
ENVIRONMENTAL NICHE PARTITIONING OF MICROBIAL 

COMMUNITY GENOMIC DIVERSITY, GENE EXPRESSION, AND 

METABOLISM IN A MARINE OXYGEN MINIMUM ZONE 

 
 
 
 
 
 

 
A Dissertation 

Presented to 
The Academic Faculty 

 
 
 
 

by 
 
 
 

Sangita Ganesh 
 
 
 
 

In Partial Fulfillment 
of the Requirements for the Degree 

Doctor of Philosophy in the 
School of Biology 

 
 
 
 
 
 
 

Georgia Institute of Technology 
December 2016 

 
 

COPYRIGHT 2016 BY SANGITA GANESH 



ENVIRONMENTAL NICHE PARTITIONING OF MICROBIAL 

COMMUNITY GENOMIC DIVERSITY, GENE EXPRESSION, AND 

METABOLISM IN A MARINE OXYGEN MINIMUM ZONE 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Approved by:   
   
Dr. Frank J Stewart, Advisor 
School of Biology 
Georgia Institute of Technology 

 Dr. Fredrik O Vannberg 
School of Biology 
Georgia Institute of Technology 

   
Dr. Thomas J DiChristina 
School of Biology 
Georgia Institute of Technology 

 Dr. Konstantinos Konstantinidis 
School of Civil and Environmental 
Engineering 
Georgia Institute of Technology 

   
Dr. Joel E Kostka 
School of Biology 
Georgia Institute of Technology 

  

   
  Date Approved: 11th November 2016 

 



 

iii 

ACKNOWLEDGEMENTS 

 

 I would like to express my sincerest gratitude to my advisor, Dr. Frank Stewart 

for his immense support and guidance through every step of the way. He has been the 

greatest inspiration for any graduate student, and has motivated me to be a better scientist 

and instilled in me a great work ethic, for which I will forever be indebted to him. He has 

continually inspired me and made me realize my passion for this subject, which I hope to 

continually be working toward. I would also like to thank each and every member of my 

Graduate Committee for their feedback, guidance and support through all of my years at 

Georgia Tech. 

 I am grateful to my Mother, Grandmother, and Brother for having stood by me 

and supported me through all my years in graduate school. I thank them for believing in 

me and I hope my work makes them proud. 

 I am also grateful to all my friends at the Stewart lab, in Atlanta and elsewhere 

who have always had my back and made me believe that things are not as tough as they 

seem, and for enriching my graduate school experience. 

 I would like to express my overwhelming gratitude to Tushar Bhatia, for being 

my source of support, my sounding board, my friend, and guide, every step of the way, 

and for making me believe in myself and constantly encouraging me to reach greater 

heights. 

 Finally, I recognize that this research would not have been possible without all the 

support offered by Georgia Tech and the School of Biology, and I express my sincerest 

gratitude to the school for helping shape my future. 



 

 iv 

TABLE OF CONTENTS 

Page 

ACKNOWLEDGEMENTS iii 

LIST OF TABLES vii 

LIST OF FIGURES viii 

LIST OF SYMBOLS AND ABBREVIATIONS xi 

SUMMARY xiii 

CHAPTER 

1 INTRODUCTION 1 

1.1 Environmental Factors shaping Marine Microbial Diversity 1 

1.2 Oxygen Minimum Zones as model systems to understand drivers of 
microbial diversity 4 

1.3 Microbial Diversity in Oxygen Minimum Zones 6 

1.4 Objectives and Experimental Overview 9 

1.5 References 12 

2 METAGENOMIC ANALYSIS OF SIZE-FRACTIONATED PICOPLANKTON 
IN A MARINE OXYGEN MINIMUM ZONE 16 

2.1 Abstract 16 

2.2 Introduction 17 

2.3 Materials and Methods 22 

2.4 Results and Discussion 34 

2.5 References 69 

3 SIZE-FRACTION PARTITIONING OF COMMUNITY GENE 
TRANSCRIPTION AND NITROGEN METABOLISM IN A MARINE 
OXYGEN MINIMUM ZONE 86 

3.1 Abstract 86 



 

 v 

3.2 Introduction 87 

3.3 Materials and Methods 90 

3.4 Results and Discussion 99 

3.5 Conclusions 119 

3.6 References 122 

4 STANDARD FILTRATION PRACTICES MAY SIGNIFICANTLY DISTORT 
PLANKTONIC MICROBIAL DIVERSITY ESTIMATES 131 

4.1 Abstract 131 

4.2 Introduction 132 

4.3 Materials and Methods 134 

4.4 Results 139 

4.5 Discussion 144 

4.6 Conclusions 153 

4.7 References 155 

5 METABOLIC PLASTICITY OF A PELAGIC ANAMMOX BACTERIUM 
OVER REDOX GRADIENTS IN A MARINE OXYGEN MINIMUM ZONE162 

5.1 Abstract 162 

5.2 Introduction 163 

5.3 Materials and Methods 168 

5.4 Results and Discussion 178 

5.5 Conclusions 199 

5.6 References 201 

6 CONCLUSIONS AND RECOMMENDATIONS 208 

 

 



 

 vi 

APPENDIX A: SUPPLEMENTARY MATERIAL FOR CHAPTER 2: 
METAGENOMIC ANALYSIS OF SIZE-FRACTIONATED 
PICOPLANKTON IN A MARINE OXYGEN MINIMUM ZONE  214 

APPENDIX B: SUPPLEMENTARY MATERIAL FOR CHAPTER 3: SIZE-
FRACTION PARTITIONING OF COMMUNITY GENE 
TRANSCRIPTION AND NITROGEN METABOLISM IN A MARINE 
OXYGEN MINIMUM ZONE  231 

APPENDIX C: SUPPLEMENTARY MATERIAL FOR CHAPTER 4: STANDARD 
FILTRATION PRACTICES MAY SIGNIFICANTLY DISTORT 
PLANKTONIC MICROBIAL DIVERSITY ESTIMATES              247 

 

VITA   253 



 

 vii 

LIST OF TABLES 

Page 

Table 2.1: Metagenome sequence statistics and taxonomic (Domain) identities 52 

Table 5.1: Summary of Stations and Depths sampled for RNA processing and Anammox 
rate measurements in the ETNP OMZ 172 

Table 5.2: Candidatus Scalindua Single Amplified Genome assembly statistics and 
genome features 184 

Table A.1: 16S rRNA gene amplicon sequencing statistics 214 

Table A.2: Weighted Unifrac values comparing community phylogenetic diversity 
between sample pairs, based on 16S rRNA gene amplicon datasets 215 

Table A.3: Normalized metagenome sequence counts per SEED Subsystem 216 

Table A.4: 16S rRNA gene amplicon sequencing statistics 217 

Table B.1: 16S rRNA gene amplicon, metatranscriptome, and metagenome sequencing 
statistics 238 

Table C.1: Bacterial 16S rRNA gene copies per mL in sample water from experiments 1 
and 2 247 

Table C.2: Percentage variation (R2) in weighted UniFrac distances explained by filtered 
water volume differences, based on adonis tests in QIIME 237 

Table C.3: Abundance of microbial orders in experiment 1, expressed as a % of total 16S 
rRNA gene amplicons 248 

Table C.4: Abundance of microbial orders in experiment 2, expressed as a % of total 16S 
rRNA gene amplicons. 250 

 

 



 

 viii 

LIST OF FIGURES 

Page 

Figure 2.1: OMZ bacterial community diversity revealed by 16S rRNA gene 
pyrosequencing 26 

Figure 2.2: Differences in the relative abundance of functional gene categories between 
microbial size fractions (filter type), summarized across depths 32 

Figure 2.3: Relative abundance (a) and taxonomic representation (b) of sequences 
matching genes of key dissimilatory nitrogen and sulfur pathways 37 

Figure 3.1: Vertical profiles of hydrochemical parameters, bulk N cycling process rates 
and bacterial 16S rRNA gene counts at Station 6 off Manzanillo, Mexico on 19 
June 2013 101 

Figure 3.2: Principle coordinate analysis of community taxonomic relatedness based on 
16S rRNA gene amplicons, as quantified by the weighted Unifrac metric 105 

Figure 3.3: ETNP OMZ bacterial community diversity revealed by 16S rRNA gene 
Illumina sequencing. 109 

Figure 3.4: Fold increase in taxon RNA/DNA ratios between PA (1.6–30 µm) and FL 
(0.2–1.6 µm) communities 110 

Figure 3.5: Measured rates and marker gene transcript levels for major dissimilatory N 
cycle processes 114 

Figure 4.1: Total DNA yield (A) and filtration time (B) as a function of filtered water 
volume 141 

Figure 4.2: Microbial community relatedness (A,C) and taxon abundances (B,D) in 
experiment 1 prefilter (>1.6 µm; A,B) and Sterivex (0.2–1.6 µm; C,D) samples
 146 

Figure 4.3: Microbial community relatedness (A,C) and taxon abundances (B,D) in 
experiment 2 prefilter (>1.6 µm; A,B) and Sterivex (0.2–1.6 µm; C,D) samples
 148 

Figure 4.4: Chao1 estimates of operational taxonomic unit (97% similarity cluster) 
richness in prefilter (>1.6 µm; A,B) and Sterivex (0.2–1.6 µm; C,D) samples in 
experiments 1 and 2 150 

Figure 5.1: Map of sampling sites in the ETNP OMZ during OMZoMBiE2 cruise (R/V 
New Horizon; May 10 - June 8, 2014) 171 



 

 ix 

Figure 5.2: Water column chemistry and Ca. Scalindua transcriptional abundance in the 
ETNP OMZ 180 

Figure 5.3: 16S rRNA gene phylogeny 185 

Figure 5.4: Phylogenetic reconstruction of Cyanate hydratase sequences from SAGs 188 

Figure 5.5: Canonical Correspondence Analysis plot of Scalindua functional gene 
expression profile 194 

Figure 5.6: Relative abundance of transcripts matching the (a) Cyanate hydratase (CynS) 
gene and (b) Urease (UreC) gene from the Scalindua SAGs. 198 

Figure A.1: Dissolved oxygen, chlorophyll a, and particulate matter (beam attenuation 
coefficient) concentrations at Station 1 (20o 04.999S, 70o 48.001W 222 

Figure A.2: Number of observed OTUs (97% similarity clusters) as a function of 
sequencing depth, based on rarefaction of OTU counts 223 

Figure A.3: Chao1 estimator as a function of water column depth 224 

Figure A.4: Principle component analysis of community relatedness based on relative 
bacterial taxon abundance in the 16S rRNA gene amplicon pool, as quantified 
by the weighted Unifrac metric 225 

Figure A.5: Relative abundance of major bacterial divisions at four depths in the OMZ 
based on the taxonomic identification of 16S rRNA gene fragments (A,D) and 
protein-coding genes identified in metagenomes (B,E) 226 

Figure A.6: Relative abundance and phylum-level taxonomic composition of protein-
coding reads matching the domain Archaea. 228 

Figure A.7: Relative abundance and genus-level taxonomic composition of 16S rRNA 
(left) and protein-coding (right) reads matching Planctomycetes 229 

Figure A.8: Relative abundance and taxonomic composition of 16S rRNA (left) and 
protein- coding (right) reads matching Deltaproteobacteria 230 

Figure B.1: Phylogenetic diversity as a function of water column depth 239 

Figure B.2: Average proportional abundances of 16S rRNA gene amplicons affiliated 
with major microbial taxa 240 

Figure B.3: Taxonomic composition of 16S rRNA gene amplicons within the Phylum 
Proteobacteria 241 

Figure B.4: Fold increase in taxon RNA:DNA between PA (1.6-30 µm) and FL (0.2-1.6 
µm) communities 242 



 

 x 

Figure B.5: Size fraction-specific differences in transcripts affiliated with anammox 
bacteria. 243 

Figure C.1: Total bacterial 16S rRNA gene counts as a function of filtered water volume 
 252 

 

 

 

 

 

 

 

 

 

 

 

 



 

 xi 

LIST OF SYMBOLS AND ABBREVIATIONS 

 

pH  Hydrogen ion concentration 

µM  Micromolar 

µm  Micrometer 

N2  Dinitrogen Gas 

NO3
-  Nitrate 

NH4
+/NH3

  Ammonium 

N2O  Nitrous oxide 

S2O3
2-  Thiosulfate 

H2S  Hydrogen sulfide 

O2  Oxygen gas 

OMZ  Oxygen Minimum Zone 

ETNP  Eastern Tropical North Pacific 

ETSP  Eastern Tropical South Pacific 

R/V  Research Vessel 

Ca.  Candidatus 

sp.  species 

PF  Prefilter 

PA  Particle-associated 

DO  Dissolved oxygen 

DNRA  Dissimilatory Nitrate Reduction to Ammonium 

Anammox Anaerobic Ammonia Oxidation 

PCR  Polymerase Chain Reaction 

qPCR  Quantitative Polymerase Chain Reaction 



 

 xii 

DNA  Deoxyribonucleic Acid 

RNA  Ribonucleic Acid 

rRNA  Ribosomal RNA 

EDTA  Ethylene diamine tetraacetic acid 

Tris-HCl  2-Amino-2-hydroxymethyl-1,3-propanediol hydrochloride 

BLAST  Basic Local Alignment Search Tool 

NCBI  National Center for Biotechnology Information 

OTU  Operational Taxonomic Unit 

   

 

 

 

 

 

 

 

 



 

 xiii 

SUMMARY 

Oxygen Minimum Zones (OMZs) serve as habitats to diverse assemblages of 

microorganisms that play an important role in mediating global biogeochemical cycles. 

OMZ microbial communities have not been extensively characterized, and the linkages 

between microbial community structure, and ecological and biogeochemical processes 

are still unclear. OMZs act as model systems to study partitioning of microbial niches and 

biogeochemical transformations owing to their steep vertical gradients of oxygen, 

nutrient, and redox substrates. This thesis combined genomic tools with environmental 

measurements of nitrogen transformation rates to characterize how microbial community 

structure, function and ecological diversity vary at the microscale between free-living 

(planktonic) and particle-associated microbial communities and over vertical and 

longitudinal gradients in two of the world’s largest permanent OMZs. The results show 

an important role for particle-association as a major driver of OMZ microbial community 

metabolic potential and genome content, and identify wide variation in nitrogen 

transformation rates in the presence versus absence of particles.  These results highlight 

the dependence of free-living microorganisms on particles for substrates and nutrients, as 

well as selective partitioning of genes facilitating key steps of an important nitrogen loss 

pathway, denitrification, in the particle-associated microbial fraction.  Finally, this thesis 

describes the genomic composition and gene expression variation of an important OMZ 

bacterium, Candidatus Scalindua sp., responsible for anaerobic ammonia oxidation 

(anammox), the second major nitrogen loss pathway in OMZs.  Combining single cell 

genomics, transcriptome profiling, and rate measurements, this study identifies high 

metabolic plasticity of OMZ anammox bacteria in different niches along the OMZ 



 

 xiv 

redoxcline, including a potential for use of diverse nitrogen substrates to drive anammox.  

Collectively, these studies enhance our understanding of the environmental determinants 

of microbial diversity and biochemical activity in low oxygen marine systems.  
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CHAPTER 1 

INTRODUCTION 

Microorganisms represent the most abundant, biogeochemically important 

biological component of the oceans. These microorganisms are also the greatest potential 

reservoir of useful genes for medicine and biotechnology (Pedros-Alio, 2006). 

Understanding marine microbial diversity patterns is crucial towards understanding 

mechanisms that help structure microbial communities, and the processes that shape 

global diversity. This knowledge of microbial diversity would further our understanding 

of global biogeochemical cycles in which microbes play central roles (Martiny et al., 

2006), and informing ecosystem-level conservation and management decisions 

(Richardson and Whittaker, 2010).  

1.1 Environmental Factors shaping Marine Microbial Diversity  

Microbial habitats in the oceans are influenced by numerous forces and factors 

including, but not limited to light, salinity, ocean currents, terrestrial inputs, nutrients, 

dissolved oxygen, and climate. Ocean and seafloor currents lead to water column mixing 

and drive nutrient turnover, impacting transport processes. These ocean currents also 

expose the water column microbes to rapidly fluctuating environmental conditions like 

temperature, leading to selection of communities with greatest plasticity and evolvability 

(Doblin et al., 2016). Terrestrial inputs from streams, rivers and winds can create 

gradients of nutrients, pollutants, and organic matter within and across the ocean water 

column. Together, these factors help establish vertical and longitudinal nutrient, 

temperature, and redox gradients within the water column.  
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Climate exerts one of the largest influences on microbial habitats. Increase in 

global temperatures is predicted to cause a decrease in dissolved oxygen content in 

seawater, thereby causing an expansion of low oxygen or dead zones in the global oceans 

(Stramma et al., 2010). Dissolved oxygen is a crucial organizing determinant in marine 

ecosystems. Being the most energetically favorable terminal electron acceptor,  its 

depletion in the water column, leads to a restructered microbial community community 

specialized in anaerobic metabolism, with the capability to utilize other electron 

acceptors like nitrate, nitrite, and sulfate.   

Interfaces within the water column are also considered hotbeds for microbial 

activity. Interfaces provide opposing gradients of substrates and shape a unique 

ecological niche that allows microorganisms to actively metabolize an exclusive 

combination of nutrients (Brune et al., 2000). Interfaces for microbial activity in the 

marine environment may be sediment-water interfaces (Novitsky, 1983), oxic-anoxic 

boundaries (Brune et al., 2000), and the boundaries of the photic zone in the water 

column. Microorganisms at interfaces may rapidly evole adaptations or may exhibit 

genomic plasticity owing to their dynamic and rapidly evolving environmental 

conditions.  

In addition to vertical and longitudinal gradients, microscale heterogeneities also 

exist within the marine water column. These heterogeneities ranging from a few microns 

to a few centimeters in size, may be in the form of small inorganic or organic particles, 

detritus, or live phytoplankton and zooplankton cells (Karl et al., 1984; DeLong et al., 

1993; Fenchel, 2002; Stocker et al., 2012). They can provide a surface for microbial 

growth within the water column. Compared with the open water column, these particles 
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form unique microhabitats that are relatively enriched in nutrients and contain steep 

microscale (microns) gradients in pH and redox substrates, including organic carbon 

potentially supporting both aerobic and anaerobic respiration (Alldredge and Cohen, 

1987; Alldredge and Silver, 1988; Stocker, 2012).  

Marine organic particles are thought to be important agents in the flux of biogenic 

carbon from the surface to the deep ocean (Karl et al., 1988; Azam et al., 1998) and have 

been studied extensively in oxygenated open ocean environments. Marine snow can form 

localized highly reducing microzones capable of producing and acting as a source of 

sulfide as they sink through the water column (Shanks and Reeder, 1993), serving as a 

conduit of nutrients to free-living microbes as they travel through the water column. 

Thus, the microbes themselves exert an influence on their habitats by consuming, 

producing, and sequestering a variety of compounds.  

Marine particles support complex surface-attached microbial communities whose 

composition and life history strategies differ significantly from those of free-living 

microbes.  Particle-associated heterotrophic communities have been shown to be able to 

enzymatically metabolize high molecular weight substrates to provide hydrolysate to the 

particle-associated community as well as to the surrounding free-living community, 

(Smith et al., 1992; Simon et al., 2002; Grossart, 2010; Arnosti et al., 2012), which are 

potentially enriched in taxa adapted for oligotrophic or autotrophic free-living lifestyles 

(Lauro et al., 2009).  

The activities of particle-associated communities likely directly and indirectly 

affect free-living microbes, potentially via metabolic transformations of particulate 
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material (e.g., denitrification) that release inorganic and organic substrates. Knowledge of 

such linkages in marine systems is critical for understanding the role of particulate flux in 

regulating bulk elemental transformations. 

Together, these environmental factors establish a stratification of ocean 

microbiota. However, the factors structuring linkages between diverse microbial 

metabolisms in the ocean are unclear.  Notably, the extent to which metabolisms are 

partitioned at the microscale remains unresolved, and the patterns of gene and protein 

expression underlying microbial responses to environmental change are not well 

understood in these complex natural communities.  

  Understanding the linkages between factors driving community structure would 

facilitate the identification and characterization of genotypic and phenotypic variants of 

dominant marine taxa that form a part of the stratified microbial assemblages in the 

marine water column.  

1.2 Oxygen Minimum Zones as model systems to understand drivers of 

microbial diversity 

Oxygen Minimum Zones (OMZs) are an intrinsic feature formed in regions of the 

ocean where aerobic respiration of organic matter combined with little or no mixing of 

the water column, leads to persistent low or no oxygen conditions, with dissolved O2 

concentrations falling to near or below the detection limit (<1 µM) at mid-water depths 

(Ulloa et al. 2012). OMZs are a prominent feature in the Eastern Tropical North Pacific 

(ETNP), Eastern Tropical South Pacific (ETSP), and the Arabian Sea, and are formed as 
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a result of coastal upwelling which brings nutrient rich deep waters to the surface along 

the continental shelf.  

OMZs exhibit steep gradients of light, oxygen, chlorophyll, and electron donors 

and acceptors, with depth. OMZs are also typically characterized by an accumulation of 

nitrite (NO2
-) (Kamykowski and Zentara, 1991). OMZ systems also possess a 

characteristic intermediate depth particle maximum (Pak et al, 1980, Kullenberg, 1981, 

Garfield et al., 1983), and this particle maximum has been associated with a peak in 

bacterial abundance and heterotrophic microbial metabolism (Whitmire et al., 2009; 

Naqvi et al., 1993). This particle maximum is confined to the suboxic region within the 

OMZ where a shift to anaerobic microbial metabolism occurs i.e. denitrification, 

suggesting a niche partitioning of an important OMZ metabolic process. These unique 

gradients of nutrients and redox substrates makes OMZs excellent model systems for 

investigating the effect of dramatic environmental variation over relatively small spatial 

scales in shaping marine microbial diversity.  

Although OMZs account for only 0.1% of the global ocean volume (Paulmier and 

Ruiz-Pino, 2009), large fixed nitrogen deficits occur in these OMZs as a result of the 

conversion of large amounts of bioavailable nitrate (NO3
-) to dinitrogen gas (N2) by the 

process of denitrification and anaerobic oxidation of ammonium using nitrite (Anammox) 

to N2. This accounts for 30-50% of the total fixed nitrogen lost to the atmosphere as N2 

from oceans (Codispoti et al., 2001; Gruber, 2004). Thus, OMZs are considered to be 

global sinks for fixed nitrogen. The process of nitrifier-denitrification carried out by 

nitrifying bacteria at low oxygen levels occurring at the boundaries of OMZs, also 
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contribute to the production and release of a potent greenhouse gas N2O which 

contributes to the destruction of stratospheric ozone (Codispoti et al., 2005).  

Recent studies have also linked the oxidation of reduced sulfur-compounds 

including thiosulfate (S2O3
2-) and hydrogen sulfide (H2S) to nitrogen transformations in 

OMZs, providing evidence for the existence of a cryptic sulfur cycle with the potential to 

drive inorganic carbon fixation (Canfield et al., 2010). 

1.3 Microbial Diversity in Oxygen Minimum Zones 

Oxygen drawdown in OMZs significantly restructures the pelagic ecosystem. 

Higher eukaryotic organisms like fish are not usually detected in OMZ waters and 

anaerobic microbial processes dominate in these zones, resulting in a community 

dominated by Bacteria and Archaea with diverse anaerobic metabolisms.  

Communities along the oxycline are metabolically diverse relative to other depths 

(Bryant et al., 2012), containing both microaerophilic assemblages, which include 

ammonia- and nitrite-oxidizing members, as well as microbes capable of anaerobic 

metabolism (Stewart et al., 2012). In contrast, community metabolism at the OMZ core is 

dominated by anaerobic autotrophic and heterotrophic processes that primarily utilize 

oxidized nitrogen compounds as terminal oxidants (Ulloa and Pantoja, 2009; Ulloa et al., 

2012; Wright et al., 2012).  

OMZs play an essential role in the global nitrogen cycle. The important microbial 

processes contributing to the global nitrogen cycle are: Nitrification (in the upper OMZ 

and oxycline), Denitrification (OMZ core), and the more recently discovered process of 
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Anammox (OMZ core) (Paulmier and Ruiz-Pino, 2009). Each of these nitrogen 

transformation processes is carried out by different lineages of microbes potentially 

interacting with one another. Under oxic and suboxic conditions, the process of 

nitrification transforms NH4 into NO3 resulting in the accumulation of bioavailable 

nitrogen in the OMZ (Ward, 2008). This process is mediated by ammonia oxidizing 

archaea/bacteria and nitrite oxidizing bacteria from diverse taxonomic lineages.  Another 

important process associated with OMZs is denitrification, which is a bacterial process 

occurring only in oxygen deficient regions (Codispoti et al., 2001). Denitrification 

converts NO3, one of the main limiting nutrients in the ocean, into gaseous nitrogen 

(N2O, N2) which is lost to the atmosphere, and contributes to the oceanic nitrate deficit 

(Tyrrell, 1999). Partial denitrification also leads to the release of the greenhouse gas N2O. 

Diverse assemblages of a, b, g - proteobacteria make up the denitrifying microbial 

community in OMZs. A previously unknown process in the ocean was observed in the 

water column in the OMZs (Kuypers et al., 2003): anaerobic oxidation of ammonium 

(NH3) using nitrite (NO2) (anammox) (Arrigo, 2005), leading to a complete revision of 

the global nitrogen cycle. The process of anammox is carried out by microorganisms 

possessing highly specialized cellular compartments called the anammoxosome, which 

retains the cellular machinery to carry out the process of anammox (Strous et al., 1999). 

Thus far, the only known bacteria carrying out this process form a monophyletic branch 

within the phylum Planctomycetes. A single known clade of anammox planctomycete, 

Candidatus Scalindua dominates the anammox process in OMZs (Thamdrup et al., 2006; 

Galan et al., 2009; Lam et al., 2009).  Research in the large anoxic OMZs associated with 

upwelling zones of the Eastern Pacific indicates that anammox and denitrification are 
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linked with a diverse set of other microbial nitrogen transformations, including the 

production of nitrite and nitrate via nitrification along the oxycline, and dissimilatory 

nitrate reduction to ammonium (DNRA) within the OMZ (Lam et al., 2009; Kalvelage et 

al., 2013). Taken together, these microbial nitrogen transformations constitute a 

distributed metabolic network linking the metabolic potentials of different taxonomic 

groups to higher-order biogeochemical cycling of nitrogen in the environment. 

Warming of the upper ocean waters as a consequence of climate change has 

contributed to deoxygenation of the global oceans and expansion of OMZ waters (Ulloa 

et al., 2012). Continued OMZ expansion due to climate change is an emerging 

environmental concern as it will potentially exacerbate the loss of fixed nitrogen from the 

ocean, in addition to increasing N2O production (Codispoti, 2010) and a resulting 

feedback on marine ecosystem function by limiting primary production in the overlying 

oxygenated waters.  Despite the importance of these effects, little is known about the 

metabolism of OMZ microbes and their response to environmental changes. Determining 

how microbial interaction networks form, function and change over time may reveal 

potential links between microbial community structure and ecological and 

biogeochemical processes.  
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1.4 Objectives and Experimental Overview 

In order to broadly characterize the microbial community in OMZs and 

understand the factors shaping the community genetic diversity, we employ a molecular 

and experimental approach to critically examine how vertical and micro-scale gradients 

shape the functional diversity of OMZ microbiota. The work described here was carried 

out in the Eastern Tropical North and South Pacific OMZs. They are permanent OMZ 

features occuring in the coastal upwelling zones off the coast of Mexico and Chile, 

respectively. They are effectively anoxic and exhibit a large nitrite accumulation.  They 

make up the two largest low oxygen zones in the world, and the microbial ecology of 

these regions, particularly in the ETNP OMZ, remains understudied. Characterizing the 

distribution of microbial taxa and metabolisms across vertical gradients and across micro-

niches will help clarify the role of these important driving forces in shaping OMZ 

biogeochemistry. 

The research outlined here describes the role of micro- and macro-scale gradients 

in shaping community genomic and metabolic diversity in the OMZ by focusing on the 

following objectives: 

OBJECTIVE 1 (Chapter 2): Elucidate the community genomic structure (metagenome) 

of particle-associated microorganisms, and how it differs from that of free-living 

microorganisms in the OMZ water column. We used filter size fractionation as a means 

to separate large particles and aggregates from the small, potentially free-living microbes 

in the water column. For the purpose of our study, we use the term “particle” to refer to 

material excluding non-aggregated or individual bacterial cells, so as to draw a 
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distinction between surface-associated and free-living microbial niches. Metagenomics 

and 16S rRNA gene amplicon sequencing of size-fractionated microbial biomass was 

used to compare the community genetic potential and taxonomic composition between 

particle-associated and free-living communities relative to depth and redox gradients in 

the OMZ.  A primary focus was placed on the partitioning of major metabolic processes 

of dissimilatory nitrogen and sulfur cycles. Particle-association was identified as a major 

driver of community composition and genome diversity, and highlight the potential for 

key physiological processes to be partitioned between free-living and particle-associated 

OMZ microbes.  

OBJECTIVE 2 (Chapter 3): Experimentally demonstrate how microbial gene 

expression and major steps of the OMZ nitrogen cycle are partitioned between the 

particle-associated and free-living microbial communities. Metatranscriptomic analysis 

was used to predict the metabolic activity of particle-associated and free-living fractions, 

and was analyzed in tandem with process rate measurements of dissimilatory OMZ N-

cycle processes, carried out in collaboration with Dr. Bo Thamdrup. Resulting meta-omic 

data was analyzed statistically to assess variation in functional gene content, 

population/community structure, single-taxon abundance, and differential transcript 

representation, thereby identifying the relative activity of diverse community members 

and metabolic pathways.  These data were interpreted relative to qPCR-based 

measurements of bacterial abundance in particle-associated and free-living fractions and 

relative to gradients in oxygen and nutrient concentrations. The results indicate a 

significant contribution of particles and particle-associated bacteria to nitrogen cycling in 

OMZs.  
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OBJECTIVE 3 (Chapter 4):  Describe the effects of filtration method on quantitative 

measurements of community genetic diversity. This study was carried out in 

collaboration with another graduate student, Cory Padilla, who performed the ship-board 

filtration experiments. Experiments were conducted to test whether variation in the 

volume of filtered seawater biases estimates of marine microbial diversity. Size-

fractionated biomass representing two size fractions (0.2–1.6µm, >1.6µm) was collected 

from a marine oxygen minimum zone following a sequential inline filtration protocol. 

Sequencing of community 16S rRNA gene amplicons was used to study shifts in 

community structure and richness over volumes ranging from 0.05 to 5 L. We were able 

to highlight the potential of sample volume variation in confounding comparisons of 

aquatic microbial diversity estimates and inferring the structure of particle-associated 

communities.  

OBJECTIVE 4 (Chapter 5): Demonstrate the existence of genetically and functionally 

divergent ecotypes of a major OMZ planctomycete clade catalyzing anaerobic 

ammonium oxidation, at larger macroscale gradients. Single Cell Genomics was used as a 

method to understand the genomic potential of an important marine lineage Candidatus 

Scalindua and its functional dynamics across OMZ vertical gradients. Scalindua Single 

Amplified Genomes (SAGs) were used to enable transcriptome mapping and target-gene 

phylogenetic analyses to identify differences in gene content, Scalindua-specific 

expression, and its metabolic diversity across larger scale OMZ gradients. Our analyses 

indicate a transcriptional coupling of gene expression to substrate availability, and the 

genomic potential of these bacteria to utilize alternate nitrogen sources within the OMZ. 
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CHAPTER 2 

METAGENOMIC ANALYSIS OF SIZE-FRACTIONATED 
PICOPLANKTON IN A MARINE OXYGEN MINIMUM ZONE 

 

2.1 Abstract 

 Marine oxygen minimum zones (OMZs) support diverse microbial communities 

with roles in major elemental cycles. It is unclear how the taxonomic composition and 

metabolism of OMZ microorganisms vary between particle-associated and free-living 

size fractions. We used amplicon (16S rRNA gene) and shotgun metagenome sequencing 

to compare microbial communities from large (>1.6 µm) and small (0.2–1.6 µm) filter 

size fractions along a depth gradient in the OMZ off Chile. Despite steep vertical redox 

gradients, size fraction was a significantly stronger predictor of community composition 

compared to depth. Phylogenetic diversity showed contrasting patterns, decreasing 

towards the anoxic OMZ core in the small size fraction, but exhibiting maximal values at 

these depths within the larger size fraction. Fraction-specific distributions were evident 

for key OMZ taxa, including anammox planctomycetes, whose coding sequences were 

enriched upto threefold in the 0.2–1.6µm community. Functional gene composition also 

differed between fractions, with the >1.6µm community significantly enriched in genes 

mediating social interactions, including motility, adhesion, cell-to-cell transfer, antibiotic 

resistance and mobile element activity. Prokaryotic transposase genes were three to six 

fold more abundant in this fraction, comprising up to 2% of protein-coding sequences, 

suggesting that particle surfaces may act as hotbeds for transposition-based genome 

changes in marine microbes. Genes for nitric and nitrous oxide reduction were also more 

abundant (three to seven fold) in the larger size fraction, suggesting microniche 
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partitioning of key denitrification steps. These results highlight an important role for 

surface attachment in shaping community metabolic potential and genome content in 

OMZ microorganisms.  

2.2 Introduction  

Marine oxygen minimum zones (OMZs) contain diverse communities of Bacteria 

and Archaea whose metabolisms control key steps in marine biogeochemical cycling. 

