
UC San Diego
UC San Diego Electronic Theses and Dissertations

Title
Significance of microscale interactions in bacterial ecology and carbon biogeochemistry in 
the ocean

Permalink
https://escholarship.org/uc/item/2zd5825c

Author
Malfatti, Francesca

Publication Date
2009
 
Peer reviewed|Thesis/dissertation

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

https://escholarship.org/uc/item/2zd5825c
https://escholarship.org
http://www.cdlib.org/


UNIVERSITY OF CALIFORNIA, SAN DIEGO  

Significance of microscale interactions in bacterial ecology and carbon biogeochemistry in 

the ocean 

 

A Dissertation submitted in partial satisfaction of the 

requirements for the degree Doctor of Philosophy 

in   

Marine Biology 

by  

 

 

Francesca Malfatti 

 

 

 

 

 

 

Committee in charge:  

Professor Farooq Azam, Chair  

Professor Lihini I. Aluwihare 

Professor Douglas H. Bartlett 

Professor Peter J. S. Franks  

Professor Milton H. Saier  

 

 

 

 

2009  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Copyright 

Francesca Malfatti, 2009 

All rights reserved  



 iii 

 

The Dissertation of Francesca Malfatti is approved, and it 

is acceptable in quality and form for publication on 

microfilm  

 

-----------------------------------------------------------------------------

-----------------------------------------------------------------------------

-----------------------------------------------------------------------------

-----------------------------------------------------------------------------

-----------------------------------------------------------------------------

        Chair  

 

University of California, San Diego 

2009 
 

 

 

  



 iv 

 
DEDICATION 

 
To my family always present and to Andrea at my side. 

 

 

 

 



 v 

EPIGRAPH 
 

Cogito ergo sum. 

René Descartes, Principles of Philosophy (1644), Part 1, article 7 
 
 
Alea iacta est. 
 
Gaius Suetonius Tranquillus reporting Julius Ceasar’words (49 BC) 
 
 
 
 
 
 
 
 
 
 
 
 



 vi 

TABLE OF CONTENTS 
 

Signature page ………………………………………………………………….………. iii  

Dedication …. …………………………………………………………………….……. iv  

Epigraph ……..…………………………………………………………………….……..v  

Table of contents …………………………………………………………………..….…vi  

List of Figures ……………………………………………………………………….... viii  

List of Tables ……………………………………………………..………..…...… …….x  

Acknowledgements ………………………………………………………….....… ……..xi 

Vita, Publications …………………………………………………………...... …..……..ix 

Abstract …………………………………………………………………...………...…. xvi  

I. Introduction………………………………………………....……..………………….1  
Literature Cited .……………...…………………………………….…..…..…. ..9 

 
II. Microbial structuring of marine ecosystems……………..…………..…….………. 11 

Abstract ………………………………..…………………………………….. 12 
Ecosystem level coupling…………………………………...…………...….… 12 
Microscale interactions...………………………………….....…….………..….13 
A bacterium-eye’s view of organic matter…………………………..…..……..14 
Bacterial coupling to primary production……………………………….……. 16 
Marine snow and nutrient hot spots…………..…………………...……….....18 
Conclusion and future prospects……………………………………………….19 
Literature cited ……………………………………………………………...19 
Acknowledgments ………………..…………………………………...…….….21  

 
III. Major role of microbes in carbon fluxes during austral winter in the southern Drake 

Passage ……………………………………………………………..... 24 
Abstract …………………………..……………………….……………….. 25 
Introduction ………………………………………………………………... 26 
Results and Discussion ……………………………………..…………....… 27 
Conclusion …………………………………………………..…..….…….. ..33 
Acknowledgments …………………..…………………….….…………….. .33 
Literature cited …………………………………….………………..………….34 



 vii 

Supporting On Line Material…………………………………………..…….…42 
 
IV. High-resolution imaging of pelagic bacteria by Atomic Force Microscopy and 

implications for carbon cycling ……….………………………………………..55 
Abstract …………………………………………………………..…. …….….56 
Introduction ………………………………………………...…….…………. ..57 
Materials and methods …………………………………………...………….. .59 
Results…………………………………………………………………………..64
Discussion……………….…………………………....………...........................70 
Conclusion……………………………………………………………………....79 
Acknowledgments …………….…………………………………....………... ..80 
Literature cited …………………………………………………………………81 

 
V. Atomic Force Microscopy reveals microscale networks and apparent symbioses 

among pelagic marine bacteria ……………………..……………..…………..103 
Abstract …………………………………………………..…..…. …………104 
Introduction……………………………………...……...………………….…105 
Materials and methods ………………………….....……….….……….... …109 
Results and Discussion ……………………………..…..………………..…113 
Conclusion…………………………………………………………………….122 
Acknowledgments.…….………………………………....……………….…...123 
Literature cited ……………….…………………………………………...…..124 

 
VI. Conclusions …………………………………………………………………...….143  

 



 viii 

LIST OF FIGURES 
 

Figure 2.1 Microbial structuring of marine ecosystem ………………...................... ..…13 

Figure 2.2 The size range of organic matter and microbial interactions ……….......……..14 

Figure 2.3 Adaptive strategies of bacteria in the ocean.............................................….....15 

Figure 2.4 Microbial cycling of carbon in marine snow……………………………….....17 

Figure 2.5 Erratum of  “Microbial  structuring of marine ecosystem”……………..…….22  

Figure 3.1 MODIS composite image and chl a depth profile ………………….…….. ....39 

Figure 3.2 Depth profile of bacteria parameters in summer 04 and winter 06……..…….40 

Figure 3.3 Depth profile of organic matter pools in summer and winter cruises………...41 

Figure 3.4-S1 Depth profile of chemotrophic carbon production in winter 06………….46 

Figure 3.5-S2 DGGE fingerprint for Bacteria for summer and winter cruises …………..47 

Figure 3.6-S3 DGGE fingerprint for Archaea for summer and winter cruises ……....... ..48 

Figure 4.1 AFM topographic images of natural bacteria community…………... ……... 86 

Figure 4.2 AFM topographic images of Synechococcus cell…………..…………….…...87 

Figure 4.3 Average biovolume by EFM and AFM and biovolume ratio………....…...... 88 

Figure 4.4 Height distribution for heterotrophic bacteria and bacteria isolates ….… …...89 

Figure 4.5 BBFL7-phage experiment ………...…..………………………………….…..90 

Figure 4.6 SWAT3-phage experiment……………………………………………….…...91 

Figure 4.7 AFM biovolume scatter plot for heterotrophic bacteria………….…………..92 

Figure 4.8 Height for LIVE and formalin FIXED/DRIED bacteria……………….....…...93 

Figure 4.9 LIVE and formalin FIXED/DRIED heterotrophic bacteria………....………...94 

Figure 4.10 Biovolume frequency distribution ……………………………….……….....95 

Figure 4.11 AFM topographic image of bacterium in a mucus layer……………...…......96 



 ix 

Figure 4.12 AFM topographic imaged of Synechococcus and conjoint partner…….……97 

Figure 4.13 Carbon content per cell distribution………………………............................98 

Figure 5.1 AFM topographic images of bacteria and Synechococcus cell surface……... 132 

Figure 5.2 AFM topographic images of conjont pairs ……...……..………………….. 134 

Figure 5.3 AFM images of bacterial networks ….....…………………………………...136  

 
 
 
 



 x 

LIST OF TABLES 
 

Table 3.1 Areal data for summer and winter cruise……………………………… 37 

Table 3.2-S1 GeneBank accession number for DGGE sequences. ……………….50  

Table 4.1 Sampling sites……………………………………………………………………….99 

Table 4.2 Summary biovolume table for membrane and stain tests …………………100 

Table 4.3 Summary height table………………………………………………………101 

Table 5.1 Sampling sites………………………………………………………………140  

Table 5.2 Summary table for heterotrophic bacteria and Synechococcus cells ………141  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 xi 

 
ACKNOWLEDGEMENTS 

I would like to sincerely and deeply thank my PhD advisor Farooq Azam. 

Farooq has put his care, energy, time, patience, and dedication in shaping me as a 

scientist. He has always trusted me and my “hidden potentials”. He has allowed me to 

harvest science and knowledge in many different projects around the world. He helped me 

become who I am now (hopefully with the less possible “lost in translation” mistakes). 

I would like to thank my committee, Douglas Bartlett, Lihini Aluwihare, Peter 

Franks and Milton Saier for their support and critical advice in my student career. 

Thanks to the Azam lab present and past: Ty Samo, Steve Smriga, Byron Pedler, 

Xavier Mayali, Krystal Ripien, Jessica Ward, Johnny Nguyen, Melissa Garren and Anne-

Claire Baudoux. The Azam lab has been for me a great training school, a family and a 

place to cheer together. Melissa Garren, Anne-Claire Baudoux, Patricia Lucas-Elio, Huda 

Mahmoud, Hoang Nhan, Ty Samo, Steve Smriga, Byron Pedler, Stacy Kaltenbach, 

Wendy Strangman, Molly Ewen, ChuiWei Bong, Jasodhara Ray, Maura Manganelli, 

Emiley Eloe and Karen Osborn are irreplaceable persons of my human SIO life. 

MB-division Business Staff and SIO Graduate Office have helped me constantly and 

allowed me to focus on the research making my bureaucratic life easier. 

My USA and International friends have shared their energy and joy with me. 

My parents Edda and Ferruccio have constantly supplied their love to me and they 

have done everything for me. 

I would like to thank my partner Andrea for his love and care. He dedicated a lot of 



 xii 

his time and energy in supporting the exploration of myself and helping me in becoming a 

joyful and more balanced human being. 

 

I would like to thank Maura Manganelli, Haili Wang, Greg Mitchell, Ty Samo and 

Farooq Azam for the great opportunity to collaborate with them. These tight and intense 

interactions have resulted in three research papers all of them submitted for publication; 

they are included in this dissertation. 

 
The text in Chapter II, in full, is a reprint of the material, as it appears in ‘Nature 

Review of Microbiology’ 5 (10): 782-791: Azam, F., Malfatti, F. (2007). Microbial 

structuring of marine ecosystems.  

 

The text in Chapter III has been submitted to Plos One: Manganelli, M.*, Malfatti, 

F.*, Samo, T.J., Mitchell, B.G., Wang, H., Azam, F. - Major role of microbes in carbon 

fluxes during the austral winter in the southern Drake Passage. * These authors 

contributed equally to the paper. Submitted to Plos One. 

 

The text in Chapter IV had been submitted to ISME Journal: Malfatti, F., Samo, 

T.J., Azam, F., - Ecological and biogeochemical considerations of in situ morphology and 

biovolume of marine bacteria studied by Atomic Force Microscopy. 

 

 



 xiii 

The text in Chapter V has been submitted to Aquatic Microbial Ecology: Malfatti, F., 

Azam, F. - Atomic Force Microscopy reveals microscale networks and apparent 

symbioses among pelagic marine bacteria.  

 

 

 

This work was funded by National Science Foundation and Gordon and Betty 

Moore Foundation to Professor Farooq Azam. 



 xiv 

VITA 

 

 
Born in Trieste Italy 

1999 B. A. (Biology), University of Trieste, Italy  

2000-2002 Research Technician at the Marine Biology Laboratory, Trieste Italy 
(renamed as: OGS, Biology Section) 

2009 Ph.D., University of California San Diego  

 

  



 xv 

PUBLICATIONS 

Zutic, Z., Svetlicic, V., Radic, T., Malfatti, F., Degobbis, D., Azam, F. (2004). Controlled 
ecosystem carbon flow experiment in the northern Adriatic Sea. Periodicum Biologorum. 
106:1-6 
 
Worden, A.Z., Seidel, M., Smriga, S., Wick, A., Malfatti, F., Bartlett, D., Azam, F. 
(2006). Trophic regulation of Vibrio cholerae in coastal marine waters. Environ. 
Microbiol. 8:21-29 
 
Azam, F., Malfatti, F. (2007). Microbial structuring of marine ecosystems. Nat. Rev. 
Microbiol. 5: 782-791 
 
Samo, T.J., Malfatti, F., Azam, F. (2008). A new class of transparent organic particles in 
seawater visualized by a novel fluorescence approach. Aquatic Microbial Ecol. 53: 307-
321 
 
 
Submitted publications: 
 
Manganelli, M.*, Malfatti, F.*, Samo, T.J., Mitchell, B.G., Wang, H., Azam, F. - Major 
role of microbes in carbon fluxes during the austral winter in the southern Drake Passage. 
* These authors contributed equally to the paper. Submitted to Plos One. 
 
Malfatti, F., Samo, T.J., Azam, F., - Ecological and biogeochemical considerations of in 
situ morphology and biovolume of marine bacteria studied by Atomic Force Microscopy. 
Submitted to ISME Journal. 
 
Malfatti, F., Azam, F. - Atomic Force Microscopy reveals microscale networks and 
apparent symbioses among pelagic marine bacteria. Submitted to Aquatic Microbial 
Ecology. 



 xvi 

 
ABSTRACT OF THE DISSERTATION 

 

Significance of microscale interactions in bacterial ecology and carbon biogeochemistry 

in the ocean 

by 

Francesca Malfatti 

Doctor of Philosophy in Marine Biology 

University of California, San Diego 2009 

 

Professor Farooq Azam, Chair 

  

 
Marine bacteria are important players in regulating the pelagic ecosystem 

structure and functioning and in biogeochemical cycles of carbon, nitrogen, phosphorus 

and other bio-elements in the ocean. Although a major role of bacteria in ecosystem 

function and carbon cycle is well established we still know little about the underlying in 

situ mechanisms. A fundamental problem concerns the nature and the strength of 
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coupling between bacteria and organic matter. Individual bacteria in seawater must exert 

their actions on organic matter—mostly polymeric and particulate--at the microscale, e.g. 

with cell-surface associated hydrolytic enzymes, to create hotspots of growth substrates. 

Microscale microbial ecology in the pelagic ocean is currently little explored. 

The general premise of this research is that microscale imaging of in situ 

interactions, along with ecosystem-level studies of bacteria-mediated carbon cycling, will 

help constrain hypotheses on the underlying mechanisms and their biogeochemical 

consequences. Atomic Force Microscopy, epifluorescence microscopy, radiotracers 

approaches and molecular techniques were used to generate an integrated basis to answer 

specific questions on nanoscale to microscale ecology of marine bacteria and their 

implications for ocean-basin-scale-carbon biogeochemistry. 

 

Field studies during the summer and winter in the Southern Ocean indicated that 

the degree of coupling between phytoplankton production and bacteria carbon demand is 

critically important for ecosystem functioning during the long austral winter when 

primary production is negligible. We discovered that in the austral winter, in the Drake 

Passage, a significant amount of dissolved organic carbon produced during the summer 

supports an active microbial loop with important consequences for ecosystem 

functioning, carbon cycling and climate. 

Atomic Force Microscopy combined with Epifluorescence Microscopy enabled us 

to discover bacteria-bacteria and bacteria-Synechococcus associations—putative 

symbioses-- in the pelagic ocean. This has implications for primary productivity and 

nutrient cycling. Further, at the nanometer to micrometer scale a substantial fraction of 
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bacteria generally considered free-living were interconnected within organic matrixes 

forming bacterial networks suggesting potential for concerted metabolisms and 

biogeochemical activities as well as a role in marine aggregation. Finally, imaging of live 

pelagic bacteria by Atomic Force Microscopy provided insights on cell volumes based on 

measured height unbiased by fixation and drying. The new measurements provide a more 

reliable basis for quantifying bacteria-mediated carbon fluxes and the role of bacteria in 

pelagic marine ecosystems. 
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Introduction 
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I 

Introduction 

Our perception of the role of bacteria in the ocean has drastically changed in the 

last three decades, with the development of the notion that bacteria are important players 

in the ocean’s biogeochemical cycles and pelagic foodweb (reviewed in: Azam and 

Malfatti, 2007).  Microbes are highly abundant and comprise an enormous biodiversity. 

They generally dominate the oceanic biomass and metabolic activity. Typically, one 

milliliter of seawater contains 10
6 

heterotrophic bacteria, 10
7 

viruses, 10
3-4 

protozoa, 10
2-3 

algal cells (in coastal, non-bloom water) and 1/10 of a zooplankton (Azam and Malfatti, 

2007). Heterotrophic microbes channel ~ 50% of primary production (Fuhrman and 

Azam, 1982) into the microbial loop via dissolved organic matter. Since primary 

production consists mainly of polymers and particles, it is of interest to ask: how do the 

obligate osmotrophic heterotrophic bacteria (and Archaea) compete so well with particle 

eating animals to dominate the fate of the fixed carbon (Azam et al., 1995)? And how do 

they play such broad roles in the ocean ecosystems? These questions require studies that 

address not only the players and the rates of processes they mediate but also the 

mechanisms they use for their ecosystem functions.  

Until 1977 the ecosystem role of bacteria in the ocean was considered negligible. 

This was reflected in models of ecosystem function, fisheries and pollutant transfer. The 
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development of a method of counting bacteria by epifluorescence microscopy (Hobbie, 

1977) and methods for bacterial production (Hagstrom et al., 1979; Fuhrman and Azam, 

1980) greatly changed this view by showing that heterotrophic bacteria were a major 

biomass and carbon pool and were responsible for a large fraction of the pelagic 

metabolism. They were estimated to use ~1/2 but a highly variable fraction of carbon fixed 

into organic matter by the primary producers. 

Because of the recognition of the large role of bacteria in the ocean’s ecosystems 

and carbon cycle there has been great interest in microbial oceanography. During the last 

20 years there have been amazing discoveries of the genetic diversity and potential for 

functional diversity of bacteria and Archaea and their roles in marine ecosystems. 

Particularly exciting discoveries have been made through the use of molecular, genomic 

and metagenomic approaches. For instance, archaea were discovered as highly abundant 

microbes throughout the world ocean and especially at depth (Fuhrman et al., 1992; 

DeLong, 1992). Complete genome sequencing of >100 marine isolates of bacteria as well 

as ocean metagenomics (Venter et al., 2004, Yooseph et al., 2007) have revolutionized 

microbial oceanography. 

All the above discoveries have been very exciting also because they are being used 

to ask whether they can help us to answer questions of the lives of bacteria in the sea. 

