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Section 1. Introduction
Prokaryotic microbes have the highest abundance and bio-

mass of all organisms on our planet. The number of bacteria 
on earth by far exceeds the number of stars in the universe 
(Curtis and Sloan 2004; Pomeroy et al. 2007). The ocean alone 
contains an estimated 1029 bacteria (Whitman et al. 1998); 
thus, billions of microbes are present in each liter of seawater. 
Consequently, it is not surprising that bacteria play a critical 
role in biogeochemical cycling in all ecosystems. Prokaryotic 

microbes fulfill an enormous diversity of functions (Harwood 
2008), affecting a wide range of matter cycles, such as nitro-
gen fixation and phosphate storage (Davelaar 1993; Falkowski 
et al. 1998; Gruber and Galloway 2008). Bacteria function in 
degradation and transformation of organic matter, providing 
inorganic nutrients for phytoplankton, and bacteria serve as 
a food source for bacteriovores. In addition, marine bacteria, 
along with eukaryotic microbes, contribute to about half of all 
primary production on the planet (Arrigo 2005).

Over the past four decades, research in microbial ecology 
has begun to reveal the diversity of microbes in the food web, 
and the breadth and complexity of their interactions and met-
abolic processes that drive biogeochemical cycles. These new 
discoveries changed the way we think about trophic interac-
tions in the ocean, and drove the transformation of the classic 
linear food chain into a multidirectional food web that high-
lights the role of microbes in trophic dynamics and nutrient 
flux. This new food web also includes a remineralization and 
recycling pathway for dissolved organic material known as the 
microbial loop.

In this chapter, we will outline the evolution of the micro-
bial loop and discuss the bacterial groups and processes that 
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have defined the microbial loop to date. We will then present 
several additional bacterial groups that are absent from most 
microbial loop models, despite their importance in nutrient 
cycling. The goal of this chapter is not to present an inclu-
sive list of all microbes (or even all bacterial groups) that 
contribute to the microbial loop, but rather to highlight the 
contribution of five overlooked bacterial groups that perform 
important functions in the microbial loop.

Section 2. History of the microbial loop
Marine microbes were studied as early as the late 1600s by 

the Dutch lensmaker Antony van Leeuwenhoek. However, the 
field of marine microbiology really began to develop following 
the establishment of several marine laboratories and teaching 
facilities in the late 1800s (see Karl and Proctor 2007). At 
the turn of the twentieth century, several scientists including 
Henry Bryant Bigelow, Selman Waksman, Cornelis B. van 
Niel, and Claude ZoBell published works that suggested that 
bacteria play a role in marine biogeochemical cycling, though 
it took several more decades of experimental evidence to 
support these ideas (see Karl and Proctor 2007 and Sherr and 
Sherr 2008 for reviews).

Prior to the 1970s, the accepted paradigm for nutrient flux 
in the ocean was a linear food chain: 1) marine plants and 
phytoplankton conduct primary production, 2) zooplankton 
consume phytoplankton, 3) zooplankton are consumed by 

predators, and 4) predators are consumed by higher pred-
ators. This traditional food chain, often called the “grazing 
food chain,” assumed that the bulk of primary production is 
consumed by herbivorous zooplankton as particulate matter, 
and little is dissolved and used by microbes. It also assumed 
that size is the best proxy for identifying the key players in 
the food chain. In other words, larger organisms such as fish 
and mammals are the biggest consumers of energy in the 
ocean. Until the 1970s, few studies offered accurate estimates 
of microbial abundance in the ocean. In addition, many 
researchers assumed that the majority of bacteria in the water 
column are free-living, or live independent of other particles 
and organisms (see Grossart 2010) and are metabolically inac-
tive (Azam 1998; Pomeroy et al. 2007). Thus, the traditional 
grazing food chain model grossly underestimated the impact 
of bacteria and other microbes (particularly nanoplankton) on 
nutrient cycling.

In 1974, Lawrence Pomeroy introduced a “new paradigm” 
for the ocean’s food chain in which microbes emerged as 
major contributors to carbon, energy, and nutrient cycling. 
Influenced by the work of his colleagues who demonstrated 
that microbes are essential players in the food web of salt 
marshes (see Sherr and Sherr 2008), Pomeroy suggested that 
microbes are not only major primary producers, but are also 
the leading consumers of dissolved organic material in the 
ocean (Fig.!1; Pomeroy 1974). He cited multiple studies that 

Fig. 1. The ocean’s food web conceived by Pomeroy (1974). The classical food chain paradigm is contained inside of the circle, whereas pathways 
described in his “new paradigm” are outside the circle. Reprinted from Pomeroy (1974) with permission from Oxford University Press.
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supported his hypothesis, and credited new techniques for 
measuring photosynthesis and respiration for revealing the 
abundance and significance of microbes in photosynthesis and 
metabolism (Pomeroy 1974).

Additional methodological advances for quantifying bacte-
ria and measuring bacterial growth rates, combined with the 
discovery that the majority of bacteria in the water column are 
metabolically active (see Fenchel 2008), further supported the 
hypothesis that microbes contribute to ocean metabolism. In 
1983, Azam and colleagues expanded on the idea of Pomeroy’s 
new paradigm by describing a “microbial loop” in which dis-
solved organic matter released by phytoplankton (and to a 
lesser extent by animals) is consumed by bacteria. Bacteria are 
consumed by protozoa, which are then consumed by microzo-
oplankton that are part of the traditional grazing chain (Azam 
et al. 1983) (Fig.!2). The microbial loop concept identified the 
critical role of bacteria in recycling organic matter and return-
ing it to the grazing food chain.

The microbial loop describes several bacterial processes 
that connect microbes to the rest of the producers and con-
sumers in the ocean’s food web. First, bacteria remineralize 
nitrogen and phosphorus and supply it to phytoplankton for 
primary production. Phytoplankton are eventually consumed 
by zooplankton, which are consumed by higher metazoans. 
Second, autotrophic bacteria take up dissolved inorganic 
materials to produce organic matter. Finally, dissolved organic 

matter assimilated by bacteria enters the food chain again 
when bacteria are consumed by heterotrophic protists. These 
microbial cycles occur throughout the ocean, but are particu-
larly important in oligotrophic waters lacking upwelling and 
seasonal nutrient inputs (see Fenchel 2008). In oligotrophic 
environments, the primary function of micobes in the loop is 
to remineralize dissolved organic matter and promote primary 
production (Fenchel 2008).

