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ABSTRACT
On the use of sunlight by the ocean’s most abundant inhabitants
By Samuel Louis Lew
The two most abundant organisms in the ocean, the microbes Prochlorococcus (Pro) and
SAR11, can harvest and use sunlight in a way that deviates from our conventional
understanding of light use, i.e. for photosynthesis. Pro can not only photosynthesise but can
also enhance the uptake of dissolved organic material using sunlight through a process called
photoheterotrophy. SAR11 is also a photoheterotroph but cannot perform photosynthesis.
This thesis aims to explore the importance of photoheterotrophy for Pro and SAR11 growth.
Models of individual Pro and SAR11 cells have been built and parameterised that allow
for an investigation into the benefits that photoheterotrophic light use may confer to the
growth of these organisms.
The results from the model suggest that the ability to partition harvested solar energy
between photosynthesis and photoheterotrophy in Pro can increase growth rate by up to
~50 % relative to an equivalent cell that cannot perform photoheterotrophy.
Photoheterotrophy increases Pro growth rate over a broad irradiance range and allows it to
grow in nitrogen limiting conditions that are characteristic of the ecosystems it dominates.
SAR11 also benefits from the ability to enhance nutrient uptake through photoheterotrophy.
The growth rate of SAR11 increases by up to ~20 % relative to an equivalent heterotroph, with
the effect being critically dependent on ambient conditions. Photoheterotrophy also
significantly influences the processing of carbon and nitrogen by Pro and SAR11.
Despite the significant increases in growth rate that photoheterotrophy provides for
Pro, it is of secondary importance for growth compared to the ability to acquire carbon
through photosynthesis. Although photoheterotrophy results in significant increases to SAR11
growth rate in certain conditions, the advantages that being small and irregular in shape
confer on nutrient harvesting ability and growth outweigh the benefits of photoheterotrophy.
Nevertheless, the results from this thesis suggest that future ecosystem models based
on systems dominated by Pro and SAR11 would benefit by including photoheterotrophy.
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Chapter 1:

Introduction

1.1. General introduction
The ocean’s two most abundant inhabitants, the photosynthetic cyanobacteria
Prochlorococcus (Pro) (Chisholm et al., 1988) and alphaproteobacteria SAR11 (Giovannoni et
al., 1990), thrive in and numerically dominate the subtropical gyres (Chisholm et al., 1988,
Morris et al., 2002). These regions have characteristically low nutrient concentrations and are
often described as ocean deserts. How then do these organisms do so well? And what
physiological strategies do they employ that are essential to their success? Perhaps
importantly, both use solar energy in a way that diverges from our conventional understanding
for how sunlight is used in the ocean. Typically we think of photosynthesis, fixing carbon
dioxide and evolving oxygen. Pro and SAR11, however, can use solar energy to enhance the
uptake of dissolved organic materials (DOM) through a process termed photoheterotrophy. It
is possible that this strategy for nutrient acquisition sets them apart from other nonphotoheterotrophic microbes, allowing them to thrive in subtropical ecosystems.
The aim of this study is therefore to answer three questions;
1] How does photoheterotrophy potentially influence Pro and SAR11 growth?
2] What are the consequences of photoheterotrophy for their processing of key elements?
3] How do their other physiological strategies augment photoheterotrophy to assist in their
survival?
A modelling approach is employed to answer these questions.
Chapter 1 describes the environment which these organisms dominate. It then
provides an overview of photoheterotrophy and introduces the study organisms, Pro and
SAR11. Evidence of their photoheterotrophic metabolism will be provided. An argument is
then given for why a modelling approach is essential to understand how photoheterotrophy
sets them apart from other non-photoheterotrophic microbes and what modelling approach is
best suited to this task. Finally the aims of this study are presented.
1.2. Subtropical gyres
The subtropical gyres are the largest ecosystems within each ocean basin. Collectively they
cover ~40 % of the planet’s surface and are expanding (Polovina et al., 2008). Much of the data
available to constrain the model, introduced in Chapter 2, is collected from physiological
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studies of Pro and SAR11 in the North Atlantic subtropical gyre (Section 2.3). Results, however,
can be generalised to all of the subtropical gyres where Pro and SAR11 abound and
photoheterotrophic metabolism is evident (Section 1.3).
Anticyclonic wind systems result in the convergence of surface water and downwelling
in the subtropical gyres (Sarmiento, 2013). In these warm subtropical regions, near permanent
stratification with minimal seasonal forcing acts to restrict the vertical enrichment of the
surface sunlit ocean with deep ocean inorganic nutrients. Vertical nutrient supply would
otherwise occur due to vertical mixing as a result of wind driven circulation and buoyancy
forcing. The combined influence of downwelling and restricted mixing in the subtropical gyres
results in a characteristic low nutrient regime. As a result, regenerated nutrients predominate
over “new” nutrients. This has led to the term oligotrophic, from the Greek oligos meaning
“little” and trophe meaning “nourishment”. Although seasonal changes in nutrient
concentrations are small relative to coastal and temperate systems, the subtropical gyres
nevertheless display some intrinsic seasonality in dissolved inorganic nitrogen (DIN) and
dissolved organic material (DOM) concentrations that may partially drive seasonal changes in
the microbial community structure (Giovannoni and Vergin, 2012). Irradiance intensities in the
subtropics are some of the highest on Earth. It is, therefore, perhaps not surprising the
microbes have developed strategies to exploit this abundant resource (Béjà and Suzuki, 2008).
1.3. The use of sunlight and photoheterotrophy by marine prokaryotes
Sunlight is the primary source of energy that supports life on Earth. The conversion of solar
energy to chemical bond energy through photosynthesis is generally considered to be the
primary pathway for solar energy use and has received the most scientific attention. Roughly
half of global carbon reduction happens in the oceans, mainly through the activity of
photosynthetic single cell eukaryotes and prokaryotes (Field et al., 1998), with Pro making a
significant contribution (Zubkov, 2014, Hartmann et al., 2014, Goericke and Welschmeyer,
1993). A growing body of scientific literature, however, demonstrates that the classic view of
photosynthesis may be too narrow a definition to explain the importance and diversity of solar
energy use in marine prokaryotes. Many of them appear to have evolved mechanisms to
harvest and use the sun’s energy for enhancing their metabolism that are different from our
classic view of photosynthesis (Zubkov, 2009, Béjà and Suzuki, 2008, Zehr and Kudela, 2009,
Bryant and Frigaard, 2006, Karl, 2014). Photoheterotrophy is one such mechanism, where
sunlight is used as an energy source in addition to the use of organic compounds for carbon
and energy (Zubkov, 2009, Béjà and Suzuki, 2008).
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Photoheterotrophy is a ubiquitous feature of the oligotrophic subtropical oceans
(Church et al., 2004, Church et al., 2006, Mary et al., 2008b, Gómez-Pereira et al., 2012, Evans
et al., 2015, Duhamel et al., 2012, Michelou et al., 2007). It is typically assessed by measuring
the light-mediated uptake rate of radiolabelled DOM by bulk bacterioplankton populations
(Church et al., 2004, Church et al., 2006) or by specific microbial groups, separated using flow
cytometry (Mary et al., 2008b, Gómez-Pereira et al., 2012, Evans et al., 2015). Various
compounds are used as tracers to assess the importance of heterotrophy for satisfying specific
metabolic requirements. For example, nucleotides are used as a measure of nucleic acid
synthesis (Church et al., 2004), amino acids are measured for protein synthesis (Gómez-Pereira
et al., 2012, Evans et al., 2015, Mary et al., 2008b, Church et al., 2006) and ATP for
phosphorous and cellular energy (Evans et al., 2015, Gómez-Pereira et al., 2012, Duhamel et
al., 2012).
The marine photoheterotrophic prokaryotes have been divided into three groups. The
first contains both the photoautotrophic chlorophyll containing cyanobacteria of the genera
Synechococcus (Syn) (Waterbury et al., 1979) and Pro. Pro and Syn not only reduce carbon
photosynthetically but also operate as heterotrophs and can use solar energy to enhance the
uptake of DOM (Mary et al., 2008b, Gómez-Pereira et al., 2012, Evans et al., 2015, Duhamel et
al., 2012, Michelou et al., 2007). The second group is the proteorhodopsin containing bacteria,
including the most abundant marine prokaryote SAR11 (Giovannoni et al., 2005a, Morris et al.,
2002). These cells use a retinal containing opsin which functions as a light driven proton pump
(Beja et al., 2000, Beja et al., 2001) generating an electrochemical gradient that can drive ATP
synthesis, used for organic molecule uptake and growth (Lami et al., 2009, Gómez-Consarnau
et al., 2010, Gómez-Consarnau et al., 2007, Mary et al., 2008b, Gómez-Pereira et al., 2012,
Evans et al., 2015). The third group is the bacteriochlorophyll containing bacteria (Shiba et al.,
1979, Kolber et al., 2001). Despite the presence of chlorophyll based pigments, these cells
cannot reduce carbon dioxide photosynthetically. This group uses solar energy to generate ATP
for use in multiple cellular functions including DOM uptake (Yurkov and Beatty, 1998).
Although photoheterotrophic marine prokaryotes within the bacteriochlorophyll
containing group are widely distributed and metabolically significant (Béjà and Suzuki, 2008,
Kolber et al., 2001, Kolber et al., 2000), Pro and SAR11 are the focus of this study. This is due to
their abundance, metabolic significance and the observation that all light stimulated uptake of
DOM in the North and South Atlantic subtropical gyre bacterioplankton communities can be
attributed to them (Mary et al., 2008a, Gómez-Pereira et al., 2012, Evans et al., 2015). Pro and
SAR11 are more fully discussed in Section 1.5.1 and 1.5.2.
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Research conducted at Station ALOHA confirmed the presence of photoheterotrophic
metabolism in the North Pacific subtropical gyre bacterioplankton communities and that light
may play a significant role in not only primary but also secondary production (Church et al.,
2004, Church et al., 2006). Light stimulated uptake of leucine appears to function over a broad
depth range in these waters. The greatest influence of light on leucine uptake occurred at ~125
m where irradiance is ~ 5 % that found at the surface, and is coincident with the deep
chlorophyll maximum (Church et al., 2006). This indicates that dissolved free amino acids
(DFAA) and photoheterotrophic metabolism may be more important to bacterioplankton cells
at depths where light is limiting and that photosynthetic pigments may be involved in this
process (Church et al., 2006).
Differences in the physiological response of populations to irradiance in the upper (545 m) and sub-surface (75-125 m) water column was also noted. Surface populations appear
better equipped to harvest solar energy for photoheterotrophy at high irradiance with minimal
photoinhibition. Populations from deeper in the water column can harvest sufficient solar
energy for photoheterotrophy at low irradiance but photo-inhibit at irradiances where surface
populations thrive (Church et al., 2004). This photophysiological dynamic closely resembles the
adaptive response to vertically changing irradiance in high and low light Pro ecotypes (Moore
and Chisholm, 1999, Moore et al., 1998). As Pro dominate these waters numerically (Church et
al., 2006) and can effectively compete for DFAA (Zubkov et al., 2003), it was suggested that Pro
may play a critical role in the observed photoheterotrophy, although other phototrophic
microbes may also play a part. In these microbial populations DFAA uptake plotted against
irradiance follows the classic photosynthetic-irradiance non-linear curve suggesting that the
observed uptake is a direct photophysiological response (Church et al., 2004). This is discussed
in greater detail in Section 1.4.
Physiological analysis of bulk and group specific bacterioplankton populations has
demonstrated that photoheterotrophy is also a common feature in both the North (Mary et
al., 2008b, Gómez-Pereira et al., 2012) and South Atlantic subtropical gyres (Evans et al., 2015,
Michelou et al., 2007). The degree to which light stimulates DFAA uptake is also, like in the
North Pacific, critically dependent on irradiance intensity and can occur at low light (Evans et
al., 2015). In the South Atlantic subtropical gyre, the rates of light stimulated uptake of ATP,
leucine and methionine increase with irradiance intensity although the effect varied with
substrate type (Evans et al., 2015). A direct relationship between light enhanced uptake and
irradiance could not, however, be established. Increases in the rates of substrate uptake
through photoheterotrophic light use were not always proportional to increases in irradiance
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intensity, suggesting a threshold for solar energy use in photoheterotrophic metabolism (Evans
et al., 2015). Importantly it appears that Pro and SAR11 both account for all light stimulated
uptake of DFAAs in these regions. This is discussed in Sections 1.5.1 and 1.5.2.
It should be noted that photoheterotrophy in prokaryotes has been observed in a wide
range of environments including temperate productive waters of the North Atlantic (Cottrell et
al., 2008, Straza and Kirchman, 2011, Michelou et al., 2007), Arctic ecosystems (Cottrell and
Kirchman, 2009) and freshwater lakes (Martinez-Garcia et al., 2012). Photoheterotrophy may
therefore have global and regional significance (Paerl, 1991) and should be considered more
widely when evaluating the biological and biogeochemical significance of sunlight (Evans et al.,
2015).
1.4. Alternative mechanisms for light-stimulated secondary production
It is important to rule out other mechanisms that may result in light stimulated secondary
production. Photolytic alteration of organic matter by ultra-violet (UV) radiation has been
shown to convert refractory DOM into to labile DOM available for uptake by bacterioplankton
(Obernosterer et al., 1999). Church et al. (2004) ruled out this mechanism to explain lightstimulated DFAA uptake as experimental procedures screened ultra-violet radiation.
Additionally, Church et al. (2006) argued against this mechanism as light enhanced uptake in
their experiments was observed only for leucine and not thymidine. Differential light
stimulated uptake by distinct groups within the mixed bacterioplankton samples could not,
however, be ruled out (Béjà and Suzuki, 2008). In addition, UV radiation has been shown to
convert refractory DOM to labile DOM in the deep euphotic zone and labile DOM to refractory
DOM in surface waters (Benner and Biddanda, 1998). It is therefore unlikely that UV
conversion of DOM explains light stimulated uptake of DFAA throughout the euphotic zone of
subtropical oligotrophic waters.
Tight coupling between primary and secondary bacterial production through the
uptake of DOM of photosynthetic origin by heterotrophic or mixotrophic bacterioplankton has
also been ruled out (Church et al., 2004, Church et al., 2006). It is unlikely that Pro would
respond to light stimulated production of DOM by primary producers as it is one. Additionally,
leucine and thymidine uptake should be equally as affected in light but are not (Church et al.,
2004). The rapid (within 30 minutes) response of mixed and group specific bacterioplankton to
light versus dark incubations suggests that light stimulated uptake of DFAA is a direct
photophysiological response (Gómez-Pereira et al., 2012). It is therefore probable that
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photoheterotrophic prokaryotes that dominate oligotrophic gyres are responsible for the
observed light stimulated secondary production (Church et al., 2004, Church et al., 2006).
1.5. Organisms of interest
1.5.1.

