
UC San Diego
UC San Diego Electronic Theses and Dissertations

Title
Microbial Iron Acquisition and Organic Matter Cycling in the Marine Environment

Permalink
https://escholarship.org/uc/item/50g5c2v3

Author
Manck, Lauren

Publication Date
2020
 
Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/50g5c2v3
https://escholarship.org
http://www.cdlib.org/


UNIVERSITY OF CALIFORNIA SAN DIEGO 
 
 

Microbial Iron Acquisition and Organic Matter Cycling in the Marine Environment 
 
 

A dissertation submitted in partial satisfaction of the 
 requirements for the degree Doctor of Philosophy 

 
 
 

in 
 
 
 

Oceanography 
 
 
 

by 
 
 
 

Lauren Elizabeth Manck 
 
 
 
 
 
 
 

Committee in charge: 
 
 Professor Katherine Barbeau, Chair 
 Professor Andrew Allen 
 Professor Eric Allen 
 Professor Lihini Aluwihare 
 Professor Christopher Dupont 
 Professor Gürol Süel  

 
 
 

 
 
 

2020 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Copyright 
 

Lauren Elizabeth Manck, 2020 
All rights reserved. 



 iii 

SIGNATURE PAGE 

 
 
 
 
 
 
The Dissertation of Lauren Elizabeth Manck is approved, and it is acceptable in quality and form 
for publication on microfilm and electronically:  
 
 
 

_____________________________________________________________  
 
 
 

_____________________________________________________________ 
  
 
 

_____________________________________________________________ 
 
  
 

_____________________________________________________________ 
 
 
 

_____________________________________________________________ 
 
 
 

_____________________________________________________________ 
Chair 

 

 

University of California San Diego 

2020 

 

 



 iv 

DEDICATION 

 
To my family, thank you. 



 v 

EPIGRAPH 

 
I am among those who think that science has great beauty. 

 
Marie Curie  



 vi 

TABLE OF CONTENTS 

SIGNATURE PAGE ..................................................................................................................... iii 
DEDICATION ............................................................................................................................... iv 

EPIGRAPH ..................................................................................................................................... v 

TABLE OF CONTENTS ............................................................................................................... vi 
LIST OF FIGURES ..................................................................................................................... viii 
LIST OF TABLES ......................................................................................................................... xi 
ACKNOWLEDGEMENTS .......................................................................................................... xii 
VITA ........................................................................................................................................... xvii 
ABSTRACT OF THE DISSERTATION ...................................................................................... iii 

 
Chapter 1: Introduction ........................................................................................................... 1 

1.1 References ......................................................................................................................... 8 

 
Chapter 2: Transcriptomic study of substrate-specific transport mechanisms for iron 
and carbon in the marine copiotroph Alteromonas macleodii ............................................ 11 

2.1 Abstract ........................................................................................................................... 11 
2.2 Introduction ..................................................................................................................... 11 
2.3 Results ............................................................................................................................. 14 
2.4 Discussion ....................................................................................................................... 24 
2.5 Materials and Methods .................................................................................................... 29 
2.6 Acknowledgements ......................................................................................................... 33 
2.7 Figures and Tables .......................................................................................................... 35 
2.8 References ....................................................................................................................... 48 

 
Chapter 3: The functional role of siderophore biosynthesis in iron acquisition from non-
labile sources in marine systems ............................................................................................ 56 

3.1 Abstract ........................................................................................................................... 56 
3.2 Introduction ..................................................................................................................... 56 
3.3 Results ............................................................................................................................. 61 
3.4 Discussion ....................................................................................................................... 69 
3.5 Materials and Methods .................................................................................................... 77 
3.6 Acknowledgements ......................................................................................................... 87 
3.7 Figures and Tables .......................................................................................................... 88 
3.8 References ..................................................................................................................... 104 

 
Chapter 4: Biomarkers of iron limitation in the heterotrophic bacterial community of the 
California Current System ................................................................................................... 112 



 vii 

4.1 Abstract ......................................................................................................................... 112 
4.2 Introduction ................................................................................................................... 112 
4.3 Results ........................................................................................................................... 117 
4.4 Discussion ..................................................................................................................... 130 
4.5 Materials and Methods .................................................................................................. 139 
4.6 Acknowledgments ......................................................................................................... 146 
4.7 Figures and Tables ........................................................................................................ 147 
4.8 References ..................................................................................................................... 160 

 
Chapter 5: Conclusion .......................................................................................................... 167 

5.1 References ..................................................................................................................... 169 
 

 



 viii 

LIST OF FIGURES 
 
Figure 2.1 Representative growth curves of Alteromonas macleodii ATCC 27126 under iron-
deplete, carbon-deplete, and nutrient replete conditions .............................................................. 36 
 
Figure 2.2 Ordination plot displaying the principle component analysis of the normalized global 
transcript abundances of detected open reading frames of the Alteromonas macleodii ATCC 
27126 genome ............................................................................................................................... 37 
 
Figure 2.3 Differential expression of protein coding genes along the Alteromonas macleodii 
ATCC 27126 genome under iron deplete (green) and carbon deplete (purple) conditions. ......... 38 
 
Figure 2.4 CAS assay detecting siderophore production by Alteromonas macleodii ATCC 27126
....................................................................................................................................................... 39 
 
Figure 2.5 Gene set enrichment analysis of differentially expressed genes assigned to selected 
KEGG pathways ........................................................................................................................... 40 
 
Figure 2.6 Heat map displaying normalized transcript counts of identified TBDTs in the 
Alteromonas macloedii ATCC 27126 genome ............................................................................. 41 
 
Figure 2.7 Gene neighborhoods of TBDTs enriched under iron limitation. ................................ 42 
 
Figure 2.8 Gene neighborhoods of TBDTs enriched under carbon limitation in ATCC 27126. . 43 
 
Figure 2.9 Sequence similarity network of TBDT peptide sequences from 31 Alteromonas 
strains. ........................................................................................................................................... 45 
 
Figure 2.10 Distribution of TBDT clusters across the Alteromonas genus ................................. 46 
 
Figure 2.11 Linear regression between the total number of TBDTs per genome and the total 
protein coding genes per genome for 31 strains in the Alteromonas genus .................................. 47 
 
Figure 3.1 The total ion chromatogram of the supernatant extracts from A. macleodii ATCC 
27126 WT grown under iron limitation ........................................................................................ 90 
 
Figure 3.2 The biosynthetic gene clusters of the known petrobactin producers A. macleodii 
ATCC 27126, M. hydrocarbonclasticus ATCC 49840, and B. anthracis Sterne ......................... 91 
 
Figure 3.3 PCR verification of the anticipated 415 bp deletion from asbB following homologous 
recombination.. ............................................................................................................................. 92 
 
Figure 3.4 CAS assay detecting siderophore production in A. macleodii ATCC 27126 WT strain 
as indicated by orange halo extending beyond cells outlined in black ......................................... 93 
 



 ix 

Figure 3.5 Growth of A. macleodii ATCC 27126 WT and DasbB strains on various sources of 
iron. ............................................................................................................................................... 94 
 
Figure 3.6 Maximum specific growth rates (µ max) of the A. macleodii ATCC 27126 WT and 
DasbB strains on tested iron sources. ............................................................................................ 96 
 
Figure 3.7 Carrying capacity (K) of the A. macleodii ATCC 27126 WT and DasbB strains on 
tested iron sources. ........................................................................................................................ 97 
 
Figure 3.8 Growth of A. macleodii ATCC 27126 WT and DasbB strains on Suwanee River 
Humic Acid (SRHA) as the sole iron source. ............................................................................... 98 
 
Figure 3.9 Taxonomic distribution of sequenced isolates from the ENA with putative 
petrobactin-like biosynthetic pathways. Nodes displayed at species level. .................................. 99 
 
Figure 3.10 Sampling locations of the Tara Oceans expedition colored according to region as 
referenced in the text. Select stations labeled with station number for reference ....................... 100 
 
Figure 3.11 Distribution of detected read counts (RPKM-normalized) across the Tara Oceans 
expedition from each MAG containing a putative petrobactin biosynthetic pathway ................ 101 
 
Figure 3.12  Representation of pLEM01 following Gibson assembly ...................................... 103 
 
Figure 4.1 CCE LTER study region during the P1408 and P1706 process cruises. .................. 148 
 
Figure 4.2  Depth profiles of measures of primary and secondary production during P1408 and 
P1706 .......................................................................................................................................... 149 
 
Figure 4.3 BCP (µg L-1 day-1) plotted against POC (µg L-1) during P1408 and P1706. ............ 150 
 
Figure 4.4 Results of iron addition grow-out incubations conducted during P1706 ................. 151 
 
Figure 4.5 BCP (µg L-1 day-1) from dark iron addition experiments comparing control treatments 
(black circles) to iron amended treatments (gray triangles) ........................................................ 152 
 
Figure 4.6 Relative abundance of transcripts according to taxonomic order detected in situ at the 
onset of each iron addition metatranscriptomic incubation experiment ..................................... 153 
 
Figure 4.7 Transcripts assigned to iron transport pathways from in situ P1408 samples .......... 154 
 
Figure 4.8 Transcripts assigned to iron transport pathways from in situ P1706 samples .......... 155 
 
Figure 4.9 Transcripts assigned to iron transport pathways from in situ P1706 samples .......... 157 
 



 x 

Figure 4.10 Log2fold-change of transcripts in control treatments compared to iron amended 
treatments at 24 hours (FDR < 0.05, n = 2) plotted against the normalized mean transcript 
abundance from the iron amendment incubation at Cycle 3 during P1408.. .............................. 158 
 
Figure 4.11 Log2fold-change of transcripts in control treatments compared to iron amended 
treatments at 24 hours (FDR < 0.05, n = 3) plotted against the normalized mean transcript 
abundance from iron amendment incubations during P1706 ..................................................... 159 
 
 



 xi 

LIST OF TABLES 

Table 2.1 Gene loci of Fe- and C-responsive TBDTs in A. macleodii ATCC 27126. ................. 35 
 
Table 3.1 Gibson assembly .......................................................................................................... 88 
 
Table 3.2 List of primers used for PCR verification reactions ..................................................... 89 
 
Table 4.1 Sampling locations and initial in situ conditions for each iron addition incubation 
experiment analyzed for gene expression of the microbial community ..................................... 147 
 



 xii 

ACKNOWLEDGEMENTS 

 

I would first like to thank my dissertation advisor, Kathy Barbeau, for leading me through 

this journey as a Ph.D. student at SIO. Thank you for your never-ending support, for your 

patience, for never being too busy to talk science or life, and for always making your students a 

priority. Your expertise and enthusiasm for understanding the cycling of trace metals in the 

ocean has been an inspiration to me, and I have learned so much from you. Thank you for your 

example. With your guidance, I have grown into the scientist that I am today, and I am so 

grateful to have had you as my advisor through it all.  

I would also like to thank the rest of my committee members for their invaluable 

guidance, support, and expertise that has helped to shape this dissertation. It has been my sincere 

pleasure and honor to work with all of you over the course of my time at SIO. Thank you to 

Andy Allen for your kind generosity with your time and resources. Thank you for your 

willingness to always take on my questions and ideas. This work would not be what it is today 

without your expertise and support. Thank you to Eric Allen for your willingness to always chat 

about ideas and for your support of bioinformatic resources for students at SIO. Thank you to 

Lihini Aluwihare for the role you have played in supporting this work. So much of what I have 

learned over these years about the chemistry of the marine environment has come from you. 

Your work and expertise has inspired much of this dissertation and helped to place it in the larger 

context of organic matter cycling within the ocean. Thank you to Chris Dupont for taking on 

such an involved role in each of these chapters.  Your guidance and your generosity with your 

time and resources have made this work possible. I have grown tremendously as a scientist over 

the course of my Ph.D. thanks to your support. Finally, thank you to Gürol Süel for your 



 xiii 

involvement in this dissertation work. I appreciate the time you have given and the positive 

enthusiasm that you have shown for this work.   

Thank you to the many collaborators and fellow scientists at SIO, JCVI, and beyond who 

have also helped to make this work possible. In particular, thank you to the many people at JCVI 

who have always generously made room for me in your lab, gone above and beyond to help me 

with my work, and who as a whole have been a wonderful group of people to get to know and 

work with. Thank you to Rachel Diner for the incredible amount of time that you have spent 

helping me to learn and troubleshoot mutagenesis techniques along with Erin Garza and Vince 

Bielinkski. Thank you to Tyler Coale for your help both in the lab and the field. Thank you for 

sharing your expertise regarding trace metal chemistry as well as your time and resources. Both 

your work and your perspective have been an inspiration for me. Thank you to Sarah Schwenck 

for being an honorary Barbeau lab member in the field as well as for your incredible friendship 

over the course of these years. Thank you to Hong Zheng for being an incredible support while 

working at JCVI. The processing of many field samples would not have been possible without 

you.  Thank you also to Ariel Rabines, Claire Kuelbs, and Kelvin Moncera for fielding endless 

questions and helping me navigate JCVI. Thank you to Josh Espinoza, Pratap Venepally, 

Alfonso Poire, and Drishti Kaul whose bioinformatic expertise has greatly contributed to this 

work.  

I would like to thank the members of the Aluwihare lab at SIO whose generosity with 

time and resources have contributed to this work. Thank you especially to Sara Rivera, Margot 

White, Irina Koester, and Brandon Stephens who have contributed to this work and who have 

also been fantastic and supportive friends during my time at SIO. Thank you also to members of 

the Azam lab at SIO – Byron Pedler, Ryan Guillemette, and Julie Dinasquet – for your training 



 xiv 

in microscopy and bacterial productivity techniques and always being generous with your time 

and resources. Thank you to the CCE LTER program – all of the students, contributing scientists, 

captain and crews, Robin Westlake Storey, James Conners, and Mark Ohman as our lead. It has 

been an incredible opportunity, both scientifically and personally, to be a part of this program 

which has significantly shaped me as an oceanographer. Thank you also to the CCE LTER REU 

students – Bretton Coppedge, Kellie Lemoine, and Ashley Kumar – that I had the pleasure of 

working with and who contributed significantly to this work. Thank you to the Vernet lab at SIO 

for the incredible pleasure of being able to work together as the FjordPhyto group and thank you 

to all the scientists, captains, and crew members who contributed to FjordEco. Thank you 

especially to Maria for the amazing opportunity to conduct field work along the West Antarctic 

Peninsula. You have taught me so much about the polar environment, and I am also so grateful 

for our time together and your mentorship over these years. Thank you to Jack Pan for the work 

that you have put into the FjordPhyto projects. Your work is an inspiration to me and I am 

beyond grateful for your friendship and the experiences we have shared along the way.  

Thank you to present and past members of the Barbeau lab who have helped to make my 

experience at SIO such an amazing one. Thank you to Angel Ruacho for being an amazing 

friend, lab mate, and office mate. Thank you for always leading the way and for always being 

such a steady support. You are someone who I can always count on, and your hard work and 

dedication have always been an inspiration. Thank you to Kiefer Forsch for your support, both 

scientifically and personally, and for being such a great friend and lab mate. We have 

experienced so much together, and I have also learned so much from you about the ocean and 

trace metals. Your enthusiasm and hard work is never-ending and you have been such an 

inspiration and a support for me.  Thank you to Kayleen Fulton for the support, positivity, and 



 xv 

creativity that you have brought as a lab mate. It has been a great experience to have the 

opportunity to work with you in the lab and field.  Thank you to Max Fenton for the support and 

energy you have brought to the lab in your first year. Thank you to Randie Bundy and Shane 

Hogle for the incredible support I had from you both while getting started at SIO. Thank you to 

Shane for dealing with my endless questions and teaching me so much of what I currently know. 

I am so grateful to have had you to follow and look up to. Thank you to Randie also for your 

scientific support that has contributed to this work while at UW.  

Thank you to the many people and friends who make SIO such an amazing place to be. 

Thank you to the staff and administration in the GRD business office and SIO graduate office 

who work so hard to make the student experience at SIO a positive one. I am so grateful for the 

MCG curricular group, many of whom have already been mentioned but thank you also to 

Michael Fong, Alyssa Griffin, and Matt Pendergraft for your friendships and support. Thank you 

to the SIO 2013 student cohort and in particular Emily Wei for your friendship and support over 

these years. Your hard work and determination are such an inspiration and I am so grateful for 

our adventures together. Thank you also to Abby Cannon, Jess Carriere-Garwood, Matt Costa, 

Maddie Harvey, Maitreyi Nagarkar, Sarah Shackleton, Bellineth Valencia, Ben Whitmore, and 

K.C. Wilson for your friendships and support.  

Finally, thank you to my family and most especially to my parents for your lifelong love 

and support. Thank you for always encouraging me to pursue my academic and career goals, for 

helping me celebrate the highs, and for bringing me through the lows. Thank you for instilling in 

me a love for learning, a love for science, and a love for the environment that has led me to 

where I am today. Thank you to Matt for the joy, support, and adventure you have brought to 

these last couple of years. Thank you especially for being the one by my side while working to 



 xvi 

defend in the midst of this pandemic. I could not have made it here without you all, and I love 

you.  

Chapter 2, in full, is a reprint of the material as it appears in Manck, L.E., Espinoza, J.L., 

Dupont, C.L. and Barbeau, K.A. (2020) Transcriptomic study of substrate-specific transport 

mechanisms for iron and carbon in the marine copiotroph Alteromonas macleodii. mSystems. 

5:e00070-20. The dissertation author was the primary investigator and first author of this paper.  

Chapter 3 is currently being prepared for publication by Manck, L.E., Bundy, R.M., 

Dupont, C.L. and Barbeau, K.A. The dissertation author was the primary investigator and first 

author of this paper. 

Chapter 4 is currently being prepared for publication by Manck, L.E. Coale, T.H., 

Dupont, C.L., Allen, A.E. and Barbeau, K.A. The dissertation author was the primary 

investigator and first author of this paper. 

 

 



 xvii 

VITA 

 
 

2012  B.S.  in Chemistry, Calvin College 

2014  M.S. in Earth Sciences, University of California San Diego 

2020  Ph.D. in Oceanography, University of California San Diego 

 

 

PUBLICATIONS 

 

1. Manck, L.E., Espinoza, J.L., Dupont, C.L., and Barbeau, K.A. (2020) Transcriptomic 

study of substrate-specific transport mechanisms for iron and carbon in the marine 

copiotroph Alteromonas macleodii. mSystems. 5: e00070-20. 

 

2. Pan, B.J. Vernet, M., Manck, L.E., Forsch, K.O., Ekern, L., Mascioni, M., Barbeau, K.A., 

Almandoz, G. and Orona, A. (2020) Environmental Drivers on Phytoplankton 

Taxonomic Composition in an Antarctic Fjord. Prog. Oceanogr. 183: 102295.    

 

3. Manck, L.E., Quintana, E., Suárez, R., Brun, F.G., Hernández, I., Ortega, M.J. and Zubía, 

E. (2017) Profiling of phenolic natural products in the seagrass Zostera noltei by UPLC-

MS. Nat. Prod. Commun. 12: 687-690. 

 

4. Manck, L.E., Benson, C.R., Share, A.I., Park, H., Vander Griend, D.A. and Flood, A.H. 

(2014) Self-assembly snapshots of a 2x2 copper(I) grid. Supramol. Chem. 26: 267-279. 



 xviii 

 

5. Hall, B. R., Manck, L.E., Tidmarsh, I.S., Stephenson, A., Taylor, B.F., Blaikie, E.J., 

Vander Griend, D.A. and Ward, M.D. (2011) Structures, host-guest chemistry and 

mechanism of stepwise self-assembly of M4L6 tetrahedral cage complexes.  Dalton 

Trans. 40: 12132-12145.  



 iii 

ABSTRACT OF THE DISSERTATION 

 
 
 
 
 

Microbial Iron Acquisition and Organic Matter Cycling in the Marine Environment 
 
 
 
 
 

by 
 
 
 
 
 

Lauren Elizabeth Manck 
 
 

Doctor of Philosophy in Oceanography, 2020 
 
 

Professor Katherine Barbeau, Chair 
 
 

As a scarce but essential micronutrient for microbial growth in the marine environment, 

iron plays a critical role in supporting marine primary productivity and is tightly coupled to the 

cycling of carbon and additional macronutrients. While significant progress in recent years has 

been made in understanding the distribution of iron and iron-binding ligands in the marine 



 iii 

environment, many questions remain regarding the mechanistic processes underlying these 

distributions. 

Heterotrophic bacteria serve as the primary drivers of the turnover of organic matter in 

the marine environment and have a significant cellular iron requirement, making them an 

important link between iron and carbon biogeochemical cycles. The work presented in this 

dissertation aims to improve our understanding of the molecular mechanisms by which 

heterotrophic marine bacteria acquire iron from their surroundings and the subsequent effects of 

their metabolic activities on both iron and carbon biogeochemical cycling.  

We have first developed Alteromonas macleodii ATCC 27126 as a model marine 

organism for the study of iron acquisition by heterotrophic bacteria. This has allowed us to 

characterize outer membrane TonB-dependent transporters for organically complexed forms of 

iron across the genus Alteromonas. This work revealed that a high diversity of iron-ligand 

compounds in the marine environment are potentially bioavailable.  We have also utilized 

Alteromonas macleodii ATCC 27126 as a model organism for studying the functional role of 

siderophore production in iron acquisition in the marine environment. Through the insertional 

inactivation of the petrobactin biosynthetic pathway, we have determined that siderophore 

production increases the bioavailability of non-labile iron sources such as particulate minerals. 

Finally, in microcosm field experiments, we examined the transcriptional response of natural 

heterotrophic bacterial communities in the southern California Current System to iron additions 

demonstrating direct iron limitation of this community with consequences for downstream 

carbon processing.    

Together, this work sheds light on the role of heterotrophic bacteria at multiple points 

within the marine iron cycle, from the incorporation of iron into the marine environment to 
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controlling the balance between the export and recycling of iron and macronutrients. It is our 

hope that this work results in an improved mechanistic understanding of marine iron 

biogeochemical cycling.  



 1 

Chapter 1: Introduction 

Iron (Fe) is an essential micronutrient for all microbial growth in the marine environment 

where it serves as a cofactor in many of the enzymes facilitating fundamental life processes such 

as photosynthesis, respiration, and nitrogen fixation. However, while being the fourth most 

abundant element in the Earth’s crust, dissolved iron is present in only trace amounts throughout 

the global ocean. In oxygenated seawater, iron is most thermodynamically stable as Fe(III) 

oxyhydroxides which are characterized by low solubility in seawater and the tendency to be 

further scavenged by sinking particulate matter (1). This results in picomolar to nanomolar 

concentrations of dissolved iron throughout the marine environment, and in recent decades it has 

been demonstrated that iron availability exerts a significant control on marine primary 

production in over a third of the global surface ocean (2).  

 Improved sampling techniques, analytical technologies, and large scale efforts such as the 

GEOTRACES program have dramatically improved our understanding of the cycling of iron and 

other trace metals in the marine environment in recent years (3). Iron primarily enters the ocean 

via atmospheric dust deposition, resuspension of coastal margin sediments, or inputs from 

hydrothermal vents.  Once incorporated into the marine system, iron is present in a wide array of 

chemical forms across multiple size ranges. Operationally, iron is divided into particulate (>0.2 

µm), colloidal (0.02 – 0.2 µm), and truly soluble (<0.02 µm) size fractions each of which 

contains inorganic and organic constituents. Dissolved iron, consisting of the colloidal and truly 

soluble size fractions, can be found as unbound, inorganic Fe(III) and, to a lesser extent,  Fe(II) 

or as Fe(III) bound to organic compounds referred to as ligands. In addition to the absolute 

concentration of iron, the chemical form in which it is found has a significant impact on its 

bioavailability to marine microorganisms. While soluble, inorganic iron (Fe¢) is generally 
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thought to be the most bioavailable form of iron, over 99% of dissolved iron in the marine 

environment is bound to an organic ligand (4). This generally allows dissolved iron to 

accumulate to a concentration above that set by its limit of inorganic solubility. However, the 

bioavailability of these iron-ligand complexes is not well defined and is likely substrate- and 

organism-specific. 

 A significant challenge that remains in understanding iron biogeochemical cycling within 

the marine environment is understanding the nature of these iron-binding ligands. Traditionally, 

iron-binding ligands have been detected and characterized using an electrochemical technique, 

competitive ligand exchange-adsorptive cathodic stripping voltammetry (CLE-ACSV). This is an 

indirect technique that characterizes ligands based on their binding affinity for iron rather than 

directly by their chemical structures. Commonly, this has divided iron-binding ligands into two 

classes, L1 and L2, which represent strong and weak ligands, respectively (4). However, recent 

work has allowed for the ability to detect a wider range of ligands subdivided into more refined 

ligand classes over a spectrum of binding strengths (5,6). Additionally, advances in mass 

spectrometry techniques have allowed for the structural characterization of iron-binding ligands 

from seawater, and these efforts have primarily focused on the identification of siderophores 

(7,8). Siderophores are low molecular weight compounds that have a high binding affinity for 

iron. They are produced by marine bacteria and secreted into the marine environment 

presumably to help cells scavenge iron. Due to their high binding affinities, they are thought to 

comprise a significant portion of the L1 ligand pool. The capacity for siderophore biosynthesis by 

marine bacteria has been recognized now for several decades (9–16), and suites of siderophores 

have been isolated from cultured marine representatives (17). In addition to siderophores, iron-

binding ligands in the marine environment are thought to include iron-binding cofactors and 
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metalloproteins of biological origin such as heme (18), humic-like substances (19,20), and 

polysaccharides and other cell exudates (21,22) many of which likely contribute to the weaker 

ligand classes. Combined, CLE-ACSV and mass spectrometry techniques have allowed for 

broad spatial patterns in ligand distributions to begin to emerge, and it is recognized that ligands 

have significant control on iron biogeochemical cycling (23).  However, much remains to be 

learned about ligand sources, sinks, and definitive roles in the marine environment, including 

their influence on iron bioavailability to marine microorganisms.  

Due to the highly diverse chemical matrix of the marine environment, marine 

microorganisms must use an assortment of cellular tools in order to access it. Marine 

heterotrophic bacteria have iron requirements that are equal to or possibly greater than those of 

marine phytoplankton (24) and as such, have specialized cellular machinery that enables them to 

compete for the acquisition of this scarce resource. While most trace metal acquisition pathways, 

including those for iron, have been primarily characterized in non-marine organisms that are 

often host-associated pathogens, they serve as important models for the identification of similar 

pathways in other systems. The advent of high throughput genomic techniques and the rapidly 

growing availability of marine microbial genomes and metagenomes has allowed for the 

detection and characterization of iron transport pathways in marine strains. Broadly, dissolved 

iron can be transported either as inorganic Fe(II) or Fe(III) or as organically complexed Fe(III). 

