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To identify factors limiting ‘Candidatus Pelagibacter ubique’ maximum cell density 

and growth rate in pure culture on seawater, the genome sequence of ‘Cand. P. ubique’ 

was analyzed, culturing experiments with organic and inorganic nutrient additions were 

made, and radiotracer uptake experiments were performed. The genome was 

sequenced, custom data mining tools were developed, and all major biosynthetic and 

energy pathways were reconstructed from a genome annotation. Analysis of the 

genomic data suggested ‘Cand. P. ubique’ might be limited by the availability of 

reduced sulfur, since genes cysDNCHIJ, used for assimilatory sulfate reduction, were 

missing.  When reduced sulfur in the form of 3-dimethylsulfoniopropionate (DMSP), 

methionine, or cysteine was added to filtered, autoclaved seawater containing all other 

nutrients in excess, maximum cell yield increased an order of magnitude.  But, 

increasing DMSP additions from 50 nM to 10 μM did not lead to higher cell densities 

at a normal growth rate; instead, cultures increased in cell density from 3.03  106 cells 



  

ml-1 to 2.1  107 cells ml-1, at a growth rate of 0.110 d-1 instead of 0.664 d-1.  An 
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Genomic-Assisted Determination of the Natural Nutrient Requirements of the 
Cosmopolitan Marine Bacterium ‘Candidatus Pelagibacter ubique’ 

 

CHAPTER 1 

 

INTRODUCTION 
 

 

The SAR11 cluster of bacterial lineages was discovered in 1990 using PCR 

amplification of 16S ribosomal sequences recovered from the Sargasso Sea, Ferry 

Reach Bermuda, and Key Biscayne, Florida [1].  ‘Candidatus Pelagibacter ubique’ is 

the only representative of the SAR11 cluster of bacterial lineages that has been 

successfully grown in pure culture.  Its genus and species have “candidatus” status 

because it cannot be grown and maintained in standard media by recognized culture 

collections, as is required for validly published microbial species [2].  Eleven SAR11 

isolates from the Oregon coast were brought into pure culture in 2002 using a growth 

medium of filtered, autoclaved seawater amended with 1 μM ammonium chloride, 

100 nM potassium phosphate, and a defined carbon mixture [3].  All eleven isolates 

were vibrioid in shape (curved rod) with length 0.37-0.89 μm and diameter of 012-

0.20 μm.  On the basis of these preliminary growth characteristics and morphology, 

‘Candidatus Pelagibacter ubique’ gen. nov., sp. nov. was proposed for the taxon 

containing the eleven strains. 

 

The SAR11 cluster has become the archetype of important microbes that escaped 

detection and description until molecular techniques of identification and novel 
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culturing techniques were developed.  It was known at least as far back as 1959 that 

standard culturing techniques could not be used to cultivate the majority of bacteria 

growing in the ocean [4].  The standard nutrient media used in the classic 1959 study 

by Jannasch and Jones [4] are instructive: “aged seawater” in nutrient agar formed a 

basal medium to which was added either peptone, yeast extract, casein hydrolysate, or 

succinate.  The choice of complex carbon sources was based on the assumption that 

all bacteria used the same basic nutrients.  Therefore, even though marine bacteria 

never encountered lysed yeast cells in their natural environment, if other bacteria 

grew on yeast extract it seemed to early workers that marine bacteria ought to grow 

on it as well.  Implicit as well is the assumption that if yeast extract contains nothing 

toxic or inhibitory to non-marine bacteria, then it must contain nothing toxic or 

inhibitory to marine bacteria.  As we will see later, these assumptions are worth 

questioning.  Another long-standing assumption worth questioning is that the most 

likely limiting nutrients in marine environments are nitrogen, phosphate, carbon, and 

iron.  All of these were added in Jannasch and Jones’ culturing media.  However, 

these media were shown to be relatively ineffective for culturing bacterial species.  

Jannasch and Jones demonstrated this by staining and counting total bacterial 

population under a microscope, then counted bacterial colonies that formed from a 

measured amount of seawater.  The microscope counts from stained cells were orders 

of magnitude higher than the indirect counts inferred from colony formation using 

standard culturing techniques and media.  This discrepancy eventually became known 

as “the great plate anomaly” [5]. 
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By 1990, molecular techniques and evolutionary theory based on molecular 

techniques had advanced to the point that it was possible to detect and 

phylogenetically group microorganisms from various environments by extracting and 

analyzing their DNA.  Molecular techniques made it a trivial exercise to extract DNA 

from seawater, amplify portions of interest using PCR, cut it with restriction 

enzymes, clone the DNA fragments into a library, and sequence them.  The sequences 

could be aligned, analyzed for similarity, and grouped phylogenetically using 

computer programs designed for this purpose.  Using environmental DNA sequences 

for the highly conserved and slowly evolving 16S ribosomal subunit, it was possible 

to discover the relative abundance of related organisms in an ecosystem without 

growing or observing any of the organisms being studied.  The phylogenetic 

relationship of these organisms to known organisms could also be described.  In the 

case of the SAR11 cluster of aquatic bacterial lineages, the striking result emerged in 

1990 that the most abundant and cosmopolitan bacterium detectable in the oceans was 

evolutionarily distant from all known bacteria and had no cultured representatives [1].  

A study done in 1997 revealed that lineages varied with depth [6] and a 2000 study 

revealed that lineages also varied by geography or temperature [7].  The depth factor 

separated populations more distinctly than temperature.  Interest in the diversity of 

SAR11 lineages continues and analysis of the intergenic space between the 16S and 

23S ribosomes, which is more variable and thus more finely detailed 

phylogenetically, now reveals at least seven well-defined lineages varying by 

temperature and depth [8, 9].  Time series data have also shown that at least some 

SAR11 lineages follow seasonal patterns of abundance [10].  Although SAR11 
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lineages were initially thought to be restricted to tropical or pelagic regions of the 

ocean only, they have now been detected in nearly all of the ocean regions sampled 

[8-10].  In addition, “recruitment plots,” which map environmental DNA onto known 

genomes, show the highest number of matches to ‘Candidatus Pelagibacter ubique’ 

str. HTCC1062 [11]. 

 

Discovery of the limiting nutrients for ‘Cand. P. ubique’ in nature is relevant to 

global ecology, particularly with respect to the carbon cycle.  As documented in 

Chapter Two, the biomass of SAR11 is nearly equal to the biomass of the fish in the 

world’s oceans [10].  Therefore, SAR11 populations are likely to have a significant 

effect on the cycling of carbon and other major nutrients.  Interest in the nutrient 

requirements of SAR11 cells is so great that workers unable to culture this organism 

have taken the approach of simply studying which nutrients are taken up by these 

cells in seawater on the theory that compounds taken up are probably used for 

nutrition.  Competition assays have also been done to determine which nutrients 

SAR11 cells compete for the most strongly [12, 13].  The typical technique for doing 

this work is called Fluorescent In-situ Hybridization (FISH) microradiography, 

pioneered by Karner and Fuhrman [14] and by Lee and Wagner [15].  Fluorescent 

probes for ribosomes with sequences specifically targeting the phylogenetic group in 

question are used to stain cells that have been fed radiolabeled nutrients.  Cells are 

filtered onto membranes and attached to slides overlaid with a film that is sensitive to 

radioactive decay particles.  Superimposition of the exposed silver grains from 



 5
 

 
microradiographs onto images from the fluorescent probes reveal whether or not the 

phylogenetic group of interest is assimilating the labeled nutrient. 

 

With this technique, Malmstrom was able to show that natural populations of SAR11 

cells from the Atlantic Ocean actively assimilated the algal osmolyte 3-

dimethylsulfoniopropionate (DMSP) and amino acids [12].  One year later the same 

group found that SAR11 competed more strongly for amino acids and glucose than 

for proteins, suggesting that monomers were more important to its nutrition than 

polymers [13].  The next year Alonso confirmed that SAR11 dominated uptake of 

glucose in coastal areas of the North Sea [16].   

 

In 2007, Mou used a different technique to study the use of DMSP, glycine betaine, 

and aromatic compounds by several groups of marine bacteria [17].  In these 

experiments cells were given a nutrient followed by a halogenated analog of 

thymidine, BrdU.  Rapid incorporation of BrdU into DNA provided an indication of 

high metabolic activity (“high-activity”), from which one infers use of the nutrient 

administered just prior to BrdU.  Immunodetection of BrdU making use of 

fluorescence-activated cell sorting (FACS) with a flow cytometer allowed the “high-

activity” cells to be segregated into a collection vessel.  The cells in the vessel were 

then typed phylogenetically by amplifying 16S ribosome sequences and cutting those 

sequences with restriction enzymes that cleave the sequence when specific short  

nucleotide patterns are encountered.  Nucleotide sequence differences give rise to 

different fragment lengths before the cutting pattern is found and are thus called 
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“restriction fragment length polymorphisms.”  They are characteristic of organisms 

with the same 16S ribosomal sequence and thus reveal phylogenetic variation.  Using 

this technique, SAR11 was found to increase metabolic activity in response to DMSP, 

glycine betaine, and two aromatic compounds: para-hydroxybenzoic acid and vanillic 

acid.  Marker genes for degradation of each compound were also found in the 

genome, supporting the hypothesis that they are nutrients.  Admittedly, this approach 

gave these workers nothing more than a “first glimpse” into the nutrient use of the 

SAR11 group. 

 

The reason for going to great lengths with culture-independent methods of studying 

SAR11 cells is that they are notoriously difficult to isolate and cultivate.  Rappé and 

coworkers succeeded in cultivating SAR11 isolates using high throughput screening 

techniques for dilution to extinction experiments [3], but made little progress toward 

finding nutrients that would improve cell yield.  In addition, genetic transformation 

systems do not exist for these organisms.  These difficulties and special issues are 

now discussed, since they constrained our studies of SAR11 nutrient requirements. 

 

1.1 Difficulties and Special Issues Studying SAR11 Metabolism 

 

In addition to the difficulties associated with obtaining filtered, autoclaved seawater 

for growth medium, SAR11 maximum doubling times are typically on the order of 30 

hours as opposed to 30 minutes for rapidly growing model organisms such as E. coli.  

This means that growth experiments run for weeks under ideal conditions and can run 
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for months under suboptimal conditions.  Reliable and repeatable results are only 

obtained in 250 ml flasks with at least 50 ml of medium.  Duplicate treatments of 

several compounds at several different concentrations easily generate dozens of flask 

cultures that need to be monitored for growth.  Cells do not grow to a high enough 

density to use a simple optical density reading to estimate cells numbers.  Each 

individual culture had to be stained with DAPI and counted under a microscope  

when this study began.  An experiment involving a dozen trace metals at two 

concentrations in triplicate required an entire day to count cells for a single time 

point.  Time points needed to be collected every other day for three weeks or weekly 

for three months, depending on the growth rate under the experimental conditions. 

 

To address the issue of cell counting, a cell array for counting 48 cultures at once, 

using a single microscope slide with 48 dots containing a concentrated sample from a 

single flask, was devised.  This counting method was a significant advance from the 

use of 25 mm filters for counting each sample.  The filter manifold approach was 

used by Rappé in his initial studies and was used for the first two years of this study.  

After that, a Guava Easy-Cyte flow cytometer was adapted for use in counting cells.  

This device is capable of unattended counting of 96 well microtiter plates with output 

to Excel.  A 48 flask experiment could be prepared for counting in duplicate in 

approximately one hour and the Easy-Cyte could count the wells in 45 to 90 minutes, 

depending on cell density.  Moreover, the Easy-Cyte counted thousands of cells from 

each well whereas a few hundred were counted by eye with a microscope.  Appendix 
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C describes the procedures that were developed for counting cells using the Easy-

Cyte. 

 

Culturing in natural seawater is the only known method for studying the nutrient 

requirements of ‘Cand. P. ubique.’  No artificial medium has been developed and 

there are no techniques for genetic transformation.  Prior to sequencing the genome, 

empirical approaches were the only ones available for studying nutrient requirements.   

Cultivation in natural seawater did allow collection of enough DNA to sequence the 

genome and perform metabolic reconstructions.  Thus, genomic inference became a 

tool for generating hypotheses that could be tested with culturing studies.  The next 

two sections discuss pre-genomic and post-genomic approaches to studying the 

nutrient requirements of SAR11. 

 

1.2 Pre-genomic Nutrient Studies 

 

In his initial culturing studies, Rappé showed that HTCC1062 was usually limited by 

nitrogen and phosphorus and that growth rate and yields were optimal when nitrogen 

and phosphorus were added to seawater media [3].  Enrichments of vitamins, iron, 

glucose, ribose, succinate, pyruvate, glycerol, ethanol, and N-acetyl-glucosamine did 

not increase maximum cell density and the protein extract peptone proved fatal.  In 

general, maximum yield was near 1  106 cells ml-1, but the full range of values 

observed was from 2.5  105 cells ml-1 to 3.5  106 cells ml-1, or more than a full 
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order of magnitude.  This indicated strongly that factors in the water were limiting 

growth. 

 

Prior to sequencing the genome of SAR11, it was known that there was enough 

dissolved organic carbon in natural seawater to support higher cell yields than were 

being obtained in the laboratory using natural seawater as a growth medium.  This led 

to the hypothesis that SAR11 had a rare trace metal or ultra trace metal requirement.  

An exhaustive study was undertaken to test this hypothesis.  The results of testing 18 

trace metals and 25 ultratrace metals at concentrations varying over six orders of 

magnitude starting with the estimated average concentration in seawater were 

negative and appear in Appendix A.   

 

The next pre-genomic hypothesis was that SAR11 required a specific carbon 

compound.  A BIOLOG GN-7 plate contains 98 carbon compounds typically used by 

Gram-negative bacteria.  These carbon sources were tried at 0.001% v/v and 0.0001% 

v/v; these results were negative as well.  They also appear in an Appendix A.   

 

Coincident with sequencing of the HTCC1062 genome, another empirical approach 

was tried with greater success.  The filtrate from lysed phytoplankton cells was added 

to filtered autoclaved seawater, resulting in an increase in maximum cell density by 

two orders of magnitude.  This very strongly suggested that one or more organic 

compounds were limiting.  The filtrate was fractionated by molecular weight, 

revealing that the compound or compounds responsible for improving growth were 
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less than 3 kDa in size.  Fractionation by pH gave equivocal results, but nonetheless 

suggested that more than one compound might be involved, the most important of 

which was slightly basic.  Nutrient additions of lysine, arginine, histidine, spermidine, 

and putrescine did not increase yield.  These results appear in CHAPTER 3.  This 

empirical approach was not developed any further for this study, but it shows great 

promise for a variety of future experiments.   

 

1.3 Genome Sequencing and Metagenomics 

 
During the course of this study, methods of genome sequencing, annotation, and 

metabolic reconstruction underwent rapid development.  The strain being studied was 

sequenced at a cost of several hundred thousand dollars over nearly two years.  

Biomass for sequencing was very difficult to obtain and threatened at times to derail 

the project.  Closing the genome took several months of multiplex PCR.  Oregon 

State University had no automated annotation pipeline nor any annotation software.  

Help was obtained from Scott Givan at the Center for Genomic Research and 

Biocomputing to implement the genDB annotation program [18].  BLAST programs, 

Hidden Markov Models of protein family motifs, and transmembrane predictions 

were manually run for each open reading frame and gene annotations were 

determined from the results, which were stored in the MySQL database used by 

genDB.  The protein folding program Fugue was consulted in cases where primary 

and secondary sequence analysis failed.  The Kyoto Encyclopedia of Genes and 

Genomes (KEGG) [19], built into genDB, was consulted during metabolic 



 11
 

 
reconstructions.  The search utilities for genDB were supplemented with Microsoft 

Access queries into the MySQL database using Open Database Connectivity Drivers 

(ODBC).  These search utilities were expanded and made more usable with a 

prototype written in Microsoft Visual Basic that was greatly expanded into a fully 

functional, Web-based annotation and data mining application.  An annotation 

pipeline was built and additional strains were sequenced and annotated for 

comparison.  As of this writing, new strains are now being sequenced in a day at a 

cost of $8,000.  Web tools for comparative genomics continue to mature and are 

discussed more in the section below on metabolic reconstructions.  This study took 

advantage of each of these new developments as they became available and the 

overall success of this study was dependent upon keeping up with this frenetic pace of 

innovation. 

 

At the same time, the availability of other genomic data relevant to this project 

increased rapidly.  Not only were hundreds of microbial genomes deposited in 

Genbank during the course of this study, allowing exponentially-growing 

comparisons, but billions of base pairs of environmental DNA were collected from 

the Sargasso Sea in 2004 [20] and from a circumnavigation of the globe in 2006-2007 

[11].  This metagenomic data was a treasure trove for this study, since 20-30% of the 

microbial DNA in the oceans often comes from representatives of the SAR11 clade 

[10].  Metagenomic data was often consulted for determining the conservation of 

gene order, identifying conserved hypothetical proteins, and finding intergenic 

features.  It is doubtful that the correct folding pattern for the riboswitch described in 
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Chapter Four could have been found without the availability of these huge and very 

valuable datasets. 

 

1.4 Metabolic Reconstructions 

 

Currently, the instructions to authors of the new (2007) BMC Systems Biology 

Journal lists nearly 110 software packages that support a universal Systems Biology 

Markup Language (SBML) for modeling the physiology of microbes based on 

genomic content.  Packages such as SimPheny from Genomatica, a San Diego-based 

company co-founded by noted in silico physiological modeler Bernhard Palsson and 

his student Christophe Schilling, promise integration of genomic, proteomic, and 

microarray data to predict growth rates, secretion by-products, adaptive evolution and 

design of metabolic networks to support production of specific metabolites.  Dr. 