Prochlorococcus

1.5.1.1. A brief introduction to Prochlorococcus
The prokaryotic Prochlorococcus sp. are the smallest, most abundant, oxygen-evolving
photosynthetic organisms on Earth (Chisholm et al., 1988). They numerically dominate the
oligotrophic gyres, have a ubiquitous distribution along a latitudinal band between 40S
(Partensky et al., 1999), and as far as 47N in studies of the Atlantic Ocean (Zubkov et al., 1998)
and occupy depths down to 200 meters at approximately 1 % surface irradiance (Partensky et
al., 1999).
Pro are obligate photoautotrophs, using photosynthesis as the primary pathway for
carbon acquisition (Zubkov, 2014) although alternative heterotrophic pathways have been
suggested (del Carmen Muñoz-Marín et al., 2013). Pro strains utilise various components of
the DIN pool for a significant fraction of total cellular nitrogen (Garcia-Fernandez et al., 2004,
García-Fernández and Diez, 2004, Casey et al., 2007) but also supplement nitrogen metabolism
through the uptake of dissolved organic nitrogen (DON) (Zubkov et al., 2003)
photoheterotrophically (Mary et al., 2008b, Gómez-Pereira et al., 2012, Evans et al., 2015).
Hence they are mixotrophs.
1.5.1.2. Photoautotrophy in Prochlorococcus
It has been argued that the subtropical gyres may account for over 30 % of total marine
primary production (Longhurst et al., 1995). Pro are the most abundant (Chisholm et al., 1988)
and efficient (Hartmann et al., 2014) photosynthesisers in these ecosystems, contributing
significantly (25 % - 80 %) to gyre primary production (Goericke and Welschmeyer, 1993, Liu et
al., 1997, Zubkov, 2014, Hartmann et al., 2014, Liu et al., 1999, Liu et al., 1998).
1.5.1.3. Photoheterotrophy in Prochlorococcus
Pro strains possess several amino acid transporter systems within a highly streamlined genome
(Rocap et al., 2003). This indicates that labile DFAA may be important to Pro survival (Zubkov
et al., 2003) otherwise the ability for DFAA uptake would have been lost. Investigations into
this mode of nutrient acquisition have demonstrated that Pro operate as photoheterotrophs in
the North (Mary et al., 2008b, Gómez-Pereira et al., 2012) and South (Evans et al., 2015)
Atlantic subtropical gyres and the North and South Pacific subtropical gyres (Duhamel et al.,
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2012). In oligotrophic regions of the Arabian Sea and South Atlantic it is understood that Pro
populations account for up to a third of total methionine turnover by total bacterioplankton
(Zubkov et al., 2003, Zubkov and Tarran, 2005). Nitrogen assimilation via heterotrophy is an
important part of Pro metabolism, and it is clear that Pro are effective competitors within the
bacterioplankton community (Zubkov et al., 2003) .
Pro use solar energy to enhance the uptake of a range of DOM materials including
leucine (Mary et al., 2008b, Evans et al., 2015, Michelou et al., 2007), methionine (Mary et al.,
2008b, Gómez-Pereira et al., 2012) and ATP (Gómez-Pereira et al., 2012, Evans et al., 2015,
Duhamel et al., 2012). Depending on the study region and the specific organic nutrient studied,
the percentage increase in uptake in the light compared to dark incubations for Pro cells varies
between 3 % and 50 %. An average of 20-30 % stimulation appears common (Mary et al.,
2008b, Gómez-Pereira et al., 2012).
Depth related changes in the uptake of DFAA in distinct Pro populations can provide
insights the importance of light availability for their heterotrophic metabolism. Pro ecotypes
vertically partition the water column based partially on their light harvesting physiologies
(Moore and Chisholm, 1999, Moore et al., 1998). It has been demonstrated that DFAA uptake
in this genus is influenced by depth (Zubkov et al., 2004a). Cell specific methionine uptake
rates are 4 times higher in ecotypes experiencing low light at depth (low light (LL) ecotypes)
than surface ocean ecotypes experiencing high light (high light (HL) ecotypes), only partially
explained by the greater biomass of the former. Population uptake rates showed HL cells
consume a quarter of the amino acid pool, decreasing with depth, possibly due to light limiting
conditions slowing metabolic activity. LL cells, however, consume half the amino acid pool at
depth (Zubkov et al., 2004b). It is estimated that at a Pro population division rate of 0.15 d-1,
DFAA might account for 45 % and 75 % of HL and LL biomass, respectively, further highlighting
the importance of this resource in nitrogen limiting oceanic regions (Zubkov et al., 2004a).
Ocean microbes respire only a small fraction of DFAAs that are taken up
heterotrophically (Hill et al., 2013). It is, therefore, likely that these compounds are primarily
used for protein synthesis and influence growth rate. However, it remains to be established
quantitatively how the uptake of DFAA through photoheterotrophy influences the growth rate
of Pro. This is discussed in greater detail in Section 1.6.
1.5.1.4. Light harvesting and a trade-off for solar energy use in Prochlorococcus
Pro have a twin light harvesting photosystem, typical of oxygenic phototrophs, and are capable
of directing harvested solar energy to photosynthesis (non-cyclic electron flow) or channelling
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this energy to other cellular processes (for example, via cyclic electron flow) (White, 2007). It
is understood that some phototrophs with twin photosystems can actively and flexibly
regulate (Wilken et al., 2014) and partition (Zehr and Kudela, 2009) harvested solar energy
between metabolic processes, conceivably to optimally balance cellular energy to maximise
fitness (Zubkov, 2009). As a Pro cell would be limited by the amount of light energy it can
harvest using its pigments at a moment in time, directing energy to the uptake DOM would be
at the expense of CHO synthesis. It is arguable that a dynamic trade-off for solar energy use
exists within the cell, but no direct evidence exists as yet for Pro. The ability of Pro to use
harvested solar energy for photosynthesis and to enhance the uptake of nitrogen rich
compounds photoheterotrophically, could relieve the limitation of DIN on strictly
photoautotrophic growth, explaining the paradox of relatively high phytoplankton production
by Pro in nitrogen depleted ecosystems (Zubkov, 2014, Goericke and Welschmeyer, 1993,
Paerl, 1991).
1.5.2. SAR11
1.5.2.1. A brief introduction to SAR11
Cells within this ubiquitously distributed clade are the most abundant heterotrophs in the
global ocean and exceed the abundance of all other microbes in the oligotrophic subtropical
gyres, representing up to 50 % of the total prokaryote community (Morris et al., 2002,
Giovannoni et al., 2005b).
The SAR11 clade have complex nutritional requirements (Carini et al., 2012, Tripp,
2013) but are described as obligate heterotrophs with phototrophic capacity (Giovannoni et
al., 2005b), and are highly adapted to extreme oligotrophic conditions (Carini et al., 2012).
Oceanic SAR11 source carbon through the uptake of organic acids such as pyruvate from the
dissolved organic carbon (DOC) pool (Schwalbach et al., 2010, Tripp, 2013), and acquire carbon
and nitrogen from DON compounds, primarily DFAA (Malmstrom et al., 2005). It is also highly
likely that oceanic SAR11 utilise multiple components from the DIN pool as sources of nitrogen
(Sowell et al., 2008).
1.5.2.2. Heterotrophy in SAR11
SAR11 are not only abundant but also highly metabolically active and turnover a large fraction
of the DOM pool in oligotrophic (Malmstrom et al., 2004, Mary et al., 2006) and other more
productive regions (Mary et al., 2006, Malmstrom et al., 2005). In fact, their processing of
multiple components of the DOM pool is often greater than would be expected based on
abundance alone (Malmstrom et al., 2005, Malmstrom et al., 2004). For example, in the
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oligotrophic Sargasso Sea, SAR11 represent ~25 % of the total prokaryote bacterioplankton
community and of this population, 67-85 % are actively assimilating DFAA compared to only
31-35 % of the rest of the prokaryote community (Malmstrom et al., 2004). In addition,
although single celled metabolic activity is highly variable, SAR11 individuals appear to be
more active than the rest of the bacterioplankton community (Malmstrom et al., 2004). It was
estimated that if measurements of DFAA assimilation in SAR11 are representative of their total
DOM use, which to first order is reasonable as SAR11 preferentially use DFAA over dissolved
organic proteins and other forms of dissolved organic carbon (DOC) (Malmstrom et al., 2005),
then as bacterioplankton process roughly 50 % of oceanic primary productivity, SAR11 may
process 15-25 % of fixed carbon globally in surface waters (Malmstrom et al., 2004).
1.5.2.3. Photoheterotrophy in SAR11
Light and specifically photoheterotrophic metabolism plays an important part in the
acquisition of DOM by SAR11 in the oligotrophic oceans (Evans et al., 2015, Mary et al., 2008b,
Gómez-Pereira et al., 2012). SAR11 uses harvested solar energy to enhance the uptake of
multiple components of the DOM pool including leucine (Mary et al., 2008, Evans et al., 2015,
Michelou et al., 2007), methionine (Mary et al., 2008b, Gómez-Pereira et al., 2012) and ATP
(Evans et al., 2015, Gómez-Pereira et al., 2012) in regions of the North and South Atlantic
oligotrophic gyres. Uptake of these compounds is typically enhanced by 20-30 % in light
incubations compared to dark (Gómez-Pereira et al., 2012, Mary et al., 2008b) but can be as
little as 7 %. The percentage increases in uptake are dependent on substrate type (Evans et al.,
2015).
It is reasonable to assume that the uptake of DFAA is for use in protein synthesis as little
is respired (Hill et al., 2013) and that light enhanced uptake of DFAA may therefore increase
SAR11 growth rate. Although one study found that the intrinsic growth rate of SAR11
populations in batch culture grown in continuous darkness was not significantly different to
when grown in a light:dark cycle (Giovannoni et al., 2005b); it has been argued that the culture
media may have been replete in organic material and that energy demands were already
satisfied through oxidative phosphorylation in both light and dark conditions (Zubkov, 2009).
Analyses of SAR11 populations in Atlantic coastal waters has shown that their intrinsic growth
rate is significantly enhanced in light:dark cycle incubations compared to continuous darkness
(Lami et al., 2009). It is yet to be established therefore how photoheterotrophy in SAR11 and
specifically the light enhanced assimilation of DOM influences the intrinsic growth rate of
populations living in the subtropical gyres.
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1.5.2.4. Light harvesting and a trade-off for solar energy use in SAR11
The presence of proteorhodopsin (PR) in SAR11 (Giovannoni et al., 2005a) is probably linked to
the ability of the cells to enhance the uptake of DOM in the presence of sunlight (GómezPereira et al., 2012). PR is a light absorbing pigment and is structurally similar to
bacteriorhodopsin (Beja et al., 2000). The absorption of a photon of light by PR causes
conformational changes in the structure of the pigment and results in the transport or
‘pumping’ of a proton across the membrane. This generates a potential that drives ATP
synthesis via the membrane bound H+-ATPase (Beja et al., 2001), shown to promote SAR11
survival during starvation conditions (Steindler et al., 2011) and conceivably the active
transport of DOM (Zubkov, 2009). PRs can be considered as the prokaryote equivalents to
chloroplasts and mitochondria combined (Zubkov, 2009).
It is thought that SAR11 can utilise this proton gradient to enhance the uptake of DOC
and/or DON. The argument for this assumption is as follows. It is observed that SAR11
enhances the uptake of DON in the presence of sunlight, relative to dark conditions (Mary et
al., 2008b, Gómez-Pereira et al., 2012, Evans et al., 2015). In terms of DOC uptake, uniquely,
oceanic strains of SAR11 cannot breakdown glucose, instead utilising organic acids
(Schwalbach et al., 2010). As a result, the assumption that DOC (as glucose) is abundant
relative to available nitrogen in subtropical ecosystems may not be relevant to SAR11 in terms
of bioavailability. In addition to the observation of carbon limited bacterioplankton growth in
the Sargasso Sea (Carlson and Ducklow, 1996) where SAR11 dominates the community (Morris
et al., 2002), it is conceivable that DOC may at times limit SAR11 growth. The cell may
therefore benefit from the ability to enhance DOC uptake photoheterotrophically. As a SAR11
cell would be limited by the amount of energy it can harvest from sunlight by PRs at a moment
in time, directing energy to the uptake of one resource would be at the expense of another. A
trade-off would therefore exist for the use of harvested solar energy by PRs for the
photoheterotrophic uptake of DOC and DON in SAR11.
1.5.3. Achieving similar growth rates using distinct physiological strategies
Pro and SAR11 come from different evolutionary backgrounds (Chisholm et al., 1988,
Giovannoni et al., 2005b) and despite significant differences in size and shape (Rappé et al.,
2002, Partensky et al., 1999), carbon acquisition strategy (Partensky et al., 1999, Schwalbach et
al., 2010), elemental requirements for growth (Bertilsson et al., 2003, Grob et al., 2013), light
harvesting system (Partensky et al., 1999, Giovannoni et al., 2005a) and diel growth period
(Giovannoni et al., 2005b, Zubkov, 2014), both have remarkably similar specifc growth rates
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(Goericke and Welschmeyer, 1993, Malmstrom et al., 2005, Zubkov, 2014, Giovannoni et al.,
2005b) and coexist and dominate the subtropical gyres in near equal abundance (Treusch et
al., 2009). It is recognised, however, that their ecological niches also overlap, competing for
DIN (Garcia-Fernandez et al., 2004, García-Fernández and Diez, 2004, Sowell et al., 2008) and
DON and using light photoheterotrophically (Mary et al., 2008a, Gómez-Pereira et al., 2012,
Evans et al., 2015). A question asked in this thesis is, how do these physiological differences
balance if they have equal growth rates?
1.6. Using a model to explore photoheterotrophy
Examining the influence that photoheterotrophic light use may have on Pro growth rate
empirically is challenging. A Pro cell is an obligate phototroph, requiring irradiance to survive.
It is therefore not possible to compare population growth rates grown in light:dark and
dark:dark cycle incubations to understand the influence of light on heterotrophic metabolism,
a method used to determine the influence of photoheterotrophy on SAR11 growth rate
(Giovannoni et al., 2005b). Distinguishing between the uses of solar energy in Pro is also
problematic due to the difficulties in measuring energy harvesting and storage in
bacterioplankton (Zubkov, 2009). Furthermore, controlling the presence/absence of organic
material in cultures to test for the influence of heterotrophic uptake on growth alone is not
possible using current methods (García-Fernández and Diez, 2004).
For SAR11, investigations in the field (Lami et al., 2009) and culture experiments
(Giovannoni et al., 2005b) show varying results for the influence that photoheterotrophic
metabolism has on growth rate. In addition, due to the difficulties in quantifying energy
harvesting and storage (Zubkov, 2009), changes in the growth rate of SAR11 in the
presence/absence of irradiance cannot easily be attributed to specific physiological processes,
which may include the light enhanced uptake of DOM (Gómez-Pereira et al., 2012, Mary et al.,
2008a, Evans et al., 2015) and/or carbon respiration substituted by phototrophic ATP synthesis
(Steindler et al., 2011).
In order to understand the influence that photoheterotrophic resource acquisition has
on the growth rate of Pro and SAR11, a modelling approach is therefore ideal. Synthesising
available information in a coherent physiological framework can provide a platform for an
investigation into how observed changes in resource acquisition through photoheterotrophic
light use influences the growth rate of Pro and SAR11 and the consequence for the processing
of key elements.
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Dynamic energy budget (DEB) theory is a modelling framework that aims to capture
the quantitative rules for the uptake and use of resources that are common to individual
organisms, based on first principles (Kooijman, 2010). The same basic model structure is,
therefore, theoretically applicable to all organisms. Physiological differences between similar
organisms are then represented by species specific parameter values and not model structure
(Kooijman, 2010). This general theory has been supported by wide spread empirical patterns in
nature (Sousa et al., 2010) and well tested in various fields in biology (Kooijman, 2010).
DEB theory provides a “standard” model for an individual that specifies the dynamic
change in metabolism throughout the life cycle, related to the uptake of a resource,
assimilation into a reserve and then use for maintenance, growth, development, and
reproduction (Kooijman, 2010). Chemical stoichiometry associated with transformations
between processes are specified based on biochemical theory and adhere to mass
conservation laws. Extensions of the standard DEB model have been built to accommodate, for
example, multiple resource types and metabolic excretion products (Kooijman, 2010).
A key component of the DEB framework is the synthesising unit (SU), which controls
the rate of biochemical reactions depending on the arrival rates of substrates, stoichiometry of
the transformation and behaviour of the substrate interaction with the reaction machinery.
The specification that production by an SU is determined by arrival rates and not
concentrations allows for the treatment of light as a controlling resource analogous to
nutrients (Chapter 2). Light energy can, therefore, be directed as a flux to multiple cellular
processes through a trade-off framework, i.e. light can be used in both photoautotrophy
and/or photoheterotrophy. DEB theory therefore provides an ideal framework to build a
model to investigate light stimulated changes in resource acquisition through
photoheterotrophy and the influence on Pro and SAR11 growth rate in a physiologically
realistic way.
The DEB framework also lends itself to the investigation of the differences in Pro and
SAR11 physiology and how they maintain similar growth rates despite their differences. By
assuming a similar core model structure, physiological differences are represented by
differences in parameter values and not model design. By simply changing a parameter value
from that of Pro to SAR11, it can be shown how a difference in physiological strategy
influences growth rate.
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1.7. Research aim
This thesis aims to extend our understanding of the influence of solar energy in the two most
abundant organisms in the subtropical gyre ecosystems, Pro and SAR11. By addressing the
three questions posed at the start of this chapter (Section 1.1) specifically, it investigates the
influence of photoheterotrophic light use on their growth rate and the influence on the
processing of key elements in the subtropical gyres. Chapter 2 describes the model and the
parameters used to constrain it. Chapter 3 addresses the influence of photoheterotrophic light
use on Pro in multiple environmental settings that represents changes in ambient resources
essential to Pro. Chapter 4 address the influence of photoheterotrophic light use on SAR11,
also in a range of environments. Chapter 5 analyses the physiological traits of both Pro and
SAR11 in order to understand which confer the greatest benefit to growth rate and therefore
may be key to their survival and coexistence. Chapter 6 considers the broader implications and
directions for future work.
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Chapter 2:

Methods

2.1. A summary of the model
The model for both Prochlorococcus (Pro) and SAR11 is based on Dynamic Energy Budget (DEB)
theory (Kooijman, 2010) using aspects of previously published DEB models (Kooijman et al.,
2002, Kuijper et al., 2004). The model is parameterised for oligotrophic subtropical Atlantic
surface water populations of Pro and SAR11 and run to steady-state. A schematic of the model
for both organisms is shown in Figure 2.1. The model is designed to incorporate the
fundamental physiology and metabolism shared by Pro and SAR11, whilst maintaining the
flexibility to parameterise distinct aspects of their individual physiologies.
A summary of the model structure is as follows. A flux of photons is harvested by a
pigment system; divinyl chlorophyll-a and b (chl-a) in Pro and proteorhodopsin (PR) in SAR11.
The energy derived from sunlight can be used for two processes by each organism. The first is
the acquisition of carbon for energy and synthesis; photoautotrophic dissolved inorganic
carbon (DIC) reduction to produce carbohydrate (CHO) in Pro, and photoheterotrophic
dissolved organic carbon (DOC) uptake in SAR11. CHO and DOC contain carbon but no
nitrogen. The second is the acquisition of dissolved organic nitrogen (DON) by both Pro and
SAR11. This contains both carbon and nitrogen. The partitioning of harvested light energy
between these two processes controls a trade-off that assumes the use of light energy to
enhance one processes is at the cost of the other. Pro is entirely dependent on available light
energy to facilitate DIC reduction and DON uptake. SAR11 can uptake DOC and DON in the
dark but uptake is greater with sunlight. Both organisms can uptake dissolved organic nitrogen
(DIN) to combine with a source of carbon (CHO in Pro and DOC in SAR11) to synthesis amino
acids (AA). This process does not involve light. The sum of DON and AA produce an organic
nitrogen (ON) flux that contains both carbon and nitrogen. The remaining CHO/DOC flux after
AA synthesis produces an organic carbon (OC) flux containing carbon but no nitrogen. ON and
OC are used by the cell to satisfy maintenance as a priority with the remainder available for
growth.
The model fluxes are given relative to one mole of carbon biomass, i.e. units are mol C
(mol C)-1 hr-1. The model represents fluxes at a moment in time. Growth leads to no change in
the model.
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2.2. The model description
Where parameterisations for resource acquisition processes are specific to an organism this is
stated and described below. Otherwise, the use of substrates for maintenance and growth and
the manner in which the model has been constructed and parameterised is assumed to be the
same for both organisms. All parameters and variables are listed in Table 2.1 at the end of this
chapter.
2.2.1. The use of light energy for the acquisition of substrates
The following sections describe the phototrophic metabolism used by both Pro and SAR11. It
must be noted however that SAR11 can also uptake substrate in the absence of sunlight,
whereas Pro cannot. The model structure facilitating substrate uptake by SAR11 in the dark
will be presented in Section 2.2.5. Each component of the model and its description is given for
both Pro and SAR11 physiologies. Where parameter values differ for Pro and SAR11, this is
noted (Table 2.1).
2.2.1.1. Light harvesting
It is well documented that phototrophy (measured as electron turnover) levels off at high
photosynthetically active radiation (PAR) resulting in a hyperbolic relationship between energy
yields and irradiance (Kirchman and Hanson, 2012). This is observed for both a chlorophyll
based pigment systems (MacKenzie et al., 2004) and PR (Walter et al., 2007). It is therefore
assumed that electron fluxes vary with irradiance in a Michaelis-Menten (MM) type functional
form (known in DEB theory as a one-substrate synthesising unit, 1-SU), and the fraction of the
maximum flux is expressed as;

𝑓𝐿 =

̇
𝐽𝐿,𝐹

[2.2.1.1a]

̇
̇
𝐽𝐿,𝐹𝐾
+ 𝐽𝐿,𝐹

̇ is the solar irradiance and 𝐽𝐿,𝐹𝐾
̇
where 𝐽𝐿,𝐹
is the half saturation irradiance, both with units
µmol photons m-2 s-1. The half saturation constant values are different for Pro and SAR11 but
both are assumed to receive the same flux of incident irradiance (Section 2.3.1, Table 2.1).