Conceptual diagrams of the microbial loop have been 
published since Azam and colleagues’ 1983 version (see Sherr 
and Sherr 2008 for review), and some recent versions include 
additional microbial groups now recognized as major players 
(Fig.!3). For example, it was revealed that phototrophic pro-
karyotes like Synechococcus sp. and Proclorococcus sp. cyano-
bacteria are the greatest contributors to photosynthesis in the 
ocean (see DeLong and Karl 2005). Also, studies showed that 
viruses outnumber bacteria in the water column, and promote 
the release of organic material by lysing bacteria and other 
host cells (see Fenchel 2008). Marine microbes using novel 
forms of phototrophy have also recently been acknowledged 
as contributors to the microbial loop (Delong and Karl 2005; 
Giovannoni and Stingl 2005). For example, aerobic anoxi-
genic photoheterotrophs (AAPs) in the genus Roseobacter 
comprise up to 25% of marine bacteria in some locations 
(Lami et al. 2007; Brinkhoff et al. 2008). Finally, mixotrophic 
eukaryotes that combine phagotrophy and photosynthesis are 

Fig. 2. The microbial loop as presented by Azam et al. (1983). Solid arrows represent energy flow and materials, and open arrows represent material flow 
only. Reprinted with permission from Inter-Research.
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Fig. 3. Current views of the ocean’s food web and microbial loop. Top) Solid arrows represent major fluxes of carbon and energy whereas dotted lines 
represent minor pathways. Green (autotrophic) and orange (heterotrophic) boxes represent organisms in the microbial loop. Reprinted from Pomeroy et 
al. (2007). Bottom) The microbial loop presented by Azam et al. (1993) redrawn with additions (dashed arrows). DOC is dissolved organic matter. Reprinted 
from Fenchel (2008) with permission from Elsevier.
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now recognized as commonly occurring and perhaps ubiqui-
tous organisms in the loop (Sanders 1991; Zubkov and Tarran 
2008; Flynn et al. 2013).

Some microbial loops now include the organisms men-
tioned above, however, several important contributors remain 
excluded from most microbial loop diagrams. Moreover, 
modern loop diagrams continue to overlook important con-
cepts, such as the idea that many bacteria are members of 
complex aggregates or form tight associations with particles or 
organisms (Grossart 2010). For the remainder of this chapter, 
we will describe five ubiquitous groups of bacteria that have 
been overlooked in microbial loop schematics, despite the 
important functions that they perform.

Section 3. Free-living, nitrogen-fixing bacteria
Nitrogen fixation, or the process by which dissolved N2 is 

“fixed” into NH3 by a series of microbially mediated steps, 
is the dominant process on Earth that makes atmospheric 
nitrogen available for biosynthesis. N-fixing organisms, or 
diazotrophs, are found among bacteria and archaea, and can 
include both heterotrophic and autotrophic species. Bacteria 
and archaea that are unable to fix atmospheric nitrogen, as 
well as all eukaryotic organisms, must obtain nitrogen (for 
proteins, nucleic acids, and other compounds) from inorganic 
“fixed” sources, such as NO3

– or NH4
+, dissolved or particulate 

nitrogen, or from diazotrophic symbionts.
In the marine environment, significant research has focused 

on phototrophic cyanobacterial diazotrophs. Breaking the 
triple bond to convert N2 into NH3 requires a large energy 
investment, and so it is not surprising that some diazotrophs 
inhabit sunlit waters, where abundant light energy is available. 
Phototrophic diazotrophs are particularly common study 
organisms due to their accessibility and visibility. For example, 
the model organism Trichodesmium is not only culturable, but 
it forms visible multi-cellular colonies which have been noted 
throughout history, including by Darwin:

“when not far distant from the Abrolhos Islets, my 
attention was called to a reddish-brown appearance in 
the sea. The whole surface of the water, as it appeared 
under a weak lens, seemed as if covered by chopped bits 
of hay, with their ends jagged. These are minute cylindri-
cal confervæ, in bundles or rafts of from twenty to sixty 
in each. Mr. Berkeley informs me that they are the same 
species (Trichodesmium erythræum) with that found 
over large spaces in the Red Sea, and whence its name of 
Red Sea is derived. Their numbers must be infinite. In 
almost every long voyage some account is given of these 
confervæ.” (Darwin 1845)

Phototrophic diazotrophs are ubiquitous in the marine 
environment; however, there are many other diazotrophs. The 
following paragraphs will summarize recent research that has 
highlighted the role of some of these “other” diazotrophs.

In the presence of available nitrogen (NH4
+, NO3

–), fixation 
is not expected, as all diazotrophs studied to date are capable 
of acquiring fixed nitrogen from their environment. Studies 
of model organisms in culture have described strong controls 
on enzymatic machinery and repression in the presence of 
fixed nitrogen such as NH4

+ (see Leigh and Dodsworth 2007). 
However, several studies have reported measurable fixation 
in the presence of nitrate (NO3

–) (Voss et al. 2004; Holl and 
Montoya 2005). Whereas somewhat surprising, NO3

– requires 
significant reduction before nitrogen atoms can be incorpo-
rated into biological macromolecules. Therefore, fixation in 
the presence of NO3

– could be due to the relatively small dif-
ference in energetic cost.

Although fixation in the presence of NO3
– can be rea-

sonably explained, fixation in the presence of NH4
+ is more 

baffling, considering the ease at which NH4
+ can be assimi-

lated and used. In laboratory studies, NH4
+ was shown to be 

a strong repressor of nitrogen fixation (Leigh and Dodsworth 
2007), however, in situ nitrogen fixation has been measured in 
lakes with NH4

+ concentrations exceeding 10 mM (Halm et al. 
2009). Nitrogen fixation has also been documented in oxygen 
minimum zones with active denitrification, NO2

– availability, 
and low NH4

+ (Fernandez et al. 2011; Jayakumar et al. 2012; 
Farnelid et al. 2013).