Hyun-Myung Oh in the Giovannoni laboratory preliminarily explored some of these 

programs and found them unable to predict growth rates and maximum cell density 

without  empirical physiological data that does not yet exist for SAR11.  Until these 

empirical data can be loaded into such software, web-enabled tools for comparative 

genomics, which have became very mature, are the most effective tools for 

reconstructing metabolism.  These tools include Microbes OnLine from the Joint 

Genome Institute (JGI) [21], MetaCyc and EcoCyc from SRI International [22, 23], 

and the Comprehensive Microbial Resource (CMR) from The Institute for Genomic 

Research (TIGR) [20].  Use of these tools results in a semi-automated, “computer-

enabled” methodology for exploring nutritional needs and habits of SAR11. 
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Genome annotation and metabolic modeling using the tools described above, 

including the custom web-based annotation tool developed at Oregon State 

University, revealed three surprising results for the study strain of ‘Cand. P. ubique’ 

(HTCC1062): 

 

1. Most assimilatory sulfate reduction genes were missing. 

2. At least two of three genes used for serine biosynthesis were missing. 

3. A novel glycine-activated riboswitch was found on the malate synthase gene. 

 

These three discoveries were made during two rounds of genome annotation and 

metabolic modeling.  The first round of annotation and reconstruction concentrated 

on establishing the completeness of all biosynthetic pathways.  This work is described 

in Chapter Two.  The only compelling indication of deficiencies in an essential 

pathway was the assimilatory sulfate reduction pathway.  This led to the study, 

reported in Chapter Three, which established that SAR11 was deficient in 

assimilatory sulfate reduction and was therefore limited by reduced sulfur in seawater 

amended with N and P.  Curiously, higher cell yields were only obtained with the 

reduced sulfur source DMSP when additional carbon compounds were provided with 

DMSP.  The second round of genome annotation and metabolic reconstruction 

stressed comparison to E. coli and revealed that the normal pathway of serine to 

glycine biosynthesis appeared to be reversed.   Glycine betaine appeared to be 

imported, degraded to glycine, and methylated to form serine rather than the normal 
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reverse process where serine is demethylated to form glycine after having been made 

from the glycolytic derivative 3-phosphoglycerate.   

 

A novel glycine-activated riboswitch on malate synthase provided a possible 

explanation of why DMSP was not an effective sole carbon source.  Since SAR11 is 

not a methylotroph, it cannot use the DMSP methyl groups for biosynthesis.  Instead, 

the propionate moiety of DMSP is likely degraded to acetyl-CoA, which can be used 

as a sole carbon source via the glyoxylate bypass to the TCA cycle.  However, with a 

glycine-activated riboswitch controlling the glyoxylate bypass to the TCA cycle, a 

background level of glycine is required for the bypass to function.  Thus, a minimum 

glycine concentration must be maintained in order to continue making glycine from 

acetyl-CoA.  If biosynthesis cannot keep up with peak demand, the riboswitch will 

shut down biosynthesis from acetyl-CoA and will not allow it to restart until glycine 

levels rise.  It is impossible for glycine levels to rise using DMSP as a carbon source 

once the riboswitch is in the off state.  The mechanics of this metabolic configuration 

and the experimental evidence for it is described in Chapter Four.  We conclude with 

Chapter Five, which provides a summary and the conclusions from this study. 
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2.1 Abstract 
 

One of the outstanding problems in marine microbial ecology is identifying the 

factors that limit the productivity of planktonic communities and determining their 

impact on the cycling of major nutrients.  A large fraction of the published literature 

in the field of microbial oceanography is devoted to this particular subject.  Carbon 

cycling activity is difficult to measure due to the rich complexity of carbon 

compounds found in seawater, especially when compared to inorganic elements that 

are present in only a handful of oxidized and reduced forms.  Little is known about 

how the dissolved organic nutrient field is generated by primary producers and 

partitioned for use among heterotrophic consumers.  At the same time, marine 

bacteria do not respond normally to the rich organic media used to cultivate model 

organisms such as E. coli and grow to very low densities in nature and in the 

laboratory. We undertook a detailed examination of the genome sequence of SAR11, 

the smallest, most abundant, and most ubiquitous marine bacterium to identify the 

nutrients that control the population density of this important species in nature and in 

the laboratory.  From the analyses presented here, several hypotheses emerged that 

predict SAR11 responses to the dissolved organic carbon nutrient field of natural 

seawater. 

2.2 Introduction 

 

The first genome sequence of ‘Candidatus Pelagibacter ubique’ was published in 

2005 [24].  As with most genome papers, significant discussion was devoted to the 
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metabolic capacities of the cell, as inferred from known metabolic pathways compiled 

in the Kyoto Encyclopedia of Genes and Genomes (KEGG) [19, 25].  Given that this 

cell has the smallest genome of any known free-living cells (1.3 Mbp), the 

biosynthetic capacity encoded by the genome was a key point of interest.  Many 

obligate parasites, including the close SAR11 relative Rickettsia, are deficient in 

amino acid biosynthesis or are energy generation parasites.  It was suspected that the 

‘Cand. P. ubique’ genome might reveal deficiencies in  biosynthetic and energy 

generation pathways.  By and large, this was not the case.  There were apparent 

deficiencies in vitamin biosynthesis, and a puzzling lack of one enzyme in the Entner 

Doudoroff pathway of glycolysis, which was assumed to be present in some novel 

form.  A complete TCA cycle, oxidative phosphorylation pathways, a rich set of 

methyltransferases, and complete pathways for biosynthesis of all amino acids and 

nucleotides were present.  A rather unexpected finding was the presence of the two 

enzymes coding for the glyoxylate cycle, a bypass to the TCA cycle that avoids loss 

of CO2 and regenerates the TCA cycle intermediate oxaloacetic acid.  Plants and 

bacteria growing on the end products of fatty acid oxidation, acetate and acetyl CoA, 

use this bypass.  Glucose normally inhibits this bypass because for most organisms 

glucose is a more desirable carbon and energy source than acetate or fatty acids. 

 

With respect to inorganic nutrient assimilation, it was not surprising that energy-

expensive nitrate and nitrite reduction could not be confirmed and transporters for 

ammonium were found.  Another routine finding was a high-affinity inorganic 

phosphate uptake system, complete with regulators, in a single operon.  What was 
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very surprising was an apparent lack of a sulfate assimilation pathway, despite the 

presence of two sulfate transporters.  Even more intriguing were isolated genes 

having to do with sulfur oxidation and electron transport.  However, given the fact 

that the strain of ‘Cand. P. ubique’ under study was isolated from well-oxygenated 

ocean waters saturated with sulfate, the possibility that it might actually excrete 

sulfate oxidized from some sulfide source was not considered plausible.  First of all, 

sulfide is normally found in anaerobic environments such as ocean sediments, not in 

surface waters.  Secondly, it seemed counter-intuitive that a high-abundance, 

cosmopolitan bacterium could compete to the point of dominance by losing the 

capacity to assimilate a nutrient found at saturating concentrations in its environment 

in favor of some other S source that would have to exist in much lower concentration.   

 

As with most microbial genomes, the mysteries of ‘Cand. P. ubique’ metabolism 

were put aside for further thought.  In the meantime, an assumption was made that 

sulfate did indeed serve as the primary sulfur source and that novel sulfate reducing 

enzymes, possibly with some homology to sulfur oxidation enzymes, were 

completing the sulfur reduction pathway.  This assumption came under closer 

scrutiny when ‘Cand. P. ubique’ strains were successfully grown to higher cell yields 

in the presence of the reduced sulfur compound 3-dimethylsulfoniopropionate 

(DMSP). 

 

A surprising discovery was a novel type II secretion, type IV pilus structure, which 

was identified in the genome and verified with electron microscopy.  The system has 
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been implicated in nutrient acquisition, motility, DNA repair, and generation of 

sequence diversity.  Its exact function in ‘Cand. P. ubique’ remains unknown. 

 

The purpose of this paper is to document in detail the metabolic reconstructions 

discussed in the Science paper on the genome of ‘Cand. P. ubique’ and further 

research that has brought ‘Cand. P. ubique’ metabolism into sharper focus.  Other 

details, such as lists of regulatory and transport proteins, can be found in the 

supplemental materials for the Science paper. 

 

2.3 Nutrient Requirements of ‘Cand. P. ubique’ 
 

It is instructive to begin with the nutrient requirements of ‘Cand. P. ubique,’ with 

particular attention to the major nutrients carbon, nitrogen, phosphorus, and sulfur.  

With a volume of only 0.035 μm-3 [26], the dry weight of a ‘Cand. P. ubique’ cell is 

approximately 11.6 femtograms.  In contrast, the dry weight of a single E. coli cell is 

approximately 3.3 * 10-13 g, or about 330 fg [27].  This means that on a per cell basis, 

‘Cand. P. ubique’ needs only 3.5% as many nutrients as E. coli in order to divide. 

 

The percentage of carbon, nitrogen, phosphorus, and sulfur contributing to the dry 

weight of E. coli has been reported many times, with similar findings.  Recently 

reported numbers [28] appear in Table 2-1.  It can be pointed out that since the 

genome of ‘Cand. P. ubique’ is one quarter of the size of E. coli, but the cell volume 

is one hundredth, the proportion of DNA is much higher in ‘Cand. P. ubique.’  This 
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would call for an increase in the percentage of phosphorus for ‘Cand. P. ubique.’  

However, E. coli no doubt has a compensating increase in ribosomal and messenger 

RNA due to thousands of copies of ribosomal RNA required for rapid growth and 

increased mRNA levels, due to a higher number of genes and proteins.  Therefore, the 

phosphorus percentage was not adjusted. 

 

At a million cells per ml, a liter contains a billion cells.  Table 2-1 shows that for a 

billion cells, the only major nutrient needed in amounts higher than a microgram is 

carbon.  ‘Cand. P. ubique’ growing at normal maximum density requires only an 

estimated 70 ng l-1 of sulfur.  We will return to this point in later discussions.  It is 

useful always to keep in mind the exceptionally low nutrient requirements of ‘Cand. 

P. ubique’ when theorizing about its physiology. 

 

2.4 Central Metabolism 
 

Central metabolism is commonly thought of as glycolysis, the pentose phosphate 

pathway, the TCA cycle, and oxidative phosphorylation.  These core pathways 

provide the essential precursors for all cell biosynthesis and produce energy under 

aerobic conditions.  Below, the discussion of these pathways is broken into 

subsections of glycolysis/gluconeogenesis, the pentose phosphate cycle, and energy 

generation.  The subsection on energy generation is further subdivided into the 

pyruvate dehydrogenase complex, the TCA cycle, and oxidative phosphorylation. 
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2.4.1 Glycolysis/Gluconeogenesis 
 

Glycolysis is thought to be universal in free-living cells and forms the backbone from 

which all other metabolic pathways diverge.  It is normally capable of providing all 

cellular needs for carbon and energy.  The ability to manufacture glucose 

(gluconeogenesis) is also thought to be universal.  The two pathways we were quite 

certain had to exist in ‘Cand. P. ubique’ were glycolysis and its reverse, 

gluconeogenesis.  We easily confirmed the presence of genes for gluconeogenesis but 

at the time were not able to confirm a complete pathway for glycolysis. 

 

No good candidates were found for pyruvate kinase, phosphofructokinase, or 

hexokinase, which were needed for the common Embden-Meyerhoff-Parnas 

glycolytic pathway.  There were no candidates for the distinguishing enzymes of the 

modified Embden-Meyerhoff-Parnas pathways nor for the phosphoketolase pathway, 

which is not surprising since they are thought to exist only in anaerobes.  The 

oxidative branch of the pentose phosphate pathway was missing two of three enzymes 

(glucose 6-phosphate-1-dehydrogenase and 6-phosphogluconolactonase) so this 

alternative glycolytic pathway did not appear to be present.  However, the edd gene 

(Entner Doudoroff dehydrogenase) was found near several dehydrogenases and 

hydrolases for sugars and sugar acids.  Our presumption was that the missing function 

provided by the eda gene (Entner Doudoroff aldolase) was among these unidentified 

genes.  There was also an unidentified sugar transporter and a hypothetical protein 

with a potential kinase domain nearby to complete the pathway.  Assuming that the  
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Entner Doudoroff pathway was complete, an alternative route from glucose to ribose 

was present, thus compensating for missing genes in the oxidative portion of the 

Pentose Phosphate Pathway, which is the more common route from glucose to ribose. 

 

We therefore reported in Science that we had found a variant of the Entner-Doudoroff 

pathway, but were “uncertain” as to whether or not it was complete.  Figure 2-1 

summarizes our metabolic reconstruction of glycolysis.  Figure 2-2 and Figure 2-3 

summarize our metabolic reconstruction of gluconeogenesis. 

 

2.4.2 Pentose Phosphate Cycle 

 

The Pentose Phosphate Cycle produces five carbon sugars for nucleotide biosynthesis 

and three-to-seven carbon sugars for lipopolysaccharide, vitamin, and aromatic amino 

acid biosynthesis.  The branch point for the beginning of the Pentose Phosphate Cycle 

is the middle of the Entner-Doudoroff pathway, at the compound phosphogluconate, 

which appears in the middle of Figure 2-1.  The six carbon compound 

phosphogluconate is decarboxylated to the five carbon compound ribulose-5-

phosphate via the enzyme 6-phosphogluconate dehydrogenase.   An isomerase 

converts ribulose-5-phosphate to ribose-5-phosphate, which is a precursor for purines, 

pyrimidines, and histidine.  This is shown in the lower right half of Figure 2-1.  A 

single transketolase (2.2.1.1) converts pairs of five carbon sugars to pairs of seven 

and three carbon compounds and pairs of five and four carbon compounds to pairs of 

six and three carbon compounds.  A transaldolase  (2.2.1.2) converts pairs of seven 
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and three carbon compounds to pairs of six and four carbon compounds.  The 

transketolase and transaldolase can be seen in the lower middle part of Figure 2-1.  

These three to seven carbon compounds feed aromatic amino acid, vitamin, and 

lipopolysaccharide biosynthesis. 

 

2.4.3 Energy Generation 
 

2.4.3.1 Pyruvate Dehydrogenase Complex 
 

The pyruvate dehydrogenase complex forms a crucial link between the output of 

aerobic glycolysis, pyruvate, and the input to the TCA cycle, acetyl CoA.  This 

complex decarboxylates pyruvate to form acetyl CoA.  All three components of the 

pyruvate dehydrogenase complex were easily found and can be seen in the middle of 

Figure 2-2 between pyruvate and acetyl CoA. 

 

2.4.3.2 TCA Cycle 
 

The TCA cycle is the heart of aerobic carbon metabolism, providing biosynthetic 

precursors, ATP, and reduced nucleotide cofactors for ATP generation via oxidative 

phosphorylation.  The input to this pathway is the two-carbon compound acetyl CoA, 

which is oxidized to two CO2 molecules.  The output is ATP, and the reduced 

nucleotide cofactors NADH and FADH2.  These reduce oxygen to water via the action 

of an electron transport chain that pumps protons into the periplasm.  The protons 
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return to the cytoplasm along a chemiosmotic gradient through ATP synthase, 

causing it to spin and provide mechanical energy to drive synthesis of ATP from 

ADP.  All TCA cycle enzymes were easily found and can be seen in Figure 2-4. 

 

2.4.3.3 Oxidative Phosphorylation 
 

Genes for all five complexes involved in oxidative phosphorylation were easily 

confirmed, as well as biosynthesis of ubiquinones, which assist in electron transport 

between complexes II and III.  This includes NADH dehydrogenase chains A through 

N, succinate dehydrogenase chains A and B, the three cytochrome bc1 subunits 

cytochrome b, cytochrome c1, and the rieske protein, cytochrome c chains I, II, and 

III, the ATP synthase F0  subunits A, C, B, and B’,  and the ATP synthase F1 subunits 

alpha, beta, gamma, delta, and epsilon.  A visual depiction is shown in Figure 2-5.  

Clearly, ‘Cand. P. ubique’ has the potential to be self-sufficient with respect to energy 

generation: it can reduce nucleotide cofactors with the TCA cycle and oxidize them to 

pump protons and make ATP. 

 

2.4.3.4 C1 Metabolism 
 

It is likely that ‘Cand. P. ubique’ has active C1 metabolism pathways even though it 

is not a methylotroph.  First, the One Carbon Pool By Folate KEGG chart shows that 

C1 conversions are plentiful (Figure 2-6) in the ‘Cand. P. ubique’ genome.  Second, 

oxidation of methyl groups to CO2 is possible via a pathway shown in the interior of 
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the glyoxylate cycle in Figure 2-7.  The pathway, which is in fact reversible despite 

indications to the contrary [29], starts with 5,10 methylene-THF (tetrahydrafolate)  

and ends with CO2.  Given that formaldehyde can spontaneously form 5,10 

methylene-THF [30], and given that two of the three methyl groups in glycine betaine 

are oxidized to formaldehyde during degradation, it is likely that this pathway is used 

during glycine betaine degradation.  Note that ATP is produced when formaldehyde 

is oxidized, so ‘Cand. P. ubique’ might obtain energy using this pathway.  However, 

it is not capable of methylotrophic growth using formaldehyde as a sole carbon 

source because key enzymes of the necessary serine and ribulose monophosphate 

(RuMP) cycles are missing. 

 

2.5 Major Biosynthetic Pathways 
 

As discussed above, central metabolism provides precursors for biosynthesis.  Some 

of the precursors are found in the glycolysis and pentose phosphate pathways and so 

are replenished by glucose.  However, recall that glycolysis only provides acetyl CoA 

to the TCA cycle, and the two carbons of acetyl CoA are oxidized to CO2.  This 

means that TCA cycle intermediates cannot be replenished by glycolysis; they simply 

act as carriers and oxidizers of acetyl CoA.  Therefore, other means must be used to 

replenish TCA cycle intermediates when they are used for biosynthetic purposes. 

 

In the field of microbial metabolism, the reactions that replenish TCA cycle 

intermediates are called “anaplerotic sequences” [31].  Typically, three individual 
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enzymes perform this function.  Less typically, a two-enzyme bypass of the TCA 

cycle known as the glyoxylate bypass can regenerate the four carbon intermediates of 

the TCA cycle from two acetyl CoA molecules.  ‘Cand. P. ubique’ has two of the 

three typical anaplerotic enzymes and both enzymes of the glyoxylate bypass to the 

TCA cycle. 

 

The remaining biosynthetic pathways are broken down into nucleotide, amino acid, 

fatty acid, cell wall, heme, and vitamin biosynthesis.  This completes a survey of the 

major biosynthetic pathways, covering nucleic acids, proteins, cell envelope, 

cofactors and vitamins. 

 

2.5.1 Anaplerotic Sequences 
 

Kornberg designated several individual reactions in microbes and the two-step 

glyoxylate bypass to the TCA cycle as “anaplerotic sequences [31].”  This 

designation (and spelling) has been retained in discussions of microbial metabolism.  

We discussed the individual enzymes that catalyze individual reactions first, then the 

glyoxylate bypass or glyoxylate cycle as it is alternatively known. 