2.2.1.2. Partitioning energy harvested from sunlight
Harvested light energy is partitioned between carbon acquisition (CHO synthesis in Pro and
DOC uptake in SAR11) and DON uptake (in both Pro and SAR11) through a single parameter (β)
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that varies between 0 and 1. When β = 0, all light energy is entirely invested in carbon
acquisition and when β = 1, all light energy is invested in DON uptake. As such,

𝑓𝐿𝛽 =

̇ 𝛽
𝐽𝐿,𝐹
̇
̇ 𝛽
𝐽𝐿,𝐹𝐾
+ 𝐽𝐿,𝐹

[2.2.1.2a]

and

𝑓𝐿(1−𝛽) =

̇ (1 − 𝛽)
𝐽𝐿,𝐹
̇
̇ (1 − 𝛽)
𝐽𝐿,𝐹𝐾
+ 𝐽𝐿,𝐹

[2.2.1.2b]

where Equation 2.2.1.2a directs harvested light energy to DON uptake and Equation 2.2.1.2b
directs light energy to carbon acquisition. Each destination for solar energy can, therefore,
saturate independently.
2.2.1.3. Using light energy for carbon acquisition
The photoautotrophic production of CHO in Pro requires sources of both DIC and light.
Photoheterotrophic DOC uptake in SAR11 requires sources of DOC and light. The uptake of
single substrates (DIC and DOC) is taken to follow a MM-type function. The MM function that
describes the uptake of DIC or DOC is given as,
𝑓𝐶 =

1
,
1 + 𝑥𝐶 −1

𝑥𝐶 =

𝑋𝐶
𝐾𝐶

[2.2.1.3a]

where 𝑓𝐶 is the fraction of the maximum uptake for DIC or DOC uptake, 𝑋𝐶 is the ambient
concentration of DIC or DOC and 𝐾𝐶 is the half saturation constant for DIC or DOC uptake,
describing the concentration at which half the maximum uptake rate is attained. The ambient
concentration 𝑋𝐶 is not the same for DIC and DOC, nor is the half saturation constant 𝐾𝐶 and
therefore 𝛽𝐶 . The specific values are presented in Section 2.3.1 and Table 2.1. The same
notation is used for photoheterotrophic DOC uptake in SAR11 and photoautotrophic DIC
reduction in Pro as both are modelled in the same way. Their maximum rates of carbon
acquisition are, however, different (Section 2.3.1, Table 2.1).
Light and DIC/DOC are complementary to each other, i.e. one cannot be used to
generate a product without the other being present (ignoring uptake in the dark by SAR11 for
now). They are assumed to be processed in parallel, meaning that an increase in the
abundance of one can increase the use of the other (Kooijman et al., 2002). The rate of carbon
̇ ) by both Pro and SAR11 is represented using an SU given as,
acquisition (𝐽𝐶,𝑈
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̇
𝐽̇𝐶,𝑈 = 𝐽𝐶,𝑈𝑚

(1 + 𝑧𝐶 −1 + 𝑧𝐿 −1 ) − (𝑧𝐶 + 𝑧𝐿 )−1

[2.2.1.3b]
−1

1 + 𝑧𝐶 −1 𝑓𝐶 −1 + 𝑧𝐿 −1 𝑓𝐿(1−𝛽) −1 − (𝑧𝐶 𝑓𝐶 + 𝑧𝐿 𝑓𝐿(1−𝛽) )

̇
where 𝐽𝐶,𝑈𝑚
is the maximum rate of carbon acquisition and 𝑧𝐶 and 𝑧𝐿 are parameters that
weight the relative contribution of DIC/DOC and light to the acquisition process, respectively
̇ is given in units of mol C (mol C)-1 hr-1.
(Troost et al., 2005, Kooijman et al., 2002). The flux 𝐽𝐶,𝑈
𝑧𝐶 and 𝑧𝐿 are identical for Pro and SAR11, discussed in Section 2.3.1. The maximum rate of
̇
carbon acquisition (𝐽𝐶,𝑈𝑚
) is different for Pro and SAR11. In Pro it is the maximum rate of
photosynthetic CHO synthesis and in SAR11 it is the maximum rate of DOC uptake (Section
2.3.1, Table 2.1). In both organisms this product flux contains carbon but no nitrogen. This flux
can be used for both the synthesis of AA and maintenance and growth, discussed below in
Section 2.2.2.
2.2.1.4. Using light energy for DON uptake
The same formulation for complementary substrates processed in parallel, is used to represent
̇
the rate of light enhanced DON uptake (𝐽𝐷𝑂𝑁,𝑈
) in Pro and SAR11, given as,
̇
̇
𝐽𝐷𝑂𝑁,𝑈
= 𝐽𝐷𝑂𝑁,𝑈𝑚

(1 + 𝑧𝐷𝑂𝑁 −1 + 𝑧𝐿 −1 ) − (𝑧𝐷𝑂𝑁 + 𝑧𝐿 )−1
1 + 𝑧𝐷𝑂𝑁 −1 𝑓𝐷𝑂𝑁 −1 + 𝑧𝐿 −1 𝑓𝐿𝛽

−1

[2.2.1.4a]
−1

− (𝑧𝐷𝑂𝑁 𝑓𝐷𝑂𝑁 + 𝑧𝐿 𝑓𝐿𝛽 )

̇
where 𝐽𝐷𝑂𝑁,𝑈𝑚
is the maximum rate of light enhanced DON uptake and 𝑧𝐷𝑂𝑁 is a parameter
that weights the relative contribution of the incident flux of DON to the uptake process. The
̇
maximum rate of light enhanced DON uptake (𝐽𝐷𝑂𝑁,𝑈𝑚
) is not the same for Pro and SAR11
(Section 2.3.1, Table 2.1). 𝑓𝐷𝑂𝑁 represents how DON is taken up, given as,
𝑓𝐷𝑂𝑁 =

1
,
1 + 𝑥𝐷𝑂𝑁 −1

𝑥𝐷𝑂𝑁 =

𝑋𝐷𝑂𝑁
𝐾𝐷𝑂𝑁

[2.2.1.4b]

where 𝑓𝐷𝑂𝑁 is the fraction of the maximum uptake rate for DON, 𝑋𝐷𝑂𝑁 is the ambient DON
concentration and 𝐾𝐷𝑂𝑁 is the saturation constant describing the concentration at which half
the maximum uptake rate is achieved. These parameters are considered to be the same for
̇
both Pro and SAR11 (Section 2.3.1). The flux 𝐽𝐷𝑂𝑁,𝑈
is given in units of mol C (mol C)-1 hr-1. It
contains both carbon and nitrogen. The nitrogen flux (mol N (mol C)-1 hr-1) is given by dividing
̇
𝐽𝐷𝑂𝑁,𝑈
by the C:N of ambient DON (𝜑𝑁).
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2.2.2. Amino acid biosynthesis
Pro and SAR11 both possess similar genes required for the synthesis of AA and have the
capacity to transport DIN across their outer membrane (Kettler et al., 2007, Sowell et al.,
2008). DIN is assimilated via the sequential activity of two enzymes, glutamine synthetase (GS)
and glutamate synthase (GOGAT), in a system known as the GS-GOGAT pathway, utilised by
both Pro and SAR11 (Kettler et al., 2007, Sowell et al., 2008). An identical representation of the
synthesis of AA is employed for both Pro and SAR11, with the caveat that the source of carbon
differs.
In the present model DIN from the ambient pool is combined with a carbon source to
create AA. A similar representation to that used for photoautotrophy and photoheterotrophy
is used for AA synthesis.
Bacteria take up nitrogen in stoichiometrically balanced proportions relative to
available carbon when DIN is the only growth substrate (Goldman and Dennett, 1991,
Goldman et al., 1987, Goldman and Dennett, 2000). The rate of DIN uptake in the model will
be given as the rate at which nitrogen is assimilated into AA. The rate at which DIN becomes
available for assimilation is given as,
̇
̇
𝐽𝐷𝐼𝑁,𝑈
= 𝐽𝐷𝐼𝑁,𝑈
𝑚

1
,
1 + 𝑥𝐷𝐼𝑁 −1

𝑥𝐷𝐼𝑁 =

𝑋𝐷𝐼𝑁
𝐾𝐷𝐼𝑁

[2.2.2a]

̇
where 𝐽𝐷𝐼𝑁,𝑈
is the maximum rate, 𝑋𝐷𝐼𝑁 is the concentration of DIN in the ambient pool and
𝑚
𝐾𝐷𝐼𝑁 is the ambient concentration that supports half the maximum rate. The maximum rate
parameter is not the same for Pro and SAR11 and will be fitted according to the protocol
discussed in Section 2.3.1. The half saturation constant (𝐾𝐷𝐼𝑁 ) is the same for both organisms,
and both experience the same concentration of ambient DIN (𝑋𝐷𝐼𝑁 ) (Section 2.3.1, Table 2.1).
The units of DIN uptake are in mol N (mol C)-1 hr-1.
The parameter α is the fraction of the carbon flux directed to maintenance and
growth. The fraction of the carbon flux made available for the synthesis of AA is (1- α). The
parameter α is given as,

𝛼=

̇
̇
𝐽𝐷𝑂𝑁,𝑈
+ 𝐽𝐴𝐴,𝑆
̇
̇
𝐽𝐷𝑂𝑁,𝑈𝑚
+ 𝐽𝐴𝐴,𝑆𝑚

[2.2.2b]

̇
̇
where 𝐽𝐷𝑂𝑁,𝑈𝑚
and 𝐽𝐴𝐴,𝑆𝑚
are the maximum rates of DON uptake and AA synthesis,
̇
respectively. 𝐽𝐴𝐴,𝑆
is the rate of AA synthesis (discussed below), which is added to the rate of
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̇
DON uptake (𝐽𝐷𝑂𝑁,𝑈
) to produce the total flux of organic nitrogen (ON), which contains both
carbon and nitrogen, available for maintenance and growth.
When bacteria grow on DIN as the sole nitrogen source, they appear not to generate
DIN as a metabolic waste product (Goldman and Dennett, 1991, Goldman et al., 1987,
Goldman and Dennett, 2000). For simplicity, it is therefore assumed that DIN is assimilated
into AA with 100 % efficiency. The cost of synthesis is paid for through CHO/DOC mobilisation,
resulting in carbon dioxide production. The pathway for the construction of AA is given by,
𝐺𝑆
𝐺𝑆
𝑛𝐶𝐺𝑆 𝐶 + 𝑛𝑁
𝐷𝐼𝑁 → 𝛽𝐴 + 𝑛𝐶𝑂
𝐶𝑂2
2

[2.2.2c]

Coefficients (𝑛) describe how a unit of amino acid (𝐴𝐴) is synthesised by combining carbon
materials (𝐶) and DIN at a specified C:N ratio. The notation 𝐺𝑆 corresponds to the GS-GOGAT
̇
̇
pathway. The synthesised flux 𝐽𝐴𝐴,𝑆
and 𝐽𝐷𝑂𝑁,𝑈
, are both assumed to have a fixed and identical
C:N. The coefficients 𝑛 are given by,
𝐺𝑆
𝑛𝑁
=

1
𝜑𝑂𝑁

[2.2.2d]

𝑛𝐶𝐺𝑆 =

1
𝜓𝐶𝐴𝐴

[2.2.2e]

1
−1
𝜓𝐶𝐴𝐴

[2.2.2f]

𝐺𝑆
𝑛𝐶𝑂
=
2

where 𝜑𝑂𝑁 is the C:N of AA (and DON) in mol C (mol N)-1 and 𝜓𝐶𝐴𝐴 is efficiency with which 𝐶
(CHO/DOC) is used to synthesise AA (Section 2.3.1, Table 2.1).
Amino acid synthesis is modelled as arising from the dynamics of four linked binding
states. This can be considered as a proxy for a set of enzymes that have two binding sites that
can accept C (CHO/DOC) and DIN fluxes, respectively. The four possible states are an unbound
state (𝜃..), a 𝐶 bound state (𝜃.𝐶 ), a DIN bound state (𝜃𝐷𝐼𝑁. ) and a state where both substrates
are bound (𝜃𝐷𝐼𝛽𝐶 ). When both substrates are bound in the fourth state, an AA is formed. The
total number of binding states remains constant. AA formation is therefore dependent on both
the arriving fluxes of substrates and the relative abundance of each state. The equations for
the four binding states are,
̇
̇
𝑑
𝐽𝐷𝐼𝑁,𝑈
𝐽𝐶,𝑈
̇
𝜃.. = 𝜃𝐷𝐼𝑁𝐶 𝐽𝐴𝐴,𝑆𝑚
− ( 𝐺𝑆 + 𝐺𝑆 (1 − 𝛼)) 𝜃..
𝑑𝑡
𝑛𝑁
𝑛𝐶
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[2.2.2g]

̇
̇
𝑑
𝐽𝐷𝐼𝑁,𝑈
𝐽𝐶,𝑈
𝜃.𝐶 = − 𝐺𝑆 𝜃.𝐶 + 𝐺𝑆 (1 − 𝛼)𝜃..
𝑑𝑡
𝑛𝑁
𝑛𝐶

[2.2.2h]

̇
̇
𝑑
𝐽𝐶,𝑈
𝐽𝐷𝐼𝑁,𝑈
𝜃𝐷𝐼𝑁. = − 𝐺𝑆 (1 − 𝛼)𝜃𝐷𝐼𝑁. + 𝐺𝑆 𝜃..
𝑑𝑡
𝑛𝐶
𝑛𝑁

[2.2.2i]

̇
̇
𝑑
𝐽𝐷𝐼𝑁,𝑈
𝐽𝐶,𝑈
̇
𝜃𝐷𝐼𝑁𝐶 =
𝜃.𝐶 + 𝐺𝑆 (1 − 𝛼)𝜃𝐷𝐼𝑁. − 𝜃𝐷𝐼𝑁𝐶 𝐽𝐴𝐴,𝑆𝑚
𝐺𝑆
𝑑𝑡
𝑛𝑁
𝑛𝐶

[2.2.2j]

̇
where 𝐽𝐴𝐴,𝑆𝑚
is the maximum rate of AA synthesis and each 𝜃 represents the fractions of all
binding states in that state. Note that the probabilities of each substrate binding to the AA
synthesis machinery are assumed to be equal. Binding probability parameters are both set to
̇ ) is
equal 1 and are therefore omitted from Equations 2.2.2g-j). The rate of AA synthesis (𝐽𝐴𝐴,𝑆
therefore given as,
̇
̇
𝐽𝐴𝐴,𝑆
= 𝜃𝐷𝐼𝑁𝐶 𝐽𝐴𝐴,𝑆𝑚

[2.2.2k]

̇
The flux 𝐽𝐴𝐴,𝑆
divided by the C:N of AA (𝜑𝑂𝑁) gives the rate of DIN uptake in mol N (mol C)-1 hr1

, given that DIN is assumed to be assimilated with 100 % efficiency, as discussed. Note that

Equation 2.2.2a only describes the rate at which DIN is made available for AA synthesis. The
difference between Equation 2.2.2a and Equation 2.2.2k (when the latter is converted to mol
N (mol C)-1 hr-1 units), provides a measure of the rejected flux of DIN that cannot be
assimilated into AA, given as,
̇
̇
𝐽𝐴𝐴,𝑅
= 𝐽𝐷𝐼𝑁,𝑈
−

̇
𝐽𝐴𝐴,𝑆
𝜑𝑂𝑁

[2.2.2l]

̇
Flux 𝐽𝐴𝐴,𝑅
is rejected from the cell.
The rate of carbon dioxide release through costs associated with AA synthesis is given as,
𝐺𝑆 ̇
̇ ,𝑆 = 𝑛𝐶𝑂
𝐽𝐶𝑂
𝐽
2
2 𝐴𝐴,𝑆

[2.2.2m]

̇
As discussed, this flux is added to the light enhanced flux of DON (𝐽𝐷𝑂𝑁,𝑈
) to produce the total
̇ ) available for maintenance and growth, given as,
ON flux ( 𝐽𝑂𝑁
̇ = 𝐽𝐷𝑂𝑁,𝑈
̇
̇
𝐽𝑂𝑁
+ 𝐽𝐴𝐴,𝑆

[2.2.2n]

If there is insufficient DIN available to combine with the incident 𝐶 (CHO/DOC) flux in the
required C:N, a fraction of the 𝐶 (CHO/DOC) flux is rejected and made available for
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̇ ) arriving at maintenance, containing carbon
maintenance and growth. The total OC flux (𝐽𝑂𝐶
and no nitrogen, is therefore given as,
̇ = 𝐽𝐶,𝑅
̇ + 𝛼𝐽𝐶,𝑈
̇
𝐽𝑂𝐶

[2.2.2o]

̇ = (1 − 𝛼)𝐽𝐶,𝑈
̇ − 𝑛𝐶𝐺𝑆 𝐽𝐴𝐴,𝑆
̇
𝐽𝐶,𝑅

[2.2.2p]

and

̇ is the original fraction of the CHO/DOC flux made available for AA synthesis
where 1 − 𝛼𝐽𝐶,𝑈
̇
and 𝑛𝐶𝐺𝑆 𝐽𝐴𝐴,𝑆
is the gross carbon flux used in AA synthesis.