Metagenome and single-gene surveys have identified marked transitions in microbial 

community composition and metabolism from oxygenated surface waters to the suboxic 

OMZ core (Stevens and Ulloa, 2008; Zaikova et al., 2010; Bryant et al., 2012; Stewart et 

al., 2012b). These shifts have been linked to meter-scale vertical gradients in dissolved 

oxygen and organic and inorganic energy substrate availability. However, heterogeneity 

in the marine water column also potentially exists in the form of microscale chemical 

gradients, microbial taxa and microbial processes associated with particles, including 

aggregates of decaying organic matter, as well as live phytoplankton or zooplankton cells 

(Karl et al., 1984; DeLong et al., 1993; Fenchel, 2002; Stocker, 2012). These particles 

support complex surface-attached microbial communities whose composition and life 

history strategies differ substantially from those of free-living microbes. Although 

taxonomic surveys have compared free-living and particle-attached communities in a 

variety of marine ecosystems, the differences in functional gene composition that 

distinguish free-living from surface-attached life histories have been explored only 

sparingly. For OMZs in particular, the microscale partitioning of microbial communities 

and metabolisms has not been explored, despite a potentially significant role for particle-

associated microhabitats in these zones (Whitmire et al., 2009). 
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OMZs occur where the aerobic respiration of organic matter combines with water 

column stabilization to form a persistent, low-oxygen layer. The largest and most 

oxygen-depleted OMZs are found in regions of nutrient upwelling, as in the Eastern 

Tropical South Pacific off the coasts of Chile and Peru (ETSP OMZ; Karstensen et al., 

2008; Ulloa and Pantoja, 2009; Ulloa et al., 2012). In the ETSP, dissolved oxygen 

declines from near saturation levels (~250mM) at the surface to below the level of 

detection (<10nM) at the OMZ core (~200–300m; Thamdrup et al., 2012; Ulloa et al., 

2012). This steep drawdown drives changes in the water column microbial community. 

Notably, communities along the oxycline are phylogenetically and metabolically diverse 

relative to other depths (Bryant et al., 2012), containing both microaerophilic 

assemblages, which include ammoniaand nitrite-oxidizing members, as well as microbes 

capable of anaerobic metabolism (Stewart et al., 2012b). In contrast, community 

metabolism at the anoxic OMZ core is dominated by anaerobic autotrophic and 

heterotrophic processes that primarily utilize oxidized nitrogen compounds as terminal 

oxidants (Ulloa and Pantoja, 2009; Ulloa et al., 2012; Wright et al., 2012). Up to half of 

oceanic nitrogen loss occurs in OMZs through the anaerobic processes of denitrification 

and anaerobic ammonium oxidation (anammox; Thamdrup et al., 2006; Lam et al., 2009; 

Zehr and Kudela, 2011). Recent studies also have identified an important role in OMZs 

for chemoautotrophic bacteria that oxidize reduced sulfur compounds with nitrate, as well 

as for sulfate-reducing heterotrophs (Stevens and Ulloa, 2008; Lavik et al., 2009; Walsh 

et al., 2009; Canfield et al., 2010; Stewart et al., 2012b). It is unclear, however, whether 

these key biochemical processes are differentially partitioned between free-living versus 

particle-associated microbial communities in suboxic water columns. 
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In studies of non-OMZ systems, particle-association has been shown to be a 

significant component of microbial distributions, community composition and activity 

(Delong et al., 1993; Hollibaugh et al., 2000; LaMontagne and Holden, 2003; Eloe et al., 

2010). Most analyses impose a prefiltering step to separate microbial communities 

according to particle size, with typical prefilter and microfilter (collection filter) pore 

sizes of 0.8–30 and 0.2µm, respectively. Although the microfilter fraction (typically cells 

between 0.2 and 1.6–3 µm) is presumably dominated by non-surface-attached (free-

living) prokaryotes (Cho and Azam, 1988), the prefilter may retain a range of organisms, 

including larger free-living prokaryotes (for example, filamentous cyanobacteria), 

microbial eukaryotes and zooplankton, but presumably also captures particulate 

aggregates composed of organic debris and surfaceattached microbial cells (marine 

snow). Compared with the open water column, these particles constitute unique 

microhabitats that are relatively enriched in nutrients and contain potentially steep 

microscale (microns) gradients in pH and redox substrates, including organic carbon 

(Alldredge and Cohen, 1987; Alldredge and Silver, 1988; Stocker, 2012).  

Relative to free-living bacteria, particleassociated bacteria are typically larger 

(Caron et al., 1982; Lapoussiere et al., 2011), occur at higher local densities (Simon et al., 

2002) and exhibit higher rates of substrate acquisition, enzymatic activity, protein 

production and respiration (Kirchman and Mitchell, 1982; Karner and Herndl, 1992; 

Grossart et al., 2003, 2007). Not surprisingly, free-living and particle-associated 

communities can differ significantly in composition at multiple levels of phylogenetic 

resolution (DeLong et al., 1993; Ploug et al., 1999; Grossart et al., 2006; Hunt et al., 

2008; Kellogg and Deming, 2009). Notably, phytoplankton-derived particle communities 
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tend to be relatively enriched in members of the Bacteroidetes (notably, Cytophaga and 

Flavobacteria), Planctomycetes and Deltaproteobacteria (DeLong et al., 1993; Crump et 

al., 1999; Smith et al., 2013), whereas planktonic communities are enriched in taxa 

adapted for oligotrophic or autotrophic free-living lifestyles (for example, Pelagibacter, 

picocyanobacteria; Lauro et al., 2009). 

Analyses of prokaryotic microbial diversity in OMZs have focused primarily on 

the microfilter size fraction (~0.2–3 µm; Stevens and Ulloa, 2008; Canfield et al., 2010; 

Stewart et al., 2012b), with larger or particle-associated cells being excluded. However, 

certain taxonomic groups with important functional roles in OMZ elemental cycling may 

differ in abundance and activity between free-living versus particle-associated 

communities. Recent diversity surveys based on 16S rRNA gene sequences confirm 

distinct taxon compositions among size-fractionated samples (30 µm cutoff) from the 

suboxic water column of the Black Sea (Fuchsman et al., 2011, 2012). Notably, members 

of the Alphaproteobacteria (for example, SAR11-like sequences) and the marine 

anammox planctomycete Candidatus Scalindua were significantly enriched in the smaller 

size fraction, while key anaerobic lineages, including members of the sulfate-reducing 

Deltaproteobacteria were more abundant in the larger, particle-associated fraction (>30 

µm). A recent study that demonstrated sulfate-reduction activity in the ETSP OMZ also 

described 16S rRNA and sulfur metabolism gene (for example, aprA, encoding 

adenosine-5’ –phosphosulfate (APS) reductase) sequences matching sulfate-reducing 

clades of the Deltaproteobacteria, although these sequences were at relatively low 

abundance (Canfield et al., 2010). However, metagenomic sequencing in this study 

focused only on the free-living community (0.2–1.6µm cell size), and it remains unclear 
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to what extent OMZ processes such as sulfate reduction may instead be mediated by 

particle communities. 

Shotgun metagenomics provides a snapshot of the metabolic functions available 

in a mixed community, while simultaneously allowing for taxonomic identification of 

community members (Delong et al., 2006). Surprisingly, metagenomics has been used 

only sparingly to identify differences between marine microbial communities separated 

by size fraction. Seminal metagenomic studies by Venter et al. (2004) and Rusch et al. 

(2007) sampled different filter size fractions from diverse ocean sites visited on the 

Global Ocean Survey expeditions. This work identified important linkages between gene 

content and environmental variables, as well as patterns of metagenomic sequence 

similarity representing distinct community types. However, a direct comparison of 

protein-coding gene content between fractions was not presented, and high-resolution 

taxonomic surveys from these analyses are not available. Although such comparisons 

identified functional differences in size-fractionated pico-eukaryote (Not et al., 2009) and 

viral (Williamson et al., 2012) communities, to the best of our knowledge only two other 

studies (Allen et al., 2012; Smith et al. 2013), focusing on temperate sites in the North 

Pacific, have directly compared microbial (Bacteria and Archaea) functional gene content 

between filter size fractions. Here, we use metagenome and 16S rRNA gene amplicon 

sequencing to compare microbial communities from two size classes in the ETSP OMZ. 

The results identify surface attachment as a major driver of community composition and 

genome diversity, and highlight the potential for key physiological processes to be 

partitioned between free-living and particle-associated OMZ microbes. 
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 2.3 Materials and Methods 
 
2.3.1 Sample collection 
 

Microbial community samples were collected from the ETSP OMZ as part of the 

Center for Microbial Ecology: Research and Education (C-MORE) BiG RAPA 

(Biogeochemical Gradients: Role in Arranging Planktonic Assemblages) cruise aboard 

the R/V Melville (18 November – 14 December 2010). Seawater was sampled from 7 

depths (5, 32, 70, 110, 200, 320 and 1000 m) at Station 1 (20o 04.999 S, 70o 48.001 W) 

off the coast of Iquique, Chile on November 19th (5 m), 20th (32 m), 21st (70, 110, 200 

and 320 m) and 23rd (1000 m). Collections were made using Niskin bottles deployed on 

a rosette containing a Conductivity-TemperatureDepth profiler (Sea-Bird SBE 911plus) 

equipped with a dissolved Oxygen Sensor, fluorometer and transmissometer (see 

Supplementary Figure A.1). Microbial biomass was collected by sequential in-line 

filtration of seawater samples (10l) through a prefilter (GF/A, 1.6 µm pore-size, 47 mm 

diameter, Whatman, GE Healthcare, Piscataway, NJ, USA) and a primary collection filter 

(Sterivex, 0.22 mm pore-size, Millipore, Billerica, MA, USA) using a peristaltic pump. 

Prefilters were transferred to microcentrifuge tubes containing lysis buffer (1.8 ml; 50 

mM Tris-HCl, 40 mM EDTA and 0.73 M sucrose). Sterivex filters were filled with lysis 

buffer (1.8 ml), and capped at both ends. Both filter types were stored at -80oC until DNA 

extraction. 

2.3.2 DNA extraction   

Genomic DNA was extracted from prefilter disc and Sterivex cartridge filters 

using a phenol:chloroform protocol modified from Frias-Lopez et al. (2008). Briefly, 

cells were lysed by adding lysozyme (2 mg in 40 ml of lysis buffer per filter) directly to 
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the prefilter-containing microcentrifuge tube or to the Sterivex cartridge, sealing the 

caps/ends and incubating for 45 min at 37 1C. Proteinase K (1 mg in 100 ml lysis buffer, 

with 100 ml 20% SDS) was added, and the tubes and cartridges were resealed and further 

incubated for 2 h at 55oC. Lysate was removed from each filter, and nucleic acids were 

extracted once with phenol:chloroform:isoamyl alcohol (25:24:1) and once with 

chloroform:isoamyl alcohol (24:1). The purified aqueous phase was concentrated by spin 

dialysis using Amicon Ultra-4w/100 kDa MWCO centrifugal filters (Millipore). Aliquots 

of purified DNA from each depth and filter size fraction were used for PCR. Additional 

aliquots (5 mg) were used to prepare libraries for shotgun pyrosequencing of microbial 

metagenomes. 

2.3.3 16S rRNA gene PCR 

Pyrosequencing of PCR amplicons encompassing hypervariable regions of the 

16S rRNA gene was used to assess bacterial community composition in both filter types 

from all water column depths. Archaeal 16S rRNA gene diversity was not evaluated via 

amplicon analysis. PCR amplicons were synthesized according to established protocols. 

Briefly, a B480-bp fragment of the bacterial 16S rRNA gene was amplified using 

barcoded universal primers targeting the V1–V3 region, as described in the protocol 

established for the Human Microbiome Project by the Broad Institute (Jumpstart 

Consortium Human Microbiome Project Data Generation Working Group, 2012). 

Briefly, thermal cycling conditions were: initial denaturation at 95oC (2 min), followed 

by 30 cycles of denaturation at 95oC (20 s), primer annealing at 50oC (30 s) and primer 

extension at 72oC (5min). 16S rRNA gene PCR was replicated using a second set of 

barcoded primers to assess potential variation introduced during PCR. Amplicons were 
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analyzed by agarose gel electrophoresis to verify size, purified using the QIA Quick PCR 

Clean-Up Kit, pooled (~200 ng per sample), and used as template for multiplex amplicon 

pyrosequencing. 

2.3.4 Pyrosequencing 

Shotgun pyrosequencing (454 Life Sciences, Roche Applied Science, Branford, 

CT, USA) was used to characterize the community DNA (metagenome) from two 

microbial size fractions (prefilter and Sterivex) from four depths (70, 110, 200 and 

1000m), as well as the multiplexed 16S amplicon samples (seven depths, two filter types 

per depth, two PCR replicates per filter). DNA templates were used to prepare single-

stranded libraries for emulsion PCR using established protocols (454 Life Sciences, 

Roche Applied Science). Each metagenome sample was sequenced with a half-plate run 

on a Roche Genome Sequencer FLX Instrument using Titanium chemistry. The 

multiplexed amplicon sample was sequenced using a single fullplate run. 

2.3.5 Sequence analysis—16S rRNA gene amplicons 

Amplicons were analyzed using the software pipeline QIIME (Caporaso et al., 

2010), according to standard protocols. Briefly, barcoded 16S data sets were de-

multiplexed and filtered to remove low quality sequences using default parameters 

(minimum quality score > 25, minimum sequence length >200, no ambiguous bases 

allowed). De-multiplexed sequences were clustered into operational taxonomic units 

(OTUs) at 97% sequence similarity, with taxonomy assigned to representative OTUs 

from each cluster using the Ribosomal Database Project classifier in QIIME, trained on 

the Greengenes database. OTU counts were rarefied (10 iterations) and alpha diversity 
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was quantified at a uniform sequencing depth across samples using the phylogenetic 

diversity (PD) metric as described by Faith (1992); (Figure 2.1a). To compare community 

composition between samples, sequences were aligned using the PyNAST aligner in 

QIIME and beta diversity was calculated using the weighted Unifrac metric. This metric 

compares samples based on the phylogenetic relatedness (branch lengths) of OTUs in a 

community, while taking into account relative OTU abundance (Lozupone and Knight, 

2005). Values range from 0 to 1, with 1 indicating the maximum distance between 

samples. Sample relatednesss based on Unifrac was visualized using a two-dimensional 

Principal Coordinate Analysis (Figure 2.1b). For all pairs of samples, a Monte Carlo 

permutation test (1000 permutations) was used to determine if the Unifrac distance 

between samples was greater than expected by chance, with a false discovery rate 

correction (a 1⁄4 0.05) imposed for multiple tests according to Benjamini and Hochberg 

(1995) (see Supplementary Table A.2). 
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Figure 2.1. OMZ bacterial community diversity revealed by 16S rRNA gene 

pyrosequencing. (a) PD as a function of water column depth and dissolved oxygen 

concentration (left). Data points are mean values based on rarefaction of OTU counts at a 

standardized sequence count (n=4996) per sample, with bars indicating 95% confidence 

intervals for the rarefied measurements. Data from both PCR duplicates are combined for 

averaging. (b) Principle component analysis of community taxonomic relatedness, as 

quantified by the weighted Unifrac metric. OMZ depths are circled. (c) Relative 

abundance of major bacterial divisions within the Ribosomal Database Project (RDP) 

classification, as a percentage of total identifiable bacterial sequences. Colors and 

ordering of taxa match those in D. Samples are labeled by depth and filter type, where 

p=prefilter (>1.6µm), s=Sterivex (0.2–1.6µm). Duplicates in B and C reflect duplicate 

PCR reactions. (d) Variation in the relative abundance of bacterial divisions between 

filter size fractions. Values are the base-10 logarithm of the odds ratio: the ratio of the 

odds a taxon occurs on the prefilter to the odds it occurs on the Sterivex. Positive values 

indicate taxa that are more likely to occur on the prefilter. Values are based on counts 

pooled from all depths, with corrections for differences in data set size. Panels c and d 

exclude divisions present in only one filter type and occupying less than 0.01% of total 

bacterial sequences. Stars mark taxa whose relative abundance differed significantly 

between size fractions (P<0.05).  
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2.3.6 Sequence analysis—metagenomes 

Analysis of protein-coding metagenome sequences followed that of Canfield et al. 

(2010) and Stewart et al. (2012b). Duplicate reads sharing 100% nucleotide similarity and 

identical lengths, which may represent artifacts of pyrosequencing, were identified by 

clustering in the program CD-HIT (Li and Godzik, 2006) and removed from each data set 

as in Stewart et al. (2010). Metagenome sequences were compared using BLASTX 

against the NCBI-nr database of non-redundant protein sequences (as of January 2012). 

BLASTX matches to prokaryote genes (Bacteria and Archaea) above a bit score of 50 

were retained and classified according to functional category based on the SEED 

classification of functional roles and subsystems (Overbeek et al., 2005), using the 

program MEtaGenome ANalyzer 4 (MEGAN Version 4; Huson et al., 2011). The 

relative abundance of a SEED subsystem was calculated for each sample as the number 

of sequences per subsystem normalized by the total number of sequences matching 

subsystems; these values were then averaged across the four depths to obtain the SEED 

abundances shown in Figure 2.2. Normalized SEED counts for individual depths are 

available in Supplementary Table A.4. The taxonomic composition of proteincoding 

sequences was determined based on the taxonomic annotation of each gene, according to 

the NCBI-nr taxonomy in MEGAN4. 

Samples were clustered based on SEED subsystem profiles (Figure 2.2, inset). For 

each sample, hit counts per subsystem were normalized to the proportion of total 

prokaryote reads matching SEED. An arcsine square root transformation was applied to 

proportions to stabilize variance relative to the mean. Pearson’s correlation coefficients 

were calculated for each pair of transformed data sets and used as similarity metrics for 
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hierarchical clustering using the complete-linkage method. The probability of sample 

clusters was evaluated via multiscale bootstrapping (1000 replicates) based on the 

approximately unbiased method, implemented using the program pvclust in the R 

language. Bray–Curtis dissimilarities were also calculated from transformed count data to 

assess dissimilarity in functional gene composition (Supplementary Table A.3). 

To further evaluate genes or gene categories not represented in SEED, BLASTX 

results (> bit score 50) were manually parsed via keyword searches based on NCBI-nr 

annotations, as in Canfield et al. (2010). NCBI-nr genes representing top BLASTX 

matches were recovered from GenBank, and each database entry was examined manually 

to confirm gene identity. Entries with ambiguous annotations were further verified by 

BLASTX. Manual searches focused on key enzymes of dissimilatory nitrogen and sulfur 

metabolism (Lam et al., 2009; Canfield et al., 2010; Figure 2.3), including: ammonia 

monooxygenase (amoC), nitrite oxidoreductase (nxrB), hydrazine oxidoreductase (hzo), 

nitrate reductase (narG), nitrite reductase, nitric oxide reductase (norB/norZ) and nitrous 

oxide reductase (nosZ). Nitrite reductase genes were further characterized as either nirK 

or nirS, encoding the functionally equivalent copper-containing and cytochrome cd1-

containing nitrite reductases, respectively, or as nrfA, encoding the cytochrome c nitrite 

reductase. Sulfur metabolism enzymes included dissimilatory sulfite reductase (dsrA), 

APS reductase (aprA) and sulfate thiol esterase (soxB). We also present results for key 

genes involved with mobile element activity, notably transposases and integrases, which 

were highly represented in the data sets. Genes encoding transposases and integrases 

from diverse families were combined into single categories for presentation. 
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 When possible (Figure 2.3), gene abundances were normalized based on best 

approximate gene length (kb), estimated based on full-length open reading frames from 

sequenced genomes: amoC (750 bp); nxrB (1500 bp); hzo (1650 bp); narG (3600 bp); 

nirK (1140 bp); nirS (1410 bp); nrfA (1440 bp); norB (1410 bp); nosZ (1950 bp); dsrA 

(1200bp); aprA (1860 bp); soxB (1680bp). The length of genes encoding transposases 

and integrases varies among gene family type. Here, averages of 900 and 1150 bp were 

used for transposases and integrases, respectively, based on averaging randomly selected 

full-length transposase and integrase genes (100 each) identified in our data sets. 

Sequence counts per kilobase of target gene were then normalized to counts of sequences 

matching the universal, putatively single-copy gene encoding RNA polymerase subunit B 

(rpoB, 4020 bp). A value of 1 (Figure 2.3) indicates abundance in the metagenome 

equivalent to that of rpoB, assuming the gene lengths used in our calculations. 

 The proportion of differentially abundant genes (in metagenomes) or taxa (in 16S 

amplicon data) between Sterivex and prefilter samples was estimated via an empirical 

Bayesian approach in the R program baySeq (Hardcastle and Kelly, 2010), as in the study 

of Stewart et al. (2012a). As true replicates at each depth were not available, statistical 

validation of depth-specific differences between filter fractions was not possible. 

Consequently, all samples (depths) belonging to each filter type were modeled as 

biological replicates. The baySeq method assumes a negative binomial distribution of the 

data with prior distributions derived empirically from the data (100000 iterations). 

Dispersion was estimated via a quasi-likelihood method, with the sequence count data 

normalized by data set size (that is, total number of prokaryotic protein-coding genes and 

total number of bacterial 16S rRNA sequences for the metagenome and amplicon 
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analyses, respectively). Posterior likelihoods per gene category or taxon were calculated 

for models (sample groupings) in which genes/taxa were either predicted to be 

equivalently abundant in both prefilter and Sterivex samples or differentially abundant 

between filter types. A false discovery rate threshold of 0.05 was used for detecting 

differentially abundant categories.  

 All sequence data generated in this study are publicly available in the NCBI 

database under BioSample numbers SAMN02317187-SAMN02317194 (metagenomes) 

and SAMN02339399-SAMN02339426 (amplicons).  
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Figure 2.2 Differences in the relative abundance of functional gene categories between 

microbial size fractions (filter type), summarized across depths. Categories on the left are 

subsystems in the SEED classification, with the figure showing only subsystems 

comprising 40.1% of the total sequences matching SEED. Higher level classifications of 

each subsystem are listed on the right. Filled and unfilled black bars reflect the relative 

abundance of prokaryotic sequence reads matching each category, normalized to the total 

number of prokaryotic sequences matching SEED. Light gray bars reflect the base-10 

logarithm of the odds ratio: the ratio of the odds a gene category occurs on the prefilter to 

the odds it occurs on the Sterivex. Positive values indicate categories that are more likely 

to occur on the prefilter. Values are based on counts pooled from all depths sampled for 

metagenomics (70, 110, 200 and 1000 m), with corrections for differences in data set 

size. Categories whose relative abundance differed significantly between size fractions 

(P<0.05; baySeq) are starred for analyses based on all four depths (filled stars) or only the 

OMZ depths (70, 110 and 200 m; open stars). Dendrogram (inset) shows relatedness of 

individual samples based on SEED subsystem profiles, with samples labeled by depth 

and filter type (p=prefilter, s=Sterivex). Numbers at nodes are probabilities based on 

multiscale bootstrap resampling (1000 replicates). X axis=correlation coefficients.  
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 2.4 Results and Discussion  

 Attachment to suspended or sinking particles is a major life history strategy for 

marine microorganisms (Smith et al., 1992; Simon et al., 2002; Grossart, 2010) and 

consequently has an important role in structuring community taxonomic composition and 

biochemical activity (DeLong et al., 1993; Crump et al., 1999). However, the patterns by 

which microbial physiological traits are distributed between particleassociated and free-

living communities are not well understood for many ocean regions. Characterizing 

particle-associated microbes may be especially important in OMZs, where local particle 

maxima have been positively related to both oxygen depletion (Garfield et al., 1983; 

Whitmire et al., 2009) and microbial metabolic activity (Naqvi et al., 1993).  

 This study presents the first metagenomic comparison of microbial size fractions 

in a marine OMZ, and one of the first to examine community metabolic traits between 

size-fractionated marine microbes in general. Microbial biomass from environmentally 

distinct depth zones spanning the permanent OMZ off Chile was separated by filtration 

into a large size fraction (>1.6 µm) and a small size fraction (0.2–1.6 µm), which for 

convenience are referred to here as ‘prefilter’ and ‘Sterivex’, respectively. Although the 

prefilter fraction is presumably enriched in particle-associated microorganisms and cell–

cell aggregates, it may also contain larger free-living cells (for example, bacterial 

filaments and protists). Similarly, the small size fraction is likely dominated by free-

living Bacteria and Archaea, but may also contain surface-associated microorganisms 

dislodged from particles during sampling (Hunt et al., 2008). Consequently, filter size 

fraction is a potentially uncertain indicator of microbial life history strategy (that is, 

particle-attached versus free-living). Nonetheless, in comparing the taxonomic and 
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functional gene compositions between fractions, the following sections highlight a 

significant role of size fraction in structuring microbial communities and identify 

physiological and genomic properties suggestive of a partitioning between surface-

associated and free-living microbial strategies, as well as key OMZ processes of 

dissimilatory nitrogen and sulfur metabolism.  

2.4.1 Oxygen conditions  

 The ETSP OMZ sample site near Iquique, Chile was characterized by steep 

vertical gradients in dissolved oxygen (Figure 2.1a), similar to what has been reported 

previously for this region (Dalsgaard et al., 2012; Stewart et al., 2012b; Ulloa et al., 

2012). The base of the photic zone (1% surface PAR) occurred at ~40 m, within the 

oxycline (~30–70 m). Dissolved oxygen conditions at the time of sampling decreased 

from ~250 µM at the surface to below 5 µM through the OMZ core (~100–400 m), 

before gradually increasing below 400 m to ~60 µM at 1000m. The oxygen sensor used 

here has resolution in the micromolar oxygen range. However, recent measurements with 

high-resolution (10 nM) switchable trace oxygen sensors indicated that the ETSP OMZ 

core is anoxic, with oxygen below detection throughout the OMZ core (Thamdrup et al., 

2012). Our amplicon data sets therefore span the oxygenated photic zone and oxycline (5 

and 32m samples), the suboxic (< 10 µM) upper OMZ (70 m), the anoxic OMZ core 

(110, 200, 320 m), and the oxic zone beneath the OMZ (1000 m). The metagenome 

samples focus on a subset of depths in the upper OMZ (70 m), OMZ core (110, 200 m) 

and beneath the OMZ (1000 m). 

 These data sets likely also span a gradient in bulk particle load. Consistent with 
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prior studies reporting elevated particle concentrations within the ETSP OMZ (Pak et al., 

1980; Whitmire et al., 2009), particulate load, inferred indirectly here from beam 

attenuation measurements, exhibited local maxima within the upper photic zone (~15m) 

and then again within the OMZ core (~140m), before declining to a consistent minimum 

below the OMZ (Supplementary Figure A.1). However, the size distribution and 

composition of particles contributing to the beam attenuation signal are not characterized 

here. It therefore remains to be determined how changes in bulk particle load relate to 

changes in the abundance of the size-fractionated communities discussed in detail below. 
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Figure 2.3 Relative abundance (a) and taxonomic representation (b) of sequences 

matching genes of key dissimilatory nitrogen and sulfur pathways. Abundance is 

calculated as read count per gene per kilobase of gene length, and shown as a proportion 

of the abundance of the universal single-copy gene encoding RNA polymerase subunit B 

(rpoB). A value of ‘1’ indicates gene abundance equal to that of rpoB. Taxonomic 

identifications are based on annotations of NCBI reference sequences identified as top 

matches (above bit score 50) in BLASTX searches. See Methods for gene identifications. 

Stars mark genes whose abundance differed significantly between size fractions (Po0.05; 

baySeq) in an analysis of only the OMZ depths (70, 110 and 200 m). Samples are labeled 

by depth and filter type, where p=prefilter (>1.6 µm), s=Sterivex (0.2–1.6 µm). 

Taxonomic group ‘Proteobacteria, gamma_S’ indicates Gammaproteobacteria of the 

sulfur-oxidizing SUP05 clade (Walsh et al., 2009). Inset shows the base-10 logarithm of 

the odds ratio for each gene category: the ratio of the odds a gene occurs on the prefilter 

to the odds it occurs on the Sterivex. Values are based on counts pooled across depths, 

with corrections for differences in data set size.  
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2.4.2 Taxonomic diversity—16S rRNA gene amplicons  

 Pyrosequencing of 16S rRNA gene amplicons revealed a species-rich OMZ 

bacterial community whose composition varied over depth and between size fractions. A 

total of 17 014 bacterial OTUs (97% similarity clusters) were recovered across all 

samples, with per sample OTU counts ranging from 658 to 2484 based on data set size 

(Supplementary Table A.1). Despite relatively high numbers of sequences per sample 

(mean: 14527), this analysis did not capture the total OTU richness in each sample (that 

is, no rarefaction curves approached saturation; Supplementary Figure A.2), as 

anticipated for marine bacterioplankton assemblages (Huber et al., 2007).  

 OTU diversity with depth. OTU diversity patterns varied with both depth and 

filter size fraction (Figure 2.1, Supplementary Figures A.2–A.4). For both size fractions, 

PD, the total branch length connecting all OTUs in the 16S rRNA gene phylogeny (Faith, 

1992), was shortest at the surface (5m) and increased within the oxycline (~30–70 m) 

(Figure 2.1a). However, PD of the two size fractions differed within the OMZ. PD of 

Sterivex communities decreased from the oxycline to the anoxic OMZ core at 200m, 

whereas PD of prefilter communities increased within the core (Figure 2.1a). PD trends 

closely paralleled those of other alpha diversity indices, including counts of observed 

OTUs and Chao1 estimates (Supplementary Figure A.3).  

 Vertical patterns of OMZ microbial diversity are not consistent among studies. A 

decline in PD from the oxycline to anoxic depths, based on 16S rRNA gene fragments 

from metagenomes, was observed for the 0.2–1.6µm size fraction across years and 

seasons in the ETSP OMZ off Chile (Bryant et al., 2012), suggesting temporal stability 
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and a consistent decline in diversity within the OMZ free-living community. Low 

diversity associated with suboxia was also reported in a gene fingerprinting study of the 

0.2–2.7µm fraction from a seasonal OMZ off British Columbia (Zaikova et al., 2010). In 

contrast, Stevens and Ulloa (2008), based on libraries of cloned 16S sequences, identified 

a peak in OTU diversity (multiple indices) at the ETSP OMZ within the 0.2–3 µm 

fraction, a pattern consistent with that observed for the prefilters in our study. Similarly, 

elevated OTU richness in the 0.2–1.6µm fraction has been shown to coincide with the 

zone of minimum oxygen concentration at tropical non-OMZ sites (Brown et al., 2009; 

Kembel et al., 2011).  

 These studies consistently highlight a shift in microbial community complexity 

associated with zones of low oxygen. For the ETSP OMZ, where oxygen declines to the 

nanomolar range, increasing diversity in the OMZ core has been hypothesized to be 

linked to the use of a wider range of terminal oxidants, compared with non-OMZ depths 

where oxygen is the dominant electron acceptor (Stevens and Ulloa, 2008). Conversely, 

Bryant et al. (2012) argue that niche diversity declines within the anoxic OMZ as niches 

linked with light and labile organic matter utilization, which are more prevalent at the 

surface and oxycline, are lost. Our data confirm that taxonomic diversity varies between 

size fractions, with diversity elevated in larger size fractions within the OMZ. Similarly, 

elevated OTU richness in particle-associated compared with free-living communities has 

been reported for other marine habitats (for example, Eloe et al., 2010), suggesting that 

higher diversity may be linked to an increase in niche richness associated with micro-

gradients in substrate availability and composition on particles. However, this pattern is 

not observed across all depths or ocean sites (for example, Figure 2.1a; Moeseneder et al., 
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2001; Ghiglione et al., 2007), suggesting a need for quantifying niche availability in 

response to diverse parameters, notably the organic composition, abundance, and size 

distribution of particles, combined with physical and chemical gradients of the bulk water 

column.  

 Taxonomic composition. Bacterial taxonomic composition varied markedly 

among samples. Vertical trends in the community composition of free-living bacteria in 

the ETSP OMZ have been reported previously (Stevens and Ulloa, 2008; Bryant et al., 

2012) and agree broadly with those observed here. We instead focus primarily on 

comparisons between size fractions. Figure 2.1d shows the odds of a given taxonomic 

division occurring in the prefilter fraction relative to the Sterivex fraction, based on OTU 

counts pooled across depths. Of the 25 major bacterial divisions identified in the 

amplicon analysis, 15 were significantly overor under-represented in the prefilter fraction 

(P<0.05, baySeq). A subset of these trends is discussed below.  

 Alphaproteobacteria sequences were abundant in both filter fractions but were 

consistently enriched in the free-living community, where they constituted an average of 

32% of all sequences (versus 13% in the prefilters) (Figure 2.1c). Enrichment was driven 

primarily by the SAR11 clade (Pelagibacter sp.), which represented 50–97% (mean: 

84%) of Alphaproteobacteria sequences from Sterivex filters, and 25–72% (mean: 58%) 

of those from prefilters. SAR11 enrichment in the Sterivex fraction is consistent with 

these bacteria being free-living oligotrophs adapted for the efficient use of dissolved 

substrates (Giovannoni et al., 2005). In contrast, SAR11 sequences in the prefilter 

fraction may represent unique surface-associated ecotypes, as proposed for SAR11 

detected in larger size fractions (0.8–3.0 and 3.0–200 µm) from an oxic upwelling zone 
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(Allen et al., 2012). Diversity surveys that do not examine the prefilter fraction may be 

excluding important components of the SAR11 community. Here, SAR11 were abundant 

at both oxic and anoxic depths, as shown previously for the ETSP OMZ (Stevens and 

Ulloa, 2008; Stewart et al., 2012 a,b). However, the metabolic adaptations that enable 

these putatively aerobic bacteria to grow under low or no oxygen remain uncharacterized 

(Wright et al., 2012). Future analyses at finer levels of taxonomic resolution may identify 

SAR11 subclades unique to both particle-associated and low-oxygen environments of the 

ETSP.  

 Sequences matching high GC gram-positive Actinobacteria (Actinomycetes) were 

a relatively minor component of the total amplicon pool (mean: 2% across all samples), 

but were significantly more abundant in Sterivex filters (excluding the 5m sample where 

Actinobacteria were negligible in both size fractions; Figure 2.1c). A similar enrichment 

was observed recently in the 0.1–0.8µm bacterioplankton fraction from temperate coastal 

communities (Smith et al., 2013). Actinobacteria are most commonly associated with 

terrestrial soil habitats but are also regularly cultivated from marine sediments and, less 

commonly, from suspended organic aggregates (Grossart et al., 2004) and pelagic 

environments (Rappe et al., 1999; Bull et al., 2005), including OMZs (Fuchs et al., 2005). 

