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Implications of streamlining theory for microbial
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Whether a small cell, a small genome or a minimal set of chemical reactions with self-replicating
properties, simplicity is beguiling. As Leonardo da Vinci reportedly said, ‘simplicity is the ultimate
sophistication’. Two diverging views of simplicity have emerged in accounts of symbiotic and
commensal bacteria and cosmopolitan free-living bacteria with small genomes. The small genomes
of obligate insect endosymbionts have been attributed to genetic drift caused by small effective
population sizes (N.). In contrast, streamlining theory attributes small cells and genomes to
selection for efficient use of nutrients in populations where N, is large and nutrients limit growth.
Regardless of the cause of genome reduction, lost coding potential eventually dictates loss of
function. Consequences of reductive evolution in streamlined organisms include atypical patterns
of prototrophy and the absence of common regulatory systems, which have been linked to difficulty
in culturing these cells. Recent evidence from metagenomics suggests that streamlining is
commonplace, may broadly explain the phenomenon of the uncultured microbial majority, and
might also explain the highly interdependent (connected) behavior of many microbial ecosystems.
Streamlining theory is belied by the observation that many successful bacteria are large cells with
complex genomes. To fully appreciate streamlining, we must look to the life histories and adaptive

strategies of cells, which impose minimum requirements for complexity that vary with niche.
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Editor’s note

Professor Stephen Giovannoni was invited to
contribute a Winogradsky review based on his
recognized contributions to microbial ecology of
the oceans, including discovery, isolation and
detailed analyses of the globally abundant, but
previously uncharacterized SAR11 clade, that he
named Pelagibacter. His studies have revealed
remarkable insights into the genomics and
metabolism of Pelagibacter and have made major
contributions towards understanding the ecological
role of bacteria in marine ecosystems. Insights
gained from his studies have increased under-
standing of streamlined metabolism and its impact
on ocean ecology, as exemplified in an associated
paper in this issue for thiamin (vitamin B1)
biosynthesis.
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Introduction

Although the salient feature of streamlined cells is
their small genome size, ‘streamlining’ refers more
generally to selection that favors minimization of
cell size and complexity. In theory, streamlining will
not matter much in nutrient-rich environments, but
it can be critical to success in nutrient-poor
environments, where either gathering a larger share
of nutrient resources, or using them more efficiently,
can increase success. Here, we define ‘success’ in its
neo-Darwinian sense—high gene frequencies—
because in microbial ecology today this is the most
common measurement of abundance and diversity.
Indeed, this review mainly addresses genome
streamlining, because genomic data are so much
more accessible, but readers should keep in mind
that cell size reduction can be a result of the same
selective pressure, with smaller cells in principle
benefitting not just by reduced replication costs, but
also by higher surface-to-volume ratios that confer
superior nutrient transport properties (Button, 1991;
Sowell et al., 2008; Moya et al., 2009).

The idea that small, simple, compact cells can be
more efficient is beguiling, and found expression in
early discourse about the nature of microbial
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evolution (Doolittle and Sapienza, 1980; Orgel and
Crick, 1980). However, streamlining is a modern
theory that fits into a spectrum of ideas that have
historically been used to discuss microbial adapta-
tions to life in extremely dilute, natural environ-
ments where success is determined by resource
competition. Below, we discuss this background,
and also examine genome streamlining in the
context of new ideas that explore the potential
implications of streamlining for co-evolutionary
dynamics in microbial communities (Morris et al.,
2012). We also dwell on the example of Pelagibacter
to illustrate how non-canonical metabolic pathways
can evolve by streamlining, altering our perspectives
of metabolic adaptation and gene regulation (Smith
et al., 2010, 2013).

Evidence is emerging that streamlined genomes
are much more common than was previously
thought. Ironically, most of the data supporting
streamlining theory came from the study of cultured
cells, in particular, a handful of organisms that
attracted attention because culture-independent
studies demonstrated that they were highly success-
ful in nature. But now, with single-cell genomics a
practical reality and better metagenomic assemblies,
evidence is accumulating that small genomes
are common, and may partly explain why many
organisms that are successful in nature are also
challenging to culture.

Microbiological concepts for understanding
growth at low-nutrient extremes

Some well-established concepts in microbiology
provide an important framework for this review.
Oligotroph was coined in reference to metabolism
and growth at very low-nutrient concentrations that
are common in nature, whereas copiotroph, a
reference to growth at high-nutrient concentrations,
has become almost a synonym for common chemo-
heterotrophic bacteria that grow easily and rapidly
in culture (Fry, 1990; Lauro et al., 2009). Some
organisms (probably many) can do both, and
are called facultative oligotrophs. The terms r- and
k-strategist are sometimes used interchangeably
with copiotroph and oligotroph, but refer to success
by replicating rapidly when conditions are favor-
able, versus slow, steady growth (Klappenbach et al.,
2000). There is no a priori reason why oligotrophs
cannot be r-strategists or copiotrophs k-strategists;
whereas the terms copiotroph and oligotroph refer to
cellular interactions with nutrients, defensive
measures to evade predation by viruses and protists
can have a large role in determining whether an
organism is an r or k-strategist. From our experience
with oligotrophic ocean systems, the most success-
ful microorganisms are often obligately oligotrophic
k-strategists that successfully compete for dissolved,
labile organic matter, whereas the same systems
harbor rare, facultatively oligotrophic r-strategists
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that respond successfully to relatively rare opportu-
nities, and probably have complex life histories
(Vergin et al., 2013).