Sediment may not be expected to host significant N 
fixation (Thamdrup and Daalsgard 2008), as this environ-
ment is generally either high in energy flux and dissolved 
NH4

+ (near-shore environments) or low in both (e.g., gyre 
sediments). However, fixation has been documented in 
a coastal embayment with NH4

+ ranging upwards of 100 
mM. (Fulweiler et al. 2008). Organic fluxes that stimulate 
denitrification initially have been shown to shift toward 
increasing N fixation over time (Fulweiler et al. 2013). This 
sediment-based fixation has been confirmed and linked in 
part to anthropogenic forcing (Brown and Jenkins 2014). N 
fixation associated with intertidal mats has been previously 
documented (Steppe and Paerl 2002). In light of studies like 
these, which include many groups associated with anoxia, we 
begin to make more sense of the broad polyphyletic nature 
of N fixation.

Despite the discovery of N fixation in these and other 
environments (e.g., methane seeps and hydrothermal vents 
(Mehta and Baross 2006; Dekas et al. 2009), the extent of 
diazotroph diversity remains largely unknown. It is difficult to 
identify heterotrophic diazotrophs, primarily because of poly-
phyly and the sensitivity of molecular biology techniques that 
rely on degenerate primers and nested PCR. Molecular biol-
ogy techniques (Zehr and Turner 2001) are so sensitive that 
the nifH gene for nitrogenase reductase can be amplified from 
commercial reagents (Zehr et al. 2003). This has cast a shadow 
on reports of N fixation in unusual environments. However, 
corroboration of diazotrophy in heterotrophic bacteria using 
other methods such as 15N-N2 incubations can validate DNA- 
or RNA-based findings.
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The discovery of diazotrophs in unconventional environ-
ments raises questions about natural selection. For microbi-
ologists, an interesting question is why does fixation occur in 
the presence of small amounts of fixed N? Are thresholds of 
ambient nitrogen required to regulate gene expression simply 
higher than assumed? Are diazotrophs performing fixation in 
the presence of fixed nitrogen actually located in microniches 
that have low organic N compared with the larger ambi-
ent environment? Finally, could there be a benefit to fixing 
nitrogen even in the presence of dissolved inorganic nitrogen 
(DIN), such as H2 production? Questions remain about the 
importance of N fixation in global nutrient cycles, the variety 
of organisms that conduct fixation, and the selective pressures 
that have resulted in the widespread use of the nitrogenase 
complex in bacteria and archaea. For biogeochemists and 
modelers, overlooked N fixation constitutes a sneaky feedback 
loop to primary productivity, which can upset mass and espe-
cially isotope budgets.

To what extent does N fixation in out-of-sight environ-
ments affect the microbial loop? N fixation can somewhat 
offset denitrification in environments where there is co-oc-
currence (e.g., Fulweiler et al. 2013). Heterotrophic and other 
“dark” microbes could contribute more to primary producers 
(as per the open arrows in Fig. 2) than previously thought. In 
the photic zone, N fixation of any kind could more directly 
stimulate photosynthesis, thereby increasing uptake of inor-
ganic carbon while increasing output of organic carbon. 
Additional biomass encourages the growth and proliferation 
of herbivores, which can affect multiple trophic levels. In dark 
environments, diazotrophs may also be influencing population 
densities and/or activities of chemoautotrophs (e.g., Dekas et 
al. 2009). Another possibility is that diazotrophs below the 
photic zone combined with denitrifiers and anammox organ-
isms may represent their own partially closed microbial loop, 
where N is fixed and denitrified. As N fixation is revealed in 
more environments, the total impact of diazotrophs on the 
microbial loop will become more clear.

Section 4. Particle- and organism-associated bacteria
In general, aquatic microbes can be free-living, particle- or 

organism-associated, or generalists, which switch between 
free-living and associated (Grossart et al. 2006). For decades, 
research has focused primarily on free-living and pathogenic 
bacteria, despite the evidence that particle-associated bacteria 
can have higher growth rates and metabolic activities in com-
parison to free-living bacteria (Middelboe et al. 1995; Grossart 
and Simon 1998). Indeed, particle-associated bacteria can be 
up to 100 times more abundant in coastal and estuarine envi-
ronments, and much higher in total volume than free-living 
bacteria (Griffith et al. 1990; Crump et al. 1999; Simon et 
al. 2002). Thus, particle-associated bacteria are ubiquitous 
organisms in the water column, and in some environments, 
their role in cycling matter and energy may exceed the con-
tribution of their free-living counterparts. In addition, the 

diversity of particle-associated bacteria, combined with their 
relatively short life span, encourages genetic exchange and 
evolution that may lead to species that fill additional niches in 
the microbial loop.

One way that associated bacteria contribute to nutrient 
cycling is by creating areas of concentrated nutrients that can 
be assimilated by other organisms. When associated bacteria 
attach to abiotic surfaces or organisms, some increase their 
metabolic activity immediately (Grossart and Simon 2007), 
which was also shown in experiments with bacterial isolates 
from marine snow (Grossart et al. 2007). These isolates 
increased protease activity 10-20 times after attachment. This 
increased activity, or biodegradation, leads to an accumula-
tion of small molecules and nutrients in the ambient water 
called a plume (Smith et al. 1992). When bacteria attach to 
moving particles such as sinking debris or motile organisms, 
this nutrient plume travels behind the particle or organism 
(Kiorboe and Thygesen 2001). The nutrient-rich environment 
of these plumes may attract chemotactic bacteria and promote 
an increase in their cell-specific production rates (Kiorboe and 
Jackson 2001).

Associated bacteria also cycle nutrients acquired from 
phototrophic organisms that exude and excrete nutrients 
themselves. The area surrounding phototrophic organisms 
that is rich in exudation products is called a phycosphere (Cole 
1982, Fig.!4). It is common for these areas to be densely popu-
lated by bacteria (Grossart 1999) because they offer abundant 
nutrients and refuge from predators. For example, cyanobac-
teria exude sugars and other organic compounds (Amemiya 
et al. 1990), which can attract bacterial cells during bloom 
events (Cole 1982). In these associations, the growth stage of 
the phototrophic host seems to be crucial for the number of 
attached bacteria (Grossart et al. 2001; Maruyama et al. 2003), 
and more bacterial cells attach to phytoplankton in stationary 
and declining blooms.