Here, the majority of Actinobacterial sequences (76%) were unclassified (data not 

shown), suggesting the possibility of novel planktonic lineages, potentially distinct from 

those associated with particles (Jensen and Lauro, 2008; Prieto-Davo et al., 2008).  

 Twelve major bacterial divisions were significantly enriched in prefilter 

communities (Figure 2.1d). Diverse clades of the Bacteroidetes, including the 

Flavobacteria and Sphingobacteria, were among the most overrepresented groups in this 
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fraction. As suggested in prior reports from nonOMZ systems (Crump et al., 1999; Simon 

et al., 2002; Allen et al., 2012), elevated numbers of Bacteroidetes on particles may be 

linked to the enhanced capacity of these bacteria to degrade high molecular weight 

biopolymers, such as chitin or proteins (Cottrell and Kirchman, 2000). Members of the 

Spirochetes and Mollicutes, though at negligible overall abundance in our data sets 

(<0.1%), were also significantly enriched in the large size fraction. Spirochetes, which 

are traditionally associated with marine sediments or microbial mats, were only detected 

at the core OMZ depths (110, 200m), consistent with this group being dominated by 

strictly or facultatively anaerobic members (Munn, 2011). Marine spirochetes have also 

been found in association with eukaryotes (Ruehland et al., 2008; Demiri et al., 2009), 

and may therefore be enriched in the particle fraction via attachment to larger organisms 

or sinking fecal matter. Similarly, sequences matching Mollicutes, which here were 

affiliated exclusively with the Mycoplasma (data not shown), may have originated from 

eukaryotic material, as mycoplasmas have been found in the larval stages of marine 

invertebrates and in the intestinal microflora of several fish species (Zimmer and 

Woollacott, 1983; Bano et al., 2007). 

 Sequences matching eukaryotic chloroplasts or cyanobacteria were also more 

abundant on average on the prefilters. This sequence group was a substantial component 

(20–38%) of both filter fractions at 5m (Figure 2.1c), but was confined primarily to the 

prefilter beginning at 32m. This change in size fraction was accompanied by a shift in the 

structure of the eukaryotic phototroph community, from dominance by Chlorophyta and 

Cryptomonadaceae at 5m to Bacillariophyta (diatoms) at 32m and below (data not 

shown). Throughout the depth range, cyanobacterial sequences primarily matched clade 
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GpIIa (for example, Prochlorococcus and Synechococcus), with abundance peaking in 

the prefilters at 32 and 70 m within the photic zone. The presence of cyanobacterial-like 

sequences below the photic zone (Figure 2.1c) has been reported previously for the ETSP 

OMZ (Bryant et al., 2012) and in other deep-water habitats (Smith et al., 2013) and may 

be due to aggregation onto or release from sinking particles, including fecal pellets. Here, 

the relative abundance of these sequences (namely chloroplasts) increased in the 1000m 

prefilter, which could be due to changes in the turnover rates of different particle-

associated cell fractions (that is, choroplasts embedded in fecal particles increase in 

relative abundance as bacterial activity and cell numbers on particles decrease). 

 Consistent with several prior studies of particle-associated bacteria (DeLong et 

al., 1993; Fuchsman et al., 2012), Deltaproteobacteria were significantly enriched on 

prefilters. Although this group was a negligible component of both size fractions at the 

surface (<0.1% of total sequences at 5 m), deltaproteobacterial sequences increased in 

relative abundance in both fractions by 70m, and were 8to 28-fold more abundant in 

prefilters from 70 m down to 1000 m, representing up to 3% of total sequences in the 

larger size fraction (Supplementary Figure A.8). Notably, the Myxococcales, a widely 

distributed Order with both terrestrial and marine members that exist primarily in surface-

attached swarms (Shimkets et al., 2006; Jiang et al., 2010), were up to 95-fold more 

abundant on prefilters (relative to Sterivex) from depths below the oxycline. Marine 

myxobacteria have been found in anoxic sediments, but are associated primarily with 

oxic habitats (Brinkhoff et al., 2012), and the Order as a whole is dominated by strictly 

aerobic heterotrophs (Shimkets et al., 2006). Myxobacteria have also been found in open 

ocean picoplankton (DeLong et al., 2006; Pham et al., 2008). It therefore is possible that 
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OMZ myxobacteria, as well as other particle-associated taxa, have been transported to 

anoxic depths after attachment to sinking particles in the oxic zone, but are not 

metabolically active in the OMZ.  

 Deltaproteobacteria clades known to contain sulfate-reducing members (for 

example, Desulfobacterales) were generally more abundant at core OMZ depths (110, 

200, and 320 m; Supplementary Figure A.8), consistent with their low-oxygen 

requirements. However, the relative abundance of these groups did not differ appreciably 

between prefilter and Sterivex fractions, except within the 320 and 1000 m samples 

where these sequences were barely (or not) detectable in the free-living fraction 

(Supplementary Figure A.8). Sulfate reduction in oxic water columns presumably is 

localized to reduced microzones on particles (Shanks and Reeder, 1993). Our data raise 

the possibility that sulfate reduction in the OMZ, which has been demonstrated recently 

using radiolabeling of bulk water samples (Canfield et al., 2010), may not be confined to 

particle-associated microhabitats. However, the vast majority (mean: 72%) of 

deltaproteobacterial 16S sequences across both filter fractions were unclassified 

(Supplementary Figure A.8). Classification at higher levels of phylogenetic resolution 

will be necessary to clarify how particle attachment in the OMZ affects the distribution of 

deltaproteobacterial subclades, including those with sulfate reducers. rRNA amplicons 

matching members of the superphylum comprising the Planctomycetes, Verrucomicrobia, 

Lentisphaerae and Chlamydiae (Wagner and Horn, 2006) were significantly 

overrepresented on prefilters (Figure 2.1d). Notably, on average across the depths, the 

relative abundance of Planctomycetes was 15-fold higher in prefilter compared with 

Sterivex samples. However, this enrichment was not uniform throughout the water 
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column. Planctomycete sequences were either not detectable or a very minor percentage 

(0–0.3%) of total amplicons in the oxic 5 and 32 m samples, even within the prefilter 

fraction (Supplementary Figure A.7). In contrast, Planctomycetes represented 1–2% of 

total sequences in the prefilter at 70m and increased to a peak of B5% at 1000 m 

(Supplementary Figure A.7). A similar depth-specific increase in relative enrichment was 

observed in the Verrucomicrobia and Lentisphaerae. Presumably, the distribution of these 

groups, which predominantly contain anaerobic members, is tied to the presence of 

anoxia, which may be scarce on newly formed particles in the oxic depths, but relatively 

common in older, deeper particles where microbial respiration has created local pockets 

of oxygen depletion. It is also possible that the sinking of particles into the suboxic OMZ 

facilitates particleassociated anaerobic metabolisms.  

 Amplicons matching Planctomycetes provided limited phylogenetic information, 

with 63% of all planctomycete amplicons (both filter fractions) identified only to the 

Family Planctomycetaceae. This pattern was most pronounced at 1000 m, where 84% of 

Planctomycetaceae sequences were unclassified. Of the sequences assignable to a Genus, 

54% matched the Genus Planctomyces, with the vast majority of these being detected 

only in the prefilters where Planctomyces were enriched on average 75-fold compared 

with the Sterivex fraction. This pattern agrees with genetic and isolation-based studies 

identifying surface attachment as a key life history state for diverse Planctomycete 

genera, including Planctomyces (Bauld and Staley, 1976; Morris et al., 2006; Bengtsson 

and Øvreås, 2010) and with a general Planctomycetes enrichment in particle-associated 

microbial cell fractions (DeLong et al., 1993; Fuchsman et al., 2011, 2012). Although the 

16S amplicon pool provided limited phylogenetic resolution for some taxonomic groups 
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discussed here, additional insight into the composition of key OMZ clades can be 

provided by analyzing the taxonomic identification of protein-coding genes (see 

Metagenome data below).  

 Community relatedness. Sample relatedness based on community phylogenetic 

composition (Unifrac metric) varied with depth. For both the prefilter and Sterivex 

sample sets, communities on the periphery (70 m) and within the OMZ (110, 200 and 320 

m) clustered to the exclusion of those from the surface (5 and 32 m) and beneath the 

OMZ (1000 m), although this pattern was most pronounced for the prefilter communities 

(Figure 2.1b and Supplementary Figure A.4 B,C). Notably, the communities at 5m 

(prefilter and Sterivex) were highly distinct from those at deeper depths, due primarily to 

the high abundance of cyanobacteria and eukaryotic chloroplasts at the surface, as well as 

a shift in the structure of the proteobacterial community (Figures 2.1b and c). Of the 

OMZ depths, samples from 70, 110 and 200 m were most closely related (Figure 2.1b 

and Supplementary Figure A.4 B,C). The 320m sample was a relative outlier. 

Specifically, the 320 m Sterivex community was enriched in Flavobacteria (primarily 

‘unclassified’ Flavobacteria) compared with the other OMZ depths (Figure 2.1c). This 

shift highlights the potential for community variation throughout the OMZ core, despite 

apparent uniformity in some environmental conditions, notably oxygen, across these 

depths (Figure 2.1a, Thamdrup et al., 2012).  

 Filter size fraction also had a major role in determining community relatedness. 

Sterivex communities clustered to the exclusion of the corresponding prefilter 

communities from the same depth (Figure 2.1b). Ninety-three percent (182/196) of the 

pairwise comparisons between filter types (p versus s in Supplementary Table A.2, top) 
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revealed significant differences in taxonomic composition based on phylogenetic 

relatedness (P<0.05; mean Unifrac: 0.53). At only one depth, 320m, did prefilter and 

Sterivex communities not differ significantly (P=0.11–0.13; note similarity in PC1 

coordinates in Figure 2.1b), although even in this sample clear differences between filters 

were evident (Figure 2.1c). In contrast, in comparisons involving the same filter type, 54 

(49/91) and 26% (24/91) of prefilter and Sterivex comparisons showed significant 

differences (mean Unifrac: 0.39 and 0.35 for prefilters and Sterivex, respectively). Of the 

14 comparisons involving data from duplicate PCR reactions, two (the 32 m prefilter and 

1000 m Sterivex samples) showed significant compositional differences, indicating a 

potential for PCR-induced variation to influence diversity comparisons.  

 Even when the outlier surface sample (5m) was excluded from the analysis, 

clustering patterns indicated that microbial size fraction was a stronger predictor of 

community relatedness than was vertical position in the water column (Figure 2.1b, 

Supplementary Figure A.4A). Many prior studies have confirmed fundamental 

differences in community composition between size fractions (DeLong et al., 1993; 

Acinas et al., 1999; Crump et al., 1999; Ghiglione et al., 2007; Parveen et al., 2011). 

However, others show relative similarity between fractions (Hollibaugh et al., 2000). For 

example, communities from three size fractions (3.0–20, 0.8–3.0 and 0.1–0.8 µm) from a 

surface ocean sample grouped together based on shared metagenome sequence, distinct 

from communities at distant oceanic sites (Rusch et al., 2007). A similar pattern, whereby 

bacterial communities from distinct size fractions of the same sample are more similar 

than communities from other samples, has been shown for the deep ocean (Eloe et al., 

2010) and the anoxic Black Sea (Fuchsman et al., 2011) based on 16S gene sequences, 
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and for a coastal hypoxic layer based on the taxonomic annotations of coding genes from 

metagenomes (Smith et al., 2013). Conflicting patterns of community relatedness are 

potentially due to differences in size-fractionation and taxonomic identification methods 

across studies, as well as variation in water column conditions among samples. Indeed, 

zonation in parameters such as light, temperature or nutrient availability significantly 

influences taxonomic diversity and metabolic function across diverse marine habitats 

(DeLong et al., 2006; Qian et al., 2011), including the ETSP OMZ (Stevens and Ulloa, 

2008; Bryant et al., 2012; Stewart et al., 2012b), and is therefore a critical driver of niche 

differentiation in ocean microbes (Rocap et al., 2003; Johnson et al., 2006). Nonetheless, 

in our study, samples from depths spanning the oxycline and OMZ core clustered by size 

fraction despite strong vertical stratification in environmental parameters such as oxygen 

(Figure 2.1).  

 These trends suggest that life history mode associated with size fraction (free-

living versus particle-associated) has a greater role in structuring OMZ communities than 

water column oxygen levels. Although O2 and nutrient concentrations at the anoxic OMZ 

core are dramatically different from those of the overlying oxic layer, the taxonomic 

composition of OMZ particles broadly reflects that of particles from oxic marine habitats 

(Delong et al., 1993; Rath et al., 1998), with a relative enrichment of the Bacteroidetes, 

Firmicutes, Planctomycetes and Deltaproteobacteria, and an underrepresentation of 

bacteria typically associated with oligotrophic conditions (for example, SAR11). Many of 

the clades enriched on prefilters also contain aerobic members (for example, 

Flavobacteria and Myxobacteria), raising the question of whether particle-associated 

bacteria are metabolically active within the OMZ, or are quiescent, having been 
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transported to OMZ depths on particles originating in the oxic zone. Indeed, size fraction-

specific clustering of samples suggests that passage through the anoxic OMZ may have a 

relatively minor effect on the composition of the particle-associated microbial 

communities. However, release of microbes from sinking particles may represent a 

valuable conduit of anaerobic bacteria to OMZ depths.  

2.4.3. Taxonomic and functional variation among size fractions—Metagenomics 

Shotgun metagenomics was used to examine differences in taxonomic 

composition and metabolic function between free-living and particle-associated size 

fractions. Pyrosequencing of eight metagenome samples (four depths, two filters per 

depth) generated 1,660,922 reads (range: 163,987–275,575 per sample; mean length: 305 

bp; Table 2.1). Of these, 48% were designated as protein-coding based on BLASTX 

matches (bit score >50) to proteins in the NCBI-nr database, with 10% of these matching 

prokaryotic genes in SEED Subsystem categories. The percentage of identifiable protein-

coding sequences was consistently higher in the Sterivex fraction (mean: 66% of total 

sequences matching NCBI-nr, compared with 24% on prefilters). This discrepancy was 

likely due in part to the enrichment (8–16-fold) of eukaryotic genes on prefilters (Table 

2.1), which would have increased the proportion of non-coding DNA per metagenome. In 

addition, prefilters were enriched threefold in sequences matching genes annotated as 

viral in origin. Presumably, most free-living marine viruses are too small (o0.2 mm) to 

have been retained in either filter fraction. The viral reads in the data therefore likely 

originate either from extracellular viruses attached to the surfaces of cells or particles (for 

example, within a biofilm), or from prophage. As we did not distinguish between 

prokaryote and eukaryotederived viruses, it is possible that the prefilter viruses originated 
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from eukaryotes. In the following sections, we focus on protein-coding sequences of 

prokaryotes. We first describe taxonomic patterns inferred from coding gene annotations 

in contrast to those based on amplicon data, and then highlight functional categories 

involved with key OMZ biogeochemical processes, as well as categories that differed 

notably between size fractions.  
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 Taxonomic composition—protein-coding genes. The taxonomic identities of 

bacterial protein-coding genes broadly reflected those inferred from 16S rRNA gene 

amplicons, with important caveats. For this comparison, certain phylogenetic groups 

detected in the amplicon data sets (Figure 2.1) were collapsed to higher taxonomic levels 

to match groupings based on protein-coding genes (Supplementary Figure A.5). Analysis 

of 16S amplicons from the four depths where metagenomes were sampled (70, 110, 200 

and 1000m; all depths combined) revealed 10 major bacterial divisions (out of 20) that 

were at higher relative abundance on prefilters. Of these, nine also were enriched in 

prefilters based on protein-coding data sets (Supplementary Figure A.5). However, the 

magnitude of this enrichment was markedly higher in comparisons using amplicon data 

(Supplementary Figure A.5). For example, in the amplicon analysis, the odds of detecting 

a deltaproteobacterial sequence were 11-fold greater in the prefilter relative to the 

Sterivex fraction. In contrast, when inferred from protein-coding sequences, these odds 

were effectively equal between filter fractions (odds ratio: 1.1). Similar patterns were 

evident for the Planctomycetes, Spirochetes, Tenericutes and Epsilon and 

Betaproteobacteria (Supplementary Figure A.5 C, F). On average, the major bacterial 

divisions were more evenly represented in the metagenome data (Simpson’s E: 0.45 and 

0.36 for prefilter and Sterivex, respectively) compared with the amplicon data (Simpson’s 

E: 0.32 and 0.21 for prefilter and Sterivex) (Supplementary Figure A.5). The cause of this 

discrepancy between data types is unclear, but may involve differences in the 

representation of taxonomic groups between the Ribosomal Database Project and NCBI-

nr databases, in rRNA operon copy number among taxa, and in the phylogenetic 

resolution between protein-coding and rRNA gene fragments. Indeed, both the 16S and 
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coding gene data sets contained large numbers of sequences that could not be assigned to 

a bacterial phylum (Supplementary Figure A.5). Additional reference sequences, 

including whole genomes of OMZ microorganisms, will likely increase the probability 

and accuracy of read assignment, and potentially resolve differences between rRNA and 

coding genebased identifications. Until then, however, studies should account for the 

chance that community composition shifts can be underestimated or misinterpreted when 

based on metagenome data.  

 Protein-coding gene annotations can nonetheless provide taxonomic insight by 

identifying groups not well represented in 16S databases. For example, in contrast to the 

amplicon data, which revealed an overall enrichment of Deltaproteobacteria on prefilters, 

coding sequences matching the ubiquitous deltaproteobacterial SAR324 cluster were 2 to 

12-fold more abundant on Sterivex filters compared with prefilters (Supplementary 

Figure A.8). Notably, SAR324-like reads peaked at 44% of total bacterial coding reads in 

the Sterivex fraction at 1000m, consistent with reports of the mesopelagic distribution of 

this group (Wright et al., 1997). SAR324 enrichment in the free-living fraction contrasts 

with recent genomic evidence indicating that this group is adapted for a particle-

associated lifestyle (Swan et al., 2011). However, this lineage also contains 

chemoautotrophic members (Swan et al., 2011), which presumably would have less of a 

need to attach to organic-rich particles.  

 Coding genes suggested that the archaeal community also differs markedly 

between size fractions (Supplementary Figure A.6). The Sterivex fraction was enriched 

up to sixfold (mean 3.3) in reads matching aerobic ammonia-oxidizing autotrophs of the 

Thaumarchaeota, with the highest representation of Thaumarchaea in the suboxic 70m 
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sample at the top of the OMZ. A similar enrichment in the small (0.1–0.8 mm) size 

fraction was reported for low-oxygen (~20µM) waters in the North Pacific (Smith et al., 

2013), highlighting the free-living lifestyle of this group, as well as adaptation to low-

oxygen conditions. Similarly, reads matching Crenarchaeota were 2 to 11-fold (mean 4.2) 

more abundant in the free-living size fraction in the ETSP OMZ, peaking at 15% of total 

coding reads at 1000 m. The increase in Crenarchaeota with depth agrees with patterns 

from other subtropical and tropical sites (DeLong, 2003). Indeed, the overwhelming 

majority of Crenarchaeota sequences (91%) from 1000 m matched fosmid clones 

representing Group I Crenarchaeota collected at 4000 m in the Pacific Ocean 

(Konstantinidis and DeLong, 2008). Functional genes on these fosmids indicate a role in 

aerobic ammonia oxidation, suggesting the potential for re-classifying these sequences as 

Thaumarchaeota (Brochier-Armanet et al., 2008). In contrast, sequences matching 

Euryarchaeota, which peaked in abundance in the upper OMZ samples (70m), were on 

average 50% more abundant on prefilters. Of these sequences, those matching uncultured 

marine group II (MG-II) constituted the single largest fraction (mean: 40% of total 

Euryarchaeota sequences; Supplementary Figure A.6). Recently, sequencing of a MG-II 

euryarchaeote genome indicated a motile heterotrophic lifestyle, with genes for proteins 

mediating adhesion, fatty acid metabolism and protein degradation suggesting 

adaptations to growth on marine particles (Iverson et al., 2012). Consistent with this 

prediction, MG-II-like sequences were at 26 to 82% higher relative abundance in the 

prefilter fraction in the OMZ and oxycline depths (70, 110 and 200 m). Other 

Euryarchaeota sequences matched diverse clades, including those with methanogenic 

members, which were marginally enriched (15–44%) on prefilters (Supplementary Figure 
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A.6). Methanogenic and potentially hydrogenotrophic Euryarchaeota have previously 

been detected on marine particles (van der Maarel et al., 1999; Ditchfield et al., 2012), 

suggesting that anoxic microzones on particles create conditions favorable for these 

anaerobic taxa. It also has been hypothesized that methanogens in OMZs may occur in 

symbiotic associations with anaerobic protists (Orsi et al., 2012), as observed in other 

diverse reducing habitats (Nowack and Melkonian, 2010; Edgcomb et al., 2011). Overall, 

however, data directly comparing marine Archaea between free-living and 

particleassociated niches remain limited, and conflicting. Moderate differences in 

archaeal community composition have been observed between size fractions at coastal 

sites (Crump and Baross, 2000; Galand et al., 2008, Smith et al., 2013), but not at an open 

ocean site (Galand et al., 2008). Our data indicate size fraction-specific variation, 

suggesting the need for more targeted studies exploring potential archaeal genotype and 

ecotype variation between microniches.  

 Protein-coding sequences provided additional insight into the taxonomic 

composition of the OMZ Planctomycete community. In contrast to the amplicon data, 

sequences matching Planctomycete genes were a large component of metagenomes from 

the free-living fraction, peaking at a high of 9% of identifiable coding reads at the 110m 

OMZ depth before declining to 2% beneath the OMZ (Supplementary Figure A.7). This 

pattern agrees with prior metagenomic data from the ETSP OMZ (Stewart et al., 2012b). 

The taxonomic identities of Planctomycete-like coding genes differed significantly 

between size fractions and between OMZ and non-OMZ depths. Notably, Planctomycete 

sequences from Sterivex filters predominantly matched the marine anammox genus 

Candidatus Scalindua, whose sequences constituted 59–81% of Planctomycete reads 
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from OMZ depths (Supplementary Figure A.7). In comparison, Candidatus Scalindua 

represented 14–20% of Planctomycete reads in the prefilters at these depths, which were 

instead enriched in the non-anammox genus Planctomyces, as also indicated by the 

amplicon data. Analyses with genus-specific FISH probes previously showed that a 

minor fraction of total Candidatus Scalindua cells in the Namibian and ETSP OMZs 

associates directly with particles (Woebken et al., 2007), consistent with our data. In 

contrast, marker gene surveys from the suboxic Black Sea detected this genus in the 0.2–

30µm fraction but not in the larger particle-associated fraction above 30mm (Fuchsman 

et al., 2012). As Candidatus Scalindua is presumed to be the primary lineage responsible 

for anammox in OMZs (Woebken et al., 2008; Galan et al., 2012), these patterns suggest 

that the bulk of anammox-capable cells in OMZs may be spatially separated at the 

microscale from potentially linked metabolic transformations on particles, for example, 

nitrite production and ammonia remineralization by heterotrophic denitrifiers. A shift to a 

higher proportion of free-living Candidatus Scalindua may be facilitated in OMZs where 

suboxia extends beyond particle microniches and also by the autotrophic metabolism of 

this organism, which may eliminate pressure to attach to carbon-rich particles.  

 Trends in SEED subsystems. Classification of sequences into SEED subsystems 

highlighted variation in functional content between filter fractions. Subsystem 

abundances were correlated (R>0.94) between samples (Figure 2.2, inset), and Bray–

Curtis distances between prefilter and Sterivex SEED profiles (mean: 0.11) did not differ 

appreciably from those between samples of the same filter type (mean: 0.10 and 0.07 for 

Prefilter-only and Sterivex-only comparisons, respectively; Supplementary Table A.3). 

This similarity reflects redundancy in housekeeping gene categories, notably protein 



 

 58 

biosynthesis, DNA repair and central carbohydrate metabolism (Figure 2.2), which are 

ubiquitous and abundant across even highly divergent taxa (Burke et al., 2011). However, 

despite broad similarity in subsystem profiles, filter fractions clustered independently of 

one another based on SEED content (Figure 2.2, inset), suggesting functional differences 

separating free-living from surface-attached life history modes. 

 The prefilter fraction was enriched in genes for navigating and persisting within a 

spatially and chemically heterogeneous environment. Figure 2.2 (main) shows the odds 

of a SEED subsystem occurring in the prefilter relative to the Sterivex fraction. These 

trends are based on data pooled across depths (that is, the four depths are treated as 

replicates) and therefore only identify categories that consistently differed between filter 

fractions. Genes mediating motility, chemotaxis and adhesion were among the most 

overrepresented on prefilters (Figure 2.2, Supplementary Table A.4). These functions are 

presumably critical for detecting local patches of nutrients and energy substrates 

(Fenchel, 2002; Stocker et al., 2008), colonizing surfaces (Fenchel, 2001), and potentially 

also for navigating substrate gradients on particles themselves. Notably, prefilters 

contained significantly higher counts of genes involved in bacterial secretion. Of these, 

97% encoded elements of Type IV secretion systems, notably Type IV pili (84%) and 

mannose-sensitive hemagglutinin Type IV pili (8%). These cell surface structures 

mediate diverse functions, including gene exchange, transfer of effector proteins between 

cells, twitching motility and adherence (Christie et al., 2005; Burrows, 2012), and have 

been shown to promote attachment to algal surfaces by marine bacteria (Dalisay et al., 

2006). 

 Prefilters also were enriched in genes encoding virulence and antibiotic resistance 
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functions. Life in particle-associated biofilms would presumably increase the frequency 

of cell-to-cell contact, and therefore the likelihood of antagonistic interactions. Indeed, 

the production of antibacterial compounds is more common in surface-attached bacteria 

relative to planktonic cells (Long and Azam, 2001; Long et al., 2005; Gram et al., 2010) 

and has been shown to affect the colonization dynamics of marine particles (Grossart et 

al., 2003). Prefilter metagenomes also contained high abundances of genes mediating 

signaling via the universal secondary messenger cAMP, which in prokaryotes regulates 

functions ranging from virulence, stress response and energy and carbon metabolism. A 

high abundance of cAMP signaling genes was shown recently for soil metagenomes 

(Delmont et al., 2012) and may be a general feature of bacterial communities on surfaces 

with fluctuating (spatially, temporally) substrate conditions and potentially high cell 

densities. 

 Compared with prefilter metagenomes, Sterivex metagenomes were 

proportionally enriched in genes for substrate acquisition, energy and nutrient 

metabolism, and cell growth. Notably, genes encoding ATP-binding cassette transporters 

were atsignificantly higher proportions, with enrichment driven by genes for branched 

chain amino-acid transporters (Figure 2.2), which accounted for 65% (average) of all 

sequences in this category and were two to threefold more abundant in the Sterivex 

fraction across depths (Supplementary Table A.4). Consistent with this pattern, Sterivex 

metagenomes contained higher fractions of genes encoding the guanosine 5’, 3’ 

bispyrophosphate (ppGpp)-controlled stringent response. Induced under diverse stress 

conditions, notably amino-acid starvation, the stringent response regulates a shift from 

growth-supporting functions (for example, stable RNA synthesis, translation and cell 
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division) to those enabling survival under growth limitation, such as amino-acid 

biosynthesis and DNA replication (Cashel et al., 1996; Durfee et al., 2008; Traxler et al., 

2008). The free-living fraction was also overrepresented in genes for electron transport 

and energy generation, notably components of fermentation and respiration pathways. 

These included formate dehydrogenase, which in some bacteria is used for respiratory 

nitrate reduction (Sawers, 1994), as well as genes for assimilatory and respiratory 

nitrogen and sulfur metabolism (for example, ammonia assimilation, nitrate and nitrite 

ammonification; discussed in more detail below). Genes for biosynthesis and cell division 

were also at higher abundance, as were genes for CO2 fixation, suggesting a propensity 

for autotrophic cells to be decoupled from organic-rich particles. 

 Together, these patterns indicate distinct microbial life history strategies. Free-

living bacteria exhibit an overall greater investment in genes mediating core cellular 

functions and growth. These include adaptations for metabolic regulation under potential 

substrate limitation and a significant investment in mechanisms for the uptake of low-

molecular weight compounds (that is, dissolved organic carbon), a pattern consistent with 

metagenomes from free-living bacteria at other ocean sites, including members of the 

SAR11 clade (Kirchman, 2003; Malmstrom et al., 2005; Poretsky et al., 2010), which 

were well represented in our OMZ samples. In contrast, prefilter-associated cells are 

more likely to encode functions for signal recognition and cell-to-cell interactions, 

presumably key adaptations for detecting and colonizing organic-rich particles and for 

life in close proximity to neighbors. Several of these trends are broadly consistent with 

functional genomic differences separating copiotrophic and oligotrophic life history 

strategies (Lauro et al., 2009). These trends are detected here at the community-level 



 

 61 

across multiple depth zones. These patterns indicate that metagenome-based inferences 

about the relative importance of microbial traits in marine environments will vary 

depending on the ratio of particle-associated to free-living bacteria in a sample. 

 Marker genes of nitrogen and sulfur metabolism. Analysis of marker genes 

suggests that key OMZ metabolic processes may be partitioned between particle-

associated and free-living microbial communities. Results of BLASTX against the NCBI-

nr database were manually queried to determine the relative abundances of target genes 

of nitrogen and sulfur energy metabolism, some of which are not well represented in the 

SEED hierarchy. Abundances are shown in Figure 2.3, normalized to gene length and to 

the abundance of a universal, single-copy gene (rpoB). 

 Genes of dissimilatory nitrogen oxidation (ammonia and nitrite oxidation) 

exhibited variable abundance but were generally overrepresented in the small size 

fraction (Figure 2.3, inset). Both hzo and amoC, markers for anammox and aerobic 

ammonia oxidation respectively, were enriched on average approximately fourfold in 

Sterivex metagenomes. Hzo sequences were detected only in the OMZ depths and were 

closely related to hzo of Candidatus Scalindua, consistent with the anaerobic nature of 

anammox and the overall distribution of Scalindua-matching protein-coding reads 

(Figure 2.3 and Supplementary Figure A.7). Sequences matching amoC were affiliated 

exclusively with the Thaumarchaeota and Crenarcheaota, supporting recent evidence that 

nitrification in the OMZ is mediated primarily by Archaea (Stewart et al., 2012b). 

 In contrast, the relative abundance of nxrB, a marker for aerobic nitrite oxidation, 

did not vary substantially between size fractions (Figure 2.3, inset). However, fraction-
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specific patterns were evident when the nxrB pool was evaluated according to taxonomic 

affiliation. The majority (55%) of all nxrB sequences were most closely related to nxrB 

of Ca. Nitrospira defluvii, a nitrite oxidizer isolated from activated sludge (Spieck et al., 

2006). Nitrospira nxrB abundance peaked at the oxycline base (70 m) in both filter 

fractions. At the lower depths, including at the anoxic OMZ core, Nitrospira nxrB was 

found exclusively in the free-living fraction (Figure 2.3 bottom). Subsequent to our 

analysis, the genome of the nitrite oxidizer Nitrospina gracilis was published (Lücker et 

al., 2013). Nitrospina is the dominant nitrite-oxidizer genus in the oceans, and the N. 

gracilis genome is closely related evolutionarily to that of Ca. Nitrospira defluvii (Lücker 

et al., 2013), raising the possibility that reanalysis of our data may instead classify OMZ 

Nitrospira-like sequences as belonging to Nitrospina. Both Nitrospina and Ca. Nitrospira 

genomes show adaptations to low-oxygen environments (Lücker et al., 2010, 2013). This 

is consistent with the distribution of related sequences in the ETSP and other low-oxygen 

zones (Labrenz et al., 2007; Jorgensen et al., 2012), and with the recent detection of 

nitrite oxidation (by Nitrospina or Nitrococcus bacteria) under low oxygen (O2 <1 µM) 

in the OMZ off Namibia (Fussel et al., 2012). Together, these studies indicate a role for 

nitrite oxidation in the suboxic zones of the upper OMZ, potentially by diverse bacteria 

with distributions varying vertically and at the microscale. 

 Denitrification genes were also differentially partitioned between fractions. 

Sequences encoding NarG, catalyzing nitrate reduction to nitrite, were enriched in both 

fractions at OMZ depths compared with the oxic 1000m sample, but were consistently, 

albeit marginally, overrepresented in the free-living fraction (Figure 2.3). This pattern 

was reversed at the oxic 1000m depth, where narG was 13-fold more abundant in the 
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prefilter compared with the Sterivex. A similar pattern was observed in metagenomes 

from the coastal North Pacific, where narG at a high oxygen site was enriched in larger 

size fractions (0.8–300 mm) compared with a 0.1–0.8 mm fraction, but occurred at 

relatively uniform abundance across fractions at low-oxygen (~20 µM) sites (Smith et al., 

2013). These studies suggest that nitrate respiration in oxic water columns is confined 

primarily to suboxic microniches on particles, but under low-oxygen conditions is 

utilized by both free-living and surface-attached cells. In both filter fractions within the 

ETSP OMZ, a substantial proportion (42–50%) of the narG pool matched sequences from 

an uncultivated bacterium in candidate division OP1 isolated from a subsurface 

thermophilic microbial mat community (Takami et al., 2012). Although relatives of the 

OP1 division have been detected in OMZs (Stevens and Ulloa, 2008; Wright et al., 2012), 

their contributions to OMZ biogeochemistry remain uncharacterized. 

 Nitrite reductase genes (nirK, nirS and nrfA), involved in both denitrification and 

anammox, exhibited contrasting distributions between size fractions. In the OMZ depths, 

nirK genes encoding the copper-containing enzyme were distributed relatively evenly 

among filter fractions at all depths, excluding the 1000m sample (Figure 2.3), whereas 

nirS genes for the cytochrome cd1-containing nitrite reductase were most abundant on 

prefilters from the OMZ core (110, 200 m). In contrast, nrfA sequences, indicators of 

dissimilatory nitrate reduction to ammonium (Simon, 2002; Jensen et al., 2011), were 

confined almost exclusively to the free-living size fraction and were affiliated 

predominantly with members of the Chlamydiae and Deltaproteobacteria. 

