temperature, organic 

carbon, nutrient availability and sediment composition are the determinants of the success or 

failure of N-removal processes, yet it seems like there is no single factor driving the importance 

of anammox in the CFRE. 

Since most anammox research is based on enrichment cultures under controlled 

conditions, it is important for scientists to figure out how to study them in their natural 

environments.  Understanding the roles of all of the different players in the N cycle is critical to 

understanding biogeochemical processes.  With a better grasp of these microbial activities, better 

models can hopefully be created which can be used as predictive tools for the current issue of 

climate change; particularly the impact that humans have on it and how microbes can help 

mitigate the problem.  From my research, it seems that although anammox and denitrifying 

bacteria remove N, the amount being added by humans is so large that we must develop 

strategies to decrease N-loading into our coastal waters from the source. 
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