Don Button, who pioneered the development of
methods for isolating bacterial cultures in media
made from natural seawater and lake water, also
developed a theory that defined oligotrophs in terms
of uptake kinetics, membrane transporter properties,
metabolic pathway properties and the surface-to-
volume ratios of cells (Button, 1991, 1998). His
theory directly addressed the varying abilities of
cells to effectively compete at very-low-nutrient
concentrations. A fundamental tenet of his kinetic
theory was that successful oligotrophic bacteria are
examples of process optimization; they must be
large enough to house the required genome and
processes, while minimizing size and complexity to
make the most efficient use of resources. Interest-
ingly, evaluation of Button’s concepts from the post-
genomic perspective has not been straightforward
because many of the cellular features that were
important in his mathematical models—for example,
surface-to-volume ratios, per-cell protein numbers,
and enzyme substrate specificity and kinetic proper-
ties—are not readily predictable from genome
sequence.

Post-genomic efforts have attempted to define
oligotrophs and distinguish them from copiotrophs
in terms of genome properties. For example, Lauro
et al. (2009) and others used clustering methods
based on self-organizing maps to identify genome
features associated with fast and slow growing
lifestyles. In one of the few examples that attempted
to link genome features to experimental measure-
ments of function, Dethlefsen and Schmidt (2007)
compared the translational properties of fast and
slow growing bacteria, and concluded that rate of
protein synthesis normalized to the mass of the
protein synthesis system is three- to fourfold higher
among bacteria that respond rapidly to nutrient
availability.

Streamlining theory

The first very small genomes observed in free-living
cells were reported in cyanobacteria of the genus
Prochlorococcus (1.66—2.41 Mb; Rocap et al., 2003;
Dufresne et al., 2005), chemoheterotrophic alpha-
proteobacteria in the order Pelagibacterales (SAR11;
1.28-1.46 Mb; Giovannoni et al., 2005; Grote et al.,
2012) and obligate methylotrophs of the OM43 clade
(1.30 Mb; Giovannoni et al., 2008; Figure 1). Impor-
tantly, the genomes from these free-living organisms,
although small, had very different characteristics
than that observed in obligate symbiotic, parasitic
or commensal (SPC) microorganisms. Streamlined
genomes are typically characterized by: (1) small
genomes with highly conserved core genomes and
few pseudogenes; (2) low ratios of intergenic spacer
DNA to coding DNA; (3) low numbers of paralogs
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Figure 1 Alternate pathways of genome reduction. The mechan-
isms leading to small genomes in symbiotic and commensal
organisms (for example, mycoplasmas) are fundamentally differ-
ent from the process that lead to the small genomes that have
recently been discovered in many free-living organisms from
natural systems.

(Giovannoni et al., 2005; Wrighton et al., 2012;
Sabath et al., 2013; Swan et al., 2013). Streamlining
theory emerged to explain these observations. The
essence of streamlining theory is that selection is
most efficient in organisms that have large effective
population sizes, and favors cell architecture that
minimizes resources required for replication (Lynch
and Conery, 2003; Dufresne et al., 2005; Giovannoni
et al., 2005; Lynch, 2006; Giovannoni et al., 2008;
Dupont et al., 2011; Grzymski and Dussaq, 2012).

Alternative theories that could explain small-
genome size in free-living microbial populations,
for example, gene loss by genetic drift or mechan-
isms isolating genomes from horizontal gene transfer,
conflict with reports of strong purifying selection
and frequent horizontal transfer of genetic material
in streamlined microorganisms (Kettler et al., 2007;
Vergin et al., 2007; Wilhelm et al., 2007).

Streamlining theory is based on the idea that
under some circumstances selection can favor the
minimization of cell complexity. Lynch and Conery
(2003) supplied important background when they
argued the opposite—that, in populations with low
N., ‘selfish’ DNA could propagate because selection
was too inefficient to eliminate it. Lynch and Conery
based their ideas on theory developed by Kimura
(1968), who showed that genetic drift occurs when
sl <1/(2 N.), where s is the selective advantage,
that is, change in fitness, and N, is the effective
population size. To explain small microbial gen-
omes, streamlining theory applied the converse
argument: in populations with large N, values,
selection will be very efficient (Giovannoni et al.,
2005). N, is usually measured indirectly, by measur-
ing 6 values (0 =2N,u in haploid organisms, where
p is the mutation rate per locus per generation).
Estimates of N, obtained by this method are
typically low, compared with the census size of
populations obtained by counting cells. A number of
explanations have been put forward to account
for this (Fraser et al., 2009), and it remains a
stumbling block to streamlining theory that
measured N, values are often too low.
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Genomes belonging to SPC organisms, growing in
close association with other cells, can have much
smaller microbial genomes than those of stream-
lined, free-living cells. In many cases, these associa-
tions are between bacteria and eukaryotes, although
there are examples of bacterial and archaeal sym-
bionts with other bacteria or archaea (Baker et al.,
2010). Genome reduction in SPC organisms occurs
by evolutionary processes that are distinctly
different from those that define streamlining
evolution, and leaves different genomic signatures
(McCutcheon and Moran, 2012). These two
pathways of genome reduction are contrasted in
Figure 1. Small genomes of the SPC type have been
attributed to genetic drift that produces very
different genomic signatures, including the expan-
sion of noncoding genetic material, elevated rates of
non-synonymous substitution and loss of bio-
synthetic pathways, resulting in increased prototrophy
(Kuo et al., 2009). To illustrate the SPC pathway of
genome reduction, we offer a hypothetical example.
Consider a bacterium entering an obligate symbiosis.
If the bacterium is constantly in association with
its host, some of its biosynthetic operons may
be turned off permanently by transcriptional control
mechanisms because products of these operons, for
example, amino acids, are produced by the host.
Unexpressed, these biosynthetic genes are no
longer under selection to provide the function they
evolved for, and will decay to pseudogenes by
mutation. In this scenario, the eventual loss of
pseudogenes is ensured by a proposed deletional
bias, which favors the random loss of DNA from
bacterial genomes during replication (Mira et al.,
2001). Alternatively, even non-essential genes with
value can be lost by genetic drift, which is
particularly likely in populations that have a low
N.—a category that includes many symbionts.
Perhaps the best examples of this are Buchnera
spp., which are bacterial symbionts of aphids
(van Ham et al., 2003).