Associated bacteria can have several effects on their pho-
totrophic hosts. For example, associated bacteria can inhibit 
growth of cyanobacterial hosts (Salomon et al. 2003; Berg et 
al. 2009), thereby decreasing the number of toxic cyanobac-
terial cells and reducing the effect of cyanotoxins on the food 
web (Dziallas and Grossart 2011). Associated bacteria can 
also cause lysis of the host (Cole 1982), releasing additional 
nutrients into the water column. However, phytoplankton 
hosts can also benefit from their associated bacteria by using 
growth factors, vitamins, and other exudates released by 
the associated bacteria (Cole 1982). In addition, bacterial 
respiration can increase the carbon supply for host photo-
synthesis and provide an area of reduced oxygen for nitrogen 
fixation by some cyanobacteria. On the other hand, these 
nitrogen-fixing cyanobacteria can pass ammonium to the 
attached or associated bacteria in their microenvironment 
(Ploug et al. 2011).

Bacteria may also associate with crustacean zooplankton 
(Fig.!5, see reviews by Grossart and Tang 2010 and Tang et al. 
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2010). Zooplankton ingest a high number and variety of micro-
organisms. Some of these microorganisms survive the gut 
passage and establish themselves as associated bacteria inside 

of their zooplankton predators, persisting on high amounts 
of nutrients in the gut (Peterson et al. 1978; Pedrosalio and 
Brock 1983; Stukel et al. 2013). Zooplankton can also serve as 

Fig. 4. Associated microbes with cyanobacteria or algae including obligate particle-attached bacteria and generalist bacteria that can enter and exit the 
phycosphere (see also Bell and Mitchell 1972).

Fig. 5. Associated microbes with zooplankton. The oxygen concentration affects the production and degradation of specific compounds—e.g., an anoxic 
environment in the gut enables methanogenesis or ammonification.
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conveyor belts for microorganisms that attach to the carapace 
in one water layer, travel with the zooplankton, and detach in 
another (Grossart et al. 2010). Furthermore, zooplankton can 
provide a refuge for associated bacteria in hostile situations, 
such as in ballast water treatment systems (Tang et al. 2011). 
In fact, some Vibrio species have increased tolerance against 
stressors such as thermal stress and fluctuating pH when 
attached to zooplankton (Castro-Rosas and Escartin 2002). 
Finally, microorganisms can grow inside or on fecal pellets 
where they benefit from the locally concentrated nutrients 
(Tang 2005).

Associated bacteria alter the food web in several ways. 
First, nutrient plumes created by biodegradation activities of 
associated bacteria can promote proliferation of other micro-
organisms, which in turn, can increase population densities 
of heterotrophic organisms and have additional bottom-up 
effects. Second, associated bacteria can control the duration 
and extent of population blooms of cyanobacteria and eukary-
otic phototrophic hosts by altering their growth. Because auto-
trophic population density is directly linked to overall primary 
production and predation by zooplankton, bottom-up control 
of autotrophic populations by associated bacteria impacts the 
entire food web. Finally, the nutrient-rich environments pro-
vided by eukaryotic host organisms can increase growth and 
dispersal rates of the associated bacteria themselves, ultimately 
increasing the microbial population in the ocean, as well as 
gene exchange between populations, and thus their evolution 
by such changed distribution patterns.

Section 5. Symbiotic bacteria
Some bacteria establish more permanent symbiotic rela-

tionships within (endobiotic) or on (epibiotic) host organisms. 
Symbiotic relationships with bacteria are found in organisms 
including (but not limited to) sponges, ascidians, mollusks, 
bivalves, protists, and cnidarians. Despite being tighly associ-
ated with a host, bacterial symbionts can have several effects 
on the microbial loop. First, bacterial symbionts reduce hetero-
trophic feeding in their host by providing organic carbon and 
other nutrients, or in some cases, by being digested by their 
host. This increases plankton available to other heterotrophs. 
Also, although much of the organic carbon synthesized by 
symbionts is translocated to their hosts or used for symbiont 
growth, a small portion may be leaked from the association 
as dissolved inorganic carbon (DOC), thereby contributing 
to the DOC pool. Symbiotic associations have several effects 
on nitrogen in the food web as well. Some symbionts, such as 
those in cyanobacteria-ascidian mutualisms, recycle nitrogen 
(ammonia) from the host organism that would have been 
released to the environment. Symbiont nitrification reduces 
the overall amount of ammonia in the system, and in some 
cases, releases significant amounts of nitrite—enough to sus-
tain 50% to 120% primary productivity of the reef (Corredor 
et al. 1988). In addition, nitrification reduces the need for 
host organisms to acquire nitrogen from the ambient water, 

leaving more available for other organisms. Some symbionts 
even provide their hosts with additional nitrogen through 
amino acids (Parry 1985), and some cyanobacteria symbionts 
fix atmospheric nitrogen (Wilkinson and Fay 1979), not only 
adding additional nitrogen to the system, but further reducing 
the need for their hosts to acquire nitrogen from the water.

Ascidians (tunicates) in the genera Didemnum, Lissoclinum, 
Trididemnum, and Diplosoma harbor cyanobacterial symbi-
onts from several genera: Prochloron (Prochlorales) (Hirose et 
al. 1996), which is unique for containing both chlorophylls a 
and b, chlorophyll a–containing Synechocysis (Chroococcales), 
and the chlorophyll d–containing Acaryochloris (Lopez-
Legentil et al. 2011). Prochloron symbionts are usually located 
extracellularly in the cloacal cavity of their ascidian hosts, in 
the outer surface and tunic, in amongst zoids, or embedded in 
the cloacal test or on the surface of a colony (Kott 1983; Hirose 
et al. 2009).