 

2.5.1.1 Individual enzymes 

 

The individual enzymes that catalyze anaplerotic reactions are phosphoenolpyruvate 

(PEP) carboxylase (4.1.1.31), pyruvate carboxylase (6.4.1.1), and malic enzyme 
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(1.1.1.40).  PEP carboxylase combines CO2 with PEP to form the TCA cycle 

intermediate oxaloacetate.  Pyruvate carboxylase combines CO2 with pyruvate to 

form oxaloacetate.  Malic enzyme combines CO2 with pyruvate to form the TCA 

cycle intermediate malate.  ‘Cand. P. ubique’ has PEP carboxylase and malic enzyme.  

These can be seen on the left side of Figure 2-2. 

 

2.5.1.2 Glyoxylate Bypass of the TCA Cycle 

 

The two enzymes that comprise the glyoxylate bypass to the TCA cycle were found 

during annotation and complete the glyoxylate cycle (see Figure 2-7).  The two 

crucial enzymes are isocitrate lyase (4.3.1.1), in the right center of the diagram, and 

malate synthase (4.1.3.2), in the left center.  The first enzyme splits the six-carbon 

isocitrate into the four carbon compound succinate and the two carbon compound 

glyoxylate.  The effect of this is to bypass the normal TCA pathway from isocitrate to 

succinate, avoiding loss of the two input carbons from acetyl CoA to CO2.  The two 

carbons from the original acetyl CoA are therefore not lost to CO2 but are instead 

converted to the two carbon compound glyoxylate.  A second acetyl CoA is added to 

glyoxylate by malate synthase to form malate, which then replenishes the TCA cycle 

intermediate oxaloacetate.  The next effect is that in one turn of the TCA cycle and 

the glyoxylate bypass (this is the “glyoxylate cycle”), two acetyl CoA molecules have 

synthesized one molecule of oxaloacetate.  Thus, the glyoxylate cycle is anaplerotic 

instead of catabolic, like the TCA cycle. 
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2.5.2 Nucleotide Biosynthesis  
 

‘Cand. P. ubique’ appears capable of biosynthesizing purines and pyrimidines, as 

shown in Figure 2-8 and Figure 2-9.  The only apparent missing enzyme was 

thymidilate synthase, but a literature search revealed a substitute enzyme (thyX) that 

is bifunctional, dihydrofolate reductase activity as well as thymidilate synthase 

activity. 

 

2.5.3 Amino Acid Biosynthesis 
 

Biosynthetic pathways for 19 of the 20 amino acids were fairly easily assembled.  

Asparagine synthetase (6.3.1.1) appeared to be missing, but a “glutamine 

amidotransferase-like protein” having a domain often found in asparagine synthetase 

(GATase) was assumed to be asparagine synthetase.  We therefore reported that 

biosynthetic pathways for all 20 amino acids had been found in ‘Cand. P. ubique.’ 

 

There are novelties in some of the biosynthetic pathways for amino acids.  The 

discussion is broken down into the families of amino acids, which are characterized 

by the precursor for all amino acids in the family. 

 

2.5.3.1 The Pyruvate Family 
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The common precursor for this family is of course pyruvate and the member amino 

acids are alanine and the branched chain amino acids valine, leucine, and isoleucine.  

The biosynthetic pathways for the branched chain amino acids are completely 

canonical as shown in Figure 2-10.  Isoleucine is also considered an aspartate family 

amino acid because it requires the aspartate derivative α-keto butyrate or 2-

oxobutanoate, which is shown in the upper right of the figure.  Alanine biosynthesis 

on the other hand is non-canonical. 

 

In general, the biosynthesis of alanine is accomplished very simply by transferring an 

amino group onto the keto carbon of pyruvate in a one-step transamination.  The 

normal alanine transaminase (2.6.1.2) uses glutamate as an amino donor but ‘Cand. P. 

ubique’ has a taurine-pyruvate aminotransferase (2.6.1.77) that uses taurine as the 

amino donor instead.  A second enzyme normally occurring in the reverse TCA cycle, 

alanine dehydrogenase (1.4.1.1), catalyzes the reversible deamination of alanine to 

pyruvate, thus allowing cyclical deamination of imported taurine, the first step in 

degradation of taurine to acetyl CoA as shown in Figure 2-11.  Not surprisingly, the 

two genes that encode taurine-pyruvate aminotransferase and the alanine 

dehydrogenase are directly adjacent to the tauABC operon for taurine import. 

 

2.5.3.2 The Serine-Glycine or Triose Family 

 

Biosynthesis of the Serine-Glycine or Triose Family of amino acids appears to be 

completely novel, relying on glycine betaine and DMSP as precursors instead of the 
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normal precursor 3-phosphoglycerate (PGA), which comes from glycolysis.  

Normally, three enzymes coded by the serABC genes convert PGA to serine in three 

steps.  Two branches then occur after serine to make glycine and cysteine.  On one 

branch serine is reversibly demethylated by the product of glyA to form glycine.  On 

the other branch serine is activated with acetyl CoA then deacetylated and 

sulfurylated with hydrogen sulfide to form cysteine.  ‘Cand. P. ubique’ appears to be 

missing serB and serC, preventing it from using PGA as a precursor for glycine, 

serine, and cysteine.  Instead, glycine betaine and DMSP appear to serve as the 

precursors for glycine, serine, and cysteine. 

 

Glycine betaine is N-trimethylated glycine.  ‘Cand. P. ubique’ has the genes 

necessary to completely demethylate it to glycine: betaine homocysteine 

methyltransferase (2.1.1.5), dimethylglycine dehydrogenase (1.5.99.2), and sarcosine 

oxidase (1.5.3.1).  This degradation pathway can be seen in the middle left of Figure 

2-12.  Glycine hydroxymethltransferase (2.1.2.1) can make serine from glycine by 

methylating serine using a methyl group from 5,10-methylene-tetrahydrofolate (me-

THF).  There are multiple sources of methyl groups for me-THF, but one is 

demethylation of DMSP and another breakdown of glycine via the glycine cleavage 

complex.  Thus, a second glycine betaine or a DMSP molecule can provide the 

methyl group to make serine from glycine and these two compounds can replace PGA 

as the precursor to glycine and serine. 
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Cysteine is normally made from serine by activation with CoA (serine o-

acetyltransferase, 2.3.1.30, cysE) and sulfurylation (cysteine synthase, 2.5.1.47, 

cysK).  ‘Cand. P. ubique’ has both of these genes.  However, the sulfide for the 

second step normally comes from assimilatory sulfate reduction, which does not 

appear to be present in ‘Cand. P. ubique,’ since three out of four of the genes are 

apparently missing.  Assuming that this deficiency is real, the likely alternate source 

of sulfide is DMSP degradation.  The pathway of cysteine biosynthesis from serine 

and sulfate is shown in Figure 2-13. 

 

2.5.3.3 The Aspartate Family 

 

The aspartate family consists of aspartate, asparagine, threonine, methionine, 

isoleucine, and lysine.  Aspartate is normally formed by the action of aspartate 

aminotransferase (2.6.1.1), which transfers an amino group from glutamate onto the 

TCA cycle intermediate oxaloacetic acid.  ‘Cand. P. ubique’ has the gene coding for 

this enzyme, as seen in Figure 2-14.  ‘Cand. P. ubique’ also has the typical pathway 

from aspartate to homoserine and threonine, as seen in the lower middle part of 

Figure 2-12.   

 

Homoserine serves as a precursor to methionine, which is made in three additional 

steps as shown in Figure 2-15.  A novelty worthy of discussion is the final 

methylation step, from l-homocysteine to l-methionine.  The two enzymes that are 

normally used here are 5-methyltetrahydrofolate homocysteine methyltransferase 
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(metH, 2.1.1.13) or 5-methyltetrahydropteroyltriglutamate homocysteine 

methyltransferase (metE, 2.1.1.14).  The normal source of the methyl group itself is 

serine, via demethylation, or glycine via the glycine cleavage system.  A common 

alternate methyl source is s-adenosyl-l-methionine, but because it consumes a 

methionine to make a methionine it cannot be used for net methionine biosynthesis. 

 

An extremely rare source of methyl groups for the final methylation step of l-

homocysteine to l-methionine, known only in eukaryotes, Ralstonia eutropha, ‘Cand. 

P. ubique,’ and Mesorhizobium loti is glycine betaine.  The bhmT gene, coding for 

betaine-homocysteine S-methyltransferase (2.1.1.5), catalyzes the methyl transfer 

from glycine betaine onto homocysteine to form methionine.  This serves as another 

example of the central role that glycine betaine plays in the metabolism of ‘Cand. P. 

ubique.’ 

 

Another alternative pathway for methionine biosynthesis is the bypassing of l-

homocysteine, making methionine from o-acetyl-l-homoserine via incorporation of 

methanethiol instead of hydrogen sulfide.  This avoids a separate methylation step 

because the terminal methyl in the methionine side chain comes with its attached 

sulfur atom.  KEGG reports that the enzyme o-acetylhomoserine lyase (2.5.1.49) can 

accomplish methionine biosynthesis from o-acetylhomoserine in one step using 

sulfide or two steps using methanethiol.  A possible source of methanethiol is DMSP, 

which is thought to produce methanethiol in organisms such as ‘Cand. P. ubique’ that 

demethylate DMSP. 
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Lysine is an aspartate family amino acid because both its backbone and its side chain 

come from aspartate as a precursor.  The backbone comes from l-aspartate-4-

semialdehyde and the side chain comes from homoserine.  The pathway in ‘Cand. P. 

ubique’ is completely canonical and is shown in Figure 2-16. 

 

Isoleucine, already discussed under the pyruvate family, is also considered an 

aspartate family amino acid because in addition to pyruvate, it requires aspartate and 

α-keto-butyrate (2-oxobutanoate), which is a threonine derivative, threonine itself 

being an aspartate derivative also.  The inputs to isoleucine biosynthesis can be seen 

in the upper right portion of Figure 2-10.  It should be noted that the threonine 

dehydratase (4.3.1.19) gene call was from the COG, which is named for threonine 

dehydratase.  The best BLAST hits were to a related enzyme, diaminopropionate 

ammonia-lyase (4.3.1.15), which eliminates alpha and beta amine groups from 

propionate to form ammonia and pyruvate.  Little is known about diaminopropionate 

[32] and no pathway has been assigned to it so it is difficult to judge the likelihood of 

whether ‘Cand. P. ubique’ might find it.  If it exists in seawater, it might be that the 

annotated spermidine/putrescine transporters are actually for diaminopropionate, 

since it is also a short chain polyamine.  If ‘Cand. P. ubique’ has no threonine 

dehydratase it would require a supplement of α-keto butyric acid in order to make 

isoleucine or be forced to import isoleucine via one of its three branched chain amino 

acid transporters.   
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Asparagine is an aspartate amino acid and, as noted above, its biosynthetic pathway 

was completed on an assumption that a “glutamine amidotransferase-like protein” 

was actually asparagine synthetase.  The completed path is shown in Figure 2-14. 

 

2.5.3.4 The Glutamate Family 

 

The glutamate family consists of glutamate, glutamine, proline, and arginine.  

Glutamate is made from α-ketoglutarate and glutamine via a single transamination 

reaction catalyzed by glutamate synthase (1.4.1.13) that produces two glutamate 

molecules.  Glutamine is the amine donor, and its deamination immediately produces 

the first glutamate.  The amine from glutamine is then transferred to the keto carbon 

of α-keto glutarate making a second glutamate.  Thus, two glutamates are produced 

by a single transamination involving two substrates.  Glutamate synthase (1.4.1.13) 

appears in the middle of Figure 2-17. 

 

Glutamine synthesis is normally accomplished by glutamine synthase (6.3.1.2, glnA), 

which incorporates ammonium into glutamate at the expense of ATP.  ‘Cand. P. 

ubique’ has this gene, seen in the middle of Figure 2-17. 

 

Proline is synthesized in a four-step process from glutamate, one of which is non-

enzymatic.  The three enzymes are coded by proABC (1.2.1.41, 2.7.2.11, and 1.5.1.2) 

and can be seen in the lower left part of Figure 2-18.  The same figure also shows the 

long canonical pathway from glutamate to arginine. 
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2.5.3.5 The Aromatic Amino Acid Family 

 

The aromatic amino acid family consists of phenylalanine, tyrosine, and tryptophan.  

All pathways for these amino acids are canonical and are shown in Figure 2-19.  The 

shikimate pathway from phosphoenolpyruvate and d-erythrose-4-P to chorismate 

appears in the lower left part of the figure.  The right hand branch from chorismate 

leads to tryptophan in the extreme lower right part of the figure.  The vertical branch 

from chorismate leads to tyrosine in the upper right and phenylalanine in the middle 

left. 

 

2.5.3.5.1 Histidine 

 

Histidine is in its own amino acid family because it is uniquely linked to pentose 

sugars and purine biosynthesis.  It is a long pathway starting with 5-phosphoribosyl 

diphosphate (PRPP) from the Pentose Pathway.  One gene (hisB) codes for a 

bifunctional enzyme that can catalyze two different steps in the pathway (4.2.1.19 and 

3.1.3.15).  These are features of the canonical pathway, which ‘Cand. P. ubique’ has 

as shown in Figure 2-20. 
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2.5.4 Fatty Acid Biosynthesis 

 

Acetyl CoA is the input to fatty acid biosynthesis.  This is a two-carbon compound, 

so successive additions add two carbons at a time.  The smallest fatty acid chain made 

by this process is four carbons long and results from the addition of two acetyl CoAs.  

Four, six, eight, and ten-carbon saturated fatty acids are made by the same cyclical 

process.  Specific enzymes can introduce a double bond at this point to make an 

unsaturated fatty acid, but saturated twelve, fourteen, and sixteen carbon fatty acids 

are thought to be made by the same enzymes that work up to ten carbon atoms. 

 

The cyclical process is initiated by ligating an acyl carrier protein (acp) to an acetyl 

CoA.  Like any other turn of the cycle, an incoming acetyl CoA is carboxylated to 

form a three-carbon malonyl-acp and the three carbons are joined to the existing 

chain on the acp.  This has the effect of adding three carbons to the chain, but 

decarboxylation immediately reduces the chain by one carbon for a net of two 

carbons added.  The cycle then repeats with three carbons added via malonyl-acp and 

one subtracted by decarboxylation.  The final step is to remove the acp and, while the 

KEGG chart for fatty acid biosynthesis indicates that special enzymes are required, 

the KEGG chart for fatty acid metabolism indicates that an alternate enzyme can 

perform this function.  In fact most organisms, including E. coli, use what appears to 

be the “alternate” enzyme.  The normal canonical path of fatty acid biosynthesis used 

by ‘Cand. P. ubique’ is shown in Figure 2-21. 
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2.5.5 Cell Wall Biosynthesis 

 

Cell wall biosynthesis requires a number of building blocks including D-amino acids, 

UTP, UDP-N-acetyl-D-glucosamine, and UDP-N-acetyl-muramate.  The D-amino 

acids are produced by isomerizing the corresponding L-amino acid.  UTP is a 

pyrimidine whose biosynthesis has already been discussed.  UDP-N-acetyl-D-

glucosamine is made from D-fructose-6P and UTP, both of which come from 

glycolytic or gluconeogenic precursors.  These components are polymerized into 

peptidoglycan, which is the material of the cell wall.  The polymerization reactions 

have been studied in only a few species and some of the enzymes from the model 

organisms appear to be unique to them.  For example, murM (2.3.2.10) is found only 

in Streptococcus.  The enzyme for breaking D-alanine bounds to accomplish 

expansion of the cell wall as the cell grows in size (dat, 2.6.1.21) has not been found 

in most E. coli strains.  Given the state of knowledge about cell wall biosynthesis, we 

considered metabolic reconstruction of cell wall biosynthesis completed when we 

confirmed that ‘Cand. P. ubique’ has at least the same functional capabilities as E. 

coli. 

 

2.5.6 D-amino acid Isomerization 

 

D-alanine, D-glutamate isomerases exist.  The D-alanine isomerase (5.1.1.1) is coded 

by the alr gene and the D-glutamate isomerase (5.1.1.3) is coded by the murI gene.  
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The D-alanine and D-glutamate pathways that feed into peptidoglycan biosynthesis 

are shown in Figure 2-22 and Figure 2-23.  Both of these are canonical genes and 

paths. 

 

2.5.7 Aminosugar Metabolism 

 

A four-step pathway leads from D-fructose-6P to UDP-N-acetyl-glucoseamine, then a 

two-step step process leads to UDP-N-acetyl-muramate as shown in Figure 2-24.  

These are canonical pathways. 

 

2.5.8 Peptidoglycan Biosynthesis 

 

Peptidoglycan biosynthesis is not completely understood, but ‘Cand. P. ubique’ has 

all of the enzymes known for this path in E. coli.  This is shown in Figure 2-25.  An 

exceptionally long and well-conserved operon codes for peptidoglycan biosynthesis.  

One difference between ‘Cand. P. ubique’ and E. coli that is common to other 

bacteria is incorporation of the murB gene into this operon.  The incorporation can be 

seen in Fusobacterium, Wolbachia, Novosphingobium, and Rickettsia.  Two novelties 

are unique to ‘Cand. P. ubique’ and can be used as markers: a murEF fusion and 

relocation of ftsZ.  So far as is known, the murEF fusion is unique to ‘Cand. P. 

ubique,’ so it can tentatively be used as a SAR11 marker when studying 
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environmental DNA.  Another potential marker is recognition of ftsZ at the mraZ end 

of the operon instead of the lpxC end.   

 

2.5.9 Heme Biosynthesis 

 

Heme biosynthesis starts with two different paths to an essential precursor: δ-

aminolevulinate.  The first, or C-4 path, is catalyzed by δ-aminolevulinate synthase 

(hemA) and uses glycine and succinyl CoA as substrates.  The second, or C-5 path, 

starts with glutamate glutamyl-tRNA, proceeds to glutamate-1-semialdehyde via 

glutamyl-tRNA reductase (gmtA), and ends with conversion to δ-aminolevulinate via 

glutamic-semialdehyde amino transferase.  We originally completed this path with a 

gene having weak similarity to δ-aminolevulinate synthase, but based on a report in 

the literature [33] of soybean plants providing their  hemA-deficient alpha 

proteobacterial endosymbiont Bradyrhizobium japonicum with δ-aminolevulinate, we 

added 50 nM δ-aminolevulinate to medium containing all other nutrients in excess 

and saw no increase in maximum yield (data not shown).   