However, despite the developing knowledge and advances in microbial oceanography the 

main stream of research is not considering the system scale at which bacteria interact with 

the organic matter, namely the micrometer scale of the seawater. What mechanisms 
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underlie the biogeochemical activities of bacteria? There is a fundamental need to integrate 

microscale structure of organic matter field and bacteria metabolism at the microscale in 

order to understand how bacteria mediate biogeochemical changes in the ocean. So, 

although genomics can tell us many important aspects and provide many clues regarding 

in situ functions of bacteria understanding the ecology of bacteria also requires direct 

analysis of the ocean organic matter at the scale where bacteria interact with it. 

This is a very complex and exciting problem. The study of bacterial interactions 

with the organic matter requires that we understand the interactions of many co-existing 

taxa that are using an extremely complex organic matter pool, most (>90%) of which is 

100s to 1000s of years old (Williams and Druffel, 1987; Bauer et al., 1992). The 

remaining <10% is the usable. While directly usable substrates such amino acids and 

sugars are present and their fluxes are fast (10-100 hours turnover times) most of the 

dissolved organic matter (DOM) pool composed of a great diversity of types of 

molecules, polymers and colloids. Phytoplankton and autotrophic bacteria are main 

producers of organic matter in the ocean, and are sources of DOM. The various 

mechanisms of DOM introduction into seawater include phytoplankton exudation, cell 

autolysis, viral attack, grazing, excretion, and particles solubilization via enzymatic 

hydrolysis. In the three-dimensional matrix there are “hotspots” of concentration and 

activity. In this scenario, “organic matter sources” sustain structured nutrient fields, 

regions in which there are steep gradients of bacterial utilizable dissolved organic matter.  

In the classical view, marine organic matter has been operationally defined as 



 
 

 

5 

dissolved (DOM) or particulate (POM) based on filtration, creating a clear-cut 

confinement of DOM and POM pools in the ocean. The recent view perceives the organic 

matter in the ocean as a continuum of sizes, structures and chemical moieties (Azam et al., 

1993). The organic matter field ranges from colloids and gel particles (1-1000 nm) up to 

micro- (1100 µm) and macro-aggregates (≥ 1 mm) (Koike et al., 1990; Wells and Goldberg, 

1992; Chin et al., 1998; Zutic and Svetlicic, 2000; Alldredge et al., 1993; Long and Azam, 

1996; Verdugo et al., 2004, Samo et al.,2008). Bacteria, viruses, protozoa and 

phytoplankton are embedded in the continuum, in dynamic interaction with it, creating 

and maintaining physical and chemical heterogeneity via their in situ biochemistry (Azam 

et al., 1993).  

As bacteria exert their biochemical activities to convert the organic matter into 

usable molecules they also shape the organic matter continuum actively through their 

metabolic interactions with it (Azam et al., 1993; Verdugo et al., 2004). However, the 

nature and ecosystem consequences of interactions of bacteria with organic matter are 

only beginning to be understood. These ideas are changing how we approach the study of 

bacteria-organic-matter interactions and their biogeochemical consequences; how the 

heterogeneous organic matter hot and cold spots might provide microniches for the 

adaptive behaviors of different taxa and support the observed high bacterial diversity in 

the ocean.  

Many important questions need to be addressed about in situ bacterial 

biogeochemistry and adaptive behaviors at the microscale level. Although we know that 
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bacterial action at the microscale level influences biogeochemical cycles of the ocean 

(Smith et al., 1992, Bidle and Azam, 1999), we are still largely ignorant of how microscale 

influences bacteria growth, behavior and response to nutrient fields. In order to 

understand and predict the role of microbes in organic matter cycling in the ocean, it is 

necessary to examine in situ biochemical interactions between bacteria and organic matter 

at the relevant scale.  

 

This dissertation addresses ocean basin scale bacteria-mediated carbon fluxes as 

well as explores the nanometer to micrometer scale bacteria-organic-matter interactions 

using Atomic Force Microscopy. Following a review and synthesis of the knowledge and 

ideas on microbial oceanography and microscale biogeochemistry (Chapter II) the research 

findings are organized in three chapters (Chapters III, IV and V) followed by summary 

and directions for future research (Chapter VI). 

 

Chapter II highlights the importance of thinking about microbial oceanographic 

processes in terms of microbial biology at the microscale and further advocates the need 

to find ways to extrapolate microscale processes to ocean basin scale and global ocean 

scale biogeochemistry.  It further suggest that understanding the mechanisms of 

microscale interactions should help discover basic principles useful in large scale effect of 

microbial activity biogeochemistry. The chapter points to the need for new methods and 

novel approaches in the initial phase of the development of microscale biogeochemistry. 
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  Chapter III presents the results of a field study conducted in the Southern Ocean 

during summer (2004) and winter (2006). The aim was to understand the strength and 

variability of bacteria-organic-matter coupling in dramatically different productivity 

regimes in austral summer and winter. Further, the study compared two contiguously 

occurring iron deplete and comparatively iron-replete regions. An important finding was 

that while the microbial loop was a significant carbon flow pathway during summer there 

was still accumulation of slow-to-degrade dissolved organic matter; its use by bacteria and 

Archaea during the long, dark winter supported continued bacteria production to sustain 

an active microbial loop during the winter. Thus, in the winter, when primary production 

was greatly reduced Bacteria and Archaea were the major producer of biogenic particles at 

the expenses of dissolved organic carbon drawdown. This study has implications for food 

web structure and carbon cycling in a part of the world ocean that is particularly 

important in future scenarios of climate change. 

 

Chapter IV expands on the AFM-based interrogation of pelagic marine bacteria to 

address the long-standing problem of bacterial volume and size-frequency distribution—

critical parameters in bacterial ecophysiology and role in food web and carbon cycling. 

Their typically diminutive size has been a challenge to gain information on size and 

morphology dependent parameters such as growth and carbon content. Exhaustive AFM 

imaging was combined with imaging by epifluorescence microscopy (EFM) using current 

protocols as well as two new epifluorescence protocols developed in this study. AFM 
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allowed three-dimensional imaging of live bacteria in seawater environment. This study 

provides a reliable basis for bacteria volume determination as well as shows that previous 

studies may have significantly underestimated bacterial volume and bacterial carbon pool 

in the ocean. Further, AFM-based bacteria height measurements provide insights into in 

situ physiology, live-dead bacteria, and in situ phage-bacteria interactions. This paper 

refines the methodology for quantifying bacteria-mediated carbon fluxes and the role of 

bacteria in marine ecosystems as well as suggests the potential of AFM for individual cell 

physiological interrogations in the natural marine assemblages. 

 

Chapter V reports the discovery of the nanoscale to microscale association of 

“free-living” marine bacteria with other heterotrophic bacteria and Synechococcus cells in 

the pelagic ocean. Using Atomic Force Microscopy we made the surprising discovery 

that a substantial, and variable, fraction (30%-43%) of “free-living” bacteria and 

Synechococcus cells in samples from California coastal and open ocean environments were 

intimately associated with other bacteria at the nm-µm scale. These putative pelagic 

symbioses have implications for oceanic productivity and nutrient and carbon cycling and 

the significance of microscale interactions for the ecology of pelagic heterotrophic bacteria 

and Synechococcus. Furthermore, we discovered that a substantial fraction of marine 

bacteria previously thought to be “free living” occurred interconnected in microscale 

networks. These findings change how we think about the free-living and particle attached 

bacteria in the ocean and they have implications for carbon cycling, bacteria-

phytoplankton coupling and grazing- and phage-induced mortality at the microscale level. 
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Chapter VI summaries the dissertation and suggest future research directions  
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Abstract: Carbon cycling in Southern Ocean is a major issue in climate change, 

and currently little is known about biogeochemical dynamics during the dark winter. 

Here we show that in winter, when the primary production is greatly reduced, Bacteria 

and Archaea become the major producers of biogenic particles, at the expense of 

dissolved organic carbon drawdown. Heterotrophic production and chemoautotrophic 

CO2 fixation rates were substantial and bacterial populations were controlled by protists 

and viruses. A dynamic food web is also consistent with temporal and spatial variations 

in archaeal and bacterial communities that might exploit various niches. Thus, the 

Southern Ocean microbial loop may substantially maintain a wintertime food web and 

system respiration at the expense of DOC as well as regenerate nutrients and iron. Our 
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findings have important implications for Southern Ocean ecosystem functioning and 

carbon cycle and its manipulation by iron enrichment to achieve net sequestration of 

atmospheric CO2. 

 

Introduction. The Southern Ocean plays a crucial role in the global carbon cycle, 

exerting a major control on atmospheric CO2 concentration, hence the need to understand 

the role of biota in the regulation of carbon fixation and cycling. It is a large and 

heterogeneous biogeochemical system. The coastal and ice edge waters experience 

intense spring and summer blooms-- mainly diatoms and Phaeocystis-- that support a 

food web via zooplankton and krill to penguins and whales. In contrast, the open ocean is 

the largest high-nutrients low-chlorophyll (HNLC) area, characterized by low primary 

productivity (PP), mainly iron-limited, as demonstrated by several iron enrichment 

experiments1. Iron fertilization to stimulate net phytoplankton growth has been proposed 

as one method for mitigating rising atmospheric CO2
(ref. 2). Yet, the fate of the carbon 

accumulating in the productive areas during summertime or in artificially fertilized areas 

is critical to how biological forces make the Southern Ocean a source or a sink for 

carbon. There is much interest in whether the southern ocean food web is dominated by 

microbial loop processes-- as in tropical and temperate oligotrophic ocean3,4. Previous 

studies showed weak bacteria-PP coupling and ascribed this to temperature restriction of 

dissolved organic matter (DOM) utilization5, limited DOM availability6 or strong grazing 
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pressure6,7. However, others found that bacteria use substantial PP8,9, 10,11, 12. The 

differences may reflect the heterogeneity of Southern Ocean.  

Results and Discussion. We studied an area that had strong gradients of 

chlorophyll-a (Chl a) (0.05 to 0.74 µg Chl a l-1) from oligotrophic ACC waters to east of 

Shackleton Transverse Ridge (STR) (Fig. 1a, b). The ACC current is steered south by 

STR and mixes with the iron rich Shelf water, stimulating high PP downstream13. During 

a summer (2004) and a winter (2006) cruise in Southern Drake Passage (Fig. 1a) we 

studied microbial communities and processes during sharply contrasting productivity 

regimes. Our goal was to address the significance of the microbial loop in carbon fluxes 

and food web dynamics particularly in winter. 

In summer (2004) we sampled only the epipelagic layer (~67m). Bacterial 

abundance (1.9 x 108 + 0.9 x 108 l-1 s.d.), bacterial carbon production (BCP) (0.63 + 0.57 

µg C l-1d-1 s.d.) and growth rates (µ) (0.16 + 0.14 d-1 s.d.) (Fig. 2) were in the low end of 

the range for other oligotrophic regions. They were positively correlated with Chl a 

(Spearman R, p<0.05, BCP vs Chl a R=0.49, µ vs Chl a R=0.46, n=21). Carbon flux into 

bacteria as fraction of co-local PP is a measure of the strength of bacteria-organic matter 

(OM) coupling. In summer, BCP was equivalent to ~30% of PP in low chlorophyll ACC 

waters and ~ 13% in high PP mixed water. Assuming bacterial growth efficiency (BGE) 

of 20-36%14,15 the bacterial carbon demand (BCD) over the whole area would be 40-72% 

of PP. Thus, bacteria-OM coupling was robust and comparable to other oligotrophic and 
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mesotrophic waters. (Yet, it would spare ~1/2 of PP, some of which could accumulate 

and support the wintertime food web.) 

In winter (2006) we occupied 38 stations and sampled depths from surface to 300-

750 m (Fig. 1a). In the epipelagic layer, as expected, Chl a and PP were much lower than 

in summer (Fig. 1b and Table 1) yet, bacterial abundance was similar to summer and 

these populations were active in terms of µ and BCP (Fig. 2). Although our summer 

sampling was limited, the winter and summer ranges for both µ and BCP were 

comparable. Indeed, the winter bacterial abundance, BCP and µ in our study area were 

comparable to those reported for low latitude oligotrophic systems such as the central 

North Pacific gyre and Sargasso Sea. Bacteria were also abundant and active in the 

mesopelagic layer, and could mediate significant carbon flux. The mesopelagic bacteria 

abundances were within a factor of 2 and mesopelagic BCP and µ were comparable to 

their ranges in the epipelagic layer (Fig. 2). Notably, the high BCP at depth was due to 

higher µ (0.70 d-1 at 400 m; Fig. 2). Thus, wintertime bacterial populations throughout 

the epipelagic and mesopelagic layers were abundant, growing and displayed substantial 

carbon demand. Further, since PP was greatly reduced in winter the epipelagic PP was ~3 

fold lower than BCP and an order of magnitude lower than BCD (estimating epipelagic 

BCD at BGE ~39%15). PP could therefore have supported only ~10% of BCD and 

majority of BCD must have been met by sources other than the contemporaneous PP.  

We compared summer and winter data on an areal basis to assess possible sources 

of carbon to support bacteria in winter (Table 1). SeaWiFS composite images of summer 
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2006 (Jan-Mar) for our study area showed a Chl a pattern similar to 2004; so we assume 

that summer 2004 values can be applied to summer 2006. Mesopelagic BCD would 

usually be met by sinking POC (or DOC mixing from surface16). In our area sinking 

particles from contemporaneous PP in winter could have supported only ~3% of 

mesopelagic BCD even if, improbably, all PP sank into the mesopelagial. Since sinking 

POC could not have supported winter mesopelagic BCD, DOC is a likely source. DOC 

accumulated in the upper 200 m in the productive summer (Fig. 3a), presumably as slow-

to-degrade components of phytoplankton production which evadee attack by the summer 

bacterial communities. In winter DOC was very low (36.5 + 2.8 µM s.d.; Fig. 3a), in the 

low range of persistent background17. The summer-to-winter DOC decline (37.4 g C m-2 

in the epipelagic zone and 82.8 g C m-2 in the mesopelagic zone; Table 1) would suffice 

to support the observed BCD. In terms of carrying capacity the DOC drawdown could 

have supported the epipelagic BCD for ~570 d and mesopelagic BCD for ~365 d. At a 

lower BGE (20%14) it would have supported BCD for ~297 d (epipelagic) and ~196 d 

(mesopelagic). Integrating over the entire water column, the DOC drawdown would be 

120.0 g C m-2, enough to support BCD for ~220 - 410 d, depending on the BGE. The 

excess DOC drawdown may indicate a lower BGE since energy requirement to utilize 

semi-refractory DOM in winter may be higher. Alternatively, the excess DOC may have 

had other fate (s), such as POC  DOC transformation and currently unrecognized biotic 

sinks. 

Interestingly, the winter POC pool, although not sustainable by the meager surface 

PP, was persistent and vertically homogeneous (Fig. 3b). It may be comprised of 
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refractory non-sinking organic matter. Alternatively, it may be produced dynamically 

from DOC by polymer cross-linking (above) and provide organic rich microenvironments 

for bacterial growth in winter. This would be consistent with significant bacterial growth 

rates and carbon cycling during winter.  

 

In winter bacteria produced biomass at 110 mg C m-2 d-1 (Table 1), a source of 

protein rich biomass potentially available to all particle-feeding organisms (depending on 

the state of bacterial aggregation). Our data on protist and virus abundances from a 

limited number of stations support the hypothesis of a dynamic bacterial community 

channeling DOM-carbon to protists and on to larger animals18. A strong predation 

pressure is consistent with the observed low variability in bacterial biomass despite 

substantial growth. Protist abundance was 3.2 x 105 + 0.9 x 105 cell l-1 s.d. (in the range 

reported for summer in Southern Ocean19). Assuming ingestion rate of 0.1-7.8 bacteria 

HNF-1h-1(19) protists would consume 1% to >200% of our winter BCP. Bacteria/protists 

ratio of ~400 is within the range of other Antarctic surface waters where significant 

grazing rates have been measured19,20. Viruses were also likely a significant source of 

bacterial mortality since they persisted at substantial populations (1.4 x 109 + 0.4 x 109 l-1 

s.d.) comparable to a summer study in the Drake Passage21. Virus/bacteria ratio was 6 – 

22 (abundance/abundance), found typically in marine waters, including a summer study 

in Southern ocean that showed significant virus induced bacteria mortality22. Thus, BCP 

could have supported carbon flux to protists and possibly on to larger animals; and an 

active viral loop that might enhance system respiration22, 23. 
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We considered that in addition to heterotrophic BCP there might also be 

chemoautotrophic production24, probably due to Archaea24,25. Dark 14CO2 assimilation in 

winter 2006 showed significant but highly variable carbon fixation (Supplementary Fig. 

1), 0.1-40 ng C l-1d-1 corresponding to 7.4 + 13.8 % s.d. of the total prokaryotic carbon 

production. For the near surface experiments we cannot exclude a potential contribution 

of dark CO2 fixation by phytoplankton; however this is probably insignificant, since the 

incubations lasted from 55 to 100h and further we did not find a significant correlation 

between DIC uptake and Chl a (not shown). While our measurements were limited it 

would be important to determine whether chemoautotrophic production in winter is a 

significant factor in the Southern Ocean carbon cycle in a broader geographical context. 

Bacterial community shifts might be expected between summer and winter 

productivity regimes26, 27. We addressed this by denaturing gradient gel electrophoresis 

(DGGE) and 16S rRNA sequence analysis for both Bacteria and Archaea. Bacteria 

communities were different in summer and winter (Supplementary Table 1; 

Supplementary Fig. 2). In summer, in the epipelagic layer, we detected only seven 

Bacteria phylotypes (and six Eukarya plastids)— three α-Proteobacteria, three CFB and 

one γ-Proteobacteria. All had 99-100% sequence homology to known uncultured 

Bacteria. Winter epipelagic samples had much greater community richness—24 

phylotypes—possibly reflecting molecular complexity of available substrates. All winter 

phylotypes had 98-100% sequence similarity to uncultured Bacteria from environmental 

clone libraries, the majority (17/24) of them from Antarctic or Arctic waters. (We were 

successful in culturing one of the phylotypes). However, the seasonal variation was great. 
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Only one phylotype, a γ-Proteobacteria (displaying100 % sequence similarity to an 

uncultured Arctic bacteria) was present both in summer and winter epipelagic samples. 

In winter we also analyzed mesopelagic samples. Most (23/27) Bacteria phylotypes 

were common with the winter epipelagic phylotypes and only 4 were unique to the 

mesopelagic communities (and these displayed 100% sequence similarity with uncultured 

environmental bacteria). The clear and major shift in Bacteria community composition 

and richness between summer and winter was likely in response to changes in 

productivity regime and the nature and concentration of organic matter28 (and possibly 

other environmental factors as well). 