 Genes involved in the two terminal steps of denitrification, the reduction of nitric 

oxide to nitrous oxide (norB/norZ) and nitrous oxide to dinitrogen (nosZ), exhibited 
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among the strongest size fraction-specific patterns, being on average fourfold more 

abundant on prefilters. Prefilter enrichment of these genes is consistent with recent 

metagenome data from an estuarine site (Smith et al., 2013) and with studies linking N2O 

and N2 production or nor/nos expression with diverse surface-attached environments (for 

example, sediments, soils, algal epibiont communities; Scala and Kerkhof, 1998; Rösch 

et al., 2002; Long et al., 2013), including suspended particles and the epibiotic 

communities of marine algae (Michotey and Bonin, 1997; Wyman et al., 2013). Here, 

taxonomic partitioning between filter fractions was evident, notably for the norB/Z pool. 

The majority (83–93%) of norB/Z sequences on Sterivex filters were most closely related 

to nitric oxide reductase from the anammox planctomycete Candidatus Scalindua 

profunda (scal02135). It has been hypothesized that in this bacterium NorB may act to 

relieve oxidative stress (van de Vossenberg et al., 2012), as opposed to functioning in 

energy metabolism. In contrast, large proportions (47–71%) of particle-associated norB/Z 

sequences at the OMZ core (110 and 200 m) were most closely related to nitric oxide 

reductases of Ca. Methylomirabilis oxyfera (CBE69496.1 and CBE69502.1), a member 

of the NC10 candidate division originally enriched from sediment (Figure 2.3). Ca. M. 

oxyfera oxidizes methane under anaerobic conditions using O2 generated intracellularly 

through an alternative denitrification pathway involving the dismutation of nitric oxide 

into dinitrogen and O2, potentially via a Nor enzyme acting as a dismutase 

(Raghoebarsing et al., 2006; Ettwig et al., 2010). Here, sequences matching Ca. M. 

oxyfera genes were recovered across all four depths (31–212 distinct genes per sample; 

0.11–0.23% of total prokaryotic coding reads), raising the possibility that 

Methylomirabilis-like organisms may contribute to methane cycling in these waters. 
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 Genes of dissimilatory sulfur metabolism also had variable distribution patterns. 

The gene (aprA) encoding APS reductase, which controls the AMPdependent oxidation 

of sulfite to APS but also acts reversibly during sulfate reduction, was consistently 

enriched (two-fold) in the free-living fraction. Other genes of sulfur metabolism did not 

show strong fraction-specific trends. These included the sulfur oxidation gene soxB, an 

indicator of thiosulfate oxidation, as well as the dissimilatory sulfite reductase gene dsrA, 

which is present in diverse sulfate reducers (notably Deltaproteobacteria), as well as in 

chemolithotrophic sulfide oxidizers (Dhillon et al., 2005), in which Dsr operates in the 

reverse direction. Here, aprA and dsrA sequences matching known sulfate-reducing taxa 

(determined based on groupings by Canfield et al. (2010) constituted minor fractions of 

the total aprA and dsrA pools (3% and 0%, respectively) and did not exhibit clear size 

fraction-specific distributions, although such patterns could be obscured by the low 

representation of these sequences. The majority of aprA and dsrA sequences instead 

matched either known sulfur-oxidizing taxa, or groups for which the functional role of 

these genes is uncertain (for example, aprA in the Alphaproteobacterium Pelagibacter). 

However, taxonomic composition differed between sulfur metabolism genes. For 

example, sequences matching the SUP05 clade, containing free-living sulfur oxidizers 

from low-oxygen pelagic environments as well as thiotrophic deep-sea vent symbionts 

(see Gamma_S in Figure 2.3; Walsh et al., 2009), were relatively abundant among soxB 

sequences (49% of total), but made relatively minor contributions to the aprA and dsrA 

pools (14% and 20%, respectively). These patterns suggest a complex sulfur-oxidizing 

community, with distinct pathways of sulfur oxidation mediated by different taxa. 

 Together, indicator gene distributions highlight the potential that key metabolic 
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processes are partitioned spatially between free-living and surface-associated microbial 

communities. We anticipated that genes traditionally associated with autotrophic 

processes (for example, anammox, aerobic nitrification and sulfur oxidation) would be 

more prevalent in the free-living fraction, presuming that other metabolic substrates are 

not limiting in the open water column. In contrast, surface attachment would potentially 

benefit heterotrophic taxa (for example, heterotrophic denitrifiers) by providing a 

localized source of organic substrates. A subset of the data support this prediction (for 

example, hzo, amoC, aprA, norB and nosZ), whereas the distribution of other genes is 

less uniform. In one of the only studies to compare bacterioplankton metagenomes across 

size fractions (Smith et al., 2013), genes of anaerobic metabolism, including nar, nir, nor 

and the reductive variant of dsr, were enriched in particle-associated cell fractions 

(relative to free-living fractions) at an oxic site, but not at hypoxic sites. These data, 

interpreted alongside our results, confirm that the distribution of metabolic functions 

between particle-associated and free-living niches varies among sites and is likely driven 

by the oxygen and substrate conditions of the surrounding water column, combined with 

the composition of the particles themselves. 

 Mobile element genes. Prefilter communities were significantly enriched in genes 

mediating mobile element activity via transposition and phage integration. Many of these 

genes were not recovered during functional analysis of BLASTX results using MEGAN, 

presumably due to limited representation in the SEED classification. However, manual 

parsing of significant BLASTX matches revealed that genes encoding transposases, 

which catalyze the movement of DNA segments (transposons) within genomes, were 

three to six-fold more abundant in prefilter compared with Sterivex metagenomes, with 
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peak abundances at the OMZ core (110 and 200 m; Figure 2.3). At these depths, 

transposase genes were among the most abundant in the data sets, being up to 50-fold 

more abundant than the reference rpoB and constituting up to 2% of identifiable coding 

genes. By 1000 m, transposase abundance had declined by B80% of peak values. A 

similar enrichment on prefilters and at OMZ depths was observed for genes encoding 

integrases that mediate site-specific recombination of phage DNA, typically via an RNA 

intermediate. This pattern is consistent with the observed prefilter enrichment of viral 

DNA (Table 2.1), as well as a 2.5-fold enrichment of restriction modification systems and 

restriction enzymes in prefilters at OMZ depths (70, 110 and with consistent patterns 

across depths. However, these data, and data from other recent metagenome studies 

(Smith et al., 2013), also suggest that the level of partitioning varies with depth and 

environmental (for example, oxygen) conditions— additional vertical profiles from 

diverse low-oxygen sites will be required to statistically identify such trends. The 

potential for sampling to physically disrupt particles should also be considered. It is 

possible that some of the taxa identified in the free-living fraction originate from particles 

that are broken apart during water collection (for example, during rosette bottle-firing, or 

pumping during the filtration step). If this occurs, inferences of community metabolism in 

the free-living fraction may be especially prone to bias in regions of high particle load. 

There is also a critical need to standardize sample treatment between process rate 

measurements and genetic characterizations. Rate measurements are often based on 

incubations (for example, in exetainers) of the bulk water (for example, Dalsgaard et al., 

2012), whereas the majority of OMZ molecular studies have focused on microbes 

retained after prefiltration (for example, Stevens and Ulloa, 2008; Stewart et al., 
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2012a,b). Furthermore, different studies use different filter pore-size cutoffs, making 

direct comparisons challenging. As marine particles differ significantly in age, size, 

organic substrate contents and redox state, conclusions about particle-associated 

communities should involve uniform comparisons across multiple particle size fractions. 

These comparisons should be directly coupled to measurements of bulk particle load and 

to gene expression and process rate characterizations in order to fully understand how 

particle-associated communities contribute to OMZ biochemical cycling.  
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CHAPTER 3 

SIZE-FRACTION PARTITIONING OF COMMUNITY GENE 
TRANSCRIPTION AND NITROGEN METABOLISM IN A MARINE 

OXYGEN MINIMUM ZONE 

 
 3.1 Abstract 

 The genetic composition of marine microbial communities varies at the 

microscale between particle- associated (PA; >1.6 µm) and free-living (FL; 0.2–1.6 µm) 

niches. It remains unclear, however, how metabolic activities differ between PA and FL 

fractions. We combined rate measurements with metatranscriptomics to quantify PA and 

FL microbial activity in the oxygen minimum zone (OMZ) of the Eastern Tropical North 

Pacific, focusing on dissimilatory processes of the nitrogen (N) cycle. Bacterial gene 

counts were 8- to 15-fold higher in the FL compared with the PA fraction. However, rates 

of all measured N cycle processes, excluding ammonia oxidation, declined significantly 

following particle (>1.6µm) removal. Without particles, rates of nitrate reduction to 

nitrite (1.5–9.4 nM N2 d−1) fell to zero and N2 production by denitrification (0.5–1.7nM 

N2 d−1) and anammox (0.3–1.9 nM N2 d− 1) declined by 53–85%. The proportional 

representation of major microbial taxa and N cycle gene transcripts in 

metatranscriptomes followed fraction-specific trends. Transcripts encoding nitrate 

reductase were uniform among PA and FL fractions, whereas anammox-associated 

transcripts were proportionately enriched up to 15-fold in the FL fraction. In contrast, 

transcripts encoding enzymes for N2O and N2 production by denitrification were enriched 

up to 28-fold in PA samples. These patterns suggest that the majority of N cycle activity, 

excluding N2O and N2 production by denitrification, is confined to a FL majority that is 

critically dependent on access to particles, likely as a source of organic carbon and 
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inorganic N. Variable particle distributions may drive heterogeneity in N cycle activity 

and gene expression in OMZs.  

 

 3.2 Introduction 

 The genetic diversity and activity of pelagic marine microorganisms vary in 

complex patterns in response to environmental conditions and interspecies interactions. 

Such variation is best understood at the scale of meters, for example, over depth gradients 

of light or over regional (kilometer) gradients in nutrient availability. Microbial 

communities are also structured over much smaller spatial scales, notably the micron-

scale distances separating free-living (FL) cells from those on the surfaces or within the 

diffusive boundary layer of suspended or sinking organic particles (Stocker, 2012). 

Extensive research has identified consistent taxonomic compositional differences 

between FL and particle-associated (PA) bacterial and archaeal communities (DeLong et 

al., 1993; Hollibaugh et al., 2000; Ganesh et al., 2014), as well as differences in total 

microbial abundance, production and enzyme activity (Simon et al., 2002; Grossart et al., 

2003, 2007). Surprisingly, most studies analyzing microbial genomic or metagenomic 

composition or rates of specific metabolic processes have either focused on microbes 

within a single biomass size fraction (typically the 0.2–3.0-µm range) or on bulk water 

samples. Such studies risk excluding important information about contributions from PA 

cells, larger non-PA cells or metabolic substrates in PA fractions. Furthermore, only a 

single study (Satinsky et al., 2014) has examined community gene expression 

(metatranscriptomes) in PA versus FL communities. When coupled to measurements of 
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metabolic rates, size-fractionated metatranscriptomics can help identify the drivers, 

magnitudes and spatial scales of biogeochemistry in the oceans. 

 The extent to which microbial metabolisms are partitioned between PA and FL 

communities remains uncharacterized for many ocean regions of importance to global 

biogeochemical cycles. These include the marine oxygen minimum zones (OMZs) where 

microbial communities control key steps in nitrogen (N), carbon and sulfur 

transformations. OMZs form in poorly ventilated regions where microbial respiration 

fueled by high productivity in the overlying waters creates a layer of oxygen depletion. 

The largest OMZs occur in areas of persistent nutrient upwelling, as in the Eastern 

Tropical North Pacific (ETNP) off Mexico (Karstensen et al., 2008). Encompassing ~ 12 

× 106 km2 of shelf and off-shelf waters south of Baja California, the ETNP OMZ is the 

largest of the major permanent OMZs (41% of total OMZ area; Paulmier and Ruiz, 

2009), with dissolved O2 concentrations falling below the detection limit (<0.1 µM) at 

mid-water depths (~150–750 m; Cline and Richards, 1974; Tiano et al., 2014). 

Oxygen drawdown in OMZs significantly restructures the pelagic ecosystem, resulting in 

microbedominated communities expressing diverse microaerophilic or anaerobic 

metabolisms. These include the reductive processes of denitrification and anaerobic 

ammonia oxidation with nitrite (anammox), whose combined activity in OMZs contribute 

up to half of oceanic N loss as N2 or N2O gas (Codispoti et al., 2001; Gruber, 2004). 

Research in the eastern Pacific OMZs, notably in the anoxic OMZ off Chile and Peru, 

indicates that anammox and denitrification are linked to varying degrees with a diverse 

set of other microbial N transformations, including the production of nitrite and nitrate 

via nitrification along the oxycline and dissimilatory nitrate reduction to ammonium 
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within the OMZ (Lam et al., 2009; Kalvelage et al., 2013). OMZ N cycle processes also 

mediate key steps in other elemental cycles, for example, the fixation of carbon by 

anammox and nitrifying autotrophs, the remineralization of organic carbon and nutrients 

by denitrifying heterotrophs, and the oxidation of reduced sulfur compounds by 

chemoautotrophic denitrifiers (Ulloa et al., 2012). 

 The distributions of these networked metabolic interactions at multiple spatial 

scales are becoming understandable for some OMZs. Surveys combining marker gene 

counts and rate measurements have suggested mesoscale patterns in N cycling along 

coastal to offshore gradients in the Eastern Tropical South Pacific (ETSP) OMZ off Chile 

and Peru (Kalvelage et al., 2013), as well as clear depth-specific variation in N cycle 

genes, transcripts, and rates (Thamdrup et al., 2006; Dalsgaard et al., 2012; Stewart et al., 

2012). Recently, analysis of microbial metagenomes in the ETSP OMZ also identified a 

non-uniform distribution of N cycle genes among filter size fractions (Ganesh et al., 

2014). Genes for aerobic ammonia oxidation at OMZ boundaries and for anammox at the 

OMZ core were consistently overrepresented in the FL fraction (0.2–1.6 µm). In contrast, 

genes mediating different steps of denitrification showed variable distributions between 

size fractions. Genes encoding NarG, part of the enzyme catalyzing nitrate reduction to 

nitrite, were abundant and evenly distributed between PA (>1.6 µm) and FL fractions 

within the OMZ, whereas genes mediating the two terminal steps of denitrification, the 

reduction of nitric oxide to nitrous oxide (norB) and nitrous oxide to dinitrogen (nosZ), 

exhibited a four-fold increase in relative abundance in PA compared with FL 

metagenomes. These data highlight a potential separation of linked metabolic processes 
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at varying spatial scales, potentially over micron gradients separating PA and FL 

communities. 

 The proportional contribution of PA N metabolism to bulk process rates in OMZs 

remains unclear, notably for the larger ETNP OMZ. Despite recent studies describing the 

diversity and activity of key functional taxonomic groups in the ETNP (Podlaska et al., 

2012; Rush et al., 2012; Beman et al., 2012, 2013), this region remains under-explored 

from a microbiological and molecular perspective. Assessing the actual biochemical 

significance of microspatial separation of microbial processes in OMZs requires 

quantification of metabolic rates and gene expression among size fractions from diverse 

OMZ regions. We combine community transcription profiling and rate measurements to 

quantify size fraction partitioning of key steps of the marine N cycle. These data, coupled 

with taxonomic analysis of genes and transcripts and estimates of bacteria abundance 

among size fractions, indicate a significant contribution of particles and PA bacteria to 

OMZ N cycling. 

 

 3.3 Materials and Methods 

3.3.1 Molecular analysis 

 Sample collection. Samples were collected from the ETNP OMZ during the OMZ 

Microbial Biogeochemistry Expedition cruise (R/V New Horizon, 13–28 June 2013). 

Seawater was sampled from six depths spanning the upper oxycline (30m), lower 

oxycline (85m) oxic–nitrite interface (91m), secondary chlorophyll maximum (100 m), 

secondary nitrite maximum (125 m) and OMZ core (300 m) at Station 6 (18° 54.0ʹ N, 

104° 54.0ʹ W) on 19 June. Collections were made using Niskin bottles on a rosette 
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containing a Conductivity Temperature Depth profiler (Sea-Bird SBE 911plus, Sea-Bird 

Electronics Inc., Bellevue, WA, USA) equipped with a Seapoint fluorometer (Seapoint 

Sensors Inc., Exeter, NH, USA) and SBE43dissolved oxygen sensor (Sea-Bird 

Electronics Inc.). High-resolution Switchable Trace amount OXygen sensors (STOX) 

were also mounted to the rosette to quantify oxygen at nanomolar concentrations 

(Revsbech et al., 2009; Supplementary Methods). Samples were also collected from 20, 

40, 90, 100, 125 and 300 m during a replicate cast on the same day and used to count 

bacterial 16S rRNA genes. 

 Size-fractionated biomass was collected for RNA analysis by sequential inline 

filtration of seawater (~10–15 l) through a nylon disk filter (47 mm, 30µm pore size, 

Millipore, Bellerica, MA, USA), a glass fiber disc filter (GF/A, 47 mm, 1.6µm pore size, 

Whatman, GE Healthcare Bio-sciences, Pittsburgh, PA, USA) and a primary collection 

filter (Sterivex, 0.22µm pore size, Millipore) via peristaltic pump. Replicate filters for 

DNA were collected from equivalent water volumes following RNA collection. Water 

samples (45ml each) for 16S rRNA gene counts were filtered through 0.2µm disc filters 

(25 mm, cellulose nitrate, Whatman). Disc filters were transferred to cryovials containing 

RNA stabilizing buffer (25 mM sodium citrate, 10 mM EDTA and 70 g ammonium 

sulfate per 100 ml solution, pH 5.2) for RNA samples or lysis buffer (50 mM TrisHCl, 

40mM EDTA and 0.73 M sucrose) for DNA samples. Sterivex filters were filled with 

either RNA stabilizing buffer or lysis buffer, capped and flashfrozen (RNA samples). 

Filters were stored at − 80 °C. Less than 20 min elapsed between sample collection 

(water on deck) and fixation in buffer.  

 DNA and RNA extraction. DNA was extracted from disc and Sterivex filters using 
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a phenol/chloroform protocol as in Ganesh et al. (2014). Cells were lysed by adding 

lysozyme (2 mg in 40 µl of lysis buffer per filter) directly to the disc filter containing 

cryovial or to the Sterivex cartridge, sealing the caps/ends and incubating for 45 min at 

37 °C. Proteinase K (1 mg in 100µl lysis buffer with 100µl 20% SDS) was added, and 

cryovials and cartridges were resealed and incubated for 2 h at 55 °C. The lysate was 

removed and DNA was extracted once with phenol:chloroform:isoamyl alcohol (25:24:1) 

and once with chloroform:isoamyl alcohol (24:1), and then concentrated by spin dialysis 

using Ultra-4 (100kDa, Amicon, Millipore) centrifugal filters.  

 RNA was extracted from disc and Sterivex filters using a modification of the 

mirVana miRNA Isolation kit (Ambion, Life Technologies, Carlsbad, CA, USA) as in 

Stewart et al. (2012). Filters were thawed on ice and RNA stabilizing buffer was removed 

by pipette from cryovials or expelled via syringe from Sterivex cartridges and discarded. 

Cells were lysed by adding lysis buffer and miRNA homogenate additive (Ambion) 

directly to the cryovial or cartridge. Following vortexing and incubation on ice, lysates 

were transferred to RNase-free tubes and processed via acid–phenol/chloroform 

extraction according to the kit protocol. The TURBO DNAfree kit (Ambion) was used to 

remove DNA and the extract was purified using the RNeasy MinElute Cleanup Kit 

(Qiagen, Hilden, Germany).  

 16S rRNA gene counts. Quantitative PCR was used to count bacterial 16S rRNA 

genes in bulk seawater (biomass 40.2µm) and in 0.2–1.6 and 1.6–30µm size fractions. 

Extracts from the >30 µm fraction did not contain measureable DNA (via Qubit) and 

failed to yield signals during quantitative PCR with diluted and undiluted extracts. We 

were not able to sum counts from size-fractionated samples to obtain counts per volume 
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because exact volumes of filtered seawater were not recorded. We instead used samples 

of fixed volume from a replicate cast (‘Sample collection’ section above) to quantify total 

gene copies per ml of seawater. Because equal water volumes passed through sequential 

filters during size fractionation, counts from size-fractionated samples were used to 

quantify the ratio of copies in the 0.2–1.6-µm fraction to those in the 1.6–30-µm fraction 

(FL/PA ratio); counts from the >30µm fraction are assumed to be negligible.  

 Quantitative PCR used TaqMan-based reagents and universal bacterial 16S 

primers 1055f and 1392r, as in Ritalahti et al. (2006) and Hatt et al. (2013). Tenfold serial 

dilutions of DNA from a plasmid carrying a single copy of the 16S rRNA gene (from 

Dehalococcoides mccartyi; Ritalahti et al., 2006) were included on each quantitative PCR 

plate and used to generate standard curves. Assays were run on a 7500 Fast PCR System 

and a StepOnePlus Real-Time PCR System (Applied Biosystems, Life Technologies). All 

samples were run in triplicate (20 µl each) and included 1 × TaqMan Universal PCR 

Master Mix (Life Technologies), 300 nM of primers, 300 nM of TaqMan MGB probe 

(Life Technologies) and 2µl of template DNA. Thermal cycling involved incubation at 

50°C for 2 min to activate uracil-N-glycosylase, followed by 95 °C for 10 min to 

inactivate uracil-N-glycosylase, denature template DNA and activate the AmpliTaq Gold 

polymerase, followed by 40 cycles of denaturation at 95 °C (15 s) and annealing at 60 °C 

(1 min).  

 16S rRNA gene amplicon sequencing. High-throughput sequencing of dual-

indexed PCR amplicons encompassing the V4 region of the 16S rRNA gene was used to 

assess bacterial community composition in all filter fractions. Despite low DNA yields 

(above), 16S gene fragments were amplifiable from the 430-µm fraction. The diversity of 
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amplicons generated using Archaea-specific primers was not evaluated. Amplicons were 

synthesized using Platinum PCR SuperMix (Life Technologies) with primers F515 and 

R806 (Caporaso et al., 2011). Both forward and reverse primers were barcoded and 

appended with Illumina-specific adapters according to Kozich et al. (2013). Thermal 

cycling involved: denaturation at 94°C (3 min), followed by 30 cycles of denaturation at 

94°C (45s), primer annealing at 55°C (45s) and primer extension at 72°C (90s), followed 

by extension at 72°C for 10min. Amplicons were analyzed by gel electrophoresis to 

verify size (~400 bp) and purified using the QIAQuick PCR Clean-Up Kit (Qiagen). 

Amplicons from different samples were pooled at equimolar concentrations and 

sequenced on an Illumina MiSeq (Illumina, San Diego, CA, USA) using a 500 cycle kit 

with 5% PhiX as a control.  

 cDNA synthesis and metatranscriptome sequencing.  Shotgun Illumina 

sequencing of community cDNA was used to characterize gene expression in 0.2– 1.6µm 

and 1.6–30µm biomass fractions. Most samples of the 430-µm fraction did not yield 

sufficient RNA for sequencing; this fraction was excluded from meta-omic analysis. 

Community RNA was prepared for sequencing using the ScriptSeq v2 RNA-Seq Library 

preparation kit (Epicenter, Madison, WI, USA). Briefly, cDNA was synthesized from 

fragmented total RNA (rRNA was not removed) using reverse transcriptase and 

amplified and barcoded using ScriptSeq Index PCR Primers (Epicenter) to generate 

single-indexed cDNA libraries. cDNA libraries were pooled and sequenced on an 

Illumina MiSeq using a 500 cycle kit (Supplementary Table B.1). Metagenomes from 

coupled DNA samples were analyzed to allow standardization of taxon transcript levels 

relative to abundance in the DNA pool. These data sets were generated in a separate 
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study (NCBI accession SRP044185) using the Nextera XT DNA Sample Prep kit and 

paired-end MiSeq sequencing as above for cDNA samples.  

 Sequence analysis—16S rRNA gene amplicons. Amplicons were analyzed using 

QIIME (Caporaso et al., 2010) following standard protocols. Barcoded sequences were 

de-multiplexed and filtered to remove low-quality reads (Phred score < 25). Pairedend 

sequences were merged using custom scripts incorporating the FASTX toolkit 

(http://hannonlab. cshl.edu/fastx_toolkit/index.html) and USEARCH algorithm (Edgar, 

2010), with criteria of minimum 10% overlap and 95% nucleotide identity within the 

overlapping region. Merged sequences were clustered into operational taxonomic units at 

97% sequence similarity using open-reference picking with the UCLUST algorithm 

(Edgar, 2010), with taxonomy assigned to representative operational taxonomic units 

from each cluster using the Greengenes database (DeSantis et al., 2006). Operational 

taxonomic unit counts were rarefied (10 iterations) and alpha diversity was quantified at a 

uniform sequence depth (n=6506) using the phylogenetic diversity metric of Faith (1992). 

To compare community composition between samples, sequences were aligned using the 

PyNAST aligner (Caporaso et al., 2010) and beta diversity was calculated using the 

weighted Unifrac metric (Lozupone and Knight, 2005). Sample relatedness based on 

Unifrac was visualized with a two-dimensional principal coordinate analysis.  

 Sequence analysis—metatranscriptomes and metagenomes. Analysis of protein-

coding genes and transcripts followed that of Stewart et al. (2012) and Ganesh et al. 

(2014). Reads were filtered by quality and merged as described above. rRNA transcripts 

were identified using riboPicker (Schmieder et al., 2012) and removed. Merged non-
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rRNA sequences were queried via BLASTX against the NCBI-nr database (November 

2013). BLASTX matches to bacterial and archaeal genes (>bit score 50) were retained to 

evaluate marker genes of dissimilatory N metabolism: ammonia monooxygenase (amoC), 

nitrite oxidoreductase (nxrB), hydrazine oxidoreductase (hzo), nitrate reductase (narG), 

nitrite reductase (nirK+nirS), nitric oxide reductase (norB) and nitrous oxide reductase 

(nosZ). N gene transcript abundances were normalized based on gene length and 

expressed as a proportion of the abundance of transcripts matching the gene encoding 

RNA polymerase subunit B (rpoB), as has been done in studies of diverse bacteria (for 

example, Schumann et al., 2010; Ceja-Navarro et al., 2014; Dalsgaard et al., 2014; 

Eldholm et al., 2014). Although rpoB expression can vary (Vandecasteele et al., 2001), 

rpoB appears to be one of the more stably expressed housekeeping genes (Sue et al., 

2004; Sihto et al., 2014). Furthermore, it has been shown that rpoB can be a proxy of 

bulk mRNA transcription level for bacteria (Milohanic et al., 2003; Sue et al., 2004)— 

rpoB-normalized values therefore reflect transcription of a target gene relative to a 

housekeeping gene under a given condition/sample.  

 The taxonomic composition of protein-coding genes and transcripts was 

determined using MEtaGenome ANalyzer 5 (Huson et al., 2011) based on the annotations 

of BLASTX-identified genes, according to the NCBI taxonomy. The proportional 

contribution of a taxon (Phyla and Class levels) to the RNA pool was calculated as an 

RNA:DNA ratio, calculated as in Frias-Lopez et al. (2008) and Stewart et al. (2012) to 

account for variation in taxon abundance in the DNA pool: (protein-coding RNA reads 

per taxon/total protein-coding RNA reads)/(protein-coding DNA reads per taxon/total 

protein-coding DNA reads). For subsets of transcripts matching specific functional taxa 
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(anammox genera, Nitrospina), genes differentially expressed between FL and PA 

fractions were identified using baySeq (Hardcastle and Kelly, 2010) as in Ganesh et al. 

(2014). Full details regarding sequence analysis are in the Supplementary Methods.  

Amplicon and metatranscriptome sequences are available through NCBI under 

BioProject ID PRJNA263621  

3.3.2 Biochemical analysis 

 Water for rate measurements was taken from Niskin bottles immediately after 

arrival on deck and transferred to 2l glass bottles. Bottles were overflowed (three volume 

equivalents) and sealed without bubbles using deoxygenated butyl rubber stoppers (De 

Brabandere et al., 2014). Bottles were stored in the dark at in situ temperature until 

experimentation (o6 h). Each bottle was purged with a gas mixture of helium and carbon 

dioxide (800 p.p.m. carbon dioxide) for ~ 20 min. Under a slight overpressure, water was 

dispensed into 12 ml exetainers (Labco, Lampeter, Ceredigion, UK) either directly or 

through helium-flushed inline filter holders, and immediately capped with deoxygenated 

lids.  

 Rates were measured for two biomass fractions: bulk water containing all 

particles (no filtration) and water without particles 41.6 µm. Particles were excluded via 

filtration as described above. Exetainers were subsequently amended with 15N-labeled 

substrate by injection through the septum. Three 15N amendments were carried out for 

all samples: 15NH+4 addition (to 5 µM concentration), 15NO2− addition (5 µM) and 

15NO−3 addition (15 µM). Headspaces of 2ml were introduced into each exetainer and 
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flushed twice with the helium–carbon dioxide mixture as in De Brabandere et al. (2014). 

For each experiment, triplicate exetainers were preserved with 100 µl of 50% (w/v) 

ZnCl2 at the start of the incubation and again at the end point (27 h). Oxygen 

concentration was o80 nM in all treatments. The act of filtering did not affect exetainer 

oxygen content (Supplementary Methods).  

 The production of 14N15N and 15N15N was determined on a gas 

chromatography isotope ratio mass spectrometer as in Dalsgaard et al. (2012). Rates of 

N2 production by anammox and denitrification were calculated using the equations in 

Thamdrup and Dalsgaard (2002). Nitrite oxidation was determined from the production 

of 15NO−3 from incubations with 15NO−2. After removal of unused 15NO−2 using 

sulfamic acid, 15NO−3 was converted to 15NO−2 with cadmium and then to N2 with 

sulfamic acid (Füssel et al., 2012; McIlvin and Altabet 2005). Ammonia oxidation and 

nitrate reduction rates were determined as production of 15NO−2 from incubations with 

15NH+4 or 15NO−3. 15NO−2 produced during incubations was converted to N2 with 

sulfamic acid. N2 was then analyzed on the gas chromatography isotope ratio mass 

spectrometer. Rates for all processes were calculated from the slope of the linear 

regression of 14N15N or 15N15N with time. T-tests were applied to determine whether 

rates were significantly different from zero (Po0.05). Nonsignificant rates are presented 

as not detected.  

 Nitrate, nitrite and ammonium concentrations were determined using standard 

protocols, as described in the Supplementary Methods. The N deficit estimates the 
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amount of fixed N loss and was calculated as: N deficit = (DIN) – (16 × [PO
3

4

− ] × 0.86), 

where DIN = [NO
−

3 ]+ [NO
−

2 ]+[NH
+

4 ]. The value of 0.86 accounts for the release of 

PO
3

4 
− from organic N remineralized during denitrification (Codispoti et al., 2001).  

 3.4 Results and Discussion  

 Particle removal significantly altered N cycle rates and gene expression, 

suggesting physiological variation at the microscale between water column and PA 

niches. These patterns are discussed below relative to oxygen and N concentrations, 

bacterial abundance and community taxonomic composition.  

 Oxygen and nitrogen. Oxygen concentrations recorded by the SBE43 sensor were 

highest (~200µM) in surface waters and declined steeply in the oxycline between 30 and 

85 m (Figure 3.1a). From 90 to 800 m, concentrations measured by STOX sensors were < 

50 nM, with the majority close to or below the detection limit (Figure 3.1b) representing 

the OMZ core. Oxygen concentrations at the six depths sampled for size fractionation 

work varied markedly, from 200µM at 30 m to 229 nM at 85 m, representing the upper 

and lower limits of the oxycline, respectively, 43 nM at the oxic–nitrite interface (91 m), 

21 nM at the secondary chlorophyll maximum (100 m) and 14 nM at the secondary nitrite 

maximum (125 m), before reaching the detection limit (9 nM) at 150 m and staying 

undetectable to 300m in the OMZ core (Figure 3.1b). Oxygen profiles coincided with 

patterns in nitrate, nitrite and the N deficit. As commonly observed in anoxic OMZs 

(Ulloa et al., 2012), a prominent secondary nitrite maximum (up to 6.1 µM) was observed 

as oxygen declined, coinciding with local nitrate and N deficit minima (Figures 1a and c). 
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Ammonium concentrations remained below 155 nM throughout the profile. Chlorophyll 

peaked at 0.6 and 0.8 µg l
-1

at 50 and 100 m, respectively, indicating the primary and 

secondary chlorophyll maxima characteristic of OMZs (Figure 3.1c; Ulloa et al., 2012).  
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Figure 3.1 Vertical profiles of hydrochemical parameters, bulk N cycling process rates 

and bacterial 16S rRNA gene counts at Station 6 off Manzanillo, Mexico on 19 June 

2013. The N deficit (a, open squares) is shown relative to oxygen concentrations, 

measured during the upcast profile with both a SBE43 sensor (a; solid line) and STOX 

sensors (b), and to profiles of nitrite, nitrate and chlorophyll concentration (c). The 

dashed line in b indicates the detection limit of the STOX sensors (~9 nM). N cycle 

process rates (d, e) are bulk rates (no size fractionation) in nM N per day. (f) Quantitative 

PCR-based counts of 16S rRNA gene copies per ml of bulk seawater (all biomass >0.2 

µm) and the ratio of gene counts in the FL (0.2–1.6 µm) biomass fraction to counts in the 

PA (1.6–30 µm) fraction. Arrows (c, f) indicate the depths sampled for rate 

measurements. Error bars represent the standard error.  
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 16S rRNA gene abundance. Counts of bacterial 16S rRNA genes varied by an 

order of magnitude with depth (Figure 3.1f). Bulk seawater counts declined from ~ 6 × 

105 per ml in the primary chlorophyll maximum and upper oxycline to 1.3 × 105 at the 

oxic–nitrite interface (90 m), before increasing to a maximum of 1.4 × 106 at the OMZ 

core. This pattern agrees with trends from other OMZ sites, where particulate 

backscattering and bacterial load show local maxima in the photic zone and again in the 

OMZ (Spinrad et al., 1989; Naqvi et al., 1993; Whitmire et al., 2009). At all depths, gene 

numbers were substantially higher in the 0.2– 1.6 µm (FL) fraction compared with the 

1.6–30 µm (PA) fraction, with FL/PA ratios from 8 to 15 (Figure 3.1f). Elevated 

microbial biomass in FL compared with PA fractions has been observed in diverse ocean 

regions (Cho and Azam 1988; Karl et al., 1988; Turley and Stutt 2000; Ghiglione et al., 

2009). Here, FL/PA was lowest at 300 m, suggesting an increased contribution of PA or 

large bacteria within the OMZ core, possibly related to increases in particle load or size.  