 

The rest of the heme biosynthesis pathway is present except for protoporphyrinogen 

oxidase (hemG or hemY).  This apparent deficiency is quite common, appearing in 

half of the genomes surveyed for heme biosynthesis in 2002, and all but one of the 

alphaproteobacteria [34].  The authors noted that overexpression of another gene in 

the pathway (hemF) recovered function in deletion mutants for hemG and offered 

bifunctional capability of hemF as one possible explanation for the prevalence of 
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missing hemG or hemY genes.  In light of this, our metabolic reconstruction of the 

rest of the heme pathway postulates a complete pathway from δ-aminolevulinate to 

heme.  This is shown in Figure 2-26. 

 

2.5.10 Ubiquinone Biosynthesis 

 

Ubiquinone functions in electron transport between membrane-bound proteins.  

Electron transport is required for energy generation, particularly oxidative 

phosphorylation.  Ubiquinone biosynthesis (Figure 2-27) is canonical and starts with 

the precursor chorismate, which is the output of the shikimate pathway at the 

beginning of aromatic amino acid biosynthesis (Figure 2-19).  It proceeds in several 

steps shown on the left hand side of Figure 2-27 from top to bottom. 

 

2.5.11 Vitamin biosynthesis 

 

2.5.11.1 Nicotinate and nicotinamide 

 

These compounds are found in nicotinamide adenine dinucleotide (NAD) and 

nicotinamide adenine dinucleotide phosphate (NADP), coenzymes that can donate 

and accept protons making them useful in many oxidation and reduction reactions.  

One of their most important functions is to oxidize sugars and organic acids in 

glycolysis and the TCA cycle, then donate the electrons they have accepted to the 
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electron transport chain for oxidative phosphorylation.  This prepares them for the 

next cycle of oxidation and reduction. 

 

In bacteria, biosynthesis of nicotinate and nicotinamide begins with oxidation of the 

amine group in aspartate to form iminoaspartate, catalyzed by nadB.  This gene could 

not be found in ‘Cand. P. ubique.’  The next step is condensation of 

dihydroxyacetone phosphate and iminoaspartate to form quinolinic acid, catalyzed by 

the nadA gene, which was found in ‘Cand. P. ubique.’  Next, the enzyme for nadC 

(found adjacent to nadA in ‘Cand. P. ubique’) ribosylates the quinolinic acid.  From 

here a series of phosphorylations and deaminations using genes found in ‘Cand. P. 

ubique’ completes the biosynthetic pathway. 

 

The original KEGG chart used for the Science article (Figure 2-28) did not separate 

the first two steps and therefore did not catch the missing nadB gene.  It is now 

unclear whether ‘Cand. P. ubique’ has some kind of deficiency or novelty with 

respect to aspartate oxidase (nadB).  A deficiency could lead to a nutrient requirement 

for quinolate. 

 

2.5.11.2 Folate 

 

Folate is important to C1 metabolism, which functions in serine and methionine 

biosynthesis and the biosynthesis of some nucleotides.  Tetrahydrafolate is a common 

carrier of methyl groups.  The pathway for folate is complete in ‘Cand. P. ubique,’ 
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using a bifunctional alternative to dihydrofolate reductase called thyX.  This same 

gene has thymidilate synthase activity for nucleotide biosynthesis.  The entire, 

canonical pathway (with the exception of thyX) is shown in Figure 2-29. 

 

2.5.11.3 Riboflavin (Vitamin B2) 

 

Riboflavin is found in the oxidation-reduction coenzymes flavin mononucleotide 

(FMN) and flavin adenine dinucleotide (FAD).  Like folate, its biosynthesis starts 

with GTP.  ‘Cand. P. ubique’ has a complete canonical pathway for riboflavin 

biosynthesis shown in Figure 2-30. 

 

2.5.11.4 Pantothenate 

 

Pantothenate is found in CoA, which activates carbon chains for processing.  Acetyl 

CoA is a crucial part of central metabolism, feeding the TCA cycle for energy 

generation and the glyoxylate cycle for biosynthesis.  It also activates fatty acids for 

oxidation.  The pathway for pantothenate appears to be incomplete in ‘Cand. P. 

ubique’ (Figure 2-31).  In addition, a possible transporter exists. 

 

2.5.11.5 Vitamin B6 (Pyridoxine) 
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‘Cand. P. ubique’ seems deficient in the biosynthesis of vitamin B6, as shown in 

Figure 2-32.  This vitamin is part of the coenzyme pyridoxal-5’-phosphate, which has 

the ability to stably position amino acids for processing of the carboxyl, side chain, 

and α-carbon hydrogen in amino acids.  This allows it to mediate nine kinds of 

reactions: transamination, β decarboxylation, α decarboxylation, aldol cleavage, γ 

elimination, β elimination, γ displacement, and β displacement.  If confirmed, this 

deficiency is certainly significant. 

 

2.5.11.6 Thiamine (Vitamin B1) 

 

Thiamine is a component of thiamine pyrophosphate, which is part of the pyruvate 

dehydrogenase complex.  In general, it is involved in aldehyde transfers and 

activation.  ‘Cand. P. ubique’ seems deficient in the biosynthesis of thiamine, as 

shown in Figure 2-33.  In addition to missing enzymes, the presence of 22 possible 

thiamine transporters supports the hypothesis that this pathway is incomplete. 

 

2.5.11.7 Biotin 

 

Biotin activates carboxyl groups and mediates their transfer, such as those that occur 

in fatty acid oxidation.  Biotin biosynthesis deficiency is very common among 

alphaproteobacteria.  A recent search of the KEGG database showed Bradyrhizobium 

japonicum as the only alphaproteobacterium that has a complete biotin biosynthesis 
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pathway.  Not surprisingly then, ‘Cand. P. ubique’ appears to be deficient in biotin 

biosynthesis as shown in Figure 2-34. 

 

2.5.11.8 Vitamin B12 

 

Vitamin B12 contains cobalt and participates in methyl transfers such as those that 

occur in methionine synthesis.  Vitamin B12 biosynthesis branches from heme 

biosynthesis at the intermediate Uroporphyrinogen III, shown in the middle left of 

Figure 2-26.  The long pathway to Vitamin B12 proceeds downward in the figure, 

starting with cobA/cycG (2.1.1.107).  As can be seen, the entire upper part of the 

pathway is missing, so it seems clear that this pathway is incomplete. 

 

2.5.11.9 Retinal 

 

Retinal is found in proteorhodopsin, which is a functional proton pump in ‘Cand. P. 

ubique’ [24].  The final step is cleavage of β-carotene to make two retinals.  The 

pathway to β-carotene is a long one starting with pyruvate and is shown in Figure 

2-35.  A single enzyme is all that is required to make retinal from β-carotene.   A 

bacteriorhodopsin-like protein (blh) occurring just downstream of the crtIBY operon 

is thought to catalyze this final step [35].  Therefore, that gene was assigned enzyme 

activity 1.14.99.36 to complete the pathway to retinal biosynthesis, as shown in 

Figure 2-36. 
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2.6 Type II Secretion Type IV Pili 

 

An adapted diagram of the Type II Secretion Type IV Pili of ‘Cand. P. ubique’ 

appears in Figure 2-37.  A pilMNOPQBC operon and a pilT gene occur near each 

other in the ‘Cand. P. ubique’ genome, along with other pil genes with weak 

similarity to minor subunits.  The basic operation is that the pilus moves up and 

down, powered by ATP-consuming conformation changes in pilB mediated by pilT 

[36].  This allows the structure to either secrete proteins that have been loaded into 

the pilQ barrel for export prior to being pushed out by the pilus, or to pull on items to 

which the extended pilus has attached [37].  Thus, this structure enables functions 

such as secretion of proteins [38], twitching motility related to biofilm formation, 

swimming, and swarming [39], and DNA uptake for either competence or nutrition 

[40].  Interestingly, the pilMNOPQBC operon has by far the largest promoter region 

in the ‘Cand. P. ubique’ genome: 1345 bp vs. a median of 3 bp [24]. 

 

2.6.1 Horizontal Gene Transfer and Cosmopolitan Distribution of pil Genes 

 

A BLAST search of the National Center for Biotechnology Information (NCBI) non-

redundant proteins against ‘Cand. P. ubique’ pil genes does not return any hits to any 

α-proteobacteria with e-values better than 1.  All BLAST hits with e-values better 

than 0.001 are to other proteobacteria, firmicutes, cyanobacteria, and other bacteria.  
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The lack of even remote similarity to any alpha proteobacteria is strong evidence that 

the ‘Cand. P. ubique’ pil genes were acquired via horizontal transfer.  The agent for 

the transfer is unknown.  However, once these genes were acquired they could have 

led to an additional capacity for horizontal gene transfer given that DNA uptake is 

one possible function of pil genes. 

 
 
A notable observation is that the pilMN gene appears to be the result of a fusion 

between a pilM from the delta/epsilon division of proteobacteria and a eukaryotic 

protein functioning in the place of pilN (Vergin et al., in press).  Given that the rest of 

the operon has a different taxonomic distribution, this is evidence for more than one 

horizontal transfer event, a highly unique construction that can therefore serve as a 

potential genetic marker for ‘Cand. P. ubique.’  Strain HTCC1002 has all of these 

genes with exceptionally high similarity to strain HTCC1062, which is to be expected 

given that they differ by only one 16S base pair.   

 

2.6.2 Uptake Signal Sequence 

 

An exhaustive search for an uptake signal sequence or a site-specific recombination 

sequence yielded no statistically significant candidates.  Uptake signal sequences are 

usually palindromic 9-mers that occur at frequencies hundreds of times above that 

expected by chance [41].  The palindromic 9-mers “ATTTTTTTT” and 

“AAAAAAAT” were found frequently in two ‘Cand. P. ubique’ strains, but only five 

times above expected.   
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Moreover, the specific location of the palindromes in ‘Cand. P. ubique’ showed that 

they were not paired to form hairpins nor did they show any preference for location 

inside of genes, at gene boundaries, or in intergenic spaces, making their role in site 

specific recombination doubtful.  Finally, an empirical search of other high AT-

content genomes revealed that these two palindromes occurred twice as frequently in 

Wigglesworthia as in ‘Cand. P. ubique.’  The 29 base pair (bp) context upstream and 

downstream from the palindromic 9-mers showed a higher than normal AT content 

(70%-80%), but no conservation of individual positions, as was found in the uptake 

signal sequence of Haemophilus influenza [41].  Among the least-frequent 9-mers 

found in ‘Cand. P. ubique’ were “ATATATATA” and “TATATATAT,” a repeat 

which has been found theorized to generate very stable coiled coils of DNA [42].  

These are not to be confused with protein coiled coils, which are α-helices that are 

coiled around each other, driven by the stability that comes from burial of 

hydrophobic residues [43].    Rather, these coiled coils arise from staggered nicks in 

each DNA strand that allow supercoiling of the double helix.  One hypothesis for the 

above normal frequency of the “ATTTTTTT” and “AAAAAAAAT” palindromes is 

that they avoid formation of DNA coiled coils and are not uptake signal sequences.   

 

More recently, putative lexA binding sites have been found in the upstream regions of 

the pilMNOPQ operon and the pilT gene.  This is evidence for DNA uptake for 

repair, since lexA is the repressor of the SOS response.  Single-stranded DNA, 

resulting from DNA damage, binds to recA and the recA thus activated causes 
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cleavage of lexA.  This releases lexA from the promoters of repair genes, allowing 

their expression.  Future research will be needed to confirm whether DNA repair is 

one of the roles of Type II Secretion, Type IV pili. 

 

2.7 Conclusions 

 

‘Cand. P. ubique’ does not have a typical glycolytic pathway, but does have a typical 

gluconeogenic one.  This is consistent with the fact that it has a glyoxylate bypass to 

the TCA cycle, which is normally used in conjunction with gluconeogenesis to allow 

bacteria to utilize short chain fatty acids as a sole carbon source instead of glucose.  

Also consistent with the atypical glycolytic pathway is deficiency in the production of 

serine from the glycolytic intermediate 3-phosphoglycerate.  This means that for 

glucose to function as a sole carbon source for this organism, the serine family of 

amino acids (glycine, serine, and cysteine) would have to be synthesized in an 

alternate fashion or imported into the cell.  Alternate synthesis of the serine family of 

proteins is possible using threonine degradation, but this leads to regulatory problems.  

An avenue worth exploring is importation and degradation of glycine betaine as a 

precursor to glycine, serine, and cysteine. 

 

‘Cand. P. ubique’ does not have the typical genes to reduce sulfate to sulfur, and 

DMSP contains reduced sulfur.  This is a remarkable finding that has not yet been 

reported in the literature, although the literature has already reported a preference for 
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some α-proteobacteria to use the reduced sulfur in DMSP in preference to the 

oxidized sulfur in sulfate [44].   

 

‘Cand. P. ubique’ has a rich set of C1 metabolism genes including a formate 

dehydrogenase, demethylation genes for glycine betaine that produce formaldehyde 

in addition to methyl groups, and an ATP-generating formaldehyde oxidation 

pathway.  Interestingly, DMSP and glycine betaine both contain methyl groups.  The 

observation of active C1 metabolism supports the hypothesis that these two 

compounds are important nutrients for ‘Cand. P. ubique’.   

 

Three potential metabolic deficiencies are worthy of additional investigation, in 

priority order: inability to synthesize the heme precursor 5-aminolevulinate from 

either glutamate or a combination of succinyl CoA and glycine, inability to synthesize 

the isoleucine precursor α-ketobutyric acid from threonine, and inability to synthesize 

asparagine from aspartate.  The candidates for relieving these deficiencies are very 

weak and 5-aminolevulinate, isoleucine, and asparagine are all likely to be 

transported by branched chain amino acid transporters, which ‘Cand. P. ubique’ 

possesses in multiple sets.  In addition, algae produce 5-aminovulinate as a precursor 

to chlorophyll, so it is likely to be found in seawater, and at least one instance is 

known of plants producing 5-aminovulinate to the benefit of an α-proteobacterial 

parasite deficient in 5-aminovulinate synthesis.  Moreover, regulation of the gene 

coding for 5-aminolevulinate synthase is complex and dependent on glycine, iron, 

and oxygen levels (See Chapter 4).  ‘Cand. P. ubique’ already possesses two glycine 
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cleavage type riboswitches for controlling glycine cleavage and the glyoxylate bypass 

to the TCA cycle dependent on glycine concentration.  The added complexity of the 

requirement to balance glycine needs for heme biosynthesis in addition to the other 

pathways may not be warranted if algae can be relied upon to produce this compound. 

 

‘Cand. P. ubique’ is deficient in several vitamin pathways, so they could potentially 

be limiting under some conditions.  However, given the low requirement for these 

compounds, other compounds are likely to be limiting first.  

 

Although experimental procedures that could provide measurement of the natural 

concentrations of small organic molecules identified as growth factors in this study 

are not yet available, the laboratories of Stephen Giovannoni at Oregon State 

University and Elizabeth Kujawinski at Woods Hole Oceanographic Institute are 

actively working on this problem using electrospray ionization Fourier transform ion 

cyclotron resonance mass spectroscopy.  Theoretically, the compounds consumed and 

produced during growth can be revealed by exceptionally sensitive, precise, and 

accurate mass spectra of the dissolved organic carbon field before and after cell 

growth.   

 

The role of Type II Secretion Type IV pili in ‘Cand. P. ubique’ is of great interest 

since it could be involved in such a wide variety of functions ranging from nutrition 

to motility, adhesion, DNA repair, and generation of sequence diversity.  These 

possibilities are being explored in Stephen Giovannoni’s laboratory as well. 
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Genomic observations have produced candidate nutrients that are important to ‘Cand. 

P. ubique,’ principally DMSP and glycine betaine.  They have also raised questions as 

to the relative importance of glycolysis and the glyoxylate cycle.  Wet lab 

experiments will test these candidate compounds and answer these questions. 
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Figures 

 
 

Figure 2-1.  Proposed glycolytic pathway for ‘Cand. P. ubique.’  This novel variant of 
the non-phosphorylated version of the Entner-Doudoroff pathway starts in the upper 
left inside the heavy box (glucose) and proceeds to the right, just above the other 
heavy box (Entner-Doudoroff pathway).  A novel kinase was proposed for enzyme 
2.7.1.12 at locus C134_0768 and a novel hydrolase was proposed for enzyme 4.1.2.14 
at locus C134_0776. 
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Figure 2-2.  Proposed gluconeogenesis pathway for ‘Cand. P. ubique,’ steps one and 
two.  Enzymes 1.1.1.40 and 2.7.9.1 catalyze the conversion of oxaloacetate to 
phosphoenolpyruvate. 
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Figure 2-3.  Proposed gluconeogenesis pathway for ‘Cand. P. ubique,’ remaining 
steps.  Gluconeogenesis starts at the bottom and with pyruvate and proceeds upward 
to Glucose-1-P. 
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Figure 2-4.  TCA Cycle for ‘Cand. P. ubique.’ 

 

 
 

Figure 2-5.  Oxidative phosphorylation for ‘Cand. P. ubique.’ 
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Figure 2-6.  One carbon pool by folate.  In contrast to most pathways in ‘Cand. P. 
ubique,’ this pathway shows multiple options for each potential conversion. 

 

 
 

Figure 2-7.  Glyoxylate Cycle for ‘Cand. P. ubique.’ 
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Figure 2-8.  Purine Metabolism for ‘Cand. P. ubique.’  Ribose-5P is the starting 
compound in the upper left corner.   