Inorganic Fe(II) can diffuse across the outer bacterial membrane and be transported via one of 

several inner membrane permeases (25–28). Unbound, inorganic Fe(III) is transported across the 

inner membrane through ATP-binding cassette transporters (ABCTs) which consist of a 

periplasmic solute binding protein (SBP),  an inner membrane permease, and an ATP-binding 

domain. Larger, organically-complexed iron species are transported across the outer membrane 
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through TonB-dependent transporters (TBDTs) which are coupled to the energizing proton 

motive force of the inner membrane through the TonB complex (TonB, ExbB, and ExbD). Inner 

membrane transport of these complexes is often then accomplished via a substrate-specific 

ABCT. Transcriptional regulation of these transport systems is often under the control of the 

ferric uptake repressor (Fur) utilizing intracellular Fe(II) as a corepressor (29).  

TBDTs in particular offer an interesting and informative view of iron acquisition in the 

marine environment. Because they are able to facilitate the transport of larger substrates, they 

allow the organisms that possess them to directly access relatively high-molecular weight 

organic substrates. Given that over 99% of the iron in the marine environment is bound to an 

organic ligand that falls into this larger size class, TBDTs are potentially a highly effective 

means of iron acquisition for marine bacteria. While TBDTs were initially thought to transport 

only a narrow range of iron and other trace metal complexes, a growing body of work has shown 

that TBDTs are utilized for the transport of a wide range of organic substrates including amino 

acids, vitamins, and polysaccharides (30), increasing the bioinformatic challenge of identifying 

the substrate specificity of these transporters in the environment and the need for molecular 

characterization of specific TBDTs from marine strains.   

Studies suggest that pathways utilized by a given marine bacterium for trace metal 

acquisition as well as the acquisition of organic substrates, may be a factor of lifestyle strategies 

(31,32).  Copiotrophic organisms that respond quickly to inputs of nutrients and organic matter 

can dominate microbial communities and have a disproportionate effect on the cycling of organic 

matter (33). Bioinformatic analysis of marine prokaryotic genomes and metagenomes reveals 

that TBDTs and siderophore biosynthetic pathways are especially enriched in copiotrophic taxa 

and particularly Gammaproteobacteria (34,35). Most iron within heterotrophic bacteria resides 
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within components of the respiratory chain, indicating a significant linkage between iron and 

carbon metabolism. In copiotrophic taxa with potentially high iron quotas, effective means of 

iron acquisition may be an important factor in their ability to process significant amounts of 

organic matter.  A better understanding of such systems and their distribution in the marine 

environment will enable a better understanding of the bioavailability of various iron compounds 

in the marine environment as well as potential interactions between iron availability and the 

cycling of organic matter as a whole. 

The goal of this dissertation is to increase our understanding of iron acquisition strategies 

utilized by marine heterotrophic bacteria and to identify the role of these pathways in both iron 

and carbon biogeochemical cycles. This has been approached first through the development of a 

model marine bacterium in culture, allowing these questions to be addressed from an 

experimental and mechanistic perspective at the molecular scale. This has then been 

complemented by a broad oceanographic perspective through in situ measurements and 

microcosm experiments in the field. Without a doubt, microbes have shaped the world that we 

live in and their effect on marine biogeochemical cycles is no exception. The specialized 

molecular tools that marine bacteria have developed that enable them to scavenge iron from their 

environment is not only a fascinating display of chemistry, but is one of the primary factors 

influencing the transformation of iron in the marine environment. It is our hope that the 

following work presented in this dissertation adds to this body of knowledge and improves our 

mechanistic framework of iron biogeochemical cycling in the marine environment. 

Chapter two of this dissertation focuses on the characterization of TBDTs utilized by the 

marine copiotrophic bacterium Alteromonas macleodii ATCC 27126 and differentiates the 

overall metabolic response to iron limitation as compared to carbon limitation in this strain. 
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Members of the genus Alteromonas are globally distributed marine copiotrophs that can quickly 

dominate environments enriched in organic matter, making them environmentally relevant model 

marine organisms.  Using a transcriptomic approach, we were able to identify TBDTs utilized for 

the transport of either iron or carbon substrates. Further genomic analysis allowed for the 

identification of specific substrates corresponding to a number of these TBDTs as well as the 

identification of a novel inner membrane transport system for siderophores in marine bacteria. A 

comparative genomic analysis of these results across the entire Alteromonas genus suggests that 

transport capacity, particularly for iron substrates, is niche specific meaning that the substrate-

specific bioavailability of both iron and carbon in the marine environment will likely be a key 

control on the processing of organic matter through the microbial loop. 

Chapter three of this dissertation continues to utilize Alteromonas macleodii ATCC 27126 as 

a model system for iron acquisition by marine heterotrophic bacteria. In it, we characterized 

ATCC 27126 as a siderophore-producing bacterium and structurally characterized its 

siderophore as the photochemically active siderophore, petrobactin. By knocking out the 

siderophore production capabilities of ATCC 27126 we were able to experimentally demonstrate 

for the first time that siderophore production by a marine bacterium increases the bioavailability 

of certain non-labile sources of iron, particularly colloidal and particulate mineral sources of 

iron. Given that these forms of iron are the primary forms in which iron is delivered to the 

marine environment, our results suggest that siderophores may play an important role in 

incorporating new iron into the system. Furthermore, we show that marine bacteria with the 

petrobactin biosynthetic pathway are widely distributed in the marine environment.  

Finally, chapter four of this dissertation attempts to determine the effects of iron availability 

on communities of heterotrophic bacteria in the California Current System and the downstream 
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consequences for carbon cycling. First, we have documented the major pathways for iron 

transport utilized by the heterotrophic community in this system and found that the distribution 

of these pathways falls largely along taxonomic divisions. Using gene expression patterns of the 

heterotrophic bacterial community in response to iron additions, we have found that during 

periods of high productivity but relatively low iron availability, the heterotrophic community 

directly experiences iron limitation. Expression of these ‘biomarkers’ of iron limitation was also 

connected to reduced carbon processing by the heterotrophic bacterial community suggesting an 

additional mechanism for enhanced carbon export under iron-limiting conditions.  
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Chapter 2: Transcriptomic study of substrate-specific transport mechanisms for iron and 

carbon in the marine copiotroph Alteromonas macleodii  

2.1 Abstract 

Iron is an essential micronutrient for all microbial growth in the marine environment and 

in heterotrophic bacteria is tightly linked to carbon metabolism due to its central role as a 

cofactor in enzymes of the respiratory chain. Here we present the iron- and carbon-regulated 

transcriptomes of a representative marine copiotroph, Alteromonas macleodii ATCC 27126, and 

characterize its cellular transport mechanisms accordingly. ATCC 27126 has distinct metabolic 

responses to iron and carbon limitation and likewise uses distinct sets of TonB-dependent 

transporters for the acquisition of iron and carbon. These distinct sets of TonB-dependent 

transporters were of similar number, indicating that the diversity of carbon and iron substrates 

available to ATCC 27126 is of a similar scale. For the first time in a marine bacterium, we have 

also identified six characteristic inner membrane permeases for the transport of siderophores via 

an ATPase-independent mechanism. An examination of the distribution of specific TonB-

dependent transporters in 31 genomes across the genus Alteromonas points to niche 

specialization in transport capacity, particularly for iron. We conclude that the substrate-specific 

bioavailability of both iron and carbon in the marine environment will likely be a key control on 

the processing of organic matter through the microbial loop. 

 

2.2 Introduction 

Iron (Fe) is an essential cofactor in many enzymes facilitating fundamental life processes 

such as photosynthesis, respiration, and nitrogen fixation. As such, dissolved iron is a necessary 

micronutrient for all microbial growth in the marine environment and is tightly linked to the 
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cycling of carbon and other macronutrients. In oxygenated seawater iron is most 

thermodynamically stable in the form of Fe(III) oxyhydroxides which are characterized by low 

solubility and the tendency to be further scavenged by sinking particulate matter (1). This results 

in extremely low dissolved iron concentrations in most regions of the world’s oceans and exerts 

significant control on marine primary production (2).   

Of the dissolved iron present in seawater, over 99% is associated with a heterogenous 

pool of organic matter referred to as ligands (3).  While much remains to be learned about the 

chemical composition of these ligands, they are thought to include humic substances, 

polysaccharides, metalloproteins with associated cofactors, and siderophores (4–8).  Moreover, 

these ligands comprise a fraction of the total pool of marine dissolved organic matter (DOM).  

Marine DOM is one of the largest pools of carbon (C) on Earth, and it is now recognized that 

marine heterotopic bacteria are the key determinant in the fate of this carbon and its associated 

macro- and micronutrients (9–11).  

Given that marine DOM consists of a highly diverse matrix of organic compounds 

(12,13), marine bacteria must use an assortment of cellular tools in order to access it. Many of 

the molecular mechanisms underlying these acquisition processes have yet to be explored. In 

particular, little is understood regarding these mechanisms at a molecular level for micronutrients 

such as iron. Measurements indicate that marine heterotrophic bacteria have iron quotas similar 

to or possibly greater than marine phytoplankton (14), and most of this iron resides within the 

respiratory chain indicating a significant linkage between iron availability and carbon 

metabolism.  Indeed, iron and carbon colimitation of marine heterotrophic communities has been 

observed (15).  The specific uptake systems and enzymatic pathways that bacteria use to 

metabolize available substrates for both iron and carbon will influence rates of nutrient 
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regeneration, the chemical composition of remaining DOM, and ultimately the fate of fixed 

carbon within the ocean (12,13,16). 

One identified pathway for the acquisition of organic complexes by prokaryotes is the use 

of TonB-dependent transporters (TBDTs). TBDTs transport larger compounds (generally greater 

than 600 Da) across the outer cell membrane in Gram-negative bacteria. The TBDT is coupled to 

the energizing proton motive force of the inner membrane through the TonB complex (TonB, 

ExbB, and ExbD). Subsequent transport across the inner membrane is often accomplished via an 

associated ATP-binding cassette transporter (ABCT). ABCTs also function independently of 

TBDTs for the transport of small substrates such as inorganic Fe(III) or monomeric carbon 

substrates that can diffuse across the outer membrane. Known compounds transported via 

TBDTs include those important to iron metabolism such as Fe-siderophore complexes and heme 

as well as solutes critical to carbon metabolism and cell growth including amino acids, vitamins, 

and polysaccharides (17).  Bioinformatic analysis of marine prokaryotic genomes and 

metagenomes reveals that TBDTs are fairly widespread and especially enriched in 

Gammaproteobacteria (18–20). However, sequence analysis alone cannot predict the substrate 

specificity of TBDTs and very little is known about their regulation and use in marine 

heterotrophic bacteria. 

Members of the genus Alteromonas are widespread marine copiotrophs of the class 

Gammaproteobacteria. The genus is globally distributed in oceanic waters with several strains 

present in up to 80% of published samples from the Tara Oceans expedition (21). In addition, 

Alteromonas has been found to become highly abundant in environments enriched in organic 

matter and nutrients (22–26) Observations of Southern Ocean bacterial communities have also 

found Alteromonadaceae to contribute significantly to the pool of iron uptake transcripts in this 
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system (27) . As a ‘first responder’ to bloom events and other episodes of particle enrichment, 

the Alteromonas genus plays an important role in the biogeochemical cycling of organic matter 

(28). Due to their ability to disproportionately affect the processing of organic matter, we 

hypothesize specific taxa will play a significant role in both carbon and iron remineralization 

processes.   

We used Alteromonas macleodii ATCC 27126 (29) as an ecologically significant model 

bacterium in order to study the transport mechanisms underlying substrate-specific 

bioavailability of carbon and iron in the marine environment. We present iron- and carbon-

regulated transcriptomes of A. macleodii ATCC 27126 with a focus on the expression of TBDTs 

and the regulation of central metabolic processes. This is the first study to directly compare the 

cellular response of a heterotrophic marine bacterium to both iron and carbon limitation under 

controlled conditions and reveals an unexpected contrast in the stress response to these two 

nutrient limitations. Additionally, we identified two distinct sets of TBDTs utilized for the 

transport of carbon and iron compounds and allowed for the putative identification of a wide 

range of specific substrates. These results give new insight to our understanding of substrate 

specific bioavailability of iron and carbon to the marine heterotrophic community and the 

potential effects this has on the biogeochemical cycling of organic matter in the marine 

environment. 

 

2.3 Results 

2.3.1 Overview of global transcriptomic response to Fe and C limitation 

The differential expression of transcripts under iron and carbon limitation compared to 

replete conditions in A. macleodii ATCC 27126 was analyzed. Cultures for each nutrient 
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condition were grown in biological triplicate (n = 3 for each of four treatments) in minimal 

media tightly controlled for trace metal concentration and utilizing glucose as the carbon source 

(see Methods for details). While carbon replete and iron replete cultures are analyzed and 

discussed separately within the text, they represent two sets of biological triplicates grown under 

the same conditions. Limitation was defined as an observed decrease in growth in the absence of 

either added glucose or FeCl3 as monitored through OD600 measurements (Figure 2.1). While 

the removal of glucose did not result in the complete exclusion of carbon from the medium, the 

observed decrease in growth indicates that ATCC 27126 was carbon limited to a significant 

degree.  Multiple iron and glucose concentrations were tested to achieve maximum growth under 

replete conditions (data not shown).  The samples can be considered deeply sequenced with 20-

30 million reads generated per sample, and transcripts from 3892 of the 3894 protein coding 

genes (99.95%) within the A. macleodii ATCC 27126 genome were detected across all 

treatments and replicates. Transcripts for the remaining 2 protein coding genes (MASE_02825 

and MASE_13640) were absent from only one replicate each. 

Principle component (PC) analysis of the ORF transcript abundances detected under each 

growth condition shows clear separation in global transcript expression patterns between iron-

limited and carbon-limited states in ATCC 27126 while the six replete cultures cluster together 

(Figure 2.2). The first two dimensions of the principle component analysis account for 83.5% of 

the total variance with 53.4% accounted for by the first dimension alone. Samples along PC1 are 

separated following a spectrum from iron deplete to carbon deplete with the replete samples 

falling in the middle of this gradient. This reflects the unique transcriptional responses of ATCC 

27126 to either iron or carbon limitation. In contrast, PC2 separates samples as strictly nutrient 

replete compared to nutrient deplete.  Biological triplicates for each growth condition also cluster 
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tightly together, yielding results with strong statistical significance.   All fold-change values are 

expressed as a comparison of transcript abundance under nutrient limited versus nutrient replete 

conditions. Using a fold-change ³ |2| and FDR < 0.05 as a threshold for significance, we found 

that transcripts for 1471 ORFs (38% of the total protein coding genes) showed differential 

expression under at least one growth condition. Transcripts for 350 ORFs were significantly 

enriched (fold-change ³ 2 and  FDR < 0.05)  exclusively under iron-limited conditions, and those 

for 450 ORFs were uniquely enriched under carbon limitation while only 78 were shared.  

Conversely, transcripts for 232 ORFs were uniquely depleted (fold-change £ -2 and FDR < 0.05)  

under iron limitation while 358 were uniquely depleted under carbon limitation and only 103 

were shared. Note that transcripts enriched under iron limitation but depleted under carbon 

limitation (and vice versa) are not mutually exclusive. Specific ORFs discussed throughout the 

text are identified by gene locus (MASE_XXXXX). See Figure 2.3 for differential expression 

across the genome under both carbon and iron limitation. 

Transcripts enriched under iron-limitation include homologs to known iron acquisition 

pathways. This includes a putative Fe(III) ABCT system and a predicted siderophore 

biosynthetic gene cluster that exhibited a marked 97-fold increase in transcript abundance under 

iron limitation. Siderophore biosynthesis by ATCC 27126 was confirmed with a CAS assay 

(Figure 2.4), the first experimental evidence for the presence and expression of a siderophore 

production pathway in ATCC 27126 or indeed Alteromonas. Additionally, the transcript 

encoding a cytoplasmic siderophore interacting protein (MASE_18235) was enriched 18-fold 

under iron limitation. A SUF Fe-S cluster assembly system (MASE_12855 to MASE_12895), 

shown to be critical for the utilization of certain siderophores by Escherichia coli  (30–33), was 

also significantly enriched. Transcripts depleted under iron limitation include the ferric uptake 
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repressor protein (Fur) (MASE_08050) and transcripts encoding two subunits of a 

bacterioferritin homolog (MASE_09805 and MASE_09810)  – an iron storage protein.       

In order to determine the effects of nutrient limitation on central metabolic processes in 

ATCC 27126, a gene set enrichment analysis was performed. Where possible, ORFs were 

assigned to KEGG pathways and grouped into gene sets according to whether they were 

differentially expressed under both carbon and iron limitation, exclusively iron limitation, or 

exclusively carbon limitation (Figure 2.5).  A given pathway was determined to be enriched (and 

therefore significantly affected by the given nutrient limitation) if it was overrepresented in a 

given set of differentially expressed genes compared to the entire genome (see Methods for 

details).  Iron limitation induced changes in central metabolic processes in ATCC 27126, some 

of which were unique to iron limitation compared with carbon limitation (Figure 2.5).  Carbon 

metabolism, oxidative phosphorylation, and the citric acid cycle were significantly affected by 

iron limitation (Figure 2.5).  Specifically, a distinct shift toward the glyoxylate cycle as an 

alternative pathway to the citric acid cycle (CAC) was observed as evidenced by an enrichment 

in transcripts for isocitrate lyase (MASE_13040) and malate synthase (MASE_13050). A 

majority of the enzymes that make up the CAC were depleted under iron limitation; however,  

there was a marked 20-fold increase in the expression of fumarase C (MASE_14985) – the only 

non-iron containing version of this enzyme. Additionally, the major iron-containing subunits of 

the electron transport chain (NADH-ubiquinone reductase: MASE_16205 to MASE_16230, 

ubiquinol-cytochrome c reductase: MASE_03300 to MASE_03310, and multiple cytochrome 

oxidase complexes) were significantly depleted under iron limitation between 2- and 6-fold. A 

decrease in transcript abundance of the Entner-Doudoroff (ED) glycolysis pathway 

(MASE_11170 to MASE_11190) was also observed. Notably, 6-phosphogluconate dehydratase 
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of the ED pathway is an iron-containing metalloprotein. Metabolic pathways that were uniquely 

affected by iron limitation included enrichment of the tryptophan, biotin, and thiamine 

biosynthetic pathways (Figure 2.5). Notably, a nickel-containing superoxide dismutase 

(MASE_02360) was significantly enriched under iron limitation, possibly reducing the iron 

requirements associated with oxidative stress (34,35).   

The global transcriptomic response of ATCC 27126 to carbon limitation was very distinct 

compared to that of iron limitation (Figure 2.2). Components of central carbon metabolism such 

as the CAC and ED pathway were similarly depleted (Figure 2.5), but upregulation of the 

glyoxylate cycle was not observed. Fatty acid degradation was uniquely affected by carbon 

limitation (Figure 2.5). Transcripts required for fatty acid oxidation (MASE_02310, 

MASE_02315, MASE_03100, and MASE_10260) were upregulated under carbon limitation up 

to 3-fold, perhaps indicating a shift to alternative carbon sources in the absence of glucose. A 

particularly striking feature of the carbon limited transcriptome that was absent from the iron 

limited transcriptome was the significant enrichment of chemotactic response systems, flagellar 

biosynthesis, and agglutinin production (Figure 2.5). In addition to components of central carbon 

metabolism, transcripts involved in fatty acid biosynthesis, nitrogen metabolism, and ribosome 

production were all significantly depleted under both iron and carbon limitation (Figure 2.5). 

 

2.3.2 Differential expression of TBDTs under nutrient limitation 

66 putative TBDTs are transcribed by the genome of A. macleodii ATCC 27126. Using 

the same significance threshold of a ³ 2 fold-change and FDR < 0.05, transcripts for 11 TBDTs 

were found to be significantly enriched under iron limitation while 15 were enriched under 

carbon limitation, without overlap. Expression patterns for iron-responsive and carbon-
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responsive TBDTs are clearly distinct from each other as well as the remaining TBDTs (Figure 

2.6). Overall, transcripts for TBDTs were some of the most highly enriched transcripts in the 

genome under either nutrient limitation.  

 

2.3.3 Gene neighborhood analysis of Fe-responsive and C-responsive TBDTs 

We investigated the gene neighborhoods of the 26 carbon or iron regulated TBDTs in an 

effort to further elucidate the corresponding substrates for these transporters. (Figures 2.7 and 

2.8). The gene neighborhoods of six of the Fe-responsive TBDTs include genes containing a 

PepSY-associated transmembrane domain (pfam03929), each also significantly enriched under 

iron limitation (Figure 2.7). The proteins encoded by these genes are predicted to contain 

between 4 and 8 transmembrane helices.  An additional gene with this conserved domain and 

predicted topology (MASE_09745) is found within the siderophore biosynthetic gene cluster of 

ATCC 27126 further linking this domain to a role in iron transport. Proteins with similar 

topology and the PepSY transmembrane domain have been characterized as the inner membrane 

permeases for the uptake of the siderophores pyochelin and ferrichrome in Pseudomonas 

aeruginosa and rhizobactin 1021 in Sinorhizobium meliloti in place of a classical ABCT (36–38). 

Thus far, there is limited sequence identity between characterized permeases of this type making 

homologous genes difficult to detect. However, the protein topology, the presence of a PepSY 

transmembrane helix, and the colocation with an Fe-regulated TBDT allow us to strongly predict 

that these genes serve as the inner membrane permease for the transport of at least six distinct 

siderophores by ATCC 27126. The presence of these PepSY inner membrane permeases also 

help explain the mismatch between the number of TBDTs in ATCC 27126 and the number of 

ABCTs for transport across the inner membrane. With far fewer ABCTs compared to TBDTs 
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(none of which are associated with an Fe-responsive TBDT), ATCC 27126 must either utilize 

ABCTs for the non-specific transport of multiple substrates or there must be alternative methods 

of transport across the inner membrane that are not well described for marine bacteria. The 

identification of these PepSY permeases in ATCC 27126 lend support to this latter mechanism.  

Gene neighborhood analysis has also revealed putative regulatory mechanisms associated 

with two of the Fe-responsive TBDTs (Figure 2.7), providing preliminary evidence of a more 

nuanced regulatory system beyond Fur regulation of iron transport.  MASE_18660 and 

MASE_18665 show homology to the FecIR regulatory system for the transport of ferric citrate 

as characterized in E. coli (39–41) indicating the associated TBDT (MASE_18655) is 

responsible for the transport of ferric citrate.  MASE_17915 and MASE_17920 show homology 

to the pfeRS regulatory system identified in P. aeruginosa for the transport of the siderophore 

enterobactin (42,43). The TBDT associated with this regulatory system in ATCC 27126 

(MASE_17930) is present in all strains across the Alteromonas genus that also possess the same 

siderophore biosynthetic gene cluster as ATCC 27126 (see results below, Figure 2.10).  

MASE_17930 is also co-located with a PepSY permease as described above. This indicates that 

MASE_17930 may be responsible for the transport of the endogenous siderophore produced by 

ATCC 27126. 

A final notable feature of the gene neighborhoods of the Fe-responsive TBDTs in ATCC 

27126 is the presence of gene pairs containing the conserved domains of unknown function 

DUF4198 (pfam10670) and DUF2271 (pfam10029). These domains were identified exclusively 

in the neighborhoods of the Fe-responsive TBDTs and are themselves also enriched under iron 

limitation (MASE_17430, MASE_17435, MASE_18630, and MASE_18640) (Figure 2.7). Three 

of these four genes have a high likelihood ( > 0.70) of a leading signal peptide, implying they are 
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likely functioning as either periplasmic or outer membrane-associated proteins. The DUF4198 

domain has been identified in components of the energy-coupling factor-type ABCTs for nickel 

and cobalt where they are thought to couple the transmembrane movements of additional 

components in these systems (44,45). The DUF2271 domain falls within the cl21544 

superfamily, characterized by an immunoglobin-like b-sandwich fold indicating a possible 

ligand or protein interaction site. DUF2271 is found at the C-terminal end of MASE_17435 and 

MASE_18630 each of which also contain an N-terminal domain that associate them with 

membrane-anchored proteins (pfam16357 and COG1477, respectively). Given the novelty of 

these domains and their specific association with Fe-responsive TBDTs, further characterization 

of these proteins is warranted. 

The 15 TBDTs enriched under carbon limitation also have unique gene neighborhoods 

which are often composed of ancillary genes for the catabolism of complex polymers (Figure 

2.8). Adjacent catabolic genes include predicted beta-glucosidase (MASE_19120, 

MASE_19670), alpha-glucosidase (MASE_13325), alpha-galactosidase (MASE_00935), alpha-

xylosidase (MASE_18035), alpha-N-arabinofuranosidase (MASE_19120), beta-N-

acetylhexosaminidase (MASE_13870), polyhydroxybutyrate (PHB) depolymerase 

(MASE_06600), and peptidases (MASE_03530, MASE_10030, MASE_12160). This would 

suggest the ability of ATCC 27126 to acquire and grow on alpha- and beta-glucans, xyloglucans, 

alpha-galactosides, alpha-arabinosides, N-acetyl-b-D-hexosaminides, PHB, and proteins. In 

contrast to the neighborhoods of the Fe-responsive TBDTs, a majority of the neighboring genes 

of the C-responsive TBDTs were not also enriched under carbon limitation. This suggests that 

additional regulatory mechanisms may be at play for the expression of the corresponding 

hydrolytic enzymes. Indeed, a majority of the gene neighborhoods of the C-responsive TBDTs 
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contain a transcriptional regulator, which may act as a positive transcriptional regulator of 

catabolism-related genes should the target compound be transported (Figure 2.8).   

Table 2.1 summarizes the transcriptomic response and predicted substrate for each of the 

TBDTs enriched under either carbon or iron limitation in this dataset.  It is worth noting that 

heme and hemoproteins are an additional class of Fe-containing compounds that serve as sources 

of iron in the marine environment (46,47) and are acquired via TBDTs in Gram-negative 

bacteria. They are therefore possible candidates for the substrates of the remaining Fe-responsive 

TBDTs. However, we did not find evidence of a complete heme transport system in ATCC 

27126 as characterized in other marine bacteria (48,49). Notably, ATCC 27126 lacks a heme-

specific ABCT. Nevertheless, given the evidence for alternative mechanisms of inner membrane 

transport for siderophores in ATCC 27126, we cannot rule out the possibility that heme is 

likewise transported across the inner membrane via a non-traditional mechanism and that one or 

more of the remaining Fe-responsive TBDTs are responsible for heme acquisition.  While 

experimental validation using gene disruption and phenotyping is necessary to confirm all of 

these putative annotations, we have effectively generated a set of target transport systems to be 

further tested in this genetically tractable organism (50,51).  