In the discussion above, we emphasize that
increases in the discriminating power of selection
can favor streamlining, leaving open the question of
how small genome size confers a fitness advantage.
In streamlined marine organisms there is a trend to
higher proportions of nucleotides (A +T) and amino
acids (for example, the substitution of lysine for
arginine) that have lower N content, indicating that
streamlining selection acts to reduce the amount of
nitrogen needed for cell replication (Giovannoni
et al., 2005; Grzymski and Dussaq, 2012). Evidence
that streamlining selection is driven by fitness
advantages of reduced cellular P quotas is, so far,
not convincing, but that may be because the data
needed to test this hypothesis are less readily
available (Vieira-Silva et al., 2010); in the oceans,
N and P tend to be co-limiting (Falkowski et al.,
1998). Comparative studies of streamlining in
P-limited and P-replete systems might shed light
on this issue.

- |
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Reductions of cellular N and P quotas are not the
only factors that have potential to drive streamlining
selection. Streamlined marine bacteria include some
of the world’s smallest organisms (Chisholm et al.,
1992; Rappé et al., 2002; Ghai et al., 2013), raising
the possibility that increased surface-to-volume
ratios might also drive streamlining in some cases.
A metaproteomics study of Pelagibacter in the ultra-
oligotrophic Sargasso Sea showed that a strikingly
high (67%) proportion of cellular protein is devoted
to transport functions, suggesting that high surface-
to-volume ratios are a factor in the success of these
very small (ca 0.01um?®), streamlined cells (Sowell
et al, 2008). In a twist on this perspective,
Thingstad argued that bacterioplankton may
increase their cell size to succeed by defense
specialism—growing too large for their predators.
He theorized that the surface-to-volume ratio is less
important than the surface-to-‘cell requirements of a
limiting element’, and that larger cells can maintain
the benefits of smaller cells by scaling up their cell
composition by accumulating non-limiting nutrients
such as carbon in an N- and P-limited system
(Thingstad et al., 2005). The theory that selection
favors small genomes because they can be replicated
more rapidly, thus shortening generation times, has
largely been ruled out by studies that found no
correlation between generation time and genome
size (Mira et al., 2001; Lynch, 2006; Touchon and
Rocha, 2007; Vieira-Silva and Rocha, 2010).

New data show streamlinin ht be
more prevalent than once thought

Recently, reports of small genomes in uncultured
taxa have flooded into the field, providing strong
support for the idea that the prevalence of stream-
lined bacteria in nature has been underestimated
because they are challenging to culture. Early
indications that streamlining might be a pervasive
phenomenon came from flow cytometry showing
that, whereas most cultivated oligotrophic isolates
have genome sizes of >2.9Mb, natural microbial
plankton communities have genome sizes much lower,
in the range of 1-2 Mb (Button and Robertson, 2001).
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Later, metagenomic data yielded effective genome
sizes of 4.7Mb for soil bacteria, and 1.6 Mb for
marine bacteria from the Sargasso Sea, a highly
oligotrophic site (Raes et al., 2007). Since that early
work was published, many estimates of average
microbial genome size from metagenomic data have
been reported (Figure 2; Frank and Sorensen, 2011;
Oh et al., 2011; Quaiser et al., 2011; Xia et al., 2011;
Eiler et al., 2013). Estimates of average genome size
from metagenomic data have now been reported for
many systems, including fresh water, brackish water
and aquifers (Figure 2).