2.2.3. Reactions for the utilisation of substrates in maintenance and growth
The following section defines the use of substrates for maintenance and growth which are
considered to be the same for both Pro and SAR11. The model uses the formulation given by
Kuijper et al. (2004), which describes the synthesis of biomass for a crustacean, which follows
similar principles to that of a bacterium for the use of organic carbon (OC) and organic
nitrogen (ON). Somatic maintenance must be met prior to the allocation of metabolites to
growth. Maintenance includes the production of biomass that is lost via protein turnover and
other costs associated with energetic expenditure. Maintenance results in zero net biomass
production. Mass and energy are effectively lost from the cell.
Maintenance and growth can be met using both the ON and OC fluxes (Goldman and
Dennett, 1991, Goldman et al., 1987, Goldman and Dennett, 2000). The OC flux contains
carbon only and therefore cannot be used for biomass synthesis without the ON flux. The ON
flux, however, contains carbon and nitrogen and therefore can be used for biomass synthesis
on its own and/or in combination with the OC flux. It is assumed that maintenance and growth
conform to the same elemental stoichiometry i.e. the same C:N. Two pathways of resource
utilisation for maintenance and growth are possible, given as:
𝐷
𝐷
𝐷
+
𝑛𝑂𝑁
𝑂𝑁 → 𝑋 + 𝑛𝐶𝑂
𝐶𝑂2 + 𝑛𝑁𝐻
+ 𝑁𝐻4
2

[2.2.3a]

𝑆
𝑆
𝑆
𝑛𝑂𝑁
𝑂𝑁 + 𝑛𝑂𝐶
𝑂𝐶 → 𝑋 + 𝑛𝐶𝑂
𝐶𝑂2
2

[2.2.3b]

4

Equation 2.2.3a balances the production of biomass (𝑋) from ON alone (gaining energy
through ON deamination, hence denoted by D). Equation 2.2.3b balances the production of
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biomass from ON and OC (gaining energy through OC mobilisation whilst sparing ON
mobilisation, allowing for its complete assimilation into biomass, hence denoted by S). The
sparing pathway is considered energetically preferential over the deamination pathway as it
releases only carbon waste products (Equation 2.2.3a) rather than both carbon and nitrogen
(2.2.3b).
The efficiencies of synthesis using the two pathways are defined in Equations 2.2.3a
and 2.2.3b by coefficients 𝑛. These are the yield coefficients, which are based on theoretical
efficiencies of biomass production (Calow, 1977) and known C:N ratios of ON and biomass
(Section 2.3.2, Table 2.1).
2.2.3.1. Stoichiometric balancing with the yield coefficients
The following equations define the stoichiometry through which equations 2.2.3a and 2.2.3b
balance using assumed C:N of biomass (𝜑𝑋) and ON (𝜑𝑂𝑁). If the efficiencies through which
the deamination (D) (Equation 2.2.3b) and sparing (S) (Equation 2.2.3a) reactions proceed are
known (𝜓𝑂𝐶 and 𝜓𝑂𝑁) i.e. the amount of each substrate used to produce one unit of biomass
is known, then the yield coefficients can be written as,
1
𝜓𝑂𝑁

[2.2.3.1a]

1
−1
𝜓𝑂𝑁

[2.2.3.1b]

1
1
−
𝜓𝑂𝑁. 𝜑𝑂𝑁 𝜑𝑋

[2.2.3.1c]

𝜑𝑂𝑁
𝜑𝑋

[2.2.3.1d]

1
𝜑𝑂𝑁
−
𝜓𝑂𝐶
𝜑𝑋

[2.2.3.1e]

1
−1
𝜓𝑂𝐶

[2.2.3.1f]

𝐷
𝑛𝑂𝑁
=

𝐷
𝑛𝐶𝑂
=
2

𝐷
𝑛𝑁𝐻
+ =
4

𝑆
𝑛𝑂𝑁
=

𝑆
𝑛𝑂𝐶
=

𝑆
𝑛𝐶𝑂
=
2

These formulae provide stoichiometric balance of Equations 2.2.3a and 2.2.3b.
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2.2.3.2. Representation of maintenance
The deamination and sparing reactions merge the potentially limiting ON and OC fluxes to
support maintenance at a fixed C:N. The equations used mimic the biochemical interactions in
the enzyme-substrate complex, allowing quantification of the product flux based on the
likelihood of an interaction occurring between the enzyme and substrate and the substrate
supply rate (Kooijman, 1998).
Multiple binding states are possible for maintenance, which accepts fluxes of OC and
ON. Figure 2.2 shows the four different binding states; 𝜃.. is unbound or free, 𝜃.𝑂𝐶 has an
organic carbon (OC) molecule bound, 𝜃𝑂𝑁. has an organic nitrogen (ON) molecule bound and
𝜃𝑂𝑁𝑂𝐶 is an SU with both molecule types bound. As discussed there are two possible pathways
to meet maintenance and growth; the ON only pathway (deamination) and the ON and OC
pathway (sparing). Therefore, the binding states 𝜃𝑂𝑁. and 𝜃𝑂𝑁𝑂𝐶 can both be considered to
synthesise material for maintenance.
The maintenance requirements are assumed to be fixed for the organism and
therefore are not dependent on the size of uptake fluxes. The maintenance term 𝑘𝑀 defines
the rate at which maintenance takes place and is thus a fixed parameter. Maintenance is
carried out when substrates which were bound are released as maintenance product (𝑋)
leaving an unbound state (𝜃..). The maintenance term (𝑘𝑀 ) is therefore the rate at which the
unbound state is created (Equation 2.2.3.2a) with units mol C (mol C)-1 hr-1.
𝑅𝑒𝑎𝑐𝑡𝑖𝑜𝑛 𝑝𝑎𝑡ℎ𝑤𝑎𝑦

Binding affinities (𝜌𝑆𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 𝑓𝑙𝑢𝑥

) define the statistical likelihood of the substrate

binding for each reaction pathway. Figure 2.2 illustrates the manner in which substrates bind
and satisfy maintenance via the two pathways.
The binding of an ON molecule can result in maintenance synthesis via the
deamination pathway. However, if an OC molecule has already been bound to the SU then the
sparing pathway proceeds once an ON molecule has also bound. The binding affinity values
satisfy 0≤𝜌≤1. The sparing pathway is favoured over the deamination pathway, which is
𝑆
𝑆
𝐷
𝐷
represented in the binding affinities by setting 𝜌𝑂𝑁
≤ 𝜌𝑂𝑁
and 𝜌𝑂𝑁
≤ 𝜌𝑂𝐶
i.e. the probability

of an ON molecule binding to a 𝜃.𝑂𝐶 state or an OC molecule binding to a 𝜃.. state is greater
than the probability of an ON molecule binding to a 𝜃.. state (Section 2.3.2.1, Table 2.1).
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The differential equations for the binding states for maintenance are,
𝐷
𝑑
𝜌𝑂𝑁
𝜌𝑆
̇ + 𝑂𝐶 𝐽𝑂𝐶
̇ ) 𝜃..
𝜃.. = 𝑘𝑀 − ( 𝐷 𝐽𝑂𝑁
𝑆
𝑑𝑡
𝑛𝑂𝑁
𝑛𝑂𝐶

[2.2.3.2a]

𝑆
𝑑
𝜌𝑂𝐶
𝜌𝑆
̇ 𝜃. . − 𝑂𝑁 𝐽𝑂𝑁
̇ 𝜃.𝑂𝐶
𝜃.𝑂𝐶 = 𝑆 𝐽𝑂𝐶
𝑆
𝑑𝑡
𝑛𝑂𝐶
𝑛𝑂𝑁

[2.2.3.2b]

𝐷
𝑑
𝜌𝑂𝑁
𝜃𝑂𝑁.
̇ 𝜃. . − 𝑘𝑀
𝜃𝑂𝑁. = 𝐷 𝐽𝑂𝑁
𝑑𝑡
𝜃𝑂𝑁. + 𝜃𝑂𝑁𝑂𝐶
𝑛𝑂𝑁

[2.2.3.2c]

𝑆
𝑑
𝜌𝑂𝑁
𝜃𝑂𝑁𝑂𝐶
̇ 𝜃.𝑂𝐶 − 𝑘𝑀
𝜃𝑂𝑁𝑂𝐶 = 𝑆 𝐽𝑂𝑁
𝑑𝑡
𝜃𝑂𝑁. + 𝜃𝑂𝑁𝑂𝐶
𝑛𝑂𝑁

[2.2.3.2d]

In Equations 2.2.3.2c and 2.2.3.2d the sum of the two dissociation rates is fixed because 𝑘𝑀 ,
the parameter that specifies the maintenance requirement is fixed. Therefore, the relative
contributions of each pathway to satisfy maintenance are proportional to the relative
abundances of 𝜃𝑂𝑁. and 𝜃𝑂𝑁𝑂𝐶 at steady state.
The fractions determining how maintenance is met are,

Ω𝑂𝑁. =

𝜃𝑂𝑁.

[2.2.3.2e]

𝜃𝑂𝑁. + 𝜃𝑂𝑁𝑂𝐶

Ω𝑂𝑁𝑂𝐶 =

𝜃𝑂𝑁𝑂𝐶

[2.2.3.2f]

𝜃𝑂𝑁. + 𝜃𝑂𝑁𝑂𝐶

which can be used to calculate the amounts of ON and OC used in maintenance as,
𝑆
𝐷
̇
𝐽𝑂𝑁,𝑀
= 𝑘𝑀 (𝑛𝑂𝑁
Ω𝑂𝑁𝑂𝐶 + 𝑛𝑂𝑁
Ω𝑂𝑁. )

[2.2.3.2g]

𝑆
̇
𝐽𝑂𝐶,𝑀
= 𝑘𝑀 𝑛𝑂𝐶
Ω𝑂𝑁𝑂𝐶

[2.2.3.2h]

̇ = 𝑘𝑀
𝐽𝑀

[2.2.3.2i]

̇ is the maintenance rate set by the fixed maintenance rate parameter 𝑘𝑀 .
and 𝐽𝑀
In this demand driven maintenance system, OC has to be delivered at a rate to match
its consumption in maintenance, which is the rate of consumption of biomass via the sparing
𝑆
route (Equation 2.2.3b) (𝑘𝑀 Ω𝑂𝑁𝑂𝐶 ) multiplied by the amount of organic carbon material (𝑛𝑂𝐶
)

needed to produce one unit of maintenance product X, given as Equation 2.2.3.2h. The
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argument also applies to Equation 2.2.3.2g and formation of ammonium (Equation 2.2.3.2j)
and carbon dioxide (Equation 2.2.3.2k) metabolic products.
̇ +,𝑀 = 𝑘𝑀 𝑛𝐷 + Ω𝑂𝑁.
𝐽𝑁𝐻
𝑁𝐻
4

[2.2.3.2j]

𝑆
𝐷
̇ ,𝑀 = 𝑘𝑀 (𝑛𝐶𝑂
𝐽𝐶𝑂
Ω + 𝑛𝐶𝑂
Ω
)
2
2 𝑂𝑁.
2 𝑂𝑁𝑂𝐶

[2.2.3.2k]

4

2.2.3.3. Growth
After maintenance has been ‘paid’ the remainder of the ON and OC fluxes are available for
̇ and 𝐽𝑂𝐶
̇
growth. Thus, subtracting the maintenance flux (𝑗𝑂𝑁,𝑀 or 𝑗𝑂𝐶,𝑀 ) from the fluxes 𝐽𝑂𝑁
gives the fluxes of compounds available for growth.
.𝑔
̇
̇ − 𝐽𝑂𝑁,𝑀
̇
𝐽𝑂𝑁,𝐺
= 𝐽𝑂𝑁

[2.2.3.3a]

.𝑔
̇
̇ − 𝐽𝑂𝐶,𝑀
̇
𝐽𝑂𝐶,𝐺
= 𝐽𝑂𝐶

[2.2.3.3b]

̇ and 𝐽𝑂𝐶
̇ are cumulatively or
Note that under starvation conditions, i.e. when fluxes 𝐽𝑂𝑁
̇ below that required to satisfy maintenance, negative values
individually in the case of 𝐽𝑂𝑁
drive the growth SU system. Therefore, results only consider scenarios when maintenance has
been satisfied.
Growth in the model has identical kinetics to maintenance with respect to chemical
stoichiometry, yield coefficients and binding affinity and therefore follows the pattern
illustrated in Figure 2.2. This assumes that the same proportion of ON and OC materials used
to maintain the organism are used to build new biomass. However, the flux of metabolites to
growth is controlled by what is available after maintenance, i.e. growth is supply driven.
As for maintenance, four binding states are possible. However, as it is assumed that
biomass is formed as soon as an ON is bound to either pathway, the fractions of states 𝜃𝑂𝑁.
and 𝜃𝑂𝑁𝑂𝐶 remain at zero. This is based on the assumption that the creation of biomass when
𝜃𝑂𝑁. and 𝜃𝑂𝑁𝑂𝐶 are created is much faster than the binding to those states. The relative
abundances of binding states 𝜃.. and 𝜃.𝑂𝐶 , therefore, control the ratio of fluxes through the
deamination and sparing pathways to growth. The manner in which the relative abundance of
binding states 𝜃.. and 𝜃.𝑂𝐶 change with time is given as:
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𝑆
𝑆
𝑑
𝜌𝑂𝑁
𝜌𝑂𝐶
.𝑔
.𝑔
̇
̇
𝜃.. = 𝑆 𝐽𝑂𝑁,𝐺
𝜃.𝑂𝐶 − 𝑆 𝐽𝑂𝐶,𝐺
𝜃..
𝑑𝑡
𝑛𝑂𝑁
𝑛𝑂𝐶

[2.2.3.3c]

𝑆
𝑆
𝑑
𝜌𝑂𝐶
𝜌𝑂𝑁
.𝑔
.𝑔
̇
̇
𝜃.𝑂𝐶 = 𝑆 𝐽𝑂𝐶,𝐺
𝜃.. − 𝑆 𝐽𝑂𝑁,𝐺
𝜃.𝑂𝐶
𝑑𝑡
𝑛𝑂𝐶
𝑛𝑂𝑁

[2.2.3.3d]

The steady state values of 𝜃.. and 𝜃.𝑂𝐶 are used to specify the magnitude of bound compounds
that can be used in growth.
ON can be used down one of two pathways. The fraction sent down each pathway is
∗
given by the relative number of binding states 𝜃..∗ and 𝜃.𝑂𝐶
and the associated affinity,
.𝑔

𝑆
𝐷
∗
̇
̇
𝐽𝑂𝑁,𝐺
= 𝐽𝑂𝑁,𝐺
𝜃..∗ + 𝜌𝑂𝑁
𝜃.𝑂𝐶
(𝜌𝑂𝑁
)

̇
𝐽𝑂𝐶,𝐺
=

[2.2.3.3e]

𝑆
𝑆
𝜌𝑂𝐶
𝑛𝑂𝐶
.𝑔
∗
̇
𝐽𝑂𝑁,𝐺
𝜃.𝑂𝐶
𝑆
𝑛𝑂𝑁

[2.2.3.3f]

The flux of OC to growth needs to be specified relative to the ON flux via the sparing pathway
as OC materials alone cannot satisfy growth. Using the ratio of the OC yield relative to the ON
yield via the sparing pathway (

𝑆
𝑛𝑂𝐶

𝑆
𝑛𝑂𝑁

) gives the relative proportion of OC to ON in the growth flux
.𝑔

̇
when multiplied by the flux of ON to growth 𝐽𝑂𝑁,𝐺
.
The same principle is used to quantify the ammonium release flux in the deamination
pathway (Equation 2.2.3.3g) and the respiration fluxes in the sparing and deamination
pathway (Equation 2.2.3.3h) from growth generated due to the inefficiency of substrate use,
given as,

.𝑔
̇ +,𝐺 = 𝐽𝑂𝑁,𝐺
̇
𝐽𝑁𝐻
4

̇
𝐽𝐶𝑂

2 ,𝐺

=

.𝑔
̇
𝐽𝑁𝐹,𝐺

(

𝐷
𝐷
𝜌𝑂𝑁
𝑛𝑁𝐻
+

𝐷
𝐷
𝜌𝑂𝑁
𝑛𝐶𝑂
2
𝐷
𝑛𝑂𝑁

𝐷
𝑛𝑂𝑁

𝜃..∗

+

4

[2.2.3.3g]

𝜃..∗

𝑆
𝑆
𝜌𝑂𝑁
𝑛𝐶𝑂
2
𝑆
𝑛𝑂𝑁

∗
𝜃.𝑂𝐶
)

[2.2.3.3h]

The total amount of biomass produced per hour is given by,
.𝑔

̇ = 𝐽𝑂𝑁,𝐺
̇
𝐽𝑋,𝐺
(

𝑆
𝐷
𝜌𝑂𝑁
𝜌𝑂𝑁
∗
∗
𝜃
+
..
𝐷
𝑆 𝜃.𝑂𝐶 )
𝑛𝑂𝑁
𝑛𝑂𝑁

[2.2.3.3i]

The units of the growth rate (Equation 2.2.3.3i) are in mol C (mol C)-1 hr-1. The growth rates for
Pro and SAR11 in Chapters 3-5 are also specified as rates per day. Pro, an obligate phototroph
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grows only during 12 hours of daylight. The hourly rate for Pro is therefore multiplied by 12.
SAR11 grows in the light and the dark. The light enhanced rate of growth per hour is multiplied
by 12 and the rate of growth in the dark is multiplied by 12. The sum of these two rates gives
the daily growth rate for SAR11. The light dark (L:D) cycle that SAR11 grows under is therefore
12:12 (Section 2.2.5).
The fluxes of ON and OC left over after maintenance and growth i.e. that are in excess
to stoichiometrically balanced growth are released from the cell, given as,
̇
̇ − 𝐽𝑂𝑁,𝑀
̇
̇
𝐽𝑂𝑁,𝑅
= (𝐽𝑂𝑁
− 𝐽𝑂𝑁,𝐺
)

[2.2.3.3j]

̇
̇ − 𝐽𝑂𝐶,𝑀
̇
̇
𝐽𝑂𝐶,𝑅
= (𝐽𝑂𝐶
− 𝐽𝑂𝐶,𝐺
)

[2.2.3.3k]

2.2.4. Growth efficiency
The bacterial growth efficiency (BGE) is calculated as the rate of new growth relative to total
carbon demand which is defined as the sum of new growth and total respiration.