  

 Community composition—16S rRNA gene amplicons. Community 16S rRNA 

gene diversity varied substantially among biomass fractions and depths. Unifrac-based 

clustering indicated that size class was a stronger predictor of community relatedness 

compared with depth, notably for samples from the OMZ layer (100, 125 and 300 m) 

(Figure 3.2). Phylogenetic diversity differed widely among fractions, with values in the 

two PA fractions up to 50% greater than those for the corresponding FL fraction 

(Supplementary Figure B.1). Elevated diversity in PA communities has been reported for 

the ETSP OMZ (Ganesh et al., 2014) and may be driven by increased niche richness due 

to substrate heterogeneity on particles, or to the exposure of particles during sinking to 
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diverse communities in different biogeochemical zones. Here, phylogenetic diversity in 

all size fractions peaked at the secondary chlorophyll maximum, similar to trends 

reported for non-fractionated samples (biomass >0.2 µm) from ETNP sites north of the 

study area, where taxon richness peaked just below the oxycline, before declining with 

depth (Beman and Carolan, 2013). That study identified deoxygenation as a driver of 

bulk community diversity, whereas our results suggest that diversity estimates vary 

depending on the filter fraction examined.  
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Figure 3.2 Principle coordinate analysis of community taxonomic relatedness based on 

16S rRNA gene amplicons, as quantified by the weighted Unifrac metric. Samples from 

different filter size fractions are circled (excluding outliers from the 30m depth).  
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 Several microbial clades with roles in N cycling were proportionally enriched in 

FL relative to PA fractions (Figure 3.3; Supplementary Figure B.2).  

 Sequences matching ammonia-oxidizing Thaumarchaeota and nitrite-oxidizing 

Nitrospina (classified as Deltaproteobacteria in Supplementary Figure B.3; Teske et al., 

1994) peaked in relative abundance (2.2–2.9% of total) in the FL fraction from the lower 

oxycline before declining with depth. Abundances of both groups decreased by 50–60% 

in the 1.6–30-µm PA fraction relative to the FL fraction and were negligible in the 430-

µm PA fraction. Sequences matching the anammox Planctomycete Candidatus Scalindua 

(Order Brocadiales) were also confined primarily to the FL fraction, peaking at 14.1% of 

total FL amplicons at 300 m, compared with 0.3–1.5% in PA fractions. Anammox 

bacteria were previously shown to be enriched in the smallest size fractions in studies of 

the Chilean OMZ (Ganesh et al., 2014), the Black Sea (Fuchsman et al., 2012), and an 

OMZ off Costa Rica (Kong et al., 2013), but have also been detected in direct contact 

with particles in oxygen-depleted waters over the Namibian shelf (Woebken et al., 2007).  

 The composition of the ETNP bacterial community with potential roles in coupled 

N and sulfur cycles differed from that of other OMZs and varied among size fractions. 

The sulfur-oxidizing and denitrifying Gammaproteobacterial SUP05 clade, a ubiquitous 

inhabitant of low-oxygen waters (Wright et al., 2012), accounted for ~0.2% of amplicons 

in ETNP samples. ETNP samples were instead enriched in members of the uncultured 

SAR406 and Deltaproteobacterial SAR324 lineages (Figure 3.3), as well as 

Gammaproteobacteria of the Thiohalorhabdales, Chromatiales and Thiotrichales 

(Supplementary Figure B.3 and Supplementary Information), all of which may contain 

sulfur-oxidizing members. The SAR406 cluster was particularly abundant in FL samples, 
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contributing 22% (average) of FL sequences, compared with 2.8% in PA fractions 

(Figure 3.3). SAR406 may participate in sulfur cycling via dissimilatory polysulfide 

reduction to sulfide or sulfide oxidation (Wright et al., 2014), although pathways for 

denitrification and carbon fixation have not been unambiguously identified. The SAR324 

lineage, which includes members with genes for sulfur chemolithoautotrophy and nitrite 

reduction (Swan et al., 2011; Sheik et al., 2014), was also enriched in FL samples, 

representing 5–8% of sequences at OMZ depths, compared with o0.5% in PA fractions 

(Supplementary Figure B.3). FL enrichment of SAR406 and SAR324 is consistent with 

an autotrophic lifestyle, as autotrophs would not require organic particles for carbon 

acquisition. Whereas sulfide-oxidizing autotrophs in other OMZs are capable of using 

oxidized N compounds as terminal oxidants (Walsh et al., 2009; Canfield et al., 2010), 

the extent to which ETNP clades participate in sulfur-driven denitrification remains 

unclear.  

 Many microbial groups common to low-oxygen waters, including those discussed 

above, were either at low abundance or absent from the >30-µm PA fraction. This 

fraction was instead enriched in taxa known to associate with the surfaces or guts of 

plankton or polymer aggregates (for example, fecal pellets), notably 

Gammaproteobacteria related to Vibrio, Pseudomonas and Alteromonas (Supplementary 

Figure B.3; Rao et al., 2005; Hunt et al., 2008; Ivars-Martinez et al., 2008). 

Microorganisms on particles >30 µm are likely a minor component of the bulk OMZ 

microbial community, and may be relatively transient members, passing through low-

oxygen depths attached to sinking aggregates or zooplankton.  
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 RNA:DNA ratios. The taxonomic identities of protein-coding genes and 

transcripts suggest differences in the proportional contributions of specific taxa to bulk 

transcript pools in FL versus PA (1.6–30 µm) communities. RNA/DNA ratios for several 

groups with roles in N cycling, including anammox bacteria (Brocadiales), ammonia-

oxidizing Thaumarchaeota and nitrite-oxidizing Nitrospina bacteria, were consistently 

elevated in FL relative to PA communities (Figure 3.4). These groups were also 

proportionately enriched in 16S gene pools from FL samples. In contrast, groups such as 

the Actinobacteria and Gammaproteobacteria exhibited greater RNA/DNA ratios in the 

PA fraction. Similar patterns were observed for ratios based on 16S rRNA gene 

amplicons and transcripts from metatranscriptomes (rRNA:rDNA; Supplementary Figure 

B.4). Although RNA:DNA ratios, based either on target genes or community gene pools, 

have been used as proxies for metabolic activity (Campbell and Yu, 2011; Hunt et al., 

2013; Satinsky et al., 2014), linking ratios to activity is tenuous. Notably, as RNA/DNA 

ratios are based on proportional abundances, increases in taxon representation in the 

transcriptome can reflect either increases in the activity of the target taxon or decreases in 

the activity of other organisms. Furthermore, using ratios to infer activity is challenging 

for broad divisions such as the Gammaproteobacteria that contain taxonomically and 

functionally diverse members, as the relationship between cell RNA content and activity 

is unlikely to be consistent across members or activity gradients (Blazewicz et al., 2013). 

Here, the composition of Gammaproteobacteria at the Order level varied widely 

(Supplementary Figure B.3), highlighting the possibility that taxon-specific differences 

confounds interpretation of Phylum-level ratios. Studies at finer levels of taxonomic 

resolution utilizing transcriptome mapping to reference genomes coupled with 
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measurements of absolute transcript numbers are necessary to confirm shifts in taxon-

specific activity between FL and PA niches. The latter could reflect differences in 

substrate conditions or the proportions of live versus dead cells between fractions.  

 

Figure 3.3 ETNP OMZ bacterial community diversity revealed by 16S rRNA gene 

Illumina sequencing. The abundances of major bacterial divisions are shown as a 

percentage of total identifiable 16S rRNA gene sequences. ‘Other’ includes 34 divisions, 

including unassigned sequences.  
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Figure 3.4 Fold increase in taxon RNA/DNA ratios between PA (1.6–30 µm) and FL 

(0.2–1.6 µm) communities. Plot shows the fold increase in ratios for major taxonomic 

groups identified by the NCBI annotations of protein-coding genes and transcripts in 

coupled metatranscriptome and metagenome data sets. Values right of zero indicate 

higher ratios in PA communities (PA/FL>1). Values left of zero indicate higher ratios in 

FL communities (FL/PA>1). The plot shows only groups with relative abundance in 

metagenome data sets greater than 0.2% of total sequences, and only groups with an 

average (across all five depths) fold increase >1.5. Numbers in parentheses are false 

discovery rate q-values for t-test comparisons of PL and FL ratios, calculated as in Storey 

and Tibshirani (2003).  
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 Bulk biochemical rates. N transformation rates in bulk water (no filter 

fractionation) varied among processes and over depth gradients. Rates of nitrate reduction 

to nitrite increased with depth and diminishing in situ oxygen concentration, with 

measured rates from 1.5 to 9.4 nM N d 
− 1 (Figure 3.1e). The reduction of nitrite to N2 via 

denitrification was slower and measurable only below 125m, with a maximum of 1.7nM 

N d
−1 at 300 m (Figure 3.1d). Anammox was measurable between 91and 300m at rates 

from 0.3 to1.9 nMNd−1,with the highest rates in the secondary nitrite maximum. 

Anammox rates after 15NO2− addition were consistently higher than those after 15NH+4 

addition, similar to trends in De Brabandere et al. (2014) working in the ETSP OMZ. The 

largest discrepancy in 15NO−2 versus 15NH+4 -based anammox rates occurred at 300 m, 

the depth where maximum denitrification rates were measured (Figure 3.1d), suggesting 

that nitrite shunting by denitrifiers could explain the offset in anammox rates, as proposed 

by De Brabandere et al. (2014). In this interpretation, incubations with 15NH+4 reflect 

true anammox rates, while incubations with 15NO−2 overestimate the process. Our 

measured N loss rates are similar to those reported by Babbin et al. (2014) for stations 

close to ours (0.8–4.7 and 0.9–3.3 nM N d − 1 for anammox and denitrification, 

respectively), and are generally consistent with those recorded in other OMZs (Lam and 

Kuypers, 2011). Dissimilatory nitrate reduction to ammonium was not detected in any of 

the samples. Ammonia oxidation was detected only at 100 m or shallower, with 

maximum rates at 85 m (0.92 nM N d− 1), the shallowest and most oxygenated of the 

depths where rates were measured (Figure 3.1e). These rates are at the lower end of those 



 

 112 

previously observed in the Gulf of California and ETNP (0–348 nM d−1; Beman et al., 

2012) and in the ETSP OMZ (0.2–89 nM d−1; Kalvelage et al., 2013). Nitrite oxidation 

was detected at all depths except 125 m, at rates (13–261 nM d−1; Figure 3.1e) up to an 

order of magnitude higher than those for other processes, with rates peaking in the 

secondary chlorophyll maximum, suggesting a decoupling between ammonia and nitrite 

oxidation. These values are consistent with nitrite oxidation rates measured in the Gulf of 

California and ETNP (0– 213nM d−1; Beman et al., 2013), the ETSP (5–928 nM d−1; 

Kalvelage et al., 2013) and the Benguela upwelling (14–372 nM d−1; Füssel et al., 2012), 

further confirming the activity of nitrite oxidizers at nanomolar oxygen levels (Füssel et 

al., 2012).  

 Size-fractionated biochemical rates and gene expression. Nitrate reduction and 

denitrification. Rates of nitrate reduction to nitrite were undetectable after removal of 

particles (>1.6 µm) by filtration (Figure 3.5a). Filtration therefore removed either a 

significant proportion of total nitrate-reducing cells or a critical substrate source fueling 

FL nitrate reducers. Although the proportional abundances of transcripts encoding nitrate 

reductase (narG) were uniform among filter fractions (Figure 3.5b), suggesting roughly 

equivalent contributions of nitrate reduction to fraction-specific metabolism in PA and 

FL niches, total transcript counts were still considerably higher in the FL fraction (Figure 

3.5c). The taxonomic identities of narG transcripts spanned a wide phylogenetic range 

(Figure 5d), with sequences related to anammox bacteria and candidate divisions OP3 

and OP1 particularly highly represented in both fractions, which is consistent with results 

from ETSP OMZ metagenomes (Ganesh et al., 2014). The distribution of narG suggests 
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that declines in nitrate reduction after filtration were likely driven primarily by the 

removal of particulate organic matter (OM) for use by diverse FL nitrate reducers and to 

a minor extent by the removal of particle-attached nitrate reducers.  

 Rates of N2 production by denitrification also declined significantly (by 85%) 

following particle removal. Transcripts encoding enzymes for nitrite reduction (nirK/S) 

and N2O and N2 gas production (nosZ and norB, respectively) were at low abundance 

compared with those of nitrate reduction and anammox (Figure 3.5c), and showed 

contrasting size fraction distributions. Transcripts for NirK/S were at relatively uniform 

proportional abundances in PA and FL data sets. These transcripts reflected a diverse 

assemblage, but were notably enriched at the lower oxycline and oxic–nitrite interface by 

Thaumarchaeota nirK sequences (Figure 3.5d). NO-forming Nir activity in ammonia-

oxidizing Thaumarchaeota is not well understood (Lund et al., 2012), but may have roles 

in both energy generation and nitrite detoxification, with the latter of potential relevance 

in nitrite-replete OMZs. In contrast, nosZ and norB transcripts were enriched up to 28-

fold in PA fractions, particularly at upper OMZ depths (Figure 3.5b), and affiliated with a 

community taxonomically distinct from that catalyzing upstream steps of denitrification 

(Figure 3.5d), as also reported in Dalsgaard et al. (2014). These results support 

metagenome data from the Chilean OMZ (Ganesh et al., 2014) and from an estuarine site 

(Smith et al., 2013) showing nor/nos enrichment in PA fractions, suggesting a conserved 

PA niche. After scaling based on 16S gene counts (a proxy for cell counts), absolute 

counts of nosZ and norB transcripts were estimated to be comparable between size 

fractions (Figure 3.5c), suggesting that filtration removes a significant proportion of the 

N2O and N2-forming denitrifier community.   
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Figure 3.5 Measured rates and marker gene transcript levels for major dissimilatory N 

cycle processes. Process rates (a) are shown for incubations with particles (no filtration) 

and without particles measuring 1.6 µm or larger. Zero values indicate non-significant 

rates and error bars represent the standard errors. Note variation in y axis scales. (b) 

Marker gene transcript abundances in FL (0.2–1.6 µm) and PA (1.6–30 µm) filter 

fractions. Abundances are calculated as read count per gene per kilobase of gene length, 

and shown as a proportion of the abundance of transcripts matching the universal, single-

copy gene rpoB. A value of 1 indicates abundance equal to that of rpoB. Note variation in 

y axis scales. (c) Multiplies the values in b by the counts of bacterial 16S genes in Figure 

3.3.1f and the FL/PA ratio (for FL counts only), with the values then divided by 

1,000,000 for presentation. The resulting values do not reflect absolute counts, but 

provide an approximation of how variation in bacterial abundance (inferred by proxy 

from 16S counts) is predicted to affect comparisons of absolute transcript counts across 

samples, assuming that absolute transcript counts scale with bacterial load. Scaled amoC 

values are not provided in c, as FL:PA ratios were determined using bacterial-specific 

primers, and amoC transcripts were dominated exclusively by archaeal sequences; FL/PA 

ratios do not reflect archaeal contributions. Patterns in c should be interpreted cautiously, 

as they could change if RNA content per unit biomass varies substantially among 

samples. (d) The taxonomic affiliations of marker gene transcripts based on NCBI 

annotations of genes identified as top matches (> bit score 50) via BLASTX.  
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 Anammox. Anammox rates declined 53–100% without particles. These declines 

may indicate that particle removal eliminates an important substrate source for FL 

anammox bacteria. Particles could facilitate anammox by providing (1) ammonium 

remineralized by heterotrophic PA bacteria consuming particulate OM (Shanks and 

Trent, 1979), (2) ammonium produced by anammox bacteria via oxidation of particulate 

OM with nitrate or nitrite (Kartal et al., 2007) or (3) nitrite produced by other (non-

anammox) nitrate-reducing heterotrophs consuming particulate OM. Explanations (1) and 

(3) are consistent with the observed reduction in rates of nitrate reduction to nitrite, the 

most active respiratory process detected, in the absence of particles. We therefore 

hypothesize that particledependent nitrate or nitrite reduction by both FL and PA 

communities likely provides a critical supply of ammonium or nitrite for anammox, 

although it remains unclear whether anammox bacteria are ammoniumor nitrite-limited in 

OMZs (Lam and Kuypers, 2011; De Brabandere et al., 2014).  

 Two alternate hypotheses could explain the decline in anammox after filtration. 

First, filtration removed a significant fraction of total anammoxcapable cells. This 

hypothesis is dismissed given the substantial enrichments of total 16S rRNA gene copies 

and Brocadiales 16S copies in the FL fraction.  

 Second, anammox-capable cells in PA fractions, although a minor component of 

the total population, contributed disproportionately to bulk anammox rates, potentially 

overexpressing anammox enzymes compared with FL cells. The active transcription of 

anammox genes in the FL fraction argues against this hypothesis. Transcripts encoding 

hydrazine oxidoreductase, catalyzing hydrazine oxidation to N2 during anammox, were 

up to 15-fold higher in proportional abundance in FL samples (Figure 3.5b), consistent 
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with the 14-fold enrichment of Brocadiales 16S genes in the FL fraction.  

 To further examine the potential that anammox bacteria alter their metabolism 

between FL and PA niches, we tested for differential gene expression between PA and 

FL data sets, focusing only on genes from known anammox genera (Supplementary 

Methods). After normalizing for variation in total transcripts matching anammox genera, 

PA and FL transcript profiles were well correlated (R2 = 0.81) and no genes (of 1392 

total) were differentially expressed between fractions (P<0.05). However, testing for DE 

required grouping data sets from different depths as replicates, raising the possibility that 

depth-specific variation confounded the detection of DE between fractions. Despite this 

apparent uniformity in expression, marker genes for the anammox process itself (hzo and 

hzs encoding hydrazine synthase) were consistently, although not statistically, enriched 

(2–3 fold) in the FL fraction, suggesting an upregulation of anammox in the FL niche 

(Supplementary Figure B.5). In contrast, transcripts encoding nitrate reductase NarGH 

were among those most abundant and enriched in PA profiles. Nar likely acts in reverse 

in anammox bacteria, converting nitrite to nitrate and helping replenish electrons lost 

during CO2 fixation via the acetyl-CoA pathway (Strous et al., 2006; Jetten et al., 2009). 

Here transcripts encoding key acetyl-CoA pathway genes (formate dehydrogenase and 

carbon monoxide dehydrogenase) were ~ 10-fold less abundant than Nar transcripts, and 

did not differ appreciably between PA and FL fractions. Alternatively, Nar in anammox 

bacteria may function as a traditional nitrate reductase during anaerobic growth on 

organic compounds (Güven et al., 2005), and it is plausible that oxidation of organics is 

enhanced in anammox bacteria on particles. The observed fold change differences in hzo, 

hzs and nar raise the possibility of microniche-specific gene expression by anammox-
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capable bacteria, but do not support the hypothesis that the anammox process itself is 

upregulated in PA compared with FL communities. Thus, the effect of filtration on 

anammox rates is best explained by dependence of FL anammox bacteria on the PA 

fraction for substrate.  

 Nitrification. Compared with denitrification and anammox, ammonia and nitrite 

oxidation were less affected by particle removal. Filtration decreased ammonia oxidation 

rates by ~25% in the lower oxycline and upper OMZ. At the oxic–nitrite interface, rates 

did not change following filtration. Nitrite oxidation decreased by ~ 50% without 

particles, although rates after filtration were still several orders of magnitude higher than 

those of other N processes. Transcripts encoding ammonia monooxygenase (amoC) were 

proportionately enriched in the FL fraction (excluding at 85m) and affiliated 

predominantly with sequences annotated as Thaumarchaeota or as ‘uncultured 

crenarchaeote’ (the latter were entered into NCBI before formal recognition of the 

‘Thaumarchaeota’ designation and likely should be re-annotated as Thaumarchaeota; 

Figure 3.5d). Transcripts encoding nitrite oxidoreductase (nxrB) did not show a strong 

size fraction-specific enrichment, consistent with nxrB gene distributions in 

metagenomes from the Chilean OMZ (Ganesh et al., 2014). NxrB transcripts affiliated 

primarily with sequences from the genome of Nitrospina gracilis (Lücker et al., 2013), 

supporting reports of high Nitrospina activity in the ETNP region (Beman et al., 2013). 

Analysis of only N. gracilis-affiliated transcripts did not reveal any genes that were 

differentially expressed between FL and PA fractions (P<0.05), although low N. gracilis 

read counts in PA data sets (5% those in FL data sets) likely confounded statistical 

detection. Indeed, nxr genes (all subunits combined) represented similar proportions of 
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total N. gracilis counts in both fractions (2.5% and 3.2% in FL and PA, respectively), 

suggesting that expression of nitrite oxidation genes was not substantially altered 

between PA and FL niches.  

 3.5 Conclusions  

 Filter fractionation significantly altered N metabolism rates, confirming a critical 

role for particles and PA microorganisms in OMZ N cycling. A strong dependence on 

particles may help explain heterogeneity of denitrification and anammox rates among 

OMZ sites and time points (Dalsgaard et al., 2012; De Brabandere et al., 2014; Kalvelage 

et al., 2013), notably if particle load varies over depth and distance from shore or between 

times of high versus low export from the photic zone. Our data also suggest differences in 

how OMZ microbes interact with particles. A significant fraction of some functional 

groups, notably N2O and N2-producing denitrifiers, are recovered in PA fractions, 

suggesting direct adherence to particles, or potentially larger cell sizes. A tight coupling 

to particle surfaces could facilitate access to organic carbon for respiration, as well as 

oxidized N compounds produced by upstream steps of the denitrification pathway. 

Indeed, enhanced hydrolytic activity of particulate organic substrates has been 

demonstrated in diverse marine waters (Hoppe et al., 1993; Taylor et al., 2009; Yamada 

et al., 2012). Denitrifiers are generally known as facultative anaerobes (Zumft, 1997) and 

populations of denitrifiers on OMZ particles may develop during sinking through the 

oxycline, switching to denitrification upon transition to the OMZ core. 

 In contrast, groups such as obligately anaerobic anammox bacteria are recovered 

almost exclusively within the FL fraction, but appear no less dependent on particles. 
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Anammox cells presumably rely on particles indirectly as sources of nitrite and 

ammonium, produced by nitrate or nitrite reducers consuming particulate OM. Although 

anammox cells have been recovered in direct contact with particles in other systems 

(Woebken et al., 2007), enrichment of anammox genes and transcripts in OMZ FL 

fractions suggests a relatively loose physical association with particles, although it is 

possible that some particle-adhered cells are dislodged into the FL fraction during 

filtration. It is plausible that the proportion of the anammox community adhered to 

particles varies depending on local substrate conditions and oxygen content. Direct 

adherence may enable access to anoxic microniches and be favored at upper OMZ depths 

where water column oxygen content is closer to the threshold for anammox inhibition 

(~900 nM; Dalsgaard et al., 2014). 

 The potential for OMZ microbes to alter their physiology between FL and PA 

niches remains unresolved. Anammox Planctomycetes and nitriteoxidizing Nitrospina, 

two groups recovered in both FL and PA fractions and occupying relatively welldefined 

functional roles, did not exhibit significantly different expression profiles between 

fractions. This suggests that the physical act of filtration had a relatively minor effect on 

cell state. Nonetheless, certain genes exhibited large fold changes in relative abundance 

between fractions, raising the possibility that additional analyzes with higher replication 

per depth may reveal size fraction-specific transcriptional differences in certain taxa. 

Clarifying such patterns, potentially by sequencing deeply across biological replicates 

coupled with transcriptome mapping to reference genomes, may help estimate per-cell 

differences in biochemical processing at the microscale. However, the use of biomass 

fractionation to characterize the microspatial architecture of microbial activity remains 
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challenging. As shown here, particle removal significantly disrupts bulk N cycle 

processes mediated by a FL majority, likely by severing important chemical and 

biological linkages between FL and PA niches.  
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CHAPTER 4 

STANDARD FILTRATION PRACTICES MAY SIGNIFICANTLY 
DISTORT PLANKTONIC MICROBIAL DIVERSITY ESTIMATES 

 
 4.1 Abstract 
 
 Fractionation of biomass by filtration is a standard method for sampling 

planktonic microbes. It is unclear how the taxonomic composition of filtered biomass 

changes depending on sample volume. Using seawater from a marine oxygen minimum 

zone, we quantified the 16S rRNA gene composition of biomass on a prefilter (1.6 µm 

pore-size) and a downstream 0.2µm filter over sample volumes from 0.05 to 5 L. 

Significant community shifts occurred in both filter fractions, and were most dramatic in 

the prefilter community. Sequences matching Vibrionales decreased from ∼40 to 60% of 

prefilter datasets at low volumes (0.05–0.5 L) to less than 5% at higher volumes, while 

groups such at the Chromatiales and Thiohalorhabdales followed opposite trends, 

increasing from minor representation to become the dominant taxa at higher volumes. 

Groups often associated with marine particles, including members of the 

Deltaproteobacteria, Planctomycetes, and Bacteroidetes, were among those showing the 

greatest increase with volume (4 to 27-fold). Taxon richness (97% similarity clusters) 

also varied significantly with volume, and in opposing directions depending on filter 

fraction, highlighting potential biases in community complexity estimates. These data 

raise concerns for studies using filter fractionation for quantitative comparisons of 

aquatic microbial diversity, for example between free-living and particle-associated 

communities.  
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 4.2 Introduction 
 
 Most studies of planktonic microbes begin by isolating organisms from the 

environment. This task usually involves collection of suspended biomass by passing 

water through a filter. For studies of planktonic bacteria and archaea, it is routine to use 

an inline series of filters during the collection step, often with a prefilter of larger pore 

size (typically 1.0–30 µm) upstream of a primary collection filter of smaller pore size 

(0.1–0.2 µm; Fuhrman et al., 1988; Venter et al., 2004; Walsh et al., 2009; Morris and 

Nunn, 2013; Stewart, 2013). Both filters retain microbial biomass, and the larger and 

smaller biomass size fractions are often used to approximate divisions between particle-

associated and free-living microbes, respectively (e.g., Acinas et al., 1999; Crump et al., 

1999; Hollibaugh et al., 2000; Moeseneder et al., 2001; LaMontagne and Holden, 2003; 

Ghiglione et al., 2007, 2009; Rusch et al., 2007; Kellogg and Deming, 2009; Smith et al., 

2013; D’Ambrosio et al., 2014; Ganesh et al., 2014; Mohit et al., 2014; Orsi et al., 2015, 

among others). Retained biomass can be used toward a range of analytical goals, 

including quantitative measurements of community taxonomic and metabolic diversity, 

based for example on 16S rRNA gene or metagenome sequencing. Such analyses shape 

our understanding of microbial distributions and functions in the environment. 

 The effects of filtration method on quantitative measurements of community 

genetic diversity are poorly understood, and rarely accounted for in study design. 

Notably, it is unclear how prefiltration and variation in filtered water volume influence 

the relative abundances of taxa retained in different filter fractions. This is surprising 

given an extensive literature demonstrating variation in particle retention and clogging 

rates among filter types and in the size spectra of retained particles due to clogging 



 

 133 

(Nagata, 1986; Taguchi and Laws, 1988; Knefelkamp et al., 2007), and a smaller number 

of studies showing differential selection of target taxa based on filter type (Gasol and 

Moran, 1999), or variation in DNA extraction efficiency depending on filtered water 

volume (Boström et al., 2004). Indeed, sample volume varies widely across studies, from 

less than 1 L for coastal or eutrophic environments (Hollibaugh et al., 2000) to greater 

than 100 L for open ocean settings (Rusch et al., 2007). Fewer studies sample at very low 

volumes (microliters), in part to avoid under-sampling community richness, potentially 

due to microscale heterogeneity in biomass distributions (Long and Azam, 2001). Sample 

volume is often also variable among samples within a study, differing for instance 

between samples collected for DNA vs. RNA analysis (Frias-Lopez et al., 2008; Hunt et 

al., 2013). While it has been assumed that the proportion of free-living bacteria retained 

in the prefilter fraction increases with the volume of filtered water (Lee et al., 1995), the 

effects of such retention on community composition measurements are unknown. 

Advances in high-throughput 16S rRNA gene sequencing now enable rapid, low-cost 

quantification of microbial community structure (Caporaso et al., 2011). These methods 

can be used to help identify biases associated with common sample collection practices. 

 We conducted experiments to test whether variation in the volume of filtered 

seawater biases estimates of marine microbial diversity. Biomass representing two size 

fractions (0.2–1.6µm, >1.6µm) was collected from a marine oxygen minimum zone 

(OMZ) following a sequential inline filtration protocol used routinely to study planktonic 

microbes (Fuhrman et al., 1988; Frias-Lopez et al., 2008; Stewart, 2013). Sequencing of 

community 16S rRNA gene amplicons revealed significant shifts in community structure 

and richness over volumes ranging from 0.05 to 5 L. We discuss these results as evidence 



 

 134 

that sample volume should be critically examined as a potentially confounding variable in 

comparing estimates of aquatic microbial diversity. 

 

 4.3 Materials and Methods 

4.3.1 Sample Collection and Filtration 

 Seawater was collected from the OMZ off Manzanillo, Mexico during the Oxygen 

Minimum Zone Microbial Biogeochemistry Expedition 2 (OMZoMBiE2) cruise (R/V 

New Horizon; cruise NH1410; May 10-June 8, 2014). Collections were made using 30 L 

Niskin bottles attached to a CTD-Rosette. Seawater was emptied into 20 L cubitainers 

upon retrieval on deck and stored in the dark at 4◦C until filtration (<1 h). 

 Two experiments were conducted to assess the impact of sample volume on 

microbial diversity. Experiment 1 collected biomass after filtration of 0.1, 1, and 5 L 

from the sample pool, with 3–5 replicate filtration lines per volume. Experiment 2 

examined volumes of 0.05, 0.1, 0.5, 1, 2, and 5 L, with 2–3 replicates per volume. These 

ranges encompass volumes typical for studies of both coastal and open ocean 

environments, although fewer studies collect volumes at the lower end of the range. 

Water for experiment 1 was collected from depth 150 m near the secondary nitrite 

maximum at a site ∼95 km offshore from Manzanillo (18o 12′′ N 104o 12′′ W). Water for 

experiment 2 was collected from depth 400 m at a site ∼300 km offshore from 

Manzanillo (20o 00′′ N, 107o 00′′ W). Collections depths at both sites were beneath the 

photic zone. Total water depth at both sites was >1000 m. 

 For each experiment, discrete water volumes were measured from the stored 

sample water, transferred into pre-washed secondary containers (graduated cylinders or 
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glass bottles), and filtered by sequential in-line filtration at room temperature through a 

glass fiber disc pre-filter (GF/A, 47 mm, 1.6 µm pore- size, Whatman) and a primary 

collection filter (Sterivex-GP filter cartridge, polyethersulfone membrane, 0.22 µm pore-

size, Millipore) using a peristaltic pump (Masterflex L/S modular drive pump, 1–100 

rpm, Cole-Parmer	®) at constant speed (60 rpm). Replicate filters were collected in 

parallel (separate filter lines) for each discrete volume, with a maximum of 5 lines 

(replicates) running in parallel at once. After filtration, prefilters were transferred to 

cryovials containing lysis buffer (∼1.8 ml; 50 mM Tris-HCl, 40 mM EDTA, and 0.73 M 

Sucrose), Sterivex cartridges were filled with lysis buffer (∼1.8 ml) and capped at both 

ends, and both filter types were stored at −80◦C until DNA extraction. After filtration of 

one set of replicates, filter lines were rinsed, and clean filters were added. Aliquots 

representing the next sample in the volume series were then measured from the source 

water, and the filtration sequence was repeated. 

 

4.3.2 DNA Extraction 

 DNA was extracted from prefilters and Sterivex cartridges using a 

phenol:chloroform protocol as in Ganesh et al. (2014). Cells were lysed by adding 

lysozyme (2 mg in 40 µl of lysis buffer per filter) directly to the prefilter-containing 

cryovials and the Sterivex cartridges, sealing the caps/ends, and incubating for 45 min at 

37◦C. Proteinase K (1 mg in 100 µl lysis buffer, with 100 µl 20% SDS) was added, and 

cryovials and cartridges were resealed and incubated for 2 h at 55◦C. The lysate was 

removed, and DNA was extracted once with Phenol:Chloroform:Isoamyl Alcohol 

(25:24:1) and once with Chloroform:Isoamyl Alcohol (24:1) and then concentrated by 
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spin dialysis using Ultra-4 (100 kDa, Amicon) centrifugal filters. Double stranded DNA 

was quantified on a Qubit Fluorometer using the dsDNA BR Assay Kit. 

 

4.2.3 16S rRNA Gene Quantitative PCR 

 Quantitative PCR (qPCR) was used to count total bacteria 16S rRNA gene copies 

in DNA extracted from both prefilter and Sterivex size fractions. Total 16S counts were 

obtained using SYBR Green-based qPCR and universal bacterial 16S primers 1055f and 

1392r, as in Hatt et al. (2013). Ten-fold serial dilutions of DNA from a plasmid carrying 

a single copy of the 16S rRNA gene (from Dehalococcoides mccartyi) were included on 

each qPCR plate and used to generate standard curves. AssaTMys were run on a 7500 

Fast PCR System and a StepOnePlus Real- Time PCR System (Applied Biosystems). All 

samples were run in triplicate (20 µL each) and included 1X SYBR Green Supermix 

(BIO-RAD), 300 nM of primers, and 2 µL of template DNA (diluted 1:100). Thermal 

cycling involved: incubation at 50◦C for 2 min to activate uracil-N-glycosylase, followed 

by 95◦ C for 10 min to inactivate UNG, denature template DNA, and activate the 

polymerase, followed by 40 cycles of denaturation at 95◦C (15 s) and annealing at 60◦C 

(1 min). 