We might expect Archaea, which exploit different niches26,27, to respond differently 

than Bacteria. In winter, in the epipelagic layer, we detected 12 archaea phylotypes 

compared with 6 in summer (Supplementary Fig. 3). As was the case for Bacteria, 

archaea community richness was also greater in winter than in summer. However, unlike 

Bacteria, all 6 summer archaea phylotypes were also present in winter (Supplementary 

Table 1). Five of 6 were Euryarchaeota and one was Crenarchaeota, and all 6 showed 

97-98% sequence similarity to uncultured Arctic or Antarctic Archaea. Six Archaea 

unique to winter were all Euryarchaeota and showed 97- 99% sequence similarity to 

uncultured Arctic and Antarctic Archaea.  
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Of the 12 epipelagic Archaea in winter 9 were present also in the mesopelagic 

zones, where we also found 2 phylotypes unique to the mesopelagic zone (98% sequence 

similarity to uncultured Arctic Archaea).  

Both Crenarchaeota and Euryarchaeota have been shown to incorporate DIC23 and 

this is consistent with our finding of DIC incorporation. The Crenarchaeota (EF640727) 

DGGE band was very intense in Shelf samples where DIC uptake was the highest. It 

would be interesting to determine if this Crenarchaeota is a significant autotrophic 

producer. Our results support the hypothesis that bacterial phylotypes are more affected 

by environmental variable associated with summer to winter transition than Archaea27. 

Conclusion. This study has shown that active and dynamic Bacteria and Archaea 

communities in Southern Ocean play a significant role in Antarctic food web and 

biogeochemical dynamics through the austral winter. They maintain substantial rates of 

secondary productivity during protracted periods of diminished primary productivity. 

They reset the system by organic matter decomposition and nutrient regeneration—

setting the stage for the next summer. Our results have important implications for models 

of the functioning of Antarctic Ocean ecosystem and carbon cycle. The persistence of 

high microbial loop activity causing strong wintertime system net heterotrophy is highly 

relevant to considerations of the efficacy of Southern Ocean iron enrichment to control 

the level of atmospheric CO2. 
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Table 3.1 Areal data from summer 2004 and winter 2006 cruises. All parameters for the 

summer cruise have been integrated over the entire euphotic layer (1% incident PAR at 

surface; it was similar to the mixed layer depth or deeper). The winter PP has been 

integrated over the euphotic layer while other parameters have been integrated over the 

mixed layer depth (epipelagic) and from there down to 750 m (mesopelagic) layers. 

Averages and standard deviation in parenthesis. 

PP=primary production; BCP=bacterial carbon production; Summer excess 

DOC=summer dissolved organic carbon values minus winter background value (36.5 + 

2.8 µM C s.d.); BCD=bacterial carbon demand (BCP/bacterial growth efficiency); 

N.D.=not determined. 

* BCD calculated using a bacterial growth efficiency derived by the curve in ref. 14 

(~36% in summer and 39% in winter) 

** BCD calculated using bacterial growth efficiency of 20%13 

§ no s.d. reported because the value is derived from a single depth profile 

° DOC data for winter are not reported, since they are considered as persistent 

background values, and have been used to determine summer excess DOC.  

 

 



 

 

 

 

38 

 

 

 

 

 



 

 

 

 

39 

 

 

Figure 3.1. (A) MODIS-Aqua composite image of the chlorophyll-a gradient 

during 2004 summer. Red dots: summer 2004 sampling stations; white triangles: 

winter 2006 sampling stations. (B) Depth profile of chlorophyll-a (Chl a) from 

summer 2004 cruise (blue circles=ACC water; green circles=mixed water; red 

circles=shelf water) and winter 2006 cruise (empty squares). 
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Figure 3.2. Depth profile of bacterial parameters in summer 2004 and winter 

2006.  

(A) Bacterial abundance;  (B) BCP=bacterial carbon production; BCP calculated 

from 3H-Leucine incorporation, employing a conversion factor of 3.1 kg C per 

mol of Leu; (C) µ=bacterial growth rate. Cell-specific growth rate calculations 

assumed 20 fg C per cell29. Winter data are from 32 stations from 5 to 400 m; at 

6 stations samples were also taken from 750 m. Summer: blue circles=ACC 

water; red circles=shelf water; green circles=mixed water; empty square= 

Winter. 
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Figure 3.3. Depth distribution of organic matter pools during summer and winter 

cruises. (A) DOC=Dissolved organic carbon. The data presented are 

measurements of total organic carbon, but since POC represents a negligible 

contribution to total organic carbon (POC represented only between 7% and 2% 

of the total pool) we can consider the analysis as DOC values. The shaded area 

covers the range of winter concentration. For a comparison, a range of variations 

of DOC from the FRUELA cruise study area in summer (Gerlache Strait, 

Bransfield Strait and Bellinghausen Strait)30 has been reported (black triangles). 

(B) POC=Particulate organic carbon. Summer 2004: blue circles=ACC water; 

red circles=shelf water; green circles=mixed water. empty square: winter 2006. 
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Materials and Methods  

Chlorophyll-a was determined by high performance liquid 

chromatography HPLC (S1). Net primary production was estimated by a 

modification of the VGPM (Vertically Generalized Productivity Model) (S2). 

The model was parameterized for the Antarctic temperature range considering a 

large dataset of 14C PP measurements, including ~ 30 stations for each of our 

cruises.  

Bacteria, viruses and protists were counted by epifluorescence 

microscopy. For bacteria and protists, samples were DAPI stained and filtered 

onto a 0.2 µm polycarbonate black filter (Nuclepore). For viruses, samples were 

fixed with 0.5% paraformaldehyde, and stored at -80°C until analysis. 1 to 3 ml 

of samples were filtered onto 0.02 µm Anodisc filter and stained with SybrGreen 

(S3).  

Heterotrophic production was measured by 3H-leucine method (S4) in 4 

hours dark incubations, at in situ temperature. Chemotrophic production was 

measured by DI14C  incorporation (10 to 50 µCi of sodium14C-carbonate final 

concentration) in 55-100 hours dark incubations (S5) at in situ temperature. 

Shifts in bacterial community composition were analyzed by polymerase 

chain reaction (PCR) amplification of a portion of the bacterial 16S rRNA gene, 

followed by DGGE and sequencing. Bacterial community DNA was extracted 
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from 500 ml of seawater filtered onto 0.2 µm SUPOR-200 polyhetersulfone 

filters (S6). Bacterial 16S rRNA genes amplification and DGGE were performed 

as in ref. S7. Archaeal 16S rRNA gene fragments ~ 190 bp long for DGGE 

analysis were generated by nested PCR. The first PCR was performed using 

specific 21f and 958r primers and PCR conditions (S8). The resulting PCR 

products were used as templates for the second PCR, which was performed with 

an Archaea-specific 344f, and a universal 517r (S9), at the same reaction 

conditions used for Bacteria. The denaturant gradients in DGGE was of 30-60% 

for Bacteria and 20-55% for Archaea top to bottom (where 100% is defined as 7 

M urea and 40% vol/vol formamide). Eluted gene fragments from selected bands 

were cloned using the TOPO-TA cloning kit (Invitrogen) and sequenced by 

Agencourt.The sequences submitted to GenBank are available under accession 

numbers listed in Supplementary Table 1.  

POC was measured with a CHN elemental analyzer as in Ref  (10). TOC 

samples were acidified (pH 2) with ultrapure HCl and stored in precombusted 

glass vials at 4°C until analysis with a Shimadzu TOC 5000A.  

Statistical differences were tested with non parametric tests, with the 

software Statistica 6.0 (Statsoft); Kolmogorov-Smirnov test was applied to test 

differences between means and Spearman R to correlate two variables. 
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Figure 3.4-S1 Depth profile of chemotrophic carbon production in winter 2006. 

DIC=dissolved inorganic carbon 
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Figure 3.5-S2 DGGE fingerprint of Bacteria amplicons from Summer 2004 and 

Winter 2006 samples. The numbered bands have been excised for sequencing.  
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Figure 3.6-S3 DGGE fingerprint of Archaea amplicons from Summer 2004 and 

Winter 2006 samples. The numbered bands have been excised for sequencing. 
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Table 3.2-S1 List of GenBank accession number and closest relatives to 16S rDNA 

sequences obtained from Summer 2004 and Winter 2006 DGGE. 

*phylotypes found in both seasons 

 

Clone ID 

Accession 

number 

Band 

number 

Percentage 

identity Closest relative Phylogenetic group 

Bacteria 

Summer 2004     

DPEU01 EF127653 1 100% Uncultured Cytophagales bacterium Arctic97A-14  Bacteroidetes 

DPEU02 EF127654* 2 100% Uncultured γ proteobacterium γ  Proteobacteria 

DPEU04 EF127656 3 97% Uncultured phototrophic eukaryote, chloroplast Eukarya 

DPEU05 EF127657 4 99% Uncultured eukaryote clone S2-72, chloroplast Eukarya 

DPEU07 EF127659 5 99% 

Uncultured phototrophic eukaryote clone 

MPWIC_C08 Eukarya 

DPEU08 EF127660 6 99% Uncultured bacterium clone LV_38 Bacteroidetes 

DPEU09 EF127661 7 99% Uncultured marine bacterium  Bacteroidetes 

DPEU10 EF127662 8 98% Uncultured marine eukaryote Eukarya 

DPEU11 EF127663 9 100% Uncultured phototrophic eukaryote, chloroplast Eukarya 

DPEU12 EF127664 10 100% Uncultured bacterium  Eukarya 

DPEU14 EF127666 11 99% Uncultured Roseobacter sp.  α Proteobacteria 

DPEU15 EF127667 12 99% Uncultured Rhodobacteraceae bacterium  α Proteobacteria 

DPEU16 EF127668 13 100% Uncultured α proteobacterium  α Proteobacteria 
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Table 3.2-S1 continued 

Clone ID Accession number 

Band 

number 

Percentage 

identity Closest relative 

Phylogenetic 

group 

Bacteria 

Winter 2006     

DPEUW01 EF648172* 1 100% Uncultured proteobacterium  DPEU02 γ Proteobacteria 

DPEUW02 EF648173 2 99% Uncultured Bacteroidetes bacterium DPCF20 Bacteroidetes 

DPEUW03 EF648174 3 99% 

Uncultured marine bacterium clone 

KG_C11_100m18  γ Proteobacteria 

DPEUW04 EF648175 5 100% Uncultured prasinophyte clone OM5 Eukarya 

DPEUW05 EF648176 6 100% 

Uncultured marine bacterium clone 

KG_A3_120m16 γ Proteobacteria 

DPEUW06 EF648177 7 100% Uncultured marine bacterium clone AntCL2E12  Bacteroidetes 

DPEUW07 EF648178 8 100% 

Uncultured prasinophyte clone LS-E12 

chloroplast Eukarya 

DPEUW08 EF648179 10 100% Uncultured bacterium clone SG_116 α Proteobacteria 

DPEUW09 EF648180 11 100% 

Uncultured gamma proteobacterium clone 

SBI04_1  γ Proteobacteria 

DPEUW10 EF648181 13 100% bacterium Antarctica-16 γ Proteobacteria 

DPEUW11 EF648182 14 100-99% Uncultured delta proteobacterium Arctic95C-5 δ Proteobacteria 

DPEUW12 EF648183 26 100% Uncultured marine bacterium Ant4E12 Actinobacteria 

DPEUW13 EF648184 27 100% Psychrobacter sp. wp30 isolate wp30 γ Proteobacteria 

DPEUW14 EF648185 29 99% Uncultured bacterium clone Arctic6-G12 γ Proteobacteria 

DPEUW15 EF648186 30 99% 

Uncultured gamma proteobacterium 

Arctic96BD-19 γ Proteobacteria 

DPEUW16 EF648187 33 100% Uncultured bacterium clone PB_53 α Proteobacteria 

DPEUW17 EF648188 34 100% Uncultured bacterium clone EI_91 α Proteobacteria 

DPEUW18 EF648189 39 100% Uncultured alpha proteobacterium CTD44B α Proteobacteria 

 



 

 

 

 

52 

Table 3.2-S1 continued 

 

Clone ID 

Accession 

number 

Band 

number Percentage identity Closest relative 

Phylogenetic 

group 

Bacteria 

Winter 2006 

DPEUW19 EF648190 43 98%-100% 

Uncultured marine bacterium clone 

ANT10A4 γ Proteobacteria 

DPEUW20 EF648191 57 100% 

Uncultured beta proteobacterium MoDE-

9 β Proteobacteria 

DPEUW21 EF648192 66 100% Uncultured Alcanivorax sp. γ Proteobacteria 

DPEUW22 EF648193 71 100% 

Uncultured marine bacterium clone 

KG_A3_120m134 γ Proteobacteria 

DPEUW23 EF648194 76 100% 

Uncultured bacterium clone CTD005-4B-

02 α Proteobacteria 

DPEUW24 EF648195 79 99% 

Uncultured bacterium clone CTD005-

74B-02 Bacteroidetes 

DPEUW25 EF648196 82 100% Uncultured marine bacterium clone AntCL1D8 γ Proteobacteria 

DPEUW26 EF648197 87 100% 

Uncultured Pseudoalteromonas sp. clone 

JL-BS-K75 γ Proteobacteria 

DPEUW27 EF648198 91 100% 

Uncultured alpha proteobacterium clone 

T41_120 α Proteobacteria 

DPEUW28 EF648199 93 98% Aequorivita lipolytica Y10-2T Bacteroidetes 

DPEUW29 EF648200 95 100% 

Uncultured gamma proteobacterium clone 

SBI04_175 γ Proteobacteria 

DPEUW30 EF648201 96 98% 

Uncultured phototrophic eukaryote DL27-

11 Eukarya 

DPEUW31 EF648202 98 100% Uncultured clone CTD005-31B-02 Actinobacteria 
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Table 3.2-S1 continued 

 

Clone ID 

Accession 

number 

Band 

number 

Percentage 

identity Closest relative 

Phylogenetic 

group 

Archaea 

Summer 2004     

DPAR02 EF640719* 15 98% Uncultured archaeon clone iBSZ2f.80 Euryarchaeota 

DPAR03 EF640720* 16 97% Uncultured crenarchaeote clone FB04aw.90 Crenarchaeota 

DPAR04 EF640721* 17 98% Uncultured euryarchaeote clone M05a039.03 Euryarchaeota 

DPAR05 EF640722* 18 97% 

Uncultured marine group III euryarchaeote clone 

HF770_038E01 Euryarchaeota 

DPAR06 EF640723* 19 97% Uncultured euryarchaeote clone FB04ai.76 Euryarchaeota 

DPAR07 EF640724* 20 98% Uncultured euryarchaeote 97D-131-22A Euryarchaeota 

Winter 2006     

DPARW01 EF640725 100 97% Uncultured euryarchaeote clone FB04aw.35 Euryarchaeota 

DPARW02 EF640726* 104 100% Uncultured marine archaeon clone DPAR02 Euryarchaeota 

DPARW03 EF640727* 106 100% Uncultured marine archaeon clone DPAR03 Crenarchaeota 

DPARW04 EF640728 107 98% Uncultured euryarchaeote AM-20A_123  Euryarchaeota 

DPARW05 EF640729* 109 100% Uncultured marine archaeon clone DPAR06 Euryarchaeota 

DPARW06 EF640730* 114 100% Uncultured marine archaeon clone DPAR05 Euryarchaeota 

DPARW07 EF640731 133 99% Uncultured archaeon clone CTD005-2A Euryarchaeota 

DPARW08 EF640732* 139 100% Uncultured marine archaeon clone DPAR07 Euryarchaeota 

DPARW09 EF640733 144 97% Uncultured euryarchaeote 97E-131-20 Euryarchaeota 

DPARW10 EF640734 147 99% Uncultured euryarchaeote 97D-235-10 Euryarchaeota 

DPARW11 EF640735 161 97% Uncultured marine euryarchaeote DH148-W1 Euryarchaeota 

DPARW12 EF640736* 169 100% Uncultured marine archaeon clone DPAR04 Euryarchaeota 

DPARW13 EF640737 174 98% Uncultured euryarchaeote 95B-131-15H Euryarchaeota 

DPARW14 EF640738 175 98% Uncultured euryarchaeote 97E-131-15 Euryarchaeota 
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Chapter III has been submitted to Plos One as: M. Manganelli, F. Malfatti, T.J. Samo, 

B.G. Mitchell, H. Wang and F. Azam - Major role of microbes in carbon fluxes during 

austral winter in the southern Drake Passage. 
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High-resolution imaging of pelagic bacteria by Atomic 

Force Microscopy and implications for carbon cycling 
 

Francesca Malfatti1*, Ty J. Samo1 and Farooq Azam1 

1Marine Biology Research Division, 0202, Scripps Institution of Oceanography, 

University of California San Diego, La Jolla, California 92093, USA. 

* Corresponding author: fmalfatt@ucsd.edu 

ABSTRACT: Marine bacteria are important players in the ocean’s carbon cycle. 

In microbial oceanography cell volume, size-frequency distribution and carbon content of 

pelagic bacteria and archaea (“bacteria”) are critical parameters in ecophysiology and 

functions of bacteria in the food web and carbon cycle. We used Atomic Force 

Microscopy (AFM) to create high-resolution images of pelagic bacteria and 

Synechococcus cells. This allowed us to measure cell height, Z, and to compute the 

volume of live and formalin fixed bacteria. Exhaustive AFM imaging was combined with 

imaging by epifluorescence microscopy (EFM) using current protocols as well as two 

new epifluorescence protocols developed in this study based on a protein and a lipid 

stain. This study provides a reliable basis for bacteria volume determination as well as 

shows that previous EFM-based measurements DAPI may have significantly (~50%) 

underestimated bacterial volume and bacterial carbon pool in the ocean. Our results show 

that fixation and drying flatten the cells to greatly reduce Z, and a 3-D ellipse better 

approximates the resulting bacterial shape. AFM-based bacteria height measurements 

provide insights into in situ physiology, live-dead bacteria, and in situ phage-bacteria 
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interactions. This study refines the methodology for quantifying bacteria-mediated carbon 

fluxes and the role of bacteria in marine ecosystems as well as suggests the potential of 

AFM for individual cell physiological interrogations in the natural marine assemblages. 