 

 
 

Figure 2-9.  Pyrimidine Metabolism for ‘Cand. P. ubique.’  Output from the Pentose 
Phosphate cycle serves as the input to pyrimidine biosynthesis pathway.  The missing 
thymidilate synthase is substituted by thyX, which also substitutes for dihydrofolate 
reductase in folate biosynthesis. 
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Figure 2-10.  Valine, leucine, and isoleucine biosynthesis.  These pathways 
originating from pyruvate are complete and canonical. 
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Figure 2-11.  Alanine biosynthesis via taurine degradation.  Excess alanine generated 
from taurine degradation can be converted to pyruvate and metabolized to acetyl 
CoA. 
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Figure 2-12.  Glycine and serine biosynthesis.  The missing enzymes (2.6.1.52 and 
3.1.3.3) for canonical biosynthesis of serine from the glycolytic intermediate 3-
phosphoglycerate can be seen in the middle of the top part of the figure.  The 
alternate pathway from glycine betaine can be seen in the middle of the left side of 
the figure.  The glycine cleavage complex (1.4.4.2, 2.1.2.10, 1.8.1.4) appears in the 
middle right of the diagram.   
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Figure 2-13.  Cysteine biosynthesis.  The two enzymes that normally convert serine to 
cysteine can be seen on the left side of the figure.  The rest of the figure shows an 
incomplete pathway from sulfate to hydrogen sulfide.  DMSP is a possible alternate 
source of reduced sulfur. 
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Figure 2-14.  Aspartate biosynthesis.  Aspartate is made from the TCA cycle 
intermediate oxaloacetate, as seen in the lower middle part of the diagram.  Aspartate 
in turn serves as a precursor for many other compounds as shown by the pathways 
that emanate from it. 
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Figure 2-15.  Methionine biosynthesis.  Homoserine from the aspartate to threonine 
pathway is the starting point for methionine biosynthesis in the upper right part of the 
figure.  The endpoint at methionine can be seen in the lower middle part of the 
diagram. 
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Figure 2-16.  Lysine biosynthesis.  This canonical pathway starts with aspartate in the 
upper left corner and includes the aspartate byproduct homoserine. 
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Figure 2-17.  Glutamate and glutamine synthesis.  The formation of glutamate from 
glutamine and α-keto glutarate (2-oxoglutarate) is shown in the right center of the 
diagram.  Glutamine synthesis is shown just above it. 
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Figure 2-18.  Proline and arginine biosynthesis.  Proline biosynthesis from glutamate 
is shown in the lower left.  The long canonical pathway from glutamate in the lower 
left to arginine in the urea cycle shows how arginine is synthesized. 
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Figure 2-19.  Aromatic amino acid biosynthesis.  The pathways start in the middle left 
with phosphoenolpyruvate and D-erythrose-4-phosphate and proceed to chorismate 
via the shikimate pathway.  Tyrosine is in the lower right, phenylalanine in the middle 
left, and tyrosine in the upper right. 
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Figure 2-20.  Histidine biosynthesis.  The starting point is in the upper left corner at 
PRPP (5-phosphoribosyl diphosphate) and the end point is histidine in the middle 
right. 
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Figure 2-21.  Fatty acid biosynthesis.  The starting point is in the upper left with 
acetyl CoA.  A three-carbon malonyl-acp is added at each turn of a cyclical process 
and each turn begins with a decarboxylation, thus adding two carbons.  The first cycle 
is shown in the left column, with a two-carbon acetyl-acp (acyl carrier protein) 
combining with the three-carbon malonyl-acp.  After decarboxylation and further 
processing, the first column ends with a four-carbon chain on the acp.  The cycle 
repeats for 6, 8, 10, 12, 14, and 16 carbons. 
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Figure 2-22.  D-alanine biosynthesis. 

 

 
 

Figure 2-23.  D-glutamate biosynthesis. 
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Figure 2-24.  Aminosugar biosynthesis.  The pathway starts at the left with D-
fructose-6-P and proceeds to UDP-N-acetyl-D-glucosamine and UDP-N-acetyl-
muramate. 

 

 
 

Figure 2-25.  Peptidoglycan biosynthesis.  The apparently missing genes are also 
missing from E. coli. 
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Figure 2-26.  Heme biosynthesis from 5-aminolevulinate.  This path starts in the 
upper left with 5-aminovulinate, which is normally produced from glycine and 
succinyl CoA in alphaproteobacteria, but ‘Cand. P. ubique’ may be deficient in 5-
aminolevulinate biosynthesis.  The path proceeds to the right and ends with 
cytochrome c.  The apparent deficiency in hemG or hemY is common and thought to 
be made up for by some means, possibly overexpression or bifunctional capability of 
hemF. 
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Figure 2-27.  Ubiquinone biosynthesis.  The precursor is chorismate from aromatic 
amino acid biosynthesis, shown at the top.  Ubiquinone is the output, seen at the 
bottom. 
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Figure 2-28.  Nicotinamide and nicotinamate biosynthesis.  The start is at the bottom 
with aspartate.  This older KEGG chart shows one enzyme, 4.1.99.- for nadA as 
catalyzing the first two steps in the pathway.  It is now thought that a separate subunit 
coded by nadB catalyzes the second step. 
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Figure 2-29.  Folate biosynthesis.  The start is with GTP in the upper left corner.  
ThyX substitutes for dihydrofolate reductase. 
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Figure 2-30.  Riboflavin biosynthesis.  The start is GTP on the left and the end point 
is in the lower middle.  The chart also shows that FMN and FAD contain riboflavin. 

 

 
 
 

Figure 2-31.  Pantothenate and CoA Biosynthesis.  This pathway is missing two 
enzymes and has a potential candidate transporter.  It is presumed to be incomplete. 
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Figure 2-32.  Vitamin B6 biosynthesis.  The missing enzymes are marked to show 
that this pathway is likely incomplete. 

 

 
 

Figure 2-33.  Thiamine metabolism.  Missing enzymes are marked and a notation 
shows that many potential transporters for thiamine exist.  This pathway is presumed 
to be incomplete. 
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Figure 2-34.  Biotin biosynthesis.  As with most alphaproteobacteria, this pathway 
appears to be incomplete. 
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Figure 2-35.  Biosynthesis of β-carotene.  This complete pathway starts with pyruvate 
in the upper right and proceeds to the left, then down, then right, and finally down to 
β-carotene. 
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Figure 2-36.  Biosynthesis of retinal.  This requires only one enzyme, and the 
presumption is that the blh gene encodes an alternate enzyme that performs this 
function, per Beja et al., 2005. 

 
 

 
 

Figure 2-37.  Adaptation of KEGG Diagram for Type II Secretion, Type IV Pilus 
Structure. 
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Tables 

 

Table 2-1.  Dry weight of C, N, P, and S for ‘Cand. P. ubique’ and E. coli. 

 
  Percent Dry Wt/10^9th Cells (ug) 
  Dry Wt. E. coli ‘Cand. P. ubique’
Total   670.00 5.23
Carbon 48.00% 321.60 2.51
Nitrogen 14.30% 95.81 0.75
Phosphorus 4.60% 30.82 0.24
Sulfur 1.40% 9.38 0.07



 82
 

 

CHAPTER 3 
 

 

 

 

Phytoplankton Lysates Supply Compounds that are Needed by ‘Candidatus 
Pelagibacter ubique’ to Attain Higher Cell Densities in Seawater 

 

 

H. James Tripp,1 Larry J. Wilhelm1, and Stephen J. Giovannoni1 

 

 

1Department of Microbiology 
Oregon State University 

Corvallis, OR 97331 
 

 

 

 

 

Journal: To Be Submitted as a Note to Limnology and Oceanography  



 83
 

 

3.1 Abstract 

 

‘Candidatus Pelagibacter ubique’ is a ubiquitous, cosmopolitan marine alpha 

proteobacterium that is difficult to isolate and to grow in culture.  The only known 

medium in which it can be grown is natural seawater.  Natural seawater amended 

with concentrated phytoplankton lysate, 250 nM DMSP, a defined carbon mix, 40 

μM ammonium, 4 μM phosphate, and a defined vitamin mix supported 1.11 108 

cells ml-1, nearly two orders of magnitude higher than obtained without 

phytoplankton lysate.  When lysate was fractionated by weight, the fraction under 3 

kDa improved maximum cell density while the fraction of lysate over 3 kDa in 

molecular weight had no effect on maximum cell density.  Fractionation by ionic 

strength revealed that the weakly basic fraction improved maximum cell density, but 

the neutral, weakly acidic, strongly acidic, and strongly basic fractions did not.  These 

results indicate that ‘Cand. P. ubique’ maximum cell density in pure culture growing 

is improved by weakly basic compounds under 3 kDa in size that are found in 

phytoplankton.   

 

3.2 Introduction 

 

The first cultured representative from the SAR11 clade of alpha proteobacteria was 

‘Cand. P. ubique’ [3].  Culturing was accomplished using techniques developed by 

Connan and Giovannoni [45] employing pristine seawater as a baseline medium for 
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growth.  Standard culturing techniques for bacteria have long been known to be 

ineffective for marine bacteria [4, 5].  Seawater from the oligotrophic regions where 

‘Cand. P. ubique’ is the most dominant [10] is often limited by N, P, Fe or C, so it is 

natural to assume that these elements should be added to seawater media.  The choice 

of species for N, P, and Fe is straightforward: most bacteria can use ammonium, 

phosphate and ferric iron.  The choice for carbon presents a myriad of possibilities.  

Simple carbon sources such as sugars, sugar alcohols, amino sugars, organic acids, 

and alcohols were ineffective at improving SAR11 maximum cell density and 

complex carbon sources like peptone have been shown to be inhibitory [3].  Here we 

report success increasing the maximum cell density of  ‘Cand. P. ubique’ using 

phytoplankton lysate as a complex carbon source. 

 

3.3 Materials and Methods 

 
Water collection and culturing methods were as described elsewhere [45], with the 

exception of lysate preparation.  Lysate was prepared with purely physical methods: 

freeze/thaw cycles, ultrasonication, and hand filtering, as described below. 

 

3.3.1 Preparation of Phytoplankton Lysate  

 

Phytoplankton were collected on 0.2 μM Supor filters using a peristaltic pump and 

suitable filtering apparatus.  Filters were placed into large Seal-A-Meal bags, 10ml of 

fresh nanopure was added, the bags were sealed, and a dull scraper was used to rub 
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the bag against the filter, transferring the phytoplankton to the nanopure.  Bags were 

frozen and thawed three times, sonicated in five one minute bursts of 30 seconds, and 

centrifuged at 20,000 rpm and low temp for one hour.  The supernatant was retained 

and filtered through a 0.2 micron filter, then a 0.02 micron filter.  The final lysate was 

checked for biological activity by DAPI staining, and by inoculating filtered 

autoclaved seawater with it.  The inoculated seawater showed no cells for a period of 

30 days.  Negative controls containing seawater and lysate with no cells were run 

every time lysate was used as a nutrient amendment. 

 

3.3.2 Fractionation procedures 

 
For size fractionation, 3-kDa and 10-kDa spin columns (Amicon) were used, retaining 

either the flow-through or the retentate depending on the fraction desired.  Individual pH 

fractions were prepared from an Oasis Sorbent Selection Cartridge Kit (product 

number 186003463).  The Oasis® 2X4 Method, with two protocols and 4 sorbents 

was used to create five fractions: base, strong base, acid, strong acid, and neutral.  

The fractions were prepared per the manufacturers instructions, using 2.5 ml of whole 

lysate as starting material for each fractionation.  The final eluents were evaporated 

away in a Speed-Vac and the residues were resuspended in 100 μL of nanopure.  Half 

(50 μL) of each fraction was added to amended seawater in the preparation of the 

experimental flask for that fraction.  The remaining halves of all five fractions were 

added to make a positive control called “reconstituted lysate.” 
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3.4 Results and Discussion 

 

The highest maximum cell yield for the phytoplankton addition experiment (Figure 

3-1), was 1.11 108 cells ml-1.  It was obtained by adding phytoplankton lysate that 

was prepared from 400 volumes of water.  Additions were made in increments, as 

described in the figure caption.  Lower yields were obtained from less concentrated 

phytoplankton lysate.  All treatments received other nutrients, which are described in 

the figure caption as well.  When given together, these other nutrients averaged 3.03 

106 cells ml-1 in 23 trials over a two year period (data not shown).  Phytoplankton 

lysate treatments that did not contain these additional nutrients reached only 107 cells 

ml-1, and higher phytoplankton concentrations without additional nutrients tended to 

slow growth (data not shown).  Therefore, phytoplankton lysate alone is sufficient to 

increase maximum cell density, but best results are achieved with phytoplankton 

lysate and other dilute sources of C, N, P, Fe, and vitamins. 

 

The molecular weight fractionation experiment (Figure 3-2) showed that fractions 

below10 kDa in weight performed best and the fraction below 3 kDa was nearly as 

effective as the fraction below10 kDa in weight.  The fractionation by ionic strength 

indicated that the weakly basic fraction is the one most likely to contain the 

compound or compounds responsible for higher yield.  However, unfractionated 

lysate performed twice as well as reconstituted lysate (Figure 2-1), indicating that 

approximately half of the active ingredient in lysate appears to have been lost during 

fractionation.  Nutrient additions of the basic compounds lysine, arginine, histidine, 
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spermidine, and putrescine did not increase yield, so the specific compound or 

compounds responsible for increased yield remains under investigation. 

 

Not surprisingly, phytoplankton lysate is an excellent complex carbon source for 

marine bacteria.  Culturing efforts with marine bacteria are likely to be much more 

successful using additions of phytoplankton lysate.   Also, lysates from different 

times of the year and from different depths are likely to yield new isolates of bacterial 

cells that bloom at those times in those places.  Moreover, the increase of two orders 

of magnitude in cell density that was obtained by adding concentrated phytoplankton 

lysate to natural seawater demonstrates that higher cell densities for ‘Cand. P. ubique’ 

can be achieved with additions of the correct compounds and sets an upper boundary 

for experiments designed to determine exactly which compounds are necessary and 

sufficient to reproduce this effect, shedding light on the nutrient requirements and 

limitations of this important marine microbe. 

 

HTCC 1062 apparently requires small organic molecules other than vitamins as 

growth factors.  This finding suggested that ‘Cand. P. ubique’ might not be as 

nutritionally proficient as the genome annotation first predicted.  Indeed, it suggested 

that ‘Cand. P. ubique’ might be limited by some unusual nutritional requirements.  

This is an intriguing possibility because it suggests that the general problem of 

unculturability might be a consequence of overly simplistic models for microbial 

metabolism. 
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3.5 Figures 
 

 
Figure 3-1.  Growth of ‘Cand. P. ubique’ in natural seawater amended with 
phytoplankton lysate.  Solid line, small closed circles, negative control receiving only 
phytoplankton lysate.  Broken line, small squares, natural seawater with no nutrient 
amendments.  All phytoplankton treatments are shown with open symbols, and 
received 50 nM DMSP, a defined carbon mix containing 0.001% w/v of each 
compound [3], 10 μM ammonium, 1 μM phosphate, 53.6 ppm FeCl3, and a defined 
vitamin mix [3].  The line with open triangles received phytoplankton lysate 
concentrated from 25 volumes of water.  The line with open circles received 
phytoplankton concentrated from 40 volumes of water.  The line with the open square 
received an additional 150 nM DMSP and phytoplankton lysate concentrated from 
400 volumes of water given in two equal additions at 192 hours and 216 hours 
(arrows). 
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Figure 3-2.  Maximum cell yield for phytoplankton lysate fractionated by size.  The 
maximum cell yield for size fractions from phytoplankton lysate concentrated from 
25 volumes of water is shown for individual fractions above and below 3 and 10 kDa 
in weight, along with a positive control that received two fractions, one above 3 kDa 
and the other below 3 kDa.  All treatments, including the control, received 50 nM 
DMSP, a defined carbon mix containing 0.001% w/v of each compound [3], 10 μM 
ammonium, 1 μM phosphate, 53.6 ppm FeCl3, and a defined vitamin mix [3].   
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Figure 3-3.  Maximum cell yield for phytoplankton lysate fractionated by ionic 
strength.  Lysate was prepared from 25 volumes of water.  All treatments, including 
the control, received 50 nM DMSP, a defined carbon mix containing 0.001% w/v of 
each compound [3], 10 μM ammonium, 1 μM phosphate, 53.6 ppm FeCl3, and a 
defined vitamin mix [3].  The treatment to the far right received unfractionated lysate 
and the treatment to its left received all fractions.  All other treatments received a 
single fraction whose ionic strength is indicated on the x-axis. 
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4.1 Abstract 
 
 

Sulphur is a universally required cell nutrient found in two amino acids and other 

small organic molecules.  All aerobic marine bacteria are known to use assimilatory 

sulphate reduction to supply sulphur for biosynthesis, although many can assimilate 

sulphur from organic compounds that have reduced sulphur atoms [44, 46, 47]. 

Surprisingly, an analysis of two complete ‘Candidatus Pelagibacter ubique’ genomes, 

and public ocean metagenomic datasets, suggested that members of the ubiquitous 

and abundant SAR11 alphaproteobacterial clade are deficient in assimilatory sulphate 

reduction genes.  Here we report that SAR11 requires exogenous sources of reduced 

sulphur, such as 3-dimethylsulphoniopropionate (DMSP) or methionine, for growth.  

Titrations of the algal osmolyte DMSP in seawater media containing all other 

macronutrients in excess showed 1.5  108 SAR11 cells are produced per nanomole 

DMSP.  While it has been shown that other marine alpha proteobacteria use sulphur 

from DMSP in preference to sulphate [44, 46] our results indicate ‘Cand. P. ubique’ 

relies exclusively on reduced sulphur compounds that originate from other plankton.  

 

4.2 Introduction 

 

SAR11 is the most abundant and ubiquitous clade of heterotrophic marine bacteria in 

the oceans, often comprising 30% of the surface bacterial plankton community [48].  
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Recent studies demonstrated that members of the SAR11 clade have DMSP 

demethylase genes [49].  DMSP demethylase is the key enzyme in a pathway that 

produces metabolic energy and converts DMSP to methylmercaptopropionate [49], 

which can be excreted in modified forms (e.g. methanethiol or mercaptopropionate) 

or diverted to pathways that supply sulphur for amino acid biosynthesis.  DMSP 

demethylase is significant because an alternate pathway, used by many marine 

bacteria to produce energy from DMSP, cleaves DMSP to produce dimethylsulfide, 

which is thought to precipitate cloud formation.  It is estimated that 50-90% of the 

DMSP that is metabolized by marine microorganisms is channelled into the pathway 

that leads to methylmercaptopropionate instead of DMS, thereby mitigating the 

impact of DMSP on climate. Microautoradiography studies have shown that SAR11 

populations in nature incorporate sulphur from DMSP, supporting the conclusion that 

these organisms are a significant sink for this compound [12]. 