 

2.3.4 Sequence similarity network of TBDTs across the genus Alteromonas 

In order to evaluate the distribution of these TBDTs across the genus Alteromonas, we 

performed a clustering analysis based on the sequence alignment of all TBDTs detected in the 

genomes of 31 strains of Alteromonas. This grouped 1804 peptide sequences into 97 distinct 

clusters containing two or more sequences (Figure 2.9). While some clusters within the network 

contain multiple TBDTs from a single strain that are challenging to resolve, a majority of the 
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clusters sperate into distinct groups where each cluster presumably resolves a coherent group of 

transporters. Further hierarchical clustering of these distinct groups of TBDTs shows that a core 

group of TBDTs are present across most Alteromonas strains (Figure 2.10, blue bar) while the 

remaining two groups have a patchy distribution (Figure 2.10, yellow and orange bars). Notably, 

A. mediterranea lacks many TBDTs beyond the core group and this is not due to a reduced 

genome size in this species (Figure 2.11).  

When the Fe-responsive TBDTs from ATCC 27126 are mapped onto this distribution, an 

interesting pattern emerges. MASE_18610, MASE_18645, MASE_18655, and MASE_00400 

fall within the core group of TBDTs that are widely distributed across the Alteromonas genus. 

Based on our functional analysis, none of these TBDTs are predicted to transport iron-

siderophore complexes (Table 2.1). Rather, the distribution of the predicted iron-siderophore 

transporters from ATCC 27126 is constrained to fewer taxa (Figure 2.10). In particular, all of the 

predicted receptors for exogenous siderophore complexes in ATCC 27126 are absent from A. 

mediterranea.  However, several strains of A. mediterranea do have a predicted siderophore 

biosynthesis pathway and the predicted cognate receptor.  In contrast, a majority of the C-

responsive TBDTs from ATCC 27126 fall within the group most widely distributed across 

Alteromonas. However, four C-responsive TBCTs (MASE_10030, MASE_13870, 

MASE_15330, and MASE_18035) are found outside of this group and are therefore largely 

absent from A. mediterranea.  
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2.4 Discussion  

2.4.1 Metabolic responses to iron and carbon limitation are distinct 

Iron and carbon limitation in heterotrophic bacteria are typically studied separately. 

Remarkably, despite the shared aspect of growth limitation, iron and carbon limitation resulted in 

distinct reorganizations of cellular metabolism and nutrient acquisition in A. macleodii ATCC 

27126. Iron limitation was characterized by a decreased dependence on iron-containing proteins 

while cellular resources were directed toward iron acquisition. Fe-sparing mechanisms included 

a downregulation of the major Fe-containing enzymes of the CAC, ED glycolysis, and electron 

transport chain with a corresponding upregulation of Fe-lacking metabolic replacements (Ni-

SOD and fumarase C). A shift to the glyoxylate cycle as an alternative to the CAC was also 

observed in this work and has been observed under iron limitation for two additional strains of 

Alteromonas (52).  An increase in the expression of isocitrate lyase has also been observed in  

the gammaproteobacterium Photobacterium angustum under iron limitation (53). Here the 

authors were able to demonstrate decreased growth rates and respiration under iron limitation in 

a knockout mutant lacking isocitrate lyase compared to the wild type, suggesting this pathway is 

an effective mechanism for coping with iron limitation (53). However, this transition to the 

glyoxylate cycle has also been observed in a range of taxa as a response to multiple different 

nutrient limitations as well as oxidative stress and is unlikely to be an iron-specific response (54–

56). Similar cell-wide responses to iron limitation have been observed for additional 

Proteobacteria strains (57,58). This work demonstrates that these responses extend to the marine 

environment and reinforces the control that iron availability may have on carbon metabolism in 

heterotrophic bacteria.   
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Under carbon limitation there was no observed switch to the glyoxylate pathway. 

However, components of the CAC along with upstream pathways for glucose processing were 

similarly depleted, likely driven by the lack of glucose as a starting substrate. In striking contrast 

to iron limitation, carbon scavenging was seemingly enhanced by an increase in motility and 

particle formation as a result of a dramatic upregulation of chemotactic response systems as well 

as flagellar biosynthesis and agglutin production. An increase in motility has been observed 

under changing environmental conditions in additional strains of Alteromonas (59,60). This has 

been observed under growth in minimal medium (59) as well as in transition to copiotrophic 

growth upon phytoplankton decay and the input of organic matter (60). An increase in motility 

under both copiotrophic and carbon-limited growth may suggest differing regulatory pathways 

governing these responses. Under copiotrophic growth, this was attributed to a multifaceted 

response involving the small RNA-binding protein CsrA and its activation of the FliA sigma 

factor (60).   In the current study, we did not observe differential expression of either csrA or 

fliA,  highlighting the complexity of motility regulation in Alteromonas. Furthermore, the lack of 

a motility response under iron limitation is intriguing and may suggest that this strategy quickly 

became too energetically expensive under these conditions. 

 

2.4.2 Transporters inform our view of the chemical matrix of the marine environment 

When considering the specific response to iron and carbon limitation of the 66 putative 

TBDTs found in ATCC 27126, we find that ATCC 27126 uses a distinct set of TBDTs to acquire 

a wide range of iron and carbon complexes (Table 2.1). These results emphasize the importance 

of experimental evidence for validating TBDT annotations.  Each of these sets responds strongly 

and exclusively to the corresponding nutrient limitation. This indicates that there is a high degree 
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of regulation tuning the expression of these transporters to specific environmental conditions. 

For the Fe-responsive TBDTs this is likely primarily controlled by Fur regulation; however, we 

have also found preliminary evidence of regulatory systems that may respond to the presence of 

specific iron-ligand complexes. In contrast, carbon acquisition appears to be primarily controlled 

by a substrate specific response.  While the TBDT component of these systems were broadly 

sensitive to carbon limitation, the expression of hydrolytic enzymes and supporting proteins may 

depend on the presence of a given substrate, much like the canonical lac operon. This is 

supported by the identification of transcriptional regulatory systems in a majority of these gene 

neighborhoods. These results also highlight that transport of substrates across the inner 

membrane of ATCC 27126 is likely accomplished by a diverse set of mechanisms.  We have 

detected 6 putative inner membrane permeases with a PepSY domain that show significant 

structural similarity to characterized permeases for the transport of siderophores in well-studied 

pathogenic bacteria (36–38). To our knowledge, this is the first description of such permeases in 

a marine bacterium and provides a new, highly specific target for understanding the role of 

siderophore utilization in the marine environment. 

One of the most notable aspects of this dataset is not only the total number of putative 

TBDTs found in ATCC 27126, but the similarity in magnitude between the number of iron-

responsive and carbon-responsive TBDTs. This implies that the diversity of organic carbon and 

iron complexes encountered and utilized by ATCC 27126 in its environment must be of a similar 

scale. Particularly regarding iron-ligand complexes, relatively few compounds have been isolated 

and structurally characterized directly from seawater. Even for the case of siderophores, where 

there has been a diverse range of structures isolated from cultured marine strains (61), only a 

small subset has been detected in natural seawater (8,62,63). Given these analytical challenges, 
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the ability to test the bioavailability of relevant complexes in the marine environment has been 

limited. By focusing on cellular transport systems, this work has suggested an unexpected 

diversity of complex iron and carbon substrates that are bioavailable in the marine environment. 

Further characterization of these transport systems, both within Alteromonas and additional taxa, 

will continue to inform our understanding of the bioavailable iron and carbon pools in the marine 

environment. 

 

2.4.3 Niche specialization drives differentiation in the distribution of TBDTs 

Across sequenced representatives of the Alteromonas genus there is a high capacity for 

transport via TBDTs with strains possessing between 38 and 76 putative TBDTs (Figure 2.11). 

However, across the genus, the distribution of specific TBDTs is not uniform, particularly with 

regard to predicted iron transporters (Figure 2.10). While a majority of the C-responsive TBDTs 

in ATCC 27126 are widely distributed across Alteromonas, many of the Fe-responsive TBDTs, 

particularly those for the predicted transport of exogenous siderophores, were constrained to 

fewer taxa and notably absent from A. mediterranea.  This may indicate that exogenous 

siderophore utilization (i.e. a “cheater” strategy (64)) is niche specific, or perhaps that distinct 

sets of siderophores prevail in different niches.  

Phylogenetic randomness in the distribution of trace metal transporters within two 

lineages of marine Alphaproteobacteria has been described, which the authors interpret as trace 

metal niche differentiation (65).  Additionally, in an evaluation of the pangenome of 

Alteromonas, López-Pérez and Rodriguez-Valera (66) find that even between strains of a single 

Alteromonas species, genes encoding transporters, including TBDTs, exhibited some of the 

highest dN/dS ratios. High dN/dS ratios indicate positive selective pressure on these genes and 
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support the idea of niche specialization in substrate utilization. Specifically, trace metal 

availability in a given environment may impart a significant control on genomic content, 

differentiating phylogenetically similar strains.  

When compared to other well-studied marine copiotrophic bacteria, the results presented 

here fit along an emerging spectrum of strategies for substrate utilization that ranges from the 

dedicated transport of monomeric substrates through ABCTs to the use of TBDTs for the 

acquisition of large, complex compounds. It has been suggested that substrate availability, as 

dictated by the use of either TBDTs or ABCTs by a given taxonomic group, creates distinct 

ecological niches and can be a primary control on the succession of heterotrophs during a 

phytoplankton bloom (67–69).  For example, flavobacteria, whose genomes are enriched in 

TBDTs and hydrolytic enzymes, are known for their ability to break down and acquire high 

molecular weight DOM (70,71) and therefore dominate during the peak and decay stages of a 

bloom (72,73). In contrast, well-studied roseobacters, with large numbers of ABCTs, specialize 

in the transport of low molecular weight DOM (65,74). This can be released following the 

breakdown of high molecular weight DOM or directly from phytoplankton during early bloom 

stages. Previous studies have highlighted the potential utilization of complex substrates by 

Alteromonas, particularly with regard to carbon acquisition (23,26,28,75). With the identification 

of hydrolytic enzymes and associated C-responsive TBDTs in ATCC 27126, this work further 

supports the conclusions that the Alteromonas genus contributes significantly to the degradation 

of complex marine DOM. Furthermore, we provide the first evidence suggesting that the 

Alteromonas genus is likewise enriched in cellular machinery for the transport of larger, 

organically-complexed iron substrates.  
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Given the significant role that iron plays in carbon metabolism in heterotrophic bacteria, 

understanding the molecular transport mechanisms and resulting bioavailability of both of these 

nutrients will be an important step in understanding the turnover of organic matter in the marine 

environment. While a majority of previous work has focused on the acquisition of carbon by 

heterotrophic bacteria, the results presented here show that for Alteromonas the transport of 

large, complex substrates holds true for both carbon and iron acquisition. However, the 

relationship between the substrate-specific bioavailability of iron and carbon remains to be 

explicitly tested for many copiotrophic taxa. It is likely that the interplay of the acquisition of 

these two nutrients by different taxa of heterotrophic bacteria will underlie such dynamics as 

ecological succession and ultimately affect the balance between export and recycling in a given 

marine environment. 

 

2.5 Materials and Methods 

2.5.1 Bacterial strains and growth conditions 

The A. macleodii type strain ATCC 27126 was used for all growth experiments. Media 

was prepared and cultures were grown using appropriate aseptic techniques. Cultures were 

maintained on Marine Broth (MB) 2216 (BD Difco, Sparks, MD, USA) agar plates and grown in 

liquid MB 2216 to initiate experiments. Limitation experiments as described below were 

conducted in PC+ (added glucose as a carbon source) and PC (no added carbon source) media. 

The media was prepared by mixing 500 mL of 0.2 µm filtered seawater collected from the 

Scripps Institution of Oceanography Pier with 0.5 g casein, 0.5 g bacteriological peptone, and 

0.126 g NH4Cl. For the PC+ media 1.8 g of glucose was also supplied. The resulting solution 

was adjusted to pH 7.6, microwave sterilized, and stirred overnight with 7% w/v Chelex 100 
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resin (Bio-Rad, Hercules, CA, USA) to remove contaminating trace metals. These base media 

solutions were again filtered through a 0.2 µm filter to remove the Chelex resin and microwave 

sterilized an additional time. A trace metal master mix solution (4.0 x 10-5 M ZnSO4, 2.3 x 10-4 

M MnCl2, 2.5 x 10-5 M CoCl2, 1.0 x 10-5 M CuSO4, 1.0 x 10-4 M Na2MoO4, 1.0 x 10-5 M 

Na2SeO3) was prepared in 0.1 M HCl. A 0.05 M Na2EDTA 2H2O solution was prepared in Milli-

Q H2O and adjusted to pH 8. Finally, a 0.735 M KH2PO4 solution in Milli-Q H2O was also 

prepared.  The trace metal mix, EDTA, and KH2PO4 solutions were 0.2 µm filter sterilized and 

each diluted 1000-fold into aliquots of the appropriate base media immediately before 

inoculation with A. macleodii ATCC 27126. A 5 x 10-3 M FeCl3 • 6H2O solution was also 

prepared in 0.1 M HCl, 0.2 µm filter sterilized, and diluted 1000-fold into aliquots of the base 

media for iron replete cultures. 

 

2.5.2 Iron and carbon limited growth experiments 

A. macleodii ATCC 27126 was maintained on MB 2216 agar and triplicate colonies were 

inoculated in 5 mL of liquid MB 2216 to initiate growth experiments. All liquid cultures were 

maintained in the dark at room temperature with shaking at 190 rpm. After 8 hours of growth, 

100 µL of each liquid MB culture was then transferred to 5 mL of PC+ media without any added 

iron source. The triplicate cultures were allowed to grow for 12 hours in order to reach an iron-

limited state, and 100 µL of each culture was then transferred to two 5 mL aliquots of fresh PC+ 

media, one with no added iron source (iron deplete) and the second with an added 5 x 10-6 M 

FeCl3 as the iron source (iron replete). The synthetic ligand EDTA was added at a final 

concentration of 5.0 x 10-5 M in order to buffer the free iron concentration. This results in a 

calculated free iron concentration of 6.5 x 10-9 M for replete cultures. The cultures were allowed 
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to grow for 6.5 hours until mid-exponential phase was reached in the iron replete cultures 

(average OD600 of 0.68, Figure 2.1). Cells were then harvested for RNA extraction as described 

below. Carbon limited cultures were grown in a similar manner with the use of PC media lacking 

glucose as the primary carbon source to achieve a carbon-limited state. All carbon-limited 

cultures were maintained in iron replete conditions (5 x 10-6 M FeCl3), and the final experimental 

cultures were grown in contrasting PC (carbon deplete) and PC+ media (carbon replete).  

 

2.5.3 Library preparation and sequencing 

When replete cultures were in mid-exponential phase, cells were pelleted via 

centrifugation at 6000 x g for 5 minutes at 4°C. The resulting pellet was resuspended in 200 µL 

Max Bacterial Enhancement Reagent (Ambion, Carlsbad, CA, USA) preheated to 94°C and 

incubated for 4 minutes. 1 mL TRIzol-Reagent (Ambion) was added and total RNA was 

extracted using the Direct-zol RNA miniprep kit (Zymo Research, Irvine, CA, USA) according 

to the manufacture’s protocol. Contaminating DNA was removed with the provided DNase 

solution. Sequencing libraries were prepared for directional RNA-Seq using the Wafergen PrepX 

kit (Takara Bio, Kusatsu, Japan) and sequenced on the NextSeq500 platform  (Illumina, San 

Diego, CA, USA) (2x150bp paired end reads). Twenty to thirty million reads per sample were 

generated.   

 

2.5.4 Sequence processing, bioinformatic analysis, and visualization 

Adapters were trimmed from raw sequences using AdapterRemoval (v2.1.7). Quality 

trimming was performed using Trimmomatic (v0.36). Paired-end reads were mapped with BWA 

(76) to the reference genome, and read pairs were counted for each gene using featureCounts 
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(v1.6.1). Reads that mapped to protein coding regions were used for downstream processing.  

Differential expression of detected open reading frames (ORFs) under varying experimental 

conditions was assessed using DESeq2 (77). Differential expression was considered significant if 

the fold change between the nutrient deplete and replete experimental conditions was ³ |2| and 

FDR < 0.05 (Benjamin-Hochberg adjusted p-value).   

Gene set enrichment was then tested for ORFs that were differentially expressed under at 

least one nutrient limitation. Gene set categories were chosen from the Kyoto Encyclopedia of 

Genes and Genomes (KEGG) pathways. Enrichment was calculated by comparing the number of 

ORFs assigned to a given KEGG pathway in a group of differentially expressed ORFs compared 

to the number of ORFs assigned to the same pathway across the entire genome. Enrichment 

probabilities were then calculated with a hypergeometric test (phyper in R) to determine 

statistical significance (P < 0.05).   

Where indicated, functional predictions for ORFs were assigned based on specific hits to 

conserved domains detected with an RPS-BLAST alignment against the NCBI Conserved 

Domain Database (78). Protein secondary structure was predicted using the Phyre2 server for 

protein modeling (79). SignalP (v5.0) was used to predict signal peptides where noted (80).  

Genomic neighborhoods were visualized for Alteromonas macleodii accession CP003841.1.  We 

implemented genomic_neighborhoods.py as a versatile command-line interface built upon 

DnaFeaturesViewer (v1.0.0) (81) to seamlessly plot gene neighborhood figures not limited to 

any particular accession or species. Our command-line tool is open-sourced via GitHub 

(https://github.com/jolespin/genomic_neighborhood).  
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2.5.5 Construction of TBDT sequence similarity network 

The genomes of all available strains within the Alteromonas genus were searched for the 

TBDT conserved barrel domain (pfam00593) using the Joint Genome Institute’s Integrated 

Microbial Genomes database (82). This resulted in 1804 peptide sequences obtained from 31 

total strains. These sequences were compared in an all vs. all BLAST analysis using the Enzyme 

Similarity Tool from the Enzyme Function Initiative (83). The resulting sequence similarity 

output was then organized into clusters with Cytoscape v3.2.1 (84) using an alignment score 

threshold cutoff of 110.  

 

2.5.6 Data availability 

All sequence data are openly available from the NCBI BioProject Archive at 

https://www.ncbi.nlm.nih.gov/sra/PRJNA591216. Our command-line genomic neighborhood 

tool is open-sourced via GitHub (https://github.com/jolespin/genomic_neighborhood). 
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2.7 Figures and Tables 

Table 2.1 Gene loci of Fe- and C-responsive TBDTs in A. macleodii ATCC 27126. The log2fold 
change of TBDT transcripts under nutrient deplete (n = 3) compared to nutrient replete (n = 3) 
conditions are given along with the predicted substrate, where applicable. 

TBDT Gene Locus  Limitation Log2Fold Change Predicted Substrate 

MASE_00400 Fe 2.78 - 
MASE_03260 Fe 1.19 Exogenous Siderophore 
MASE_08200 Fe 2.54 Exogenous Siderophore 
MASE_15245 Fe 2.24 Exogenous Siderophore 
MASE_17080 Fe 1.55 Exogenous Siderophore 
MASE_17485 Fe 5.78 Exogenous Siderophorea 

MASE_17500 Fe 3.88 Exogenous Siderophorea 

MASE_17930 Fe 4.51 Endogenous Siderophore 
MASE_18610 Fe 1.99 - 
MASE_18645 Fe 6.95 - 
MASE_18655 Fe 1.12 Ferric Citrate 
MASE_00935 C 1.35 Galactolipids 
MASE_03530 C 3.28 Peptide 
MASE_04115 C 1.28 - 
MASE_05185 C 1.00 - 
MASE_05565 C 1.50 - 
MASE_06600 C 1.59 Polyhydroxybutyrate 
MASE_08095 C 4.96 - 
MASE_10030 C 1.52 Peptide 
MASE_12160 C 2.20 Peptide 
MASE_13325 C 5.14 α-glucans 
MASE_13870 C 2.82 N-acetyl-b-D-glucosaminides 
MASE_15330 C 1.06 - 
MASE_18035 C 1.44 Xyloglucans 
MASE_19120 C 1.11 a-arabinosides 
MASE_19670 C 1.66  b-glucans 

aMASE_17485 and MASE_17500 are co-located with each other as well as with a single gene containing a PepSY 
transmembrane domain (Figure 2.7). Therefore, the association of the PepSY domain with either TBDT (and 
therefore the putative annotation as a siderophore transporter) is ambiguous.  
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Figure 2.1 Representative growth curves of Alteromonas macleodii ATCC 27126 under iron-
deplete, carbon-deplete, and nutrient replete conditions. Dashed lines indicate growth state upon 
time of sampling. 
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Figure 2.2 Ordination plot displaying the principle component analysis of the normalized global 
transcript abundances of detected open reading frames of the Alteromonas macleodii ATCC 
27126 genome under iron-deplete (green circles, n = 3), carbon-deplete (purple circles, n = 3), 
and nutrient replete (green triangles, n = 3, and purple triangles, n = 3) conditions. 
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Figure 2.3 Differential expression of protein coding genes along the Alteromonas macleodii 
ATCC 27126 genome under iron deplete (green) and carbon deplete (purple) conditions. 
Log2fold-change values calculated with respect to nutrient deplete condition (i.e. positive values 
indicate enrichment under corresponding nutrient limitation). Shaded regions indicate log2fold-
change values < 1 and  > -1 which were not considered significant for subsequent analysis.  
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Figure 2.4 CAS assay detecting siderophore production by Alteromonas macleodii ATCC 27126 
(B) as indicated by orange halo extending beyond the cells outlined in black. No siderophore 
production was detected for Alteromonas sp. ALT199 (A) as expected based on a search for 
known biosynthetic pathways within the genome (Figure 2.10). Ruegeria sp. TM1040 (C) was 
used as a negative control.   
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Figure 2.5 Gene set enrichment analysis of differentially expressed genes assigned to selected 
KEGG pathways. Results separated into gene sets based on differential expression under either 
exclusively carbon-deplete conditions (right column), exclusively iron-deplete conditions 
(middle column), or under both nutrient-deplete conditions (left column) and whether genes were 
enriched (fold change ³ 2, FDR < 0.05, blue bars) or depleted (fold change £ -2, FDR < 0.05, red 
bars) under the given limitation. Dashed line in each panel indicates the expected 1:1 ratio of 
differentially expressed genes in a given set compared to the total number of genes in the set 
across the entire genome. Bars extending beyond the dashed line indicate an overrepresentation 
of differentially expressed genes in the given gene set and statistically significant results 
(hypergeometric test, P < 0.05) are marked with an asterisk. See Methods for details. 
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Figure 2.6 Heat map displaying normalized transcript counts of identified TBDTs in the 
Alteromonas macloedii ATCC 27126 genome under iron-deplete (n = 3), carbon-deplete (n = 3), 
and nutrient replete (n = 6) conditions. Individual columns within each nutrient category display 
results for a single replicate. Each row displays results for a single TBDT with coloring depicting 
expression levels under each nutrient condition. Transcripts with higher than average expression 
levels are displayed in blue while those with lower than average expression are displayed in red. 
Dendrogram displays hierarchical clustering results based on expression patterns of TBDT 
transcripts across all nutrient conditions. Numbered sidebar depicts clusters grouped together at 
two-thirds of the maximum dendrogram height.  
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Figure 2.7 Gene neighborhoods of TBDTs enriched under iron limitation. Arrows represent gene 
length and arrangement on chromosome. Colored genes were found to be enriched in transcript 
abundance under iron limitation (fold change ³ 2, FDR < 0.05), and colors represent putative 
function as assigned in legend based on detected conserved domains. White genes showed no 
enrichment under iron limitation. Genes encoding TBDTs are labeled with gene loci as 
referenced in text.  
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Figure 2.8 Gene neighborhoods of TBDTs enriched under carbon limitation in ATCC 27126. 
Arrows represent gene length and arrangement on chromosome. Filled, colored genes were 
found to be enriched in transcript abundance under carbon limitation (fold change ³ 2, FDR < 
0.05), and colors represent putative function as assigned in legend based on detected conserved 
domains. White genes showed no enrichment under carbon limitation, but colored outlines depict 
putative function as assigned in legend. Genes encoding TBDTs are labeled with gene loci as 
referenced in text. AE: aldose 1-epimerase; GALT: galactose-1-phosphate uridylyltransferase; 
GALK: galactokinase; GK: glycerol kinase; GPDH: glycerol-3-phosphate dehydrogenase; PHB: 
polyhydroxybutyrate;  GPDA: N-acetylglucosamine-6-phosphate deacetylase; GFPT: 
glucosamine-fructose-6-phosphate aminotransferase; GLUK: glucosamine kinase; XR: D-xylose 
reductase; GH: glocysol hydrolase; ACE: acetylesterase; XI: xylose isomerase; XK: 
xylulokinase; SBP: solute binding protein. 
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Figure 2.9 Sequence similarity network of TBDT peptide sequences from 31 Alteromonas 
strains. Each node represents a single sequence and clusters are defined with an alignment score 
threshold of 110. Enlarged nodes colored purple were enriched in Alteromonas macleodii ATCC 
27126 under carbon limitation (fold change ³ 2, FDR < 0.05) and likewise those colored green 
were enriched under iron limitation (fold change ³ 2, FDR < 0.05).  
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Figure 2.10 Distribution of TBDT clusters across the Alteromonas genus. Strains ordered 
according to the phylogeny of López-Pérez et al. (85). Roman numerals indicate strains 
belonging to the same species with the exception of Group IV which groups strains unidentified 
at the species level and which share less than 95% average nucleotide identity with any other 
strain. Alteromonas macleodii ATCC 27126 used in this study is in bold. All strains with 
predicted siderophore biosynthetic gene clusters are noted with an asterisk. Columns represent 
distinct TBDT clusters with two or more nodes determined from Figure 2.9. The presence of one 
or more TBDT from a given strain in each cluster is denoted by a filled rectangle in the heat 
map. Dendrogram displays the hierarchical clustering of this distribution across the genus where 
the number of TBDTs from a given strain in each cluster was normalized to the total number of 
TBDTs in the cluster. The yellow, blue, and orange sidebars distinguish the three major divisions 
in the dendrogram. Purple bars denote clusters with C-responsive TBDTs in Alteromonas 
macleodii ATCC 27126 (fold change ³ 2, FDR < 0.05) and green bars denote clusters with Fe-
responsive TBDTs (fold change ³ 2, FDR < 0.05). The split bar denotes the largest cluster from 
Figure 2.9 which contains both Fe- and C-responsive TBDTs. Triangles indicate predicted 
siderophore TBDT clusters, and the green triangle specifically indicates the predicted cluster for 
the cognate TBDT of the endogenous siderophore.  
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Figure 2.11 Linear regression between the total number of TBDTs per genome and the total 
protein coding genes per genome for 31 strains in the Alteromonas genus. Data points for each 
strain are colored according to the species groups defined in Figure 2.10. There is no significant 
trend between the total number of TBDTs per Alteromonas genome and the total number of 
protein coding genes per genome.   
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Chapter 3: The functional role of siderophore biosynthesis in iron acquisition from non-

labile sources in marine systems 

3.1 Abstract 

Production of siderophores by marine bacteria has been extensively studied, and it is now 

recognized that the capacity for the biosynthesis of an array of siderophores is fairly widespread 

within marine strains. However, the functional role of siderophores in iron acquisition, and their 

resulting significance for iron biogeochemical cycling in the marine environment, has remained 

largely untested. In this study we utilize the marine copiotroph Alteromonas macleodii ATCC 

27126 as a model organism in order to test the role of siderophore production in the acquisition 

of iron from a range of sources. Using mutagenesis techniques, we demonstrate that the 

production of petrobactin by Alteromonas macleodii ATCC 27126 enables the acquisition of a 

substantial fraction of iron from mineral sources, indicating a significant role for siderophores in 

the incorporation of new iron into marine systems. The production of a petrobactin was also 

effective in scavenging iron from weaker iron-ligand complexes, although Alteromonas 

macleodii ATCC 27126 also appears to rely extensively on the direct transport of exogenous 

iron-ligand compounds. Finally, the biosynthetic pathway for petrobactin was identified in the 

genomes of strains widely distributed across the global ocean. Together, these results provide a 

mechanistic framework for the role of siderophore production in iron biogeochemical cycling in 

the marine environment. 