 

INTRODUCTION 

Marine bacteria are important players in oceanic biogeochemical cycles (Pomeroy 

et al. 2007). Through their action they control the fate of the fixed carbon in the 

ecosystem (Azam et al. 1994). Their role is variable and the strength of coupling between 

primary carbon production and bacterial carbon demand is a critical factor in dictating the 

net trophic state of the system (Azam & Malfatti 2007). We gained this knowledge over 

the last three decades when scientists started measuring respiration rates (del Giorgio & 

Williams 2005) and growth rates (Fuhrman & Azam 1980, 1982) and visualizing marine 

bacteria by epifluorescence microscopy, EFM (Hobbie et al. 1977) and by electron 

microscopy (Sieburth 1975, Johnson & Sieburth 1982). The visualization of marine 

bacteria, the majority being dominated by diminutive cells, can be considered a capstone 

event in marine microbial ecology (Hobbie et al. 1977).  The introduction of EFM 

investigation using a nucleic acid specific stain, acridine orange, on a black 

polycarbonate filter by Hobbie and coworkers (1977) has made broadly accessible to the 

scientific community imaging marine bacteria form different oceanic environments. After 

the discovery of large populations of bacteria (and more recently archaea as well) the 

next challenge has been to size the cells and compute the biovolume in order to quantify 

the flux of carbon though the microbial compartment. Since the late ’70 many studies 

have addressed this challenge to estimate correctly the size of marine bacteria (for a 
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review see (Fuhrman 1981, Sieracki et al. 1985, Suzuki et al. 1993)). There are two main 

steps in sample preparation: fixation procedures and the staining dyes. We know that 

fixatives such as formaldehyde cross-link proteins and nucleic acid (Gustavson 1956, Nie 

et al. 2007) and consequently the cell shrinks. Different dyes might have more or less 

quantum yield (Cosa et al. 2001) and staining of the nucleic acid content might not be an 

optimal choice since the nucleoid does not represent the cell size as it shown in the 

transmission electron micrographs of seawater samples (Johnson & Sieburth 1982). It is 

important to have accurate measurements of cell size and bacterial biovolume in order to 

quantify how much carbon is taken up and becomes biomass and how much carbon is 

respired by marine bacteria in the ocean ecosystem. 

Imaging technology has advance greatly in the past decades. More high-resolution 

instruments are available now that can be used to address many more questions about 

bacteria ecology at the microscale in the ocean.  Live cell imaging is a good strategy to 

approach the study of marine bacteria. Laser scanning confocal microscopy with 

environmental chamber and Atomic Force Microscope (AFM) are versatile tools that 

allow high-resolution imaging in vivo, in natural liquid environmental conditions 

(Dufrene 2002, 2008). We used AFM in order to visualize the shape and the size (width, 

length, height) of marine bacteria from fixed and living specimens from different 

environments. AFM (Binning & Quate 1986) belongs to the family of scanning proximity 

probe microscope. It feels the ‘near-field’ physical interaction forces between the 

scanning probe and the surface sample. A cantilever carries at its end a sharp probe that is 

scanned over the sample. The continuous attraction-repulsion forces experienced during 

the scan cause probe deflection. The movement is then transmitted to the cantilever that is 
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monitored via interferometry in laser-photodector system. This constant attraction-

repulsion movement of the cantilever creates a high-resolution 3D map of the surface of 

the specimen. 

In this study we imaged by AFM marine bacteria from diverse pelagic oceanic 

provinces. We asked what were the shapes, the surface morphology, and size distribution 

of marine bacteria. We imaged living cells by AFM and formalin fixed cells to document 

whether biovolume estimates are influenced by sample treatment. We then compared 

AFM biovolume estimates with EFM estimates and we tested whether the use of different 

dyes, targeting nucleic acid or proteins or lipids, will affect measuring the size of marine 

bacteria.  

 

MATERIAL AND METHODS 

Sampling and processing. Seawater samples collected at different locations 

(Table 1) were fixed with 0.2-µm-filtered formaldehyde solution (2% final concentration) 

and kept at 4°C until further processing. Within 24 h a sample aliquot was filtered either 

on a 0.2 µm Isopore polycarbonate filter (Millipore Corp.) or a 0.02 µm aluminum oxide 

Anodisc filter (Whatman). Filters were rinsed with 0.02 µm filtered Milli-Q water 

(Millipore Corp.) and let dry, face-up, on a tissue paper while being covered by a Petri 

dish cover. Filters were then stored at -20°C until further analysis. 

 

Epifluorescence Microscopy (EFM)  

Staining Protocol. We compared different stains targeting specific cell 

component: DNA stains DAPI (4',6-diamidino-2- Phenylindole; H-1200, Vector 
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laboratories Inc.) and SYBRGold® (S-11494, Invitrogen Corp.); protein stain 

NanoOrange® (N-6666, Invitrogen Copr.); and lipid stain NAO (10-N-nonyl acridine 

orange; 74395, Sigma-Aldrich). 

DAPI staining. The samples, prepared on polycarbonate or anodisc filters as 

above, mouned on a clean glass slide.  A 5 µl drop of DAPI VECTASHIELD solution 

was spotted on the slide and the filter was placed on it face up. A cover slip with a 5 µl 

drop of DAPI VECTASHIELD was placed on the filter (Fuchs et al. 2007).  

SYBRGold® staining. Anodisc filters were stained and mounted as in Noble and 

Fuhrman (Noble & Fuhrman 1988, Patel et al. 2007). The wet filter was placed on a drop 

of SYBRGold®, 2.5/1000 final concentration, for 15 min in the dark at RT. Then the filter 

was dried and mounted with an antifading solution. The dry filter was placed, face up, on 

a 5 µl drop of the moviol mounting medium on a slide and a cover slip with a drop of 

SYBRGold® and moviol mounting medium (1:15 final concentration) was then place on 

the filter (Lunau et al. 2005).  

NanoOrange® staining. The polycarbonate filter, once dry, was placed on a drop 

of moviol on a glass slide. A 5 µl solution of moviol mounting medium and 

NanoOrange®, (Grossart et al. 2000) was spotted on a cover slip. The cover slip was put 

on the filter. 

NAO staining. NAO is a vital dye; the seawater sample was incubated with 10 µl 

NAO per 1ml of sample (stock solution 1 mg ml-1 in 100% ethanol) in the dark for 5 

minutes at RT. NAO can also stain fixed samples. The NAO solution, final concentration 

2 µg ml-1, was mixed with the mounting medium (moviol or SYBRGold® mounting 
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medium and DAPI VECTASHIELD) and subsequently applied to the cover slip as 

described in the previous staining protocols. 

EFM. Once stained, the filters were visualized immediately at the epifluorescence 

microscope, Olympus BX51 at 1000x final magnification. DAPI is excited at 345 nm and 

emits at 458 nm. SYBRGold® is excited at 495 nm and emits at 539 nm. NanoOrange® is 

excited at 485 nm and emits at 590 nm. NAO is excited at 494 nm and emits at 519 nm. 

Pictures were taken and bacteria were sized with the freeware software Image J 

(http://rsbweb.nih.gov/ij/). The software was calibrated with a picture of the stage 

micrometer at 1000x magnification. From 50 to 100 cells were measured per sample. 

 

 Biovolume Estimation. We estimated cell biovolume by the formula V=(π*W2)/4 

* (L-W/3) (where L is the length and W is the width) (Bratbak 1985). The assumption is 

that bacterial shape is either similar to a cylinder with two hemispheres at its ends, where 

W=Z or similar to a sphere where W=Z=L. 

Another formula e.g. because of flattening during fixation and drying that can be applied 

to calculate biovolume, if the cell shape is thought to approximate a prolate solid, a 3D 

ellipse: V=4/3π*a*b*c (with a,b,c the semi axes of the solid). This formula has recently 

been proposed in a study on marine bacteria with AFM by Nishino et al. (Nishino et al. 

2004). It requires measuring W, L and Z. 

 

Bacterial cultures. We streaked bacterial isolates from the -80°C stock pure 

cultures, on ZoBell solid medium (5 g peptone, 1 g yeast, 1 g agar in 1 liter GF/F filtered 

seawater). After 24 h, a colony was picked and inoculated into liquid ZoBell medium 
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overnight. Bacteria cells were centrifuged at 9000x g for 5 min and washed twice with 

0.02 µm filtered autoclaved seawater (FASW) and resuspended in FASW. Bacteria cells 

were fixed, washed from the medium and filtered as described above for EFM and AFM. 

 

Atomic Force Microscopy 

Sample preparation.  

Imaging in air.  The sample was treated as above. With a sterile scissor a piece of 

filter was cut and was attached to a glass slide with double sided sticky tape or held in 

place with mini magnets (1/16”x1/32”, AmazingMagnets.com). Additionally, for selected 

samples 50 µl of fixed seawater was spotted on freshly cleaved mica and let dry 

completely and rinsed. Then the mica was affixed to a slide with double sided sticky tape 

(Veeco Instruments, Santa Barbara). This set up allowed simultaneous EFM and AFM 

imaging so, a cell could be first identified by EFM then scanned with AFM (Malfatti and 

Azam, submitted). 

Synechococcus epifluorescence microscopy (EFM)-identification. We used EFM 

prior to AFM imaging in order to make positive identification of Synechococcus. Freshly 

cleaved (0.2 µm thick) mica disc (# 50; Ted Pella Inc.; # 71856-01, Electron Microscopy 

Sciences), reduced in thickness with a clean razor blade, was affixed on a microscopy 

slide using double sided sticky tape. (Note that the tape is strongly autofluorescent, so it 

must be placed at the edges of mica disk in order to prevent excessive background 

fluorescence). Seawater was spotted on mica, dried and washed with HPLC water (W5-4; 

Fisher). On the mica we identified, at 400x, Synechococcus cells based on phycoerythrin 
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autofluorescence (filter set 51006; Chroma). We then acquired AFM scans in air of the 

EFM identified Synechococcus cells on mica (Malfatti and Azam, submitted). 

Imaging in liquid. Seawater was collected and immediately filtered onto a 0.2 µm 

Anodisc filter (Whatman). The filter was then placed on a glass slide, held with mini 

magnets and overlaid with FASW.  

 

AFM imaging. AFM imaging was performed with MFP-3D BIO (Asylum 

Research, Santa Barbara, USA). In this configuration the AFM is mounted on an inverted 

epifluorescence microscope (Olympus IX 51).  The images were acquired in AC mode. 

The cantilever carries at its end a probe that interacts with the sample. The cantilever is 

acoustically driven to oscillate at its residence frequency. Once the probe approaches the 

sample, the lever oscillation amplitude is reduced proportionally to the sample 

topography. The scan rates were between 0.64 and 1 Hz. Image size was 256x256 or 

512x512. In air, we used a silicon nitride cantilever (AC160TS; Olympus) with a spring 

constant of 42 N/m. In liquid, we used a Au/Cr coated silicon nitride cantilever 

(TR400PB; Olympus) with a spring constant of 0.02 N/m. 

 

AFM image analysis. We recorded trace and retrace of height, amplitude, phase 

and Z sensor channels. Topography images were processed with Planfit and Flatten 

functions. Bacteria were sized with the measuring tool part of the Igor Pro 6.03A MFP3D 

070111+830 software. Briefly, a ruler can be drawn on the object of interest to delineate 

the topographic profile and measure the three dimensions. 
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RESULTS  

We imaged by AFM >950 individual bacteria and 27 Synechococcus cells off 

Scripps Pier (referred to as coastal), 350 bacteria were from Southern California Current 

System (referred to as CCE) and 450 from Southern Polar Ocean (referred to as 

Antarctic) in Austral winter (Table 1). (Additional data on AFM images was presented in 

Malfatti and Azam; submitted). We also imaged bacterial isolates BBFL7 (Cytophaga-

Flavobacteria; genome sequenced), TW6 and TW7 (Alteromonadales; genome 

sequenced) and SWAT3 (Vibrionacea; genome sequenced).  

 

Bacteria shape and size 

In AFM images the heterotrophic bacteria were predominantly rods, cocci, C-

shaped and S-shaped (Figure 1-2). We cannot rule out that other morphologies were 

present but could not be definitively distinguished from gels and colloids that are 

typically present abundantly in seawater samples. Synechococcus cells were either cocci 

or rods. The bacterial isolates BBFL7 and TW7 were rod shaped whereas TW6 was s-

shape. The size of bacteria in the natural assemblages ranged from <0.2 µm to 2µm. It is 

noteworthy that very small and very large bacteria typically co-occurred in the same 

sample of seawater. 

 

Cell volume comparison by AFM and EFM  

Since standard EFM protocol requires fixed, filtered and dried samples we did 

AFM imaging also on parallel seawater samples treated similarly in order to assess the 

effect of technique. (Live cell were also imaged; below). EFM samples were stained with 
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DAPI since DAPI is the most commonly used fluorophores for counting and sizing 

pelagic bacteria (so, a large body of contextual data on DAPI-based cell volumes exists 

from around the World ocean). An advantage of AFM is that in addition to length (L) and 

width (W) it also enables height (Z) measurement. We calculated volume as V = 

(π*W2)/4 * (L-W/3), where L is the length and W is the width (Bratbak 1985). While we 

did measure Z for each AFM imaged cell our initial comparison assumes that Z =W (as is 

standard in EFM based calculation). Figure 3a compiles AFM and EFM based volume 

averages for all cells in each sample for 20 different sampling days and from the three 

study areas (coastal, CCE and Antarctic).  Sample-average cell volume measured ranged 

0.010-0.135 µm3 by EFM and 0.027-0.855 µm3 by AFM. Of the 20 samples 6 co-

localized on 1:1 line, indicating perfect agreement between DAPI and AFM. However, 

11/20 samples showed VAFM > VEFM  including 3 when VAFM was ~2x to ~4 x VEFM. And 3 

samples were on the right side of 1:1 line, indicating VAFM < VEFM. If we exclude the cell 

volumes <0.01 µm (see below for the rationale) then VAFM > VEFM would apply to all but 

4 samples (Fig. 3c). So, DAPI-based EFM would generally underestimate the 

assemblage-average cell volume when compared with AFM.  

In order to understand whether the two analyses were detecting similar size class 

populations we computed the ratio, VAFM/VEFM (Figure 3b). VAFM /VEFM was highly 

variable in different volume-classes of bacteria. The ratio was >>1 in cells with volumes 

<0.01 µm3, possibly because AFM detects some cells too small to be detected by DAPI 

or alternatively AFM detect objects similar to cells. We chose to exclude this size class 

given the uncertainty (Fig. 3c).  

 



 

 

66 

 

In the case of cultured bacteria AFM clearly yielded much higher cell volume 

than EFM; VAFM /VEFM was ~ 2 (TW7), ~5 (TW6) and ~7 (BBFL7) (data not presented). 

So, the choice of method would give a very different picture of the cell volumes. A likely 

explanation for very high VAFM /VEFM  in cultured bacteria is that as the cell volume 

increases the DAPI stained nucleoid becomes a smaller fraction of the cell and it defines 

poorly the total cell volume.  

 

Synechococcus cell volumes in the natural assemblage from coastal site were also 

measured for 27 individual cells by AFM. The average volume was 0.39 µm3 with a very 

broad range of 0.06 -1.01 µm3. Since Synechococcus is typically detected and sized by 

phycoerythrin autofluorescence we did not measure its cell volume by DAPI. 

 

Stain comparison. We compared AFM-based cell volumes with those 

determined with EFM using four different fluorophores: DAPI and SybrGold® targeting 

nucleic acids, NanoOrange® targeting proteins and NAO® targeting lipids (Table 2). 

Comparisons of other stains with DAPI were also done since DAPI is the commonly used 

fluorophores for cell sizing. VSyber was very high, 3.8 x VDAPI, and SybrGold® caused 

intense halos and fluorophores bleeding; so, we did not test it further. VNO (0.149 µm3) 

was 2.9 x VDAPI. However, it showed reasonable agreement with VAFM (0.114 µm3). So, 

using VAFM as standard (but see below for caveats) NanoOrange® might be a good choice 

as a fluorophore for EFM-based cell volume quantification The lipid stain NAO yielded 

even lower volumes (VNAO=0.034 µm3) than VDAPI (0.046 µm3) and much lower than 

VAFM  for the corresponding experiment (0.069 µm3). 
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Height by AFM. AFM records the displacement along the Z-axis of the probe 

thus allowing cell height (Z) to be measured. We measured Z for bacteria (Zbact) and 

Synechococcus (Zsyn) at coastal site (Table 3). Zbact was much lower than cell width (W) 

and this has important effect on volume calculations (below). Zbact ranged very broadly, 

11 nm to 369 nm, raising the question whether the very low Z bacteria might be dead 

(e.g. “ghosts”, (Zweifel & Hagström 1995)). In our natural assemblage AFM images of 

bacteria the mode for height frequency distribution was 41-50 nm (Fig. 4a). The Zsyn 

range was less broad than for bacteria, 135nm to 474 nm, and peaks in height frequency 

distribution occurred at 201-300 and 301-400 nm (Fig. 4b). The cultured bacteria 

presented variable height range (Fig. 4c,d). On average the isolates were higher than 

bacteria in marine assemblages; the mode for height frequency distribution was 101-120 

nm (Fig. 4c). 

 

Height during phage infection. We ran two experiments with a phage-host 

system to test for a height difference in phage-infected cells versus uninfected cells. We 

examined two phage-host systems. We isolated one phage infecting a Flavobacterium 

BBFL7 from Scripps Pier (F. Malfatti, unpublished data) and a second phage, SIO2, 

infecting a Vibrio SWAT3 was isolated by A-C Baudoux at Scripps Pier (unpublished 

data). Uninfected BBFL7  Z-range was 54 nm -193 nm while the phage-infected cells 

were in a tighter but lower height range, 44-121 nm (Fig. 5a). Infected cells had a rougher 

surface than the control cells (Fig. 5b-d). In SWAT3-SIO2 system, Z for uninfected 

SWAT3 ranged 102-221 nm (Fig 6a). In phage-infected cells two different morphologies 
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were recognizable that could be attributed to lysed and unlysed cells (Fig. 16b, c). The 

height range of the lysed cells was 25-187 nm and their surface looked rough. The height 

range of phage exposed but unlysed cells was 171-345 nm (Fig. 6a). It appears that 

infected but unlysed cells swell taller before phage release. Alternatively, the higher Z 

cells were phage-resistant and growing actively (hence taller) at the expenses of dissolved 

organic matter derived from lysed cells. 