𝐵𝐺𝐸 =

̇ + 𝐽𝐶𝑂
̇
𝐽𝑋,𝐺
2

̇
𝐽𝑋,𝐺
̇
,𝑆 + 𝐽𝐶𝑂

2 ,𝑀

[2.2.4a]
̇ ,𝐺
+ 𝐽𝐶𝑂
2

2.2.5. SAR11 uptake without light: heterotrophic metabolism
In order to modify the model to incorporate resource uptake in the absence of sunlight, two
constraints need to be satisfied. Firstly, uptake rates used to constrain the model during the
day measured empirically at an irradiance of 500 µmol photons m-2 s-1 need to be maintained.
Secondly, the cell must still uptake resources even when irradiance is reduced to zero. The
ratio of light to dark DON uptake in SAR11 has been observed to be 1.23 (Mary et al., 2008)
(Section 2.3.1) and this value is used to constrain the new model formulation. For simplicity,
the ratio of light to dark uptake rates is constrained to be 1.23 at β = 1, where all light is
invested in DON uptake.
In the current model formulation, the uptake of DOC and DON is dependent upon
irradiance through the parallel processing of complementary substrates. For simplicity the
functional response for light harvesting is modified to provide the capacity for nutrient uptake
and growth in the absence of sunlight. The original functional response for light harvesting
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(Equation 2.2.1.1a) is replaced with Equation 2.2.5a below. The new functional response for
𝑛𝑒𝑤
light harvesting 𝑓𝐿𝑖𝑔ℎ𝑡
is given as;

𝑛𝑒𝑤
𝑓𝐿𝑖𝑔ℎ𝑡
=

𝐼 + 𝐼𝑜
𝐼 + 𝐼𝑜 + 𝐾𝑛𝑒𝑤

[2.2.5a]

𝐼𝑜 and 𝐾𝑛𝑒𝑤 are defined in Equations 2.2.5e and 2.2.5f, respectively, below. When irradiance 𝐼
𝑛𝑒𝑤
equals zero, 𝑓𝐿𝑖𝑔ℎ𝑡
is given as;

𝑓𝐷𝑎𝑟𝑘 =

𝐼𝑜
𝐼𝑜 + 𝐾𝑛𝑒𝑤

[2.2.5b]

𝑛𝑒𝑤
When irradiance is 500 µmol photons-2 s-1 𝑓𝐿𝑖𝑔ℎ𝑡
is given as;

𝑛𝑒𝑤
𝑓𝐿𝑖𝑔ℎ𝑡
=

500 + 𝐼𝑜
500 + 𝐼𝑜 + 𝐾𝑛𝑒𝑤

[2.2.5c]

In order to satisfy the requirement that the functional response for light harvesting is the same
𝑛𝑒𝑤
at 500 µmol photons-2 s-1, and so maintaining the constrained uptake rates, 𝑓𝐿𝑖𝑔ℎ𝑡
must equal

the original functional response for light harvesting, given as;
𝑛𝑒𝑤
𝑓𝐿𝑖𝑔ℎ𝑡
=

500 + 𝐼𝑜
500
=
̇
500 + 𝐼𝑜 + 𝐾𝑛𝑒𝑤 500 + 𝐽𝐿,𝐹𝐾

[2.2.5d]

̇
where 𝐽𝐿,𝐹𝐾
is the original half saturation constant value of 2700 µmol photons-2 s-1. Using
Equation 2.2.5b to eliminate 𝐾𝑛𝑒𝑤 from Equation 2.2.5d gives,
̇
𝐽𝐿,𝐹𝐾

𝐼𝑜 =
[

1

𝑓𝐷𝑎𝑟𝑘

−1−

[2.2.5e]
̇
𝐽𝐿,𝐹𝐾
]
500

𝑓𝐷𝑎𝑟𝑘 is tuned using the model. The value of 𝑓𝐷𝑎𝛽𝑘 is the functional response value that allows
SAR11 to uptake DON at night. When irradiance is increased from 0 to 500 µmol photons m -2
s-1, the rates of DON uptake during the day and night are at a ratio 1.23, in accordance with
observations (Mary et al., 2008a) at β = 1 when 𝑓𝐷𝑎𝑟𝑘 = 0.097. Equation 2.2.5e can then be
substituted into equation 2.2.5b to get,
̇
𝐾𝑛𝑒𝑤 = 𝐽𝐿,𝐹𝐾
[1 +
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𝐼𝑜
]
500

[2.2.5f]

All parameters values are given in Table 2.1. The model is run at an irradiance of 500 µmol
photons m-2 s-1 to give the diurnal growth rate. Another model is run in parallel at 0 µmol
photons m-2 s-1 to give the nocturnal growth rate. The sum of both nocturnal and diurnal
growth, each over 12 hours, gives the complete diel growth rate for 24 hours.
2.2.6. Simulation settings
The coupled differential equations were solved using the Runge-Kutta fourth order method.
The model was run with a time step of 0.05 hours for 300 hours. The Powersim Studio 8
platform was used to code the model.

2.3. Model parameters
Parameter values where possible were sourced from the literature. Where not available,
parameters were tuned to data from the literature.
2.3.1. Parameters for the kinetics of resource acquisition
The kinetics for the uptake of individual resources is modelled using the Michaelis-Menten
parameterisation. Therefore, up to three pieces of information are required to describe the
uptake of each resource; the ambient resource concentration, the concentration where half
the maximum rate of the resource uptake is attained, and the maximum rate of uptake.
2.3.1.1. Light harvesting (Pro and SAR11)
Irradiance: 500 µmols photons m-2 s-1. This value is used as it is the experimental irradiance
used to obtain known maximum rate values (Section 2.3.1.4) used in this study (Mary et al.,
2008b).
Half-saturation flux for light harvesting in Pro: 40 µmol photons m-2 s-1. Taken from
observations of chlorophyll based light harvesting in cyanobacteria (MacKenzie et al., 2004,
Kirchman and Hanson, 2012).
Half-saturation flux for light harvesting in SAR11: 2700 µmol photons m-2 s-1. Taken from
observations of PR based light harvesting (Walter et al., 2007, Kirchman and Hanson, 2012).
2.3.1.2. Photosynthetic carbon reduction (Pro only)
DIC concentration: 2000 µM. The total global average dissolved carbon dioxide concentration
in the global ocean has been calculated on the Geotechnical Ocean Sections Study (Takashi et
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al., 1981). For simplicity it is assumed that the global average is relevant to oligotrophic gyre
DIC concentration.
Half saturation constant for DIC uptake: 500 µM. The sensitivity of DIC reduction is largely
dependent on the enzyme RUBISCO, which has a low affinity for its substrate, resulting in a
high half-saturation constant (Falkowski and Raven, 2013). The value used here is that used by
Kooijman et al. (2002) in a similar DEB model of a mixotrophic protist. Protist photosynthetic
systems were gained through horizontal gene transfer from cyanobacteria, such that both still
retain similar twin light harvesting complexes (White, 2007). Therefore assuming the same
half-saturation constant for DIC uptake seems a reasonable first estimate.
2.3.1.3. Uptake of DOC (SAR11 only), DON and DIN (Pro and SAR11)
Defining ambient concentrations for DOC, DON and DIN is problematic. We are only starting to
understand which specific components of each pool are used by each organism and the little
information we have on the size of each generalised ambient pool is highly variable. In
addition, knowledge of the kinetics of nutrient uptake in relation to changing resource
concentrations are limited (del Carmen Muñoz-Marín et al., 2013) and so obtaining accurate
half saturation constants is difficult.
Uptake uses a Michaelis-Menten representation and so the half saturation constant
defines the shape of the saturating curve and therefore the nature of the cells response to
changing ambient conditions. Both Pro and SAR11 use the same high affinity ABC-cassette
transporters (Kettler et al., 2007, Sowell et al., 2008) and so may have a similar response to
changing ambient nutrient conditions. The half saturation constants for DOC, DON and DIN are
therefore considered to be the same for Pro and SAR11.
For simplicity the maximum ambient concentrations for DOC, DON and DIN are 1 and
each nutrient’s half saturation constant is 0.2, which produces a similar shaped curve to that
observed for glucose uptake in Pro, which is the only information available (del Carmen
Muñoz-Marín et al., 2013). Ambient conditions in each experiment (X) are given as the
concentration of DOC, DON and DIN relative to the half saturation constant estimate (Section
2.3.2) (K) as X/K. The maximum ambient nutrient condition experienced by Pro and SAR11 in
each experiment is therefore 5 and are referred to as non-limiting conditions. The sensitivity of
results to changes in the ambient conditions is explored for each experiment from X/K of 5 to
0.
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2.3.1.4. The maximum rates of uptake and synthesis
The maximum rates of uptake and synthesis have not been empirically determined for natural
populations for Pro and SAR11. Measurements of uptake and synthesis from field studies used
to parameterise the model are, therefore, considered as maximum rates. These “maximum
rates” are not available for every resource from empirical analyses for Pro and SAR11 and,
therefore, some need to be estimated as described in Section 5.2.1.
A key assumption for the estimation of the maximum rate parameters is that both Pro
and SAR11 grow at 0.20 d-1. The requirement that both Pro and SAR11 grow at the same rate is
explained in Section 5.1. The growth rate of 0.20 d-1 is within ranges observed for both
organisms (Goericke and Welschmeyer, 1993, Zubkov, 2014, Rappe et al., 2002, Giovanonni et
al., 2005a).
Estimates for the maximum DON uptake rate (Mary et al., 2008b), and a maximum
CHO synthesis rate (Jardillier et al., 2010) are available for Pro but the maximum DIN uptake
rate is not. In order to estimate this rate, it is assumed that DIN, DON and CHO satisfy all of
Pro’s carbon and nitrogen requirements. The estimated maximum rate of DIN uptake is
therefore that required to supplement the nitrogen sourced from DON, allowing Pro to grow
at 0.20 d-1. This is achieved by increasing the parameter that defines the maximum uptake rate
of DIN until the growth rate 0.20 d-1 is achieved for single value of light energy investment β.
For SAR11, an estimate for the maximum uptake rate of DON is available (Mary et al.,
2008b) but not for the maximum uptake rates of DOC and DIN. For consistency in order to get
parameter values for all these rates a scaling method is employed. The maximum rates of DIN
and DON uptake are estimated by assuming that these rates will scale according to the
differences in surface area to volume ratio (SA:V) between Pro and SAR11. The details of this
method are given in Section 5.2.1. The estimated and measured values for the maximum rate
of DON uptake are compared in Section 2.3.1.5. The maximum rate of DOC uptake is estimated
by assuming that DOC supplements the fluxes of DIN and DON in order for SAR11 to grow at a
rate of 0.20 d-1. The maximum rate of DOC uptake parameter is increased until this growth rate
is achieved for a single value of β.
The ambient conditions used to constrain the maximum rates are all at the maximum
investigated in this thesis. Irradiance is therefore 500 µmols photons m-2 s-1, DIC is 2000 µM
and all other substrates are set to 1, with an X/K of 5. Conversions from cell specific to biomass
specific uptake rates were calculated by assuming 16 fg C cell-1 in Pro and 8 fg C cell-1 in SAR11
(Grob et al., 2013).
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2.3.1.5. Maximum uptake rate for DON
Pro: 0.0030 mol C (mol C)-1 hour-1. Amino acids are a significant source of nitrogen for Pro
(Zubkov et al., 2003, Zubkov and Tarran, 2005) and therefore used as proxy for DON uptake.
Leucine uptake rates are known for Pro (Mary et al., 2008b, Gómez-Pereira et al., 2012). The
mole percentage composition of leucine in bacteria protein has been determined by Simon
̇
and Azam (1989). A maximum DON uptake rate 𝐽𝐷𝑂𝑁,𝑈𝑚
, of 0.003 mol C (mol C)-1 hr-1, is
calculated assuming all other amino acids scale with leucine uptake according to their relative
abundance in bacteria protein.
SAR11: 0.0063 mol C (mol C)-1 hr-1. This value is calculated using the same method to that used
for Pro by scaling the uptake rate of leucine, known for SAR11 (Mary et al., 2008a).
SAR11: 0.0084 mol C (mol C)-1 hr-1. This value was obtained through scaling the DON uptake
rate in Pro to SAR11 by assuming differences in uptake are linearly proportional to any change
in the cells SA:V. This value is 1.33 fold greater than that measured by Mary et al. (2008a) and
within the studies measurement variability. This value is used for consistency with the
approach used to estimate the maximum rate of DIN uptake in SAR11 (Section 2.3.1.7).
2.3.1.6. Maximum rate of carbon acquisition
Pro (CHO synthesis): 0.080 mol C (mol C)-1 hr-1. It is assumed for simplicity that the maximum
rate of CHO synthesis is equal to the maximum rate of carbon dioxide assimilation. The above
parameter value is estimated from assimilation rate measurements using carbon-14 uptake
experiments (Jardillier et al., 2010). The rate of assimilation is based on internal quota of
assimilated radio-isotopic tracer. This value may not include any CHO excreted from the cell,
which can be up to 40 % of fixed carbon in Pro (Bertilsson et al., 2005, Karl et al., 1998). The
value may be lower than the true gross photosynthetic carbohydrate flux. Direct empirical
measurements of the gross carbohydrate flux are unavailable for Pro. The value used probably
lies somewhere between the net and gross CHO synthesis rate and seems a reasonable
compromise.
SAR11 (DOC uptake): 0.023 mol C (mol C)-1 hr-1. This value is found by tuning the model to fit a
growth rate of 0.20 d-1, supplementing the DIN and DON fluxes (as discussed in Section
2.3.1.4).

61

2.3.1.7. Maximum rate of DIN uptake
Pro: 0.0022 mol N (mol C)-1 hr-1. This value is the required maximum rate needed to
supplement the known uptake rates of DON uptake and CHO synthesis in order for Pro to grow
at 0.20 d-1.
SAR11: 0.0057 mol N (mol C)-1 hr-1. This value has been obtained through scaling the maximum
DIN uptake rate in Pro according to differences in the two cells’ SA:V (Section 5.2.1).
2.3.1.8. Maximum rate of amino acid synthesis
Pro: 0.053 mol C (mol C)-1 hour-1. It is assumed that the maximum rate of AA synthesis is
constrained by the flux of available CHO and reflecting the efficiency of AA synthesis, which is
67 % (De Vries et al., 1974). As the rate of maximum rate of CHO synthesis is 0.080 mol C (mol
C)-1 hr-1 (Jardillier et al., 2010), this value is multiplied by 0.67 to give the above maximum rate
of AA synthesis.
SAR11: 0.015 mol C (mol C)-1 hr-1. This value was obtained in the same manner as the
maximum rate of AA synthesis in Pro but using the maximum rate of DOC uptake. The same
efficiency in the synthesis process is assumed for Pro and SAR11.
Conversion efficiency from carbon compounds (CHO/DOC) to AA: 1.5 mol C (mol C)-1. AA
synthesis is paid for through CHO/DOC mobilisation when DIN is the only nitrogenous growth
substrate (Goldman and Dennett, 1991, Goldman et al., 1987, Goldman and Dennett, 2000).
The cost has been calculated using the biochemistry of conversion reactions involved in AA
synthesis reaction chains (De Vries et al., 1974). It is assumed that the summation of all the
steps in reaction chains yields an overall balance for the synthesis of an AA (De Vries et al.,
1974). As a first estimate, the reaction chain has been calculated for the synthesis of leucine,
which requires a total of 1.5 carbon molecules for the synthesis of 1 leucine molecule (De Vries
et al., 1974). Therefore the carbon conversion efficiency for AA synthesis is 67 %. The same
value is assumed for Pro and SAR11 as both cells use the same synthesis machinery (Sowell et
al., 2008, Kettler et al., 2007).
C:N of synthesised amino acids: 4.3 mol C (mol N)-1. The AA composition and relative
abundance in bacteria biomass has been determined for coastal Atlantic waters (Simon and
Azam, 1989). The average C:N ratio of bacterial AA, based on their relative abundance in
bacterial protein, has been calculated to represent the average C:N ratio of AA synthesised by
the organism, which is 4.3 (Simon and Azam, 1989). Although oceanic bacterioplankton
populations have a higher C:N ratio than coastal populations (Fukuda et al., 1998) differences
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are assumed to be negligible for the sake of this parametrisation. It is a requirement in the
model that the C:N of ambient DON is the same as the C:N of synthesised AA. This is because
biomass is synthesised in a fully stoichiometrically balanced framework using the known C:N
ratio of substrate relative to the C:N ratio of cell biomass. Because mixed oceanic
bacterioplankton where Pro and SAR11 abound can select individual AAs specifically suited for
metabolism (Zubkov et al., 2008), it is assumed that the DON taken up will have the same C:N
as synthesised AA.
2.3.1.9. Flux ratios
Flux ratios: A value of 10 for the flux ratios, 𝑧𝐿 , 𝑧𝐶 and 𝑧𝐷𝑂𝑁 , is taken from a previously
published DEB model of a mixotrophic protest (Kooijman et al., 2002). These parameters
control the contribution of each compound to the production process in the photoautotrophy
and photoheterotrophy SUs (Equations 2.2.1.3 and 2.2.1.4), which is assumed to be equal for
all substrates.
2.3.2. Maintenance and growth
Maintenance rate: 0.0021 mol C (mol C)-1 hr-1. This value is the turnover rate of leucine in Pro
cells in the subtropical North Atlantic (Hill et al., 2013). There is no other information available
quantifying biomass turnover for maintenance biomass for Pro and SAR11. Therefore, this rate
is assumed for both organisms.
Organic carbon (OC) conversion efficiency: 0.96 (sparing pathway, Equation 2.2.3a) (mol C (mol
C)-1)
Organic nitrogen (OC) conversion efficiency: 0.96 (deamination pathway, Equation 2.2.3b) (mol
C (mol C)-1)
The conversion efficiencies have been calculated by Calow (1977) and are considered the ‘best
possible’ efficiency of a unicell. The calculations are based on the requirement of energy for
polymerisation of monomers using ATP, the efficiency of aerobic systems and the efficiency of
transferring energy from ATP to polymeric linkages (Calow, 1977).
DON C:N: 4.3 mol C (mol N)-1. The value for this parameter is the same as the C:N of AA and
the full justification is given in Section 2.3.1.8.
Biomass C:N of Pro: 9.2 mol C (mol N)-1. The C:N ratio of Pro biomass has been determined
using measurements of the elemental composition of six strains of Pro by X-ray microanalysis
(Bertilsson et al., 2003).
63