Although Prochloron are typically not intracellular, they can 
translocate up to 51% of their photosynthetically fixed carbon 
to their host. Fixed carbon translocated from Prochloron can 
fulfill 12% to 56% of the host’s respiratory demands (Alberte 
et al. 1987; Olson 1985). In some tunicate species, more than 
half of their daily carbon gain comes from photosynthesis 
rather than from filter feeding, and photosynthetic carbon 
can exceed or meet carbon lost to host respiration (Koike and 
Suzuki 1996; Koike et al. 1993). In addition, a small amount of 
organic carbon (less than 10%) can be leaked from the ascidian 
colony to the surrounding water (Griffiths and Thinh 1983; 
Pardy and Lewin 1981). Finally, amino acids synthesized by 
Prochloron may provide some nitrogen for the ascidian host 
(Parry 1985).

Whereas Prochloron may translocate carbon (and poten-
tially nitrogen) to its host, evidence shows that the ascidians 
may provide nitrogen to Prochloron in the form of ammonia 
(Donia et al. 2011), and additional nitrogen may be supplied 
by filtration (Koike et al. 1993). Also, a recent study identified 
genes required to convert ammonia to glutamine, and genes 
for nitrate in Prochloron; however, no nitrogenases or nitro-
gen-fixing genes were detected (Donia et al. 2011).

Sponges (Porifera) also maintain bacterial photosymbionts. 
Sponges harboring photosynthetic bacterial symbionts are 
diverse and abundant in both temperate and tropical regions 
(Lemloh et al. 2009; Steindler et al. 2002), and can make 
up as much as 90% of sponge species in some areas (Usher 
2008). Synechococcus are the dominant symbiont of sponges, 
however, cyanobacteria from the genera Aphanocapsa and 
Oscillatoria, and Prochlorales symbionts including Prohloron 
and Synechocystis have been identified (see Usher 2008). 
Sponge bacterial symbionts are usually intercellular, inhab-
iting the surface, ectosome, and/or intercellular mesohyl, 
and can be found surrounding or within sponge archeocytes 
(Erwin et al. 2012).

Cyanobacterial symbionts transfer photosynthetically fixed 
carbon to their sponge hosts in the form of glycerol and 
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organic phosphate (Wilkinson and Fay 1979). In addition, 
they may transfer glycogen stored in granules to the host 
(Erwin et al. 2012). Sponge symbionts can fulfill 100% of their 
host’s respiratory carbon requirement (Wilkinson 1983). In 
addition, some fixed carbon from these associations is released 
as DOC and contributes to the nutrition of the surrounding 
reef (Wilkinson 1983).

Symbionts of cyanosponges also fix atmospheric nitrogen 
(Wilkinson and Fay 1979; Wilkinson et al. 1999) and provide 
their hosts with a large portion of their nitrogen demand 
(Mohamed et al. 2008). Sequence data reveal that nitro-
gen-fixing bacterial symbionts in sponges are unique among 
marine nitrogen-fixing bacteria, and transcript levels indicate 
that nitrogen fixation may be occurring simultaneously with 
photosynthesis (Mohamed et al. 2008). Sponge symbionts are 
also nitrifiers. Nitrification by the Caribbean cyanosponge 
Chondrilla nucula is over twice the rate of the highest benthic 
nitrification, and enough to contribute to an estimated 50% 
to 120% of nitrogen needed for reef productivity (Corredor et 
al. 1988). In addition to aerobic ammonia-oxidizing bacteria 
(AAOB) and nitrite-oxidizing bacteria (NOB) responsible for 
nitrification, anaerobic ammonia-oxidizing bacteria (AnAOB) 
were also recently identified in marine sponges (Mohamed et 
al. 2009).

Nitrogen-fixing cyanobacteria have been identified in cor-
als that have algal symbionts (zooxanthellae) as well. These 
bacterial symbionts live in close association with the zooxan-
thellae, and may provide them with fixed nitrogen (Lesser 
et al. 2004, 2007). There is also evidence that additional 
symbionts (both bacterial and archael) perform nitrification, 
denitrification, and ANAMMOX in corals (see Fiore et al. 
2010; Yang et al. 2013).

Bacterial symbionts are present in a number of protists 
(see Gast et al. 2009). Synechococcus sp. and Prochloroccocus 
sp. have been reported in radiolarians, and in a number of 
dinoflagellates, where they are thought to be nitrogen-fixing 
symbionts (Foster et al. 2006; Farnelid et al. 2010; Yuasa 
et al. 2012). Phototrophic as well as diazotrophic cyano-
bacterial symbionts have been reported in diatoms, where 
these symbionts contribute to a large portion of nitrogen 
fixation (see Fiore et al. 2010). Moreover, several of these 
diatom-diazotroph associations (DDAs) bloom simultane-
ously with phytoplankton in the North Pacific Subtropical 
Gyre (Villareal et al. 2012) and may encourage phytoplankton 
blooms elsewhere. Finally, ciliate species host a number of 
bacterial (and eukaryotic) symbionts that are phototrophic 
and chemosynthetic (see Dziallas et al. 2012) but symbionts 
may also be phagocytized and serve as food directly (Ott et 
al. 2004).

Chemosynthetic bacterial symbionts are ubiquitous in a 
variety of deep sea invertebrates that inhabit hydrothermal 
vents, cold seeps, whale falls, and other unique environ-
ments (reviewed by Dubilier et al. 2008). Associations with 
chemosynthetic bacteria also occur in some shallow-water 

environments. In these associations, the host organism gains 
organic carbon, either by translocation of fixed carbon from 
symbiont to host, or by direct digestion of the symbionts 
(Cavanaugh et al. 2006). Most deep sea bacterial symbionts 
are thiotrophic Gammaproteobacteria, although thiotrophic 
Epsilonproteobacteria have been isolated from two vent organ-
isms (see Dubilier et al. 2008). Thiotrophic, or sulfur-oxidizing 
symbionts use energy acquired from reducing sulfur to fix 
inorganic carbon (usually carbon dioxide) to organic carbon 
that can be translocated to their hosts. Several families of deep 
sea bivalves have thiotrohic symbionts. Solemyid clams rely 
on obligate symbionts to provide over 90% of organic carbon 
(Conway et al. 1989), and lucinid, vesicomyid, and thyasirid 
bivalves also gain a portion of their energy from sulfur-oxidiz-
ing symbionts in their gills, although symbiosis is not found in 
all thyasirids (see Duperron et al. 2013). Mytilid mussels not 
only host thiotrophs, but methanotrophic, or methane-oxi-
dizing symbionts, as well as methyltrophs, Bacteriodetes, and 
hydrocarbon-degrading bacterial symbionts (see Duperron et 
al. 2013). In the deep sea, methanotrophic symbionts are also 
found in some species of sponges, polycheates, and snails (see 
Dubilier et al. 2008).