 

3.2 Introduction 

Iron (Fe) is an essential micronutrient for marine microorganisms, serving as a cofactor in 

enzymes facilitating fundamental processes such as photosynthesis, respiration, and nitrogen 
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fixation. Major sources of iron to the marine environment include atmospheric dust, 

hydrothermal vents, and coastal margin sediments (1). However, in oxygenated seawater, iron is 

most thermodynamically stable in the form of Fe(III) oxyhydroxides which are characterized by 

low solubility and the tendency to be further scavenged by sinking particulate matter (2). This 

results in extremely low dissolved iron concentrations in most regions of the global ocean and 

limits primary production in more than a third of the surface ocean (3).  

Marine bacteria also have a significant iron requirement (4) and have therefore developed 

multiple pathways for acquiring sufficient iron from their environment. One such pathway is 

through the production of siderophores which are low-molecular weight compounds secreted 

from a cell that bind strongly to iron and presumably help cells scavenge iron from the 

environment.  The capacity for siderophore biosynthesis by marine bacteria has been recognized 

now for several decades (5–12), and suites of siderophores have been isolated from cultured 

marine representatives (13). Common structural motifs found among marine siderophores 

include amphiphilic siderophores containing a peptidic head group with a fatty acid tail (14,15), 

siderophores that contain an a-hydroxy carboxylic acid moiety shown to be photoreactive when 

bound to Fe(III) (16–19), and alternating dicarboxylic acid and diamine units (20,21).  In 

addition to the a-hydroxy carboxylic acid moiety, hydroxamate and catecholate moieties are the 

iron-coordinating functional groups found among marine siderophores.  

Siderophores are synthesized via one of two known pathways. The first is a non-

ribosomal peptide synthase (NRPS) mediated pathway where structurally complex peptides are 

added sequentially as the building blocks of the siderophore structure (22). NRPS pathways are 

common biosynthetic pathways for many bacterial secondary metabolites, and therefore their 

presence within a bacterial genome does not on its own indicate siderophore production but 
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rather the potential for production.  Alternatively, siderophores that are not polypeptides are 

synthesized via a NRPS-independent siderophore (NIS) biosynthesis pathway (23). NIS 

pathways are characterized by the presence of homologs to the Type A and Type C synthetases 

found in the aerobactin biosynthesis pathway, the first NIS pathway characterized (24,25). NIS 

pathways are siderophore-specific biosynthetic pathways.  Transport of iron-siderophore 

complexes into the cell of a Gram-negative bacteria is accomplished via a substrate-specific 

TonB-dependent transporter (TBDT) at the outer membrane coupled with an inner membrane 

transporter. This inner membrane transporter has commonly been found to be an ATP-binding 

cassette transporter (ABCT); however, recent work has suggested that ATP-independent 

permeases also can facilitate inner membrane siderophore transport in marine bacteria (26).   

More recently, following analytical advances in mass spectrometry techniques, 

siderophores have been isolated directly from seawater which has suggested that there may be 

broad spatial patterns in siderophore production (27–30). Likewise, the increasing availability of 

marine bacterial genomes and metagenomes has allowed for a more comprehensive view of the 

capacity for siderophore production and uptake by marine bacteria.  Over a third of marine 

bacterial genomes analyzed by Hopkinson and Barbeau (31) were shown to have the potential for 

siderophore biosynthesis while an even greater percentage has the capacity to take up exogenous 

siderophores. Both production and acquisition of iron-siderophore complexes appear to be 

enriched in lineages of Gammaproteobacteria, but this may be biased by available genomes of 

sequenced isolates.    

Despite these advances in our understanding of the production of siderophores by marine 

bacteria, a gap remains in our mechanistic understanding of the functional role of siderophore 

production in iron acquisition in the marine environment. Therefore, the resulting significance of 
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siderophores in the biogeochemical cycles of marine systems has remained largely untested. 

Much of what is known regarding the function of siderophores comes from the study of model 

pathogenic bacteria. Using mutagenesis techniques, biosynthetic pathways have been fully 

characterized and siderophores are now recognized as essential virulence factors in many 

pathogenic strains.  However, to date, very few siderophore biosynthetic pathways in marine 

strains have been characterized with mutagenesis techniques (21,32,33), and a model system for 

testing the role of siderophore production in iron acquisition within the marine environment has 

yet to be developed.  

Siderophores comprise one fraction of a diverse pool of organic ligands that bind over 

99% of the dissolved iron in seawater which, as a whole, increase the concentration of dissolved 

iron above the limit of inorganic solubility (34). However, the bioavailability of these iron-ligand 

complexes depends on the exact nature of individual ligands and the presence of a corresponding 

transport pathway in a given microorganism. Siderophore production is only one of several 

pathways for iron acquisition by marine bacteria which include the transport of inorganic Fe(III) 

and Fe(II) as well as additional organic iron complexes such as the cofactor heme (35).  

Additionally, siderophores have the potential to serve a role as a public good (36) where 

siderophores released into the environment may be utilized by non-producing “cheaters” or 

perhaps lost to the well-mixed marine environment, making siderophore production a potentially 

costly strategy for iron acquisition. Given these complex dynamics, unraveling the role of 

siderophores in iron biogeochemical cycling as well as determining the advantages conferred to 

those marine bacteria that can produce them has remained challenging. Doing so will be an 

important step in understanding, and ultimately modeling, the global iron biogeochemical cycle. 
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In recent work, the marine copiotroph Alteromonas macleodii ATCC 27126 has been 

characterized as a siderophore producer (26,37), and what appears to be a wealth of iron 

transporters in this strain has been described (26). The genus is globally distributed in oceanic 

waters with several strains present in up to 80% of published samples from the Tara Oceans 

expedition (38). Alteromonas has been found to become highly abundant in environments 

enriched in organic matter and nutrients (39–43) and as such, has the potential to 

disproportionately affect the processing of organic matter and its associated macro- and 

micronutrients (44). In the work presented here, we utilize ATCC 27126 as a model organism in 

order to test the effects of siderophore production on iron acquisition from a range of iron 

sources. We characterize the siderophore produced by ATCC 27126 as petrobactin and, using 

mutagenesis techniques, demonstrate that siderophore production increases the bioavailability of 

specific iron sources resulting in increased growth rates and cell densities of the wild type strain. 

Notably, the bioavailability of mineral-based colloidal and particulate iron sources was enhanced 

with siderophore production indicating a profound role of siderophores in incorporating new iron 

sources into the marine environment. Additionally, we have identified putative petrobactin 

biosynthetic pathways in a range of bacterial strains, including uncultivated organisms widely 

distributed in the Tara Oceans dataset.  Together these results provide a mechanistic framework, 

based on experimental evidence, for the role of siderophore production in iron biogeochemical 

cycling of the marine environment.  
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3.3 Results 

3.3.1 A. macleodii ATCC 27126 produces the photochemically active siderophore 

petrobactin 

Previous work identified a putative siderophore biosynthesis gene cluster in ATCC 27126 

which was significantly upregulated under iron limitation (26), and siderophore production was 

confirmed with a CAS assay (26,37). In the current work, culture extracts of iron-limited ATCC 

27126 were analyzed via LC-ESI-MS and a MS1 peak at 719.361 m/z was detected, 

corresponding to the expected m/z value for the known siderophore petrobactin from a 

comprehensive list of known siderophore structures (45) (Figure 3.1a).  The MS2 spectra 

collected from the MS1 peak at 719.361 m/z further confirmed this identification with 

fragmentation peaks at 194, 282, and 438 m/z corresponding to previously reported MS2 spectra 

for petrobactin (16,46) (Figure 3.1c).  

Petrobactin was first isolated from the oil-degrading marine bacterium Marinobacter 

hydrocarbonclasticus where it was characterized as a photochemically reactive siderophore, 

undergoing a light-mediated decarboxylation reaction when bound to Fe(III) (16). Petrobactin is 

a catecholate-type siderophore with a citrate backbone and is unique in the 3,4 placement of the 

hydroxyl groups on the catecholate rings. (Figure 3.1a).  Petrobactin has also been identified as a 

virulence factor in Bacillus antrhacis, the causative agent of  anthrax, and as such, the 

petrobactin biosynthetic pathway has been thoroughly characterized in this organism (46–48). 

The asbABCDEF operon in B. antrhacis (Figure 3.2) is responsible for the biosynthesis of 

petrobactin from the precursors citric acid, spermidine, and 3,4-dihydroxybenzoic acid. asbAB 

encode NIS-type siderophore synthetases while asbCDE encode an NRPS-like aryl transferase 

system. asbF encodes a 3-dehydroshikimate dehydratase which catalyzes the unique 3,4 
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placement of the hydroxyl groups on the catecholate ring of 3,4-dihydroxybenzoic acid and the 

resulting petrobactin structure. Derivatives of petrobactin have also been isolated from 

environmental strains (49).  

A comparison of the biosynthetic gene cluster in ATCC 27126 (MASE_09710 to 

MASE_09750) with these known petrobactin producers shows a significant degree of homology, 

as expected (Figure 3.2). However, in contrast to B. antrhacis and M. hydrocarbonclasticus, the 

gene order is rearranged in ATCC 27126 with the asbE homolog found at the 3’ end of the 

cluster. Additionally, the biosynthetic genes in ATCC 27126 are interspersed with a PepSY-

domain containing permease (pfam03929), a predicted inner-membrane siderophore transport 

protein (26). In contrast, putative petrobactin transport proteins in M. hydrocarbonclasticus, 

which consist of a TBDT and ABCT system, are found just downstream of the biosynthetic gene 

cluster. In A. macleodii ATCC 27126 petrobactin transport across the outer membrane is also 

predicted to be facilitated by a TBDT (MASE_17930), but this is not found within the genome 

neighborhood of the biosynthetic gene cluster. Additional strains within the Alteromonas genus 

possess homologous biosynthetic clusters (26,37), and are therefore predicted to also produce 

petrobactin.    

 

3.3.2 Disruption of MASE_09715 eliminates siderophore production in A. macleodii 

MASE_09175 was chosen as a mutagenesis target due to its homology with the asbB 

gene within the well-characterized petrobactin biosynthetic pathway of B. anthracis. Disruption 

of asbB has previously shown to completely eliminate petrobactin biosynthesis in B. anthracis 

(46).  The A. macleodii ATCC 27126 DasbB cell line was engineered by introducing a 415 bp 

deletion within MASE_09715 which was replaced by a 1056 bp kanamycin resistance cassette. 
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This insertion was confirmed with PCR and the anticipated 3056 bp fragment was observed 

(Figure 3.3).  Disruption of siderophore biosynthesis in the DasbB cell line was confirmed with a 

CAS assay (Figure 3.4) and petrobactin was not detected in the culture supernatant of DasbB 

cells grown under iron limitation as determined via LC-MS (Figure 3.1b).  

 

3.3.3 Siderophore production by A. macleodii increases bioavailability of specific iron 

sources 

The growth of the A. macleodii ATCC 27126 WT strain was compared to that of the 

DasbB mutant strain on a range of discrete iron sources in order to determine the effects of 

siderophore production on iron bioavailability. All experiments were conducted with biological 

triplicates for each strain and the error bars depicted in the presented data show the standard 

deviation of measurements from these biological triplicates.  Growth on 5 µM FeCl3 was used as 

a control for replete iron conditions and both the WT and DasbB strains grew equally well under 

these conditions (Figure 3.5a). Cultures without the addition of any iron source were used as 

controls for iron deplete conditions, and, interestingly, on just residual levels of iron in the media 

the WT strain grew at a significantly faster rate and reached a greater maximum cell density than 

the DasbB strain (Figure 3.5a).  

EDTA was used in experimental treatments in order to buffer the amount of free iron 

(Fe¢) in solution. Experiments were conducted with EDTA:Fe ratios of 10 and 100 which 

corresponds to calculated Fe¢ concentrations of ~5 nM and 0.5 nM, respectively (see Methods for 

details). The total iron concentration in each experiment was held constant at 5 µM. The WT 

strain was able to maintain maximum growth rates under each of these experimental conditions 

(Figure 3.5a, 6a). In contrast, the growth of the DasbB strain responded strongly to the Fe¢ 
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concentration. The growth of the DasbB strain was slower than that of the WT strain under an 

EDTA:Fe ratio equal to 10, but similar maximum cell densities were reached by the end of the 

growth period.  However, with less than 1 nM Fe¢ in solution (EDTA:Fe equal to 100), the 

growth rate and maximum cell density of the DasbB strain drastically decreased, falling below 

that of the iron deplete control (Figure 3.5a, 6a, 7a). These results indicate that the WT strain was 

able to access the total iron in solution, including that bound to EDTA, via the production of 

petrobactin given that it maintained maximum growth rates and cell densities despite decreasing 

concentrations of Fe¢, in stark contrast to the DasbB strain.  

In order to test the role that petrobactin production plays in the acquisition of iron from 

colloidal and particulate minerals, the growth of the WT and DasbB strains were compared on 

ferrihydrite colloids and Arizona Test Dust (ATD) as representative mineral sources to the 

marine environment. ATD is a commercially available reference material that is well 

characterized for its trace metal content and is being assessed as a consensus reference material 

for aerosol studies (50,51). When grown on these iron sources, the WT strain grew at a faster rate 

and achieved higher cell densities compared to that of the DasbB strain (Figure 3.5b, 6b, 7b), 

indicating that petrobactin production by the WT strain allowed a greater fraction of iron to be 

accessed from these substrates. The differences in growth between the two strains increased as 

the presumed degree of lability of each iron substrate decreased.  When grown on ferrihydrite 

colloids synthesized under 5 minutes of heating, the WT strain was able to maintain a near 

maximal growth rate and cell density while the growth rate of the DasbB strain slightly decreased 

(Figure 3.6b). When grown on either ferrihydrite colloids synthesized under 60 minutes of 

heating or Arizona Test Dust, the growth of both strains decreased compared to FeCl3 controls 

indicating there was a fraction of iron inaccessible to both strains in these iron substrates. 
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However, the growth rate and maximum cell density of the DasbB strain decreased significantly 

more than that of the WT, reaching only 56% of the maximum cell density of the WT strain 

when grown on Arizona Test Dust (Figure 3.7b). This trend continued for the Berger-leached 

Arizona Test Dust, the least labile of all mineral sources tested. Operationally, the Berger leach 

is utilized to remove the bioavailable fraction of iron from particulates with a weak acid leach 

(52). While there was an observed decrease in the growth rates for both the DasbB and WT 

strains on this iron source, growth rates remained elevated above the iron deplete controls, and 

the DasbB strain reached only ~60% of the maximum cell density of the WT strain, similar to 

growth on the non-leached ATD  (Figure 3.6b, 7b).  Together, these results indicate that a 

significant portion of the total iron present in these inorganic colloidal and particulate sources is 

only made bioavailable to ATCC 27126 via petrobactin production.  

In contrast to these colloidal and particulate mineral sources of iron, when grown on the 

discrete organic iron-ligand complexes ferric citrate, ferrioxamine B, heme, and cytochrome c, 

growth of the WT and DasbB strains were quite similar (Figure 3.5c). Maximum cell densities 

were only statistically different when grown on heme as an iron source where the WT strain 

reached a somewhat higher maximum cell density (Figure 3.7c). However, growth rates between 

the two strains on both heme and cytochrome c were statistically indistinguishable (Figure 3.6c).  

Interestingly, the growth rates of the DasbB strain were statistically greater than those of the WT 

when grown on ferrioxamine and ferric citrate complexes; however, both strains reached the 

same maximum cell densities on these sources. These results reflect the high transport capacity 

that A. macleodii ATCC 27126 has for iron-ligand complexes through TBDTs (26) and indicate 

that no advantage from siderophore production is conferred in the acquisition of iron from these 

discrete iron-ligand complexes when a corresponding transport mechanism is present. However, 
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as was observed with the use of the synthetic ligand EDTA, in the absence of an appropriate 

transport system, siderophores can acquire iron from iron-ligand complexes where the 

siderophore is presumably able to outcompete a weaker complexing ligand for iron.  

Growth of the WT and DasbB strains was also tested on heterogenous sources of 

organically complexed iron. This included unfiltered phytoplankton lysate (therefore comprised 

of potentially soluble, colloidal, and particulate organic iron phases) as well as Suwanee River 

Humic Acid (SRHA) reference material, consisting of dissolved iron associated with humic 

acids.  The growth rate of the DasbB strain on phytoplankton lysate as an iron source was slowed 

compared to that of the WT strain (Figure 3.5d, 6c), indicating that a fraction of iron was made 

readily available by siderophore production allowing for more efficient growth. However, 

maximum cell densities of DasbB similar to those of the WT strain were achieved (Figure 3.7c) 

indicating that ultimately a significant pool of bioavailable iron was present in this source 

regardless of siderophore production.   

When grown on SRHA with a total iron concentration of 500 nM, there was no 

observable difference in either the growth rate or maximum cell densities of the WT and DasbB 

strains (Figure 3.6d, 7d, 8). However, following the removal of the most labile forms of iron 

from the SRHA via extraction with a cation exchange resin, differences in the growth rate and 

the maximum cell density were observed with the WT strain reaching somewhat higher values 

(Figure 3.6d, 7d, 8a). Likewise, decreasing the total amount of iron in the cultures to 10 nM 

allowed the WT strain to reach significantly higher growth rates and maximum cell densities 

(Figure 3.6d, 7d, 8b). Presumably, these differences were observable at lower concentrations of 

total iron due to the dilution or removal of readily available iron in solution below replete levels. 

Together, these strategies demonstrate that a small fraction of iron associated with SRHA seems 
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to be available to the WT strain through the production of petrobactin, but a large fraction is 

highly bioavailable.  

 

3.3.4 Distribution of petrobactin-like biosynthetic pathways in the marine environment 

A search for biosynthetic pathways homologous to those from known petrobactin 

producers was conducted in genomes from isolated strains deposited in the European Nucleotide 

Archive (ENA) and returned 602 strains with putative petrobactin biosynthetic pathways (Figure 

3.9). Over 400 of these positive hits consisted of strains from the Bacillales order. The remainder 

of identified strains fall within the Alphaproteobacteria and Gammaproteobacteria classes. 

Within these groups, positive hits for Alteromonas, Marinobacter, and Rhodopseudomonas 

strains were detected as expected based on known petrobactin production.  Additional taxa with 

putative petrobactin biosynthetic capabilities include additional species from the order 

Rhizobiales as well as Rhodobacterales, Rhodospirillales, Vibrionales, Aeromonadales, 

Oceanospirillales, and Cellvibrionales.   

A similar search for petrobactin biosynthetic pathways within metagenome assembled 

genomes (MAGs) assembled from the Tara Oceans dataset (53) detected 66 genomes with at 

least one homolog to a NIS-type siderophore synthase. Of these 66 positive hits, 5 genomes 

exhibited the co-localization of the NIS-type synthase with a homolog to 3-dehydroshikimate 

dehydratase. Manual inspection of these gene neighborhoods confirmed the presence of a 

complete biosynthetic pathway for petrobactin in these 5 genomes. Four of these genomes are 

classified as belonging to the Marinobacter genus (M.sp. SP36, M. sp. IN15, M. sp. EAC19, M. 

sp. ARS1015) and the fifth as an unclassified Alteromonadaceae (sp. EAC69). When reads from 

the entire Tara Oceans metagenomic dataset (Figure 3.10) (54,55) are mapped to these 5 
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genomes, they are detected in every major ocean basin sampled by the Tara expedition. The 

Marinobacter genomes all follow a similar distribution and reads from these genomes were 

widely detected in the South Pacific and South Atlantic at the surface (Figure 3.11a). Moderate 

read counts (RPKM normalized) were also detected at stations in the North Pacific and Chile 

Peru Coastal region.  A particularly high read count from these genomes in the surface was 

detected in the 0.1-0.22 µm size fraction in the Arabian Sea (Figure 3.11b). Marinobacter sp. 

ARS1015 was also detected in the surface of the North Atlantic and the Mediterranean Sea while 

the remainder of the Marinobacter genomes were largely absent from these regions (Figure 

3.11a). Distributions of the Marinobacter genomes at the deep chlorophyll maximum (DCM) 

followed a similar pattern (Figure 3.11c). Again, Marinobacter sp. ARS1015 was detected with 

higher read counts in the North Atlantic and Mediterranean Sea compared to other strains.  

However, overall lower read counts were detected across all Marinobacter strains at the DCM, 

and the large spike in read counts in the small size fraction the Arabian Sea stations was absent 

(Figure 3.11c).  Read counts for the Alteromondaceaea bacterium sp. EAC69 were overall lower 

than those of the Marinobacter spp. and were primarily detected in the <0.22 µm size fraction 

(Figure 3.11). A single sample with a high read count in this size fraction was detected in the 

surface of the East Africa Coastal region (Figure 3.11b), and lower read counts were detected 

across the remaining ocean basins at the surface (Figure 3.11a). At the DCM, read counts for sp. 

EAC69 were most abundant in the South Pacific and an order of magnitude greater than in 

corresponding surface samples in this region (Figure 3.11c).  
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3.4 Discussion 

It is now recognized that over 99% of dissolved iron in the marine environment is 

complexed by a pool of organic ligands, allowing dissolved iron to accumulate to concentrations 

above that set by its inorganic solubility. A growing number of measurements of iron-binding 

ligands in the marine environment in recent years, both through electrochemical techniques and 

the direct isolation of ligands such as siderophores, reveal a dynamic ligand pool (1,34).  Ligand 

concentrations in the marine environment range from sub-nanomolar levels to well beyond 1 nM 

in coastal regions, and the concentration of excess ligand is often found to be the highest in the 

upper water column, particularly in iron-limited but productive regions (34). Recently, the 

isolation of discrete siderophores from seawater has shown variations in the relative abundances 

of ferrioxamine and amphiphilic siderophores across surface waters of the Pacific (29,30) as well 

as with depth (28).  Model studies have concluded that ligand concentrations have a large 

influence on resultant global carbon cycling, even more so than variations in iron sources 

themselves (56). So while organic ligands have emerged as major controls on iron 

biogeochemical cycling, much remains to be learned regarding their sources, sinks, and 

definitive roles in the marine environment. In this work, through mutagenesis techniques and 

growth experiments conducted under controlled conditions, we have explicitly demonstrated that 

the production of petrobactin by a marine copiotrophic bacterium increases the bioavailability of 

a number of discrete iron sources and confers growth advantages to the producing bacterium. We 

have also identified bacterial strains widely distributed in the marine environment that possess 

putative petrobactin biosynthetic pathways. Together these results shed light on the role of 

siderophore production in iron acquisition in the marine environment and its implications for 

iron biogeochemical cycling.  
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3.4.1 Significant role for siderophore production in the incorporation of new iron into the 

marine environment 

The major sources of new iron to the marine environment include atmospheric dust, 

hydrothermal vents, and the resuspension of sediments along continental margins (1). Iron from 

these sources largely consists of colloidal and particulate mineral phases that are characterized 

by low solubility in oxygenated seawater. The role of siderophore production in the acquisition 

of iron from these mineral sources to the marine environment has long been hypothesized. 

However, up to this point, no clear experimental evidence has existed supporting this role. In this 

current work, we have utilized the model copiotroph A. macleodii ATCC 27126 to concretely 

demonstrate that siderophore production by a marine bacterium increases the bioavailability of 

colloidal and particulate mineral iron sources and imparts a growth advantage to the producing 

bacterium (Figure 3.5b). Therefore, the acquisition of iron from these sources via siderophore 

production represents a significant mechanism by which iron from external inputs can be 

incorporated into soluble and bioavailable pools of iron and transported away from point sources 

in the marine environment.   

Previous studies also lend support to this idea. For example, in a study examining 

prokaryotic gene expression in the Guaymas Basin hydrothermal plume, a significant proportion 

of transcripts detected were from genes encoding siderophore biosynthesis, regulation, and 

uptake pathways (57).  Overall in this study, the expression of iron-uptake pathways was 

enhanced inside the plume compared to a non-plume control, and the authors conclude that 

microbial iron uptake may be an important mechanism by which iron is dispersed from 

hydrothermal vents (58).  Intriguingly, over 50% of the transcripts related to siderophore 
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transport detected in the Guaymas Basin system and up to 20% of siderophore biosynthesis 

transcripts came from an Alteromondaceae strain closely related to A. macleodii. Additionally, 

marine Vibrio species, another group of copiotrophic bacteria, have been shown to respond 

rapidly to the input of Saharan Dust both in culture and during natural dust deposition events 

(59). While this work did not explicitly monitor the expression of siderophore biosynthetic or 

transport pathways, Vibrio species are well characterized for their ability to produce siderophores 

(13) which may have contributed to their ability to quickly respond to the input of iron via dust 

deposition.   