 

Height-biovolume relationship. The cell volume calculated by the formula V= 

(π*W2)/4 * (L-W/3) is overestimated because it is assumed that Z=W, which is not true 

for dried and fixed cells recovered on a filter. Height reduction of marine bacteria due to 

sample processing was observed previously by Nishino et al. (2004) but its quantitative 

significance for estimates of bacterial biomass and carbon pools in the ocean has not been 

made. We propose to use the following formula: V=4/3π*a*b*c, where a,b,c are semi 

axes of the solid ellipse (a=L/2, b=W/2, c=Z/2) that consider Z≠W  and uses AFM based 

measurements of Z and W. For coastal site samples we plotted bacteria biovolume 

computed by the two formulas (Fig. 7). The two assumptions lead to dramatically lower 

cell volumes for Z≠W on two sampling days; on a third day the effect was more complex. 

 

In order to address the problem of artifacts due to fixation and drying we 

compared AFM- based  biovolume for live versus formalin-fixed marine bacteria 

assemblages. The live bacteria were imaged in filtered autoclaved seawater while the 

formalin fixed cells were imaged in air. In both cases the bacteria were concentrated from 

seawater on 0.2-µm pore size Anodisc filters (Whatman). The live cells’ average height 
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was 333 nm, with a range of 31-747 nm (Fig. 8 and Fig. 9a). The average height of fixed 

and dried cells was much lower, 99 nm, with a range of 58-150 nm (Fig. 8 and Fig.9b). 

The collapse of cell height in fixed/dried cells may also have change L and W. That the 

cell volume in fixed/filtered cells was not conserved can be seen from the calculation of 

the relative cell volumes. 

If we compute cell volume by assuming Z=W the live cell average volume is 0.72 

µm3 (range: 0.07-2.22 µm3) and for fixed/dried sample it is 0.85 µm3 (range: 0.05-1.56 

µm3). Using the actual measured Z for each cell the live cell average biovolume is 0.235 

µm3 (range: 0.009-0.765µm3) and for fixed/dried cells it is 0.076 µm3 (range: 0.010-

0.142 µm3). Thus, assumption of Z=W overestimates the volume 3-folds for live and 11-

folds for fixed/dried cells. The volume size distributions were different for live and 

fixed/dried cells and depending on the formula used (Fig. 10). Live cell volume had a 

mode in the <0.1 µm3 class with a more tight volume distribution compared with volumes 

computed assuming Z=W (mode >1µm3). EFM biovolume average using DAPI was 

0.158 µm3 with a range 0.011-0.609 µm3. EFM values were 1.5x smaller than the real 

biovolume of live cells, 0.235 µm3. 

 

Filter comparison.We tested whether biovolume measurement was affected by 

two commonly used filter types (Table 3). We compared 0.2 µm Anodisc and 0.2 µm 

Isopore filters. We first used EFM with DAPI to estimate the volume of cells at SIO site. 

The average volume on Isopore was 0.042 µm3 (range 0.008-0.188 µm3; mode 0.011-

0.03 µm3) and on Anodisc it was 0.065 µm3 (range 0.016-0.133 µm3; mode 0.031-0.05 

µm3).  The Isopore membrane is made of polycarbonate and only 1% of the surface has 
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pores. The pores are not evenly distributed and there are some double or triple pores (Fig. 

1a). Anodisc filter is made of an homogenous layer of alumina oxide colloids that are 

compressed and the filter resembles a sand filter in AFM; there are no real pores (Fig. 

1b). So, the filter properties appear to affect the measurement of cell size distribution. 

Anodisc might flatten bacteria more than Isopore yielding larger cell area in EFM. 

 

DISCUSSION 

Atomic Force Microscopy is potentially a powerful and versatile tool that offers 

high-resolution images with capabilities for environmental studies. However, imaging 

natural bacterial populations in liquid is still challenging. The major problem is that the 

cell being imaged must be firmly attached to the substrate, e.g. filter membrane or mica. 

At the distance of van der Waals forces cells not firmly attached to the substrate would be 

displaced by the repulsive forces of the scanning probe. We managed to image 26 cells in 

liquid by immobilizing them by filtering on Anodisc filters (while majority of cells 

became displaced). Chemistries, such as poly-L-lysine and PEI (Polyethyleneimmine), 

can be applied to the substrate to improve cell adhesion, and we are in the process of 

optimizing chemical coating of the substrate while minimizing the nanoscale 

environment of individual bacteria. Further, there are potential artifacts associated with 

probe size and sharpness. AFM resolution in XY depends on how thin and sharp is the 

probe and associated dilation effect causing AFM measurement to tend to overestimate 

XY (Wong et al. 2007). This point has been discussed for marine bacteria (Nishino et al., 

2004) but the degree of overestimation for natural bacterial population is unknown.  

There is a need to establish size standards applicable to AFM imaging of marine bacteria. 
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Despite these and other challenges AFM can begin to provide powerful constraints on 

hypotheses in microbial biogeochemistry. 

 

Bacterial surface and morphology. AFM has 2-3 orders of magnitude greater 

resolving power than EFM and thus allows nm exploration of natural bacterial 

populations.  The “small blue dots” imaged by EFM become large bacteria in the AFM 

with visible surface features interacting with other microbes within the organic matter 

continuum (Malfatti and Azam, submitted). In AFM, cell surfaces of bacteria in our 

seawater samples were smooth or rough, and some smooth cells were covered with 

mucus (Fig. 1, 2). AFM allows physical manipulation of cell surface at the nm scale. We 

often see mucus on bacteria including Synechococcus and we asked whether the mucus 

on Synechococcus contributed substantially to the cell thickness and volume. We 

optimized a protocol for natural marine assemblages to gradually strip away the mucus on 

a Synechococcus cell by repetitive cycles of scanning (Fig. 2b). The first scan height was 

424 nm (Fig. 2a) and this was reduced after 30 scans to 370 nm (Fig. 2 c,d). The cell then 

appeared mucus free. The mucus height was therefore 54 nm (a minimum estimate since 

imaging in air would have reduced the degree of hydration of mucus (Balnois & 

Wilkinson 2002)). We estimated the mucus layer volume to be 0.31 µm3 and this 

represent 33% of the “clean” cell volume of 1.014 µm3. Such large mucus layers have 

adaptive and biogeochemical implications e.g. size-dependent and surface-charge-

dependent protistan grazing, digestion-resistance in protist food vacuoles (partially 

digestible mucus might “feed” the protist but save the prey bacterium). Mucus layers are 

known as potential defense against phage infection; and they may also play roles in trace 
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metal scavenging, reducing metal toxicity, as well as carbon and trace metal (e.g. iron) 

transfer to higher trophic level by Synechococcus. 

Importantly, mucus may play a role in cell-cell recognition as documented by us 

in the case of conjoint cells (Malfatti and Azam, submitted). Remarkably, in some of our 

samples all imaged cells were covered with mucus (e,g, Fig. 11). We do not yet 

understand when and under what conditions in the ocean do bacteria express mucus 

layers. However, our experience in imaging natural assemblages over a period of two 

years, as well as populations exposed to varied productivity regimes in microcosms, show 

large variations in the patters of expression of cell surface architectures. AFM should 

help study the regulation of bacterial structural phenotypes such as nutrient status, 

interaction architectures and biochemical potential (enzymes, lectins, antibiotics, etc.) as 

well as their adaptive and biogeochemical functions under ecological conditions. While 

methodology for such “ocean exploration” is still in its infancy perturbation experiments 

could help test mechanistic hypotheses on bacteria- environment interplay. 

 

In our phage-host systems the surface of the lysed SWAT3 and infected BBFL7 

cells was rougher then the control cells (Fig. 5, Fig. 6). Such increase in roughness has 

also been reported for E.coli 057 and A157 phage-host system (Dubrovin et al. 2008). 

Further, AFM studies have shown that mechanical damage of cell surface results in 

increased roughness—including the damage caused by EDTA (Amro et al. 2000), 

detergents (Camesano et al. 2000), proteases (Malfatti unpubb.)(Camesano et al. 2000) 

and antibiotics (Braga & Ricci 1998, Meincken et al. 2005).  Marine phage lyse ~50% of 

bacteria production in the upper ocean; and it would be interesting to see if phage 
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infected bacteria and archaea could be identified through a surface “signature”.  

Interpreting the relative variation in cell surface structure between treatment and control 

cells is complicated by the effect of fixatives as we saw from our images of live and 

formalin fixed bacteria (Fig. 8a,b). Optimizing the conditions for rapid imaging of live 

marine bacterial assemblages is a highly desirable goal. 

 

We have imaged >1700 marine bacteria cells over a period of two years. It is 

surprising then that we have encountered only four general shapes, cocci, rods, s-shape 

and c-shape (Fig. 1). (However, the cell size varied dramatically; e.g. Fig.1). 

Synechococcus cells were also either cocci or rods (Fig. 2, 12) (indicating pleiomorphism 

that might be related to difference in light regime (Ahlgren & Rocap 2006, Palenik et al. 

2006) and or grazing pressure (Christaki et al. 1999, Christaki et al. 2005)). Previous 

SEM and TEM imaging of marine bacteria by Costerton (Costerton et al. 1981) and 

Siebruth (1972) and Heissenberger (Heissenberger et al. 1996) as well as recent AFM 

studies of marine bacteria by Nishino (2004) and Seo (Seo et al. 2007) reported similar 

shapes as we did. This is remarkable given the great diversity of species (Venter et al. 

2004) and potentially wide range of physiological states (compare ghost cells (Zweifel & 

Hagström 1995) with actively growing bacteria (Fuhrman & Azam 1980)) of marine 

bacteria and archaea. Despite the fact that it is still unknown what is the total microbial 

diversity in the seawater (Whitman et al. 1998), many species coexist in a continuum of 

physiological states (del Giorgio P. & Gasol 2008). Bacteria represent the largest 

biological surface in the ocean (Pomeroy et al. 2007) and seek nutrients gradient transient 

that are in space and time (Azam 1998). Marine bacteria have evolved strategies to 
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exploit the continuum of organic matter (Verdugo et al. 2004) by the use of their 

biochemical attributes and strategies such as hydrolytic cleavage of complex molecules 

and efficient up-take systems. Cell shape has obvious adaptive value (Cabeen & Jacobs-

Wagner 2005). One might speculate that despite their varied biogeochemical functions in 

ocean ecosystems pelagic bacteria maintained few common fundamental shapes that are 

optimized for survival in the environment. An alternative hypothesis is that pelagic 

bacteria have many other shapes but we miss them because they co-occur with a great 

morphological diversity of marine gels and colloids. In other words, we imposed the 

result by selecting bacteria with distinctive morphologies. Concurrent high resolution 

EFM (1,000x; currently not feasible in our AFM system) should help to search for 

bacteria with other shapes, and their adaptive value (e.g. bacteria in marine snow).  

  

Biovolume--a matter of depth (or height). Microbial oceanographers use 

several different approaches to quantify bacterial volume and carbon content because of 

the fundamental ecological importance of these parameters. In addition to EFM, and 

recent use of AFM, electronic counters (flow cytometer and Coulter Counter (Kubitschek 

1969)) have often been used. An advantage of electronic counters and FCM is that they 

interrogate individual particles/cells in the particle’s native morphology--unless the 

protocol requires chemical fixation. Imaging-based techniques have the advantage that 

they can provide additional, sometime critical, information on bacteria e.g. their 

associations with other bacteria or with gels and colloids. A dramatic example is our 

AFM-based finding (Malfatti and Azam; submitted) that often a substantial but variable 

fraction (21-43%) of pelagic heterotrophic bacteria and Synechococcus cells occurred 
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conjoint with other bacteria (Fig. 12, showing Synechococcus cell conjoint with 

heterotrophic bacterium). FCM and Coulter Counter treat conjoint partners as a mega-

cell. High and low DNA populations (Bouvier et al. 2007, Falcioni et al. 2008) detected 

by FCM in marine environments could also be affected by the presence of conjoint 

heterotrophic bacteria. Further, AFM can provide a wealth of information on the 

bacterium’s microscale ecology that goes well beyond the initial intent to know the cell 

volume and carbon content. 

In EFM cell width and length are measured and used to calculate V = (π*W2)/4 * 

(L-W/3). Two assumptions are made: 1) a bacterial cell can be approximated to a cylinder 

with hemispheres (W=Z) at its ends, or a sphere (W=L); and 2) a bacterial cell maintains 

its shape, size and volume on the filter. We have provided a quantitative context to the 

cautionary note of Nishino et al (2004). Since Z≠W, we compared live imaging as a 

reference where we could assume volume conservation. The EFM-based volume 

determinations of marine bacteria are likely in error. Nishino and colleagues compared 

filtered fixed cells with drop deposited fixed cells and found that the filtered cells had 

lower Z. We found that fixation and drying, standard practice in EFM, has a large 

contribution to the decrease in Z (Fig. 8) and its effect on V. Our findings are significant 

because they show that the error (often recognized but neglected) can indeed be very 

large. Therefore, the measurement error has biogeochemical implications. 

 

Applying the 3D ellipse approximation to our measurements on live cells the 

average bacteria volume was 0.235 µm3. This is 3-fold less than if we assumed W=Z 

(0.718 µm3). Considering our AFM data on formalin-fixed cells the error was much 



 

 

76 

 

greater; the volume was 11-fold lower (0.076 µm3 instead of 0.855 µm3). It appears that 

in formalin fixed and dried cells on membrane filters W, L and Z all change —with a 

huge effect on the computed cell volume. EFM allows the measurement of W and L (that 

change due to fixation and filtration), and further assumes Z=W, but interestingly the 

result is often not too much in error—i.e. the calculated V can be right for wrong reason 

(mainly because the use of Z=W compensates for cell shrinkage due to fixation). 

However, our results show that the error is quite variable and dependent on the size 

frequency distribution of the assemblage. This has implications for EFM-based variability 

in bacterial assemblage carbon pool available for grazers as the size frequency 

distribution of bacteria changes in ocean space and in time. 

 

Bacterial height. The height range by AFM for live cells on filter was 31 -747 

nm. This large interval can be due to volume difference in different species or/and within-

species volume differences in varied physiological states (possibly because of exposure to 

varied microniches). Both causes are likely to be operative. It is interesting to ask 

whether in the natural assemblage a certain range of height is characteristic of dying or 

dead cells. Zweifel and Hagström (1995) argued that a variable fraction, from 2 to 30%, 

of the total bacterial EFM count is comprised of cells that lack nucleoid (“ghosts”) 

presumably lysed by phages. It should be possible to test this hypothesis by AFM by 

assuming that ghost cells have a smaller Z than the average metabolically active bacteria. 

In our study the average Z measured by AFM on formalin fixed cells was 41-50 nm. On 

the basis of our AFM-based Z measurements of phage lysed and formalin fixed (cultured) 

bacteria we suggest that dead cells <20 nm or perhaps <30 nm Z-class might be mainly 
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comprised of dead bacteria. The Z average measured by AFM for living bacteria was 333 

nm, much higher than fixed cells, with a range of 31-747 nm. Based on these values we 

might constrain the height range for ghosts and dead cells as 10-30 nm when measured by 

“live” cells protocol (i.e. without fixation and in seawater). It should be possible to 

further explore this hypothesis by coupling AFM with stains for cell viability (e.g. 

LIVE/DEAD® stain; Invitrogen Corp.) or electron transport chain activity, e.g. CTC (5-

Cyano-2,3-ditolyl tetrazolium chloride). Preliminary experiments with CTC are 

promising, and it is possible to AFM-image CTC crystals forming in association with 

bacteria (unpublished).  

 

Bacteria mortality by viral attack is an important aspect in the marine carbon 

cycle. Phages are responsible for 10-50% of bacteria mortality in the upper ocean 

(reviewed in Fuhrman (Fuhrman 1999)) and up to 32% for the heterotrophic bacteria and 

15% for the Cyanobacteria can be infected (Proctor & Fuhrman 1990). In our experiment 

with two phage-host systems we observed a difference in height and in surface 

topography of the lysed cells (Fig. 8, 10).   In the SWAT3 experiment, the lysed cells 

presented Z range from 25-187 nm and the control cells Z range was 102-222 nm. The 

surface topography was rougher in the lysed cells and the cells appeared damaged and 

partially empty. The cell did not present clear margins and this did not allow us to 

reliably measure the cell dimensions. The wide Z-range for phage-lysed cells could be 

attributed to different degrees of cellular degradation of different cells. The Z-range of 

phage lysed SWAT3 cells was wider than natural bacterial community. We were hoping 

that we would be able to recognize phage-infected bacteria at the final stage before host 
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lysis (as can be done by TEM; visibly infected bacteria; (Steward et al. 1992, Wommack 

et al. 1992)). We did see in some instances phages surrounding seemingly lysed bacteria 

or phage attached to intact bacteria. In order for us to confidently identify phages it would 

be necessary to combine TEM and AFM imaging on parallel seawater samples. If we 

assume that bacteria lysis occurs mainly/only through phage attack then we could 

estimate phage lysis in terms of the concentration of cells with Z <30 nm. We hasten to 

add that this criterion needs to be refined with rigorous control experiments e.g. by using 

phage –host systems where the host has been acclimated in unenriched seawater to 

various physiological state representative of the natural assemblages. 

 

Bacterial biovolume and its implication for the carbon cycle. Biovolume 

distribution is a function of community diversity (Starza et al., 2009), metabolic activity 

level (Mitchell 1991), grazing pressure (Simek & Chrzanowski 1992, Corno & Jurgens 

2006) and phage infection (Dubrovin et al. 2008). Thus, we expect variations in the 

biovolume classes in natural mixed assemblage where potentially each cell has a different 

µ and lives in a specific microniche. Consequently, average values for cell biovolume 

should be used cautiously in conjunction with information on community size structure. 

This also has important implications for cell volume to carbon conversion. Simon and 

Azam (Simon & Azam 1989) determined that smaller cells contain more protein per 

volume than the larger cells in pelagic marine environments. They proposed the use of a 

power function y=88.6x0.59 to convert volume to cell protein which is proportional to C 

(C=protein*0.86); y is the C content per cell and x is cell volume.  By applying the power 

function we computed the C content per cell for the population of live cells imaged by 
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AFM (i.e. directly measuring all three dimensions) as well as DAPI stained cells (Fig.13). 

A substantial proportion of bacterial population as determined by AFM had large 

volumes and C content as large as 50-70 fg cell-1 (Fig. 13). (cf. E. coli carbon content 

=100 fg (Neidhardt et al. 1990)) This C cell-1 is unexpectedly large for pelagic bacteria 

and suggests that a larger fraction of bacteria is in a robust growth physiological state 

(Lee & Fuhrman 1987). Carbon content based on volume distribution has implication for 

carbon flow pathways from bacteria to protists in view of size selective grazing by 

protists on bacteria. 