Dupont et al. (2011) estimated the genome size of
the uncultured, highly abundant marine gammaproteo-
bacterium SAR86 at 1.25—1.7 Mb, whereas Ghai et al.
(2013) measured the cell volume of SAR432 marine
Actinobacteria at ca 0.013 mm?, and used fosmids to
estimate its genome size at <1Mb. Swan et al. (2013)
analyzed 41 single amplified genomes (SAGs) from
surface populations of marine plankton, and con-
cluded that many abundant marine bacteria exhibit the
same characteristics of streamlining seen in Pelagibac-
ter, Prochlorococcus and OM43. They also observed
that, within taxonomic groups containing both SAGs
and cultured representatives, there are differences
between SAGs and their cultured relatives in genomic
signatures of streamlining (for example, Rhodobacter-
aceae in Figure 4). The new evidence of small genomes
is not limited to the oceans. Wrighton et al. (2012)
assembled the genomes of four candidate divisions of
uncultured bacteria from aquifer metagenomic data
and estimated their genome sizes at <2 Mb. Following
up, the same research team reconstructed additional
genomes of four candidate phyla (SR1, WWE3, TM7
and OD1) from aquifer sediment and found very small
genomes (0.7-1.2 Mb) that lacked identifiable biosyn-
thetic pathways for several key metabolites (Kantor
et al., 2013).

Figure 3 shows the % noncoding (spacer) DNA
versus genome length for all published bacterial
genomes in the IMG v400 database (see
Supplementary Methods), as well as those recovered
from marine surface water by single-cell genome
amplification (Swan et al., 2013). The genomes of
cultured bacteria that are known to be highly
abundant in nature, and genomes recovered without

microbial samples

Figure 2 Average microbial genome sizes estimated from metagenomic data, adapted from Angly et al. (2009), with additional data from
Frank and Sorensen (2011), Oh et al. (2011), Quaiser et al. (2011), Xia et al. (2011), Eiler et al. (2013).
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Figure 3 The % of noncoding (spacer) DNA versus genome length for all published bacterial genomes in IMG v400 and estimated
genome size for single-amplified genomes (SAGs) from Swan et al. (2013). Streamlined (SAR11, Prochlorococcus, symbionts) and non-
streamlined important marine taxa (Vibrionaceae, Rhodobacteraceae, Alteromonadaceae) have been highlighted (legend). Organisms
where streamlining is driven by nutrient-limitation, such as SAR11 and those represented by the uncultured single-amplified genomes
from Swan et al. (2013), have low % noncoding DNA and tend to fall at the extremes of the distribution of residuals from the linear
regression line (black line). Conversely, organisms where streamlining is driven by symbiosis tend to maintain a broad range of %
noncoding DNA, despite their small genomes. Histograms (top, right) show the distribution of points across each axis. The distribution of
genome lengths (top) was significantly different to a unimodal distribution (Hartigan’s Dip Test; Hartigan and Hartigan, 1985), N=5689,
D=0.01, P=7.56 x 10 °) with a separation of the two modes at ~3.7 Mbp.

cultivation are smaller than average. Previous
analysis of cultured bacterial and archaeal genomes
showed that size tends to be bimodal, with peaks at
ca 2 and 5 Mb (Koonin and Wolf, 2008). Although the
distribution of genome sizes among genomes with a
status of ‘Finished’ in IMG v400 is not significantly
different from unimodality (see Supplementary
Methods), including all ‘Finished’, ‘Permanent Draft’
and ‘Draft’ genomes supports the trend observed by
Koonin and Wolf (2008); (Hartigan’s Dip Test
(Hartigan and Hartigan, 1985), N=5689, D=0.01,
P=7.56 x 10~ °), with separation into two popula-
tions at ~3.7Mbp (Figure 3). Such results pouring
in from both continued exploration of whole
genomes with single-cell genomics and metagenomic
assembly indicate that small genomes (for example,
0.7-1.6Mb) are common in nature. However,
natural ecosystems remain vastly under-sampled
with technologies that resolve genome size, and thus
the true scope of streamlining is still unknown.

Life history strategy is also a factor in
genome size

One of the biggest challenges to streamlining theory
is explaining why many successful, abundant

microorganisms, including some pelagic marine
bacteria, do not have small genomes. The solution
to this paradox lies in understanding that evolution
toward small cell size and genome simplicity is not
the only successful strategy in nature. The limit of
genome reduction as a function of streamlining must
be balanced with the need to maintain sufficient
functional complexity to succeed within a niche.
Thus, the many genomic signatures of streamlining,
such as low GC, low percentage of noncoding
nucleotides and few pseudogenes, should be
observable across a range of genome sizes. Evidence
of this is seen in the many points falling below
the regression line in Figure 3. If this model is
correct, then those free-living organisms with the
smallest genomes (for example, Prochlorococcus,
Pelagibacterales and OM43) occupy niches that
require minimal functional complexity, and have
been further reduced in genome complexity by
selection acting to minimize the resources needed
to replicate. Thus, strategies for resource competi-
tion may be as important as streamlining selection is
for determining genome size.

In bacteria, increasing functional complexity
typically implies regulation in response to
environmental change, for example, most model
chemoheterotrophic microorganisms turn on and off
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operons for the catabolism of a wide range of
compounds, or shift their metabolism completely.
In general, the proportion of microbial genomes
devoted to regulation decreases with size, as an
increasingly large proportion of the genome is
devoted to core functions (Ranea et al., 2005). Thus,
in principle, small genomes are likely to be found in
organisms that occupy fundamental niches that are
relatively invariant. Conversely, organisms that
transition between aerobic and anaerobic environ-
ments (Manganelli et al., 1999), surface attachment
(Ishimoto and Lory, 1989) and circadian rhythms
(Yoshimura et al., 2007) require major shifts in
metabolism and/or physiology. Global regulation of
these processes is commonly encoded by o-factors.