 

4.2.4 Diversity Analyses 

 High-throughput sequencing of dual-indexed PCR amplicons encompassing the 

V4 region of the 16S rRNA gene was used to assess microbial community composition. 

Briefly, amplicons were synthesized using Platinum⃝R PCR SuperMix (Life 

Technologies) with primers F515 and R806, encompassing the V4 region of the 16S 
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rRNA gene (Caporaso et al., 2011). These primers are used primarily for bacterial 16S 

rRNA genes analysis, but also amplify archaeal sequences. Both forward and reverse 

primers were barcoded and appended with Illumina- specific adapters according to 

Kozich et al. (2013). Equal amounts of starting DNA (0.5 ng) were used for each PCR 

reaction to avoid potential PCR biases due to variable template concentrations (Kennedy 

et al., 2014). Thermal cycling involved: denaturation at 94◦ C (3 min), followed by 30 

cycles of denaturation at 94◦ C (45 s), primer annealing at 55◦C (45 s) and primer 

extension at 72◦C (90 s), followed by extension at 72◦C for 10 min. Amplicons were 

analyzed by gel electrophoresis to verify size (∼400 bp, including barcodes and adaptor 

sequences) and purified using the Diffinity RapidTip2 PCR purification tips (Diffinity 

Genomics, NY). Amplicons from different samples were pooled at equimolar 

concentrations and sequenced on an Illumina MiSeq using a 500 cycle kit with 5% PhiX 

to increase read diversity. 

 Amplicons were analyzed using QIIME (Caporaso et al., 2010) following 

standard protocols. Barcoded sequences were de-multiplexed and trimmed (length cutoff 

100 bp) and filtered to remove low quality reads (average Phred score <25) using Trim 

Galore! (http://www.bioinformatics.babraham. ac.uk/projects/trim_galore/). Paired-end 

reads were then merged using FLASH (Magocˇ and Salzberg, 2011), with criteria of 

average read length 250, fragment length 300, and fragment standard deviation 30. 

Chimeric sequences were detected by reference-based searches using USEARCH (Edgar, 

2010). Identified chimeras were filtered from the input dataset, and merged non-chimeric 

sequences were clustered into Operational Taxonomic Units (OTUs) at 97% sequence 

similarity using open-reference picking with the UCLUST algorithm (Edgar, 2010) in 
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QIIME. The number of sequences assigned to OTUs averaged 22,693 (range: 2255–

182,051) and 20,638 (range: 5152–46,634) per sample for experiments 1 and 2, 

respectively. 

 Taxonomy was assigned to representative OTUs from each cluster using the 

Greengenes database (DeSantis et al., 2006). OTU counts were rarefied (10 iterations) 

and alpha diversity was quantified at a uniform sequence depth (n = 2255 for exp 1 and 

5152 for exp 2) using the Chao1 estimator of richness. Significant differences in Chao1 

estimates between volume groupings were detected using pairwise two-sample t- tests 

with a Bonferroni correction for multiple comparisons. To compare community 

composition between samples, sequences were aligned in QIIME using PyNAST, and 

beta diversity was calculated using the weighted Unifrac metric (Lozupone and Knight, 

2005). Sample relatedness based on Unifrac was visualized with two-dimensional 

Principal Coordinate Analyses. The statistical significance of sample grouping according 

to filtered volume was assessed using the nonparametric adonis method in QIIME based 

on Unifrac distances run with 999 permutations and Bonferroni corrections for multiple 

tests (Table C.1). 

 Taxa (Order level) differing significantly in proportional abundance in pairwise 

comparisons of filter volumes (lowest vs. highest volumes) were identified via an 

empirical Bayesian approach using the program baySeq (Hardcastle and Kelly, 2010), as 

in Stewart et al. (2012) and Ganesh et al. (2014). The baySeq method assumes a negative 

binomial distribution with prior distributions derived empirically from the data (100,000 

iterations). Dispersion was estimated via a quasi-likelihood method, with the count data 

normalized by dataset size (total number of identifiable 16S rRNA gene amplicons per 
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dataset). Posterior likelihoods per Order were calculated for models (volume groupings) 

in which Orders were either predicted to be equivalently abundant between lowest vs. 

highest filter volumes or differentially abundant. A false discovery rate threshold of 0.05 

was used for detecting differentially abundant categories. 

 All sequence data have been submitted to the Sequence Read Archive at NCBI 

under BioProject ID PRJNA275901. 

 

 4.4 Results 

 Total bacterial 16S rRNA gene counts (prefilter + Sterivex combined), a rough 

proxy for microbial abundance, averaged 4 × 105 and 7 × 104 (averaged across all 

volumes and replicates) for experiment 1 and 2, respectively, and were 10 to 11-fold 

higher in the Sterivex size fraction (0.2–1.6 µm; Table C.1). These counts are within the 

range of or slightly lower than prior bacterial 16S gene counts at OMZ and oxycline 

depths in the study area (∼5 × 104 to 1.3 × 106; Ganesh et al., 2015; Stewart, 

unpublished), values typical of open ocean waters, and consistent with prior reports of 

elevated microbial biomass in the smallest (“free-living”) size fraction compared to 

particulate size fractions (Cho and Azam, 1988; Ghiglione et al., 2009). DNA yields, 

representing both prokaryote and eukaryote sources, were ∼2 to 4-fold higher in Sterivex 

filter fractions compared to prefilters (Figure 4.1A). Both DNA yields and bacterial 16S 

counts increased linearly with volume in both fractions, and were most variable (among 

replicates) for the 5 L samples, suggesting differences in extraction efficiency at high 

volumes (Figure 4.1A, Figure C.1). Similarly, filtration time increased linearly as a 

function of sample volume (R2 = 0.99; Figure 4.1B), ranging from <40 s (0.05 L) to 43 
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min (5 L). Average flow rate, calculated from filtration times from all samples, was 0.12 

L min−1. A minor increase of filtration times per unit volume was observed for the 5 L 

samples compared to 1 and 2 L samples, highlighting a very slight decline in flow rate 

with volume, potentially due to filter clogging. No filters visibly ruptured during the 

experiments. 
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Figure 4.1 Total DNA yield (A) and filtration time (B) as a function of filtered water 

volume. The solid regression line in B spans the 0.05–2 L range. The dashed regression 

spans the full dataset, with the increased slope suggesting a slight decrease in flow rate at 

the highest volumes.  
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 Community structure varied significantly with sample volume in both biomass 

fractions. Principal coordinates analysis based on the weighted Unifrac metric showed 

significant differentiation of samples based on filtered volume for both size fractions in 

both experiments (R2: 0.50–0.87; P < 0.05), with the strongest separation occurring 

between samples of 1 L or more and those of lower volumes (Figures 4.2, 4.3; Table 

C.2). Chao1 estimates of operational taxonomic unit (OTU; 97% similarity cluster) 

richness varied with filter volume in both size fractions (Figure 4.4). In both experiments, 

median richness in the >1.6 µm fraction increased (by up to 68%) with volume, reaching 

peak values at 1 L, before declining again at the highest volumes (2–5 L). However, 

differences in prefilter richness between volume groupings were not significant, due 

partly to limited replication per volume. In contrast, in both experiments richness in the 

downstream 0.2–1.6 µm “Sterivex” size fraction declined by ∼25–30% over the volume 

range, with statistically significant declines observed between lower volumes and the 5 L 

samples in experiment 2 (P < 0.05). 

 The most dramatic shifts in taxonomic representation with volume occurred in the 

prefilter fraction (Figures2, 3). Of the major Prokaryotic Orders detected in experiment 1, 

where “major” here indicates an average percent abundance >0.5% across filter type 

replicates, 59% (19 of 32) varied significantly in abundance from lowest to highest 

volumes (0.1 vs. 5 L; P < 0.05), with 88% (28) undergoing a fold-change of 2 or greater 

(positive or negative; Table C.3). In experiment 2, 96% of major Orders underwent a 

fold-change of 2 or greater over the volume range (0.05 vs. 5 L), although fewer (17%) of 

these changes were statistically significant (likely due to fewer replicates per volume in 

experiment 2; Table C.4). In both experiments, sequences matching Vibrionales 
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decreased dramatically (21–33 fold) with filter volume, from >50% (average) of the 

lowest volume datasets, to <3% at 5 L. In contrast, other groups increased to dominate 

the dataset over the volume range. In experiment 1, sequences related to the 

gammaproteobacterial Thiohalorhabdales increased nearly 4-fold, becoming the single 

most abundant Order at 5 L with 17% of total sequences. In experiment 2, the Order 

Chromatiales increased from an average of 2% at lower volumes (range: 0.2– 5.7% over 

0.05, 0.1, 0.5 L datasets) to become the most abundant taxon at higher volumes, 

representing an average of 42% of total sequences at volumes of 1 L or greater (range: 

15–77%; Figure 4.3, Table C.4). In both experiments, Euryarchaeota of the 

Thermoplasmata increased 10 to 20-fold to become the second most abundant Order (7–

10%) at 5 L. Diverse members of the Deltaproteobacteria, Planctomycetes, and 

Bacteroidetes also underwent substantial increases (4 to 27-fold) in the prefilter fraction 

in both experiments (Tables S3, S4). 

 Large changes in taxon representation also occurred in the Sterivex fraction, but 

were less dramatic that those in the prefilter community. In both experiments, 14% of the 

major prokaryotic Orders detected in this fraction changed significantly in representation 

over the volume range (P < 0.05, Tables S3, S4). As in the prefilter datasets, the most 

substantial shifts occurred in the Vibrionales, which decreased 51 to 97-fold with volume. 

Other groups undergoing significant declines included the Alteromonadales, 

Rhodobacterales, and Kiloniellales, notably with these groups declining 16 to 94-fold in 

experiment 2. Less dramatic, but still substantial, shifts occurred in the opposite direction, 

notably with the abundant SAR406 lineage increasing ∼2-fold in representation in both 

experiments to constitute over one quarter of all sequences in the 5L datasets. 
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 4.5 Discussion 

 Studies of diverse aquatic habitats consistently show that microbial community 

composition in the prefilter fraction differs from that of the smaller size fraction (e.g., 

Simon et al., 2002, 2014, and references therein). These differences have been used to 

suggest taxonomic, chemical, and metabolic partitioning between particle-associated vs. 

free-living microbial communities (see references in Introduction). While the pore size of 

the primary collection filter used in such studies is almost always 0.2µm, the pore size of 

the prefilter varies, typically from 0.8 to 1.0 (e.g., Hollibaugh et al., 2000; Allen et al., 

2012) to 30µm (e.g., Fuchsman et al., 2011, 2012), but is most often in the range of 1 to 

3µm, encompassing the 1.6 µm GF/A prefilter used in this study. Here, sample volume 

had a much stronger effect on prefilter community composition compared to that of the 

downstream Sterivex fraction. Taxa such as the Thiohalorhabdales and Chromatiales in 

experiments 1 and 2, respectively, were evenly distributed between filter fractions at low 

volumes but dramatically enriched in the prefilter at higher volumes. Furthermore, major 

taxonomic divisions often described as being enriched in particulate fractions, including 

the Flavobacteriales (Bacteroidetes), Myxococcales (Deltaproteobacteria), and 

Planctomycetes (Crump et al., 1999; Simon et al., 2002; Eloe et al., 2011; Allen et al., 

2012; Fuchsman et al., 2012), were among those whose proportional abundances in the 

prefilter fraction increased the most with filter volume, although these groups have also 

been detected on particles sampled directly by syringe (DeLong et al., 1993; Rath et al., 

1998). Such changes were not exclusive to the prefilter fraction. SAR406, an uncultured 

lineage commonly affiliated with low- oxygen waters (Wright et al., 2012, 2014), 

increased steadily with volume to become the single most abundant taxonomic group in 
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the Sterivex fraction in both experiments. These patterns suggest that differences in 

sample volume can bias multiple sequential filter fractions, but may be particularly 

problematic for studies inferring the structure of the particle-associated community, or 

the association of certain taxa with a particle-attached niche. 

 Community diversity differences between particle-associated and free-living 

biomass fractions are often variable across diverse ocean habitats. This has been 

attributed to environmental variation associated with geographic and vertical zonation, as 

well as flexibility in microbial lifestyles allowing alternation between particle-associated 

and free-living lifestyles (Grossart, 2010). Surprisingly, only a small number of studies 

have evaluated the potential for collection methods to bias community-level diversity 

measurements (Kirchman et al., 2001; Long and Azam, 2001; Ghiglione et al., 2007). 

Focusing on the 0.2–3.0µm filter fraction, Long and Azam (2001) recovered qualitatively 

similar community 16S rRNA gene fingerprints (denaturing gradient gel electrophoresis; 

DGGE) from coastal seawater volumes ranging from 1µl to 1 L. Similarly, Ghiglione et 

al. (2007) reported no visible effect of volume (0.1 to 5L) on fingerprints (capillary 

electrophoresis- single strand conformation polymorphism) from Mediterranean Sea 

bacterioplankton on 0.2 and 0.8 µm filters. High throughout 16S amplicon sequencing 

now provides a cost-competitive alternative to fingerprinting with higher sensitivity for 

detecting community structural shifts, including those involving rare taxa. Using this 

method, our results suggest that biases due to variation in filtered volume may also 

confound comparisons of size-fractionated community structure across habitats and 

studies. 
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Figure 4.2 Microbial community relatedness (A,C) and taxon abundances (B,D) in 

experiment 1 prefilter (>1.6 µm; A,B) and Sterivex (0.2–1.6 µm; C,D) samples. 

Relatedness based on 16S rRNA gene amplicon sequencing, as quantified by the 

weighted Unifrac metric. Samples representing different filtered water volumes are 

circled. Abundances in (B,D) are percentage abundances of major bacterial Orders. Only 

Orders with abundance >0.5% (averaged across all replicates) are shown 

.  
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 Our data also suggest that metrics of community (OTU) richness may be sensitive 

to filtered water volume. In both experiments, richness of the prefilter and Sterivex 

communities followed opposing trends with volume, increasing in the larger size fraction 

and decreasing in the smaller. Declines in diversity with filter volume (0.01 vs. 2L) were 

previously observed in a study of prefiltered bacterioplankton (0.2–3.0µm fraction) using 

DGGE, although determinants of that decline could not be related directly to volume due 

to variations in the DNA extraction procedure (Kirchman et al., 2001). Here, in 

experiment 1, richness of the prefilter fraction was lower than that of the Sterivex fraction 

at 0.1 L, but this pattern was reversed at higher volumes. Enhanced richness in prefilter 

vs. 0.2µm fractions has been reported from diverse systems (Eloe et al., 2011; Bižic ́-

Ionescu et al.,2014; Ganesh et al.,2014),leading to speculation that the complexity of the 

microbial community varies differentially between free-living and particle-associated 

niches in response to fluctuation in water column conditions or niche-availability on 

particles. Bulk estimates of community complexity may instead be driven by variation in 

filtered water volume. 
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Figure 4.3 Microbial community relatedness (A,C) and taxon abundances (B,D) in 

experiment 2 prefilter (>1.6 µm; A,B) and Sterivex (0.2–1.6 µm; C,D) samples. 

Relatedness based on 16S rRNA gene amplicon sequencing, as quantified by the 

weighted Unifrac metric. Samples representing different filtered water volumes are 

circled. Abundances in (B,D) are percentage abundances of major bacterial Orders. Only 

Orders with abundance >0.5% (averaged across all replicates) are shown. 
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 The observed compositional shifts with sample volume are potentially driven by a 

range of mechanisms. First, the filters may be clogging. A minor increase in filtration 

time per unit sample volume for the 5 L samples compared to the lower volume samples 

is consistent with filter clogging, although this trend is not supported by the near linear 

increase in total DNA yield and bacterial 16S gene counts per volume (Figure 4.1A, 

Figure C.1). If the filters are indeed clogging, clogging would presumably lead to a 

progressive increase in the size range and diversity of the retained particles, with smaller 

(potentially free-living) cells below the size threshold of the unclogged filter increasingly 

retained as volumes increase. We speculate, for example, that Chromatiales and 

Thiohalorhabdales cells or cell aggregates are potentially either near the size threshold for 

passage through the prefilter, or are otherwise easily entrained in the filter matrix, and are 

therefore preferentially retained if the prefilter clogs. 

 Clogging could also affect diversity estimates for the downstream Sterivex filter 

fraction. In this fraction, however, effects due to clogging and increased retention of cells 

<0.2 µm are presumably minimal, as few planktonic marine microbes likely pass through 

the 0.2 µm filter to begin with (Fuhrman et al., 1988), although the abundance of very 

small cells in the open ocean remains an active area of research. Rather, the community 

shifts in the Sterivex fraction could be driven by clogging of the upstream prefilter, with 

the decline in OTU richness with filter volume observed in both experiments potentially 

reflecting a selective narrowing of the range of taxa making it through the prefilter. Taxa 

that increase in abundance with volume in the 0.2µm fraction, such as SAR406, may be 

relatively small cells, which presumably would be increasingly selected for as the 

prefilter clogs. 
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Figure 4.4 Chao1 estimates of operational taxonomic unit (97% similarity cluster) 

richness in prefilter (>1.6 µm; A,B) and Sterivex (0.2–1.6 µm; C,D) samples in 

experiments 1 and 2. Boxplots show medians within first and third quartiles, with 

whiskers indicating the lowest and highest values within 1.5 times the interquartile range 

of the lower and upper quartiles, respectively. Note variation in y-axis scales. Asterisks in 

(D) indicate volume groupings with richness estimates significantly different from those 

of the 5 L sample (P < 0.05). All other pairwise differences between volume groupings 

were not statistically significant.  
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 Second, filtration of small volumes, by chance, may fail to capture a 

representative subset of the particulate fraction, due to microscale patchiness of 

bacterioplankton and particle distributions (Azam and Hodson, 1981; Azam and 

Ammerman, 1984; Mitchell and Fuhrman, 1989). Marine particles span gradients of age, 

size, and source material, and potentially microbial composition (Simon et al., 2002). It is 

possible that certain particles, due to their low abundance, are unlikely to be captured at 

low water volumes, but would be sampled at higher volumes, and potentially contribute 

significantly to bulk microbial counts depending on the local density and richness of 

microbes on the particle. Changes in taxon representation due to increases in water 

volume may not be easily distinguished from changes due to filter clogging. 

 Third, adsorption of free dissolved DNA to filters may contribute 

disproportionately to diversity estimates at smaller volumes (Turk et al., 1992; Boström 

et al., 2004). While we cannot rule out this possibility, proportional decreases of filter- 

bound DNA with volume seems an unlikely explanation for the observed taxonomic 

shifts, as the dissolved DNA pool would need to be dominated almost exclusively by 

Vibrionales for this to be true. Also, DNA extraction efficiency has been shown to 

decrease with filtered water volume (Boström et al., 2004), suggesting that variable 

extraction efficiencies may affect community composition estimates. A consistent 

decrease in extraction efficiency with volume was not clearly evident in our samples, 

although the range in DNA recovered from 5 L samples indicates that efficiency was 

variable (Figure 4.1A). Although the potential for extraction efficiency to change with 

sample volume deserves more attention, and is likely variable among filter types and 
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extraction methods, decreasing efficiencies would only alter composition estimates if the 

change in efficiency is non-uniform among taxa. It is unknown if this is true. 

 Finally, it is possible that population turnover (growth or lysis) in the source water 

during filtering may also have contributed to compositional shifts with volume. We 

consider this possibility to be unlikely. Growth in the source water was likely negligible 

given characteristic doubling times of marine microbes (hours to days; Ducklow, 2000) 

and the low temperature of the stored source water (stored at 4◦C, but filtered at room 

temperature). In both experiments, the total processing time of 0.1 and 1 L samples was 

less than 15 min. Growth by even the most active microbes under optimal conditions 

would be unlikely to result in the dramatic community structural shifts observed between 

these sample volumes (Figures 4.2, 4.3). Furthermore, the observed taxonomic shifts are 

inconsistent with changes due to differential turnover of microbial groups. Taxa typically 

associated with rapid growth during bottle incubations and in response to organic matter 

enrichment, notably members of the Alteromonadales, Pseudomonadales, and 

Vibrionales (Pinhassi and Berman, 2003; Allers et al., 2007, 2008; Stewart et al., 2012), 

decreased in abundance with increasing volume in both experiments (Tables S3, S4), 

inconsistent with results due to rapid growth during filtering. Furthermore, had the 

observed changes been due to growth, or to differential lysis of cells during sampling, we 

might predict changes of similar magnitude in both biomass fractions. This was not the 

case, as the most dramatic changes were observed in the prefilter biomass, consistent 

with effects due to filter clogging. 
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 4.6 Conclusion 

 These results, based on biomass from an open ocean environment and collected 

following a widely used filtration scheme, highlight a potential for sample volume 

variation to confound community diversity estimates. However, it is unlikely that our 

results extrapolate evenly to all systems. The magnitude and exact mechanism of sample 

volume-based biases likely differ depending on filter type and pore size, pumping rate, 

community composition, bulk microbial abundance, particle load, and potentially other 

variables. Such biases may be even greater in waters more eutrophic than those tested 

here, and may not easily be eliminated by frequent replacement of prefilters. For studies 

comparing particle-associated vs. free-living communities, elimination of the prefiltration 

step may be necessary, with collection of particle communities based instead on direct 

sampling of particles without filtration (DeLong et al., 1993), potentially via gravity or 

flow-cytometric separation. Such alternative methods should be explored. Our data 

suggest that measurements of community structure for biomass separated by filter 

fractionation should only be considered accurate and used for quantitative comparisons 

when effects of sample volume variation are shown to be negligible. 
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CHAPTER 5 
 

METABOLIC PLASTICITY OF A PELAGIC ANAMMOX 
BACTERIUM OVER REDOX GRADIENTS IN A MARINE OXYGEN 

MINIMUM ZONE 
 

   
 5.1 Abstract  
 
 The process of anaerobic ammonia oxidation (anammox) accounts for up to half 

of the total fixed nitrogen loss from the world’s oceans, and is a primary nitrogen 

removal pathway in marine Oxygen Minimum Zones (OMZs). The anammox process 

appears to be mediated exclusively by bacteria from the phylum Planctomycetes, with 

members of the genus Candidatus Scalindua being the dominant anammox contributors 

in marine settings. Prior genomic characterizations of marine Candidatus Scalindua from 

non-OMZ environments indicate metabolic versatility, suggesting the potential for 

diverse biochemical contributions depending on environmental conditions. However, the 

environmental partitioning of genomic variation and metabolic activity by pelagic Ca. 

Scalindua in OMZs remains unclear. Here, we sequence and analyze single amplified 

genomes (SAGs) of 20 individual Ca. Scalindua cells from the Eastern Tropical North 

Pacific OMZ.  The analysis revealed genes for cyanate and urea degradation by OMZ Ca. 

Scalindua, suggesting the potential use of these substrates as sources of ammonia for 

anammox.  Genome content overall appeared relatively uniform across individuals 

spanning both the nitrite maximum and OMZ core zones, suggesting a relative lack of 

partitioning of genetic variation among ecotypes.  Rather, potential metabolic variation 

was manifest in the differential expression of gene content, inferred by mapping of 

metatranscriptome sequences originating from samples that represented gradients in 
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nitrogen substrate availability and organic matter supply on SAGs genomes.  In general, 

transcriptome patterns for genes in the anammox pathway were consistent with variation 

in anammox rates, which increased steeply from the base of the oxycline to the nitrite 

maximum in the upper OMZ, before declining with depth and with distance from shore.  

These data represent the first genomic sequences from Ca. Scalindua from an OMZ, and 

suggest a potential for previously unrecognized contributions by anammox-capable 

bacteria to other biochemical pathways and utilization of nitrogen compounds other than 

ammonia in OMZs, highlighting the spatial variability in metabolic activity by this 

ubiquitous OMZ clade. 

  

 5.2 Introduction 

 Ocean oxygen minimum zones (OMZs) are formed in regions of the ocean where 

large nutrient input and oceanic upwelling, combined with little to no mixing and low 

ventilation, leads to anoxic conditions in the mid water depths (Ulloa et al., 2012). The 

largest permanent OMZs in the world’s oceans occur in the Eastern Tropical North 

Pacific (ETNP), off the coast of Mexico and in the Eastern Tropical South Pacific 

(ETSP), off the coast of Chile. These OMZs are characterized by little to no oxygen 

(<100nM) and an accumulation of nitrite at mid-water depths (~150-750m) 

(Kamykowski et al; 1991). Serving as habitats to taxonomically and functionally diverse 

Bacteria and Archaea, OMZs are sites of globally important biogeochemical cycling. In 

the absence of oxygen the microbial communities mediate diverse microaerophilic and 

anaerobic metabolic processes including sulfate reduction, denitrification, sulfur 

oxidation and anaerobic ammonia oxidation. Among the microbially mediated 
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biogeochemical transformations are the processes of denitrification and anaerobic 

ammonia oxidation (anammox), which contribute up to half of the total fixed nitrogen 

loss from oceans as N2 and N2O (Codispoti et al., 2004; Gruber, 2001), generating large 

nitrogen deficits, and making OMZs global sinks for nitrogen. Prior research in the 

Eastern Pacific OMZs suggests that anammox and denitrification are linked to other 

microbial N transformations to varying degrees, including the production of nitrite and 

nitrate via nitrification along the oxycline, and dissimilatory nitrate reduction to 

ammonium within the OMZ (Lam et al., 2009; Kalvelage et al., 2013). OMZ N cycle 

processes also mediate key steps in other elemental cycles, for example, the fixation of 

carbon by anammox and nitrifying autotrophs, the remineralization of organic carbon and 

nutrients by denitrifying heterotrophs, and the oxidation of reduced sulfur compounds by 

chemoautotrophic denitrifiers (Ulloa et al., 2012).  However, the potential for these 

diverse OMZ microbes to alter their physiology among different ecological niches along 

the OMZ redoxcline remains unclear.  Here, we explore this potential within a ubiquitous 

clade of marine bacteria that mediate the anammox process. 

 The anammox process, which involves the conversion of ammonium and nitrite to 

dinitrogen gas, is carried out by a deep branching monophyletic group of bacteria within 

the phylum Planctomycetes.  The identified anammox-specific Planctomycete lineages 

include Ca. Brocadia (Kartal et al., 2008), Ca. Kuenenia (Schmid et al., 2000), Ca. 

Anammoxoglobus (Kartal et al., 2007), Ca. Jettenia (Quan et al., 2008), and Ca. 

Scalindua (Schmid et al., 2003). Anammox capable organisms have been detected 

globally in natural and man-made environments, and in freshwater and marine 

ecosystems (Kartal et al., 2008), with Ca. Scalindua constituting the dominant genera of 
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anammox bacteria in marine habitats, including OMZs (Villanueva et al., 2014). Thus 

far, none of these bacteria have been obtained in a pure culture (Speth et al., 2012) and 

genomic data exist for only a few anammox bacteria (Strous et al., 2006; Gori et al., 

2011; Hira et al., 2012; Hu et al., 2012; Speth et al., 2012; van de Vossenberg et al., 

2012).  These data include a single metagenome from a marine sediment enrichment of 

Ca. Scalindua profunda and a near complete draft genome from Ca. Scalindua brodae 

(Speth et al., 2015).  However, genomic insight into OMZ Ca. Scalindua is limited to 

fragments of sequence information obtained from environmental metagenomes or 

metatranscriptomes (e.g., Stewart et al., 2012; Ganesh et al., 2014, 2015), thereby 

constraining conclusions regarding the extent of ecotype or metabolic diversity in pelagic 

marine settings.  

 Several studies have provided evidence of genetic and metabolic diversity in 

anammox bacteria. Genetically distinct subclades (based on 16S -23S rRNA gene internal 

transcribed spacer sequences) of marine Ca. Scalindua were identified among sites with 

varying geochemical conditions (Woebken et al., 2008).  This pattern suggests the 

potential for biogeographic separation or for variable ecotypes of Scalindua based on 

environmental niche, with the latter potentially suggestive of metabolic diversity. Indeed, 

in addition to occurring in distinct low oxygen zones (Woebken et al., 2008; Galan et al., 

2012), Ca. Scalindua can be found both attached to marine particles (Woebken et al., 

2007) and in planktonic free-living fractions in the water column (Ganesh et al., 2014; 

Ganesh et al., 2015), albeit varying significantly in abundance between fractions. In our 

previous studies, we observed variation in the representation of Scalindua-associated 

genes in metatranscriptomes from particle-associated fractions and non-particle-
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associated microbial fractions within the anoxic ETNP OMZ (Ganesh et al., 2015), 

suggesting the potential for these bacteria to carry out distinct functions based on micro-

niche partitioning.  

 Such partitioning may be driven by the availability of nutrient and energy 

substrates.  Enrichment-based studies have confirmed that Ca. Scalindua bacteria, 

although likely autotrophic while conducting anammox, also possess the ability to 

oxidize small organic acids like formate, acetate and propionate, and use other electron 

acceptors like Fe (III) and Mn (IV) (van de Vossenberg et al., 2008).  In our prior work in 

the ETNP OMZ, genes associated with a potential for heterotrophic nitrate reduction 

(e.g., encoding dissimilatory nitrate reductase) were shown to be generally enriched in 

OMZ Ca. Scalindua communities associated with particles, whereas genes of the 

anammox process were more abundant in the transcriptomes of non-particle associated 

communities (Ganesh et al. 2015). Such plasticity may allow Ca. Scalindua to capitalize 

on patches of organic matter enrichment (e.g., on particles) and to persistent in regions of 

the OMZ where anammox substrates are less abundant, potentially including lower in the 

OMZ core beneath the nitrite maximum.    

 Metabolic plasticity in OMZ anammox bacteria may also manifest in the ability to 

use diverse nitrogen-containing compounds as sources for anammox substrates.  For 

example, the reduced compound cyanate (OCN-), which typically occurs at nanomolar 

concentrations in estuarine and marine systems (Rees et al, 2006; Widner et al., 2013), 

may contribute to the nitrogen and carbon requirements of marine microbial communities 

(Palenik et al., 2003; Rocap et al, 2003; Kamennaya et al, 2011, Widner et al, 2013).  

Although cyanate is generally toxic to organisms because of its reactivity with 
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nucleophilic groups in proteins (Palatinszsky et al., 2015; Kamennaya et al., 2011), many 

microorganisms possess genes encoding cyanases that catalyze cyanate breakdown, via 

reaction with bicarbonate, to carbon dioxide and ammonia (Luque-Almagro et al., 2008, 

Kamennaya et al., 2008). Indeed, a single copy of a cyanase gene is present in the 

metagenome of Ca. Scalindua profunda enriched from marine sediment.  Cyanases likely 

function predominantly in detoxification but may also benefit cells if the ammonia 

resulting from cyanase activity can be used either for assimilation or as an energy source. 

Indeed, recent work shows that Nitrososphaera gargensis, an ammonia-oxidizing 

thaumarcheote, can grow on cyanate as an energy source (Palatinszky et al., 2015).  A 

similar use for cyanate as an ammonia source for marine anammox bacteria remains 

unproven, but may be important in OMZs if ammonia is limiting. Urea, another organic 

nitrogen substrate and precursor to ammonia, may also be utilized as an energy source by 

anammox bacteria possessing genes for ureases, which breakdown urea to ammonia. 

Compared to cyanate, urea may be more readily available in marine systems from 

phytoplankton release of dissolved organic nitrogen (Bronk and Gilbert, 1991; Berman et 

al., 1999) or, remineralization of organic matter or anthropogenic inputs. Assessing the 

genomic potential for use of diverse nitrogen sources by anammox bacteria would lend 

support to the ability of these bacteria to occupy niches with variable substrate regimes. 

These trends lead us to hypothesize that 1) Ca. Scalindua bacteria in OMZs possess the 

genomic potential for diverse biogeochemical transformations in addition to canonical 

anammox, potentially including heterotrophy or alternative nitrogen substrate utilization 

for anammox, and 2) the pathways mediating these metabolisms are differentially 

expressed over vertical and spatial gradients in the OMZ depending on substrate 
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(ammonia and nitrite) availability.  Alternatively, anammox-capable bacteria in OMZs 

may represent distinct ecotypes that differ in genome content, in addition to gene 

expression.  We test these hypotheses using single cell genomics coupled with 

metatranscriptomics and high-resolution measurements of anammox rates in the ETNP 

OMZ off northern Mexico.  The results provide an understanding of the metabolic 

diversity and activity of anammox bacteria operating in different environmental niches, 

thereby providing an understanding of per-cell differences in biochemical processing and 

the genetic basis for variation and adaptation in this important OMZ lineage.  

 

 5.3 Materials and Methods 

5.3.1 Sample collection  

 Sample collection in the ETNP. Samples for Single Cell Genomes were collected 

from the ETNP OMZ during the Oxygen Minimum Zone Microbial Biogeochemistry 

Expedition (OMZoMBiE) cruise (R/V New Horizon, 13-28 June, 2013) from Station 6 

(18° 54.0N, 104° 54.0W). Seawater for single cell sorting and single amplified genome 

(SAG) analysis was collected from two depths within the OMZ, the secondary nitrite 

maximum OMZ (125 m) and OMZ core (300 m). Collections were made using Niskin 

bottles on a rosette containing a Conductivity-Temperature-Depth profiler (Sea-Bird SBE 

911plus). Water samples for were preserved by cryopreservation according to the 

protocol recommended by the Bigelow Single Cell Genomics Center. Briefly, triplicate 1 

ml samples of bulk seawater (no pre-filtration) were aliquoted into sterile cryovials and 

100 µl of a glycerol TE stock solution (20 ml 100X TE pH 8.0, 60 ml sterile deionized 
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water, 100 ml molecular grade glycerol) was added to each. The vials were gently mixed 

and then frozen at -80ºC. 