Abiotic and modeling studies provide possible mechanisms as to how siderophores 

increase the bioavailability of iron from mineral sources. It is recognized, based on dissolution 

studies with marine and terrestrial siderophores, that the solubility and dissolution kinetics of 

iron oxide minerals are enhanced in the presence of siderophores (60,61).  More recently, a 

reaction-diffusion model aimed at understanding siderophore dynamics in the well-mixed marine 

environment, found that, specifically, the release of siderophores into the environment 

surrounding the cell is particularly beneficial for the acquisition of iron from large, slowly 

diffusing particles by efficiently transforming them into quickly diffusing iron-siderophore 

complexes (62). Presumably, complexation of mineral sources of iron by siderophores not only 

aids the producing organism in acquiring sufficient iron, but affects overall iron cycling by 

preventing the sinking or scavenging of a fraction of iron from these mineral phases (63) as well 

as making it directly available to non-producing organisms, including phytoplankton, with 

appropriate transport mechanisms.  
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3.4.2 Roles for exogenous transport and siderophore biosynthesis in iron remineralization 

processes 

In the results presented here, the most pronounced growth advantage observed due to 

siderophore production was growth on EDTA-bound iron (Figure 3.5a). While the growth of the 

DasbB strain responded strongly to the Fe¢ concentration in solution, the wild type was able to 

maintain maximum growth rates on sub-nanomolar concentrations of Fe¢ by utilizing the total 

iron in solution. This demonstrates that siderophore production can increase the bioavailability of 

iron from exogenous iron-ligand compounds. Presumably, in these cultures, petrobactin was able 

to outcompete EDTA for iron binding, and the resulting petrobactin-iron complex could be 

utilized by the wild type strain.  

In contrast to growth on EDTA-bound iron, the DasbB strain was able to maintain 

maximum growth rates equivalent to those of the wild type when tested on various biogenic iron-

ligand complexes (Figure 3.5c). This was the case even for especially strong complexes such as 

desferrioxamine-bound iron.  These results likely reflect the high transport capacity for 

exogenous iron-ligand complexes found within the ATCC 27126 genome. Unlike the synthetic 

ligand EDTA for which we would not expect to find a cognate receptor, iron-ligand complexes 

naturally found in the marine environment can be acquired directly by Gram-negative bacteria 

via TBDTs.  Previous work with this strain identified putative transport systems for the 

acquisition of five exogenous iron-siderophore complexes, suggesting that ATCC 27126 

encounters a considerable range of siderophores beyond petrobactin in the marine environment 

(26). In this current work, the growth of the DasbB strain on ferrioxamine as an iron source, 

without the aid of an endogenous siderophore, suggests that at least one of these putative 

siderophore transport systems is dedicated to the acquisition of ferrioxamine-type siderophores. 



 73 

Similarly, the growth of the DasbB strain on ferric citrate lends support to the identification of a 

putative ferric citrate TBDT (MASE_18655) in ATCC 27126 (26).  While a specific heme 

uptake system has not been identified in this strain, the ability of the DasbB strain to grow on 

heme as a sole source of iron, suggests that a transport mechanism does exist in ATCC 27126. It 

is also notable that ATCC 27126 can achieve maximum growth rates on both heme and the 

hemoprotein cytochrome c. The heme cofactor in cytochrome c is covalently bound to the 

protein and therefore is not accessible by strains with only a traditional heme TBDT (35). This 

again implies an alternative mechanism for the transport of iron from this source, possibly via a 

mechanism similar to characterized TBDT systems for the acquisition of iron from transferrin or 

lactoferrin (64).  

The high transport capacity of ATCC 27126 for biogenic iron compounds may explain 

the similar growth rates between the wild type and DasbB strains on phytoplankton lysate as an 

iron source (Figure 3.5d).  The wild type strain exhibited a small but significant increased growth 

rate compared to that of the DasbB strain indicating that siderophore production provided a slight 

advantage to the wild type allowing it to efficiently utilize available iron substrates. However, 

the DasbB strain achieved the same maximum cell densities as the wild type. With time, the 

mutant strain may have been able to increase the number of cellular transporters for biogenic 

iron substrates such as heme or iron-containing proteins, allowing it to acquire sufficient iron to 

reach maximum cell densities. This highlights the significant role that cellular transporters, in 

particular, may serve in the remineralization of iron from phytoplankton biomass. However, the 

number of predicted transporters for iron-ligand complexes that A. macleodii ATCC 27126 

possesses is on the high end of known iron transport capabilities in marine heterotrophic 

bacteria. Other siderophore-producing marine bacteria may have fewer available transporters in 
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which case siderophore production may be an important strategy for acquiring biogenic iron. 

Alternatively, siderophore production may impart a competitive advantage over non-producers in 

a mixed community.  The production of strong ligands presumed to be siderophores has been 

detected at the peak of a stimulated bloom (43), and direct measurements of ferrioxamine 

siderophores have been made during the degradation of sinking particles (28) suggesting that 

siderophore production does play a role in iron remineralization processes.  

 

3.4.3 Iron associated with Suwannee River Humic Acid is highly bioavailable 

Humic-like substances are considered a heterogenous mixture of cell-derived degradation 

products and are thought to contribute to a significant portion of dissolved organic carbon in the 

marine environment (65) as well as the iron-binding ligand pool.  Particularly in coastal and 

estuarine environments, terrestrially derived humics can account for a significant fraction of the 

iron-ligand pool (66–69) and, as a whole, are hypothesized to play a significant role in iron 

biogeochemical cycling (70).  SRHA is a well-characterized reference material consisting of 

humic acids of terrestrial origin which has been characterized to have an intermediate binding 

strength to iron in seawater (71). However, as is the case for many of the iron-binding ligand 

pools in the marine environment, assessing the nature and bioavailability of humic-like 

substances in the marine environment remains a challenge. Given the heterogeneity of this iron-

binding ligand pool, it is not expected that marine bacteria possess transporters to directly access 

these iron-ligand complexes. However, we found that the WT and DasbB strains grew equally 

well on SRHA as an iron source under replete iron concentrations (Figure 3.8).  Only when the 

most labile fraction of iron was removed via extraction or the total iron concentration was 

reduced to below replete levels, was a difference in growth between the two strains observed. 
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These results are supported by the results of Coale et al. (72) when testing the growth of the 

marine diatom Phaeodactylum tricornutum on SRHA. In this study, iron from SRHA appeared 

to be assimilated via ISIP2a, a carbonate-dependent phytotransferrin responsible for Fe¢ uptake 

in diatoms (73). This suggests that a significant fraction of the iron in SRHA is bioavailable 

without the aid of siderophore production, possibly accessible as weakly complexed iron that can 

easily dissociate from the present ligands or perhaps through extracellular ferric reductase 

activity. However, the growth advantage conferred to the WT strain on the least labile fraction of 

iron in SRHA does imply that a portion of iron complexed by humic-like substances is accessible 

via exchange with a strong ligand as has been suggested (68).       

 

3.4.4 Petrobactin production in the marine environment 

The results presented here indicate that the potential for petrobactin biosynthesis is 

widespread in the marine environment. Five MAGs assembled from the Tara Oceans dataset 

were found to contain a putative petrobactin biosynthetic pathway, and an analysis of the 

coverage of these genomes across the Tara Oceans dataset shows these uncultivated species are 

widely distributed across the major ocean basins sampled by the Tara expedition (Figure 3.11). 

Four of these 5 MAGs are members of the Marinobacter genus and the fifth is also from the 

family Alteromonadaceae, consistent with known petrobactin producers. Additional sequenced 

isolates within the class Gammaproteobacteria, as well as Alphaproteobacteria and Bacilli, were 

also determined to contain putative petrobactin biosynthetic pathways (Figure 3.9). A number of 

these isolated strains, such as Alteromonas macleodii English Channel 673, are among the most 

prevalent species in the Tara Oceans dataset (38). Despite the fact that petrobactin, or other 

catecholate type siderophores, have not been directly isolated from seawater, the wide 
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distribution of species with the capacity to produce petrobactin implies it is playing an important 

role in iron acquisition and cycling within the marine environment.   

In addition to being widely distributed, many of these confirmed or putative petrobactin-

producing strains are copiotrophic species that can quickly become dominant members of the 

community and exert a significant influence on biogeochemical cycling.  The ability to access an 

otherwise non-labile pool of iron via the production of petrobactin may be an important factor in 

this copiotrophic lifestyle. Several unique properties of petrobactin may play a role in its 

effectiveness as an iron chelator. For example, due to the presence of the a-hydroxy carboxylic 

acid moiety in the citrate backbone of petrobactin, it is subject to photochemical decarboxylation 

when bound to Fe(III) (16).  However, it has also been shown that the oxidized photoproduct of 

this reaction retains the catecholate functional groups and binds to Fe(III) with an almost 

unchanged binding strength (74). Therefore, compared to other siderophores containing the a-

hydroxy carboxylic acid moiety, petrobactin is relatively resistant to photochemical degradation. 

Additionally, the unique 3,4 placement of the hydroxyl groups on the catecholate rings of 

petrobactin may confer an advantageous degree of selectivity. This placement results in a large 

structural difference of both the free ligand and the iron-ligand complex compared to the more 

common 2,3-dihydroxybenzoyl chelating group. In B. anthracis, this unique structure is 

undetectable by the mammalian host immune system, and the “stealth siderophore” petrobactin 

is crucial to the virulence of B. anthracis (75,76). While A. macleodii and other marine bacteria 

producing petrobactin are not necessarily doing so in the context of a host-pathogen 

environment, they are in competition with other marine microorganisms for trace amounts of 

iron in the marine environment. This includes potentially “cheating” organisms that can acquire 

iron-siderophore complexes without investing the resources required to produce them (36). The 
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production of a structurally unique siderophore that is not widely recognized by non-producing 

organisms could be an effective means of sequestering iron in the marine environment that 

merits further investigation.   

In summary, we have utilized A. macleodii ATCC 27126 as an effective model organism 

in order to demonstrate experimentally for the first time that the acquisition of iron from non-

labile sources in the marine environment is facilitated by the production of a siderophore, in this 

case petrobactin. In particular, the bioavailability of colloidal and particulate mineral iron as well 

as non-labile organically complexed iron was increased through the production of petrobactin. 

We have also found that the capacity for petrobactin production is widespread throughout the 

marine environment. Together these results advance our mechanistic understanding of the role of 

siderophore production in the marine environment providing an improved framework for the 

understanding of iron biogeochemical cycling.     

 

3.5 Materials and Methods 

3.5.1 Bacterial strains and growth conditions 

A. macleodii ATCC 27126 wild type (WT) and a generated DasbB line were used for all 

growth experiments. See below for details on the generation of the DasbB line. E. coli Epi300 

was used for conjugation.  Media was prepared and cultures were grown using appropriate 

aseptic techniques. A. macleodii was maintained on Marine Broth (MB) 2216 (BD Difco) agar 

plates and liquid media at room temperature. E. coli was maintained on LB (BD Difco) agar 

plates and liquid media at 37°C.  Growth experiments as described below were conducted in 

PC+ media (26,35). PC+ was prepared by mixing 500 mL of artificial seawater (ASW) with 0.5 

g casein, 0.5 g bacteriological peptone, 0.126 g NH4Cl, and 1.8 g of glucose. ASW was utilized 
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in order to reduce the concentration of background dissolved organic matter and the potential for 

competing iron-binding ligands in solution. The resulting solution was adjusted to pH 7.6, 

microwave sterilized, and stirred overnight with 7% w/v Chelex 100 resin (Bio-Rad) to remove 

contaminating trace metals. The base media solution was again filtered through a 0.2 µm filter to 

remove the Chelex resin and microwave sterilized an additional time. A trace metal master mix 

solution (4.0 x 10-5 M ZnSO4, 2.3 x 10-4 M MnCl2, 2.5 x 10-5 M CoCl2, 1.0 x 10-5 M CuSO4, 1.0 

x 10-4 M Na2MoO4, 1.0 x 10-5 M Na2SeO3) was prepared in 0.1 M HCl. A vitamin mix solution 

(4.0 x 10-7 M cyanocobalamin, 2.0 x 10-6 M biotin, and 3.0 x 10-4 M thiamine HCl) was prepared 

in Milli-Q H2O. Finally, a 0.735 M KH2PO4 solution in Milli-Q H2O was prepared. The trace 

metal mix, vitamin mix, and KH2PO4 solutions were 0.2 µm filter sterilized and each diluted 

1000-fold into aliquots of the base media immediately before inoculation with A. macleodii 

ATCC 27126. Individual iron stock solutions for experiments were prepared as described below 

and each added at a final total iron concentration of 5 x 10-6 M immediately prior to inoculation, 

unless otherwise noted.  

 

3.5.2 Siderophore characterization 

Siderophore production by ATCC 27126 was assessed by solid phase extraction (SPE) of 

the siderophore from iron-limited ATCC 27126 culture supernatant followed by analyses via 

liquid chromatography coupled to electrospray ionization mass spectrometry (LC-ESI-MS). 

ATCC 27126 was grown in PC+ media without any added iron source in order to induce 

siderophore production. After 8 hours of growth, cultures were terminated and the culture 

supernatant was collected following filtration though a 0.2 µm polycarbonate filter (Whatman).  

The filtered supernatant was stored at -20°C in the dark until analysis.  
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Prior to preconcentration, the SPE columns were activated using three column volumes 

of distilled methanol and were rinsed using acidified MilliQ (pH 2; Optima HCl) followed by 

three column volume rinses with MilliQ. The filtered culture extracts were then preconcentrated 

onto 6 mL Bond-Elut ENV SPE columns (Agilent Technologies) followed by a 500 mg Oasis 

HLB SPE column (Waters) to ensure the unknown siderophore was trapped by at least one of the 

columns. All steps were completed in the dark, and the columns were wrapped in aluminum foil 

during extraction. After preconcentration, the columns were eluted with 12 mL of distilled 

methanol into acid-cleaned 15 mL polyethylene tubes. The extracts were then dried down to 

approximately 500 µL over 4 hours at 35°C in a Speed-Vac concentrator coupled to a 

refrigerated vapor trap (Thermo Scientific). The concentrated extracts were then stored in the 

dark at 4°C until analysis the following day. 

The eluents were analyzed by first separating the compounds using reverse phase high 

pressure liquid chromatography (HPLC) on a Dionex Ultimate 3000 bio-inert LC and a PEEK-

lined C18 column (4.2 x 150 mm, 3 µm particle size; Agilent Zorbax). The compounds were 

detected by electrospray ionization mass spectrometry (ESI-MS) on a hybrid quadrupole 

Orbitrap (Q-Exactive HF; Thermo Scientific). Compounds were separated using a flow rate of 50 

µL min-1 and a 20 minute gradient from 5 to 90% B, followed by a 5 minute gradient from 90 to 

95% B, and an isocratic gradient at 95% B for 5 minutes (solvent A: 5 mmol L-1 ammonium 

formate, solvent B: 5 mmol L-1 ammonium formate in distilled methanol). The ESI-MS 

contained a heated electrospray ionization source with a capillary temperature of 320°C, sheath 

gas of 16 and auxiliary gas equal 3 and sweep gas equal to 1 (arbitrary units), spray voltage of 

3.5 kV, auxiliary gas heater temperature of 90°C, and S-lens RF level of 65.0. MS1 scans were 

collected in Full MS mode (200.0-2000.0 m/z) at 120,000 resolution in positive mode with a 
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maximum injection time of 50. MS2 spectra were collected using an isolation window of 1.0 m/z 

at 30,000 resolution targeting the most abundant masses and an inclusion list containing known 

siderophores (Chelomex) (45). The collision energy for MS2 scans was set to 35%. 

Data files were converted to an open source mzXML format using MSconvert 

(Proteowizard) and were processed using in-house R scripts (28). Known siderophores were 

searched based on MS1 m/z, and fragmentation data was then further probed from putatively 

identified compounds and compared to literature MS2 spectra. 

 

3.5.3 Partial deletion and insertional inactivation of MASE_09715 

The A. macleodii ATCC 27126 DasbB line was engineered using sacB-mediated 

homologous recombination as described by Diner et al. (77).  MASE_09715 (asbB) was selected 

as a target based on work by Lee et al. (46) demonstrating that the partial deletion of asbB alone 

in the B. anthracis petrobactin biosynthesis pathway was sufficient to completely eliminate 

petrobactin production. The suicide plasmid pLEM01 was generated through a four-piece Gibson 

assembly (78) using a Gibson assembly master kit (New England Biolabs) following the 

manufacture’s protocol. The four fragments generated for Gibson assembly are listed in Table 

3.1 along with the corresponding primers and the source of genomic material used to generate 

each fragment.  Fragment 1 contained sacB conferring sucrose sensitivity for the selection of 

double recombinants, an origin of replication (pBBR1 oriV, incapable of replication in ATCC 

27126), and an origin of transfer (oriT).  Fragment 2 consisted of a 1 kb homologous region 

originating 300 bp upstream of the MASE_09715 5¢ start site. Fragment 3 contained a 

kanamycin resistance cassette (kanR) for selection and insertional inactivation of MASE_09715. 

Finally, Fragment 4 consisted of a second 1 kb homologous region originating 1115 bp 
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downstream of the MASE_09715 5¢ start site. All PCR reactions for the generation of Gibson 

fragments were carried out using PrimeStar Max DNA polymerase (Takara Bio). The assembled 

Gibson product was electroporated into E. coli Epi300 cells and recovered via selection with 

kanamycin. The desired assembly of pLEM01 was confirmed via PCR and sequencing (Table 

3.2, Figure 3.12). pLEM01 was then transformed into chemically competent E. coli Epi300 cells 

containing the mobilization plasmid pTA-Mob via incubation on ice for 45 minutes followed by 

2 minutes at 42°C and a final 2 minutes on ice. Cells were then allowed to grow in SOC media 

for 1 hour at 37°C before plating onto LB agar plates with 50 µg/ml kanamycin overnight.  E. 

coli Epi300/pTA-Mob/pLEM01 was then mated overnight with A. macleodii ATCC 27126 WT 

on MB agar plates at 30°C. Double-recombinant mutants were selected for through dilution 

plating onto MB plates with 50 µg/ml kanamycin and 5% sucrose. X-gal (Roche) was also 

utilized at 260 µg/ml in order to visually distinguish A. macleodii from E. coli. Individual 

transconjugant A. macleodii colonies were screened for the knockout phenotype on CAS plates 

(79) and positive phenotype colonies were further screened with PCR to confirm correct 

insertion (Table 3.2, Figure 3.3). This confirmed a 2456 bp insertion containing the kanamycin 

resistance cassette and a corresponding 415 bp deletion from MASE_09715. A final check of the 

desired phenotype was conducted via analysis by LC-ESI-MS of the culture supernatant from the 

mutant strain grown under iron limitation as described above for the wild type strain.  

 

3.5.4  Growth experiments with varying iron sources 

A. macleodii ATCC 27126 WT and DasbB were maintained on MB 2216 agar and 

triplicate colonies of each were inoculated in 5 mL of liquid MB 2216 to initiate growth 

experiments. All liquid cultures were maintained in the dark at room temperature with shaking at 
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190 rpm. After 8 hours of growth, 100 µL of each liquid MB culture was then transferred to 5 

mL of PC+ media without any added iron source. The triplicate cultures were allowed to grow 

for 12 hours in order to reach an iron-limited state, and 100 µL of each culture was then 

transferred to two 5 mL aliquots of fresh PC+ media, one with no added iron source (iron deplete 

control) and the second with an added iron source as described below with a final total iron 

concentration of 5.0 x 10-6 M, unless otherwise noted. Cultures grown on 5 x 10-6 M FeCl3 were 

used as iron replete controls. Growth in each culture was monitored with optical density 

measurements at 600 nm (OD600) on a Spectronic 20 Genesys UV-VIS spectrophotometer, and 

growth on each substrate was compared between the wild type and knockout cell lines. 

Maximum specific growth rates and carrying capacity were calculated using the growthrates 

package in R (80) and compared with an independent, two-tailed Student’s t-test (P < 0.05). 

FeCl3 Control: A 5.0 x 10-3 M FeCl3 • 6H2O solution was prepared in 0.1 M HCl, 0.2 

µm filter sterilized, and diluted 1000-fold into aliquots of the base PC+ media prior to 

inoculation with A. macleodii. 

Buffering Free Iron Concentrations with EDTA: A 5.0 x 10-2 M Na2EDTA•2H2O 

(Sigma) solution was prepared in Milli-Q H2O, adjusted to pH 8, 0.2 µm filter sterilized, and 

diluted either 1000-fold or 100-fold into aliquots of PC+ along with a 1000-fold dilution of the 

FeCl3 stock solution described above prior to inoculation with A. macleodii. Using the following 

equation, where L is EDTA and 𝐾!,#$¢%&'( = 107.3 (81), the estimated free iron (Fe¢) concentrations 

in solution under these conditions are ~5.0 x 10-9 M and 0.5 x 10-9 M, respectively.  

𝐹𝑒¢	 = 	
[𝐹𝑒)&)*+]
𝐾!,#$¢%&'([𝐿]
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Synthesized Ferrihydrite Colloids: Ferrihydrite colloids were synthesized as described 

previously (82–84). Briefly, a 0.4 x 10-3 M FeCl3 • 6H2O (Sigma) solution was prepared in Milli-

Q H2O and allowed to polymerize at room temperature for 1 hour. This solution was then 

divided into two aliquots, one of which was incubated at 90°C for 5 minutes and then transferred 

to ice and the other of which was incubated at 90°C for 1 hour before transferring to ice. 

Solutions were stored overnight at 4°C before use and diluted 80-fold into aliquots of PC+ prior 

to inoculation with A. macleodii.  

Arizona Test Dust: 0.0437 g of Arizona Test Dust (ATD) (0-3 µm fraction, Powder 

Technology Inc.) was suspended in 5 mL Milli-Q H2O and microwave sterilized resulting in a 

total iron concentration of 5.0 x 10-3 M in the stock solution (51). The solution was stored 

overnight at 4°C before use and diluted 1000-fold into aliquots of PC+ prior to inoculation with 

A. macleodii. Additional aliquots of ATD were subjected to a Berger leach (52) in order to 

remove the most bioavailable fractions of iron. Aliquots of ATD were leached in a 25% acetic 

acid, 0.02 M hydroxylamine hydrochloride solution with 10 minutes of heating at 90-95°C then 

allowed to cool to 30°C for an additional 1 hour and 50 minutes in the leach solution.  The 

resulting Berger-leached ATD was dried and 0.0481 g was then suspended in 5 mL Milli-Q H2O 

and microwave sterilized resulting in a total iron concentration of 5.0 x 10-3 M in the stock 

solution. The solution was stored overnight at 4°C before use and diluted 1000-fold into aliquots 

of PC+ prior to inoculation with A. macleodii. 

Suwanee River Humic Acid: A 1 mg/mL solution of Suwanee River Humic Acid 

standard (International Humic Substances Society) was prepared in Milli-Q H2O resulting in a 

total iron concentration of 1.7 x 10-5 M in the stock solution (71).  In order to remove the most 

labile fractions of iron from the solution, aliquots of the stock solution were extracted with a 
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slurry of 5% (w/v) AG50W-X8 cation exchange resin (H+ form, Bio-Rad) for either 30 minutes 

or overnight. Following extraction, solutions were passed through a 0.2 µm filter in order to 

remove the resin and sterilize. The unmodified solution was also 0.2 µm filter-sterilized and 

diluted 34-fold into aliquots of PC+ prior to inoculation with A. macleodii for a final iron 

concentration of 5.0 x 10-7 M (a 10-fold lower total iron concentration compared with other 

replete growth conditions due to limited substrate availability). The extracted aliquots of SRHA 

were also diluted 34-fold into aliquots of PC+ resulting in a lower final iron concentration. 

Growth on varying concentrations of unmodified SRHA was also tested (5.0 x 10-8 M and 1.0 x 

10-8 M final iron concentrations).     

Ferrioxamine B: A 5.0 x 10-4 M FeCl3 and 5.0 x 10-2 M desferrioxamine B (Sigma) 

solution was prepared in Milli-Q H2O, 0.2 µm filter sterilized, and allowed to equilibrate 

overnight. The equilibrated solution was diluted 100-fold into aliquots of PC+ prior to 

inoculation with A. macleodii. Using the equation above where L is desferrioxamine B and 

𝐾!,#$¢%&'( = 1011.8 (81),  the estimated Fe¢ concentration under these conditions is ~1.6 x 10-14 M.   

  Ferric Citrate: A 5.0 x 10-4 M FeCl3 and 5.0 x 10-2 M sodium citrate (Sigma) solution 

was prepared in Milli-Q H2O, 0.2 µm filter sterilized, and allowed to equilibrate overnight. The 

equilibrated solution was diluted 100-fold into aliquots of PC+ prior to inoculation with A. 

macleodii.  

Heme: A 5.0 x 10-4 M hemin chloride (Sigma) solution was prepared in 0.3 M NH4OH, 

adjusted to pH 8, and 0.2 µm filter sterilized. The solution was then immediately diluted 100-

fold into aliquots of PC+ prior to inoculation with A. macleodii.  
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Cytochrome c: A 5.0 x 10-4 M cytochrome c (Sigma) solution was prepared in Milli-Q 

H2O and 0.2 µm filter sterilized. The solution was then immediately diluted 100-fold into 

aliquots of PC+ prior to inoculation with A. macleodii.  

Phytoplankton Lysate: Phytoplankton lysate as an iron source was prepared as 

described in Hogle et al. (35). Briefly, Thalassiosira pseudonana was grown in F/2-enriched 

seawater medium with 1.2 x 10-5 M EDTA.  Cells were collected via filtration onto an acid-clean 

3.0 µm Nucleopore filter using an acid-clean Teflon filter rig. Cells were then resuspended in 

low-iron seawater collected from offshore California Current water. An oxalate wash solution 

(85) was added to this suspension in order to remove iron associated with the exterior of the cell. 

Cells were allowed to rest for 20 minutes at room temperature in the oxalate wash and then 

collected via centrifugation.  The oxalate wash was repeated and the final pellet was resuspended 

in 1 mL Milli-Q H2O. Cells were lysed using a Diogenode Bioruptor Standard system on high 

power and the resultant lysate was stored in liquid nitrogen until use. Lysate was diluted 2500-

fold into aliquots of PC+ prior to inoculation with A. macleodii.  

 

3.5.5 Detecting petrobactin-like biosynthetic pathways in marine genomes 

 A search for homologous pathways for petrobactin biosynthesis was conducted with 

genomes deposited in the European Nucleotide Archive (ENA) using the Enzyme Similarity and 

Genome Neighborhood tools of the Enzyme Function Initiative (86,87).  The InterPro domain 

IPR013022 was used to first identify sequences homologous to asbF, the gene encoding 3-

dehydroshikimate dehydratase found within the petrobactin biosynthetic pathway. Among 

known siderophore biosynthetic pathways, 3-dehydroshikimate dehydratase is unique to 

petrobactin biosynthesis. The genome neighborhoods (+/- 10 genes) of the detected 3-
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dehydroshikimate dehydratase homologs were then retrieved and filtered for those that contained 

NIS-type siderophore synthetases (pfam04183). Determining the co-location of these two 

domains was necessary given that 3-dehydroshikimate dehydratase is also a component of 

biosynthetic pathways for secondary metabolites other than siderophores. This returned 602 

strains from the ENA with putative petrobactin-like biosynthetic gene clusters (Figure 3.9).  