Biomass C:N of SAR11: 5 mol C (mol N)-1. The C:N ratio of SAR11 biomass has been determined
using measurements of the elemental composition of individual cells from natural populations
using X-ray microanalysis (Grob et al., 2013).
2.3.2.1. Binding probabilities
Binding probability of organic nitrogen (ON) to 𝜃..: 0.95
Binding probability of organic nitrogen (ON) to 𝜃.𝑂𝐶 : 1
Binding probability of organic carbon (OC) to 𝜃..: 1
In the model, the ON and OC fluxes are delivered to the maintenance and growth machinery.
The use of these metabolites for maintenance and growth and the relative influence of the
deamination and sparing pathways on synthesis is dependent on the rate of ON and OC
delivery and the likelihood of substrates binding to enzymes for synthesis. The likelihood is set
by the binding affinity parameters (Section 2.2.3.2). To tune the values for the binding affinity
parameters the model was fit to data of Goldman et al. (1987). This experimental work
provided data for the change in the growth efficiency of a mixed bacterioplankton population
with different ambient substrate C:N, set using different relative DON and DOC concentrations.
Goldman et al. (1987) defined carbon growth efficiency (CGE) as the ratio of particulate carbon
to total available carbon. The nitrogen regeneration efficiency (NRE) was defined as the
relative amount of released ammonium to total nitrogen.
For the purpose of parameter tuning it was assumed that maintenance and growth are
satisfied by heterotrophic DON and DOC uptake, i.e. the kinetics of maintenance and growth
are based on that of a heterotrophic bacterial cell growing on DOC and DON only. The rate of
uptake in the model is not only dependent on ambient substrate concentrations but also upon
the maximum rate of substrate uptake, which conceptually represents the number of
membrane transporters for each substrate and substrate handling time (Aksnes and Egge,
1991). We do not have this information for the study by Goldman et al. (1987) and therefore
assume the same quantity of transporters for DOC and DOC. CGE and NRE were fitted
according to changes in the ambient pools only. The experimental conditions of Goldman et al.
(1987) were recreated in this study by changing the ambient concentration of DOC and DON. A
maintenance rate for the study by Goldman et al. (1987) was not calculated. The rate of 0.0021
mol C (mol C)-1 hr-1 (Section 2.3.2) is used as a first estimate. The model fit is shown in Figure
2.2.
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The theory behind the relative values for the binding probabilities is in accordance
with that given by Kuijper et al. (2004). In short, a high affinity is set for the binding of ON to
𝜃.𝑂𝐶 and OC to 𝜃.. favouring the sparing pathway.
To first order the model follows the patterns of bacterioplankton CGE and NRE. It is
reassuring that at low substrate C:N, i.e. carbon limitation, the model fits the data well. Where
the C:N increases, i.e. increased carbon availability, NRE is over predicted. The absence of
maximum uptake rates of DOC and DON uptake from the Goldman et al. (1897) study required
to constrain the model may partially explain the poor model fit at high C:N. These maximum
rates are set to be equal for the purpose of tuning the binding affinity parameters and,
therefore, an equal density of membrane transporters for DOC and DON is assumed, as
discussed. If this is not the case for every experimental substrate C:N, then the uptake rates of
DOC and DON at the simulated substrate C:N may not represent that which occurred in the
experiments by Goldman et al. (1987). This may influence the relative delivery of OC and ON to
maintenance and growth, the rate of ammonium release and therefore NRE.
It has been suggested that nitrogen recycling is likely in bacterial cells (Goldman and
Dennett, 2000). The current model formulation does not consider nitrogen recycling. It is
possible that the absence of a recycling mechanism in the model may contribute to the over
prediction of ammonium regeneration efficiency at high substrate C:N. A nitrogen recycling
mechanism would presumably increase the potential for ammonium assimilation where
carbon is non-limiting (high substrate C:N) and reduced the rate of ammonium release.
2.4. Sensitivity analysis
Sensitive model parameters are evaluated in order to quantify how variation in model output
can be apportioned to sources of physiological variation and parameter uncertainty. Sensitivity
analysis is conducted by evaluating the relative change in model output divided by a relative
change in a parameter value, known as normalised sensitivity (𝑆), given as
𝑆=

𝑉𝐶 − 𝑉𝑆
𝑃𝐶 − 𝑃𝑆

where 𝑉𝑆 and 𝑃𝑆 is the standard variable quantity and standard parameter value, respectively.
𝑉𝐶 is the changed variable quantity as a result of the changed parameter value 𝑃𝐶 . Parameter
values are changed individually by ±20 %. Sensitivity analyses are conducted for all parameters
relative to key processes of interest which are listed for Pro and SAR11 in Table 3.1 and Table
4.1, respectively. Sensitivity analyses are conducted for key processes of interested at the
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optimum light investment for maximum growth rate for both Pro and SAR11 in specified
ambient conditions.
2.5. Summary of the approach
Models have been built and parametrised that describe the physiology and metabolism of
individual Pro and SAR11 cells. Each model has the ability to partition harvested solar energy
between resource acquisition pathways. This allows for an analysis of how photoheterotrophic
light use influences the growth and processing of carbon and nitrogen in Pro and SAR11,
investigated separately in Chapters 3 and 4, respectively. The influence of photoheterotrophic
light use on the growth and metabolism of Pro and SAR11 is first explored using the default
parameter sets (Table 2.1), referred to as non-limiting conditions. Ambient resources are then
decreased individually in subsequent experiments in order to investigate the importance of
photoheterotrophy for Pro and SAR11 growth under resource limiting conditions. A detailed
description of the experimental approach is given for the analyses of Pro and SAR11 in Sections
3.2 and 4.2, respectively.
Note that for Pro, the non-limiting conditions specified by the default parameter set are
not saturating for ambient DIN (Figure 3.8). This is because the maximum rate of DIN uptake
has been estimated using the model and the use of DIN saturates at a higher maximum rate of
DIN uptake. For simplicity and continuity with the other experiments the default parameter set
will still be referred to as non-limiting conditions with the caveat that the use of DIN is not
saturating in Pro.
The model framework has the flexibility to parameterise for the distinct physiologies of
Pro and SAR11 in order to understand how their unique strategies influences their growth rate,
investigated in Chapter 5. The approach used is discussed in detail in Section 5.2. The strategy
provides a means of quantifying the relative importance of each investigated physiological trait
for Pro and SAR11 growth and critically for this thesis, photoheterotrophic resource
acquisition. Only the default parameter set and, therefore, non-limiting conditions are used for
this investigation.
A full sensitivity analysis is conducted according to the method given in Section 2.4 for
the Pro and SAR11 default parameter sets and in resource limiting conditions, provided in the
Appendices Sections 3.8 and 4.8, respectively.
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2.6. Tables
Table 2.1 All of the model parameters and variables for both Pro and SAR11 with a brief
description and units. The arrow (←) indicates that the values for SAR11 are the same as for
Pro.
Symbol

Description

Pro

SAR11

Units

𝑋𝐷𝑂𝑁

Concentration of ambient dissolved organic nitrogen

0-1

←

-

𝑋𝐷𝑂𝐶

Concentration of ambient dissolved organic carbon

0-1

←

-

𝑋𝐷𝐼𝑁

Concentration of ambient dissolved inorganic nitrogen

0-1

←

-

𝑋𝐷𝐼𝐶

Concentration of ambient dissolved inorganic carbon

2000

n/a

µM

̇
𝐽𝐿,𝐹

Irradiance

0-500

←

µmols photons m-2 s-1

𝐾𝐷𝑂𝑁

Half saturation constant for dissolved organic nitrogen

0.2

←

-

𝐾𝐷𝑂𝐶

Half saturation constant for dissolved organic carbon

n/a

0.2

-

𝐾𝐷𝐼𝑁

Half saturation constant for dissolved inorganic nitrogen

0.2

←

-

𝐾𝐷𝐼𝐶

Half saturation constant for dissolved inorganic carbon

500

n/a

µM

̇
𝐽𝐿,𝐹𝐾

Half saturation flux for light

40

2700

µmols photons m-2 s-1

̇
𝐽𝐷𝑂𝑁,𝑈𝑚

Maximum rate of dissolved organic nitrogen uptake

0.003

0.0084

mol C (mol C)-1 hr-1

̇
𝐽𝐷𝐼𝑁,𝑈𝑚

Maximum rate of dissolved inorganic nitrogen uptake

0.0022

0.0057

mol N (mol C)-1 hr-1

̇
𝐽𝐶,𝑈𝑚

Maximum rate of carbohydrate synthesis or DOC uptake

0.080

0.023

mol C (mol C)-1 hr-1

̇
𝐽𝐴𝐴,𝑆𝑚

Maximum rate of amino acid synthesis

0.053

0.015

mol C (mol C)-1 hr-1

𝑋

Growth biomass

Variable

←

mol C (mol C)-1

𝑛𝐶𝐺𝑆

CHO/DOC used per amino acid produced

1.5

←

mol C (mol C)-1

𝐺𝑆
𝑛𝑁

DIN used per amino acid produced

0.23

←

mol N (mol C)-1

𝐺𝑆
𝑛𝐶𝑂
2

CO2 formed per amino acid produced

0.5

←

mol C (mol C)-1

𝐷
𝑛𝑂𝑁

Organic nitrogen (ON) used per biomass unit formed via the 1.04
deamination route

←

mol C (mol C)-1

𝐷
𝑛𝐶𝑂
2

CO2 formed per biomass unit produced via the deamination 0.04
route

←

mol C (mol C)-1

𝐷
𝑛𝑁𝐻
+
4

NH4+ formed per biomass unit produced via the
deamination route

0.05

0.14

mol N (mol C)-1

𝑆
𝑛𝑂𝑁

Organic nitrogen (ON) used per biomass unit formed via the 0.47
sparing route

0.86

mol C (mol C)-1

𝑆
𝑛𝑂𝐶

Organic carbon (OC) used per biomass unit formed via the
sparing route

0.57

0.18

mol C (mol C)-1

𝑆
𝑛𝐶𝑂
2

CO2 formed per biomass unit produced via the sparing
route

0.04

←

mol C (mol C)-1

𝐷
𝜌𝑂𝑁

Binding probability of organic nitrogen (ON) to 𝜃..

0.95

←

-

𝑆
𝜌𝑂𝑁

Binding probability of organic nitrogen (ON)to 𝜃.𝑂𝑁

1

←

-

𝑆
𝜌𝑂𝐶

Binding probability of organic carbon (OC) to 𝜃..

1

←

-

𝜃𝑥𝑦

Fraction of SUs in state xy

Variable

←

-

𝑘𝑀

Maintenance turnover rate

0.0021

←

mol C (mol C)-1 hr-1

𝜓𝐶𝐴𝐴

CHO/DOC yield efficiency of amino acid synthesis

0.67

←

mol C (mol C)-1

𝜓𝑂𝑁

Organic nitrogen (ON) yield efficiency: deamination route

0.93

←

mol C (mol C)-1
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𝜓𝑂𝐶

Organic carbon yield efficiency: sparing route

0.93

←

mol C (mol C)-1

𝜑𝑂𝑁

C:N of organic nitrogen (ON) (DON and AA)

4.3

←

mol C (mol N)-1

𝜑𝑋

C:N of biomass

9.2

5

mol C (mol N)-1

Ω𝑂𝑁.

Steady-state binding state for the D-route

Variable

←

-

Ω𝑂𝑁𝑂𝐶

Steady state binding state for the S-route

Variable

←

-

𝛼

Trade-off parameter for the CHO/DOC flux

Variable

←

-

𝛽

Trade-off parameter for light use

0≤β≤1

←

-

𝑧𝐶

Flux ratio for CHO/DOC synthesis/uptake

10

←

-

𝑧𝑁

Flux ratio for DON uptake

10

←

-

𝑧𝐿

Flux ratio for light harvesting

10

←

-

̇
𝐽𝐷𝑂𝑁,𝑈

Rate of DON uptake

Variable

←

mol C (mol C)-1 hr-1

̇
𝐽𝐷𝐼𝑁,𝑈

Rate of DIN uptake

Variable

←

mol N (mol C)-1 hr-1

̇
𝐽𝐷𝐼𝑁,𝑅

Rate of DIN rejection for AA SU

Variable

←

mol N (mol C)-1 hr-1

̇
𝐽𝐶,𝑆

Rate of CHO synthesis/DOC uptake

Variable

←

mol C (mol C)-1 hr-1

̇
𝐽𝐴𝐴,𝑆

Rate of amino acid synthesis

Variable

←

mol C (mol C)-1 hr-1

̇
𝐽𝐴𝐴,𝑅

Rejected CHO/DOC flux from amino acid synthesis SU

Variable

←

mol C (mol C)-1 hr-1

̇ ,𝐴𝐴
𝐽𝐶𝑂
2

CO2 produced at amino acid synthesis

Variable

←

mol C (mol C)-1 hr-1

̇
𝐽𝑂𝐶

Total organic carbon (OC) flux sent to maintenance and
growth

Variable

←

mol C (mol C)-1 hr-1

̇
𝐽𝑂𝑁

Total organic nitrogen (ON) flux sent to maintenance and
growth

Variable

←

mol C (mol C)-1 hr-1

̇
𝐽𝑂𝑁,𝑀

Organic nitrogen (ON) flux used for maintenance

Variable

←

mol C (mol C)-1 hr-1

̇
𝐽𝑂𝐶,𝑀

Organic carbon (OC) flux used for maintenance

Variable

←

mol C (mol C)-1 hr-1

̇ +,𝑀
𝐽𝑁𝐻
4

NH4+ produced in maintenance

Variable

←

mol N (mol C)-1 hr-1

̇ ,𝑀
𝐽𝐶𝑂
2

CO2 produced in maintenance

Variable

←

mol C (mol C)-1 hr-1

̇
𝐽𝑋,𝑀

Biomass produced in maintenance

Variable

←

mol C (mol C)-1 hr-1

Organic nitrogen (ON) flux assigned to growth

Variable

←

mol C (mol C)-1 hr-1

̇
𝐽𝑂𝐶,𝐺

Organic carbon (OC) flux assigned to growth

Variable

←

mol C (mol C)-1 hr-1

̇
𝐽𝑂𝑁,𝐺

Organic nitrogen (ON) flux used for growth

Variable

←

mol C (mol C)-1 hr-1

̇
𝐽𝑂𝐶,𝐺

Organic carbon (OC) flux used for growth

Variable

←

mol C (mol C)-1 hr-1

̇ +,𝐺
𝐽𝑁𝐻
4

NH4+ produced in growth

Variable

←

mol N (mol C)-1 hr-1

̇ ,𝐺
𝐽𝐶𝑂
2

CO2 produced in growth

Variable

←

mol C (mol C)-1 hr-1

̇
𝐽𝑋,𝐺

Growth rate

Variable

←

mol C (mol C)-1 hr-1

̇
𝐽𝑂𝑁,𝑅

Organic nitrogen (ON) flux in excess to growth

Variable

←

mol C (mol C)-1 hr-1

̇
𝐽𝑂𝐶,𝑅

Organic carbon (OC) flux in excess to growth

Variable

←

mol C (mol C)-1 hr-1

𝑓𝐷𝑎𝑟𝑘

Functional response for SAR11 uptake in the dark

n/a

0.097

-

𝐾𝑛𝑒𝑤

Half saturation irradiance for the SAR11 dark model

n/a

6430

µmols photons m-2 s-1

𝐼𝑜

Irradiance for the SAR11 dark model

n/a

691

µmols photons m-2 s-1

.𝑔

̇
𝐽𝑂𝑁,𝐺
.𝑔
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2.7. Figures

Figure 2.1 Schematic of the model. The green box represents light harvesting pigments:
divinyl-chlorophyll-a in Pro and proteorhodopsin in SAR11. The partitioning of harvested light
energy between CHO synthesis/DOC uptake and DON uptake is controlled by the parameter β.
CHO in Pro, synthesised through DIC reduction, and DOC in SAR11 are partitioned between AA
synthesis (dark blue circle) and maintenance and growth (red circles) using the parameter α.
DIN is taken up (light blue circle) and bound to CHO/DOC to synthesise AA (dark blue circle)
which is added to the flux of DON. The organic nitrogen flux (ON), which contains carbon and
nitrogen (DON and AA fluxes) and organic carbon flux (OC), which contains carbon but no
nitrogen (CHO/DOC fluxes remaining after AA synthesis) (black circles) are available for the cell
to satisfy maintenance as a priority and then growth (red circles). Carbon dioxide is respired at
AA synthesis and maintenance and growth. Ammonium is released at maintenance and
growth. Maintenance biomass is assumed to be lost from the cell along with OC and ON that
are in excess to stoichiometric requirements for growth.
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Deamination

Sparing

pathway

pathway
OC

OC

𝜃..