 

4.3 Results and Discussion 

 

Cand. P. ubique strain HTCC1062, as well as other cultivated strains of SAR11, 

consistently grow to ca. 1.12  106 cells ml-1 (N=41, std. dev. ± 4.04  105, range 2.5 

 105 cells ml-1 to 3.5  106 cells ml-1) on natural, autoclaved seawater amended with 

ammonium, phosphate, and various organic carbon compounds.  These cell densities 

are similar to SAR11 population densities observed in coastal Oregon seawater, 

suggesting that, when growing in seawater culture, SAR11 strains are limited by 

compounds found naturally in the environment.  Iron is also thought to sometimes 
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limit biomass production in marine environments [50], but the addition of 53.6 ppm 

FeCl3 did not affect ‘Cand. P. ubique’ yields (1.22  106 cells ml-1, N=2, std. dev. ± 

3.89  105), nor did additions of 18 trace elements used in culturing marine bacteria 

[51] (data not shown). 

The reconstruction of metabolic pathways from complete genome sequences of two 

‘Cand. P. ubique’ strains, HTCC1002 and HTCC1062, revealed an apparently 

incomplete set of genes for assimilatory sulphate reduction in both genomes, 

suggesting that SAR11 might require reduced sulphur compounds for growth.  The 

canonical assimilatory reduction pathway for E. coli shown in Fig. 1a consists of 

cysDNCHIJ, which occurs in two operons (Fig. 1b).   Variants to the canonical 

pathway exist.  Corynebacterium and Allochromatium do not appear to need cysJ [52, 

53], nor apparently do most alphaproteobacteria, based on alignments viewed in 

MicrobesOn-line [21].  B. subtilis lacks the adenylylsulphate kinase gene cysC [54], 

and uses “sat” genes instead of cysDN, an arrangement also observed in the marine 

alphaproteobacterium Silicibacter pomeroyi DSS-3.  Salmonella enterica can reduce 

thiosulphate to sulphide under anaerobic conditions using phsABC [55].  A tBLASTx 

search of relevant nucleotide sequences from Salmonella, Silicibacter, Caulobacter 

crescentus, and E. coli against HTCC1062 and HTCC1002 revealed no putative 

genes for assimilatory sulphate reduction.  An adenosine phosphosulphate (APS) 

reductase was found, but in a context suggesting oxidation of sulphite from taurine 

(Fig. 1c) [56].  Based on this evidence, we predicted that SAR11 was deficient in 

assimilatory sulphate reduction.  Since multiple transporters were found for DMSP 
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and amino acids, we hypothesized that DMSP, methionine or cysteine might serve as 

reduced sulphur sources, and designed experiments to test these hypotheses. 

‘Cand. P. ubique’ cells grown to mid-log readily incorporated 35S from 35S-DMSP 

into cellular protein (Fig. 2a).   Enrichments of 100 nM DMSP or methionine, with all 

other nutrients in excess, resulted in cell densities just over 107 cells ml-1 (N=3, shown 

in Fig. 2b), indicating that these compounds could relieve nutrient limitation.  The 

response to additions of cysteine and thiosulfate was variable, but in some 

experiments addition of these compounds caused a significant increase in cell 

densities, suggesting that SAR11 can also use these compounds as sources of sulphur 

for biosynthesis. The molar growth yield of DMSP as a function of the amount of 

DMSP added in the presence of excess C, N, P, Fe, and vitamins is reported in Fig. 

2c.  As shown by the slope of the linear regression, maximum cell density increased 

by 1.5  105 cells ml-1 per nanomolar increase in DMSP concentration, indicating 

that one nanomole of DMSP can support 1.5  108 cells.  To insure that sulphur and 

not carbon from DMSP was responsible for the increase in biomass, we estimated 

biomass demands from a recent measurement of the ‘Cand. P. ubique’ cell volume 

obtained by cyro-electron tomography [26].  Assuming a density of 1g cm-3, carbon as 

half the dry weight and a sulphur-to-carbon ratio of 1:90 [46], the carbon mass for a 

cell of 0.035 μm3 is 5.8 fg and the sulphur mass per cell is 65 attograms (10-18).  Each 

1 nM increase in DMSP concentration yielded 1.5  105 additional cells ml-1, or 1.5 

 108 additional cells l-1.  The carbon and sulphur demand per unit of cell biomass 

was compared to the supply of these elements provided by the added DMSP.  DMSP 

sulphur was more than sufficient (329%) to meet the estimated S biomass demand, 
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but the carbon supplied by the added DMSP fell well short of the estimated biomass 

demand (6.86%), as shown in Fig. 2d.  Therefore, the carbon in DMSP cannot be 

solely responsible for the observed increase in cell yield. 

The SAR11 clade is a diverse group, raising the question, is a nutritional requirement 

for organic compounds containing reduced sulphur a common feature of this clade?  

To address this question, we searched metagenomic DNA from the Global Ocean 

Survey for the cysDNCHIJ, sat, and phsABC nucleotide sequences mentioned above 

using tBLASTx and a bit score cut-off of 200.  This comprehensive list of all the 

fragments in the metagenome containing assimilatory sulphate reduction genes was 

then searched for any gene with a best hit to a HTCC1062 gene.  Since many of the 

random fragments in metagenomic data contain fragments of two or more genes, in 

principle this procedure should detect instances of the insertion of cysDNCHIJ, sat, 

and phsABC into the context of SAR11 genes known from the available complete 

genome sequences.  Only one fragment, which contained a Caulobacter cysD gene, 

was found adjacent to a gene having a best hit to an HTCC1062 gene.  The results of 

this analysis strongly suggest a requirement for exogenous reduced organic sulphur 

that is widespread if not universal within the SAR11 group.  

The absence of assimilatory sulphate reduction has been reported in anaerobic 

photoautotrophs from the green sulphur [57], purple nonsulphur [58], and purple 

sulphur [59] taxa of Proteobacteria, and in methanogenic archaea [60], all of which 

live in sulphide-rich environments.  The loss of assimilatory sulphate reduction in 

pathogens was shown convincingly in the endosymbiont Buchnera aphidicola [61]. 
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We searched complete genome sequences for other free-living aerobes that might also 

be deficient for assimilatory sulphate reduction and found two archaea and one 

bacterium that were missing essential genes (Table 1).  Hou et. al. [62] could not find 

canonical assimilatory sulphate reduction genes in the free-living, aerobic marine 

gammaproteobacterium Idiomarina iloihiensis and listed four small subunits of 

dissimilatory sulphate reduction genes as candidates for performing this function.   

In the Sargasso Sea, where SAR11 populations densities of 2  105 cells ml-1 are 

typical [48], our data suggest that 1.3 nM DMSP is sufficient to support the entire 

standing population.  Dacey found that DMSP concentrations in the Sargasso Sea 

dropped to 1.5 nM [63] in winter minima, and reached peaks of 20 nM coincident 

with spring phytoplankton blooms.  Morris et. al [48] reported seasonal patterns in 

SAR11 population density, with minima in the winter and maxima in the spring.   

Based on the available data, it appears that DMSP is generally present at sufficiently 

high concentrations in surface waters to meet the sulphur requirements of SAR11 

populations, although we speculate that natural SAR11 populations may periodically 

be limited by the supply of reduced sulphur compounds, and that non-algal sources of 

reduced sulphur such as methionine should increase in importance with depth.  

Dissolved free amino acids have been reported in seawater at nanomolar 

concentrations [64], suggesting that dissolved methionine may sometimes  

supply SAR11 with reduced sulfur.  Inorganic sulphide in surface waters has been 

found to vary from <0.1 to 1.1 nM on a daily basis [65] and is probably insufficient to 

support typical SAR11 population sizes, although it is an unstable compound in oxic 

environments and therefore it is possible that sulphide flux could contribute to the 
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sulphur requirement for dividing SAR11 populations.  Thiosulphate has been detected 

in the oxic water column above the Cariaco Basin, but has not been reported 

elsewhere from the oxic ocean [66].  In general, information about reduced sulphur 

compounds other than DMSP in the oxic ocean is limited because their low 

concentrations have not been relevant to major geochemical cycles.  The findings we 

report here suggest that these compounds may be more important than previously 

recognized because of their role as nutrients. 

 

Our results indicate that selective pressure for the minimization of genome size led to 

the elimination of assimilatory sulphate reduction genes from SAR11, making them 

dependent on reduced sulphur compounds found in the environment.  One implication 

of this finding is that natural SAR11 populations may be limited in nature by the 

availability of sources of reduced sulphur.  Assimilatory sulphate reduction is nearly 

universal in aerobic marine bacteria, probably because sulphate is found at saturating 

concentrations in seawater, and the assimilatory sulphate reduction pathway assures 

that cells will have a supply of sulphur for biosynthesis.  But, the double negative 

charge on sulphate makes it more expensive to import, and it requires eight electrons 

for reduction to sulphide.  Apparently, during the evolution of the SAR11 clade, the 

loss of nutritional autonomy associated with the elimination of assimilatory sulphate 

reduction was offset by the advantages of a smaller genome and a metabolic strategy 

that acquires sulphur at a lower bioenergetic cost. 
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4.4 Methods   

 

4.4.1 Culturing and counting 

 

Culturing techniques and seawater collection are described elsewhere [67, 68].  Cell 

counts were acquired on a Guava Easy-Cyte flow cytometer after one hour of staining 

in 1:2000 SYBR®-Green I (Invitrogen) (Stingl et al., in press).   Sulphur compound 

comparisons were done at 100 nM in the same water, collected on March 15, 2007, 

that was used for the molar growth yield curve, which supported unusually high 

SAR11 cell densities in cultures.  Experiments with other water samples gave similar 

results.  The variable results observed with thiosulfate and cysteine additions have not 

been explained, but high variation was noted both within and between water samples 

for these compounds. 

 

4.4.2 Radiotracer Study 

 

10 uL of 35S-DMSP (specific activity 380,684 dpm pmole-1) was added to triplicate 

600 ml cultures containing mid-log cells growing at 3.3  105 cells ml-1.  Duplicate 

10 ml samples were filtered onto 0.2 μm polycarbonate filters and rinsed twice with 

10 ml seawater for each uptake and incorporation time point.  Samples for 

incorporation measurement were also washed twice with 5 ml of ice cold TCA.  All 

uptake and incorporation samples were counted by liquid scintillation counting.  Cells 
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were DAPI stained and counted by epifluorescence microscopy at each time point as 

well.  Final cell density after 28 hr. was 7.6  105 cells ml-1. 

 

4.4.3 Search for Candidate Genomes  

 

We began with a Genome Properties query for GenProp0149 “sulphate reduction to 

sulphide, assimilatory” in the Comprehensive Microbial Resource (CMR) [20].  Of 

the 381 genomes listed, 147 showed “none found” for the genes present.  We 

eliminated genomes with “pathogen” or “anaerobic” in the “phenotype” field of the 

Genomes On-Line Database (GOLD) and used the MicrobesOnline homolog finder 

and genome browser to eliminate genomes that had assimilatory sulphate reduction 

operons apparently missed by CMR.
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4.5 Figures 
 

 
 

Figure 4-1.  Sulphur metabolism pathways and comparative genomics.  a. Pathways 
of sulphate transport, assimilatory sulphate reduction, thiosulfate reduction, and 
sulphite oxidation.  E. coli genes for canonical assimilatory sulphate reduction and 
sulphate transport are shown in red, alternative assimilatory sulphate reduction genes 
are shown in black, Salmonella genes for canonical thiosulphate reduction are shown 
in green, and putative ‘Cand. P. ubique’ genes for sulphite oxidation and sulphate 
transport are shown in blue.  b.  Operon organization of assimilatory sulphate 
reduction pathway from selected organisms.  c.  Gene context of putative ‘Cand. P. 
ubique’ genes for sulphite oxidation and sulphate transport. 
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Figure 4-2. 35S radiotracer uptake and growth responses to additions of sulphur 
compounds. a. Incorporation of 35S  from 35S-DMSP into protein.  The upper thick 
line indicates 35S uptake into cells, the lower thin line indicates 35S incorporation into 
TCA insoluble fraction (protein).  b. Maximum cell density for additions of 100 nM 
sulphur compounds with all other nutrients in excess.  Error bars are one standard 
deviation for measurements from triplicate cultures.  Control is seawater and excess 
C, N, P, Fe, and vitamins.  c. Molar growth yield for DMSP with other nutrients in 
excess.  d. Calculated carbon and sulphur supply from 1 nM DMSP enrichment 
compared to the biomass demand estimated from the slope of molar growth yield 
curve shown in c, average cell volume, and standard assumptions regarding cell 
density, dry weight, and C and S proportions of dry weight.  Estimated demands for C 
and S are normalized to 100% for comparison. 
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4.6 Tables 
 
 

Table 4-1.  Free-living Aerobic Prokaryotes Potentially Deficient in Assimilatory 
Sulphate Reduction. 

 
ORGANISM  PHYLUM CLASS Kbp HABITAT PHENOTYPE 

Halobacterium NRC-1  Euryarchaeota  Halobacteria 2571 Ponds, Aquatic Aerobe, Chemoorganotroph, 
Motile, Halophile, Rod-shaped 

Picrophilus torridus  Euryarchaeota Thermoplasma 1545 Soil Acidophile, Thermophile, Aerobe, 
Heterotroph 

Idiomarina iloihiensis  Proteobacteria  Gamma 2839 Aquatic, 
Hydrothermal vent Halophile, Rod-shaped, Aerobe 
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5.1 Abstract 

 

When 10 μM DMSP was added to seawater supplemented with C, N, P, Fe, and 

vitamins, maximum cell density of ‘Candidatus Pelagibacter ubique’ batch cultures 

increased by an order of magnitude, to 107 cells ml-1.  Paradoxically, doubling time 

increased to approximately five days for the first 40 days and to nearly 30 days for the 

next 60 days.  Doubling time was restored to the normal 24 hours when all other 

variables were held constant and the DMSP concentration was lowered to 100 nM.  

However, the maximum cell density under these conditions was only 5  106 cells 

ml-1.  When 100 nM glycine betaine was added with 100 nM DMSP under the same 

conditions, maximum cell density increased to 9.5  106 cells ml-1 without changing 

doubling time from the normal 24 hours.  The synergistic effect of added glycine 

betaine on maximum cell density when  DMSP is used as a reduced sulfur source is 

attributed to the absence of serBC genes for serine and glycine biosynthesis, the 

presence of rare glycine betaine degradation enzymes, and a novel glycine-activated 

malate synthase riboswitch.  A comprehensive model of the unique, specialized, and 

streamlined central metabolism of ‘Cand. P. ubique’ is presented, featuring glucose, 

DMSP, and glycine betaine as a core set of compounds that together meet the 

essential carbon, sulfur, and nitrogen needs of this highly successful marine microbe. 
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5.2 Introduction 

 

In culture, SAR11 cells do not grow beyond the low density observed in the oceans 

(between 105 and 106 cells ml –1) when they are given an excess of C, N, and P [67].  

One hypothesis is that these cells are limited by an unusual nutrient.  We recently 

showed that the SAR11 strain HTCC1062 is missing cysDNCHIJ genes and so is 

deficient in assimilatory sulfate reduction.  This means that it relies on reduced sulfur, 

which is found only in nanomolar concentrations in seawater, often in the form of the 

osmolyte dimethylsulfoniopropionate (DMSP).  DMSP is known to accumulate to 

intracellular concentrations near 100 nM in algae [69].  As an osmolyte, it is nearly as 

effective as glycine betaine, which is recognized as the principle osmolyte used by  

bacteria [70-72].  DMSP and glycine betaine appear to use the same transporters, 

owing to their very similar chemical structures [73].   

 

The postulated degradation pathway for DMSP [74] was unconfirmed and it was  

uncertain whether the carbon in DMSP could be metabolized to produce energy and 

small molecules for biosynthesis.  DMSP always improved cell yield when given 

with other carbon compounds, particularly glycine betaine, but did not improve yield 

when given without other carbon sources.  This suggested that DMSP cannot be used 

as a sole carbon source.  The exact reason why DMSP cannot be used as a sole carbon 

source was of interest.  The putative degradation pathway ends with the production of 

acetyl CoA.  We therefore considered two possibilities: either the degradation 
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pathway to acetyl CoA was incorrect, or acetyl CoA could not be used as a sole 

carbon source. 

 

This study was undertaken to find a metabolic explanation why DMSP could not 

serve as a sole carbon source and to discover what carbon compound or compounds 

were most effective at improving maximum yield under conditions where DMSP has 

relieved sulfur limitation.  Work proceeded in two phases.  In the first phase, we 

compared all biosynthetic and energy pathways to E. coli, searching for possible 

inefficiencies.  Whenever a lesion was found relative to E. coli, we considered the 

energetic and regulatory consequences of alternate pathways around the lesion.  This 

led to the hypothesis that exogenous glycine betaine would improve growth rates and 

maximum yields when all other nutrient requirements had been met, including the 

need for exogenous reduced sulfur.  This hypothesis was tested in culture experiments 

with nutrient additions in the second phase of this study.  The results of these nutrient 

experiments led to a new model that identifies glycine as a critical regulatory effector 

and metabolite in ‘Cand. P. ubique’ metabolism. 

 

5.3 Materials and Methods 

 

5.3.1 Culturing 
 
 
Filtered, autoclaved seawater was amended with 10 μM NH4Cl, 1 μM K2HPO4, 

0.001% v/v glucose, ribose, succinate, pyruvate, glycerol, N-ac-glucosamine, 0.002% 
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v/v ethanol, 5.3 ppm FeCl3, and a vitamin mix described elsewhere [67] to make the 

basic medium.  Experiments directly comparing compounds used the same seawater, 

but replicate experiments used seawater taken from the same station and depth (NH5, 

44°38 N, 124°10 W, 8 km offshore, 10 meters below the surface) but at different 

times of the year.  DMSP and glycine betaine stock solutions were diluted with 

seawater to a final concentration of 100 nM or 50 nM.  Cultures were grown in 50 ml 

of media in 250 ml polycarbonate flasks at 16°C and inoculated with mid-log cells (5 

 105 cells ml-1) that were diluted 50 times to a starting density of 1  104 cells ml-1.  

Cells were counted on a Guava Easy-Cyte flow cytometer at 716V with a threshold of 

10 after staining for one hour with a 1:2000 dilution of SYBR-Green (Invitrogen). 

 

5.3.1.1 Initial Sulfur Enrichment Experiment 
 
 
Cells were cultured as described above.  The sulfur containing compounds DMSP, 

dimethylsulfoxide (DMSO), taurine, and dimethyl sulfide (DMS) were added to a 

final concentration of 10 μM in duplicate flasks.  Cells were stained with DAPI and 

counted with an epifluorescent microscope, sampling 30 fields or 300 cells, 

whichever came first, in duplicate samples from each culture. 