 

Biomass samples for RNA processing were collected from the ETNP OMZ during the 

Oxygen Minimum Zone Microbial Biogeochemistry Expedition 2 (OMZoMBiE2) cruise 

(R/V New Horizon; May 10 - June 8, 2014). Seawater samples were collected at six 

stations along an east-west transect spanning a coastal to off-shore gradient (Figure 1). 

Stations and water column depths sampled for RNA processing are summarized in Table 

1. Seawater collection strategy was the same as described above. Seawater samples were 

collected from discrete depths and microbial biomass was collected by sequential in-line 

filtration of seawater (~2-4 L) through a glass fiber disc prefilter (GF/A, 47 mm, 1.6 µm 

pore-size, Whatman) and a primary collection filter (Sterivex™, 0.22 µm pore-size, 

Millipore) using a peristaltic pump. Sterivex filters were filled with RNA stabilizing 

buffer (25 mM Sodium Citrate, 10 mM EDTA, 5.3M Ammonium sulfate, pH 5.2), flash-

frozen in liquid nitrogen, and stored at -80°C. Less than 20 min elapsed between sample 

collection (water on deck) and fixation in buffer. 

 

 Collection of samples and measurements of process rates. Seawater for anammox 

process rate measurements was collected from stations corresponding to the RNA 

samples (Table 5.1). Water for rate determinations was sampled directly from the Niskin 

bottle immediately after its arrival onboard and transferred to 250 ml glass bottles. 

Bottles were overflowed (three volume equivalents) and sealed bubble free with 

deoxygenated butyl rubber stoppers (De Brabandere et al, 2014). Within 6 hours of 
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collection, each bottle was amended with 5 µM 15NH4
+, and subsequently purged with 

helium for ~ 20 min. With a slight overpressure, water was dispensed into 12 ml 

exetainers (Labco, Lampeter, Ceredigion, UK) and immediately capped with 

deoxygenated lids. Headspaces of 2ml were introduced into each exetainer and flushed 

twice with helium and incubated in the dark at in situ temperature. For each experiment, 

triplicate exetainers were preserved with 100 µl of 50% (w/v) ZnCl2 at the start of the 

incubation and again after 24 hours at each depth.  

 Production of 14N15N and 15N15N was determined on a gas chromatography 

isotope ratio mass spectrometer (GC-IRMS; Dalsgaard et al, 2012). Rates of N2 

production by anammox were calculated based on the equations presented in Thamdrup 

and Dalsgaard, (2002). Anammox rates were calculated from the slope of the linear 

regression of 14N15N with time. T-tests were applied in all cases to determine whether 

rates were significantly different from zero (p<0.05).      
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Figure 5.1. Map of sampling sites in the ETNP OMZ during OMZoMBiE2 cruise (R/V 

New Horizon; May 10 - June 8, 2014). Map showing the location of sampling sites (off 

the coast of Manzanillo, Mexico) was generated in Ocean Data View. Stations marked T 

were located along an east-west transect of coastal to off-shore gradient. 
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Table 5.1 Summary of Stations and Depths sampled for RNA processing and Anammox 
rate measurements in the ETNP OMZ 

 
x represents depths sampled for anammox rate measurements 
 
 
 
  

Station	 Latitude	N	 Longitude	W	 Depth	(m)	 Study	
generated	in	

Samples	for	
Anammox	

Rate	
measurements	

6T	 18	54.001	 104	54.040	 75	 Padilla	et	al.,2016	 x	

6T	 18	54.001	 104	54.040	 80	
Garcia-Robledo	et	

al.	(In	prep)	 x	

6T	 18	54.001	 104	54.040	 100	
Garcia-Robledo	et	

al.	(In	prep)	 x	

6T	 18	54.001	 104	54.040	 150	
Garcia-Robledo	et	

al.	(In	prep)	 x	

6T	 18	54.001	 104	54.040	 200	
Garcia-Robledo	et	

al.	(In	prep)	 x	

6T	 18	54.001	 104	54.040	 300	 Padilla	et	al.,2016	 	

3T	 18	54.201	 107	29.922	 113	 This	study	 x	

3T	 18	54.201	 107	29.922	 136	 This	study	 x	

7T	 18	12.023	 104	12.160	 91	 This	study	 x	

7T	 18	12.023	 104	12.160	 99	 This	study	 x	

7T	 18	12.023	 104	12.160	 105	 This	study	 x	

7T	 18	12.023	 104	12.160	 150	 This	study	 x	

7T	 18	12.023	 104	12.160	 250	 This	study	 x	

4T	 18	53.873	 106	17.977	 60	
Garcia-Robledo	et	

al.	(In	prep)	 	

4T	 18	53.873	 106	17.977	 100	
Garcia-Robledo	et	

al.	(In	prep)	 	

4T	 18	53.873	 106	17.977	 150	
Garcia-Robledo	et	

al.	(In	prep)	 	

4T	 18	53.873	 106	17.977	 200	
Garcia-Robledo	et	

al.	(In	prep)	 	

8T	 18	11.885	 104	53.804	 75	 This	study	 x	

10T	 18	12.047	 106	17.797	 100	 Padilla	et	al.,2016	 	

10T	 18	12.047	 106	17.797	 150	 Padilla	et	al.,2016	 	

10T	 18	12.047	 106	17.797	 300	 Padilla	et	al.,2016	 	
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5.3.2 Single cell sorting, multiple displacement amplification, and SAG 16S rRNA 

gene screening 

 Single amplified genomes (SAGs) were generated according to standard 

procedures in the Department of Energy Joint Genome Institute workflow involving 

single cell sorting, whole genome amplification, and 16S rRNA screening following the 

procedures outlined previously (Rinke et al., 2013) with minor modifications. Briefly, 

sorted cells were treated with Ready-Lyse lysozyme (Epicentre; 5U/µL final conc.) for 15 

min at room temperature prior to the addition of lysis solution. Whole genome multiple 

displacement amplification was performed with the REPLI-g Single Cell Kit (Qiagen) 

with final reaction volumes of 2 uL. Amplification reactions were terminated after 6 hr. 

Preliminary taxonomic identity was assigned to each of the SAGs by PCR amplification 

and Sanger sequencing of a ~470 bp region of the 16S rRNA gene (amplified using 

primers 926wF (5′-AAACTYAAAKGAATTGRCGG3′) and 1392R (5′-

ACGGGCGGTGTGTRC3′) for archaea and bacteria), followed by comparisons to the 

Greengenes rRNA database. 

 

5.3.3 Single Amplified Genome sequencing 

 A total of 20 SAGs identified by 16S rRNA screening as belonging to Ca. 

Scalindua were selected for Illumina MiSeq sequencing. These included 9 and 11 SAGs 

from 125m and 300m in the ETNP, respectively. SAG DNA sequencing libraries were 

prepared using the Nextera XT DNA Library Prep kit (Illumina, San Diego, CA, USA) to 

generate indexed libraries following manufacturer instructions. Libraries were pooled and 
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sequenced at Georgia Tech on a single run of an Illumina MiSeq using a v2-500 cycle 

(paired end 250 x 250bp) kit. 

 

5.3.4 RNA extraction and cDNA sequencing 

 RNA was extracted following the protocol in Ganesh et al. (2015). Briefly, RNA 

was extracted from Sterivex filters using a modification of the mirVanaTM miRNA 

Isolation kit (Ambion). Filters were thawed on ice, and RNA stabilizing buffer was 

expelled via syringe from Sterivex cartridges and discarded. Cells were lysed by adding 

Lysis buffer and miRNA Homogenate Additive (Ambion) directly to the cartridge. 

Following vortexing and incubation on ice, lysates were transferred to RNAase-free tubes 

and processed via acid phenol:chloroform extraction according to the kit protocol. The 

TURBO DNA-free™ kit (Ambion) was used to remove DNA, and the extract was 

purified using the RNeasy MinElute Cleanup Kit (Qiagen).  

 Community cDNA sequencing was used to characterize microbial gene 

transcription in biomass (Sterivex filter fraction). Community RNA was prepared for 

sequencing using the ScriptSeqTM v2 RNA-Seq Library preparation kit (Epicentre). 

cDNA was synthesized from fragmented total RNA (rRNA was not removed) using 

reverse transcriptase and amplified and barcoded using ScriptSeq™ Index PCR Primers 

(Epicenter) to generate single-indexed cDNA libraries. cDNA libraries were pooled and 

sequenced on an Illumina MiSeq using a v2-500 cycle (250x250bp) kit. 

 



 

 175 

5.3.5 SAG sequence analysis 

 Illumina reads were filtered by quality with a Phred score cutoff of 25 and 

trimmed using TrimGalore 

(http://www.bioinformatics.babraham.ac.uk/projects/trim_galore/). High-quality paired 

reads were merged using FLASH (Magoc and Salzberg, 2011). Quality-trimmed merged, 

and unmerged reads were assembled using the SPAdes assembler (Bankevich, 2012) with 

k-mer sizes of 21,33,55,77,99,127, and the single-cell (-sc) option. Percentage of 

contamination and genome completeness were assessed based on recovery of lineage-

specific marker gene sets using CheckM (Parks et al., 2015). Coding sequences were 

predicted on contigs using GeneMark.hmm (Lukashin and Borodovsky, 1998) and 16S 

rRNA gene sequences were identified using RNAmmer (Lagesen et al., 2007), both using 

default parameters.  Only SAGs that had greater than 1000 predicted genes were used for 

further analysis.  

 For the assemblies that included a 16S rRNA sequence (n=8 SAGs), the 

assembled 16S sequence was compared to the 470 bp 16S fragment obtained during the 

initial SAG screening at the DOE JGI and confirmed to be identical. The full-length 16S 

rRNA gene sequences obtained from SAGs were aligned with reference sequences from 

environmental clones and closely related sequenced representatives obtained from 

GenBank, using Clustal Omega (Sievers and Higgins, 2014). The alignments were 

trimmed and a maximum likelihood analysis of the sequence alignment   was carried out 

in MEGA7 (Kumar et al., 2015) based on the Kimura 2- parameter model (Kimura M, 
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1980) and 100 bootstraps. A discrete gamma distribution was used to model evolutionary 

rate differences among sites (+G; parameter=0.05).   

 Predicted protein coding genes were functionally annotated using the blast2go 

pipeline (Conesa et al., 2005) and the BLASTKOALA pipeline (Kanehisa et al., 2016) 

for assignment of EC numbers and mapping to metabolic pathways. Functional 

assignments were manually screened via text searches to identify genes for anammox 

metabolism (hydrazine synthase, hydrazine/hydroxylamine oxidoreductase), central 

carbon metabolism (carbon monoxide dehydrogenase, formate dehydrogenase) and other 

nitrogen metabolism associated genes (nitrate reductase/nitrite oxidoreductase, 

ammonium transporters, cyanate metabolism genes, ureases and urea transporters).  

 To determine relatedness among the SAGs, Average Amino Acid Identity (AAI) 

was calculated between each pair of SAGs using the aai.rb script from the enveomics 

toolkit (Rodriguez-R and Konstantinidis, 2016). The get_homologues software package 

(Contreras-Moreira, 2013), which uses reciprocal best BLAST matches followed by 

identification of shared gene clusters with the OrthoMCL (Li L et al., 2003) algorithm, 

was used to identify genes shared between each SAG and reference Ca. Scalindua brodae 

protein coding sequences.  Ca. Scalindua brodae was selected as a reference as it was the 

closest relative to the OMZ SAGs (based on 16S similarity) with an almost complete 

(92%) draft genome available.  

 A custom cyanate hydratase database was created comprising of genes found in 

IMG genomes and IMG metagenomes annotated as cyanate lyase/hydratase, as well as 

Uniprot entries for cyanate lyase. Phylogenetic analysis of putative cyanate hydratase 

sequences identified in the SAGs was carried out with 100 reference sequences from this 
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custom database comprising of sequences from ammonia oxidizing archaea including 

Nitrosospheaera gargensis, nitrite oxidizing bacteria and several broad level taxa. 

Sequences were aligned using MAFFT (Katoh, 2013) and a phylogeny was inferred using 

RAxML implemented in the program Practical Alignment using SATé and TrAnsitivity 

(PASTA; Mirarab, S. et al., 2014).  

 

5.3.6 Metatranscriptome analysis 

 Non-rRNA reads from the metatranscriptome datasets from stations and depths 

listed in Table 5.1 were queried against databases created from individual SAG amino 

acid sequences for a best-BLAST match. Only protein coding sequences from SAGs that 

had >1000 predicted genes were used for this analysis (n=8). The BLAST output was 

parsed to identify transcripts recruiting to SAGs with a bit score > 50 and >95% amino 

acid identity. Counts of mapped transcripts for each unique protein coding gene were 

normalized to a uniform sequence depth of 2500 reads matching the SAGs to facilitate 

comparison between datasets. Scalindua transcriptional abundance is expressed as the 

total number of mRNA transcripts that found a significant match against a SAG protein 

database, normalized to the total dataset size (total non-rRNA reads).  

 For each sample, read counts per protein-coding gene were normalized to a total 

of 2500 sequences matching the SAG database, for comparison between samples. 

Normalized read counts were used for a Canonical Correspondence Analysis (CCA) 

alongside environmental measurements of water column nitrite, oxygen, anammox rates, 

and depth, using the program Past3 (Hammer and Harper, 2001).   

 Tests for differential expression of functional genes between two distinct depth 
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zones, the nitrite maximum (125-150m) in the upper OMZ and the OMZ core (200m-

300m) where nitrite levels are lower, were carried out in DESeq2 (Love et al., 2014). Due 

to lack of biological replicates from each sampling site, samples from different sites were 

grouped as replicates for each depth zone. 

 

 5.4 Results and Discussion 

 OMZ chemical conditions and spatial heterogeneity in anammox rates. Dissolved 

oxygen concentrations recorded by the SBE43 sensors were highest in the surface waters 

(~200µM) with oxygen (O2) concentrations dropping rapidly between 50m and 80m 

(oxycline). Between 85m and 870m (OMZ core), oxygen concentration was <50 nM, 

representing the core of the OMZ. As observed previously, a characteristic secondary 

nitrite maximum (with nitrite concentrations ranging from 3-5 µM) was identified within 

the anoxic core, spanning the depths between 125m and 150m, with nitrite concentrations 

then declining at deeper core depths.  Samples for RNA analysis and anammox rate 

measurements spanned this oxygen and nitrite gradient, including samples from the 

oxycline and OMZ core from six sites on a coastal to off-shore transect in the ETNP 

(Figure 5.1). 

 Anammox rates varied substantially over depth gradients and with proximity to 

shore (Figure 5.2).  The highest rates were observed in the upper OMZ with the sharpest 

rate increases observed at the base of the oxycline upon transition into the anoxic zone 

and nitrite-enriched layer.  For example, rates at station 7T increased from effectively 

zero at 91 m to 3.1 nM N2 d-1 at 99 m, coincident with an increase in nitrite 

concentrations (from 0.01µM to 0.39µM).  Ammonium concentrations are generally low 
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in OMZs and decrease substantially with depth (0.01-0.03 µM in the ETSP OMZ; Galan 

et al., 2009). Elevated anammox rates in the upper OMZ is likely driven by co-

availability of ammonium and nitrite in this zone (Ulloa et al., 2012). These rates are 

consistent with those measured by Babbin et al., (2014) and Ganesh et al., (2015), at sites 

close to ours in the ETNP, and are also generally consistent with anammox rates recorded 

in other open-ocean OMZs (Lam and Kuypers, 2011). Rates were also consistently 

highest at stations nearest to shore (6T, 7T), compared to off-shore sites (Figure 5.2; ~5 

fold greater rates as coastal sites), consistent with analyses in the ETSP showing an 

overall increase in bulk N cycling rates driven by increased organic matter supply close 

to shore (Kalvelage et al. 2013). 
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Figure 5.2 Water column chemistry and Ca. Scalindua transcriptional abundance in the 

ETNP OMZ. (a) Dissolved oxygen profile based on measurements by SBE43 sensor. (b) 

Profiles of Nitrite concentration. (c) Anammox rates measured in nM N2 per day. (d) 

Scalindua transcriptional abundance (as a % of total mRNA transcripts) obtained by 

mapping community mRNA transcriptomes to 8 different SAGs. (e) Hao/Hzo transcript 

relative abundance normalized to gene length and expressed as a proportion of total 

mRNA transcripts matching Ca. Scalindua. Colors represent the different sampling sites. 
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Genomic features of Ca. Scalindua SAGs 

 General features and phylogenetic placement. General sequence features of the 

assembled SAGs are summarized in Table 3.  Genome completeness estimates, based on 

the detection of phylogenetic marker genes (as computed by CheckM; Parks et al., 2015) 

ranged from 0-50% for the 20 sequenced SAGs. Ribosomal RNA (rRNA) operons were 

identified in 8/20 SAGs.  SAG 16S rRNA sequences were closely affiliated (>95% 

nucleotide identity) with the 16S rRNA of the anammox bacterium Ca. Scalindua brodae 

from enrichment cultures, as well as several uncultured environmental planctomycetes. 

Indeed, phylogenetic analysis of the SAG 16S sequences revealed clustering into two 

very closely related clades that are highly similar to environmental anammox 

planctomycetes from the Arabian Sea and the Red Sea (Woebken et al., 2008; Galan et 

al., 2009; Guan et al., 2015) (Figure 5.3). SAG sequences from these two clades showed 

a greater nucleotide similarity among themselves (99-100% nucleotide identity) than to 

the 16S rRNA from sequenced representatives in the database, suggesting limited 

species-level heterogeneity in the OMZ. 

 SAG genomes were compared against the most closely related reference 

Scalindua genome, that of Ca. S. brodae (Speth et al., 2015), to identify genes unique to 

OMZ representatives. The analysis revealed that each of the SAGs (n=8) share ~47% of 

their total protein coding genes (total protein coding genes in each SAG > 1000) with 

Scalindua brodae, with an average amino acid identity (AAI) of 75%, suggesting the 

SAGs are distantly related species of the same genus (Konstantinidis and Tiedje, 2007). 

Among the shared genes are the genes for the anammox metabolism, essential cellular 

machinery like protein and nucleotide metabolism and a large number of hypothetical 
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proteins. Unique genes present in the OMZ SAGs not present in Scalindua brodae 

include genes encoding ureases, urea transporters, some transposases and integrases. 
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Table 5.2 Candidatus Scalindua Single Amplified Genome assembly statistics and 
genome features 
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Figure 5.3 16S rRNA gene phylogeny. Full length 16S rRNA sequences identified in the 

Ca. Scalindua SAGs (n=8) are placed in two closely related clades of anaerobic 

ammonium oxidizing bacterium/planctomycete obtained from the Arabian Sea and the 

Red Sea (obtained in other studies, Woebken et al., 2008; Galan et al., 2009; Guan et al., 

2015). Tree was constructed based on Maximum Likelihood analysis using the Kimura-2 

parameter model with Gamma distribution (+G; parameter=0.05; 100 bootstraps) in 

MEGA7. Bootstrap values >50 are represented by filled circles (gray). 
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Nitrogen utilization genes 

 Anammox. Genes encoding enzymes of the anammox process were identified in 

all assembled SAGs.  These included hydrazine synthase (hzs), which catalyzes the 

condensation of ammonium and nitric oxide into hydrazine, and 

hydrazine/hydroxylamine oxidoreductase (hzo/hao) which function to transform 

hydrazine to N2 during anammox (Kuenen, 2008), which were (in four cases) co-

localized on the same contig. The hzsBC genes are present in a single copy while the hao 

genes are present in up to 6 copies per SAG, which is consistent with prior reports of 

multiple copies of this gene in Scalindua genomes (van de Vossenberg et al., 2012; Speth 

et al., 2015).  Multiple genes (1-4 copies depending on the SAG) encoding ammonium 

transporters (Amt), which facilitate acquisition of this substrate for the anammox process, 

were detected on OMZ SAGs, with multiple copies together on the same contig in most 

of the SAGs.  

 Growth of anammox bacteria is fueled by the reduction of nitrite and transfer of 

electrons to drive autotrophy, with nitrite reduction catalyzed by nitrate:nitrite 

oxidoreductases (Nar/Nxr). Genes matching Nar/Nxr of anammox bacteria were 

identified in 6/8 SAGs. The NirS gene for the synthesis of nitric oxide from nitrite, was 

present in 4/8 SAGs.  

 

Alternate nitrogen substrates 

 Cyanases. Putative cyanate metabolism genes (CynS: cyanate hydratase/lyase; 

CynT: carbonic anhydrase) were identified in 5 SAGs. Cyanate hydratase or cyanase is 

used to convert cyanate and bicarbonate to produce ammonia and carbon dioxide. The 
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ammonia produced may be used to fuel the anammox process. The carbonic anhydrase 

encoded by the CynT gene prevents depletion of bicarbonate during cyanate 

decomposition due to loss of CO2 by diffusion out of the cell (Guilloton et al., 1992).  

 Specific transporters for cyanate were not identified in the SAGs, but it has been 

suggested that cyanate may be transported into the cell by transporters of nitrite (NirC) or 

formate (FocA) (Spang et al., 2012), genes for which were identified in the SAG 

genomes The genes identified to be putative cyanate hydratases exhibited a 71% amino 

acid similarity to a cyanate hydratase gene from Nitrospina (top BLASTP match) and 

44% amino acid similarity to an experimentally verified cyanase from the ammonia 

oxidizing archaea Nitrososphaera gargensis (Palatinzsky et al., 2015), with 100% 

coverage across the 150 aa sequence, and possesses a conserved catalytic Cyanase C 

domain. A phylogenetic analysis of the SAG cyanase sequences, along with reference 

cyanate hydratase sequences from environmental and sequenced representatives, 

confirmed a close clustering of the SAG genes to those of Nitrospina suggesting a close 

relationship that may be attributed to horizontal gene transfer events (Figure 5.4).   

 Indeed, horizontal gene transfer between anammox bacteria and Nitrospina, both 

of which are abundant in the upper OMZ, has been suggested previously based on a large 

number of shared homologous genes (Lucker et al., 2013).   
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Figure 5.4 Phylogenetic reconstruction of Cyanate hydratase sequences from SAGs. 

Maximum Likelihood tree of SAG cyanate hydratase sequences along with reference 

cyanate hydratase sequences from nitrite oxidizing bacteria and archaea, and 

environmental metagenomes was constructed using RAxML implemented in the program 

Practical Alignment using SATé and TrAnsitivity, with an alignment generated using 

MAFFT. SAG cyanate hydratases cluster in a single clade with cyanase from Nitrospina 

and a putative cyanase from an anammox enrichment. 
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 We searched publicly available anammox bacterial genomes and metagenomes 

against a curated custom database of cyanate hydratase protein sequences obtained from 

100 sequenced representative species and environmental samples across a broad range of 

taxa, to identify the presence of the cyanase gene in other anammox bacteria (using 

BLASTP with a bitscore cutoff of 50 and e-value 0.0001). We were able to identify a 

putative cyanate hydratase gene in two metagenomic assemblies of Ca. Scalindua 

profunda from a marine sediment enrichment (van de Vossenberg et al., 2012; JGI taxon 

ID 2017108002). This gene had previously been annotated as a putative cyanase based on 

its limited homology to a cyanase from a plant (Vitis vinifera; van de Vossenberg et al., 

2012). Our analysis shows its greater homology to cyanate hydratase from nitrite 

oxidizing bacteria and anammox bacteria, suggesting a closer evolutionary relationship. 

In addition, this metagenome also possesses a gene encoding a putative cyanate 

permease. This suggests a previously unidentified potential of anammox bacteria to 

degrade cyanate in the environment. Cyanate hydratase genes were not identified in 

protein coding sequences from the genomes of Ca. Scalindua brodae, Ca. Kuenenia 

stuttgartiensis, Ca. Jettenia, Ca. Brocadia fulgida, or other planctomycetes 

(Rhodopirrellula baltica and Blastopirellula marina).  

 These data raise the hypothesis that OMZ Ca. Scalindua sp. metabolize cyanate, 

potentially as a source of ammonium, when ammonium is limiting in the environment. 

Potential sources of cyanate in marine systems include in situ release of cyanate by the 

microbial community as a byproduct of cellular metabolism, (Sorokin et al., 

2001), cyanate release through cell lysis or by grazers, spontaneous decomposition of the 

metabolic intermediate carbamoyl phosphate (Allen and Jones, 1964) and other organic 
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cellular metabolites, and urban agricultural runoff containing urea (Gilbert et al., 

2006) followed by spontaneous aqueous decomposition to cyanate.  Although data for 

cyanate distribution within the OMZ water column is currently unavailable, coupling 

cyanate utilization rates with anammox rates, along with measurements of cyanate 

concentrations in OMZs, would provide further support to the ability of these bacteria to 

metabolize cyanate as an energy or nitrogen source (ammonium).  

 

 Ureases. In addition to ammonium and cyanate, urea may also be an ammonia 

source for anammox bacteria in marine systems. Urease enzymes catalyze the hydrolysis 

of urea to ammonia and carbon dioxide, and are found ubiquitously in diverse species of 

plants, bacteria, and fungi.  

 Genes coding for the entire set of ureases and accessory proteins (ureABCDEFG) 

were identified in two of the Scalindua SAGs, in addition to several genes encoding urea 

transport proteins (urtABCDE). The entire set of ure genes was detected on a single 

contig with the genes encoding the transport proteins on a separate contig. The 

arrangement of the ure genes in gene cluster is similar to that observed in other bacteria, 

such as members of the Enterobacteriaceae (D’orazia and Collins, 1993). Urease genes 

may be constitutively expressed in some bacteria (Collins and Falcow, 1990), or 

expressed only during nitrogen-limiting growth, as observed in some Klebsiella species 

(Collins et al., 1993), or in the presence of urea in the surrounding environment (D’orazia 

and Collins, 1993). Autotrophic ammonia oxidizing archaea from acidic soils have also 

been shown to possess ureolytic activity (Lu and Jia, 2013), and ammonia oxidizing 

bacteria in an enrichment reactor were shown to utilize urea as an energy source for 
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nitrification, with anammox bacteria depending on them for ammonium (Sliekers et al., 

2004). The ability of anammox bacteria to utilize urea over ammonium would depend on 

the relative availabilities of both substrates. The oxic-anoxic interface in the upper OMZ 

water column may be where urea is most available (Sambrotto, 2000), owing to the peak 

in particles and organic matter remineralization in this zone (Kalvalege et al., 2013), and 

potentially where anammox bacteria might be predicted to expressing genes for urea 

utilization. The presence of genes for the uptake and utilization of diverse nitrogen 

sources provides support for the environmental plasticity of anammox bacteria along 

OMZ gradients. 

 

 Carbon utilization genes. Anammox bacteria use the energy from their catabolism 

for autotrophic growth. The acetyl-coA pathway (Wood-Ljungdahl pathway) has been 

demonstrated to be active in anammox bacteria through the expression of two key 

enzymes in this pathway – carbon monoxide dehydrogenase and formate dehydrogenase 

(Strous et al., 2007).   Marker genes for the acetyl-coA pathway of carbon fixation– 

carbon monoxide dehydrogenase and formate dehydrogenase were identified in all the 

SAGs, and were found to be transcriptionally active within the core of the OMZ (100 – 

300m), indicative of active autotrophic carbon fixation by Scalindua in the OMZ core, as 

reported earlier (Ganesh et al., 2015). The enzyme formate dehydrogenase can also be 

used for the heterotrophic growth of these organisms on formate as a carbon source 

(Kartal et al., 2014), potentially lending metabolic flexibility if anammox substrates are 

limiting. Genes for intermediary metabolism of gluconeogenesis and the TCA cycle were 

present in the SAGs and transcriptionally active. A gene encoding putative citrate 
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synthase, which was reported to be missing in Ca. Kuenenia stuttgartiensis but detected 

in Ca. Scalindua profunda (Kartal et al., 2013; Van de Vossenberg et al., 2012), as well 

as those for 2-oxoglutarate ferredoxin oxidoreductase (marker genes for the reverse TCA 

cycle), are present in the SAGs. 

 

Ca. Scalindua gene transcription  

 Protein-coding transcripts matching Ca. Scalindua SAGs (at 95% aa identity and 

bit score >50) formed a relatively small fraction of the total mRNA transcript pool in the 

ETNP OMZ, from 0.0015% at the oxycline and upper OMZ depths, then increasing with 

decreasing oxygen to 0.5% in the OMZ core (Fig 1).  A similar vertical distribution of 

anammox bacterial genes and transcripts, with peaks in abundance at core OMZ depths 

below the nitrite maximum, was previously observed in the Chilean OMZ (Stewart et al. 

2012) and in a prior study in the ETNP OMZ (Ganesh et al. 2015), and may be linked to 

both substrate and oxygen availability (Dalsgaard et al., 2014). For example, ammonium 

in the OMZ water column is dependent on the remineralization of organic matter from 

the surface (Galan et al., 2009) thereby leading to a vertical gradient of decreasing 

ammonium with depth.  This suggests intensity of upwelling/water circulation and 

availability of ammonium as other important factors that determine the vertical 

partitioning of anammox rates at any time (Ulloa et al., 2012). Scalindua transcript 

abundance, however, did not parallel the measured anammox rates within the OMZ, 

which peaked at the top of the OMZ (100m) near the nitrite maximum and not in the 

core, which is in line with previous reports (Thamdrup et al., 2006; Lam et al., 2009; 

Galan et al., 2009; Lam et al., 2011; Daalsgard et al., 2012). This potential decoupling of 
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anammox rates and anammox bacterial abundances suggests that the total contribution of 

Scalindua to the community is not exclusively driven by the anammox process. 

 To examine site-specific variation in Scalindua gene transcription, normalized 

transcript abundances of 960 Scalindua-specific genes (matching the SAG N19), along 

with measurements of nitrite and anammox rates from each OMZ depth, were subjected 

to a Canonical Correspondence Analysis (CCA) (Figure 5.5). This analysis revealed gene 

expression profiles of Scalindua are strongly correlated to depth, nitrite availability and 

anammox rates across different sites. Functional gene expression at the nitrite maximum 

(between 125m-150m) is largely driven by nitrite availability, while deeper in the OMZ, 

depth plays a greater role in structuring gene expression. Gene expression also appeared 

to vary with proximity to shore, as evidenced by a partitioning of profiles between 

offshore sites vs those closer to shore where anammox rates were higher, suggesting the 

role of proximity to the coast and organic matter input in driving overall activity.  
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Figure 5.5 Canonical Correspondence Analysis (CCA) plot of Scalindua functional gene 

expression profile. Normalized transcript abundance of 960 protein-coding genes 

(matching SAG N19) across OMZ depths and sites, alongside environmental 

measurements of water column Nitrite, Anammox Rates and Depths was subjected to a 

CCA analysis. Clustering patterns reveal a site-specific gene expression within the OMZ 

driven by environmental gradients – gene expression profiles are similar at the nitrite 

max across off-shore sites, coastal sites with high anammox rates have similar gene 

expression profiles, and expression profiles are similar across sites at the core OMZ 

depths. 
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 Anammox: The transcription of a key gene for the anammox process, hydrazine 

synthase (hzsBC) accounted for up to 16% of all Scalindua-like transcripts in the OMZ. 

The hzs transcription showed two peaks – at 80m (oxycline) and at 150m (nitrite max) 

suggesting an increase in anammox activity with the distribution of nitrite. Hydrazine 

synthase genes were also the most transcriptionally active Scalindua gene in the OMZ.  

Hydrazine/hydroxylamine oxidoreductase (Hao) genes peaked in transcriptional activity 

at 200m in the core of the OMZ, and its transcription increased ~1-3 fold from 75m to 

200m. Hao transcripts accounted for up to 15% of the total Scalindua-like transcript pool 

within the ETNP OMZ. Of the multiple hao variants identified in the SAGs, only one 

variant was highly transcribed within the OMZ. It has been suggested that paralogs of 

hao  may have alternative functions in Scalindua, including detoxification of potentially 

hazardous nitrogen compounds (Kartal et al., 2011), or even an ammonia-forming 

capacity as in the epsilon proteobacterium Nautilia (Campbell et al., 2009).  

 

 Nitrite oxidation/Nitrate reduction: Transcripts matching the NarGH/Nxr genes 

were present at a higher proportional abundance in the upper depths (80m), where these 

transcripts accounted for up to ~2% of the Scalindua-like transcript pool. Higher 

transcriptional abundance of nitrate reductases associated with anammox bacteria at 

upper OMZ depths has previously been observed in the ETSP OMZ, and their 

proportional abundance was reported to be negatively correlated with the abundance of 

hao transcripts (Stewart et al., 2012). We observe a similar trend here. Nar/Nxr in 

anammox bacteria traditionally function to oxidize nitrite to nitrate anaerobically while 

pumping electrons into transport systems to fuel autotrophy (Lucker et al., 2010). They 
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can also function as a traditional nitrate reductase when growing heterotrophically on 

organic matter with nitrate as electron acceptor (Kartal et al., 2007). NirS genes were 

transcribed in very low abundances in the metatranscriptomes. A similar low expression 

was observed in K. stuttgartiensis (Kartal et al., 2011).  However, in the Ca. Scalindua 

profunda proteome, NirS was one of the most abundant proteins (Van de Vossenberg et 

al., 2012). This difference in expression of an important intermediate suggests variation 

in response to ecological conditions.   

 

 Ammonium Transport: Transcripts encoding genes for ammonium transporters 

(Amt) formed a significant proportion of the total Scalindua-like transcripts within the 

OMZ (~3% of the transcript pool). Ammonium transporter genes are transcriptionally 

active in the anoxic depths of the OMZ but are not transcribed at the upper oxycline (75, 

80m). The transcription of genes for ammonium transporters (amt) peaked at the 200m 

depth. Of the multiple ammonium transporter genes present in the SAGs, one variant was 

transcribed at a higher proportional abundance. As anammox bacteria may be 

ammonium-limited in the OMZs, due to low environmental concentrations like other 

marine environments (Schmidt et al., 2004; Weidinger et al., 2007), the higher 

transcription of these high-affinity transporter genes is suggestive of their adaptation to 

nutrient limitation.  