In the discussion that follows we use sigma
factors provide a proxy for life history complexity.
o-Factors are polypeptides that combine with
DNA-dependent RNA polymerase (RNAP) to form
an RNAP holoenzyme capable of transcribing the
DNA template. The role of the o-factor in the
holoenzyme is twofold: (1) RNAP is unable to
initiate transcription without the o-factor. (2) The
o-subunit of the RNAP holoenzyme can recognize
specific promoter sequences and can thus initiate
transcription of specific genes, orchestrating a
metabolic and/or physiological response to chan-
ging environments (reviewed in Wqsten, 1998).
Housekeeping o-factors, such as ¢7° in Escherichia

coli (encoded by rpoD), are responsible for the
transcription of most genes expressed in exponen-
tially growing cells and it is thought that at least one
copy of a 67°-like homolog can be found in almost all
bacterial genomes. Other non-essential o-factors
include stationary phase o-factors (RpoS); flagellar
o-factors (o?%, WhiG); heat-shock o-factors (c®?,
SigB/C); sporulation o-factors; nitrogen utilization
o-factors (c°*) and a broad range of extracytoplasmic
function o-factors controlling expression of, among
other things, alginate biosynthesis, iron uptake,
antibiotic ~production and virulence factors
(Wosten, 1998).

It is reasonable to assume that the more complex
the life history of an organism, the greater the
number of o-factors that will be encoded in its
genome. Figure 4 shows how the number of o-factor
homologs in a genome varies across genome size for
all published bacterial genomes in the IMG v400
database (see Supplementary Methods), along with
the streamlined genomes of uncultured marine
SAGs from Swan et al. (2013). The distribution of
o-factors shown in Figure 4 highlights two interest-
ing observations. First, unlike streamlined organ-
isms, intracellular parasites and symbionts tend to
encode very few o-factors while maintaining a broad
range of % noncoding DNA (Figures 3 and 4). This is
a marked difference resulting from the alternate
genome reduction pathways outlined in Figure 1.
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Figure 4 The number of o-factor homologs versus genome length for published bacterial genomes in IMG v400 (grey), up to 5 Mbp in
length with important marine microbial taxa highlighted (legend). Fitting the data across all genome lengths (inset) with a Poisson
distribution showed evidence of overdispersion (®=5.50) therefore regression was performed using a negative binomial generalized
linear model with a log-link (green line main figure, black line inset. Lighter green ribbon represents 95% confidence intervals of the
model). The explained deviance of the negative binomial model was 0.73. Uncultured SAG representatives from Swan et al. (2013),
SAR11, Prochlorococcus and symbionts fell below the regression line, supporting the hypothesis that low numbers of o-factors are a
consistent feature of streamlined genomes. SAGs from Verrucomicrobia fell above and below the regression line, supporting the findings
of Swan et al. (2013) that these genomes can be found in both streamlined and non-streamlined varieties.
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By using the number of accumulated mutations in
pseudogenes as a proxy for the length of time since a
gene transitioned to a pseudogene, Babu (2003)
showed that the high number of pseudogenes in
Mycobacterium leprae (1116 compared with 6 in the
close relative M. tuberculosis) was likely the result of
an initial loss of o-factors through genetic drift. This
was followed by a cascade of pseudogene formation as
genes under o-factor regulation fell under relaxed
selection pressure. Copiotrophic taxa such as Vibrio-
naceae, Bacteroidetes and Rhodobacteraceae tend to
have o-factor distributions that span the regression
line (Figure 4), whereas streamlined genomes such as
SAR11, Prochlorococcus, OM43 and uncultured SAGs
tend to fall well below it, with SAR11 located at the
extreme edge of the distribution, lacking even RpoS
(Giovannoni et al., 2005; Lauro et al., 2009). Interest-
ing exceptions to this rule include Prochlorococcus
strains MIT9303 and MIT9313, which contain almost
twice as many o-factor homologs as other Prochlor-
ococcus strains, as well as higher % GC content
(50.01% and 50.74%, respectively, compared with
30-35% GC content for other Prochlorococcus
strains). These genomes are also significantly
larger than other Prochlorococcus strains (2.68 and
2.41 Mb, respectively, compared with approximately
1.6-1.8 Mb, respectively, for other Prochlorococcus
strains), and are the earliest clade to diverge from their
non-streamlined Synechococcus ancestor (Rocap
et al., 2002; Kettler et al., 2007).

Second, many taxa have fewer o-factors and %
noncoding DNA (Figures 3 and 4) than would be
expected from their genome size, even when the
genome size is relatively large, demonstrating
that streamlining is not synonymous with small
genomes. It is postulated that such organisms are
likely to have a relatively simple life history, albeit
in a niche which requires complex pathways for the
assimilation of available resources. SAGs from
uncultured Rhodobacteraceae contained fewer
o-factors than their cultured counterparts, perhaps
suggesting an adaptation to a less dynamic microbial
niche (Swan et al., 2013).