𝜃.𝑂𝐶

ON

ON
ON

ON

OC

𝜃𝑂𝑁.

𝜃𝑂𝑁𝑂𝐶

X, CO2 and NH4+

X and CO2

Figure 2.2 Schematic detailing the four binding states for maintenance and growth and the
products formed via the deamination (Equation 2.2.3a) (left) and sparing (Equation 2.2.3b)
(right) pathways. ON corresponds to an organic nitrogen molecule and OC corresponds to the
organic carbon molecule. 𝜃𝑥𝑦 corresponds to binding states. Figure adapted from Kuijper et al.
(2004)

Figure 2. 3 Model fit (line) to data of Goldman et al. (1987) (circles) for carbon growth
efficiency and nitrogen regeneration efficiency for tuning the binding efficiencies.
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Chapter 3:
3.1

The use of sunlight in Prochlorococcus

Chapter overview and rationale

Chapter 1 described how the most abundant photosynthetic organism in the ocean, the
cyanobacteria Prochlorococcus (Pro) (Partensky et al., 1999), can also enhance its uptake of
dissolved organic material (DOM) in the presence of sunlight (Michelou et al., 2007, Mary et
al., 2008b, Gómez-Pereira et al., 2012), a mode of resource acquisition termed
photoheterotrophy. Pro not only play a critical role in open ocean carbon fixation (Zubkov,
2014, Goericke and Welschmeyer, 1993) but also dominate the uptake of DOM (Michelou et
al., 2007, Mary et al., 2008b, Gómez-Pereira et al., 2012, Zubkov et al., 2003, Zubkov et al.,
2004b, Zubkov and Tarran, 2005) and therefore play an important part in the cycling of organic
matter in the microbial food web. The ability to partition the use of harvested solar energy
between photosynthesis and photoheterotrophy may increase the growth rate of Pro and alter
our understanding of the role of this abundant organism in the processing of carbon and
nitrogen in the open ocean. The aim of this chapter is to investigate the influence of
photoheterotrophic light use on the growth rate of Pro and its influence on key physiological
processes.
3.2

Approach

The focus of this study is the specific growth rate of Pro and in particular the maximum growth
rate that can be achieved by optimally partitioning harvested solar energy between
photosynthesis and photoheterotrophy. The growth rate is defined as the quantity of carbon
invested in new biomass per day (Section 2.2.3.3). The influence of the multiple uses of
harvested solar energy on the uptake and fate of carbon and nitrogen is also evaluated. All
fluxes considered are listed in Table 3.1. A schematic summary of the model is shown in Figure
3.1. The model description, formulae and parameter values can be found in Chapter 2.
The impact of partitioning light energy between photosynthesis and photoheterotrophy
on growth rate is explored through four experiments. Each experiment investigates a different
influence of the ambient environment. In the first experiment, the growth rate of a Pro cell
that can use light energy for photosynthesis and photoheterotrophy is compared to a baseline
cell type that cannot direct light energy to enhance DON uptake, growing by photoautotrophy
alone. All ambient conditions in the first experiment are assumed to be non-limiting. The
dynamics of the baseline photoautotrophy model and the multiple light use model are then
compared at multiple ambient DIN (Experiment 2), DON (Experiment 3) and irradiance
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(Experiment 4) conditions in order to understand how a changing ambient environment
influences the importance of photoheterotrophic light use for Pro growth rate, and its use of
carbon and nitrogen. A quantitative evaluation of the key processes of interest, listed in Table
3.1, is undertaken for each experiment. Experimental conditions are given in Table 3.2 and
outlines of the four experiments are given below.
Experiment 1: The first experiment analyses the influence of multiple solar energy uses on Pro
growth and metabolism relative to a cell that can only perform photosynthesis. The model
allowing photosynthetic and photoheterotrophic light use is referred to as Pro-PH and the
baseline model growing by photoautotrophy alone is called Pro-PA. Both cells harvest light and
nutrients for 12 hours out of a 24 hour growth period and growth is only possibly during
daylight hours. A 12:12 light:dark cycle is therefore assumed and is used for all experiments.
The parameter representing how light energy is allocated, β, varies between 0 and 1. As β
tends to zero more light energy is invested in photosynthesis at the expense of
photoheterotrophy, and as β tends to one, more light energy is invested in photoheterotrophy
at the expense of photosynthesis. Irradiance and ambient nutrient conditions are given in
Table 3.2. and explained in Section 2.3.1. Optimal light investment for maximum growth rate,
referred to as 𝛽𝑜𝑝𝑡 , in addition to suboptimal β are investigated in the first experiment. This is
in order to understand what processes constrain the optimum. The suboptimum analysis is
only undertaken for Experiment 1 as it is assumed that Pro would optimally balance the use of
solar energy to maximise growth rate and, therefore, the behaviour at 𝛽𝑜𝑝𝑡 is of primary
interest.
Experiment 2: The second experiment is designed to analyse how ambient DIN influences the
use of harvested solar energy by comparing the dynamics of Pro-PA and Pro-PH at multiple
ambient DIN from 0 to 5 (X/K). All other ambient conditions are kept constant as in Experiment
1 (Table 3.2). For each value of DIN (X/K) only the behaviour at 𝛽𝑜𝑝𝑡 is investigated.
Experiment 3: The third experiment investigates how ambient DON influences solar energy
use by comparing the dynamics Pro-PA and Pro-PH at multiple ambient DON from 0 to 5 (X/K).
Again all other ambient conditions are kept constant (Table 3.2) as in Experiment 1 and only
the behaviour at 𝛽𝑜𝛽𝑡 is evaluated.
Experiment 4: The fourth experiment analyses how irradiance intensity influences the use of
harvested solar energy by comparing the behaviour of Pro-PA and Pro-PH at multiple
irradiances from 0 to 500 µmol photons m-2 s-1. All other nutrients are constant (Table 3.2) and
once again only the behaviour at 𝛽𝑜𝑝𝑡 is evaluated.
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3.3

Results

3.3.1

Experiment 1: non-liming conditions (the default parameter set)
Growth rate and the uptake of carbon and nitrogen at 𝜷𝒐𝒑𝒕

3.3.1.1

The Pro-PH model has been fitted to a growth rate of 0.20 mol C (mol C)-1 d-1, as discussed in
Section 2.3.1.4. In order to grow at this rate Pro-PH needs to invest 38 % of harvested solar
energy in photosynthesis with the remaining 62 % invested in photoheterotrophy (𝛽𝑜𝑝𝑡 = 0.62)
(Figure 3.2). Pro-PA can only invest solar energy in photosynthesis (β = 0) and grows at 0.137
mol C (mol C)-1 d-1. The growth curves of Pro-PA and Pro-PH, therefore, intersect at β = 0 where
both growth via photoautotrophy only. The difference in growth rate between Pro-PA and ProPH is 0.063 mol C (mol C)-1 d-1, i.e. the ability to partition harvested solar energy between
photosynthesis and photoheterotrophy allows Pro-PH to grow 46.0 % faster than Pro-PA in
non-limiting conditions (Figure 3.2).
The effect of directing solar energy away from photosynthetic CHO synthesis is
inconsequential for its rate of production as light use for its production is saturating,
decreasing by only 0.8 % from 7.83 x10-2 mol C (mol C)-1 hr-1 in Pro-PA to 7.77 x 10-2 mol C (mol
C)-1 hr-1 Pro-PH (Figure 3.2). The trade-off for solar energy does not significantly influence the
rate of AA production either (and therefore DIN assimilation), decreasing by only 0.3 % from
6.73 x 10-3 mol C (mol C)-1 hr-1 in Pro-PA to 6.71 x 10-3 mol C (mol C)-1 hr-1 in Pro-PH. The solar
energy trade-off, therefore, does not significantly affect carbon availability for AA synthesis.
The OC flux is not changed significantly as the rates of CHO and AA synthesis aren’t affected by
photoheterotrophic light use, decreasing by 0.9 % from 6.83 x 10-2 mol C (mol C)-1 hr-1 in ProPA to 6.77 x 10-2 mol C (mol C)-1 hr-1 in Pro-PH (Figure 3.2). Photoheterotrophy facilitates a
DON uptake rate of 2.94 x 10-3 mol C (mol C)-1 hr-1 in Pro-PH (Figure 3.2). Supplementing the AA
flux with DON produces an ON delivery rate to maintenance and growth of 9.64 x 10-3 mol C
(mol C)-1 hr-1, which is 43.4 % greater than in Pro-PA (6.73 x 10-3 mol C (mol C)-1 hr-1) (Figure
3.2), providing Pro-PH with the increased nitrogen required to grow 46.0 % faster.
Photoheterotrophy increases the total rate of nitrogen uptake by 43.4 %, from 1.56 x
10-3 mol N (mol C)-1 hr-1 in Pro-PA to 2.24 x 10-3 mol N (mol C)-1 hr-1 in Pro-PH (Figure 3.3). DON
accounts for 30.0 % of total nitrogen uptake, with the remaining 70.0 % from DIN in Pro-PH
(Figure 3.2). The total carbon uptake rate, however, is not changed significantly through
photoheterotrophic light use, increasing only by 3.0 % from 7.83 x 10-2 mol C (mol C)-1 hr-1 in
Pro-PA to 8.36 x 10-2 mol C (mol C)-1 hr-1 in Pro-PH (Figure 3.3). Photosynthetically generated
CHO accounts for 96.4 % of total carbon uptake, with the remaining 3.6 % sourced from DON
(Figure 3.2).
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3.3.1.2

The fate of carbon and nitrogen at 𝜷𝒐𝒑𝒕

Photoheterotrophic light use results in a small increase in the percentage of the total carbon
flux assimilated into biomass from 15 % in Pro-PA to 21 % in Pro-PH, whilst the change in total
carbon uptake rate is minimal (Figure 3.3). The ability to enhance nitrogen acquisition via
photoheterotrophic DON uptake, increases carbon assimilation and reduces the rate of excess
carbon release by 5.3 % from 6.09 x 10-2 mol C (mol C)-1 hr-1 in Pro-PA to 5.77 x 10-2 mol C (mol
C)-1 hr-1 in Pro-PH (Figure 3.4), which accounts for 77 % of the total carbon flux in Pro-PA and
71 % of the total carbon flux in Pro-PH (Figure 3.3). Maintenance is fixed, accounting for ~ 3 %
of the total carbon flux in both cell types. Respiration through AA synthesis is unchanging,
accounting for ~4 % of the total carbon flux. Respiration at maintenance and growth accounts
for less than 1 % of the total carbon flux in both cell types (Figure 3.3, 3.4). The small increase
in the fraction of carbon assimilated into biomass is a result of the decline in the rate of excess
carbon release (Figure 3.3).
The majority of the total nitrogen flux is assimilated into biomass, the percentage of
which is similar for both cell types; 79 % in Pro-PA and 81 % in Pro-PH (Figure 3.3). The
maintenance rate is the same for both cell types yet accounts for a smaller percentage of the
total nitrogen flux in Pro-PH (11 %) than Pro-PA (15 %), due to the greater total rate of
nitrogen uptake in the former (Figure 3.3). Photoheterotrophic light use increases the rate of
ammonium release by 103.0 % from 0.80 x 10-4 mol N (mol C)-1 hr-1 in Pro-PA to 1.63 x 10-4 mol
N (mol C)-1 hr-1 in Pro-PH (Figure 3.4). However, this flux accounts for only 5 % and 7 % of the
total nitrogen flux in Pro-PA and Pro-PH, respectively (Figure 3.3). The difference partially
offsets the change in the percentage used in maintenance and the influence on nitrogen
assimilation. The rate of excess nitrogen release increases by 30.8 % from 3.25 x 10-4 mol N
(mol C)-1 hr-1 in Pro-PA to 4.21 x10-4 mol N (mol C)-1 hr-1 in Pro-PH (Figure 3.4), and represents
~1 % of the total nitrogen flux for both cell types (Figure 3.3).
3.3.1.3

Growth rate and the uptake and fate of carbon and nitrogen at suboptimum β

The dynamics of suboptimum β have been evaluated by default for β = 0 (i.e. Pro-PA) in the
previous analysis of Pro-PA and Pro-PH. The suboptimum at β = 1 will be evaluated in order to
understand what processes reduce growth rate this side of the optimum. Investing all
harvested solar energy in the uptake of DON (β = 1) gives a growth rate of 8.71 x 10-3 mol C
(mol C)-1 d-1, 4.4 % that of Pro-PH at 𝛽𝑜𝑝𝑡 (0.20 mol C (mol C)-1 d-1) (Figure 3.2).
When all harvested solar energy is invested in DON uptake (β = 1), the cell depends on
DON for all energy, carbon and nitrogen (Figure 3.5b). The cell does not synthesise CHO
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(Figure 3.5c) and therefore cannot assimilate DIN into AA (Figure 3.5d). The flux OC is zero
(Figure 3.5e). The ON flux is made up entirely of DON and is 30.6 % of the ON flux at 𝛽𝑜𝑝𝑡
(Figure 3.5f). Total carbon uptake rate is 2.95 x 10-3 mol C (mol C)-1 hr-1 and the total nitrogen
uptake rate is 6.85 x 10-4 mol N (mol C)-1 hr-1, 3.5 % and 30.6 % that found at 𝛽𝑜𝑝𝑡 , respectively
(Figure 3.7).
Nitrogen assimilation into biomass is significantly reduced at β = 1 at only 12 % of the
total nitrogen flux, compared to 81 % at 𝛽𝑜𝑝𝑡 (Figure 3.7). The rate of ammonium release
whilst growing exclusively on DON is 127.6 % greater than at 𝛽𝑜𝑝𝑡 . The release rate increases
from 1.63 x 10-4 mol N (mol C)-1 hr-1 at 𝛽𝑜𝑝𝑡 where it accounts for 7 % of the total nitrogen flux
to 3.71 x 10-4 mol N (mol C)-1 hr-1 at β = 1 where it accounts for 54 % of the total nitrogen flux
(Figure 3.6d, 3.7). In addition, as a result of the reduced rate of total nitrogen uptake, relative
to 𝛽𝑜𝑝𝑡 , maintenance accounts for 33 % of the total nitrogen flux at β = 1 compared to 11 % at
𝛽𝛽𝑝𝑡 (Figure 3.7). Excess nitrogen only accounts for ~1 % percent of total nitrogen in both cell
types.
A slightly greater percentage of the total carbon flux is assimilated into biomass at β =
1 than at 𝛽𝑜𝑝𝑡 (25 % at β = 1 and 21 % at 𝛽𝑜𝑝𝑡 ). The rate of excess carbon release, however,
changes significantly and accounts for only 1 % total carbon uptake compared to 71 % at 𝛽𝑜𝑝𝑡
(Figure 3.7). The rate of excess carbon release is 1.99 x 10-5 mol C (mol C)-1 hr-1, just 0.03 % the
rate at 𝛽𝑜𝑝𝑡 (Figure 3.6e). Because of the significantly reduced rate of total carbon uptake
(Figure 3.7), 70 % of the total carbon flux is used to satisfy the fixed maintenance
requirements, compared to only 3 % at 𝛽𝑜𝑝𝑡 (Figure 3.7). The different dynamics of excess
carbon release and maintenance largely offset each other resulting in a similar percentage of
assimilated carbon at β = 1 and 𝛽𝑜𝑝𝑡 .
3.3.2
3.3.2.1

Experiment 2: The effect of ambient DIN
Growth rate and the uptake of carbon and nitrogen

Photoheterotrophic light use can not only enhance growth rate during non-limiting conditions
(Section 3.3.1) but also relieve DIN limitation of photoautotrophic growth (Figure 3.8a) by
facilitating DON uptake in Pro-PH (Figure 3.8d), with a negligible influence on CHO synthesis
(Figure 3.8e) and AA synthesis (therefore DIN assimilation) (Figure 3.8c) relative to Pro-PA.
As ambient DIN decreases, the growth rate of Pro-PH decreases from 0.20 to 0.05 mol
C (mol C)-1 d-1, with a growth rate at zero ambient DIN which is 75 % less than when ambient
DIN is at a maximum (5 X/K) (Figure 3.8a). Pro-PA grows at 0.137 mol C (mol C)-1 d-1 when DIN
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is at a maximum but cannot grow between an ambient DIN of 0.125 (X/K) and zero. In these
conditions, Pro-PH growth rate varies between at 0.07 mol C (mol C)-1 d-1 and 0.05 mol C (mol
C)-1 d-1 (Figure 3.8a).
In order to maintain the maximum possible growth rate as ambient DIN decreases,
Pro-PH needs to invest an increasing fraction of harvested solar energy in the uptake of DON
(Figure 3.8b). 𝛽𝑜𝑝𝑡 shifts from 0.62 at maximum DIN (5 X/K) to 0.87 at limiting DIN (DIN = 0.02
to zero (X/K)). Although an increasing fraction of solar energy is invested in DON uptake as
ambient DIN declines, there is no appreciable change in its rate of uptake, remaining at 2.94 x
10-3 mol C (mol C)-1 hr-1 between maximum and zero DIN (Figure 3.8c). In these conditions
(Table 3.2) DON uptake is saturated. At the ambient DIN (DIN = 0.125 to zero (X/K)) where ProPA cannot grow, satisfying maintenance only (Figure 3.8a), the additional contribution of DON
to the ON flux in Pro-PH, increases its rate of delivery to maintenance and growth by 348.0 %
relative to Pro-PA, from 8.46 x 10-4 mol C (mol C)-1 hr-1 to 3.79 x 10-3 mol C (mol C)-1 hr-1 (Figure
3.8d). Redirecting solar energy to enhance DON uptake has a negligible influence on the rate of
CHO synthesis as ambient DIN declines, which decreases no more than 3.3 % from 7.83 x 10-3
mol C (mol C)-1 hr-1 in Pro-PA at DIN = 0.125 to 7.57 x 10-3 mol C (mol C)-1 hr-1 in Pro-PH when
DIN is limiting (DIN = 0.02 to zero (X/K) (Figure 3.8e). Photoheterotrophic light use has no
influence on the rate of AA synthesis in these conditions as its carbon source is not affected by
the trade-off. Unsurprisingly its rate of production decreases to zero at zero ambient DIN
(Figure 3.8c). The OC flux left over after AA synthesis decreases by only 2.7 %, from 7.70 x 10-2
mol C (mol C)-1 hr-1 in Pro-PA to 7.57 x10-2 mol C (mol C)-1 hr-1 in Pro-PH when DIN is limiting
(Figure 3.8f).
3.3.2.2