 

5.3.1.2 DMSP and Glycine Betaine Enrichment Experiment 
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Cells were cultured as described above in the presence of 100 nM DMSP or 100 nM 

DMSP and 100 nM glycine betaine.  A control culture contained amended seawater 

with no enrichments. 

 

5.3.2 Bioinformatics 

 

A custom Web site was built to store and query the BLAST hits and gene annotations 

from genDB [18].  Metabolic pathways were analyzed with KEGG [19] and 

comparative genomics were done using the genome browser, tree browser, and 

operon prediction programs at the MicrobesOnline Web site [21].  The riboswitch 

motif was identified using the “Riboswitch Explorer” Web site RibEx [75] and the 

riboswitch fold was predicted using the program Mfold [76].  A Perl script was 

written to extract the upstream regions from malate synthase genes in the Sargasso 

Sea dataset [20] that matched the malate synthase gene from HTCC1062 with a 

BLAST e-value of e-20 or better.  The upstream regions extracted were aligned using 

the primary sequence alignment tool known as MUSCLE (multiple sequence 

comparison by log-expectation) [77, 78]. 

 

5.4 Results 

 

The effects of 10 μM additions of various sulfur sources on ‘Cand. P. ubique’ growth 

in seawater, in the presence of excess vitamins, C, N, P and Fe, are shown in Figure 
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5-1.  10 μM DMSP increased maximum cell density, albeit at a much slower growth 

rate.  The DMSP treatment took just over three months to reach maximum yield, 

whereas all other treatments and controls reached maximum cell density in the normal 

time of approximately two weeks.  Only DMSP significantly improved maximum cell 

density. 

 

The finding shown in Figure 5-1 prompted a complete reexamination of the SAR11 

genome.   This led us to develop a new metabolic model for core catabolism that 

apparently is unique to ‘Cand. P. ubique.’  It features DMSP as a source of sulfur and 

acetyl CoA and glycine betaine as an exogenous source of glycine and methyl groups.  

The methodology for developing the model was to compare all biosynthetic pathways 

to the canonical pathways observed in E. coli, and to analyze the impact of any 

variations.   

 

A key observation was that the serBC genes for normal biosynthesis of serine and 

glycine were missing from the SAR11 genome (Figure 5-2), but the gene for 

threonine aldolase, which degrades threonine to glycine, was present.  The glyA gene, 

which reversibly converts glycine and serine via methylation/demethylation, was also 

present.   Based on this information it was predicted that it was possible for SAR11 to 

synthesize glycine by a long and energy-consuming pathway from oxaloacetic acid to 

aspartate to threonine to glycine, as shown in Figure 5-3.  Although this pathway 

allows threonine to supply glycine in several organisms [79], it operates very 

inefficiently in E. coli [80, 81].   
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An implication of missing serBC genes is that serine must be made from glycine 

rather than the more common reverse path.  This finding is relevant to utilization of  

DMSP because it has a profound effect on predictions for C1 metabolism: methyl 

groups will be consumed in the biosynthesis of serine rather than produced by the 

biosynthesis of glycine from serine.  Where might these methyl groups come from?  

One possibility is the glycine cleavage complex.  In most bacteria, including ‘Cand. 

P. ubique,’ this complex is controlled by a glycine-activated riboswitch [82], which 

activates the glycine cleavage complex only when intracellular glycine concentrations 

exceed a threshold.  When intracellular glycine concentrations are below the 

threshold, glycine cleavage cannot provide methyl groups.  DMSP can provide 

methyl groups when glycine levels are too low to activate the glycine cleavage 

complex.  However, DMSP carbon cannot enter catabolic pathways unless glycine is 

available.   Presumably, the propionate moiety of DMSP can be degraded to acetyl 

CoA, which can be used as a sole carbon source in organisms like HTCC1062 that 

have the two genes for the glyoxylate bypass to the TCA cycle.  The glyoxylate 

bypass to the TCA cycle diverts one acetyl CoA to the formation of glyoxylate, and a 

second acetyl CoA to formation of malate from glyoxylate [83].  Malate is a 

precursor for gluconeogenesis and, since it is a TCA cycle intermediate, it can be 

converted to any other TCA cycle intermediate, supporting all the biosynthetic 

pathways that stem from the TCA cycle. The question then arises, what controls the 

glyoxylate cycle? 
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Induction of the glc or ace operons by glycolate or acetate normally controls the 

glyoxylate cycle [84].  However, we found a novel glycine-activated riboswitch on 

the malate synthase gene, which controls the glyoxylate cycle in ‘Cand. P. ubique.’  

The glycine-activated malate synthase riboswitch (Figure 5-4 A) displays a highly 

conserved primary and secondary RNA structure that is shared with the glycine-

activated riboswitch on the glycine cleavage complex.  An alignment of 49 malate 

synthase upstream sequences from the Sargasso Sea (Figure 5-4 B) shows the degree 

of nucleotide conservation with other glycine-activated riboswitches.  Red dots in 

Figure 5-4 A show nucleotides that are immutable in Vibrio and Baccilus without loss 

of function [82], and which are also conserved in HTCC1062.  Orange dots are 

immutable within either Vibrio or Bacillus species and are likewise conserved in 

HTCC1062.  Blue dots are shown for two immutable positions that are remote from 

each other and have compensating mutations in HTCC1062, indicating that they 

might interact in 3D space.  Yellow dots indicate nucleotides that are 100% conserved 

in the Sargasso Sea dataset, as shown in black in the alignment in Figure 5-4 B. 

 

With the glycine-activated malate synthase riboswitch in place, we predict that acetyl 

CoA cannot be used as a sole carbon source unless intracellular glycine concentration 

is sufficient to activate the malate synthase riboswitch.  If glycine levels drop below 

that required to activate this riboswitch, then acetyl CoA cannot be used as a sole 

carbon source.  This offers one potential explanation why DMSP cannot serve as a 

sole carbon source, because to do so it would have to keep up with glycine demand 

via the long and energy-intensive threonine degradation pathway.  However, in the 
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presence of exogenous glycine, it could act as a carbon source for all compounds 

other than glycine and could provide methyl groups for converting glycine to serine. 

 

We sought other potential carbon sources.  The “defined carbon mixture” used by 

Rappé [3], consisting of TCA cycle intermediates and their precursors, appeared 

capable of serving as a source of carbon for anabolism, including glycine and serine 

biosynthesis.  However, we predicted that exogenous glycine betaine would be more 

effective than the defined carbon mixture, since it provides energy while degrading to 

glycine.  We therefore designed experiments enriching with DMSP alone, DMSP plus 

the defined carbon mixture, DMSP plus glycine betaine, and DMSP plus glycine 

betaine plus the defined carbon mixture.  We predicted that maximum cell density 

would be achieved by a combination of DMSP, glycine betaine, and Rappé’s defined 

carbon mixture, and that the lowest maximum cell density would be that from DMSP 

alone.  We expected the other two treatments would attain maximum cell densities 

intermediate to treatments with DMSP and glycine betaine, or DMSP and the defined 

carbon mixture. 

 

The results of this experiment (Figure 5-5) followed expectations.  The controls 

reached the expected maximum cell density around 1.4  106 cells ml-1, the addition 

of 50 nM DMSP alone showed a slightly higher maximum cell density (2.3  106 

cells ml-1), and the highest cell densities were seen in treatments that received DMSP, 

glycine betaine and the defined carbon mixture (6.6  106 cells ml-1 for 50 nM and 

8.1  106 cells ml-1 for 100 nM).  Enrichments that received only the defined carbon 
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mixture or glycine betaine in addition to DMSP yielded from 3.0-4.2  106 cells ml-1.  

Figure 5-5 B shows growth curves for selected treatments.  The upper curve is for 100 

nM DMSP, 100 nM glycine betaine, and the defined carbon mixture.  Maximum yield 

was just over 9  106 cells ml-1, nearly the same as the 10 μM DMSP treatment in the 

original experiment, which did not include glycine betaine.  However, the growth rate 

for the upper curve is about the same as the control, which is shown in the lower 

curve.  Maximum density was reached in about 11 days, which was normal. 

 

5.5 Discussion 

 

The purpose of this study was to explain why DMSP appears unable to serve as a sole 

carbon source and to discover what carbon compound or compounds were most 

effective at improving maximum yield under conditions where DMSP has relieved 

sulfur limitation.  The first question is a complicated one that requires a model of 

central metabolism incorporating the putative roles of DMSP as a carbon and sulfur 

source.  The second question has a simple answer: glycine betaine.  The explanation 

why glycine betaine is so effective at improving maximum yield when DMSP has 

relieved sulfur limitation also requires metabolic modeling and testing.  The model 

must include the putative roles of glycine betaine as an energy-producing source of 

glycine, a provider of precursors required for degradation of DMSP, and a source of 

methyl groups required to make serine from glycine, is incorporated into a model of 

the novel central metabolism of ‘Cand. P. ubique.’ 
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A comprehensive model of the central metabolism of HTCC1062 growing on DMSP 

and glycine betaine is shown in Figure 5-7.  It shows that enzymes to degrade glycine 

betaine to glycine are present in the genome, along with multiple glycine betaine 

transporters.  These same transporters have been found to be bifunctional for DMSP, 

which is not surprising given the similarity in size, structure, and charge of these two 

common osmolytes found in seawater [73] (Figure 5-6).  Pathways were present that  

allow glycine betaine and DMSP to compensate for missing serBC and cysDNCHIJ 

genes.  Glycine from glycine betaine can be methylated to form serine using a methyl 

group from DMSP [49].  Methanethiol from DMSP can be incorporated into 

methionine [44] and cysteine can be made from methionine by the normal conversion 

pathway through homocysteine and cystathionine.  The last step of methionine 

conversion to cysteine regenerates o-acetyl-L-homoserine for another round of 

methanethiol incorporation.  This leaves propionate to be degraded to acetyl CoA via 

the energy-generating β-oxidation pathway of fatty acids [74].  Figure 5-6 shows the 

joint degradation of glycine betaine and DMSP to form glycine, serine, cysteine, and 

methionine, thus compensating for all missing genes in the canonical pathways for 

these amino acids. 

 

Experimental results obtained with the addition of DMSP and sources of glycine 

followed the predictions of our model.   Treatments that did not include DMSP did 

not achieve a maximum cell density above controls, because the enriched medium 

becomes sulfur-limited if it contains no added reduced sulfur.  Of all the treatments 

that received DMSP, the least effective was the one that received 50 nM DMSP 
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alone.  The most effective were the ones that received 50 nM glycine betaine and 

mixed carbon sources in addition to 50 nM DMSP.  Enrichments that received only 

mixed carbon or glycine betaine in addition to DMSP were intermediate in maximum 

cell density (3.0  106 cells ml-1, 3.9  106 cells ml-1, 4.2  106 cells ml-1), as 

expected. 

 

A natural question is how widely this model is applicable within the SAR11 clade.  

One piece of evidence that the model is general is that the unusual riboswitch on 

malate synthase was found in the ‘Cand. P. ubique’ genome and in SAR11 

metagenomic data from the Sargasso Sea.  This is shown by the alignment of regions 

upstream from malate synthase and the presence of the same gene on the opposite 

strand upstream from the riboswitch (Figure 5-4 B).  Since the switch is activated by 

glycine (Breaker et al., unpublished results), it is likely that these strains all use 

glycine as a signal to divert acetyl CoA from energy to biomass.  This is strong 

circumstantial evidence that these strains have a similar strategy of reliance upon 

DMSP and glycine betaine. 

 

An interesting observation about the glycine-activated riboswitch is that it shows the 

apparent influence of genome streamlining.  Most other switches are in the range of 

200-240 nucleotides long, while the SAR11 versions are only 150-170 nucleotides 

long.  Only the most important, universally-conserved nucleotide positions have been 

retained and all extraneous loops have been deleted.  In fact, the high level of 

streamlining made it difficult to find the boundaries of the fold, which were 



 117
 

 
consistently overestimated until the nucleotide conservation in the metagenomic data 

made the boundaries clear. 

 

A key feature of the model is that it also supports the hypothesis that this genome is 

under streamlining pressure: two key set of genes, one for glycine biosynthesis and 

one for assimilatory sulfate reduction, have apparently been lost.  There are several 

alternative explanations for elimination of genes for sulfate reduction and glycine 

biosynthesis.  One is streamlining pressure in order to reduce the nitrogen and 

phosphorus overhead required for DNA replication.  Another explanation is that 

reduced sulfur and nitrogen are less expensive energetically to import and incorporate 

into biomass than oxidized sulfur and nitrogen.  Multifunction transporters for DMSP 

and glycine betaine provide limited access points for viral predation, another reason 

for specializing in the use of these particular compounds as sulfur and nitrogen 

sources.  The salt in the ocean guarantees a steady supply of osmolytes that will be 

released upon cell lysis.  Therefore, a very efficient strategy is to use a single set of 

transporters for these two osmolytes.  This strategy helps to explain how SAR11 

dominates the bacterial populations in the world’s oceans with only 1354 genes.  

Future studies of gene expression using microarrays and proteomics will test 

predictions from the comprehensive model presented here. 
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FIGURES 

 

Figure 5-1. Initial sulfur enrichment results.  The abbreviations are DMSP, 
dimethylsulfoniopropionate; DMS, dimethylsulfide; and DMSO is dimethylsulfoxide.  
The -S indicates that the control received all nutrient amendments except for sulfur. 
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Figure 5-2.  Canonical glycine, serine, cysteine, methionine biosynthesis and use.  
Genes that are missing in HTCC1062 are slashed with a circle.  Only the methylation 
of methionine is shown, not its complete biosynthetic pathway.   
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Figure 5-3.  Putative glycine/serine biosynthesis pathway by threonine degradation in 
HTCC1062. 
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Figure 5-4.  The glycine-activated riboswitch on malate synthase.  A.  Mfold output 
showing nucleotide conservation with known riboswitches and with the alignment of 
metagenomic sequences from the Sargasso Sea dataset.  The raw output of Mfold has 
been rotated 180 degrees for the right side aptamer.  B.  Alignment of the upstream 
regions of malate synthase genes (glcB) from the Sargasso Sea dataset.  Black 
shading indicates 100% nucleotide conservation at that site.  The left hand side shows 
that all sequences contain the accA gene on the opposite strand.  The initial amino 
acid sequence MKNY(F/L) for accA is characteristic of α-proteobacteria. 

B 
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Figure 5-5.  A. Maximum yield comparisons, DMSP and glycine betaine additions. B.  
Growth Curves, DMSP and Glycine Betaine Additions.  Broken line, control; thin 
solid line, 100 nM DMSP enrichment only; thick solid line, enrichment of 100 nM 
DMSP and 100 nM glycine betaine. 

B 

A 
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Figure 5-6.  Cyclical joint degradation of glycine betaine and DMSP.  Together, 
DMSP and glycine betaine make up for missing sulfate reduction and serine 
biosynthesis genes. 
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Figure 5-7.  Schematic of SAR11 Central Metabolism. 
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CHAPTER 6  
 

 

SUMMARY 

 

The genome of SAR11 representative ‘Cand. P. ubique’ str. HTCC1062 was 

sequenced and annotated to identify nutrients, other than ammonium and phosphate, 

that limit growth in natural seawater.  Three major conclusions can be made from this 

study: 

 

1. The genome of ‘Cand. P. ubique’ is highly streamlined. 

2. The genes for assimilatory sulfate reduction are absent from the genome, 

leading to an unusual nutrient requirement of reduced sulfur. 

3. The deletion of the serBC genes for normal serine biosynthesis from 3-

phosphoglycerate results in a nutrient requirement of exogenous glycine or  

glycine precursors for maximum yield when DMSP is used as a reduced sulfur 

source. 

 

The first conclusion has generated considerable discussion regarding the reasons why 

some genomes are so small [85].  Two concepts have arisen to explain this 

phenomenon: “genome streamlining” and “genome reduction.”  “Streamlining” refers 

to a selective pressure that acts to eliminate useless nucleotides while “reduction” 

refers to loss of function due to mutations arising in an environment where selective 
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pressures have been eliminated.  The classic examples of “reduction” are in 

pathogens.  By entering a stable, nutrient-rich environment they are released from 

selective pressures to make use of transient nutrients.  Mutations in unnecessary 

genes have no selective disadvantage and so they accumulate, leading to pseudogenes 

and large intergenic spaces that pose no disadvantage in a nutrient rich environment.  

While pathogens can tolerate loss of genes and their functions, free-living organisms 

cannot.  However, individual amino acids may be eliminated from proteins and 

individual nucleotides may be eliminated from intergenic spaces and regulatory 

elements.  In the N- and P-limited oligotrophic ocean areas, each unused nucleotide 

represents the selective disadvantage of overhead creating demand for a limiting 

nutrient.  Theoretically, the selective advantage conferred by loss of useless 

nucleotides is multiplied by effective population size.  We argued that N and P 

savings from deleted base pairs will generate a small positive selection pressure in N 

and P limited ocean waters, which will be multiplied by effective population size.  

With an effective population size greater than any other marine bacterium, ‘Cand. P. 

ubique’ would be predicted to have the most streamlined genome.  This hypothesis 

awaits further data and will certainly be the subject of future research. 

 

The conclusion that ‘Cand. P. ubique’ is deficient in assimilatory sulfate reduction is 

novel, unexpected, and certain to attract on-going attention in the oceanographic 

community.  We have shown that at least one other marine organism, Idiomarina, is 

likely deficient as well.  Such a deficiency raises the possibility of sulfur sometimes 

being a limiting nutrient for SAR11 populations.  We hypothesize that DMSP is the 
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most likely natural source of reduced sulfur in surface waters because it accumulates 

to high intracellular levels in marine algae; much higher than methionine or cysteine.  

Other sources of reduced sulfur are plausible, especially in deep water near thermal 

vents or in the vicinity of anoxic zones.  The exceptionally small size and protein 

content of ultrapicoplankton such as ‘Cand. P. ubique’ make it possible for 

populations to exist with nanomolar concentrations of reduced sulfur.  Time series 

data exist for DMSP concentrations in seawater and relative abundance of SAR11.  

Statistical analysis of these data could reveal whether or not reduced sulfur in fact 

controls SAR11 populations, particularly in December and January when DMSP 

concentrations have been shown to approach zero. 