The loss of complex regulatory mechanisms such
as those controlled by o-factors can be contrasted
with regulation requiring a minimum of biochemical
machinery in the form of small or noncoding RNAs,
including riboswitches. Riboswitches are cis-acting
noncoding regulatory RNAs that bind small mole-
cules or respond to temperature to either promote or
repress translation of a (usually) downstream
transcript (Dambach and Winkler, 2009). Other
regulatory noncoding RNAs can be trans-acting
and interact with proteins and riboswitches
(Waters and Storz, 2009). Although not unique to
organisms with streamlined genomes (Winkler and
Breaker, 2005), noncoding RNAs represent a simple
solution to regulation in the context of fewer genes
and many have been cataloged in Pelagibacter
(Meyer et al., 2009; Tripp et al., 2009; Smith et al.,
2010) and Prochlorococcus (Steglich et al., 2008).

Streamlining theory
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Prochlorococcus MED4 contains only 6 identified
protein regulators compared with the 32 found in
E. coli, and few o-factors (Figure 4). However, its
genome includes 24 noncoding RNAs, which were
upregulated under light- and phage-induced stress
(Steglich et al., 2008). Similarly, Pelagibacter lacks
common genes for glycine biosynthesis, and there-
fore has a conditional requirement for glycine or
glycine precursors (for example, serine, glycine
betaine or glycolic acid; Tripp et al., 2009). However,
this ostensibly deleterious deletion is compensated
for by a glycine riboswitch upstream of the malate
synthase that has been postulated to regulate central
metabolism based on internal glycine levels (Tripp
et al., 2009).

Living streamlined

In the section above, we emphasize general relation-
ships between metabolic complexity, life cycle
complexity and regulation, which dictate that, at
the small end of the genome size spectrum, cellular
activity is simple and efficient. But, each stream-
lined organism studied so far has unusual charac-
teristics that appear to be dictated by the
dispensable functions of the niche. All Prochlor-
ococcus genomes lack some DNA repair genes, two
genes (psbU/V) involved in the stabilization of
the PS II oxygen-evolving complex, three genes
encoding glycolate oxidase, a complex involved in
photorespiration, and genes encoding two ABC
transporters that are thought to be used for the
uptake of sucrose (Partensky and Garczarek, 2010).
Prochlorococcus also lack the katG gene that
encodes a catalase/peroxidase, and therefore are
sensitive to hydrogen peroxide, although they can
benefit from the presence of katG* cells in the
neighborhood (Morris et al., 2011). The leaky
function of KatG has been used as an example to
illustrate the concepts of the Black Queen Hypo-
thesis (BQH; Morris et al., 2012). One interpretation
is that Prochlorococcus, and other katG~ genotypes,
are social cheaters that save themselves from the
cost of synthesizing KatG by relying on other
community members to detoxify hydrogen peroxide.

The deep-branching lineage of marine Actino-
bacteria that was described recently by Ghai et al.
(2013) is estimated to have a genome of <1Mb,
a very low GC content (33%) and a cell size about
the same as Pelagibacter (ca 0.013 pm). Interestingly,
actinobacterial-specific genes for mycothiol bio-
synthesis and coenzyme F420-dependent enzymes
were found in the genome, but, not surprisingly,
there was little mention of missing functions—the
identification of gene losses and reconstruction of
metabolic pathways re-arranged by streamlining
selection often can take years of study.

The genome of the methylotrophic betaproteo-
bacterium OM43 is strikingly small compared with
other methylotrophs, but the most notable genes
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absent were mxaF and mxal, which code for large
and small subunits of methanol dehydrogenase.
Instead, OM43 relies on an alternative methanol
dehydrogenase, xoxF, which only recently was
recognized as a bona fide methanol dehydrogenase
alternative. OM43 is a coastal species that is found
associated with phytoplankton (Morris et al., 2006).
Recent reports of high turnover rates for methanol in
the ocean surface (Dixon et al., 2011), a report
describing many alternative OM43 substrates
(trimethylamine, trimethylamine oxide, dimethyla-
mine and methyl chloride; Halsey et al., 2012), and a
report that OM43 xoxF was 2.3% of the identified
spectra in a productive coastal ocean metaproteome
(Sowell et al., 2011), all suggest future studies will
aim to understand this unusual organism.

The studies from Wrighton et al. (2012) and Kantor
et al. (2013), referred to above, differed markedly from
others that reported streamlining, in that they focused
on a freshwater aquifer that had been amended with
acetate. Nonetheless, these studies reported multiple,
very small genomes from candidate phyla, all of them
lacking respiration and instead apparently relying on
fermentation for energy. In most of the genomes,
complete biosynthetic pathways for nucleotides,
lipids and many amino acids could not be identified,
leading the authors to conclude that these organisms
might be auxotrophic for many essential metabolites.
In this anoxic, non-marine system, there is no
compelling reason to posit selection for the efficient
use of macronutrients such as N and P; measured N
concentrations near the periods when the metage-
nomic sequence data were collected were much
higher than those of a typical N-limited marine system
(Kenneth Hurst Williams, personal communication).
However, the Rifle aquifer has been a site of intense
bioremediation experimentation for some time, and it
is possible that, before this activity, organisms had
evolved with N or other nutrient limitation that drove
the observed trend toward streamlined genomes.