This strategy correctly identified all known producers of petrobactin or petrobactin 

derivatives. Manual inspection of the returned biosynthetic gene clusters indicated that 

identifying the co-location of NIS siderophore synthetases with 3-dehydroshikimate dehydratase 

was a robust search strategy resulting in complete petrobactin-like biosynthetic pathways. 

Therefore, a similar search strategy was applied to the collection of metagenome assembled 

genomes (MAGs) from the Tara Oceans dataset (53) in order to determine the extent for 

potential petrobactin production within the marine environment from uncultivated strains. MAG 

assemblies were downloaded from NCBI (PRJNA391943) and protein coding genes were 

detected with Prodigal (v2.6.3) (88). The hidden Markov models for pfam04183 (IucA/IucC 

synthase family) and pfam01261 (Xylose isomerase-like TIM barrel) were then searched against 

the detected protein coding genes for each assembly using HMMER (v3.3) (89). For assemblies 

where a positive hit for both pfam domains was detected, the gene neighborhood of each positive 

hit was visualized with DnaFeaturesViewer (v3.0) (90) in order to determine the co-localization 

of the two domains within the genome. Pfam domains were then assigned to neighboring genes 

in order to determine the presence of a complete biosynthetic pathway.  

This resulted in 5 MAGs with complete petrobactin-like biosynthetic pathways. The 

entire Tara Oceans metagenome dataset (reads representing 238 samples) was then mapped to 

these 5 genomes using Bowtie2 (91). Results were filtered with BamM to remove reads that were 
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less than 95% identical and had less than 75% alignment. Results were then converted to read 

count per contig using featureCounts as implemented within BinSanity (92). Finally, read counts 

were converted to reads per kbp genome per Gbp of metagenome (RPKM) for the filtered 

recruitment per sample. 

 

3.6 Acknowledgements  

Chapter 3 is currently being prepared for publication by Manck, L.E., Bundy, R.M., 

Dupont, C.L. and Barbeau, K.A. The dissertation author was the primary investigator and first 

author of this paper. We thank Andrew Allen for providing A. macleodii ATCC 27126, Rachel 

Diner, Vincent Bielinski, and Erin Garza for assistance with plasmid construction and 

conjugation, Tyler Coale for providing SRHA, Bill Landing and Pete Morton for providing 

ATD, and Ben Tully for mapping of the Tara dataset against MAGs of interest. This work was 

supported by NSF grant OCE-1558453 to C.L.D., NSF grant OCE-1558841 to K.A.B., and a 

NSF Graduate Research Fellowship grant to L.E.M. 

 



 88 

3.7 Figures and Tables 

Table 3.1 Gibson assembly 

 
Gibson 
Fragment 

Forward Primer 
(5' to 3') 

Reverse Primer  
(5' to 3') 

Source DNA 
(Reference) 

Fragment 
Length (bp) 

Fragment_1 
sacB, oriV, 
oriT 

AAAACGAAAAGCCTGA
TAATACTCCACCTGCAG
GTCGACTCTAGCTAGAG 

CCTTCTTGAACAAGTTG
ATCGGCACATCTTCCGC
TGCATAACCCTGCTTC 

pRED16 (77) 4942 

Fragment_2 
Homologous 
Region 1 

GAAGCAGGGTTATGCA
GCGGAAGATGTGCCGA
TCAACTTGTTCAAGAAG
G 

TCTCATGAGCGGATACA
TATTTGAAAAAAACAGT
AACGTAGGTTATCCCC 

Alteromonas 
macleodii 

ATCC 27126 
genomic DNA 

1050 

Fragment_3 
KmR 

GGGGATAACCTACGTTA
CTGTTTTTTTCAAATAT
GTATCCGCTCATGAGA 

AATTCGGTTCGTTCAGC
ACACTGTCAGACCAAGT
TTACTCATATATACT 

pRED2 (77) 1101 

Fragment_4 
Homologous 
Region 2 

AAAATGAAGTTTTAAAT
CAATCTAATGTGCTGAA
CGAACCGAATTATCAA 

CTCTAGCTAGAGTCGAC
CTGCAGGTGGAGTATTA
TCAGGCTTTTCGTTTT 

Alteromonas 
macleodii 

ATCC 27126 
genomic DNA 

1050 
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Table 3.2 List of primers used for PCR verification reactions 

 
Primer Sequence (5' to 3') Description 

HR1_F GTGCCGATCAACTTG
TTCAAGAAGG 

Used to confirm correct plasmid orientation following Gibson 
assembly of pLEM01 

Kan_R CTGTCAGACCAAGTT
TACTCATATATACT 

Used to confirm correct plasmid orientation following Gibson 
assembly of pLEM01 

Kan_F TTCAAATATGTATCC
GCTCATGAGA 

Used to confirm correct plasmid orientation following Gibson 
assembly of pLEM01 

HR2_R GGAGTATTATCAGGC
TTTTCGTTTT 

Used to confirm correct plasmid orientation following Gibson 
assembly of pLEM01 

insertion_F GTGCCGATCAACTTG
TTCAAGAAGG Used to confirm double crossover insertion in ΔasbB mutant strain 

insertion_R GGAGTATTATCAGGC
TTTTCGTTTT Used to confirm double crossover insertion in ΔasbB mutant strain 

deletion_F ATCCGTGGCAATATG
ACAAGCTAAA Used to confirm deletion in ΔasbB mutant strain 

deletion_R AAAGATAACACTAAG
GCTTGGGGAT Used to confirm deletion in ΔasbB mutant strain 
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Figure 3.1 (A) The total ion chromatogram of the supernatant extracts from A. macleodii ATCC 
27126 WT grown under iron limitation is displayed in the gray trace with the extracted peak for 
the expected m/z of petrobactin (719.361) overlain in red at a scaled intensity. Petrobactin 
structure is shown for reference. (B) The total ion chromatogram of the supernatant extracts from 
A. macleodii ATCC 27126 DasbB grown under iron limitation is displayed in the gray trace. The 
extracted chromatogram at 719.361 m/z in red displays the absence of a petrobactin peak, 
confirming the knockout phenotype. (C) The MS2 spectra collected at 719.361 m/z from the WT 
extract shows the presence of expected petrobactin fragments at 194, 282, and 438 m/z.  
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Figure 3.2 The biosynthetic gene clusters of the known petrobactin producers A. macleodii 
ATCC 27126, M. hydrocarbonclasticus ATCC 49840, and B. anthracis Sterne are depicted. 
Genes are colored and labeled according to homology with the well characterized B. anthracis 
biosynthetic gene cluster. A PepSY domain-containing gene (gray) and genes encoding two 
hypothetical proteins (white) are also present within the A. macleodii ATCC 27126 biosynthetic 
gene cluster.  
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Figure 3.3 (A) PCR verification of the anticipated 415 bp deletion from asbB following 
homologous recombination. Gel image depicts the PCR amplified product from the WT strain 
using the del_F and del_R primers (Table 3.2). As expected, no PCR product was detected using 
these primers in the DasbB strain due to insertion of the kanamycin resistance cassette. Leftmost 
lane contains 1kb plus DNA ladder (Invitrogen).  (B) PCR verification of the anticipated 
insertion of the kanamycin resistance cassette following homologous recombination. Gel image 
depicts the PCR amplified products from the WT and DasbB strains using the ins_F and ins_R 
primers (Table 3.2) confirming the expected 641 bp difference between amplified fragments due 
to the insertion of kanR (1056 bp) and the concurrent 415 bp deletion. Rightmost lane contains 
1kb plus DNA ladder (Invitrogen). 
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Figure 3.4 (A) CAS assay detecting siderophore production in A. macleodii ATCC 27126 WT 
strain as indicated by orange halo extending beyond cells outlined in black. (B) No siderophore 
production was detected in the DasbB strain confirming the knockout phenotype. (C) An 
additional Alteromonas strain, A. sp. 199, was used as a negative control as no siderophore 
biosynthetic pathway has been detected within its genome.   
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Figure 3.5 Growth of A. macleodii ATCC 27126 WT and DasbB strains on various sources of 
iron. The y-axis (log10 scale)  displays growth as optical density measurements at 600 nm versus 
time in hours on the x-axis. Error bars represent the standard deviation of measurements from 
biological triplicates. (A) 5 µM FeCl3 (iron-replete control), iron-deplete control with no added 
iron, 10X EDTA: 5 µM FeCl3 equilibrated with 50 µM EDTA (~5 nM Fe¢), 100X EDTA: 5 µM 
FeCl3 equilibrated with 500 µM EDTA (~0.5 nM Fe¢) (B) Colloidal and particulate mineral iron 
sources each added at a total iron concentration of 5 µM, ATD: Arizona Test Dust (C) Biogenic 
sources of chelated iron each added at a total iron concentration of 5 µM (D) T. pseudonana 
lysate added as the sole iron source 
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Figure 3.6 Maximum specific growth rates (µ max) of the A. macleodii ATCC 27126 WT and 
DasbB strains on tested iron sources. Conditions marked with an asterisk indicate a statistically 
significant difference in growth rates between the WT and DasbB strains (independent, two-
tailed T-test, P < 0.05).  Error bars represent the standard deviation of measurements from 
biological triplicates. (A) 5 µM FeCl3 (iron-replete control), iron-deplete control with no added 
iron, 5 µM FeCl3 equilibrated with 50 µM EDTA (~5 nM Fe¢), 5 µM FeCl3 equilibrated with 500 
µM EDTA (~0.5 nM Fe¢) (B) Colloidal and particulate mineral iron sources each added at a total 
iron concentration of 5 µM, FeCol (5 min): Fe colloids synthesized with 5 minutes of heating, 
FeCol (60 min): Fe colloids synthesized with 50 minutes of heating, ATD: Arizona Test Dust, 
BL-ATD: Berger-leached Arizona Test Dust (C) Biogenic sources of chelated iron each added at 
a total iron concentration of 5 µM,  Cyt c: cytochrome c, Lysate: T. pseudonana lysate added as 
the sole iron source (D) SRHA 500 nM Fe: unmodified SRHA added at a final iron concentration 
of 500 nM, 30 min Extract: SRHA 500 nM Fe extracted for 30 minutes with AG50W-X8 cation 
exchange resin and added at same volume as unmodified SRHA to final cultures,  Overnight 
Extract: SRHA 500 nM Fe extracted overnight with AG50W-X8 cation exchange resin and 
added at same volume as unmodified SRHA to final cultures, SRHA 50 nM Fe: unmodified 
SRHA added at a final iron concentration of 50 nM, SRHA 10 nM Fe: unmodified SRHA added 
at a final iron concentration of 10 nM 
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Figure 3.7 Carrying capacity (K) of the A. macleodii ATCC 27126 WT and DasbB strains on 
tested iron sources. Conditions marked with an asterisk indicate a statistically significant 
difference in growth rates between the WT and DasbB strains (independent, two-tailed T-test, P 
< 0.05).  Error bars represent the standard deviation of measurements from biological triplicates. 
(A) 5 µM FeCl3 (iron-replete control), iron-deplete control with no added iron, 5 µM FeCl3 

equilibrated with 50 µM EDTA (~5 nM Fe¢), 5 µM FeCl3 equilibrated with 500 µM EDTA (~0.5 
nM Fe¢) (B) Colloidal and particulate mineral iron sources each added at a total iron 
concentration of 5 µM, FeCol (5 min): Fe colloids synthesized with 5 minutes of heating, FeCol 
(60 min): Fe colloids synthesized with 50 minutes of heating, ATD: Arizona Test Dust, BL-
ATD: Berger-leached Arizona Test Dust (C) Biogenic sources of chelated iron each added at a 
total iron concentration of 5 µM,  Cyt c: cytochrome c, Lysate: T. pseudonana lysate added as 
the sole iron source (D) SRHA 500 nM Fe: unmodified SRHA added at a final iron concentration 
of 500 nM, 30 min Extract: SRHA 500 nM Fe extracted for 30 minutes with AG50W-X8 cation 
exchange resin and added at same volume as unmodified SRHA to final cultures,  Overnight 
Extract: SRHA 500 nM Fe extracted overnight with AG50W-X8 cation exchange resin and 
added at same volume as unmodified SRHA to final cultures, SRHA 50 nM Fe: unmodified 
SRHA added at a final iron concentration of 50 nM, SRHA 10 nM Fe: unmodified SRHA added 
at a final iron concentration of 10 nM 
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Figure 3.8 Growth of A. macleodii ATCC 27126 WT and DasbB strains on Suwanee River 
Humic Acid (SRHA) as the sole iron source. The y-axis (log10 scale)  displays growth as optical 
density measurements at 600 nm versus time in hours on the x-axis. Error bars represent the 
standard deviation of measurements from biological triplicates. (A) SRHA 500 nM Fe: 
unmodified SRHA added at a final iron concentration of 500 nM, 30 min Extract: SRHA 500 nM 
Fe extracted for 30 minutes with AG50W-X8 cation exchange resin and added at same volume 
as unmodified SRHA to final cultures,  Overnight Extract: SRHA 500 nM Fe extracted overnight 
with AG50W-X8 cation exchange resin and added at same volume as unmodified SRHA to final 
cultures (B) SRHA 500 nM Fe: unmodified SRHA added at a final iron concentration of 500 
nM, SRHA 50 nM Fe: unmodified SRHA added at a final iron concentration of 50 nM, SRHA 
10 nM Fe: unmodified SRHA added at a final iron concentration of 10 nM 
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Figure 3.9 Taxonomic distribution of sequenced isolates from the ENA with putative 
petrobactin-like biosynthetic pathways. Nodes displayed at species level.  
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Figure 3.10 Sampling locations of the Tara Oceans expedition colored according to region as 
referenced in the text. Select stations labeled with station number for reference.  
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Figure 3.11 Distribution of detected read counts (RPKM-normalized) across the Tara Oceans 
expedition from each MAG containing a putative petrobactin biosynthetic pathway (A) Surface 
stations grouped by region and colored according to size fraction (B) Surface stations from the 
East Africa Coastal Region, Arabian Sea, Indian Ocean, and Red Sea plotted on a different scale 
from (A) for clarity and colored according to size fraction, IO: Indian Ocean (C) All DCM 
stations grouped by region and colored according to size fraction, IO: Indian Ocean. Note that in 
all panels EAC69 is plotted on a different scale for clarity.  
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Figure 3.12 (A) Representation of pLEM01 following Gibson assembly. Individually colored 
Gibson fragments (1- 4 as referred to within text) are labeled with corresponding genomic 
features as described in Table 3.1. Primers used for verification of correct assembly are depicted 
as triangles and labeled according to Table 3.2 with the expected length of the PCR amplified 
product also displayed.  (B) Gel image depicting PCR amplified products with corresponding 
primers. Leftmost lane contains 1kb plus DNA ladder (Invitrogen).   
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Chapter 4: Biomarkers of iron limitation in the heterotrophic bacterial community of the 

California Current System 

4.1 Abstract 

Iron is an essential nutrient for all microorganisms in the marine environment, and while 

iron as a limiting nutrient of phytoplankton growth has been well documented in many ocean 

regions, much less is known regarding the potential for iron limitation in the marine 

heterotrophic microbial community. Studies indicate that marine heterotrophic bacteria have iron 

quotas similar to or possibly greater than marine phytoplankton. Most of this iron resides within 

the respiratory chain, indicating a significant linkage between iron and carbon metabolism. In the 

work presented here we have investigated the potential for iron limitation within the 

heterotrophic bacterial population of the California Current System. We have characterized the 

major iron transport pathways used by members of this community and directly tested for iron 

limitation by examining the transcriptomic response of the community to iron additions. We 

have found that iron limitation in the heterotrophic bacterial community was widespread under 

conditions of high productivity but relatively low iron concentrations within the system, and 

growth experiments indicate that bacterial carbon production is reduced under iron limitation. 

Together these results indicate that the heterotrophic bacterial community of the California 

Current System does at times directly experience iron limitation and that this limitation may have 

significant effects on carbon export and cycling within this productive system.  

 

4.2 Introduction 

Iron (Fe) is an essential cofactor in many enzymes facilitating fundamental life processes 

such as photosynthesis, respiration, and nitrogen fixation. As such, dissolved iron is a necessary 
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micronutrient for all microbial growth in the marine environment and is tightly linked to the 

cycling of carbon (C) and other macronutrients. In oxygenated seawater, iron is most 

thermodynamically stable in the form of Fe(III) oxyhydroxides which are characterized by low 

solubility and the tendency to be further scavenged by sinking particles (1). This results in 

extremely low dissolved iron concentrations in most regions of the world’s oceans, and it is now 

recognized that iron exerts a significant control on marine primary production (2).  

Although the number of measurements remain limited, studies have shown that marine 

heterotrophic bacteria have iron quotas similar to or possibly greater than marine phytoplankton  

(3–7), and most of this iron resides within the respiratory chain. This indicates a potential linkage 

between iron availability and the efficiency of carbon metabolism by marine heterotrophs. 

Marine dissolved organic matter (DOM) is one of the largest pools of carbon on Earth, and it is 

now recognized that heterotrophic bacteria are the key determinant in the fate of this carbon and 

its associated macro- and micronutrients (8–10). Given the significant role that iron plays in 

carbon metabolism and its limited availability in the marine environment, understanding both the 

iron and carbon requirements of heterotrophic bacteria will be an important factor in 

understanding the microbial turnover of organic matter and, ultimately, the balance between 

export and recycling in the marine environment.  

Iron limitation of heterotrophic bacteria, and its potential effects on carbon metabolism, 

has been assessed in a number of studies, both in the field (11–17) and with cultured isolates 

(4,18,19). Laboratory studies have shown that iron-limited bacterial strains exhibit decreased 

rates of respiration, growth rates, and Fe:C ratios compared to iron-replete cultures (4,18). Field 

studies aimed at determining the iron nutritional status of heterotrophic bacteria in natural 

communities have shown varied responses of the heterotrophic bacterial community to iron 
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additions, likely indicating a high degree of spatial and temporal variability in iron requirements 

as well as availability.  However, elevated growth rates and bacterial carbon production have 

been observed upon the addition of iron or a combination of carbon and iron to microbial 

communities in classically iron-limited regions such as the Southern Ocean (11–13,15).  

Studies of iron limitation in heterotrophic bacterial communities in the field can be 

complicated by a number of factors. Namely, assessing iron limitation in the heterotrophic 

community independently of that of the photosynthetic community can be challenging given that 

iron limitation of primary producers can indirectly affect the limitation status and growth 

response of the heterotrophic microbial population due to the reduced availability of organic 

carbon. However, heterotrophic bacteria have unique molecular strategies for coping with 

limited iron availability. Iron in the marine environment can be found in a wide array of forms, 

spanning a large size range and several classes of chemical speciation (20).  Therefore, marine 

bacteria have evolved a suite of molecular tools for acquiring iron from their environment. 

Inorganic Fe(II) can be transported via several inner membrane permeases such as NRAMP-like 

proteins (21), ZIP permeases (22), FTR1-like permeases (23), and the FeoAB permease system 

(24). Inorganic Fe(III) is transported across the inner membrane through ATP-binding cassette 

transporters (ABCTs) which consist of a periplasmic solute binding protein (SBP),  an inner 

membrane permease, and an ATP-binding domain. Larger, organically-complexed iron species 

are transported across the outer membrane through TonB-dependent transporters (TBDTs) which 

also more generally serve to transport an assortment of organic substrates (25). Inner membrane 

transport of these complexes can then be accomplished via a substrate-specific ABCT or 

potentially via an ATP-independent permease (19).  Iron species that are transported via TBDTs 

include heme and iron-siderophore complexes. Siderophores are low-molecular weight organic 
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compounds produced by bacteria that are secreted from the cell and bind strongly to iron, helping 

cells scavenge iron from the environment (26).  In addition to the expression of iron transport 

systems, marine bacteria have also been observed to potentially reduce cellular iron quotas under 

iron limitation through the expression of non-iron containing metabolic replacements such as 

fumarase c or Ni-superoxide dismutase (4,19,27,28). Additionally, use of the glyoxylate pathway 

by marine bacteria in place of the full citric acid cycle, has been observed during growth under 

iron limitation (4,18,19). The expression of such systems by various taxonomic groups of 

heterotrophic bacteria will not only have a significant impact on iron biogeochemical cycling in 

the marine environment, but the detection of such expression patterns has the potential to serve 

as an indicator of iron limitation in these populations in the field. Moreover, such genomic 

‘biomarkers’ have the potential to detect iron limitation in the heterotrophic community 

independently from that of the photosynthetic community as well as distinguish  between 

multiple types of nutrient limitation in situ. Indeed, gene expression of such systems has been 

utilized to investigate the iron metabolism of heterotrophic bacterial communities in contrasting 

environments of the Southern Ocean (29). 

The California Current System (CCS) is an eastern boundary current where upwelled 

nutrients near the coast fuel high levels of primary productivity (30). However, a low supply of 

iron relative to macronutrients during upwelling events can drive the phytoplankton community 

to iron limitation (31). More recently, iron limitation within the southern sector of the CCS has 

been documented (32,33) and evidence suggests that iron limitation at the deep chlorophyll 

maximum is a persistent and widespread feature of this system (34). While the effects of nutrient 

limitation on primary production in the CCS have been well documented, much less is known 

about the factors controlling heterotrophic activity in this system, including the potential for iron 
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limitation. Despite the small spatial coverage of eastern boundary current systems such as the 

CCS within the global ocean, their disproportionate levels of primary production make them 

significant contributors to global biogeochemical cycling (35).  In productive regions such as the 

CCS, heterotrophic microbial activity acts as a major control on the fate of fixed carbon. 

Therefore, understanding limitations on this activity will be an important step in characterizing 

the efficiency of the biological carbon pump in these systems, transfer of energy to higher 

trophic levels, and ultimately the net effects of eastern boundary currents on global 

biogeochemical cycling.   

A single previous study conducted in the central CCS found that heterotrophic bacterial 

communities were primarily carbon limited. However, under low iron conditions with an added 

carbon source, communities quickly became secondarily iron-limited and the addition of both 

iron and carbon produced a significantly larger growth response than the addition of carbon 

alone (13).  A recent study by Hogle et al. (36) conducted with microbial communities of the 

CCS did not explicitly track the iron limitation status of the heterotrophic community, but the 

production of strong ligands presumed to be siderophores detected at the peak of a stimulated 

bloom also suggests that iron limitation of the heterotrophic community may quickly develop 

during the active processing of organic matter in the CCS.  To date, a comprehensive study of 

iron limitation within the heterotrophic bacterial community has yet to be conducted in the 

southern sector of the CCS, and much remains to be learned regarding the iron metabolism of the 

heterotrophic bacterial community in iron-limited regions. The advent of high-throughput 

genomic techniques since initial studies testing the limitation status of heterotrophic bacteria 

were undertaken open up new avenues through which this question can be approached and allow 

for a detailed characterization of iron acquisition in the microbial community. In the work 
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presented here we characterize the iron acquisition mechanisms utilized by the heterotrophic 

bacterial community in the southern sector of the CCS during two contrasting periods of regional 

productivity. We have utilized the differential gene expression of bacterial iron transport 

pathways as a means of detecting iron limitation in the heterotrophic community and have 

connected these patterns of gene expression to growth responses of both the heterotrophic and 

photosynthetic communities, suggesting potential consequences for carbon cycling and export 

within this system.  

 

4.3 Results 

4.3.1 In situ conditions 

The work presented here was conducted over the course of two process cruises, P1408 

and P1706, carried out by the California Current Ecosystem Long Term Ecological Research 

(CCE LTER) program. Similar to previous CCE LTER process cruises, sampling during P1408 

and P1706 was conducted in a series of Cycles where each Cycle tracked a single water mass in 

a Lagrangian manner over the course of 2-4 days as determined by surface salinity, temperature, 

and chlorophyll a (Chl a) (37) (Figure 4.1). P1408 took place just following the onset of 

anomalous warming in the CCS, possibly due to the influence of the North Pacific warm pool 

(38,39), and surface waters were 0.8-1.5°C above average (39) (Figure 4.1). Increased surface 

stratification as a result of warming likely resulted in the observed low nitrate (NO3-) 

concentrations during P1408 with nearly undetectable NO3- at the surface across all Cycles (40). 

Each Cycle of P1408 sampled a distinct water mass covering a range of productivity regimes. 

Cycle 2 was the most productive with maximum Chl a values near 1 µg L-1 (Figure 4.2a). From 

Cycle 2 to Cycle 4, Chl a values decreased sequentially and a subsurface Chl a maximum was 
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observed during all Cycles (Figure 4.2a). While Chl a concentrations were not determined to be 

anomalously low compared to long term averages during P1408 (40), values were an order of 

magnitude lower than those observed during P1706 (Figure 4.2d). Particulate organic carbon 

(POC) concentrations followed a similar pattern to that of Chl a across the study region during 

P1408 with the highest values inshore at Cycle 2 and decreasing offshore (Figure 4.2b).  

Likewise, bacterial carbon productivity (BCP) decreased sequentially between Cycle 2 to Cycle 

4 (Figure 4.2c), and a tight coupling between BCP and POC was observed (Figure 4.3a). 

Due to the depletion of surface NO3-, iron limitation in surface waters was not anticipated 

during P1408 and incubation efforts for the assessment of iron limitation were therefore focused 

on the deep chlorophyll maximum (DCM) community where residual NO3- was detected (Table 

4.1).    Dissolved iron (dFe) and NO3- concentrations averaged across the DCM at the beginning 

of each Cycle decreased sequentially from Cycle 2 to Cycle 4. Average dFe concentrations at the 

DCM were sub-nanomolar across the study region, and NO3-:dFe ratios (µmol:nmol) at the DCM 

averaged near 10 in both Cycle 2 and Cycle 3 of P1408 (Table 4.1) indicating the potential for 

iron limitation of the photosynthetic community during these Cycles (32,33). This is also 

supported by Si:NO3- ratios near or below 1 observed at the DCM in these Cycles (Table 4.1) 

(31). In contrast, NO3-:dFe ratios less than 10 and Si: NO3- ratios greater than 1 were observed in 

the offshore Cycle 4 at the DCM (Table 4.1) suggesting that iron concentration was no longer the 

primary limiting factor in the oligotrophic offshore region.  