Further thymidine based C production estimates depend on the assumption of an 

average cell carbon of 11 fg C cell-1 (Garrison et al. 2000) or 20 fg C cell-1 (Simon & 

Azam 1989). Our AFM based C per cell estimates indicate that depending on size 

distribution of the assemblage thymidine based C production estimates could be 

substantially higher then the currently believed. Therefore the previous literature 

estimates of the strength of bacteria-organic matter coupling that have been based on 

thymidine incorporation may need to be reconsidered since a larger fraction of carbon 

may flow through bacteria than indicated in the previous studies. 

 

CONCLUSIONS 

Our findings suggest we should revise the methods used for estimating bacterial 

biovolumes and carbon content. There is a need to rethink the optimal methodology for 

measuring bacteria shapes and bacterial overall dimensions. Our study suggests AFM of 

live cells, under native conditions, is a suitable method; however it is currently not a 

practical method for high-throughput.  However AFM could be considered as a reference 
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for the development of other more rapid methods. One possibility that might be explored 

is to develop a method based on LSCM. In order to prevent distortion of the morphology 

of bacteria the method should be based on live cells placed in a three-dimensional format 

in a material that would not affect cell shape.  The choice of stain could include protein 

stains such as NanoOrange because it gives a distinct resolution of the limit of the cell. 

This study has important implications for microbial carbon budget and carbon 

cycling in the ocean. A re-examination of bacterial size distribution and dynamics has 

implications for remote sensing of the particle field in the ocean. Finally, AFM has the 

potential for interrogation of individual cell physiology and interaction with organic 

matter (Malfatti and Azam, submitted). Such approach could be informative on the 

response of pelagic bacteria and their microscale interaction to a changing ocean. 
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Figure 4.1: AFM topographic images of natural bacterial community. The color 

gradient (blue to brown) indicates the Z range. a) Sample from coastal site (SIO, 10 

March, 2007) recovered onto Anodisc 0.2 µm pore size. Two rod shape cells and a s-shape 

cell are present. Surface of the rod cells is visibly rougher than the s-shape cell. Organic 

matter is present on the filter. b) Sample from CCE site (stn, 7 m) recovered onto Isopore 

0.2 µm pore size. Three rod shape cells (A, B, C), five cocci (D, E, F, G, H), one s-shape 

cell (I) and 3 c-shape cells (J, K, L) are present. On the top left corner an higher cell is 

present, possibly a Cyanobacterium. Organic matter is present on the filter. 
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Figure 4.2: AFM topographic images of Synechococcus cell drop deposited on mica. 

Sample from coastal site. The color gradient (blue to red) indicates the Z range. a) This is 

the first scan of the cell; the AFM probe is interacting with the mucus layer that covers 

the cell creating interference stripes. The cell has been scanned for 30 min to remove by 

the AFM probe the mucus layer. The result is presented in the next figure (Figure. 2b); b) 
Cell in Figure 2a after removal of the mucus layer by the probe. During the 30 min scan, 

the scan rate was increased from 1 Hz to 3 Hz but the force was kept constant to prevent 

cell damage; c) AFM height image of Synechococcus cell in Figure 2b. The grey scale 

indicates the Z range. The red line is a ruler; d) Section graph of cell height. From the 

profile line it is possible to see that the surface was partially covered by mucus (arrow). 
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Figure 4.3: Average biovolume by EFM and AFM and biovolume ratio 

(AFM/EFM). Biovolume assumption is W=Z. a) The line is 1:1 line. Sample SIO 27-

Apr is off scale (0.083; 0.855). All biovolume size classes are present; b) The AFM/EFM 

for each biovolume classes for SIO, CCE and Antarctica samples. In the insert: average 

ratio for each size class showing higher ratio towards the higher size class; < 0.01 class 

has been excluded; c) The biovolume size class <0.01 µm3 has been excluded from the 

figure and the new average values are plotted. 
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Figure 4.4: Height frequency distribution for heterotrophic bacteria and bacterial 

isolates. Height, Z, was measured by AFM for formalin fixed bacteria. a) Heterotrophic 

bacteria height distribution presented mode values in the 41-50 and 51-60 nm class; b) 

Height frequency distribution for Synechococcus cells. The mode values are in the 201-

300 and 301-400 nm class; c) Mode values were higher for bacterial isolates in 

comparison with natural heterotrophic bacteria; d) Height range for each isolate, average 

Z is reported. 
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Figure 4.5: BBFL7-phage experiment. a) Height, Z was measured by AFM on formalin 

fixed cells. BBFL7 cells either were or were not exposed to the phage. Phage-infected 

cells decreased the Z. b,c,d) AFM topographic images from phage-host experiment with 

BBFL7 isolate. The cells have been recovered on Anodisc filter with 0.2 µm pore size. 

The color range (yellow to purple) indicates the Z range. Note that purple indicates 

higher Z in b and c but in d yellow indicates higher Z. b) BBFL7 cells not exposed to the 

phage. Three cells are present; the top cell is dividing. c) BBFL7 cells exposed to phage. 

A cell might have two phage particles adsorbed on the surface (arrow). Cell B, sitting on 

the remains of a lysed cell C, presents extremely rough surface. d) BBFL7 cells exposed 

to phage. The cell undergoing lysis is surrounded by phage particles (arrows). 
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Figure 4.6: SWAT3-phage experiment. a) Z was measured by AFM on formalin fixed 

cells. SWAT3 cells were or were not exposed to the phage. b,c) AFM topographic 

images from phage-host experiment with SWAT3 isolate. The cells have been recovered 

on Anodisc filter with 0.2 µm pore size. The color range from yellow to purple indicates 

the Z range. b) SWAT3 cells not exposed to the phage. On the central cell, the flagellum 

is visible (arrow). c) SWAT3 cells exposed to phage. A cell appears to have one phage 

particle adsorbing on the surface (arrow). Cell B is lysed and presents extremely rough 

surface. 
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Figure 4.7: AFM biovolume scatter plot for heterotrophic bacteria. Samples are from 

the SIO coastal site. Biovolume values were computed assuming W=Z and W≠Z, W is 

width and Z is height. 
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Figure 4.8: Height, Z, for LIVE and formalin FIXED/DRIED heterotrophic 

bacteria. The cells were recovered onto Anodisc 0.2 µm pore size. Z was measured by 

AFM. LIVE was measured under environmental conditions.  
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Figure 4.9: LIVE and formalin FIXED/DRIED heterotrophic bacteria. The grey 

scale indicates the Z range and the red line is a ruler. Bacteria from coastal site were 

recovered on Anodisc filter with 0.2 µm pore size. a) On the left: AFM height image of 

living (LIVE) heterotrophic marine bacteria. The imaged was acquired in liquid, there is 

a loss of details of the structure of the membrane. On the right: section graph of cell 

height. From the profile line it is possible to see that the cell presented smooth surface; 

b) On the left: AFM height image of dead, formalin FIXED/DRIED heterotrophic 

marine bacteria. On the right: section graph of cell height. From the profile line it is 

possible to see that the cell presented rough surface.  
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Figure 4.10: Biovolume frequency distribution for LIVE and formalin 

FIXED/DRIED heterotrophic bacteria by AFM and EFM. Bacteria were collected 

onto Anodisc with 0.2 µm pore size. LIVE was measured under environmental 

conditions. Biovolumes by AFM were computed assuming both W=Z (note labeled in 

graph) and Z≠W (labelled in the graph). 
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Figure 4.11: AFM topographic image of a heterotrophic marine bacterium in a 

mucus layer. The color gradient (blue to red) indicates the Z range. Sample is from 

costal site SIO. 
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Figure 4.12: AFM topographic images of Synechococcus cell and a conjoint 

heterotrophic bacterium on mica. The color gradient indicates the Z range, in a) blue to 

green; in b) yellow to purple. Synechococcus cell was identified by EFM by 

autofluorescence of phycoerythrin prior of AFM scan. The Synechococcus is much larger 

than the conjoint heterotrophic bacterium. Samples are a) from costal site and b) from 

off-shore CCE 164 at 7m. 
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Figure 4.13: Distribution of carbon content per cell for LIVE and formalin 

FIXED/DRIED heterotrophic bacteria by AFM and EFM. LIVE was measured under 

environmental conditions by AFM, biovolume was measured assuming Z≠W. Biovolume 

of DAPI stained cells was measured by EFM assuming W=Z.  The biovolumes for 

NanoOrange®, NO, were computed by multiplying the DAPI-based volume by 2.9 (see 

text for derivation of this volume factor). Carbon content was calculated by the power 

function y=88.6x0.59, where x is the biovolume and y is the protein content 

(protein*0.86=C, see text).  
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Table 4.1: Sampling sites. Sampling site location, site category, collection date and 

environmental variables: temperature (°C), chlorophyll a (µgL-1). 
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Table 4.2: Summary biovolume table for filter type and fluorophore tests. Average 

biovolume estimated by AFM and EFM for filter type comparison (Isopore and Anodisc) 

and for fluorophore comparison (SYBRGold®, NanoOrange®, NAO and DAPI). 
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Table 4.3: Summary height table. Height (Z) range and average height by AFM for 

heterotrophic bacteria (HB) and Synechococcus cells (S) at coastal site. 
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Chapter IV has been submitted to ISME Journal as: Malfatti, F., Samo, T.J., F. Azam - 

High-resolution imaging of pelagic bacteria by Atomic Force Microscopy and 

implications for carbon cycling. 
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Atomic Force Microscopy reveals microscale networks 

and apparent symbioses among pelagic marine bacteria 
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University of California San Diego, La Jolla, California 92093, USA. 

* Corresponding author: fazam@ucsd.edu 

ABSTRACT: Marine bacteria and archaea (“bacteria”) interact with upper ocean 

productivity to fundamentally influence its biogeochemical fate with consequences for 

ecosystems and global climate. Most bacteria-mediated carbon cycling is due to 

numerically dominant free-living bacteria but their adaptive strategies to interact with 

primary productivity are not fully understood. Using atomic force microscopy (AFM) we 

made the surprising discovery that a substantial, and variable, fraction (30%) of “free-

living” bacteria in our samples from California coastal and open ocean environments 

were, in fact, intimately associated with other bacteria at nm-µm scale. Twenty-one 

percent to 43% bacteria, including Synechococcus, were conjoint, putatively symbionts 

(but could also be antagonistic and parasitic); and often a substantial fraction (4-55%) 

was connected by pili and gels into networks. We frequently observed nanoparticles 

associated with the networks, raising the question whether they were scavenged from 

seawater colloid pool by the networks or produced by the bacteria within the networks.    
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We also observed, in the networks, structures that morphologically resembled 

coccoliths and protist scales. These may impart ballast to sinking particles if the network 

coalesced to form larger, sinking, particles. Our finding of abundant bacteria-bacteria 

association and apparent microniche structuring by pelagic bacteria offers a novel context 

for bacterial ecology and diversity and models of ocean productivity and elemental 

cycling.  

 

KEY WORDS: Carbon cycling, Attached bacteria, Free-living bacteria, Synechococcus-

Bacteria association, Bacteria-bacteria association, Microscale biogeochemistry 

 

INTRODUCTION 

              Bacteria and archaea comprise the majority of marine biomass and an enormous 

biodiversity, and mediate over one-half of the global ocean carbon cycling (Pomeroy et 

al. 2007). Their actions on the upper ocean primary productivity (PP) regulate system 

respiration and carbon flux to the ocean’s interior (del Giorgio & Williams 2005, Nagata 

2008). Therefore, the nature and the strength of bacteria-PP coupling is an important 

variable in predicting the response of the ocean’s biogeochemical state to ecosystem 

perturbations (Azam & Malfatti 2007). Since most bacteria-mediated carbon flux is due 

to free-living bacteria a long-standing question is how the free-living heterotrophic 

bacteria achieve tight coupling with (largely particulate) PP (Azam & Hodson 1977, 

Fuhrman & Azam 1980, 1982, Ducklow 2002, Nagata 2008). An emergent view is that a 

variety of physiological and trophic interactions transform a substantial fraction of 

productivity into a size continuum of organic matter from monomers to colloids to 
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particles and to aggregates (Koike et al. 1990, Azam et al. 1994, Azam 1998, Chin et al. 

1998, Verdugo et al. 2004). All these organic matter phases would then be direct or 

potential (e.g. after enzymatic attack by bacteria) substrates for the free-living bacteria.  

This departure from the traditional dichotomy of particle attached versus free-

living bacteria suggests that free-living bacteria assemblages interacting with organic 

matter continuum create a mosaic of biogeochemical activity hotspots in seemingly 

homogeneous seawater. It also emphasizes the significance of bacterial cell surface, the 

largest biotic surface in the ocean (Williams 2005), for the interactions with organic 

matter pool to transform its biogeochemical behavior. In view of the great 

physicochemical diversity of the organic matter phases with which bacteria interact in 

seawater we considered that high resolution imaging (Dufrene 2008b) could provide 

additional insights on bacteria organic matter interactions.  

Electron microscopy (TEM and SEM) has long been used to investigate marine 

bacteria and their surface layers and appendages potentially involved in interactions with 

the environment. Studies by Sieburth, Costerton, Johnson (Sieburth 1975, Costerton et al. 

1981, Johnson & Sieburth 1982) and Beveridge (Beveridge & Graham 1991) have 

illustrated in detail the variety of sizes, shapes and surface morphologies of 

environmental bacteria as well as their occurrence as free-living (planktonic) or particle 

attached bacteria. Sieburth (Sieburth 1979) has published extensive TEM and SEM 

images of pelagic bacteria including cyanobacteria (Johnson & Sieburth 1979). 

Heissenberger and coauthors (Heissenberger et al. 1996) addressed bacteria interactions 

in natural seawater samples by TEM, using a water-soluble embedding resin, NanoplastR, 

that preserves capsules and mucus layers in their hydrated forms (Leppard et al. 1996, 



 

 

107 

Lienemann et al. 1998). They showed the presence of mucus and bacterial capsular 

material bridging bacteria with diatom detritus as well as other bacteria. There is also 

recent literature based on genomic inferences that pelagic bacteria express surface 

polysaccharides and proteins for interaction with particles and organisms, and these data 

have been interpreted in terms of attached and free living life-styles of bacteria (Moran et 

al. 2007, Thomas 2008). However, it is recognized that the “real life” interactions are 

likely to be much more complex. Ideally, one would wish to observe in situ microbial 

interactions with the organic matter continuum; but given the technical challenges 

involved at this time, multiple constraints with imaging, tracer and genomic approaches 

could begin to progressively sharpen our understanding of the interactions and their 

mechanistic bases. We considered that exploration at the nanometer to micrometer scale 

of physical interactions of bacteria and their in situ environment would provide 

biogeochemical insights and generate new hypotheses.  

 

Since its invention (Binning & Quate 1986) atomic force microscopy has rapidly 

evolved in instrumentation, sample preparation and image-recording capabilities 

(Dufrene 2004) offering a new tool that can generate sub-nanometer resolution images of 

biological samples including bacterial surface structures (Dufrene 2002, 2008b). AFM 

enables high resolution comparable to electron microscopy but without the need for 

embedding or metal coating (Dufrene 2004). AFM is a scanning-proximity probe 

microscope. It provides information on the local properties of the sample, such as 

topography, viscoelasticity, electric forces, magnetic forces and chemical bonding. The 

principle of AFM is based on measuring the inter-atomic van del Waals forces between 
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the scanning probe and the sample surface. The cantilever carries at its end a sharp tip, or 

probe that is rastered over the sample and the cantilever movement is monitored via 

interferometry by a laser-photodector system. The cantilever continuously bends due to 

the attraction-repulsion forces between tip and sample thus creating a high-resolution 

topographic map of the specimen surface. Moreover, AFM has the potential for 

physiochemical interrogation at the nm-µm scale (Dufrene 2008a) of living specimens.  

In our case, an additional advantage was that we could concurrently use AFM and 

EFM (Epifluorescence Microscopy) (Mangold et al. 2008) in order e.g. to identify a cell 

as cyanobacteria before AFM imaging. Such prior interrogation, not intuitive in TEM or 

SEM, is very useful in studying microbial interactions. The use of AFM in microbial 

oceanography is recent and still limited. Pioneering studies of Santschi (Santschi et al., 

1998), Svetlicic and Zutic (Svetlicic et al., 2005) and Balnois and Wilkinson (Santschi et 

al. 1998, Balnois & Wilkinson 2002, Svetlicic et al. 2005) addressed questions on the 

nanoscale structure of marine organic gels and fibrils. The use of AFM to address the 

ecology of marine bacteria has been made only by Kogure and his colleagues (2004). 

They used it to size marine bacteria (Nishino et al., 2004) and to test whether bacteria 

capture nanoparticles from seawater (Seo et al. (2007). Because so few studies have been 

made in the marine system it is both an exciting opportunity to explore seawater with 

AFM and a challenge, due to currently limited constraints, to interpret the images for 

ecological and biogeochemical insights.  However, there is considerable literature on 

AFM imaging of laboratory cultures of bacteria and we can draw upon this literature for 

interpretation (see Dufrene, 2002, 2008 for a review). 
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Our AFM imaging of whole seawater samples surprisingly revealed that many 

“free” bacteria were in fact intimately associated with other bacteria, either conjoint or in 

tight networks. These intimate associations may be adaptive for pelagic bacteria as well 

as cyanobacteria—with major biogeochemical implications. 

 

MATERIAL AND METHODS 

Sampling. Seawater samples for AFM imaging were taken from three different 

environments designated “Coastal”, “CCE” (California Current System, offshore 

locations) and “Antarctic” (Table 1). Most Coastal samples were collected at the surface 

off the Pier of the Scripps Institution of Oceanography (SIO). This location has been 

sampled for ~90 year for physical, biological and biogeochemical parameters. A 

comparably extensive (~60 y) time-series data set has also been collected from the 

California Current Ecosystem, CCE (CalCOFI data set), and we analyzed seawater from 

two CCE stations as well. Time-series analysis indicates strong coherence of 

biogeochemical variability at SIO and CCE (McGowan et al. 1998, Hey-Jin 2008). Two 

other coastal sites, EK and Sorcerer II, were sampled once. Our extensive sampling at the 

Scripps Pier together with limited sampling in other coastal and CCE waters may be 

expected to include biogeochemical variability applicable to a geographically broad area. 