As seen in these examples, bacterial symbiosis occurs in 
both benthic and pelagic habitats from surface waters to the 
bottom of the sea. Bacterial symbionts occupy a different niche 
from their free-living counterparts by conferring portions of 
carbon and nitrogen compounds to their hosts. Nevertheless, 
these compounds remain in the microbial loop when they are 
leaked by the symbiosis, and by the simple fact that these sym-
bionts are still performing the function of transforming and 
remineralizing nutrients, and synthesizing organic carbon, 
albeit if only for a specific host. As additional symbioses are 
revealed, closer examination of the importance of bacterial 
symbionts on nutrient flux should be considered, as their role 
is likely greater than currently recognized.

Section 6. Particle-attached marine Bacteroidetes 
(Flavobacteria)

Flavobacteria are marine members of the phylum 
Bacteroidetes, which constitute the most abundant group of 
bacteria in the ocean following Proteobacteria and cyanobac-
teria (Glöckner et al. 1999; Kirchman 2002; Amaral-Zettler et 
al. 2010). In coastal areas alone, they represent between 10% 
and 30% of the total bacterial abundance (Alonso-Saez and 
Gasol 2007). Bacteroidetes are globally distributed (Pommier 
et al. 2007), and it is possible to find them in a variety of 
marine environments including coastal and pelagic waters, in 
sediments and sea ice, and surrounding hydrothermal vents 
(Brinkmeyer et al. 2003; Alonso et al. 2007; Pommier et al. 
2007). This group of marine bacteria has recently received 
attention for their unique physiology and contribution to 
nutrient cycling.

Flavobacteria have a specialized role in dissolved organic 
matter (DOM) uptake and degradation. The microbial loop 
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depends on DOM uptake by heterotrophic bacteria, which 
mineralizes about 50% of primary production (Ducklow 
2000). Flavobacteria play a unique part in the microbial loop 
in that they are especially proficient at degrading high molecu-
lar weight (HMW) compounds of DOM, such as cellulose and 
chitin (Cottrell and Kirchman 2000b; Kirchman 2002; Cottrell 
et al. 2005), and polymeric organic matter (POM) (Riemann 
et al. 2000; Pinhassi et al. 2004). Thus, they occupy a different 
niche than Proteobacteria and cyanobacteria, which prefer 
monomeric compounds.

Flavobacteria have a major effect on colonizing OM par-
ticles and marine snow (macroscopic detrital aggregates that 
fall to the ocean floor), delivering large inputs of organic mat-
ter to organisms in the aphotic zone (Fig.!6). Several studies 
have revealed that Bacteroidetes are the dominant group of 
microorganisms attached to marine snow (Alldredge et al. 
1986; Delong et al. 1993). Because Flavobacteria are capable of 
degrading these aggregates, it is hypothesized that less organic 
matter will sink to the bottom of the ocean, and more small 
particles will be released to the water column, becoming avail-
able for free-living bacteria (Azam and Malfatti 2007). Thus, 
Flavobacteria are major recyclers of organic matter and play a 
substantial role in energy flux and ecosystem structuring.

Several studies have demonstrated how Flavobacteria 
use HMW-DOM in aquatic environments. A study in the 
Mediterranean Sea showed that Flavobacteria dominated the 
particle-attached fraction in coastal waters and accounted for 
a sizable percentage of the total bacterial assemblage, whereas 

α-Proteobacteria represented the majority of free-living bac-
teria (Crespo et al. 2013). Microautoradiography and fluo-
rescence in situ hybridization (MICRO-FISH) experiments 
showed Flavobacteria as the primary group consuming HMW 
compounds including chitin, N-acetylglucosamine (NAG), 
and protein in marine waters (Cottrell and Kirchman 2000a). 
In another study, population densities of Flavobacteria cor-
related with phytoplankton blooms, indicating the potential 
role of Flavobacteria in processing bloom-associated DOM 
(Pinhassi et al. 2004). Also, microcosm experiments reported 
enrichment of Flavobacteria on organic matter particles 
(Pedrotti et al. 2009), and they have been observed in the phy-
cosphere of nanoplankton cells in the Atlantic Ocean (Gomez-
Pereira et al. 2010). Indeed, there is a growing amount of 
experimental evidence that supports the role of Flavobacteria 
as HMW-DOM specialists.

In addition to experimental evidence, genomic analysis 
has identified genes that supported the specialized role of 
Bacteroidetes in processing HMW-DOM. The first marine 
Bacteroidetes genome sequenced, that of Gramella forsetii 
KT0803 (Bauer et al. 2006), revealed a 3.8 Mb genome with 
a relatively large number of degradative enzymes such us 
glycoside hydrolases, proteases, and adhesion proteins for 
attaching to surfaces, suggesting an adaptation for degrading 
HMW compounds (Fig.!7). These traits were also observed 
in Polaribacter sp. MED152 (Gonzalez et al. 2008), Dokdonia 
sp. MED134 (Gonzalez et al. 2011), and in uncultured 
Bacteriodetes from the North Atlantic Ocean (Gomez-Pereira 

Fig. 6. Suggested role of Flavobacteria in recycling marine snow among other bacteria colonizing these aggregates.
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et al. 2013). Marine Bacteroidetes genomes are enriched with 
proteases compared with glycoside hydrolases, suggesting 
a predilection for degrading proteins (Fig. 7) (Fernandez-
Gomez et al. 2013). Moreover, a comparative genomic analysis 
confirmed that degradative capabilities are a common charac-
teristic among Flavobacteria (Fernandez-Gomez et al. 2013).