 

The absence of normal serine biosynthesis from 3-phosphoglycerate seems to be 

related to several streamlining adjustments in ‘Cand. P. ubique.’  The same 

transporters that bring in reduced sulfur in the form of DMSP are thought to bring in 

glycine betaine, which can provide glycine along with methyl groups to make serine 

via reversal of the normal serine to glycine pathway.  This study strongly suggests 

that  exogenous glycine betaine is an effective solution to the problem presented by 

the missing genes in the serine biosynthesis pathway.  Future research might explore 

the effectiveness of the immediate glycine precursors serine and threonine and the 

more remote precursor aspartate to substitute for glycine betaine.  Precursors to serine 

such as phosphoserine could also be studied to further confirm the absence of 

enzymes that make serine from 3-phosphoglycerate. 
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The positive effects of glycine betaine on SAR11 nutrition is highly significant to 

understanding the heterotrophic activity of SAR11 cells in nature and their role in the 

ocean carbon cycle.  The discovery of a confirmed glycine-activated riboswitch on 

the malate synthase gene, which controls the glyoxylate bypass to the TCA cycle, 

points toward research on compounds that can be degraded to acetyl CoA and the 

ways in which glycine diverts its use for energy of biomass.  Several possible 

research directions are suggested by the presence of this switch.  One possibility is 

that rising glycine levels are a signal to switch from maintenance, where most acetyl 

CoA is routed to energy generation, to growth, where some acetyl CoA is diverted to 

biosynthesis.  Another more controversial possibility is that the riboswitch could act 

as a “governor” to restrain growth rate if glycine betaine levels become very high.  

High glycine betaine levels are probably accompanied by high DMSP levels, 

providing cells with all their needs except for energy.  However, high glycine betaine 

will induce malate synthase and divert acetyl CoA away from energy generation.  

Preliminary indications are that high glycine betaine levels do indeed slow growth, 

however inappropriate diversion of acetyl CoA is only one possible explanation for 

this effect: high glycine betaine levels could lead to sulfur starvation by competing 

with DMSP for transporter binding sites.  Future studies measuring the Km values of 

these transporters could test this hypothesis. 

 

Beyond the issues associated with acetyl CoA and glycine use are those associated 

with sugars, sugar acids, and sugar alcohols.  This study used a defined mixture of 

these compounds in order to discover underlying nutrient limitations.  Now that those 
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limitations have been discovered the question of which exact sugars, acids, and sugar 

alcohols are used and with what effectiveness can be studied.  It may be that one or 

two will be “key” compounds that can provide most of the essential biosynthetic 

precursors and energy for cell needs or it may be that a preferred set has evolved.  

Interestingly, the door is open for the study of C1 compounds in the nutrition of 

SAR11.  While they cannot likely be used as sole carbon sources, they could assist in 

serine formation from glycine and could be used as an energy source. 

 

A relevant question relating to direction that future research should take is how much  

additional information can be gleaned from dry lab analysis of the genome.  The most 

useful information remaining in the genome is probably the transporters.  The 

transporters indicate that for reasons which are not apparent in the genome 

annotation, several osmolytes, branched chain amino acids, and polyamines are 

imported into the cell.  Research could be done into these areas first before moving 

into a completely empirical mode having extracted all that is possible from the 

genome. 

 

Definitive quantitative studies of SAR11 physiology will be possible when the 

elusive goal of growing the strain in artificial media is achieved.  The discovery of 

each limiting nutrient brings this goal closer to reality.  For the time being, 

researchers now have the capability of growing SAR11 cells in the laboratory to an  
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order of magnitude higher cell density with defined additions to natural seawater.  A 

model is now in place to guide the next steps toward a comprehensive understanding 

of the ecophysiology of this important marine bacterium.
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APPENDIX A : SCREENING RESULTS FOR SINGLE COMPOUNDS 

 
 

The methodology for screening studies was to grow cells in a uniform medium 

enriched with iron, vitamins, ammonium, and phosphate, then add a single 

treatment compound and screen visually for cell density after five weeks of growth.  

Trace metals and ultra trace metals all received the same mixture of carbon 

compounds.  Culturing methods, specific compounds, and their concentrations were 

as per Rappé et. al. [67] with the exception that ammonium and phosphate 

concentrations were increased by a factor of ten. 

 

A.1 Screening Results for Trace Metals 

 

The results for trace metals appear below in Table A-1.  Trace metals and ultra trace 

metals do not limit ‘Cand. P. ubique’ growth, but copper exhibits an inhibitory effect 

in the range of 100 ppb, about 1,000 times normal background, and zinc exhibits an 

inhibitory effect close to 1 ppm, about 3,000 times natural background.  ‘Cand. P. 

ubique’ has a tolerance for very high iron concentrations, on the order of 106 times 

natural background, and is able to tolerate chelating agents for iron such as 

ammonium citrate and EDTA. 
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Table A-1.  Screening Results for Trace Metals. 

       
North 
Pacific 

 ppb ppb ppb ppb ppb ppb ppb(ug/kg)
V 695 95 12.9 1.76 0.240 0.033 2
Cr 709 97 13.2 1.80 0.245 0.033 0.21
Mn 750 102 13.9 1.90 0.259 0.035 0.02
Co 805 110 15.0 2.04 0.278 0.038 0.0012
Ni 805 110 15.0 2.04 0.278 0.038 0.48
Cu 873 119 16.2 2.21 0.302 0.041 0.15
Zn 886 121 16.5 2.25 0.306 0.042 0.35
Se 1077 147 20.0 2.73 0.372 0.051 0.1
Rb 1159 158 21.6 2.94 0.401 0.055 120
Mo 1309 179 24.3 3.32 0.453 0.062 10
Sn 1623 221 30.2 4.11 0.561 0.077 0.0005
I 1732 236 32.2 4.39 0.599 0.082 58
Ba 1868 255 34.7 4.74 0.646 0.088 15
W 2509 342 46.7 6.36 0.868 0.118 0.01

 

A.2 Screening Results for Ultra Trace Metals 

 

Screening results for ultra trace metals appears below in Table A-2.  As with trace 

metals, no treatments resulted in improved growth rate or cell density, but inhibitory 

effects were noted for most metals at the 10 ppm level.  Most ultra trace metals 

showing a nutrient depth profile seem to be biologically inert for ‘Cand. P. ubique,’ 

exhibiting inhibitory effects in the range of 10 ppm, in the range of 106 to 108 times 

natural background.  As(V) was inhibitory at about 1 ppm, or 1,000 times natural 

background. 
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Table A-2.  Screening Results for Ultra Trace Metals.   

 
 
Inhibitory levels shown in bold. 
 
       North Pacific
 ppb Tested ppb(ug/kg) 
Ti 10000 1363.64 185.95 25.36 3.46 0.47 0.0065
Ag 10000 1363.64 185.95 25.36 3.46 0.47 0.002
Hg 10000 1363.64 185.95 25.36 3.46 0.47 0.00014
Zr 10000 1363.64 185.95 25.36 3.46 0.47 0.015
Cd 10000 1363.64 185.95 25.36 3.46 0.47 0.07
Be 10000 1363.64 185.95 25.36 3.46 0.47 0.00021
Sc 10000 1363.64 185.95 25.36 3.46 0.47 0.0007
Ga 10000 1363.64 185.95 25.36 3.46 0.47 0.0012
Ge 10000 1363.64 185.95 25.36 3.46 0.47 0.0055
Y 10000 1363.64 185.95 25.36 3.46 0.47 0.017
Rh 500 68.18 9.30 1.27 0.17 0.02 0.00008
La 10000 1363.64 185.95 25.36 3.46 0.47 0.0056
Pr 10000 1363.64 185.95 25.36 3.46 0.47 0.0007
Nd 10000 1363.64 185.95 25.36 3.46 0.47 0.0033
Sm 10000 1363.64 185.95 25.36 3.46 0.47 0.00057
Eu 10000 1363.64 185.95 25.36 3.46 0.47 0.00017
Gd 10000 1363.64 185.95 25.36 3.46 0.47 0.0009
Tb 10000 1363.64 185.95 25.36 3.46 0.47 0.00017
Dy 10000 1363.64 185.95 25.36 3.46 0.47 0.0011
Ho 10000 1363.64 185.95 25.36 3.46 0.47 0.00036
Er 10000 1363.64 185.95 25.36 3.46 0.47 0.0012
Tm 10000 1363.64 185.95 25.36 3.46 0.47 0.0002
Yb 10000 1363.64 185.95 25.36 3.46 0.47 0.0012
Lu 10000 1363.64 185.95 25.36 3.46 0.47 0.00023
Li (ppm) 1000 136.36 18.60 2.54 0.35 0.05 0.18
Al 10000 1363.64 185.95 25.36 3.46 0.47 0.03
Pb 10000 1363.64 185.95 25.36 3.46 0.47 0.0027
As(V) 1000 100.00 10.00 1.00 0.10 0.01 1.2

 
 

A.3 Screening Results for Carbon Compounds 

 

The results for screening carbon compounds appear below in Table A-3. 
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Table A-3.  Results from Two Trials of Carbon Enrichments at 0.001%.  

 
The single instance of a strong positive response was to glycogen, and this could not 
be repeated either in polystyrene plates or in flasks.  Consistent negative effects on 
growth rate were seen for D-Alanine, L-Alanine, L-Proline, L-Threonine, and γ-
Amino Butyric Acid.  “Pos” = order of magnitude above control.  “Neg” = order of 
magnitude below control. 
 
  

Carbon Compound at  
0.001% in LNHM 

1 2 
 

Water   
α-Cyclodextrin   
Dextrin   
Glycogen Pos  
Tween 40   
Tween 80   
I-Erythritol   
D-Fructose   
L-Fucose   
D-Galactose   
Gentiobiose   
α-D-Glucose   
D-Melibiose   
β-Methyl-D-Glucoside   
 D-Psicose Neg  
D-Raffinose   
L-Rhamnose   
D-Sorbitol   
Acetic Acid   
Cis-Aconitic Acid   
Citric Acid   
Formic Acid   
D-Galactonic Acid Lactone   
D-Galacturonic Acid   
p-Hydroxy Phenylacetic Acid   
Itaconic Acid   
α-keto Butyric Acid   
α-keto Glutaric Acid   
α-keto Valeric Acid   
D,L-Lactic Acid   
Bromosuccinic Acid   
Succinamic Acid   
Glucuronamide   
L-Alaninamide  Neg 
D-Alanine Neg Neg 
L-Alanine Neg Neg 
L-Histidine   
Hydroxy-L-Proline   
L-Leucine   
L-Ornithine   

L-Phenylalanine   
L-Proline Neg Neg 
Urocanic Acid   
Inosine   
Uridine   
Thymidine   
Phenylethylamine   
Putrescine   
N-Acetyl-D-Galactosamine   
N-Acetyl-D-Glucosamine   
Adonitol   
L-Arabinose   
D-Arabitol   
D-Cellobiose   
m-Inositol   
α-D-Lactose   
Lactulose   
Maltose   
Mannitol   
D-Mannose   
Sucrose   
D-Trehalose   
Turanose   
Xylitol   
Pyruvic Acid Methyl Ester   
Succinic Acid Mono-Methyl-
Ester 

  

D-Gluconic Acid   
D-Glucosaminic Acid   
D-Glucuronic Acid   
α-Hydroxybutyric Acid Neg  
β-Hydroxybutyric Acid   
γ-Hydroxybutyric Acid   
Malonic Acid   
Propionic Acid   
Quinic Acid   
D-Saccharic Acid   
Sebacic Acid   
Succinic Acid   
L-Alanyl-glycine   
L-Asparagine  Neg 
L-Aspartic Acid   
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Table A-4.  Results from Two Trials Carbon Enrichments at 0.001% (continued) 
 
 
L-Glutamic Acid   
Glycyl-L-Aspartic Acid   
Glycyl-L-Glutamic Acid   
L-Pyroglutamic Acid   
D-Serine Neg  
L-Serine  Neg 
L-Threonine Neg Neg 
D,L-Carnitine   
γ-Amino-Butyric Acid Neg Neg 
2-Aminoethanol   
2,3 Butanediol  Neg 
Glycerol  Neg 
D,L-α-Glycerol Phosphate   
α-D-Glucose-1-Phosphate   
D-Glucose-6-Phosphate   
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APPENDIX B : GUAVA EASY-CYTE FLOW CYTOMETER OPERATION 

 
 

The Guava Easy-Cyte flow cytometer was not originally designed for salt-water use 

nor was it designed for counting ultra-picoplankton.  Two critical adaptations to the 

manufacturer’s operating instructions are needed for successful operation.  The first is 

that a pH neutral detergent must be used for cleaning instead of the manufacturer’s 

detergent, which is pH 14 and precipitates salt from seawater.  In a few weeks time 

the flow cytometer pump becomes completely encrusted with salt and must be 

replaced if pH 14 detergent is used for cleaning.  The second adaptation is that 

stronger than normal concentrations of nucleic acid stain must be used, all cleaning 

tubes and fluids must be replaced daily, and higher than normal voltages must be used 

for event collection.  These three adaptations relate to keeping background noise low 

and signal high.  With these adaptations in place we were able to reliably count 

SAR11 cells and to detect viruses and DNA fragments averaging 2kbp in length.  At 

the time of this writing, results continue to be excellent after six months of heavy 

daily use following the detailed procedures and recommendations that follow. 

 

Two manufacturer’s recommendations that must be followed are these: do not 

attempt to count cells with a density higher than 5  105 cells ml-1 and only use 

recommended microtiter plates.  At cell densities above 5  105 cells ml-1 individual 

cells are no longer recognizable and two or more cells begin to be counted as one 

resulting in severe undercounting, which gets worse with increasing cell density.   
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Cells must be diluted above 5  105 cells ml-1.  The limit of detection is 

approximately 3  105 cells ml-1 and accurate counting (within 10%) begins at 1  

104 cells ml-1. 

 

B.1 Recommended Daily Start-up Procedure for Guava 

 

The factory-recommended start-up procedure for the Guava is to do a Clean and 

Shutdown followed by a Guava Check.  The Clean and Shutdown includes a 

detergent-washing step followed by a rinse, which is a potential problem.  It is useful 

to do a Clean and Shutdown at the end of the day with neutral pH detergent to ensure 

completely cleaning.  In the morning the Clean and Shutdown can be done with 

nanopure and no detergent.  Each morning all reagents to be used for the day should 

be checked.  This procedure describes how to do a system flush that checks all 

reagents to be used for the day.  A Guava Check is inserted into the procedure prior to 

checking staining reagents in order to ensure that the machine is functioning properly 

before the reagents are tested. 

 

1. Open the sterile hood to establish airflow in the hood. 

2. Take a clean microtiter plate, the positive control from the 20C incubator, and 

the negative control from the 4C fridge to the sterile hood. 

3. Pipette 200uL of positive and negative control into the clean microtiter plate. 

4. Return the controls to the incubator and fridge. 
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5. Discard yesterday’s distritip, clean and dirty rinse Falcon tubes, and all tubes 

inside the Guava except for the three marked “empty.” 

6. Get two new 15 ml Falcon tubes, fill with fresh clean, filtered nanopure from 

the machine (not the 20L bottle), and mark them “clean and dirty.” 

7. Prepare SYBR-GRN stain by thawing fresh stock and diluting 1:20 with fresh 

clean TE buffer.  Stain the controls with 2 μL diluted SYBR-GRN (final 

dilution 1:2000) using a new distritip, then rinse several times with the “dirty” 

rinse water for the day. 

8. Cover the microtiter plate and let stain for 60 min. in the dark. 

9. Put six new tubes in the Guava, in positions 2-7, and pipette 650 uL of “clean” 

rinse water for the day. 

10. Start a “flush” worklist, writing to the “flush” data file.  Do “adjust settings” 

on each of the six tubes with GRN threshold = 1 at 735V.  The counts should 

be less than 5 per uL.  If higher, replace tube and nanopure with clean and 

fresh. 

11. After the “flush” has finished, do a Guava check after moving the three tubes 

in 5-7 to the wash and quick rinse positions for Guava check.  Make sure three 

empty tubes are in place where they belong, also. 

12. Make a worklist for your controls. 

13. Since the “flush” is around 40 min and Guava Check is around 20 min, your 

controls should be stained and you can run your controls.  Use settings of 

GRN threshold = 3 at 670V, gating from 101 to 102.  The negative should be 
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less than 5  103 and the positive should form a well-defined signal peak 

above noise. 

14. Run a “rinse” to rinse out the seawater from your positive and negative 

controls. 

 

B.2 Additional Guava Operation Tips 

 

Lead Operator 

 

• Change Guava tubes for rinse, wash and flush nanopure every day.  An 

example of an attempt to reuse tubes appears below: 

 

• Change tubes outside of Guava for rinsing distri-tip and refilling Guava tubes 

daily.  Use a fresh distri-tip daily and rinse only in the tube marked for 

rinsing. 
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• Do not let microtiter plates sit uncovered inside machine, on bench, or in 

drawers.  Always keep covered.  Remember another potential source of noise 

is dust in the microtiter plate wells.  Rinse if in doubt, replace microtiter plate 

if all other sources of noise have been eliminated. 

• After Guava check and before the positive and negative stain check, do 

“Adjust Settings” at 740V and threshold = 1 for each of six fresh Guava tubes 

filled with fresh, clean, unstained nanopure from fresh, clean Falcon tube.  

Gated counts from 101 to 102 should be in the range of 1  103 (see picture 

above, showing 8.73  102. 

• Whenever the machine is going to sit idle for more than 45 minutes, fill the 

flush tubes with clean nanopure and run a flush worklist. 

• Monitor waste fluid for cleanliness.  It should look sparkling clean unless 

plates are being run. 

 

Operators (Users) 

 

• Do not confuse the dirty rinse water for the distri-tip with the clean water for 

filling the rinse, wash, and flush, Guava tubes. 

• Run a rinse worklist between complete plates after filling tube #2 with fresh 

nanopure.  If you know the machine will be idle for more than 45 minutes, fill 

tubes #2, #3, and #4 with nanopure and run a flush worklist. 
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Figure B-6-1.  Stain too strong or dirty sample and reagent tubes. 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure B-6-2.  Stain too weak or not enough stain time. 
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Figure B-6-3.  Correct stain strength, stain time, voltage, and threshold. 
 
 



  
 

 