Sabath et al. (2013) used comparative genomics to
study streamlining in thermophiles and reported
clear evidence that, in bacteria and archaea, genome
size decreases with increasing optimum growth
temperature. Their analysis indicates that neither
genetic drift nor selection for short division times
explains the strong overall trend to small genomes in
extreme thermophiles. As with the aquifer micro-
organisms studied by Wrighton et al. (2012) and
Kantor et al. (2013), there is no evidence to support
the conclusion that reduction of the material costs of
replication (that is, the amount of N and P required
for a cell division) explains the observed trend.
Sabath and co-workers did not explore the metabolic
implications of streamlining, and so their work does
not rule out that increasing nutritional requirements,
implying increased connectivity in thermophile
communities, might explain the trend to small
genome size. They could not prove, but favored,
the hypothesis that small cell size, and associated
low maintenance energy costs, might be the
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driving force behind genome minimization in
thermophiles.

Pelagibacter is the most thoroughly explored
example of a streamlined chemoheterotrophic organ-
ism, and it illustrates how simple and efficient
metabolic strategies can evolve to exploit nutrient
resources that are part of the ambient background in
biological systems. Pelagibacterales (SAR11) are the
most abundant microbial group in the oceans world-
wide, and are also common in freshwater (Giovannoni
et al., 1990; Morris et al., 2002; Rusch et al., 2007;
Carlson et al., 2009; Eiler et al., 2009; Schattenhofer
et al., 2009; Treusch et al., 2009). They are obligate
aerobes with full respiratory electron transport
systems (Giovannoni et al., 2005; Grote et al., 2012)
and the light-dependent proton pump proteorhodopsin,
which has been shown to substitute as a power
supply when organic carbon nutrients are unavailable
from the environment to support respiration (Steindler
et al., 2011). They have one TRNA operon, never grow
faster than one division per day in culture, and are
inhibited by many different organic compounds at
levels far below those tolerated by copiotrophs
(Rappé et al., 2002; Giovannoni et al., 2005).

Pelagibacter metabolism is spare, lacking most
common auxiliary functions of microbial cells, and
as discussed below, even lacking some functions that
are nearly universally distributed among related
Alphaproteobacteria (Giovannoni et al., 2005; Tripp
et al., 2008, 2009; Carini et al., 2012; Grote et al., 2012;
Smith et al., 2013). But these organisms are efficient
oxidizers of a range of common, low-molecular-
weight metabolites, including amino acids, organic
acids and osmolytes. One of the surprises of Pelagi-
bacter metabolism was the discovery that they devote
part of their genome to one-carbon (C1) metabolism.
C1 metabolism enables Pelagibacterales to oxidize a
broad range of external metabolites, including C1
compounds, such as methanol and formaldehyde,
and methylated compounds, including osmolytes
(glycine betaine, taurine, 3-dimethyl-sulfoniopropio-
nate and trimethylamine oxide; Sun et al., 2011).
Osmolytes, also known as compatible solutes, are
fundamental compounds in the sense that they are
produced in large amounts by all cells in marine
systems. The focus of Pelagibacterales on classes
of organic compounds that are omnipresent, low-
molecular-weight products of biological processes
probably explains why they are a large proportion of
all cells in the ocean throughout the water column.
Microbial ecologists refer to the class of compounds
used by Pelagibacterales cells as ‘labile dissolved
organic matter’, which implies these compounds are
turned over rapidly and rarely reach high concentra-
tions. Thus, Pelagibacterales appear to have a simple
life-cycle strategy that requires little regulation and
depends on efficient competition for common organic
compounds that flux continuously in active plank-
tonic systems.

In contrast, relatively large microbial genomes
enable organisms to search for resources (chemotaxis),



change strategies to exploit patchy nutrients and target
metabolites such as complex polysaccharides, which
require complex enzyme repertoires. In long-term
studies of population dynamics in the ocean, easily
cultured copiotrophic organisms, such as members of
the genera Alteromonas and Vibrio, are frequently rare
but bloom stochastically (Vergin et al., 2013).

Unusual nutrient requirements related to
genome streamlining may explain why
man?/ abundant microorganisms are
challenging to culture

It is ironic that some of the best examples of
streamlining are found in cultivated microorganisms.
It is important to recognize that these organisms
resisted cultivation by traditional techniques and
were cultivated with specialized methods only after
their molecular data showed they were important in
nature. Success isolating chemoheterotrophic strains
depended on the use of natural media made from
autoclaved or filtered water samples, where naturally
occurring compounds supplied organic matter for
growth. This approach produces low population
densities (about 10° cells per ml) but avoids growth
inhibition and provides the opportunity to use
insight gained from genomics to optimize cultivation
conditions. Genome reduction has been directly
linked to unusual growth requirements in Pelagibacter,
explaining why these cells are challenging to
culture. In addition to the aforementioned glycine
auxotrophy (Tripp et al., 2009), they require reduced
sulfur compounds (for example, dimethylsulfonio-
propionate or methionine) because they lack the
common assimilatory sulfate reduction pathway
(Tripp et al., 2008). Recently, it was shown that
Pelagibacter spp. require pyruvate, or pyruvate pre-
cursors, in a 4:1 ratio to glycine (Carini ef al., 2012).
This unusual example of stoichiometric nutrient co-
dependence remains incompletely understood, but
appears to be a consequence of the highly irregular
arrangement of pathways in central metabolism. As
streamlined cells appear to be common in nature, we
hypothesize that unexpected growth requirements
resulting from genome streamlining can explain a
significant part of the ‘unculturable’ phenomenon.
In this issue of ISME ], we report a new and unusual
example of a nutritional requirement caused by
genome reduction in Pelagibacter. These cells are
missing many thiamin biosynthesis, salvage and
transport genes, and hence require the thiamin
(vitamin B1) precursor 4-amino-5-hydroxymethyl-
2-methylpyrimidine (HMP) (Carini et al., 2014).