Although it is not totally understood, Bacteroidetes may 
have a specialized mechanism for using polymers that involves 
gliding over their surfaces. For example, Polaribacter sp. 
MED152 (Gonzalez et al. 2008) and Dokdonia sp. MED134 
(Gonzalez et al. 2011) have a complete set of genes involved in 
gliding motility, which would be beneficial in the exploration 
of solid surfaces. This is also the predicted mechanism that C. 
hutchinsonii (Xie et al. 2007) and F. johnsoniae (Braun et al. 
2005) use to attach to and degrade cellulose and chitin, respec-
tively. Finally, compared with other bacteria, Bacteroidetes 
possess a low number of monomer transporters, indicating 
that Bacteroidetes use only a small number of monomeric 
carbon compounds (Fernandez-Gomez et al. 2013).

Further evidence supports a tight coupling between surface 
adhesion and degradation in Bacteroidetes. Polymeric organic 
matter can be bound by outer membrane complexes formed by 
SusC, a ligand-gated channel (TonB-dependent transporter), 
and SusD, an outer membrane protein (SusCD complexes). 
These complexes function as polysaccharide binding entities 
in Bacteroidetes to aid in polymer degradation (Anderson 
and Salyers 1989; Shipman et al. 2000; Blanvillain et al. 2007). 
In these complexes, hydrolytic enzymes are located on the 
surface of the bacterium, in addition to outer membrane pro-
teins that bind polysaccharides to the bacterial surface (SusD) 
(Fig.!8) (Reeves et al. 1997). This is clear evidence that adhe-
sion and degradation are tightly coupled for efficient use of 
polymers. In fact, TonB-dependent transporters are, together 
with ABC transporters, the most abundant type of transport-
ers in Polaribacter sp. MED152, representing 3.9% of the total 
amount of transporters (Gonzalez et al. 2008).

It is clear that marine Bacteroidetes have evolved sev-
eral mechanisms to efficiently use HMW compounds. As 

Fig. 7. Numbers of different enzymes per megabase of genome for a selection of bacteria: Marine Bacteroidetes (orange) Polaribacter sp. MED152, 
Dokdonia sp. MED134, Gramella forsetii, and Leeuwenhoekiella blandensis MED217; Bacteroides thetaiotaomicron (pink); Rhodopyrelula baltica (maroon); 
the Alphaproteobacteria (yellow) Pelagibacter ubique and Ruegeria pomeroyi; and the Gammaproteobacteria (green) Idiomarina loihiensis and Vibrio para-
haemolyticus (Fernandez-Gómez et al. 2013). Reprinted with permission from Nature Publishing Group.
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mentioned, the contribution of Flavobacteria to nutrient 
cycling and the microbial loop is through their ability to break 
down large organic aggregates into small organic material that 
can be used by other bacteria and pelagic organisms. The abil-
ity of Bacteroidetes to process HMW compounds allows them 
to occupying a niche that Proteobacteria do not, and therefore, 
their role in the microbial loop should be distinguished.

Section 7. Predatory prokaryotes
Microbial predators including protists, bacteriophages 

(phages), and predatory prokaryotes acquire energy and key 
biomolecules by preying on living bacterial cells, which are the 
most abundant organisms in the ocean. Therefore, microbial 
predators are often the primary organisms controlling energy 
flows and nutrient cycling in aquatic systems (Jurkevitch 
2007b). Phagotrophic protists, especially bacterivorous nano-
flagellates, were once considered the primary cause of bacterial 
mortality (Pace 1988) and nutrient cycling in aquatic systems 

(Hahn and Hofle 2001). More recently, however, studies have 
focused on the importance of phages (Winter et al. 2005; 
Rohwer and Thurber 2009). Although there are a significant 
number of reports on protistan and viral predation, studies on 
bacterial predation by bacteria are rather limited, and many 
aspects of their lifestyle remain enigmatic (Jurkevitch 2007a). 
Predatory bacteria play an essential role in the aquatic food 
web as they provide an alternative pathway to recycle nutri-
ent in bacteria (Fig.!9). Rather than directly released to the 
DOM pool by viruses, the nutrients of susceptible bacteria 
are retained inside the predatory prokaryotes. This section 
will highlight what is known about prokaryotic predators, and 
discuss their roles in the microbial loop.

Both Gram-positive and Gram-negative predatory pro-
karyotes have been discovered and described, although 
examples of Gram-positive predatory bacteria are rela-
tively rare. The most widely-known Gram-positive preda-
tors include Streptoverticillium, which preys on Micrococcus 

Fig. 8. Simplified model for polysaccharide processing based on Sus System in B. thetaiotaomicron. Reprinted from Martens et al. (2009).
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luteus (Casida 1980), and Agromyces ramosus, which attacks 
and destroys a variety of Gram-negative and Gram-positive 
soil bacteria, as well as yeast cells (Casida 1983; Byrd et al. 
1985). Streptoverticillium uses slender filaments of mycelium 
to search for prey cells under nutritionally poor conditions, 
and lyses them using a diffusible lytic agent without requir-
ing direct contact. Predation by A. ramosus, on the other 
hand, does not involve diffusible factors and requires the 
predator to be in close vicinity of the prey. Neither predator 
is an obligate predator though.

Gram-negative predators are primarily members of 
Proteobacteria, and possess diverse morphologies and pred-
atory mechanisms. Four basic strategies have been described 
for predation by these predators: “wolfpack” group predation, 
epibiotic attachment, direct cytoplasmic invasion, and peri-
plasmic invasion (Martin 2002). So far, the only known exam-
ple of prokaryotic predators capable of periplasmic invasion 
is a unique group of obligate predators collectively named 
Bdellovibrio and like organisms (BALOs)(Fig.!10).

BALOs are the only known predatory bacteria that possess a 
life cycle alternating between an extracellular free-living phase 
and an intraperiplasmic phase, during which they invade the 
periplasmic space of prey bacteria, resulting in the death and 
lysis of the prey and release of new progeny (Fig.!11) (Rendulic 
et al. 2004). It is reported that up to 80% of marine bacteria are 
susceptible to predation by BALOs (Rice et al. 1998).