 

 Organic Nitrogen Utilization: Cyanate hydratase genes were found to be 

transcriptionally active within the OMZ core. Transcripts encoding cyanate metabolism 

genes were detected only below the oxycline (depths below 100m) with a peak in 
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transcription at 200m. Preliminary studies in open ocean systems suggests that cyanate 

concentrations are highest just below the euphotic zone and decrease with depth (Widner 

et al., 2013). The close proximity of anammox bacteria to the nitrite maximum coupled to 

a limitation in ammonium at these depths and potential availability of cyanate may make 

these intermediate depths, important sites for active cyanate utilization. Transcripts for 

cyanate transporters were not detected, however like discussed previously, transporters of 

nitrite (NirK) and formate (FocA) which were transcriptionally active within the OMZ, 

may function in transporting cyanate from the environment. Additionally, the detection of 

a putative cyanate permease in an anammox bacteria contig from an enrichment 

metagenome (see Genomic features of Scalindua SAGs above) suggests that Scalindua 

may possess this gene, but due to the incomplete nature of the SAGs, was likely not 

detected in our analyses.  

 

 Relative transcript abundance of urease genes increases with depth, with a 

transcription peak at 150m. Transcripts for urea transporters (urt) are also enriched at 

100m and 150m within the OMZ. It is interesting to note that transcripts for the gene 

urtA, which encodes a urea transport system substrate binding protein, is on average 36 

fold higher than transcripts for other urea transport proteins, and the relative transcript 

abundance for urtA increases with depth. The urt transporters for urea are high affinity 

transporters, expressed only during nitrogen limitation, and may be an adaptation to low 

urea concentrations (Koch et al., 2015).  Additional information on urea availability and 

distribution in OMZ water columns would be very valuable in deciphering the potential 

of OMZ anammox bacteria to utilize urea to drive the anammox process.  
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Figure 5.6. Relative abundance of transcripts matching the (a) Cyanate hydratase (CynS) 

gene and (b) Urease (UreC) gene from the Scalindua SAGs in the ETNP OMZ sampling 

sites.  

  

(a) 

(b) 
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 5.5 Conclusions 

 Ca. Scalindua in OMZs are metabolically diverse and are distinct from 

representative anammox bacteria previously obtained from enrichment cultures. OMZ 

Scalindua SAGs revealed low level of genetic variation among each other based on 16S 

rRNA gene sequence identity suggesting only strain level heterogeneities in the 

population. This relative lack of diversity within Scalindua has been reported previously 

(Villanueva et al., 2014), and may be attributed to the evolutionary pressures associated 

with developing the mechanism to carry out the highly specialized process of anammox. 

Analysis of functional gene expression patterns of Scalindua within the OMZ, however, 

suggest that they exhibit metabolic variation within the OMZ by modifying gene 

expression at various ecological niches. This variation is driven by environmental factors 

such as nitrite availability, oxygen, and anammox rates within the OMZ depth gradient. 

However, testing for differentially expressed Scalindua genes between transcriptomes 

from the nitrite maximum (125m-150m) versus the OMZ core (200m-300m) did not 

reveal any statistically significant expression of functional genes (p<0.05). Due to the 

lack of biological replicates from each of the sites, we combined transcriptomes from 

nitrite maximum across different sites and OMZ depths across different sites (coastal and 

off-shore). Thus, individual site-specific trends in differential expression of functional 

genes could be masked, leading to conservative estimates of differential gene expression 

between these two ecological niches in the OMZ.  

 Scalindua vary in transcriptional abundance distinctly along the depth of the water 

column, and exhibit a maximum at the core of the OMZ (200m). The measured anammox 

process rates however do not follow this pattern, with rates being highest at the top of the 
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OMZ (100m). This uncoupling of anammox rates and anammox bacteria abundance 

suggests that the contribution of Scalindua to the total microbial community is not 

exclusively driven by the anammox process.  

 In addition to the anammox process, OMZ Scalindua are potentially capable of 

participating in other processes including dissimilatory nitrate reduction for heterotrophy 

(Kartal et al., 2006), as well as conversion of cyanate and urea to ammonia, for 

downstream use in the anammox process. Their contribution to other metabolic pathways 

remains to be understood, and may provide further support to their metabolic versatility. 

Measurements of anammox rates in communities amended with cyanate will help clarify 

the contribution of cyanate-driven anammox to total anammox rates, and provide a better 

understanding of the role of cyanate within OMZs.  

 Due to the fragmentary nature of the SAGs, a complete genome reconstruction 

has not been possible. But based on the fragmentary genomic information available from 

these SAGs, we see limited protein-coding genes being shared with other closely related 

Scalindua genomes. Sequencing at greater depth across these SAGs coupled with 

transcriptome mapping would in exhaustively determining the transcriptional patterns, 

which would likely provide greater support to their genomic plasticity within the unique 

OMZ environment that is characterized by steep chemical gradients.  

Disclaimer: This chapter is currently being prepared as a manuscript for submission to a 

journal for publication. 

Citation: Ganesh S, Bristow LA, Padilla CC, Thamdrup B, Stewart FJ. (In prep). 

Metabolic plasticity of a pelagic anammox bacterium over redox gradients in a marine 

oxygen minimum zone.  
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CHAPTER 6 

CONCLUSIONS AND RECOMMENDATIONS 

 The thesis couples molecular genomic and biochemical approaches to investigate 

how environmental variation over multiple spatial scales shapes microbial community 

diversity, genomic potential, and biochemical cycling in marine oxygen minimum zones. 

Specifically, we utilized metagenomic and metatranscriptomic approaches to characterize 

microbial communities attached to particles and those that occur free-living in the OMZ 

water column, and their function and contribution to OMZ metabolic processes. 

Measurements of biochemical process rates were coupled to infer the role of particles in 

mediating these processes. Single cell genomics was further used as a method to 

characterize an important functional clade and identify potential genotypic variants 

occupying distinct ecological niches within the OMZ. Additionally, we highlight how 

larger scale nutrient and redox gradients in marine systems can affect gene expression in 

a bacterial lineage playing a critical role in ocean nitrogen cycling.  

 Metagenomic comparisons of different bacterioplankton size fractions are 

surprisingly rare but are necessary for clarifying the distribution of functional traits in 

marine microbes and assessing the role of surface attachment in driving microbial 

ecology in the oceans. We provided the first description of microbial community 

genomic partitioning between two size fractions in the Eastern Tropical South Pacific 

OMZ (Chapter 2). We described the enrichment in the larger (particle-associated) 

fraction of functional genes mediating microbial interactions and exchange of genetic 

material, suggesting adaptations to surface attachment and growth in a biofilm. Spatial 
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clustering of microbes on particles facilitates DNA transfer, potentially due to increased 

physical contact between microbes or selective ecological pressures, and this may help 

explain differences in genome content and sizes between microbes in different 

microhabitats. We were able to highlight that particle association was a stronger predictor 

of community structure than depth-specific environmental variation. We also described 

how metabolic pathways mediating OMZ elemental cycling were differentially 

partitioned between size fractions, implying that particle abundance, and by extension the 

percentage of the total microbial community attached to surfaces, may have important 

impacts on community biogeochemical transformations. Inferences of the drivers of 

functional and taxonomic diversity in OMZs requires an understanding of the distribution 

of particles and particle-associated communities along with predictions of how vertical 

gradients in oxygen and nutrients affect OMZ communities.  

 To further explore how particle association drives microbial community function, 

we combined community transcription profiling and rate measurements to quantify size 

fraction partitioning of key steps of the marine nitrogen cycle in the Eastern Tropical 

North Pacific OMZ (Chapter 3). We showed that filter fractionation significantly altered 

nitrogen metabolism rates, confirming a critical role for particles and particle-associated 

microorganisms in OMZ nitrogen cycling. We also highlighted differences in how 

diverse OMZ microorganisms may interact with particles – from direct adherence to 

particles by some denitrifiers, to an indirect dependence on particles for substrates by 

free-living anammox bacteria. Thus, particle removal significantly disrupted bulk 

nitrogen cycle processes mediated by a free-living majority, possibly by severing 

important chemical and biological linkages between free-living and particle-associated 
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niches. This work showcases our ability to identify the magnitude and spatial scales of 

biogeochemical processes in the OMZ by coupling metatranscriptomics of size-

fractionated biomass and metabolic process rate measurements.   

 Experimental approaches may be incorporated into future research focused on 

identifying niche-specific gene expression of microorganisms. Allowing free-living 

microorganisms to colonize artificial particles would allow identification of changes in 

gene expression after surface colonization of particles, and help quantify patterns in gene 

expression change with changing growth strategies.  It also remains to be understood how 

the chemical environment of a marine particle changes with microbial colonization on 

particles. This would require direct sampling of individual particles and measurements of 

chemical gradients within these particles using microsensors or a technique like 

NanoSIMS. Coupling this with tracking changes in microbial abundances on particles 

using taxon-specific probes would help decipher the chemical basis of these complex 

interactions that help drive important metabolic processes.  

 Filter fractionation is a common method used for size fractionating biomass. 

Sampling size fractionated microbial biomass requires several standardizations of 

sampling design and methodology. Because marine particles can vary largely in size and 

composition, a sampling strategy that involves a uniform comparison across multiple size 

fractions should be used to make inferences about particle-associated microorganisms, 

while keeping in mind potential biases associated with sampling particles like particle 

rupturing and unknown biases due to sample volume. We described potential biases in 

microbial community composition estimates associated with using filter fractionation to 

size-fractionate biomass along with variation in sample volume (Chapter 4). Our results 
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suggest that biases due to variation in filtered volume may confound comparisons of size-

fractionated community structure across habitats and studies, and that particles may be 

better collected by direct sampling without filtration to infer community composition. 

Filter fractionation of biomass should be used cautiously and the effect of variation in 

sample volume in measurements of community structure should be taken into 

consideration when estimating community richness. Estimates of functional gene 

partitioning between size fractions still provide useful albeit conservative estimates of 

functional differences, as truly particle-associated microbes (which are detected by direct 

sampling of particles) are still retained in the larger size fraction. However, conclusions 

about exclusive niche partitioning of specific taxonomic groups and functions may not be 

made with confidence and would require direct sampling of particles to make such 

inferences. Direct sampling of particles also poses several problems as common particle 

capture methods only capture sinking particles, while direct sampling of marine particles 

is challenging owing to their fragile nature and tendency to disaggregate.  

 Finally, progressing from microscale variation to larger meso-scale gradients we 

described the genomic composition and gene expression variation of an important OMZ 

bacterium, Candidatus Scalindua sp., responsible for anaerobic ammonia oxidation 

(anammox), the second major nitrogen loss pathway in OMZs (Chapter 5).  Ca. 

Scalindua is the only known marine planctomycete clade and its complete genomic 

potential remains unknown. We showed that Ca. Scalindua in OMZs exhibit ecological 

niche specific gene expression which is largely driven by the availability of nutrients. We 

also described its genomic potential to utilize diverse nitrogen substrates for driving the 

anammox process. This work advances our understanding of the metabolic versatility of 
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an important OMZ functional clade and environmental factors that determine its activity 

within the OMZ. These are also the first genomic sequences of this clade from an OMZ 

that will serve as important sources of genetic information for future studies of OMZ 

anammox bacteria, to potentially determine special adaptive mechanisms that allow Ca. 

Scalindua to occupy diverse ecological niches. In order to more completely evaluate the 

unique adaptations in OMZ Scalindua single amplified genomes may sequenced in 

greater depth to improve coverage of existing draft assemblies along with the use of 

metagenomes to close gaps. Additionally, this data can guide more intensive 

physiological characterizations of ecologically relevant functional genes.  

 One of the potentially interesting results was the identification of genes for 

cyanate metabolism in OMZ anammox bacteria. A potentially toxic compound, cyanate 

can serve as a source of ammonium for microbes possessing the molecular machinery to 

breakdown this compound. Anammox bacteria may be capable of utilizing cyanate to 

fuel the anammox process, the total contribution of which remains uncharacterized. In 

addition to functionally verifying the activity of the cyanase gene from Ca. Scalindua, 

quantifying the contribution of cyanate-driven anammox to bulk anammox process rates 

in OMZs should be a research priority to evaluate its significance and contribution to this 

global nitrogen loss pathway.  

 Microbial communities within OMZs play central roles in ocean and global 

biogeochemical cycles, yet we still lack a holistic understanding of how microbial 

biodiversity is distributed across OMZs. There may be more diverse assemblages of 

indigenous microbial species that remain ecologically and genetically uncharacterized. 

The potential impacts of OMZs on marine ecosystem structure and global 
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biogeochemical cycling highlights the need to accelerate the rapid pace of exploration 

and discovery of OMZ microbial diversity. 
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APPENDIX A 

SUPPLEMENTARY MATERIAL FOR CHAPTER 2 

METAGENOMIC ANALYSIS OF SIZE-FRACTIONATED 
PICOPLANKTON IN A MARINE OXYGEN MINIMUM ZONE 

 
Supplementary Tables 
 
Table A.1 16S rRNA gene amplicon sequencing statistics 
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Table A.2 Weighted Unifrac values comparing community phylogenetic diversity 
between sample pairs, based on 16S rRNA gene amplicon datasets.  
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Table A.3 Bray-Curtis distances between metagenome samples based on sequence 
counts to SEED Subsystems. 
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Table A.4 Normalized1 metagenome sequence counts per SEED Subsystem2 
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Supplementary Figures 

 
 
Figure A.1 Dissolved oxygen, chlorophyll a, and particulate matter (beam attenuation 
coefficient) concentrations at Station 1 (20o 04.999S, 70o 48.001W). Data for DO and 
chl a are based on CTD-based DO sensor and fluorometer measurements from Cast #10 
at ~2200 hrs on November 21, 2010. Data for beam attenuation are averages of 
transmissometer measurements from 20 casts at station #1 from November 19-24. 
Attenuation coefficients are not shown for depths less than 40 m, where values peaked at 
~0.8 m-1 close to the surface. 16S rRNA gene amplicon diversity was analyzed for DNA 
collected at 7 depths (dashed lines). Metagenome analyses were conducted for 4 of these 
depths (stars). Note that chl a values (in ug L-1) have been multiplied by 100 to match 
axis units. Oxygen profiles from other days during the 5-day sampling period (Nov. 19-
23) closely resembled that shown in the Figure. 
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Figure A.2 Number of observed OTUs (97% similarity clusters) as a function of 
sequencing depth, based on rarefaction of OTU counts. Duplicate samples reflect 
duplicate PCR reactions.  
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Figure A.3 Chao1 estimator as a function of water column depth. Data points are mean 
values based on rarefaction at a standardized sequence count (n = 4996) per sample, with 
bars indicating 95% confidence intervals for the rarefied measurements. Data from both 
PCR duplicates are combined for averaging. 
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Figure A.4 Principle component analysis of community relatedness based on relative 
bacterial taxon abundance in the 16S rRNA gene amplicon pool, as quantified by the 
weighted Unifrac metric. A) Excludes samples from the 5m depth. B) Prefilter only 
samples. C) Sterivex only samples 
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Figure A.5 Relative abundance of major bacterial divisions at four depths in the OMZ 
based on the taxonomic identification of 16S rRNA gene fragments (A,D) and protein-
coding genes identified in metagenomes (B,E). 
16S rRNA data are those from Figure 2.1 (main text), with certain groups collapsed to 
higher taxonomic levels to match taxonomic groupings based on protein-coding genes. 
Panels A and B include sequences in the category “Bacteria, Other**”, which contains 
sequences unidentifiable to Phylum level, as well as sequences in bacterial divisions that 
were detected in one analysis (16S or metagenome) but not the other. These include 1) 
130 candidate divisions BRC1, OD1, SR1 and WS3, which were identifiable only in the 
16S amplicon analysis, and 2) the Aquificae, Caldiserica, Deferribacteres, Deinococcus-
Thermus, Elusimicrobia, Gemmatimonadetes, Synergistetes, Thermotogae, and candidate 
divisions NC10 and OP1, all of which were identifiable only based on protein-coding 
gene annotations. Protein-coding genes annotated as “unknown prokaryote” were also 
included in the “Bacteria, Other” category, although a proportion of these could belong to 
Archaea. Panels C and D exclude the “Bacteria, Other” category. The category 
“Proteobacteria, Other” was present only in the 16S amplicon analysis (based on the RDP 
classification in QIIME). Panels C and F show variation in the relative abundance of 
bacterial divisions between filter size fractions, as inferred from both 16S and protein- 
coding gene data. Values are the base-10 logarithm of the odds ratio: the ratio of the odds 
a taxon occurs in the prefilter fraction to the odds it occurs in the Sterivex fraction. 
Positive values indicate taxa that are more likely to occur in the prefilter. Values are 
based on counts pooled from only the four depths shown, with corrections for differences 
in dataset size. Relative abundances are calculated as a percentage of total identifiable 
bacterial sequences in C, and total identifiable bacterial sequences excluding “Bacteria, 
Other” in F. Samples are labeled by depth and filter type, where p = prefilter (>1.6 µm), s 
= Sterivex (0.2-1.6 µm). 
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Figure A.6 Relative abundance and phylum-level taxonomic composition of protein-
coding reads matching the domain Archaea. Relative abundance is expressed as a 
percentage of total prokaryote protein-coding reads. Phylum designations are based on 
annotations of NCBI-nr genes identified as top matches via BLASTX (bit score > 50). 
Samples are labeled by depth and filter type, where p = prefilter (>1.6 µm), s = Sterivex 
(0.2-1.6 µm) 
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Figure A.7 Relative abundance and genus-level taxonomic composition of 16S rRNA 
(left) and protein-coding (right) reads matching Planctomycetes. Relative abundance is 
expressed as a percentage of total bacteria protein-coding reads (Protein-coding genes 
annotated as “unknown prokaryote” were also included in the total bacteria count, 
although a proportion of these could belong to Archaea). Taxon designations are based on 
RDP classifications of 16S rRNA gene fragments (left) and the annotations of NCBI-nr 
genes identified as top matches via BLASTX (bit score > 50; right). Samples are labeled 
by depth and filter type, where p = prefilter (>1.6 µm), s = Sterivex (0.2-1.6 µm). Stars 
mark taxa known to conduct anammox 
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Figure A.8 Relative abundance and taxonomic composition of 16S rRNA (left) and 
protein- coding (right) reads matching Deltaproteobacteria. Relative abundance is 
expressed as a percentage of total bacterial reads (Protein-coding genes annotated as 
“unknown prokaryote” were also included in the total bacteria count, although a 
proportion of these could belong to Archaea). Taxon designations are based on RDP 
classifications of 16S rRNA gene fragments (left) and the annotations of NCBI-nr genes 
identified as top matches via BLASTX (bit score > 50; right). Samples are labeled by 
depth and filter type, where p = prefilter (>1.6 µm), s = Sterivex (0.2-1.6 µm). Stars mark 
groups known to contain sulfate-reducing members. 
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APPENDIX B 

SUPPLEMENTARY MATERIAL FOR CHAPTER 3 
 

SIZE-FRACTION PARTITIONING OF COMMUNITY GENE 
TRANSCRIPTION AND NITROGEN METABOLISM IN A MARINE 

OXYGEN MINIMUM ZONE 
 

Supplementary Methods 

Oxygen measurements 

 In addition to the SBE 43 oxygen sensor, Switchable Trace amount OXygen 

(STOX)sensors were mounted to the rosette and used to quantify in situ trace oxygen 

concentrations (Revsbech et al., 2009). Signals from two STOX sensors were 

simultaneously recorded by a custom standalone data logging unit, consisting of a 16-bit 

A/D converter (DT9816, Data translation) controlled by a single board computer (fit-

PC2i, CompuLab) housed in a titanium cylinder mounted on the rosette. Amplification of 

the sensor signals was performed using a custom made amplifier. Sensor switching was 

controlled by a cyclic switch operating with a 60 sec on/off cycle. The signal was 

sampled at 120 Hz and subsequently smoothed using a 10 sec moving average and binned 

in 1 sec intervals. The detection limit of the STOX sensors was estimated to be ~9 nM, 

based on three times the standard deviation of the zero signal. The precision of the 

measurements was typically ~5-8 nM in the core of the OMZ. The concentrations 

presented in Figure 3.1 are based on 1-3 measurement cycles during periods where the 

rosette was stationary in the water column. Calibration and calculations were performed 

as in Revsbech et al., (2009) and Thamdrup et al., (2012). 
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Marker gene analysis – Metatranscriptomes and metagenomes 

 Transcript and gene sequences with significant matches to references in the 

NCBI-nr database (above bit score 50) were used to analyze marker genes of 

dissimilatory nitrogen metabolism: ammonia monooxygenase (amoC), nitrite 

oxidoreductase (nxrB), hydrazine oxidoreductase (hzo), nitrate reductase (narG), nitrite 

reductase (nirK + nirS), nitric oxide reductase (norB), and nitrous oxide reductase (nosZ). 

Nitrite reductase genes were characterized as nirK or nirS variants, encoding the copper-

containing and cytochrome cd1-containing nitrite reductases, respectively, but pooled for 

representation in Figure 3.5. Transcripts matching nrfA, encoding the cytochrome c 

nitrite reductase, were at negligible abundance or not detected and were excluded from 

analysis. BLASTX results were parsed via keyword queries based on NCBI-nr 

annotations, as in Canfield et al. (2010) and Ganesh et al. (2014). Genes recovered as top 

BLASTX matches were parsed from GenBank, and each GenBank annotation was 

examined manually to confirm gene identity based on length and conserved protein 

domains. Genes with ambiguous annotations were verified by BLASTX. Abundances 

were normalized based on best approximate gene length (kb), estimated as in Ganesh et 

al. (2014) based on full-length open reading frames from sequenced genomes: amoC (750 

bp); nxrB (1500 bp); hzo (1650 bp); narG (3600 bp); nirK (1140 bp); nirS (1620 bp); 

norB (1410 bp); nosZ (1950 bp). Transcript counts per kilobase of gene were normalized 

to counts of transcripts matching the universal, putatively single-copy gene encoding 

RNA polymerase subunit B (rpoB, 4020 bp), where a value of 1 (Figure 3.5) indicates 

abundance in the metatranscriptome equivalent to that of rpoB, assuming the gene 

lengths above  
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Differential expression of taxon-specific genes 

 An empirical Bayesian approach using the program baySeq (Hardcastle and 

Kelly, 2010) was used to identify taxon-specific genes differentially expressed between 

FL and PA fractions. These analyses focused on taxon-specific subsets of genes with top 

BLASTX matches to 1) genes of all known anammox-capable bacterial genera 

(Scalindua, Kuenenia, Brocadia, Jettenia, Anammoxoglobus), and 2) the genome of the 

nitrite-oxidizer Nitrospina gracilis. These taxon gene subsets were targeted based on their 

representation in both FL and PA fractions, and because the functional niches (anammox 

and aerobic nitrite oxidation) of these groups are known OMZ-associated processes. As 

replicates at each depth were not available, all samples (depths) belonging to each size 

fraction were modeled as biological replicates. Dispersion was estimated via a quasi-

likelihood method, with the count data normalized by data subset size (e.g., total number 

of sequences with top matches to anammox genera). Posterior likelihoods per gene were 

calculated for models (sample groupings) in which genes were predicted to be either non-

DE or DE between FL and PA fractions. A false discovery rate threshold of 0.05 was 

used for detecting DE categories. These analyses evaluate whether a taxon’s 

transcriptome profile (i.e., the relative abundances of genes within the taxon-specific 

subset) varies between FL and PA niches, irrespective of that taxon’s contribution to the 

metatranscriptome. 

 

Evaluation of filtration on oxygen content in exetainer incubations 

 We repeated all incubation steps as described in the main text, from the filling of 
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exetainers with and without filtration of degassed water to their incubation, while 

monitoring oxygen in the exetainers using custom made highly sensitive optical trace 

oxygen sensors (Borisov et al., 2011). Oxygen concentrations remained below 80 nM in 

all treatments, demonstrating that the filtration step did not introduce any additional 

oxygen contamination. 

 

Nutrient measurements 

 Nitrite concentrations were determined spectrophotometrically aboard ship using 

the Griess method (Grasshoff et al., 1983). Ammonium concentrations were determined 

fluorometrically aboard ship using the orthophthaldialdehyde method (Holmes et al., 

1999). Samples for nitrate and phosphate concentrations were filtered (0.45µm cellulose 

acetate) and frozen until analysis. Concentrations of nitrate + nitrite were determined 

using chemiluminescence after reduction to nitric oxide with acidic vanadium (III) 

(Braman and Hendrix, 1989). Phosphate was analyzed spectrophotometrically according 

to Grasshoff et al.(1983). 

 

Supplementary Results and Discussion 

ETNP OMZ community composition 

 Two groups with potential roles in OMZ sulfur and nitrogen cycling were also 

abundant in the free-living microbial community. Of the major bacterial divisions, the 

uncultured SAR406 cluster represented the single largest proportion of the FL amplicon 

dataset, contributing an average of 22% of all FL amplicons, compared to 2.8% in 

particulate fractions (Figure 3.3). SAR406 sequences in the FL fraction grouped 
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exclusively with subclades Arctic96B-7 (90%) and ZA3648c (10%) and increased with 

depth into the OMZ, peaking at 33% of sequences at the secondary nitrite maximum (125 

m). Increased SAR406 abundance with deoxygenation has been reported for less oxygen-

depleted waters in the North Pacific (Allers et al., 2013), but also in the ETNP (Beman 

and Carolan, 2013). Recent genomic evidence suggests that SAR406, also known as 

'Marine Group A', may participate in OMZ sulfur cycling, potentially via dissimilatory 

polysulfide reduction to sulfide or dissimilatory sulfide oxidation (Wright et al. 2014). 

The ubiquitous SAR324 lineage of Deltaproteobacteria, which in other regions has been 

shown to contain genes for sulfur chemolithoautotrophy (Swan et al., 2011, Sheik et al., 

2014), is also abundant in the ETNP FL community, representing 5-8% of total 

sequences in the 0.2-1.6 µm fraction from OMZ depths, compared to less than <0.5% in 

particulate fractions (Figure B.3). The enrichment of SAR406 and SAR324 in the FL 

fraction is consistent with an autotrophic lifestyle, as autotrophs presumably would not 

depend on attachment to organic particles for carbon acquisition. In other OMZs, sulfide-

oxidizing autotrophs have been shown to use oxidized nitrogen species (e.g., nitrate) as 

terminal oxidants (Walsh et al., 2009, Canfield et al., 2010), thereby coupling 

dissimilatory OMZ sulfur and nitrogen cycles. Metagenome analyses of hydrothermal 

plume communities have identified SAR324 genes mediating dissimilatory nitrite 

reduction (Sheik et al., 2014). However, pathways for denitrification and carbon fixation 

have not been unambiguously identified in SAR406. It remains unclear whether either 

group participates in sulfur-driven denitrification in the ETNP. 

The composition of the ETNP bacterial community with roles in OMZ sulfur cycling was 

distinct from that of other OMZs, and also varied among size fractions. Sulfur-oxidizing 
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Gammaproteobacteria, notably those of the SUP05 clade (Oceanospirillales), have been 

observed worldwide as abundant community members in both seasonally and 

permanently oxygen-depleted waters (Stevens and Ulloa, 2008; Zaikova et al., 2010), 

representing as much as 30% of total prokaryotes in some systems (Glaubitz et al., 2013). 

Surprisingly, SUP05-affiliated sequences were rare in the ETNP dataset, accounting for 

<0.2% of total sequences in all samples, consistent with results of Beman and Carolan 

(2013). In contrast, Gammaproteobacteria of the Thiohalorhabdales, Chromatiales, and 

Thiotrichales, all of which contain putative sulfur-oxidizing members, represented 7-23% 

of all sequences at the deeper OMZ depths (100, 125, 300m; Figure B.3). The 

proportional abundance of these groups was highest in the intermediate size fraction (1.6-

30 µm), in which the Thiohalorhabdales represented 16% of total sequences. 

Thiohalorhabdales are chemolithoautotrophs that have been shown to oxidize thiosulfate 

under anaerobic conditions using nitrate as an electron acceptor (Sorokin et al., 2008). 

Relatives of this group have been isolated from hypersaline lake sediments (Sorokin et 

al., 2008) and microbial mats (Isenbarger et al., 2008). However, the group remains 

relatively under-characterized and, to our knowledge, has not been reported from OMZs, 

although Thiohalorhabdales-like sequences have been detected in mucus from diseased 

corals (Roder et al., 2014). Together, these results suggest that Thiohalorhabdales are 

either larger cells (and therefore retained preferentially in PA fractions) or are directly 

attached to particles, and raise the possibility for contributions by this group to sulfur-

driven nitrate reduction in the ETNP OMZ. 
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Size fraction-specific rates 

 For a subset of depths and 15N amendments, an additional size fraction, water 

without particles > 30 µm, was analyzed following an identical protocol to that outlined 

in the Methods. I.e., filtration through a nylon net disc filter (30 µm pore-size, 47 mm 

dia., Millipore) using a peristaltic pump. For these analyses, rates for each fraction were 

determined subtractively. For example, rates for the 1.6-30 µm size fraction were 

calculated by subtracting rates measured in the <1.6 µm fraction (obtained after pre-

filtration through 30 µm and 1.6 µm filters), from bulk rates measured following pre-

filtration through only a 30 µm filter. For most processes, rates were shown to be 

confined primarily to the 1.6-30 µm fraction, with little activity in the >30 µm fraction. 

Notably, in samples for which nitrate reduction was measured in all three fractions, 

activity was almost completely confined to the 1.6 to 30 µm fraction (up to 97% of 

activity; Figure B.6). Similarly, N2 production by denitrification was proportionally 

enriched in the 1.6 to 30 µm PA fraction (55% of activity) compared to the larger fraction 

(Figure B.6). These values suggest that the bulk of particles may be below 30 µm in size. 

The exception involved rates of nitrite oxidation at 91 m (oxic-nitrite interface) and 100 

m (secondary chlorophyll maximum), where rates in the largest fraction were relatively 

enriched (Figure B.6), suggesting a potential role for larger particles as substrate or cell 

sources in the upper OMZ. 
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Supplementary Tables and Figures 
 
 
 
 
Table B.1 16S rRNA gene amplicon, metatranscriptome, and metagenome** sequencing 
statistics    
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Figure B.1 Phylogenetic diversity as a function of water column depth. Data points are 
mean values based on rarefaction of OTU (97% similarity) counts at a standardized 
sequence count (n = 6506) per sample. 
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Figure B.2 Average proportional abundances of 16S rRNA gene amplicons affiliated 
with major microbial taxa. Bars are averages of five depths, partitioned according to filter 
size fraction. Thin bars reflect ranges. “Other” includes 34 taxonomic divisions, as well 
as unassigned sequences. 
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Figure B.3 Taxonomic composition of 16S rRNA gene amplicons within the Phylum 
Proteobacteria. The abundances of major divisions are shown as a percentage of total 
identifiable 16S rRNA gene sequences. Taxonomic identifications are based on the 
Greengenes taxonomy 
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Figure B.4 Fold increase in taxon RNA:DNA between PA (1.6-30 µm) and FL (0.2-1.6 
µm) communities. Plot shows the fold increase in ratios for major taxonomic groups 
identified by the Greengenes identities of 16S rRNA gene amplicons (DNA) and 16S 
rRNA transcript (RNA) fragments in metatranscriptome datasets. These patterns are 
similar to those reported in the main text based on the identities of protein-coding 
sequences, but show higher levels of variation among depths. RNA sequences in 
metatranscriptomes were identified using riboPicker and analyzed in QIIME as described 
in the main text. Values right of zero indicate higher ratios in PA communities (PA/FL > 
1). Values left of zero indicate higher ratios in FL communities (FL/PA > 1). The plot 
shows only those groups shown in Figure 3.4 in the main text, excluding those groups 
that were not detected in the 16S rRNA gene amplicon dataset. Numbers in parentheses 
are false discovery rate q-values for T-test comparisons of PL and FL ratios, calculated as 
in Storey and Tibshirani (2003) (Shown if < 0.1). 
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Figure B.5 Size fraction-specific differences in transcripts affiliated with anammox 
bacteria. Bars are abundances shown as a percentage of the total number of transcripts 
with top matches (bit score > 50) to genes of known anammox genera (Scalindua, 
Kuenenia, Brocadia, Jettenia, Anammoxoglobus), as identified by BLASTX against 
NCBI-nr. Values are averages of the three OMZ depths at which anammox bacteria were 
most abundant (100, 125, 300m), partitioned according to filter size fraction (FL vs. PA). 
Thin bars reflect ranges. Only the top 25 most abundant genes are shown, ordered by 
rank abundance in the PA fraction. PA and FL transcript abundance profiles were 
generally well correlated (R2 = 0.80), and no genes (out of 1392 total) were significantly 
differentially expressed (DE) being fractions (P>0.05; FDR- correction; baySeq). 
Statistical evaluation required a conservative approach of grouping datasets from 
different depths as replicates; depth-specific variation in expression could therefore 
confound the detection of DE between PA and FL fractions. Detection likely was also 
confounded by an overall low representation of anammox- affiliated transcripts in the PA 
fraction (proportional abundances of transcripts matching anammox taxa were 7- to 58-
higher in the FL fraction).
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APPENDIX C 

SUPPLEMENTARY MATERIAL FOR CHAPTER 4 

STANDARD FILTRATION PRACTICES MAY SIGNIFICANTLY 
DISTORT PLANKTONIC MICROBIAL DIVERSITY ESTIMATES 

 

Supplementary Tables 
 
Table C.1 Bacterial 16S rRNA gene copies per mL in sample water from experiments 1 
and 2. Values are averages across all volume replicates, with standard deviation in 
parentheses. The ratio of Sterivex to prefilter counts is shown in the last column. 

 

 
Table C.2 Percentage variation (R2) in weighted UniFrac distances explained by filtered 
water volume differences, based on adonis tests in QIIME. All P-values are significant 
following Bonferroni correction for multiple tests. 
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Table C.3. Abundance of microbial orders in experiment 1, expressed as a % of total 16S 
rRNA gene amplicons  
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Table C.4 Abundance of microbial orders in experiment 2, expressed as a % of total 16S 
rRNA gene amplicons. 
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Supplementary Figures 
 
 
 

 
 
Figure C.1 Total bacterial 16S rRNA gene counts as a function of filtered water volume. 
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