P1706 took place outside of the anomalously warm period of 2014-2016 in the CCS and 

captured a representative upwelling event within the southern CCS. During this cruise, a filament 

of recently upwelled water was tracked from its source at the coast as it aged and was advected 

offshore (Figure 4.1b,d). Again, each Cycle consisted of a 2-4 day period tracking a single water 
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mass in a Lagrangian manner. As a whole, the P1706 Cycles tracked the coherent evolution of 

the filament system, in contrast to the discrete regions sampled during P1408. Additionally, 

Cycle 4 is a continuation of the same water mass sampled during Cycle 2, with a 6 day 

intervening period from the end of Cycle 2 to the beginning of Cycle 4. Overall, measures of 

productivity were significantly higher during P1706 compared to P1408 (Figure 4.2). During 

P1706, measures of surface Chl a reached maximum values near 15 µg L-1 in Cycle 1 which 

quickly dropped off in Cycles 2-4 (Figure 4.2d). Similarly, POC concentrations were the highest 

in Cycle 1, but in contrast to Chl a, values remained relatively elevated in Cycle 2 before 

decreasing in Cycles 3 and 4 (Figure 4.2e). Measures of BCP followed a similar pattern to that of 

POC (Figure 4.2f), and a tight coupling between BCP and POC was observed throughout the 

study region, similarly to P1408 (Figure 4.3b). 

Residual surface NO3- concentrations across the study region during P1706 were detected 

(Table 4.1), indicating the potential for widespread iron limitation of the photosynthetic 

community. Thus, incubation efforts for assessing iron limitation were focused on surface waters 

during P1706. Average surface dFe concentrations at the beginning of Cycle 1 were >2 nM but 

quickly decreased to sub-nanomolar levels moving offshore beyond the shelf break (Table 4.1).  

NO3-:dFe ratios observed in the surface during Cycle 1 were below 10 (Table 4.1) and therefore 

not indicative of iron limitation. However, NO3-:dFe ratios in the surface waters of Cycles 2, 3, 

and 4 were equal to or greater than 10, with particularly high values observed in Cycles 2 and 4 

(Table 4.1). Particularly low Si:NO3- ratios were observed in the surface waters of Cycle 2 and 4 

with values less than 1 also detected in Cycle 3, again indicative of iron limitation in the 

photosynthetic community.  
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4.3.2 Growth response of photosynthetic community to iron additions 

During P1706 a series of iron addition grow-out incubation experiments were carried out 

at each Cycle in order to test for iron limitation in the photosynthetic community. Whole 

seawater was collected from the surface, and growth in iron amended treatments was compared 

to growth in unamended controls based on Chl a concentration and NO3- drawdown (Figure 4.4). 

Incubations initiated at the beginning of Cycle 1 showed only minor differences between 

treatments. Iron-amended treatments reached only slightly higher average Chl a values on day 2 

of the incubation with a corresponding enhancement of nitrate drawdown compared to the 

controls. This indicates the photosynthetic community at the onset of Cycle 1 was not 

experiencing significant iron limitation. In contrast, iron-amended treatments from the beginning 

of Cycle 2 exhibited a rapid drawdown of NO3-, completely exhausting available NO3- within 24 

hours and doubling Chl a concentrations, reaching maximum values above 8 µg L-1. Incubations 

initiated at the beginning of Cycle 3 also showed significant differences between the iron-

amended treatments and controls but with a somewhat slower growth response compared to 

Cycle 2 and reaching maximum Chl a values around 6 µg L-1 before exhausting available NO3-. 

These results indicate that as the upwelled water mass aged and moved offshore between Cycles 

1 and 2, the photosynthetic community grew to be iron-limited and this limitation persisted into 

the beginning of Cycle 3. During Cycle 4 an iron addition incubation was initiated at the 

beginning of the Cycle on the in situ drifter array for a duration of two days and showed no 

significant differences in either Chl a concentrations or NO3- drawdown between iron amended 

and control treatments. However, an iron addition incubation initiated on-deck two days later at 

the end of Cycle 4 exhibited a response in iron amended treatments after two days of incubation, 
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indicating a degree of iron limitation in the photosynthetic community persisted between Cycles 

2 and 4.      

 

4.3.3 Growth response of heterotrophic bacteria to iron additions in dark incubations 

In order to assess the effects of potential iron limitation on heterotrophic bacterial growth, 

dark iron addition incubations were conducted at Cycles 3 and 4 with DCM communities during 

P1408 and at Cycle 4 with the surface community during P1706. Heterotrophic activity was 

monitored via BCP and the prokaryotic community composition was also tracked over the course 

of each incubation (Figure 4.5). In each incubation, elevated BCP was detected at least once over 

the course of the incubation following iron additions, indicating some degree of initial iron stress 

in these communities. This effect was the most pronounced in Cycle 3 of P1408 where the BCP 

increased exclusively in incubation bottles with the addition of iron and values were almost twice 

those measured in the control treatment after 3 days (Figure 4.5a).  In Cycle 4 of P1408, the BCP 

in iron amended bottles was consistently greater than that of the control bottles over the course of 

the entire experiment; however, the BCP in all bottles increased with time (Figure 4.5b) 

indicating an additional nutrient stress or perhaps grazing pressure was relieved under incubation 

conditions. In Cycle 4 of P1706, the BCP in both the control and iron amended bottles increased 

over the course of 24 hours but then declined with time. However, the BCP in iron amended 

bottles remained elevated for a longer duration compared to the control treatments (Figure 4.5c).  

The most pronounced changes in the prokaryotic community composition in response to 

iron additions were also observed in Cycle 3 of P1408 (Figure 4.5d). By day 3 during this 

incubation, the community composition of the control and iron amended treatments had diverged 

before converging in similarity again by day 5. This difference in community composition 
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observed on day 3 was driven by a significant increase in the relative abundance of OTUs from 

the order Alteromonadales which comprised over 30% of the total community in the iron 

amended treatment on day 3 of this incubation (data not shown). In contrast, while there was a 

shift in the community composition of incubations conducted at Cycle 4 of P1408, this shift 

occurred entirely between day 0 and day 3 and no differences were observed between iron 

amended and control treatments, with the exception of a single replicate on day 5 (Figure 4.5e).  

During the incubation conducted at Cycle 4 of P1706, the community composition of all 

treatments changed with time; however, there was no consistent differences observed between 

iron amended and control treatments (Figure 4.5f).    

 

4.3.4 Gene expression of heterotrophic bacterial community in response to iron additions 

In order to investigate the response of the microbial metatranscriptome to potential iron 

limitation, additional iron amendment incubations were conducted on both P1408 and P1706 at 

each Cycle. For these incubations, whole seawater that was collected at the DCM in P1408 and 

at the surface in P1706 (Table 4.1) was amended with iron or left as an unamended control and 

incubated for 24 hours on the drifter array under in situ temperature and light conditions. 

Samples for RNA sequencing at T0 and T24 for each treatment were collected as biological 

duplicates during P1408 and as biological triplicates during P1706.  RNA sequencing generated 

approximately 5.0 x 104 to 1.1 x 106 mapped and quality-controlled bacterial mRNA reads per 

sample which were used for further analysis.    

 

4.3.4.1 In situ expression  
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The relative abundance of transcripts from the most abundant bacterial taxonomic groups 

detected at the beginning of each incubation (in situ expression) is shown in Figure 4.6. 

Transcript abundances presented here are shown normalized to the total bacterial transcripts 

detected per sample. Average abundances shown here were calculated across all samples for a 

given cruise or replicates for a given Cycle, as indicated, along with standard deviations. Across 

the entire study region, gene expression during P1408 was dominated by SAR11 (17.2 ±4.4% of 

total bacterial transcripts) and cyanobacteria (38.4 ±20.8% of total bacterial transcripts) 

(particularly Prochlorococcus) (Figure 4.6a). The dominance of these oligotrophic groups 

reflects the overall low nutrient conditions and reduced productivity observed in the CCS during 

the anomalously warm period of P1408. Additional groups with a high relative abundance of 

transcript expression included SAR86 (5.3 ±3.0% of total bacterial transcripts) and SAR406 (7.0 

±4.2% of total bacterial transcripts). Transcripts from copiotrophic groups such as 

Alteromonadales and Flavobacteriales were overall less abundant but were detected in higher 

relative abundance during Cycle 2 (3.2 ±0.21 and 6.3 ±5.4% of total bacterial transcripts, 

respectively) and decreased offshore during Cycles 3 and 4. The taxonomic distribution of in situ 

transcripts detected at the beginning of each incubation during P1706 was notably distinct from 

that of P1408 (Figure 4.6b). Transcripts from a group of unclassified Alphaproteobacteria (10.9 

±2.6% of total bacterial transcripts) and Gammaproteobacteria (12.1 ±1.2% of total bacterial 

transcripts) comprised a significant fraction of total bacterial transcripts detected. Cyanobacteria 

(3.7 ±1.4% of total bacterial transcripts) comprised a much smaller fraction of transcripts during 

P1706, and copiotrophic groups such as Alteromonadales (4.8 ±1.1% of total bacterial 

transcripts), Flavobacteriales (9.6 ±4.6% of total bacterial transcripts), and Oceanospirillales 

(4.4 ±0.7% of total bacterial transcripts) were relatively abundant across the entire study region. 
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SAR11 (9.1 ±3.3% of total bacterial transcripts) and SAR86 (5.9 ±1.1% of total bacterial 

transcripts) continued to comprise a significant portion of the transcript pool during P1706, 

similarly to P1408.    

During P1408, in situ transcripts related to iron acquisition detected at the beginning of 

each experiment showed a concerted shift moving from nearshore (Cycle 2) to the oligotrophic 

offshore (Cycle 4). The expression of open reading frames (ORFs) encoding TBDTs 

(pfam00593) were detected at a higher relative abundance in Cycles 2 and 3 (5.7 ±0.7 and 6.2 

±0.7% of total bacterial transcripts, respectively) compared to Cycle 4 (2.2 ±0.2% of total 

bacterial transcripts) and largely came from the orders Alteromonadales, SAR86, and SAR406 

(Figure 4.7a). The data presented here show the expression of all TBDTs and are therefore not 

specific to iron transport, but indicate that the capacity for the transport of larger, organic 

compounds was greater in Cycles 2 and 3, possibly due to the availability of these substrates as a 

result of increased productivity in these regions compared to Cycle 4. The expression of ORFs 

encoding inorganic Fe(III) SBPs (K02012) shows the opposite trend compared to those encoding 

TBDTs, increasing in relative abundance from Cycle 2 (0.067 ±0.002% of total bacterial 

transcripts) to Cycles 3 and 4 (0.19 ±0.02 and 0.14 ±0.05% of total bacterial transcripts, 

respectively) (Figure 4.7b).  This increase is largely driven by an increase in the relative 

abundance of transcripts assigned to SAR11 perhaps reflecting the increasing oligotrophic 

conditions offshore. Transcripts assigned to Rhodobacterales and Rhizobiales also comprised a 

significant portion of the Fe(III) SBP transcripts and were detected rather evenly across each 

Cycle (0.010 ±0.006 and 0.013 ±0.003% of total bacterial transcripts, respectively). ORFs 

encoding bacterioferritin (pfam00210), an iron storage protein, were also detected across Cycles 

2-4 in P1408 and predominately came from SAR86 (0.037 ±0.015% of total bacterial transcripts) 
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with transcripts from Alteromonadales also detected in moderate relative abundance. (Figure 

4.7b).  

During P1706, a higher diversity of both taxonomic and functionally annotated iron 

transport pathways were detected in situ compared to P1408 which is reflective of the overall 

increase in diversity of total transcripts detected during this cruise (Figure 4.8). The relative 

abundance of ORFs encoding total TBDTs during P1706 was approximately an order of 

magnitude greater than what was detected in P1408 reaching more than 10% of total bacterial 

transcripts in most Cycles (Figure 4.8a). This is possibly reflective of the increased levels of 

productivity, potentially leading to the increased availability of large, organic substrates during 

this cruise. Transcripts encoding TBDTs were primarily assigned to copiotrophic taxa such as 

Alteromonadales (2.27 ±0.032% of total bacterial transcripts) and Flavobacteriales (1.48 

±0.90% of total bacterial transcripts). Transcripts from a group of unclassified 

Gammaproteobacteria and SAR86 also comprised a significant fraction of TBDT transcripts. 

The relative abundance of transcripts encoding TBDTs was generally high across each Cycle but 

decreased somewhat in Cycle 4 (7.46 ±0.66% of total bacterial transcripts) compared to Cycles 

1-3 (11.29 ±0.95% of total bacterial transcripts), largely due to a decrease in the relative 

abundance of transcripts assigned to Flavobacteriales.  Again the expression of transcripts for 

TBDTs encompasses the transport of substrates beyond iron, but evidence for the transport of 

organically complexed iron is also supported by the detection of ORFs encoding iron-ligand 

complex SBPs (pfam01497) during Cycles 1-3 and cytoplasmic siderophore interacting proteins 

(SIPs) (pfam04954) across all Cycles (Figure 4.9). Additionally, the expression of a gene 

homologous to dhbF of the non-ribosomal peptide synthase pathway for the biosynthesis of the 

siderophore bacillibactin (41) was detected in Cycles 1-3 from a member of the genus 
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Rhodococcus (Figure 4.9). The expression of ORFs encoding inorganic Fe(III) SBPs during 

P1706 was detected at a similar relative abundance to that during P1408 and comprised of 

transcripts largely assigned to multiple groups of Alphaproteobacteria (Figure 4.8b). This again 

included transcripts from SAR11 in addition to an unclassified Alphaproteobacterium. The 

relative abundance of these transcripts was elevated in Cycles 1-3 (0.174 ±0.066% of total 

bacterial transcripts) but decreased significantly in Cycle 4 (0.044 ±0.021% of total bacterial 

transcripts) driven by a decrease in SBP transcripts from the unclassified Alphaproteobacterium.  

In contrast to P1408, transcripts encoding transport systems for inorganic Fe(II) were detected 

throughout P1706. This included transcripts for the FeoB permease (pfam02421) from 

Flavobacteriales (Figure 4.8c) as well as the FTR1-like permease (pfam03239) from unclassified 

Alphaproteobacteria and SAR86 (Figure 4.8d). These transcripts were found at an overall lower 

relative abundance compared to transcripts for TBDTs or Fe(III) SBPs but were detected across 

each Cycle. The relative abundance of FeoB transcripts was greatest in Cycle 2 (0.0038 

±0.0027% of total bacterial transcripts), corresponding with a high relative abundance of total 

transcripts from Flavobacteriales. Transcripts encoding bacterioferritin were also detected in 

P1706 and were particularly abundant in Cycles 2 and 3 (0.057 ±0.031 and 0.058 ±0.010% of 

total bacterial transcripts, respectively). As in P1408, a large proportion of these transcripts came 

from SAR86 but also were detected from a group of unclassified Gammaproteobacteria (Figure 

4.8e). This could indicate the active uptake and storage of iron by these taxonomic groups at 

Cycles 2 and 3 in particular.    
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4.3.4.2 Differential expression 

Results showing the differential expression of ORFs specifically from the non-

photosynthetic bacterial community in response to iron additions are presented here in order to 

examine the potential for iron limitation in this community independently from that of the 

photosynthetic community. Results are expressed as the log2fold-change comparing control 

treatments to iron amended treatments so that a positive fold-change indicates upregulation under 

unamended, potentially iron-limited, conditions (Figures 4.10, 4.11). Only results with an FDR < 

0.05 were considered significant and are shown here. During P1408, statistically significant 

differential expression of the heterotrophic bacterial community in response to iron additions was 

only detected in Cycle 3 (Figure 4.10). Differentially expressed ORFs consisted almost entirely 

of those encoding known iron transport pathways which were all upregulated in unamended 

treatments. These ORFs included multiple Fe(III) SBPs from members of the SAR11 clade as 

well as multiple TBDTs from SAR86 and SAR406 that are potential transporters for organically 

complexed forms of iron. The specific upregulation of iron transport systems in the unamended 

treatments indicate the heterotrophic bacterial community at Cycle 3 of P1408 was initially 

experiencing iron stress. 

During P1706, statistically significant differential ORF expression of the heterotrophic 

bacterial community in response to iron additions was detected across all Cycles (Figure 4.11). 

ORFs that responded to iron additions during P1706 consisted of a wider diversity of both 

taxonomic and functional annotations compared to that of P1408 but continued to include ORFs 

encoding known iron transport pathways and therefore indicative of an initially iron-stressed 

community. Only a minimal response was detected in Cycle 1 of P1706, but an upregulation of 

Fe(III) SBPs from the SAR11 clade and an unclassified Alphaproteobacterium was observed in 
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the unamended treatments along with a TBDT from an unclassified Gammaproteobacterium 

(Figure 4.11a). Cycles 2-4 of P1706 showed a pronounced response in the ORF expression of the 

heterotopic bacterial community to iron additions (Figure 4.11b-d). Cycle 4 in particular 

exhibited the highest fold-change values for individual ORFs detected across the Cycles along 

with the highest number and taxonomic diversity of total differentially expressed ORFs (Figure 

4.11d). An Fe(III) SBP from the SAR11 clade continued to be upregulated across Cycles 2-4 

while an Fe(III) SBP from an unclassified Alphaproteobacterium was also upregulated in Cycle 

3. A number of TBDTs were upregulated across Cycles 2-4 which came from unclassified 

members of Gammaproteobacteria as well as from the orders Alteromonadales, 

Flavobacteriales, and SAR86. An FTRI-like Fe(II) permease from an unclassified 

Gammaproteobacteria was also upregulated in Cycle  4. In addition to iron transport systems, a 

number of ORFs which have also been demonstrated in culture to respond to iron limitation were 

upregulated in control treatments across Cycles 2-4. This included ORFs encoding isocitrate 

lyase (pfam00463) from unclassified Alphaproteobacteria, unclassified Gammaproteobacteria, 

SAR86, and SAR92 which were consistently upregulated in Cycles 2-4. The upregulation of 

isocitrate lyase as an indicator of utilization of the glyoxylate pathway rather than the full citric 

acid cycle has been observed in multiple marine bacteria in culture grown under iron limitation 

(4,19) and is hypothesized to serve as a mitigation strategy for dealing with iron stress (18). The 

expression of isocitrate lyase in situ was also detected during both P1408 and P1706, but the 

relative abundance of transcripts was an order of magnitude higher in P1706 compared to P1408 

(data not shown).  Additionally, an ORF encoding fumarase c (pfam10415), the only non-iron 

containing version of this enzyme, from an unclassified Gammaproteobacterium was 

upregulated in Cycles 2 and 4. The use of fumarase c in marine and non-marine strains grown 
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under iron limitation has also been observed in culture (4,19,42), presumably as a strategy for 

reducing iron quotas within the cell. There was also a pronounced downregulation of the ORFs 

encoding the Fe-S cluster binding subunit of formate dehydrogenase from SAR116 observed in 

Cycle 4 which again could serve as a strategy for reducing cellular iron quotas. Interestingly, 

ORFs encoding components of Fe-S cluster assembly pathways (cysteine desulfurase and Fe-S 

cluster assembly scaffold proteins) from unclassified Alphaproteobacteria, SAR86, and SAR92 

were upregulated in Cycles 2-4. In culture, the upregulation of the SUF Fe-S cluster assembly 

system has been shown to be specific to use under iron limitation and is required for the 

utilization of certain siderophores as an iron source by E. coli (43–46). The upregulation of Fe-S 

cluster assembly systems observed here could be indicative of similar systems used by these 

strains specifically under iron limitation.  

In addition to ORFs playing a direct role in iron transport or the reduction of cellular iron 

quotas, a number of other functionally annotated ORFs showed consistent expression patterns 

across Cycles 2-4 (Figure 4.11b-d). ORFs encoding proteorhodopsin from unclassified 

Alphaproteobacteria, unclassified Gammaproteobacteria, and SAR86 were consistently 

downregulated in control treatments across Cycles 2-4. Additionally, a number of ORFs 

encoding the SBP component of ABCT systems from unclassified Alphaproteobacteria, 

unclassified Gammaproteobacteria, Rhodobacterales, and Rhizobiales were downregulated, 

particularly in Cycles 2 and 3 (Figure 4.11b,c). These SBPs are predicted to be involved in the 

transport of amino acids, glycine betaine, and small sugars. ORFs encoding the SBP component 

of tripartite ATP-independent periplasmic (TRAP) transporters for small carbon substrates in an 

unclassified Alphaproteobacterium were also downregulated in Cycles 2 and 3. Finally, 
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additional ORFs encoding TBDTs from Alteromonadales, Flavobacteriales, unclassified 

Gammaproteobacteria, and SAR86 were significantly downregulated across Cycles 2-4.  

 

4.4 Discussion 

In the work presented here we have revisited the question of iron limitation in the 

heterotrophic bacterial community of the California Current System utilizing patterns in gene 

expression as potential indicators of iron limitation. Studies were carried out across the CCS 

during two contrasting phases of productivity in this system. The CCE LTER process cruise 

P1408 was conducted during an anomalously warm period in the North Pacific which resulted in 

increased levels of stratification, depleted surface nitrate, and low levels of productivity 

throughout the study region. In contrast, the process cruise P1706 captured a classic upwelling 

event within this eastern boundary current system which resulted in high levels of productivity 

that were advected offshore. Our results show that the iron nutritional status of both the 

photosynthetic and heterotrophic microbial communities contrasted significantly between these 

two cruises with P1706 showing widespread evidence of iron limitation in the microbial 

community. Herein we explore the probable causes of iron limitation in the heterotrophic 

bacterial community of the CCS and the potential effects of this limitation on carbon cycling and 

export within this highly productive and globally important biome.          

 

4.4.1 Distribution of iron transport systems in the CCS is driven by taxonomic niche 

specialization 

The results presented here represent the first systematic study of iron acquisition 

pathways utilized by the community of heterotrophic bacteria across the CCS, an eastern 
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boundary upwelling system. In situ gene expression results obtained from two cruises that 

captured a wide spectrum of productivity within the CCS show that the dominant mechanisms of 

iron acquisition can vary significantly across time and space but that trends in iron acquisition 

are consistent with trends in the dominant taxonomic groups that were present. For a given iron 

transport pathway, the major taxonomic groups expressing components of that pathway were 

similar both within and between cruises. This suggests that the inherent metabolic potential of 

these groups is primarily driving the dominant iron acquisition strategies rather than flexibility in 

the utilization of various transport pathways within a taxonomic group. This is consistent with a 

growing body of research suggesting niche specialization in the transport capacity of 

heterotrophic bacteria, including the transport of iron and other trace metals (19,47,48).  Across 

both cruises, Fe(III) ABCTs appeared to be a consistent means of iron acquisition and were 

expressed primarily by various groups of Alphaproteobacteria which is consistent with previous 

analyses of marine bacterial genomes and metagenomes (48,49). TBDT systems were also 

prevalent across both cruises but were expressed primarily by Gammaproteobacteria and 

Flavobacteria again consistent with the current understanding of the distribution of TBDTs 

across marine prokaryotic genomes (50,51).  

While the contributing taxa to given iron transport pathways remained consistent, the 

relative abundance of transcripts detected from different pathways did vary between cruises and 

changing environmental conditions within a cruise. Notably, the expression of transport systems 

for inorganic Fe(II) were detected across the study region during P1706 but were absent from 

P1408 (4.8c,d). The FeoAB permease system has been found to be enriched in the genomes of 

Flavobacteria (49), and the prevalence of this copiotrophic group across the study region during 

P1706, with particularly high transcriptional activity during Cycles 2 and 3, accounts for the 
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distribution of this transport system. Similarly the FTRI permease system has been found to be 

enriched in Gammaproteobacteria (49) and in this dataset is found primarily in a group of 

unclassified Gammaproteobacteria as well as SAR86.  Although Fe(II) is generally scarce in the 

oxygenated marine environment, it has been hypothesized that copiotrophic, particle-associated 

bacteria may encounter low-oxygen microenvironments during active periods of particle 

remineralization, potentially increasing localized concentrations of Fe(II). The high productivity 

encountered during P1706 likely fueled the growth of these copiotrophic groups and potentially 

created microenvironments were the capacity for Fe(II) utilization was advantageous. Direct 

evidence for the development of such anoxic microenvironments has been described based on 

cadmium sulfide precipitation (52) and models suggest that anoxic microenvironments contribute 

substantially to global marine anoxic conditions (53). The active expression of genes encoding 

Fe(II) transport systems further suggests that these reducing microenvironments can develop 

within particles, and, furthermore, that Fe(II) is an important source of iron in these productive 

environments – even when Fe(II) would not be detected by conventional means in an overall 

well-oxygenated system.   

Also reflective of the copiotrophic conditions encountered during P1706 was the elevated 

expression of TBDT systems, the relative abundance of which were an order of magnitude 

higher than what was detected in P1408 and accounted for 10% of total transcripts across the 

study region (Figure 4.8a). While these TBDT systems are certainly transporting organic 

substrates beyond iron-ligand complexes, they are indicative of an increase in the availability of 

larger organic compounds during P1706, including those containing iron. In line with this, the 

expression of SBPs for the inner membrane transport of iron-ligand complexes was detected 

further supporting the idea that iron-ligand complexes were an important source of iron during 
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P1706 (Figure 4.9). Additionally, direct evidence for the biosynthesis as well as transport of 

siderophores was detected, the capacity for which appears to be enriched in copiotrophic species 

(26,49).  

In contrast, anomalously warm conditions during P1408 led to increased levels of 

stratification and generally low levels of productivity throughout the study region (Figures 4.1 

and 4.2). In line with these low levels of productivity, the transcript pool of the heterotrophic 

bacterial community was dominated by members of the oligotrophic SAR11 clade (Figure 4.6). 

This was likewise reflected in the expression of genes encoding iron transport pathways (Figure 

4.7), a significant portion of which consisted of transcripts for Fe(III) SBPs from the SAR11 

clade. Furthermore, the relative abundance of transcripts encoding Fe(III) SBPs increased 

offshore during P1408 in increasingly oligotrophic conditions while the relative abundance of 

TBDT transcripts decreased.  

It has been suggested that substrate availability, as dictated by the presence of either 

TBDTs or ABCTs within a given taxonomic group, creates distinct ecological niches and can be 

a primary control on the succession of heterotrophs during a phytoplankton bloom or over the 

course of particle degradation (54–57). The results presented here, sampled across a wide range 

of productivity and corresponding substrate availabilities, support this idea where in situ 

conditions appeared to support the growth of specific taxonomic groups which drove the 

expression of various iron transport pathways possessed by these groups, with a clear divide 

between groups utilizing TBDTs or ABCTs. The utilization of a given iron transport system 

within an environment may therefore be driven primarily by the lifestyle strategy and metabolic 

potential of the dominant taxonomic groups, which itself will be a factor of multiple 

environmental conditions. 
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4.4.2 Differential gene expression in response to iron additions suggests iron limitation of 

the heterotrophic bacterial community 

In this work we have examined the gene expression of the heterotrophic bacterial 

community across the southern CCS in response to iron additions as a potential indicator of iron 

limitation within this community. In the absence of added iron, we observed the upregulation of 

a number of iron transport systems and additional metabolic systems from a range of marine 

heterotrophic taxa providing experimental evidence that these taxa were experiencing iron stress 

under in situ conditions (Figures 4.10, 4.11). This response was particularly prevalent during 

P1706 where grow-out incubations and biogeochemical parameters also suggest widespread iron 

limitation of the photosynthetic community. However, the response of genetic biomarkers 

specific to the heterotrophic bacterial community, along with the rapid timeframe of this 

response, allow us to conclude that heterotrophic iron limitation was independent of secondary 

effects to the heterotrophic community as a result of iron limitation in the photosynthetic 

community.  