BALOs have largely been excluded from bacterial predators 
as a group, although their importance has been revealed in 
a number of studies (Schoeffield and Williams 1990; Rice et 
al. 1998; Chauhan et al. 2009; Chen et al. 2011). The fact that 
BALOs’ abundance in nature is typically magnitudes lower 
than phages does not necessarily suggest BALOs play less of a 

role in bacterial mortality. For example, phages may multiply 
exponentially without causing additional bacterial lysis due to 
their large burst size (on average 24 but as high as 50) (Parada 
et al. 2006). In contrast, BALOs’ burst size is reported to be 
between 4 and 6 (Varon and Shilo 1969). Second, phages can 
remain stable for years without the support of prey, whereas 
BALOs generally lose viability within several hours if prey is not 
available. Also, phages typically prey on a few select bacterial 
species, whereas BALOs prey on a wide range of Gram-negative 
bacteria (Schoeffield and Williams 1990). Finally, phages attack 
rapidly growing and dominant bacterial strains in aquatic 
ecosystems (Robb and Hill 2000), whereas BALOs are able to 
efficiently prey on bacteria in the stationary growth phase.

Which predator will dominate in a particular environment 
depends on several abiotic and biotic factors: nutrient avail-
ability, temperature, light, and salinity, to name a few. When 
predicting the biogeography of BALOs and phages, open 
oceans favor predation by BALOs which prey efficiently on 
bacteria in stationary growth phases in low nutrient environ-
ments. In these environments, however, BALOs have fewer 
opportunities for finding prey, and risk mortality when prey 
is not available. Areas where plankton blooms and nutrient 
inputs occur can promote bacterial growth and predation by 
both phages and BALOs, and even cause competition between 
the two. A recent investigation found that both predators can 
survive in the same bacterial cell and successfully reproduce 
themselves (Chen and Williams 2012). This is an especially 

Fig. 9. Conceptual diagram of an aquatic food web from Fuhrman (1999). 
The alternative pathway to recycle nutrient through predatory bacteria 
is highlighted in red. Reprinted with permission from Nature Publishing 
Group.

Fig. 10. Electron micrograph of negatively stained Bacteriovorax marinus 
SJ, a saltwater strain of BALOs. (H. Chen unpubl. data).
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valuable mechanism when the prey is in short supply, and the 
survival of the predators may be at stake.

Evidence strongly suggests that BALOs exert a potential 
sideways control on nutrient cycling, such that BALO preda-
tion sequesters nutrients from bacteria that would have been 
released into the environment for higher trophic levels. In 
this way, BALOs alter the structure, function, and dynamics 
of bacterial communities, and subsequently influence nutri-
ent cycling within the microbial loop (Chauhan et al. 2009; 
Davidov and Jurkevitch 2004). Both bacteriophages and 
BALOs ultimately lyse their bacterial prey, however, these 
two predators process cellular material differently. Whereas 
phages do not use much of their prey’s cytoplasmic material, 
releasing most into the ambient water as DOM, BALOs typi-
cally consume their prey’s DOM, leaving little to be released.

Despite the wide prey range and distribution of BALOs, 
protistan grazing and selective viral lysis continue to be 
considered the major top down factors controlling bacterial 
mortality and shaping community structure in aquatic sys-
tems (Bouvier and Del Giorgio 2007; Jurgens and Matz 2002; 
Pernthaler 2005). Although substantial progress has been 
made in the 50 years since their discovery, BALOs’ potential to 
control other environmental bacteria still remains elusive, due 
to a lack of research. Until recently, no published report had 

directly compared the effects of BALOs to phage and protistan 
predators. Improved investigation of BALOs’ role in nature is 
a premise to better understanding factors controlling bacterial 
mortality and nutrient cycling within the microbial loop.

In conclusion, BALOs play a significant role in bacterial 
mortality and in shaping microbial communities. Whether 
BALOs play a larger role than other bacterial predators 
depends on environmental conditions and the type of bacte-
rial community present. Given the fact that most bacteria are 
in oligotrophic environments and persist primarily in a slow 
or non-growing state (Kolter et al. 1993), it is reasonable to 
assume that BALOs are the prominent predators of bacteria in 
the ocean and play the greatest role in bacterial mortality. The 
control that BALOs exert on microbial populations supports 
the importance of BALOs in nutrient cycling.

Section 8. Conclusion
In this chapter, we have shown that in addition to the roles 

described by the current microbial loop, bacteria occupy-
ing other niches make significant contributions to nutrient 
cycling in the ocean. Free-living diazotrophs fix dissolved 
atmospheric nitrogen and supply usable nitrogen for other 
organisms in the food web. Particle- and organism-associ-
ated bacteria create nutrient plumes of DOM through their 

Fig. 11. Diagram depicting the dual phase life cycle of BALOs that consists of an extracellular free-living component in which the predator searches for 
a susceptible prey bacterium, and an intraperiplasmic stage occurring inside the prey. The predator penetrates through the outer membrane of the prey 
cell, lodges within the periplasmic space, and feeds on prey macromolecules. It forms an osmotically stable structure termed a bdelloplast that prevents 
invasion by other predator cells. The BALO subsequently reproduces and lyses the prey cell and releases new progenies into the environment.
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processing of POM. They impart bottom-up control on 
phototrophic bacteria and eukaryotes by enhancing carbon 
supply for their hosts and promoting production, or by stifling 
host proliferation and causing cell lysis. Bacterial symbionts 
reduce the need for heterotrophic feeding by their hosts and 
contribute nitrogen to the environment through nitrification 
or nitrogen fixation. Bacteriodetes transform high molecular 
weight aggregates into usable DOM, and finally, BALOs prey 
on bacteria, controlling bacterial populations and affecting the 
release of DOM into the water column.

Each of these bacterial specialists contributes to nutrient 
cycling in the ocean by fulfilling roles not currently recognized 
in the microbial loop concept. To illustrate and summarize 
some of the key roles we have described, we present a modified 
microbial loop, which includes a “bacterial loop” that links 
the specialized roles of bacteria to the traditional microbial 
loop and grazing food chain (Fig.!12). Whereas this revised 
loop illustrates how the major groups of bacteria contribute 
to nutrient cycling based on the current body of knowledge, it 
most certainly does not represent all bacterial species and their 
contributions. As we have seen over the past three decades, 
the microbial loop must continue to evolve as new microbial 
specialists and new niches are revealed. What is permanent, 
however, is the importance of microbes in cycling nutrients in 
the ocean, and the importance of the pivotal research that led 
to, and will continue to support the microbial loop.
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