CCE samples were taken during Cycle 1 and Cycle 2 of a California Current Ecosystem-

LTER cruise in April 2007 at stations 164 and 206 (http://cce.lternet.edu/data/cruises/cce-

p0704/). Antarctic samples were collected during austral winter 2006 at stations 178 and 

197 during the BWZ cruise in the Drake Passage (coordinates in Table 1). 
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Chlorophyll a was measured fluorometrically in discrete samples after extraction 

(Holm-Hansen & Riemann 1978) and by an in vivo chlorophyll sensor. Seawater 

temperature (CTD) data were retrieved from SCCOOS data archive website 

(www.sccoos.org supported by NOAA), from CCE LTER data archive website 

(http://oceaningormatics.ucsd.edu/datazoo/data supported by the Division of Ocean 

Sciences, NSF Grant OCE-0417616) and from BWZ II website (supported by NSF Grant 

ANT- 0444134). 

 

AFM Sample Preparation 

Drop-deposition. Seawater samples were fixed with 0.02 µm filtered 

formaldehyde solution (Nishino et al. 2004) and stored for 1 h at 4°C before spotting on 

mica. Fixation was necessary to prevent cell lysis. A high quality mica disc (# 50; Ted 

Pella Inc.; # 71856-01, Electron Microscopy Sciences) was attached to a clean glass slide 

by double- sided sticky tape (Veeco Instruments, Santa Barbara). A 50-100 µL drop was 

deposited on a freshly cleaved mica disc (Amro et al. 2000, Balnois & Wilkinson 2002), 

let dry at 50°C and rinsed with autoclaved HPLC-grade water. We tested different rinse 

waters for particle background: Milli-Q water (Millipore Corp.), Milli-Q water permeate 

through a100 kDa centrifugal ultrafiltration cartridge (Microcon; Millipore Corp.) and 

HPLC-grade water (Fisher Scientific). HPLC-grade water had the lowest particles level, 

so it was chosen as rinse water. We tested whether formalin fixation or drying 

temperature (room temperature versus 50°C) affected the appearance of organic matter 

structures. In these tests we noticed no obvious treatment-dependent differences in the 

AFM images of the organic matter in terms of size and shape of colloids and fibrils. 
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Further, we determined the effect of formaldehyde fixation on the appearance of the 

surface of bacteria (Vibrio cholerae strain N16961). The unfixed cells appeared smooth 

while the fixed cells presented rough surface, in agreement with previous AFM studies 

(Vadillo-Rodriguez et al. 2004, Vadillo-Rodriguez et al. 2008). 

 

Filtration and filter-transfer-freeze to mica. CCE and Antarctic cruise samples 

had been collected on polycarbonate membranes (Isopore; Millipore Corp.). The 

roughness of Isopore filters is too high, ~3 nm (Gueven et al. 1997), for visualization of 

finer features of bacterial architecture or networks. Mica has a very low roughness,< 0.2 

nm (Namba et al. 2000). We transferred the filtered cells and particulate matter onto mica 

using the Filter-Transfer-Freeze technique, FTF (Hewes & Holm-Hansen 1983). Transfer 

efficiency of FTF is known to be high (82-95%) for phytoplankton but it not known for 

bacteria or nanometer-size material; hence the imaged bacteria-associated material in 

samples treated by FTF would represent minimum estimates. Seawater samples were 

collected with Niskin bottles. Samples were fixed with 0.2 µm filtered formaldehyde (2% 

final). They were vacuum filtered (-16 kPa) onto 0.2 µm white polycarbonate filter, 

rinsed with 0.2 µm filtered autoclaved Milli-Q water and the filters stored frozen at -20C 

until transferred to mica. A freshly cleaved mica disc was attached to a clean glass slide 

and the back of the slide was flash-frozen with a brief spray of tetrafluoroethane (Decon 

Lab, PA, USA). One filter quadrant was placed, face down, on the chilled mica for 10 sec 

then peeled off. The mica was let air-dry in a Petri dish then washed with autoclaved 

HPLC water.  
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AFM Imaging. AFM imaging was performed in our laboratory with MFP-3D 

(Asylum Research, Santa Barbara, USA) mounted on an inverted epifluorescence 

microscope (Olympus IX 51). Images were acquired in AC mode in air with a silicon 

nitride cantilever AC160TS (Olympus, k=42 N/m; tetrahedral shape). Scan rates were 

0.8-1 Hz. Image size was 256x256 or 512x512. We recorded trace and retrace of height, 

amplitude, phase and Z sensor channels. Topography images were processed with Planfit 

and Flatten functions. Bacteria and organic matter were sized with the measuring tool 

part of the Igor Pro 6.03A MFP3D 070111+830 software. While AFM dilates the object 

shape because of tip geometry (Wong et al. 2007) progress in nanotechnology to build 

super-sharp cantilevers (<10 nm apex radius, used here) and the deconvolution 

algorithms (Ritter et al. 2002) now essentially cancel out the tip effect. 

 

Epifluorescence microscopy. We used EFM prior to AFM imaging in order to 

identify autofluorescent Synechococcus and SYBRGold stained heterotrophic bacteria. 

A freshly cleaved mica disc, reduced in thickness (to enable EFM through it) with a clean 

razor blade, was affixed on a microscopy slide using double-sided sticky tape. (Note that 

the tape is strongly autofluorescent, so it must be placed at the edges of mica disc in order 

to prevent excessive background fluorescence). Seawater was spotted on mica, dried and 

washed, as above, then stained with SYBRGold (Invitrogen; 5x final) for 15 min in the 

dark. On mica we identified, at 400x magnification Synechococcus cells based on 

phycoerythrin autofluorescence using Chroma filter set 51006 (Fig. 3g) as well as 

heterotrophic bacteria based on SYBRGold staining using Olympus filter U-MNIBR. 

We then acquired AFM scans of the EFM identified Synechococcus cells on mica. Our 
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AFM scan-head interrogates from the top of the sample, so fluorescence microscopy 

must be done through the slide (plus mica). The depth of focus of our microscope 

objective limited us to the use of 40X and not higher magnification objectives. 

 

RESULTS AND DISCUSSION 

Cell surface architecture. Although we studied whole seawater samples our 

focus was on bacteria—other organisms and organic matter were considered only in the 

context of their interactions with bacteria. We imaged over 500 bacteria, including 

Synechococcus, and any interacting material, in seawater samples from coastal and 

offshore California, CCE, and Antarctica (Table 2). The majority of bacteria in the 

natural assemblages displayed surface architecture, and this could be relevant to their 

ecophysiology and interactions with organic matter. Combining all data for each 

sampling region 85 % of bacteria in coastal, 74% in offshore and 29% in Antarctic 

samples displayed distinct cell surface architectures. These were highly variable in 

dimensions and patterns and could be interpreted as capsule (Stukalov et al. 2008), pili, 

gel matrix (Svetlicic et al. 2005) and nanogels (Verdugo et al. 2004) (Fig.1a-d). Pili were 

6-56 nm thick and 0.1-1.9 nm tall.  

Pili and gel matrix extended 0.1-6 µm from cell surface. Taking these dimensions 

of pili and gels on face value (while recognizing that they may have been affected by 

sample processing) they could greatly increase the interaction volume of bacteria (e.g. 

Fig. 1a,c). In Fig. 1a, the coccus has a diameter, D, of 336 nm and biovolume of 0.02 

µm3, whereas if we considered the cell and its cell surface architecture, D=2.27 µm, and 

the total interaction volume is 6.12 µm3. The difference in volume is ~ 300x, this changes 
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how we think about the possible interaction volume of bacteria and its variability in the 

pelagic ocean. We identified Synechococcus sp. by phycoerythrin autofluorescence (Fig. 

3f,g). Synechococcus cells displayed from unarticulated tight capsules to elaborate and 

extensive architectures. These features were present in 65 % of Synechococcus cells in 

costal and 28% Synechococcus cells in offshore samples (Fig. 1c,d). In Fig. 1c, the 

Synechococcus cell, D=900 nm, has a biovolume of 0.38 µm3; whereas the combined 

cell+surface architecture, D=2.32 µm, biovolume is 6.6 µm3. In this case the difference in 

biovolume is ~17x, this shows that Synechococcus cells as well as heterotrophic cells 

have the potential to greatly extend their sphere of influence in the microenvironment. 

We are limited in our ability to interpret the AFM images of marine natural 

bacterial assemblage because there are few published images of marine natural 

assemblages or physiochemical characterization of marine bacterial surfaces. It is 

possible to use AFM to characterize cell surface architecture with functionalized tips with 

lectins, antibodies or enzymes (Dupres et al. 2005, Dufrene 2008a) and also to determine 

the stickiness and the elasticity (Abu-Lail & Camesano 2002). However such 

investigations would require developing protocols for natural bacterial assemblages. 

 

The diversity of surface architecture among bacteria could reflect genetic 

diversity e.g. genes for LPS, pili and surface proteins. For instance, the marine 

Synechococcus have been shown to swim using a unique mode of motility involving 

interaction of specific cell surface proteins with the environment (Brahamsha 1996, 

McCarren et al. 2005, Palenik et al. 2006). The observed differences in surface 

architecture could also reflect different physiological states or microspatial environmental 
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variability that bacteria had been experiencing (Moran et al. 2007, González et al. 2008). 

While the presence of surface structures on bacteria is not surprising the AFM images 

illustrate the potential of advanced microscopy to change how microbial oceanographers 

envision the microbes and their interactions with the ocean system. We hasten to add that 

the cell surface architectures might have been affected by formaldehyde fixation (it cross-

links proteins; (Gustavson 1956, Nie et al. 2007)). AFM imaging of glutaraldehyde-fixed 

Gram-negative bacteria presented small corrugations on the cell surface, and the fixed 

cell’s surface was more rigid (Vadillo-Rodriguez et al. 2004, Vadillo-Rodriguez et al. 

2008). We cannot rule out that some of the nanometer size spherical objects that we here 

call nanogels and colloids (Fig. 1b,d) are artifacts of sample preparation. However, the 

spherical objects in our images are comparable in shapes and size-range of natural 

colloids in previous AFM and TEM studies (Leppard et al. 1997, Santschi et al. 1998, 

Balnois & Wilkinson 2002, De Momi & Lead 2008). 

 

Conjoint bacteria (including Synechococcus). A remarkable finding was that in 

most samples a substantial fraction of bacteria, including Synechococcus, occurred 

conjoint as bacteria-bacteria (i.e. heterotrophic bacteria conjoint with heterotrophic 

bacteria) or Synechococcus-bacteria associations (Fig. 2; Table 2). Conjoint heterotrophic 

bacteria were detectable in all but two seawater samples; 16 out of 18 costal, 2 out of 2 

offshore and 2 out of 2 Antarctic samples. Forty-two % Synechococcus were conjoint 

with one or more heterotrophic bacteria in costal and offshore samples (Table 2). 

Incredibly, the extensive EFM of seawater samples missed such associations during the 

last three decades!  
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Most partners were morphologically dissimilar, presumably phylogenetically 

distinct, e.g. some cells were diminutive in relation to their partner (e.g. Fig. 2b,d). We do 

not think conjoint bacteria are artifacts of sample processing (e.g. free cells falling 

randomly at the same spot). In one test to rule this out we filtered 0.2 ml or 2 ml seawater 

on 0.22 µm Isopore filters and counted at the EFM over 200 Synechococcus cells in 

random fields to determine the % Synechococcus-heterotrophic associations. 

Synechococcus-heterotrophic partners accounted for 17% (37/209) and 15% (30/200) in 2 

ml and 0.2 ml, respectively. Thus, the abundance of % Synechococcus in Synechococcus-

heterotrophic associations was essentially independent of cell density on filters, 

supporting that the associations were not artifacts of random co-localization due to 

filtration. 

 

Occurrence of abundant symbionts in the upper ocean has profound ecological, 

biogeochemical and evolutionary implications--and leads to new hypotheses on their 

diversity, nature and functional significance. Syntrophic associations have been found in 

benthic marine systems (Boetius et al. 2000) (Pernthaler et al. 2008), and their occurrence 

in the pelagic realm has been predicted (Azam & Malfatti, 2007). We use “symbiosis” 

operationally to describe the associations here, while recognizing that diverse molecular 

mechanisms by the partners and ecological relationship such as commensalisms, 

antagonism or parasitism might be happening. These analyses were beyond the scope of 

this exploratory biogeochemical study. In our images we could not detect any gross 

morphological deterioration that might have indicated one cell degrading the other cell or 
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bacteria undergoing phage lysis, as has been shown in a AFM based study of cultured 

bacteria infected by viruses (Dubrovin et al. 2008). A first step towards characterizing the 

nature and diversity of these symbioses would be to identify the conjoint partners e.g. by 

developing a protocol combining FISH and AFM for marine assemblages. A 

biogeochemically relevant prediction is that the conjoint heterotrophs coordinately 

enlarge their metabolic repertoires for utilizing polymers, nanoparticles and complex 

organic matter--with implications for carbon cycling (Fig. 2a,b). The symbionts’ genome 

sizes could be reduced where metabolic potentials are shared (Boetius et al. 2000, Huber 

et al. 2002). The enormous bacterial diversity in metagenomic surveys (Venter et al. 

2004, Rusch et al. 2007) and microdiversity in Vibrionacaea (Thompson et al. 2005) 

raised the question of diversity maintenance, and microscale patchiness has been 

proposed as explanation. Such patchiness could in part be generated by symbioses (and 

bacterial networks; later). 

 

To study on large spatial and temporal scales Fuhrman and collaborators 

(Fuhrman & Steele 2008)Fuhrman, 2009) (Ruan et al. 2006) used global ocean 

biogeographical data to model bacterial communities as interaction network. This 

allowed them to predict taxon-specific niche space and positive/negative relationships 

with other taxa and with environmental variable. They predicted the co-occurrence of 

specific taxa, possibly symbionts. Our finding supports their prediction and further 

suggests conjoint symbiosis as a mechanism of co-occurrence.  

Synechococcus-bacteria association could fundamentally influence the symbionts’ 

microspatial nutrient status and growth physiology, and cause tight bacteria-PP coupling 
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(particularly in mucus enveloped associations e.g. Fig. 2d). The heterotrophs would 

benefit by Synechococcus exudation, in turn supplying regenerated nutrients and growth 

factors. Prochlorococcus marinus growth is enhanced in co-culture with heterotrophic 

bacteria (“helper effect”) as the heterotroph removes toxic reactive oxygen species 

(Morris et al. 2008). We predict that in addition the respiration of a conjoint heterotroph 

could lower the microspatial pO2 and enable daytime N2 fixation. This scenario is 

consistent with biochemical and genomic evidence of a major role of unicellular 

cyanobacteria in oceanic N2 fixation (Montoya et al. 2004, Zehr et al. 2008). Such 

enhanced N2 fixation is also consistent with regime shift from N to P limited productivity 

in the central north Pacific (Karl et al. 1997). As a broader observation, microbial 

biogeochemistry generally considers bacteria-phytoplankton interactions in the context of 

bacteria and algae but our finding suggest Synechococcus (and possibly Prochlorococcus 

as well) are also important microscale interaction loci for bacteria-phytoplankton 

interactions. Biogeochemical consequences of Synechococcus-bacteria associations are 

particularly interesting because Synechococcus are abundant and essentially non-sinking 

cells.  

 

                Bacterial networks. High resolution AFM further revealed another level of 

microspatial coupling. In most samples, substantial fractions of bacteria and 

Synechococcus cells, including some conjoint, were interconnected by fine pili or cell-

surface gel matrix into networks of two to several cells (Table 2, Fig. 3). Thirty-five % of 

total bacteria imaged were within such networks (costal 36%, offshore 37%; Antarctic 

0%). Networks were detected in most but not all seawater samples (costal 14/18, offshore 
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1/2, Antarctic 0/2). However, we cannot rule out that bacterial networks were in fact 

present at low abundances since we are limited in the number of AFM field that can 

practically be examined at high resolution.  

 

             Fibril-mediated connections between bacteria, algae and detritus were previously 

discovered by TEM in a study in north Adriatic coastal waters (Heissenberger et al. 

1996). Our images suggest that generally bacteria themselves produced cell surface 

architectures that served as structural bases for the networks (rather than bacteria 

colonizing a preformed gel particle). In some instances, however, our images suggested 

that bacteria had colonized preformed microgels. Pelagic microgels (Svetlicic et al. 2005) 

are formed by algal exocytosis (Chin et al. 2004), bacterial extracellular polysaccharides 

(EPS) mediated polymer self organization of dissolved polymers (Ding et al. 2008) and  

organic matter self organization (Kerner et al. 2003, Engel et al. 2004). Bacterial 

expression of surface appendages as a strategy for association with surface or other 

organisms is well known. What is noteworthy here is that pelagic bacteria samples 

typically examined by EFM do not reveal the highly abundant association of the type that 

we observed with AFM; so, these bacteria are considered free-living. Our findings would 

therefore change how we think about the ecology of free and attached bacteria, and the 

role of bacteria in pelagic aggregation. 

 

Do bacterial networks trap nanoparticles? Bacterial surface architecture can 

trap pelagic nanoparticles (Seo et al. 2007). One might predict that nanoparticles would 

be subjected to locally intense activities of multiple ectohydrolases to convert them into 
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directly usable substrates (Martinez et al. 1996). We considered that bacterial networks 

might also be a strategy of some pelagic bacteria to capture a broad section of organic 

matter continuum, thus exposing it to concerted metabolisms of network community in 

order to generate DOM hotspots for bacteria uptake. AFM images showed that bacterial 

networks (as well as bacterial surface architecture as observed by Seo et al. 2007) 

contained abundant 10s to 100s nm structures (Fig. 1d, 2a-c,e-f, 3a-e), unattached gels 

and 2-5 µm long fibrils (Santschi et al. 1998). Further, viruses (1010 l-1 by EFM; not sized) 

were present in our samples. We could not resolve viruses from nanogels at the AFM; so 

viruses were likely included in the nanoparticles that we observed. For example, in Fig. 

1d, particles in the range of 50-300 nm are present throughout the Synechococcus cell 

surface architecture, these particles may well be viruses.  Whether the cell has released 

these particles or they have been trapped into the network from the environmental pool 

cannot be determined. This situation applies also to Fig. 2e, where Synechococcus and the 

conjoint c-shape heterotrophic bacterium are surrounded by abundant particles that we 

estimated hundred in this size range of 50-200 nm. Also, the nanoparticles in bacterial 

networks could be a source or a sink of nanoparticles in seawater (i.e. whether 

nanoparticles were produced by bacteria and released into seawater or whether bacterial 

networks captured nanoparticles from seawater). Phage adsorption to their host, or phage 

release from the host, could also create scenarios of the type we observed.  