The concurrent iron limitation of both the heterotrophic and photosynthetic microbial 

community supports the idea that these two groups are indeed competing for scarce iron 

resources in the sunlit waters of the surface ocean (58). Interestingly however, the responses of 

the photosynthetic community and the heterotrophic community appear to be somewhat 

decoupled in this system. While the growth response of the photosynthetic community to iron 

additions was the greatest in Cycles 2 and 3 of P1706, the overall transcriptional response of the 

heterotrophic community to iron additions increased sequentially from Cycle 1 to Cycle 4.  This 

decoupling could be a result of varying iron requirements between these two groups and the 
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interplay of iron availability in combination with the availability of required macronutrients. For 

the photosynthetic community of the CCS, a combination of nitrogen and iron availability 

largely control primary production and the ratio of these nutrients is a strong predictor of 

limitation status (32,33). In contrast, heterotrophic activity will likely be a factor of organic 

carbon and iron availability, and indeed, where iron limitation of the heterotrophic community 

has been tested previously, co-limitation between iron and carbon appears to be a common 

feature (12,13,15). In this dataset, during both P1408 and P1706 there was a tight coupling 

between bacterial carbon production and available particulate organic carbon (Figure 4.3), 

suggesting that heterotrophic activity is also strongly controlled by carbon availability in this 

system.  However, the dynamic transcriptional response of the heterotrophic community to iron 

additions across P1706 appears to be driven by potentially copiotrophic groups of 

Alphaproteobacteria and Gammaproteobacteria that were absent from the low productivity 

waters of P1408, and overall, levels of bacterial carbon productivity were significantly higher 

during P1706. Outside of the most coastal stations, dissolved iron concentrations did not vary 

dramatically between P1408 and P1706 and were consistently less than 1 nM in surface waters 

where incubations were initiated. In comparison, surface concentrations of particulate organic 

carbon were, on average, ~3 times greater in P1706 compared to P1408. This suggests that the 

observed iron limitation was not necessarily due to changes in absolute iron concentration, but 

that an increased potential for iron limitation was driven by an increased cellular demand for iron 

during the active processing of organic matter by copiotrophic groups under replete carbon 

levels. Without an input of additional iron, it appears that this cellular iron demand could not be 

met by members of the heterotrophic community during P1706. This is supported by the 

previous study of iron limitation in heterotrophic bacteria within the CCS where the authors 
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found that under low iron conditions, the addition of replete carbon quickly drove the community 

to iron limitation (13). Currently, few studies have attempted to characterize the iron and carbon 

requirements of marine heterotrophic bacteria either in culture or natural communities (3–7). A 

better understanding of cellular quotas of iron and carbon in specific groups of heterotrophic 

bacteria will continue to enable a better prediction of the nutritional status of these populations in 

the field.      

 

4.4.3 Effects of iron limitation in the heterotrophic bacterial community on carbon 

processing 

Given that a majority of the iron required by heterotrophic bacteria serves as a cofactor in 

components of the respiratory chain, iron limitation of the heterotrophic community ultimately 

would be expected to result in changes to carbon metabolism and shifts in the balance between 

export and recycling within the marine microbial food web. Experiments with cultured isolates 

have shown decreased rates of bacterial respiration and growth under iron limitation (4,18). This 

suggests that iron limitation of the heterotrophic microbial community within productive surface 

waters such as the CCS could lead to an increase in the proportion of carbon exported to depth or 

possibly advected to outside regions. If significant, this would impact the role of eastern 

boundary upwelling systems in global biogeochemical cycles.  

In addition to the expression of iron transport systems, a number of other transcripts 

showed consistent responses to iron additions during the P1706 experiments. Notably, a number 

of SBPs from ABCT and TRAP systems for the transport of amino acids, simple sugars, and 

small carbon substrates were downregulated in the absence of added iron. This was also 

observed for a significant number of TBDTs possibly involved in the acquisition of larger 
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organic (non-iron containing) substrates. Additionally, iron-containing subunits of metabolic 

enzymes such as formate dehydrogenase were specifically downregulated without iron 

amendments. These results indicate that under iron limitation, the processing of organic matter 

by the heterotrophic community was potentially reduced as cellular efforts were directed toward 

iron acquisition rather than the acquisition and processing of organic substrates. However, it also 

appears that heterotrophic bacteria employ mechanisms to help mitigate these consequences of 

iron limitation.  Across the iron-limited regions of the CCS encountered during P1706, 

transcripts for isocitrate lyase from the dominant taxonomic groups were consistently 

upregulated. Isocitrate lyase is an enzyme unique to the glyoxylate pathway, and the expression 

of this pathway has been observed in multiple marine bacterial strains grown in culture under 

iron limitation (4,19). Additionally, in the gammaproteobacterium Photobacterium angustum it 

has been demonstrated that a knockout mutant lacking isocitrate lyase exhibits further decreased 

growth rates and rates of respiration under iron limitation compared to the wild type (18). This 

suggests this pathway is an effective mechanism for coping with iron limitation, potentially 

offsetting a degree of growth constraints resulting from limited iron availability.  

In this work, growth experiments conducted alongside those tracking the transcriptomic 

response of the bacterial community to iron additions have attempted to broadly connect patterns 

in gene expression to the growth response of the heterotrophic community upon iron additions. 

Bulk growth parameters of the CCS heterotrophic bacterial community demonstrated a small but 

persistent response to iron additions. Bacterial carbon production was consistently higher in 

incubations with added iron, even when no significant changes in gene expression were detected 

such as in Cycle 4 of P1408 (Figure 4.5). It appears that this response can be a result of changes 

in community composition, such as the increased abundance of copiotrophic taxa as was 
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observed in Cycle 3 of P1408, or through increased productivity of a stable community as was 

presumably the case in Cycle 4 of both P1408 and P1706 where there were no significant 

differences between the community composition of iron amended and control treatments. A 

recent study synthesizing long term data from the CCE LTER program has found that the 

nutrient landscape within the CCS is a strong predictor of carbon export and that iron limitation 

is a significant contributing factor to variability within the system (59). Furthermore, iron 

limitation within the CCS has been associated with enhanced export efficiency (60,61). This has 

largely been attributed to the heavy silicification of diatoms under iron stress leading to increased 

mineral ballasting and efficient export (60). However, concurrent iron limitation of the 

heterotrophic community and the resultant reduction in the turnover of organic matter by this 

community offers an additional and complementary mechanism by which carbon export may be 

enhanced under iron limitation that has yet to be addressed.  

Carbon and iron are tightly coupled in the metabolism of marine heterotrophic bacteria 

meaning that a thorough understanding of the bacterial requirements of both of these nutrients 

will be a challenging yet important step in understanding the cycling of organic matter in the 

marine environment. In the work presented here, we have identified the dominant means of iron 

acquisition utilized by the heterotrophic bacterial community in the CCS which appears to be 

largely taxon-specific. Additionally, we have found that the gene expression of the bacterial 

community following iron additions is an effective and informative means of assessing the iron 

nutritional status of the heterotrophic community. Based on these results, we find that the 

potential for iron limitation within the heterotrophic bacterial community is the greatest during 

periods of high productivity but relatively low iron concentrations within the CCS. We 

hypothesize that this is largely driven by an increase in the activity of copiotrophic taxa that 
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respond to high levels of available carbon. An increase in the overall rates of carbon metabolism 

of the heterotrophic community will significantly increase the iron demand required to support 

this activity. Without a concurrent input of bioavailable iron in these highly productive regions, 

iron limitation of the heterotrophic community can develop. Future work will be needed in order 

to determine the exact relationship between carbon and iron availability for given heterotrophic 

groups and, ultimately, the effects of these dynamics on the cycling and export of organic matter 

within the marine environment. 

 

4.5 Materials and Methods 

4.5.1 Study site 

The current study was conducted in the southern portion of the California Current System 

(CCS), an eastern boundary upwelling system in the North Pacific Ocean (Figure 4.1). Samples 

were collected during two California Current Ecosystem Long Term Ecological Research (CCE 

LTER) process cruises, P1408 and P1706. P1408 took place from 08 August 2014 – 09 

September 2014 aboard the R/V Melville, and P1706 took place aboard the R/V Roger Revelle 

between 03 June 2017 – 30 June 2017.  Sampling on each cruise was conducted in a Lagrangian 

fashion following and sampling from within a single water mass over the course of 2-4 days 

(37). Each sampling period from within a single water mass has been termed a Cycle as referred 

to throughout the text. During each Cycle, the deployment of a drifter array with a subsurface 

drogue centered at 15 m allowed the ship to follow the same surface water mass throughout the 

Cycle. Samples collected for this current study come from Cycles 2- 4 during P1408 which 

individually sampled three distinct regions and productivity regimes within the CCS moving 

from relatively productive coastal waters to offshore oligotrophic waters. During P1706, samples 
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for the current study were collected from Cycles 1-4 which followed the offshore advection of a 

recently upwelled water mass. Therefore, while each Cycle from P1706 represents a single water 

mass, as a whole, this set of samples captures a coherent system from its origin at the coast as it 

aged and moved offshore. Water column profiles for BCP, POC, and Chl a were collected on the 

upcasts of rosette deployments equipped with 12 L Niskin bottles. Samples for dissolved iron 

and inorganic macronutrient concentrations utilized in this work were collected separately using 

a powder-coated rosette equipped with 5 L X-Niskin bottles (Ocean Test Equipment) deployed 

on a coated hydrowire and subsequently processed inside a Class 100 trace metal clean van.  

     

4.5.2 Chlorophyll a, particulate organic carbon, and macronutrients 

Water samples for both water column and incubation Chl a measurements were collected 

in amber bottles and filtered onto 25 mm glass fiber filters (GF/F, Whatman). Filters were then 

extracted in 90% acetone for 24 hours at -20°C and subsequently analyzed using a Turner 

Designs 10-AU Fluorometer fitted with a red-sensitive photomultiplier tube.  For POC 

measurements, 4 L of water was filtered onto 25 mm pre-combusted GF/F filters (Whatman), 

wrapped in pre-composted foil, and stored in liquid nitrogen until analysis onshore. Onshore, 

inorganic carbon was removed by acidifying filters with HCl vapor followed by oven drying 

overnight, and samples were analyzed on a Costech Elemental Analyzer (62).  Water samples for 

dissolved inorganic macronutrients presented here were collected concurrently with samples for 

dissolved Fe and filtered through an inline 0.2 µm Acropak 200 capsule filter (VWR 

International) as described below and frozen at -20°C until analysis onshore. Macronutrient 

samples collected from incubation experiments were not filtered but immediately frozen at -20°C 
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until analysis on shore. Onshore, dissolved inorganic macronutrient concentrations were 

measured via flow-injection analysis. 

 

4.5.3 Bacterial carbon production 

BCP measurements for water column and incubation samples were conducted in 

quadruplicate (P1408) or triplicate (P1706) with duplicate (P1408) or single (P1706) TCA-killed 

controls.  For each replicate, 1.7 mL of seawater was incubated with 20 nM 3H-leucine for 1 hour 

at approximately 10°C. Following incubation, all samples were killed with 5% TCA and 

processed using the centrifugation method described in Smith et al. (63). Samples were then 

frozen at -20°C and analyzed for disintegrations per minute onshore with a Beckman LS6000A 

liquid scintillation counter. Disintegrations per minute were converted to protein synthesis rates 

assuming 3.1 kg C mol-1 leucine (64).  

 

4.5.4 Dissolved iron 

Following collection, samples for dissolved iron measurements were filtered in-line 

through 0.2 μm Acropak 200 capsule filters (VWR International) into acid-washed (trace metal 

grade nitric and hydrochloric acid, Fisher Scientific) low-density polyethylene bottles (Nalgene) 

in a Class 100 trace metal clean shipboard lab. Filtered samples were acidified to pH 1.7-1.8 

using HCl (optima grade) and stored at room temperature until analysis onshore. Onshore, 

samples were oxidized to Fe(III) for 1 hour with 10 mM Q-H2O2, buffered in-line with 

ammonium acetate to pH ~3.5 and selectively pre-concentrated on a chelating column. Dissolved 

iron was eluted from the column using 0.14 M HCl (optima grade) and measured by 

chemiluminescence using flow-injection analysis and detection by photomultiplier tube 
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(Hamamatsu Photonics). The methods used were similarly described by King and 

Barbeau (32,33)and adapted from Lohan et al. (65). 

 

4.5.5 On-deck iron addition grow-out incubations 

In order to determine the iron limitation status of the phytoplankton community during 

the P1706 cruise, iron-addition grow-out incubation experiments were conducted during each of 

the four Cycles. Typically, incubations were set up on the first and the final day of a Cycle in 

order to track the progression of iron limitation over the course of a Cycle. For each incubation, 

whole seawater was collected at the surface using the trace metal clean rosette as described 

above and all subsequent processing was conducted inside a Class 100 trace metal clean van. 

Whole seawater was dispensed into six acid-cleaned (trace metal grade HCl) polycarbonate 

bottles (Nalgene) and 5 nM FeCl3 was added to triplicate incubation bottles. The remaining 

triplicate incubation bottles were left as unamended controls. All bottles were sealed and placed 

in an on-deck flow through incubator screened to 30% of incident light levels for 3-4 days. Each 

bottle was sub-sampled daily for Chl a and macronutrient measurements.  

 

4.5.6 On-array iron addition gene expression incubations 

On both the P1408 and P1706 cruises, iron-addition experiments were set up in situ on 

the floating drifter array deployed during each Cycle in order to assess the response of the 

microbial community to iron additions via changes in gene expression. For these experiments, 

whole seawater was collected using the trace metal clean rosette as described above and all 

subsequent processing was conducted inside a Class 100 trace metal clean van. During P1408, 

experiments were initiated with water collected at the deep chlorophyll maximum during Cycles 
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2-4 (Table 4.1) while in P1706 experiments were conducted with surface water communities 

during Cycles 1-4 (Table 4.1). These depths were targeted in respective cruises using residual in 

situ nitrate concentrations as an indicator of potential iron limitation within the phytoplankton 

community. Upon collection of seawater, in situ samples where immediately processed by 

filtering ~2.7 L of whole seawater onto Sterivex filters which were stored in liquid nitrogen until 

processing onshore. Samples were collected in duplicate on P1408 and in triplicate on P1706. 

Incubation experiments were initiated by dispensing whole seawater into 1 L acid-cleaned (trace 

metal grade HCl) polycarbonate bottles. 10 nM FeCl3 was added to replicate incubation bottles 

(duplicates in P1408 and triplicates in P1706) and remaining bottles were left as unamended 

controls (duplicates in P1408 and triplicates in P1706). Bottles were sealed and suspended on the 

drifter array at the depth at which water was initially collected in order to incubate at in situ 

temperature and light levels for 24 hours. Upon retrieval of the bottles, samples were 

immediately processed for RNA preservation by collecting biomass onto Sterivex filters which 

were stored in liquid nitrogen until processing onshore. 

 

4.5.7 Dark iron addition incubations 

In order to assess the growth response of the heterotrophic bacterial community to iron 

additions, dark incubation experiments were initiated on both the P1408 and P1706 cruises. 

During P1408, incubations were set up at Cycle 3 and Cycle 4 and a single incubation was set up 

during Cycle 4 of P1706. For each dark incubation, water was collected from the same depth as 

the water for the corresponding on-array iron addition gene expression incubations described 

above for a given Cycle (Table 4.1). Water was collected using the trace metal clean rosette as 

described above and all subsequent processing was conducted inside a Class 100 trace metal 
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clean van. In order to minimize the effects of grazing, 10% whole seawater was diluted with 90% 

0.2 µm filtered seawater and dispensed into 2.7 L acid-cleaned (trace metal grade HCl) 

polycarbonate bottles. Half the bottles were spiked with 5 nM FeCl3 while the remainder were 

left as unamended controls. Bottles were sealed and incubated in the dark in a flow through 

incubator (P1408) or Percival incubator set to in situ temperature (P1706). Bottles were sampled 

sacrificially over the course of 5-6 days. During P1408, single bottles were sampled on days 0, 1, 

and 3 while triplicate bottles were sampled at the final timepoint (day 5). During P1706, 

duplicate bottles were sampled at every timepoint. Samples for BCP were collected and 

processed as described above. Samples for 16S amplicon sequencing were collected by 

concentrating biomass onto Sterivex filters which were stored in liquid nitrogen until processing 

onshore.  

 

4.5.8 RNA library preparation, sequencing, and bioinformatic analysis 

RNA from biomass retained on Sterivex filters was extracted using a NucleoMag RNA 

kit (Macherey Nagel), with the lysis step performed inside the Sterivex unit. Lysate was 

transferred to a 96-well plate and the remainder of the protocol was performed on an epMotion 

liquid handling workstation (Eppendorf). RNA was analyzed on a TapeStation system (Agilent) 

using the high sensitivity RNA ScreenTape assay. Ribosomal RNA was removed using 

RiboZero Magnetic kits (Epicenter) following manufacturer’s low input protocol.  cDNA was 

synthesized using the Ovation RNA-seq System V2 (NuGNE) and Agencourt RNAClean XP 

beads were used for cDNA purification. cDNA fragementation was performed using the Covaris 

E210 focused ultrasonicator, targeting 300 bp fragment generation. Library preparation was 

conducted with the Ovation Ultralow System V2 (NuGEN). After end repair, ligation and 
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amplification, libraries were quantified by qPCR with the KAPA Library Quantification Kit on 

the 7900HT Fast Real-time PCR System (Applied Biosystems). Pooled libraries were sequenced 

on the Illumina HiSeq platform by the Institute for Genomic Medicine at the University of 

California, San Diego.   

Metatranscriptomes were constructed using the RNAseq Annotation Pipeline v0.4 (RAP) 

as described previously (58), and ab initio open-reading frames (ORFs) were 

predicted. Taxonomy was assigned to ORFs based on lineage probability index (LPI) (66) and 

ORFs were annotated via BLASTP (67) to the phyloDB protein database. Further data analysis 

was considered for ORFs assigned to a bacterial taxonomic group. Differential expression of 

detected ORFs under varying experimental conditions was assessed using DESeq2 (68). 

Differential expression was considered significant for values with a FDR < 0.05 (Benjamin-

Hochberg adjusted p-value). 

 

4.5.9 16S amplicon library preparation, sequencing, and bioinformatic analysis 

DNA from biomass retained on Sterivex filters was extracted using a PowerSoil DNA 

isolation kit (MoBio) according the manufacturer’s instructions but using a FastPrep 24 (MP 

Biomedicals) at maximum speed for 60 seconds for cell lysis in place of standard lysis protocol. 

16S rRNA genes were amplified targeting the V4V5 hypervariable region with the 515F-Y and 

926R Earth Microbiome Project primers (69), and amplicons were sequenced on the Illumina 

MiSeq platform. OTU clustering was performed at 97% identity using an in-house pipeline 

relying on UPARSE (70) and mothur (71) for taxonomic assignment against the SILVA database 

(72). Weighted UniFrac distances were calculated using QIIME (73) and further statistical 

analysis and data visualization was carried out with the PhyloSeq package (74) in R.  
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4.7 Figures and Tables 

 
Table 4.1 Sampling locations and initial in situ conditions for each iron addition incubation 
experiment analyzed for gene expression of the microbial community.  
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Figure 4.1 CCE LTER study region during the P1408 and P1706 process cruises. Sampling 
locations where incubation experiments were initiated are marked and labeled with 
corresponding Cycle number. (A) Satellite derived sea surface temperature (°C) during P1408 
(B) Satellite derived sea surface temperature (°C) during P1706 (C) Satellite derived Chl a 
concentrations (µg L-1) during P1408 (D) Satellite derived Chl a concentrations (µg L-1) during 
P1706. 
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Figure 4.2  Depth profiles of measures of primary and secondary production during P1408 and 
P1706. Individual data points are shown as dots colored according to Cycle and the smoothed 
conditional mean for each Cycle is shown with a solid line. (A) Chl a concentrations (µg L-1) 
P1408 (B) POC concentrations (µg L-1) P1408 (C) BCP (µg L-1day-1) P1408 (D) Chl a 
concentrations (µg L-1) P1706 (E) POC concentrations (µg L-1) P1706 (F) BCP (µg L-1day-1) 
P1706.  
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Figure 4.3 BCP (µg L-1 day-1) plotted against POC (µg L-1) during (A) P1408 and (B) P1706. 
Data points are colored according to Cycle and the linear regression is shown with the solid line. 
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Figure 4.4 Results of iron addition grow-out incubations conducted during P1706. Data from 
control treatments shown with black circles while data from iron amended treatments is shown 
with gray triangles. Error bars show the standard deviation of measurements from biological 
triplicates. Incubations labeled according to Cycle (C) and day of Cycle (D) that experiment was 
initiated (A) Chl a concentrations (µg L-1) (B) NO3- concentrations (µmol L-1) 
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Figure 4.5 Top row displays BCP (µg L-1 day-1) from dark iron addition experiments comparing 
control treatments (black circles) to iron amended treatments (gray triangles) during (A) P1408 
Cycle 3 (B) P1408 Cycle 4 (C) P1706 Cycle 4. A and B: single measurements displayed with the 
exception of day 5 where error bars show standard deviation of measurements from biological 
triplicates. C: error bars show standard deviation of measurements from biological duplicates at 
each time point. Bottom row displays ordination plots of principle coordinate analysis from 
corresponding incubations based on the abundance and taxonomic diversity of prokaryotic OTUs 
within each sample using the weighted Unifrac distance metric. Data colored according to day of 
incubation and symbols show control treatments (circles) compared to iron amended treatments 
(triangles). (D) P1408 Cycle 3 (E) P1408 Cycle 4 (F) P1706 Cycle 4.    
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Figure 4.6 Relative abundance of transcripts according to taxonomic order detected in situ at the 
onset of each iron addition metatranscriptomic incubation experiment. (A) P1408 samples 
collected in duplicate at the DCM across each Cycle (B) P1706 samples collected in triplicate at 
the surface across each Cycle.  
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Figure 4.7 Transcripts assigned to iron transport pathways from in situ P1408 samples displayed 
as the relative abundance of total bacterial transcripts detected per sample and colored according 
to taxonomic classification at the order level. Duplicate samples from each Cycle are displayed. 
Note that a different scale has been used for individual panels. (A) TBDTs (B) Fe(III) SBP (C) 
Bacterioferritin.  
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Figure 4.8 Transcripts assigned to iron transport pathways from in situ P1706 samples displayed 
as the relative abundance of total bacterial transcripts detected per sample and colored according 
to taxonomic classification at the order level. Triplicate samples from each Cycle are displayed. 
Note that a different scale has been used for individual panels. (A) TBDTs (B) Fe(III) SBP (C) 
FeoB permease (D) FTR1-like permease (E) Bacterioferritin. 
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Figure 4.9 Transcripts assigned to iron transport pathways from in situ P1706 samples displayed 
as the relative abundance of total bacterial transcripts detected per sample and colored according 
to taxonomic classification at the order level. Triplicate samples from each Cycle are displayed. 
Note that a different scale has been used for individual panels. (A) Fe-ligand complex SBPs (B) 
Cytoplasmic siderophore utilization proteins (C) dhbF homolog for siderophore biosynthesis 
from Rhodococcus pyridinivorans AK37. 
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Figure 4.10 Log2fold-change of transcripts in control treatments compared to iron amended 
treatments at 24 hours (FDR < 0.05, n = 2) plotted against the normalized mean transcript 
abundance from the iron amendment incubation at Cycle 3 during P1408. Data point for each 
transcript is colored according to taxonomic assignment at the order level and symbols show 
functional annotation.     
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Figure 4.11 Log2fold-change of transcripts in control treatments compared to iron amended 
treatments at 24 hours (FDR < 0.05, n = 3) plotted against the normalized mean transcript 
abundance from iron amendment incubations during P1706. Data point for each transcript is 
colored according to taxonomic assignment at the order level and symbols show functional 
annotation. (A) Cycle 1 (B) Cycle 2 (C) Cycle 3 (D) Cycle 4.      
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Chapter 5: Conclusion 

Iron plays a critical role in marine biogeochemical cycling, and major advances in recent 

years have shed light on iron distributions throughout the global ocean, the importance of iron-

binding ligands as a control on iron cycling, and the role of iron as a limiting nutrient of primary 

production in a significant portion of the surface ocean (1). However, many of the molecular 

mechanisms underlying the biologically driven processes within iron cycling have yet to be 

examined. This is particularly true of the role that heterotrophic bacteria play in iron cycling. 

With iron requirements similar to those of marine phytoplankton (2) and as the primary drivers 

in the turnover of organic matter in the marine environment (3), heterotrophic bacteria are an 

important link between iron and carbon cycling.  

 The work presented in this dissertation has aimed to experimentally address some of the 

outstanding questions regarding iron metabolism in heterotrophic marine bacteria and its role in 

iron and carbon biogeochemical cycling. This was accomplished by focusing on molecular 

mechanisms of iron acquisition within a globally distributed copiotrophic marine strain that has 

the potential to disproportionately affect the processing of organic matter.  We have been able to 

experimentally distinguish between outer membrane transporters for the acquisition of organic 

iron and carbon substrates within this strain and gained valuable insight on the distribution of 

such transporters within this genus. This has increased our understanding of the breadth of 

organically-complexed iron substrates that are bioavailable in the marine environment, and these 

results will help further the identification of specific iron transporters within the genomes of 

marine bacterial strains. Furthermore, we have definitively demonstrated for the first time that 

the production of an iron-binding siderophore by a marine bacterium increases the bioavailability 

of non-labile iron sources. In particular, siderophore production is effective at sequestering iron 
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from particulate mineral sources with important consequences for incorporating iron from input 

sources into the dissolved and bioavailable iron pool. Finally, using gene expression patterns of a 

natural heterotrophic bacterial community, we have demonstrated that heterotrophic bacteria can 

be directly limited by iron availability in the marine environment with potentially important 

consequences for downstream carbon cycling and export. It is our hope that the body of work 

presented here has resulted in an improved mechanistic understanding of marine iron 

biogeochemical cycling that will ultimately inform observed global iron distributions and 

advance our ability to model such distributions.  
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