Streamlining, co-evolutionary dynamics
and ecological theory

Reports of high connectedness in microbial com-
munities have garnered attention because connect-
edness can help predict the responses of biological
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communities to stresses (Faust and Raes, 2012).
Connectedness is manifested as correlations
between fluctuating populations, and can be due
to interactions such as production of a compound by
one organism and its use by another. Unusual
nutrient requirements related to genome reduction
can potentially explain some connectedness, and
further, lead to predictions of co-evolutionary
dynamics. As competition for resources increases,
there is a concomitant rise in the relative cost of
prototrophy (the ability to make a compound needed
for growth). Thus, gene loss is favored when the
advantage of needing less phosphorous, nitrogen- or
carbon-derived energy to replicate outweighs the
cost of sometimes being unable to replicate because
an essential nutrient is unavailable.

The BQH invoked genome reduction and co-
evolutionary models to explain nutritional require-
ments (Morris et al., 2012). This hypothesis argues
that many vital metabolic pathways produce ‘leaky’
products—metabolites, or detoxification functions—
which can escape from the cell and thus become
public goods within a microbial community. In the
case of leaked metabolites, organisms capable of
transporting these metabolites across their cellular
membrane no longer have to synthesize the metabo-
lites de novo. Concomitant loss of genes involved in
metabolite synthesis under streamlining provides a
selective advantage under limited resources at the
cost of auxotrophy for community resources.
Thus, the BQH provides a compelling framework
for a mechanism of streamlining and increasing
community connectedness under nutrient limitation.

Beguiling though it may be, many examples of
streamlining do not fit into the BQH. For example,
rather than prototrophic loss, much of genome
reduction in Pelagibacter, the most well-understood
example, eliminates metabolic pathways and regu-
latory complexity that enable cells to adaptively
respond to a wider range of conditions. For example,
the first alphaproteobacterium Ppindependent
system for responding to nitrogen stress was recently
described in Pelagibacter (Smith et al., 2013). This
regulatory system, which involves transcriptional
regulators as well as a number of novel, conserved
riboswitch-like structures, is encoded by a highly
reduced gene set, relative to the system found in
other Alphaproteobacteria. Second, genome stream-
lining under the conditions of the BQH increases
connectedness through increased auxotrophy for
specific substrates. However, many of the unusual
nutrient requirements that make Pelagibacter
difficult to culture can be met by a variety of
compounds. For example, methionine, cysteine,
dimethylsulfoniopropionate or methanethiol can
supply these cells with sulfur (Tripp et al., 2008
and unpublished results). Not surprisingly, in
Pelagibacter, evolution has favored paths of genome
reduction that minimize compromises to fitness that
are associated with co-evolutionary dynamics.
If streamlined organisms are as prevalent in the
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environment as now appears likely, and if the
Pelagibacter model can be generalized, then we
can expect to commonly find simplified versions of
bacteria that are adapted to grow slowly but
efficiently in a complex chemical milieu, rather
than as a result of co-evolutionary connectedness
between specific taxa.

Conclusions and Future prospects

Streamlining is a relatively new and important addition
to microbial ecology theory. Ramifications of this theory
are being explored by microbial ecologists who seek to
explain the small genomes that are being discovered in
a broad panorama of environments. Complex patterns
of prototrophy associated with streamlining imply that
some microbial communities have evolved high levels
of nutritional connectivity that influence their stability.
This same phenomenon also has the power to explain
the prevalence of the uncultured microbial majority;
it produced the testable hypothesis that uncultured
microbial diversity is disproportionately populated
with taxa that have streamlined genomes and therefore
are difficult to culture. One highly studied example of
streamlining, Pelagibacter, is providing insight into
non-canonical rearrangements of metabolism that result
in unexpected forms of prototrophy, including condi-
tional prototrophy (nutritional requirements that are
context dependent), and requirements for specific
ratios of nutrients. Discoveries of alternate arrange-
ments of genes into pathways, as with discoveries of
new gene functions, can have a broad influence
when they are applied retrospectively to interpret
metabolic functions from genomic and metagenomic
data.

Notwithstanding our enthusiasm for streamlining
theory, we assure our readers that we do not think
every example of odd cultivation requirements,
connectedness in the environment or strange meta-
bolism has an origin in streamlining selection.
Neither are concepts like copiotroph and oligotroph
or r- and k-strategist sufficient in themselves to
categorize metabolic diversity. We propose that what
is needed is: (1) research that more tightly links
fundamental properties of cells, such as biomass,
transport kinetics and metabolic efficiency to genome
characteristics and (2) a better understanding of the
adaptive strategies that link environmentally impor-
tant species to the successful exploitation of particu-
lar resources. Systems biology, tailored to explain
environmental theory, is an avenue that is relatively
underexplored but appears to hold promise for
addressing these issues. This was an approach that
once applied only to model organisms, but today has
conceptual appeal across a broad range of scales.
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