While we need to have independent criteria to identify viruses, AFM provides a 

tool for exploring the spatial context for phage as well as nanoparticles production by 

bacteria. For instance in Fig. 3b, the particles that seem emanating from the top of the 

heterotrophic bacterium are in the range of 70-230 nm and they could be viruses since 
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they are within the range of marine viruses.  Nevertheless, a hypothesis relevant to 

bacteria-organic-matter interactions is that bacterial networks are a strategy for organic 

matter acquisition. A prediction from this hypothesis is that the network matrix is 

permeated with bound or free hydrolases for organic matter processing to assist tightly 

coupled trans-membrane transport. The functions of bacterial networks may also be to 

regulate diffusion, local viscosity and pH of the microenvironments to enable bacteria-

bacteria quorum sensing and other metabolic and regulative activities.   

Bacterial networks may act as suspended biofilms; indeed, one might speculate 

that traditional biofilms are an extensive expression of networks that bacteria form when 

they encounter and interact with a surface in the pelagic ocean. Such interactions would 

most commonly be with nanogels and bacteria. Finally, the networks’ fibrils might 

include nanowires (Reguera et al. 2005, Gorby et al. 2006). This should be testable by 

conductive AFM.  The width of the fibrils was 10-120 nm generally smaller than the 

reported range for nanowires, 50-150 nm (but the two ranges overlap). 

 

Coccoliths in bacterial networks? Interestingly, our AFM images frequently 

showed coccoliths (314 nm- 1.67µm; possibly derived from the family 

Rhabdosphaeraceae and the family Noelaerhabdaceae) as well as protist scales probably 

derived from the genus Paraphysomonas seemingly trapped in bacterial networks (Fig. 

3d,e). They might have an affinity for bacterial networks (Fig. 2c) since we rarely saw 

them free (however, it was not practical to make a quantitative comparison of attached 

and free coccoliths by AFM imaging the required large number of random fields at high 

resolution). Coccoliths were also seen in larger aggregates that formed during a 
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microcosm phytoplankton bloom (not shown). Coccolith capture into bacterial networks 

would cause “ballast effect” (Ziveri et al. 2007, Iglesias-Rodriguez et al. 2008) due to 

high specific density (2.7 g cm-3) of their calcite. Ballast materials e.g. opal, calcite and 

terrestrial dust are often seen in marine snow and they are important in accelerating 

export flux (Ploug et al. 2008).  

Our observations suggest the hypothesis that because of their high abundance, 

large surface area and potential for aggregation bacterial networks efficiently scavenge 

ballast particles and serve as conduit for ballast acquisition by marine snow. Bacterial 

metabolism could modify network microenvironment  (e.g. pH; also affected by ocean 

acidification) thus affecting coccolith dissolution. If ballast capture by bacterial networks 

is confirmed as a quantitatively significant process and found to occur widely in the 

ocean it could be a variable in particle rain rate and carbon export.  

 

CONCLUSION 

Spatially intimate ecological relationships, whether positive or negative, as well 

as bacteria-bacteria networks were common among pelagic bacteria previously 

considered by epifluorescence microscopy to be dominated by “solitary” free-living 

bacteria. This microspatial organization is a fundamentally new view of the 

environmental context in which pelagic bacteria act as a major biogeochemical force in 

the ocean. The discovery of abundant bacteria-bacteria and bacteria-Synechococcus 

symbioses opens up exciting research avenues on phylogenetic specificities, biochemical 

and molecular bases, adaptive significance, and biogeochemical influences of the 

symbioses. Future studies on biogeochemical activity and adaptive biology (González et 
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al. 2008) of pelagic bacteria need to deviate from the classical dichotomy of particle-

attached and free-living lifestyles and towards a unifying microspatial framework of 

genetically diverse assemblages dynamically interacting with organisms (most are 

microbes) and the organic matter continuum. Climate change and ocean acidification 

could alter the microspatial architecture and bacterial interactions, with feedback to ocean 

carbon cycle. Predicting the outcomes requires a convergence of biochemical and 

genomic approaches with fundamental insights that can further be gained by the study of 

microbial biogeochemistry as a microspatial structural problem. 
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Figure 5.1. AFM topographic images of bacteria and Synechococcus cell surface 

architecture. Seawater samples were collected from costal site, at the SIO station, in 

May and July 2008 (details in Table 1). Increase in height, Z, is indicated by warmer 

colors. a) A coccus with a diameter of 307 nm and the height of 54 nm, surrounded 

symmetrically by extensive pili 0.8-1 µm in length; b) A coccus (Z=203 nm) with 

extensive capsule and gel matrix with height range of 1-4 nm; c) A Synechococcus cell 

(Z=259 nm) with elaborate architecture and tightly knit fibrils in the range of 480-800 

700 nm in length; d) A Synechococcus cell (Z=732 nm) with intricate asymmetrical 

architecture 14.5 µm long, on the upper end. (The architecture extends beyond the picture 

frame; shown partially). Cell height is purposely flattened, with loss of detail, to highlight 

the architecture that has a height range of 200-400 pm. Nanometer size particle in the 

range of 50-300 nm are highly abundant and associated with fibrils. 
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Figure 5.2. AFM topographic images of conjoint bacteria and Synechococcus. 

Seawater samples were collected from costal site, at the SIO, in May 2008 (details in 

Table 1). Increase in height, Z, is indicated by warmer colors. a) A coccus (Z=130 nm), 

and a larger rod (Z=144 nm) intimately conjoint. Nanometer size particles (green) in the 

range of 70-270 nm are present in the cell matrix; b) A conjoint pair of heterotrophic 

bacteria. Here, increase in height is indicated by cooler colors. The long s-shaped cell 

(Z=175 nm) embraces the tiny c-shaped cell (Z=122 nm). The conjoint pair is surrounded 

by gel architecture with nanometer size particles in the range of 30-230 nm. White arrow 

points to the c-shaped cell; c) A conjoint pair of rods. The upper cells is 194 nm tall, the 

lower cell is 179 nm tall. The cells are surrounded by a gel matrix. A coccolith, (D=1.12 

µm) and nanometer size particles, in the range of 45-280nm, are present in the gel matrix; 

d) A Synechococcus cell conjoint with two diminutive bacteria, embedded in mucus 

layer. In the pictures there are 3 other heterotrophic bacteria not conjoint, two are in the 

upper part and one in the lower part of the picture. The Synechococcus cell has a diameter 

of 840 nm and an height of 374 nm; the left conjoint heterotrophic bacterium is 174 nm 

long, 143 nm wide and 42 nm tall; the right conjoint heterotrophic bacterium is 211 nm 

long, 133 nm wide and 43 nm tall; e) A Synechococcus cell (Z=712 nm) associated with a 

c-shaped cell (Z=115 nm), surrounded by numerous particles in the range of 50-200 nm. 

White arrow points to the c-shaped cell; f) A dividing Synechococcus cell (top cell) 427 

nm tall is conjoint with a 1.2 µm-long and 119 nm tall heterotrophic bacterium. The 

conjoint pair is surrounded by a thin capsule and nanometer size particles in a range of 

20-80 nm. 
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Figure 5.3. AFM images of bacterial networks. Seawater samples were collected from 

costal site, at the SIO station, in April and August 2008 and from off-shore site during the 

CCE cruise at 53 m at station 206 in April 2007 (details in Table1). Increase in height, Z, 

is indicated by warmer colors. a) An image with 2-cell network that covers an area of 

~5x10 µm. The image has been acquired in the Amplitude channel that lacks height 

information. The network is characterized by extensive branching long fibrils not seen in 

this low-resolution image; b) Topographic close-up of the upper long rod cell in Fig. 3a. 

The cell is surrounded by extensive network fibrils.  Nanometer size particles in the range 

of 70-230 nm seem to emanate from the cell. Cell’s height is 140 nm; c) Topographic 

close-up of the lower rod cell in Fig. 3a. The cell is within the extensive network that 

connects it with the upper cell in Fig. 3b. Cell’s height was 139 nm; d) Topographic 

image of two heterotrophic bacteria connected by an extensive network. The upper cell is 

62 nm tall, the lower cell is 104 nm tall. The network occupies an area  ~ 5x5 µm. A 

coccolith (D=589 nm; lower left) and nanometer size gel particles, in the range of 60-300 

nm are present in the network; e) Topographic image of a 5-cell network. One large 

dividing cell (red, Z=200 nm) conjoint with a much smaller dividing cell (green, Z=92 

nm; arrow #1). Also present in the network a tiny cell (lower right, Z=94 nm; arrow #2). 

The network covers an area of ~7x7 µm. Fibrils are departing from both the dividing 

pairs. A coccolith (D=1 µm) and a diatom fragment appeared within the network; f) 

Transmitted light micrograph of Synechococcus cells  (circled) on mica from off-shore 

site (details in Table 1). The large pointed shadow is the cantilever that carries the probe 

at a 90° angle into the picture (therefore the probe is not visible here). Picture 

magnification is 400 x; g) Epifluorescence micrograph of two Synechococcus cells 
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(circled) from Fig. 3f. Under 480 nm excitation phycoerythrin autofluoresces, thus allows 

the visualization of the Synechococcus cells. Picture magnification is 400 x; h) 

Topographic image of the cells in Fig. 3f and 3g.  The two Synechococcus cells are 

connected with fibrils (Z=1 nm) and are associated with 3 conjoint heterotrophic bacteria 

(arrow #1, #2, #3). The upper Synechococcus cell is 281 nm tall, the lower 

Synechococcus cell is 284 nm tall. From the top, the c-shaped heterotrophic bacterium is 

85 nm tall (arrow #1), the coccus, conjoint with the upper Synechococcus cell, is 92 nm 

tall (arrow #2) and the coccus conjoint with the lower Synechococcus cell is 44 nm tall 

(arrow #3). 
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Table 5.1. Sampling sites. The table shows sampling site location, site category, 

collection date and environmental variables. 

 
 
Site Station Coordinate Depth  Chl a  Temperature  Period 

Number  

   m µgl-1 oC  
of 

samplings**  

SIO 32.867 N -117.257 W 1 
0.38-
14.7 10.4-24.4 

Apr-Aug 08 16 

EK  32.523 N -117.165 W 1 
- 18 

15-May-08 1 

Coastal 

Sorcerer II  32.465 N -117.241 W 30 
13 20 

10-Sep-08 1 

164 35.358 N -121.075 W 7 0.18 12.4 7-Apr-07 1 
CCE 

206 33.659 N -123.133 W 15 (53)* 1.18 14.4 9-Apr-07 1 

178 60.370 S -54.318 W 10 0.11 -0.96 21-Jul-06 1 
Antarctica 

197 60.450 S -58.225 W 35 0.14 -0.66 25-Jul-06 1 

 
*Synechococcus sample was collected at 53 m 
** Heterotrophic bacteria were samples at every station; Synechococcus cells were 
sampled 5 times at SIO coastal site and at CCE, off-shore site.  
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Table 5.2. Summary table for heterotrophic bacteria and Synechococcus cells. a) 

Heterotrophic bacteria. Cell abundance and percentages for bacteria presenting cell 

surface architecture, conjoint bacteria and bacteria in network for each site category are 

shown. b) Synechococcus cells. Cell abundance and percentages for bacteria presenting 

cell surface architecture, conjoint bacteria and bacteria in network for each site category 

are shown. 

 

  
Heterotrophic bacteria 

Site Cell abundance Number of  Surface architecture Conjoint cells Bacteria in networks 

  109cell l-1 cells imaged % cells imaged % cells imaged % cells imaged 

Coastal 0.22-3.14 321 85 21 26 

Off-shore 1.22; 0.83 107 74 43 37 

Antarctica 0.19; 0.11 24 29 38 0 

 
Table 5.2a. Heterotrophic bacteria. 
 
 

  
Synechococcus cells 

Site Cell abundance Number of  Surface architecture Conjoint cells Bacteria in network 

  108cell l-1 cells imaged % cells imaged % cells imaged % cells imaged 

Coastal 0.13-1.15 85 65 42 55 

Off-shore 0.13; 0.11 50 28 42 4 

 
Table 5.2b. Synechococcus cells. 
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Chapter V has been submitted to Aquatic Microbial Ecology as: Malfatti, F. and Azam, 

F. - Atomic Force Microscopy reveals microscale networks and apparent symbioses 

among pelagic marine bacteria 
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VI 

Conclusions 

 

 

Bacteria and Archaea dominate the ocean in abundance, diversity and metabolic 

activity. The hydrolysis and uptake of organic matter by microbes represent a major 

carbon-flow pathway. The variability and the strength of coupling between producers of 

organic matter and microbes, seen as consumers, can change the overall flux of carbon in 

the ocean. At the scale at which bacteria exert their “engineering” activities, the organic 

matter can be viewed as a continuum of size, constantly changing in space and time 

according to the sources of production and the microbial activity that causes dissolution 

or aggregation.  

 

It is important to consider the dual nature of the research in marine microbial 

ecology and microbial oceanography. The nature of the problem is comparable to a 

photon that exhibits properties of both wave and particles. One must consider this dual 

nature in order to predict exactly the photon behavior. Marine microbial ecology and 

microbial oceanography should be addressed by merging the knowledge we gain from 

microbial processes at the microscale as well as from ocean system scale processes 

(Azam & Malfatti 2007). This dissertation has attempted to address the dual “scale” 

aspect of the carbon biogeochemical cycle bacteria mediated. 
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  The results from the ocean basin scale study reported in this dissertation 

highlighted the active role of the microbial loop in the Southern Ocean, during two 

seasons in an area that is characterized by strong iron and chlorophyll gradients in the 

summer. We observed significant level of coupling in the summer between bacteria and 

phytoplankton productions, suggesting a dynamic microbial loop. In same area during the 

long austral winter, when primary production is negligible, the microbial loop was active 

and it was sustained by the excess of summer dissolved organic carbon produced. We 

observed that during the winter Bacteria and Archaea were the major producers of 

biogenic particles that fuel the microbial food web.  

 

Parts of the Southern Ocean are High Nutrient Low Chlorophyll (HNLC) areas, 

mostly caused by the intermittent supply of iron that limits phytoplankton growth. Many 

perturbation experiments have been performed during the long summer in order to 

sequester carbon dioxide by increasing primary production upon iron stimulation 

followed by the downward flux of particles into the deep ocean (as reviewed in 

(Smetacek & Naqvi 2008) ). Despite the fact that we cannot predict with absolute 

certainty what would be the net carbon dioxide sequestration and the response to the 

microbial loop; such perturbations could alter the natural coupling between the primary 

producers and bacteria in the summer with consequences for the system during the 

winter. Higher coupling values might preclude slow-to-degrade dissolved organic matter 

accumulation in the summer that is critical for fueling the microbial loop in the winter. 

Lower coupling values might allow dissolved organic matter to over accumulate and 
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potentially aggregate overtime forming an extensive mucilage layer as it happens in the 

Northern Adriatic Sea.  

 

As future direction it would be rather important to understand the variation in the 

strength and degree of coupling between primary producers and bacteria and its signature 

on the dissolved organic matter pool in terms of percentage of more or less recalcitrant 

fraction during the perturbation experiment with the purpose of predicting the effect on 

the microbial compartment and on the carbon cycle in low primary productivity regimes 

such as the austral winter. 

 

Our investigation at the nanometer to micrometer scale using Atomic Force 

Microscopy, let to the important discovery that pelagic bacteria and Synechococcus cells 

can for association among each other. This finding change how we think about the free-

living and particle-attached life style of marine bacteria. Physically close association and 

organic matter mediated association, that here we called networks are important 

nanometer- micrometer hotspots in the pelagic ocean where tight coupling might be 

achieved by the synergic activities of the partners. We found bacteria-bacteria and 

bacteria-Synechococcus association in coastal, off-shore sites in the California Current 

System and in the winter Antarctic water. These putative symbioses possibly are 

widespread in any ocean province and trophic regime.  

 

In the future we will identify the partners and will study the dynamic of the 

associations. For instance it would be interesting to explore whether Archaea, 



 147 

Prochlorococcus and Ostreococcus occur in such symbioses. The dynamic of symbiosis 

might be variable according to the physiological state of the partners and the metabolic 

capability for instance day-night cycle and nitrogen fixation and dinitrification processes. 

The pair can be sorted by flowcytometer and by micromanipulation of the sample and the 

their 16SrRNA genes can be amplified using multidisplacement amplification technique  

(MDA, (Stepanauskas & Sieracki 2007, Lasken 2009)). On other technique, Fluorescence 

In Situ Hybridization (FISH) coupled with AFM visualization would allow to see and 

identify the partners in the organic matter network. 

 

It is quite important to describe and quantify the fluxes of elements among the 

partners; high-resolution secondary ion mass spectrometry (nanoSIMS) would be a useful 

instrument to use coupled with stable isotopes incubation experiments ((Fike et al. 2008, 

Pernthaler et al. 2008)) to map at the nanoscale level the exchange of nutrients in the 

partneship. 

 

Atomic Force Microscopy live imaging is a powerful tool that needs to be further 

develop in the future. Investigations on topography change at the small scale in real time 

of marine bacteria would be possible to perform. Perturbation experiments offer a useful 

approach to assess the effect of the changes on bacterial surface and volume when cells 

are exposed to high dissolved organic matter levels comparable to phytoplankton bloom 

and for instance the change in morphology during a phage attack. Genomic predictions 

from the sequenced bacterial isolates could be tested with the aim to assess gene 
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activation for hydrolytic enzyme production and uptake based on volume increase and 

surface changes. 

 

The effect of phage attack could be monitored in SWAT3-SIO2 host-phage 

system. We predict that the infected cell will increase the volume just before lysing due 

to the presence of the phage progeny and autolysis process in the host cell to liberate the 

viruses and on the contrary we do not expect any volume change in the resistant cells 

during the infection process. Surface topography should vary over time in the infected 

cells becoming rougher over time, possibly due to the disassemblies of the outer and 

inner membrane. 

 

Visualizing live cells from different ocean environments and trophic systems 

would allowed us compute a more realistic cell volume in order to correct the 

quantification of bacteria-mediated carbon fluxes and the strength and degree of coupling 

with primary productivity in the global ocean. 

 

To conclude, it urges the need to integrate across scale bacterial action on organic 

matter continuum in order to have a quantitative and mechanics view of the 

biogeochemical cycle of carbon in the ocean. 
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