The fate of carbon and nitrogen

At ambient DIN (DIN = 0.125 (X/K)) where the growth rate of Pro-PA is zero, the vast majority
of the cell’s total carbon flux is in excess (96 %) released at a rate of 7.61 x 10-2 mol C (mol C)-1
hr-1 (Figure 3.9c and 3.10). The remaining carbon (4 %) is used and respired in the synthesis of
maintenance biomass (Figure 3.10). Practically all nitrogen, however, is used and released as
ammonium to satisfy maintenance, with a negligible amount in excess (Figure 3.10). The
increase in the rate of ON delivery to maintenance and growth in Pro-PH via
photoheterotrophic DON uptake, in conditions that do not allow Pro-PA to grow (DIN = 0.125
(X/K) (Figure 3.8d) allows the cell to assimilate 7 % of the total carbon flux into new growth,
leaving 89 % in excess released at 7.07 x 10-2 mol C (mol C)-1 hr-1 (Figure 3.9c and 3.10). The
remaining 4 % is used and respired in the synthesis of maintenance biomass (Figure 3.10). At
DIN = 0.125 (X/K), 70 % of nitrogen is now assimilated in Pro-PH, with 29 % used and released
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as ammonium to satisfy maintenance. The rate of ammonium release increases by up to 138.5
%, from 1.35 x 10-5 mol N (mol C)-1 hr-1 in Pro-PA to 3.22 x 10-5 mol N (mol C)-1 hr-1 in Pro-PH
(Figure 3.9e), accounting however for only 5 % and 4 % of the total nitrogen flux, respectively
(Figure 3.10). Excess nitrogen release represents less than 1 %.
At zero ambient DIN, Pro-PH releases the vast majority (92 %) of the total carbon flux as
excess at a rate of 7.23 x 10-2 mol C (mol C)-1 hr-1 (Figure 3.9c, Figure 3.10). Only 5 % of the total
carbon flux can be assimilated with the remaining 3 % used and respired for maintenance
(Figure 3.10). 62 % of the total nitrogen flux can be assimilated at zero DIN, with 37 % used to
for maintenance, 4 % of which is released as ammonium at a rate of 2.43 x 10-5 mol N (mol C)-1
hr-1 (Figure 3.9e). Only 1 % is in excess.
3.3.3
3.3.3.1

Experiment 3: the effect of ambient DON
Growth rate

As ambient DON declines the growth rate of Pro-PH decreases from 0.20 mol C (mol C)-1 d-1 at
maximum DON to 0.137 mol C (mol C)-1 d-1 at 0.005 DON (X/K) (Figure 3.11a), the latter is the
same rate of growth as Pro-PA. Pro-PH must invest an increasing fraction of harvested solar
energy in the synthesis of CHO to grow at the maximum rate as ambient DON decreases
(Figure 3.11b). 𝛽𝑜𝑝𝑡 shifts from the optimum of 0.62 at maximum DON, to 0 at 0.005 to zero
(X/K) ambient DON (Figure 3.11b). The dynamics and magnitude of the key processes of
interested are therefore akin to that discussed in Experiment 1 (Figures 3.11, 3.12 and 3.13)
which compares the dynamics of Pro-PA and Pro-PH at 𝛽𝑜𝑝𝑡 in non-limiting conditions. A
description of the differences between the dynamics of Pro-PA and Pro-PH will therefore not
be given here again.
3.3.4
3.3.4.1

Experiment 4: the effect of irradiance
Growth rate and the uptake of carbon and nitrogen

With decreasing irradiance Pro-PH invests less solar energy in photoheterotrophy in
preference for photosynthesis (Figure 3.14b) and the growth rates of Pro-PA and Pro-PH
decrease and consequently converge at low light (Figure 3.14a). The changing trade-off
dynamics reduces the availability of DON for growth in Pro-PH (Figure 3.14d) but with minimal
influence on AA synthesis (Figure 3.14c) and therefore DIN assimilation. However,
photoheterotrophic light use decreases carbon reduction in certain irradiance conditions
relative to Pro-PA (Figure 3.14e).
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As irradiance declines the growth rates of Pro-PA and Pro-PH decrease from 0.137 and
0.20 mol C (mol C)-1 d-1 at saturating irradiance (500 µmol photons m-2 s-1), respectively, to zero
at 0.12 µmol photons m-2 s-1 (Figure 3.14a). The growth strategies of both cell types converges
at 1.8 µmol photons m-2 s-1 growing by photoautotrophy only at a rate of 0.11 mol C (mol C)-1
d-1 (Figure 3.14a). At this irradiance, Pro-PA grows 20 % slower than at saturating irradiance
and Pro-PH grows 45 % slower than at saturating irradiance. Between 1.8 and 500 µmol
photons m-2 s-1, the growth rate of Pro-PH is, therefore, more sensitive to changes in irradiance
than Pro-PA, and below, photoheterotrophic light use is of no benefit to the cell (Figure 3.14a).
Pro-PH needs to invest an increasing fraction of harvested solar energy in the synthesis
of CHO as irradiance decreases to maintain the maximum growth rate (Figure 3.14b). 𝛽𝑜𝑝𝑡
shifts from the 0.62 at saturating irradiance, to 0 at limiting irradiance (1.8 µmol photons m-2 s1

to darkness) (Figure 3.14b). The growth rate of Pro-PH is more sensitive to changes in light

level than Pro-PA between saturating and limiting irradiance primarily because of the
significant decline in the cells ON flux, decreasing by 37.2 % from 9.64 x 10-3 mol C (mol C)-1 hr-1
to 6.05 x 10-3 mol C (mol C)-1 hr-1 (Figure 3.14d). For the most part this is due to the decreasing
solar energy investment in DON uptake as irradiance decreases (Figure 3.14b, d) and not
because of any significant change in the rate of AA synthesis (Figure 3.14c). The rate of DON
uptake decreases by 100 % from 2.94 x 10-3 mol C (mol C)-1 hr-1 to zero between 500 and 1.8
µmol photons m-2 s-1 (Figure 3.14d). However, photoheterotrophy has a negligible effect on
the rate of AA synthesis (no greater than 2.7 % less in Pro-PH relative to Pro-PA). Although the
OC flux drops significantly, the rate of delivery decreases by ~73 % for both cell types as
irradiance decreases (Figure 3.14f). Between 500 and 1.8 µmol photons m-2 s-1, the rate of CHO
synthesis decreases by ~65 % for both cell types. Interestingly, the trade-off for solar energy
results in a decrease of CHO synthesis in Pro-PH relative to Pro-PA by up to 22.0 %, with the
greatest difference at ~10 µmol photons m-2 s-1 (Figure 3.14e). The trade-off for solar energy
decreases carbon reduction in Pro-PH relative to Pro-PA by no less than 15.0 % between 3 and
30 µmol photons m-2 s-1. The 15.0 % boundary is arbitrary, used only to demonstrate a range of
irradiances where photoheterotrophic light use may influence the rate of CHO synthesis.
The growth rate of Pro-PA is insensitive to changes in irradiance between 500 and 1.8
µmol photons m-2 s-1 primarily because although the CHO production rate decreases by up to
~65 % (Figure 3.14e) and OC by ~73 % (Figure 3.14f), the rate of AA synthesis, and therefore
the ON flux, is largely unchanging, decreasing by only 9.8 % from 6.71 x 10-3 mol C (mol C)-1 hr-1
to 6.05 x 10-3 mol C (mol C)-1 hr-1 between saturating and limiting light (500 and 1.8 µmol
photons m-2 s-1) (Figure 3.14c). AA synthesis is maintained in Pro-PA (and Pro-PH) despite the
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significant decrease in the rate of CHO synthesis (carbon source for AA) because the majority
of synthesised CHO is in excess to stoichiometric requirements for growth (Figure 3.16).
3.3.4.2

The fate of carbon and nitrogen

Maintenance and carbon dioxide release account for an increasingly greater percentage of the
total carbon flux as irradiance declines for both Pro-PA and Pro-PH as light limits the synthesis
of CHO and therefore the cell’s primary source of carbon (Figure 3.16). However, the
significant decrease in the rate of excess carbon release (Figure 3.15c) and its fraction of the
total carbon flux means Pro-PA and Pro-PH use carbon more efficiently in low compared to
high irradiance conditions (Figure 3.16). The percentage of carbon assimilated by Pro-PA and
Pro-PH at 1.8 µmol photons m-2 s-1 (limiting irradiance where photoheterotrophy is no longer
of use to Pro-PH) is ~33 %, whilst at saturating irradiance Pro-PA assimilates 15 % and Pro-PH
assimilates 21 % of the total carbon flux (Figure 3.16). Photoheterotrophic light use does not
significantly influence the rate of total carbon dioxide release as irradiance decreases (Figure
3.15d) but carbon dioxide does makes up an increasing fraction of the total carbon flux, up to
13 % in Pro-PA and Pro-PH at 1.8 µmol photons m-2 s-1, compared to ~5 % in both cell types at
saturating irradiance (Figure 3.16). Maintenance also makes up an increasing fraction of the
total carbon flux as irradiance decreases, accounting for up to ~10 % in Pro-PA and Pro-PH at
1.8 µmol photons m-2 s-1 compared to just ~3 % in both cell types at saturating irradiance
(Figure 3.16). The percentage of the total carbon flux used for maintenance continues to
increase as irradiance declines further. The rate of excess carbon release, however, decreases
significantly as irradiance declines (Figure 3.15c) and makes up 44 % of the total carbon flux at
1.8 µmol photons m-2 s-1 compared to 77 % in Pro-PA and 71 % in Pro-PH at saturating
irradiance (Figure 3.16). The rate of excess carbon release continues to decrease further with
decreasing irradiance. Photoheterotrophic light use reduces the rate of excess carbon release
by up to 33.0 % in Pro-PH relative to Pro-PA, the biggest difference being at ~10 µmol photons
m-2 s-1 (Figure 3.16).
Both cell types assimilate less nitrogen at low irradiance compared to saturating
irradiance because of the increase in the percentage of nitrogen used to satisfy maintenance,
and released as ammonium (Figure 3.16). Pro-PA and Pro-PH both assimilate ~80 % total
nitrogen at saturating irradiance whereas nitrogen assimilation at limiting irradiance (1.8 µmol
photons m-2 s-1) is ~70 % (Figure 3.16). Nitrogen assimilation declines further with decreasing
irradiance. Within the region of irradiance (500 and 1.8 µmol photons m-2 s-1) where
photoheterotrophy increases growth rate, ammonium release is over 100 % greater in Pro-PH
relative to Pro-PA, the biggest difference being at saturating irradiance (Figure 3.15f). OC:ON is
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lower in Pro-PH than Pro-PA between 500 and 1.8 µmol photons m-2 s-1 (Figure 3.17),
attributed to the significantly greater rate of DON uptake (Figure 3.14d), and lower rate of CHO
synthesis (Figure 3.14e). As a result, biomass synthesis occurs through the use of ON as a
source of energy to a greater extent in Pro-PH than Pro-PA, and Pro-PH releases ammonium at
a greater rate (Figure 3.15e). Excess nitrogen never accounts for more than ~3 % of total
nitrogen for either cell type at any irradiance.
3.3.5. Results summary
The ability to partition harvested solar energy between photosynthesis and
photoheterotrophy in Pro results in significant increases to the cell’s specific growth rate. In
non-limiting conditions Pro grows 46 % faster when it directs light to DON uptake compared to
an equivalent photoautotroph. The use of solar energy for the uptake of DON allows Pro to
grow to DIN limiting conditions that would inhibit the growth on a cell that is incapable of
photoheterotrophy. The trade-off for solar energy use functions over a broad irradiance range.
At low light (~1 µmol photons-2 s-1), however, the benefit that photoheterotrophy confers to
growth rate is diminished. At irradiance intensities of 3-30 µmol photons-2 s-1, directing solar
energy away from photosynthesis for photoheterotrophic DON uptake results in a significant
decline in the rate of carbon fixation by up to ~20 %. As a result Pro releases significantly less
DOC into the surrounding water. In these irradiance conditions, Pro not only competes with
other bacterioplankton for valuable nitrogen resources through photoheterotrophy but the
trade-off for light use also restricts the availability of additional growth substrates for these
competitors.
3.4

Discussion

3.4.1

Growth rate

The present investigation is the first to demonstrate that the use of harvested solar energy in
Pro, trading off photosynthetic CHO synthesis for photoheterotrophic DON uptake, can
increase the specific growth rate of the cell (Figures 3.2, 3.8a, 3.11a, 3.14a). When conditions
are non-limiting, photoheterotrophic light use allows Pro to grow almost 50 % faster than an
equivalent photoautotrophic cell (Figure 3.2). In DIN limiting conditions, which are
characteristic of the oligotrophic ecosystems that Pro dominate (Capone, 2000, Karl, 2002,
Zehr and Kudela, 2011) and known to limit Pro growth (Graziano et al., 1996),
photoheterotrophic light use allows Pro to grow in an environment that would otherwise
inhibit the growth of the cell growing by photoautotrophy only (Figure 3.8a). Pro occupies an
irradiance range of over 3 orders of magnitude, the broadest of any phototroph, and thrives
down to a depth of 200m (Partensky et al., 1999). Here it is shown that the ability to use light
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energy to enhance DON uptake, may function over a broad irradiance range (Figure 3.14)
indicating that photoheterotrophy may be critical for Pro survival throughout the organism’
illuminated habitat.
Variability in field estimates of Pro growth rates, from 0.15 d-1 to 1 d-1 (Partensky et al.,
1999, Zubkov et al., 2000), may be linked to temporal fluctuations in nitrogen availability
(Graziano et al., 1996) and irradiance (Zinser et al., 2007, Moore et al., 1998, Moore and
Chisholm, 1999) and specifically the ability to use light energy photoheterotrophically where
DON is available (Figures 3.2, 3.8a, 3.11a, 3.14a). High light intensities and high DON
concentrations relative to DIN are characteristic of the surface oligotrophic waters where Pro
abounds (Capone, 2000, Karl, 2002, Zehr and Kudela, 2011). Such conditions may select for the
use of solar energy for processes in addition to that of photosynthesis, at least partially driving
the distribution of Pro. Pro are referred to as a “federation” of diverse cells, sustaining broad
distribution, stability and abundance along ocean gradients, including light and nutrient
availability both vertically and horizontally (Biller et al., 2015, Garcia-Fernandez et al., 2004,
García-Fernández and Diez, 2004, Tolonen et al., 2006). The present analysis shows that along
these gradients, photoheterotrophic light use may function in facilitating a significant increase
in growth rate. This may in part drive the distribution of Pro in the ocean. Other factors such as
grazing, viral activity, temperature, and competition may also be important in structuring Pro
communities (reviewed by Biller et al., 2015). A proposal for an extension of the present
analysis to address how competition influences multiple light uses in Pro and coexistence with
other photoheterotrophic bacteria, namely SAR11, is given in Section 6.3.
Designing experimental protocols to determine the influence of photoheterotrophic
resource acquisition on Pro growth rate in order to validate the model results is challenging.
Testing for the influence of heterotrophic nutrient uptake on growth rate in Pro is problematic
as addition of organic substrates to culture media can result in the growth of contaminating
bacteria, which can outcompete photoautotrophic cells (Garcia-Fernandez et al., 2004). In
addition, Pro release a complex range of organic substrates (Karl et al., 1998, Marañón et al.,
2004, Bertilsson et al., 2005, Kujawinski, 2011), which may serve as growth rate enhancing
nutrients via heterotrophic uptake, making it difficult to regulate for the presence/absence of
DOM in experimental controls. Experiments that compare the growth rates of populations in
light:dark and dark:dark growth cycles are used for understanding the influence of
photoheterotrophic light use on facultative phototrophs such as SAR11 (Giovannoni et al.,
2005a). These kinds of studies are of no use for obligate phototrophs such as Pro as they
require a light:dark cycle in order to survive. The presented model is nevertheless a powerful
81

tool with which to test conceptual ideas for the influence of photoheterotrophic resource
acquisition on the growth rate of Pro, where current methodological limitations restrict
determination through empirical analysis.
3.4.2

Optimum light investment for maximum growth rate

The trade-off framework is a useful tool to navigate the carbon and nitrogen acquisition
parameter space to find the optimum balance of harvested solar energy to maximise growth
rate. If Pro can optimally balance the use of harvested solar energy to maximise growth rate,
then the parameter β represents the physiological plasticity of an individual Pro cell for
dynamic light use with time, allowing it to navigate along β through a changing ambient
environment, maximising growth rate at 𝛽𝑜𝑝𝑡 . There is no empirical data with which to
compare the behaviour of 𝛽𝑜𝑝𝑡 in the model. However, in support of the presented trade-off
framework concept, there is a growing body of literature demonstrating pathways for
harvested solar energy in cyanobacteria, other than linear electron flow to carbon dioxide
reduction (Bailey et al., 2008, Zehr and Kudela, 2009, Battchikova et al., 2011, McDonald et al.,
2011, Cardol et al., 2011, Ogawa and Mi, 2007). In addition, evidence is building that
demonstrates solar energy enhances photoheterotrophic carbon, nitrogen (Michelou et al.,
2007, Mary et al., 2008b, Gómez-Pereira et al., 2012) and phosphate (Gómez-Pereira et al.,
2012, Duhamel et al., 2012) acquisition in Pro. Zubkov (2009) wrote that it is conceivable that
the flexibility to regulate and balance cellular energy could drive organism selection in the
ocean, inspiring the β concept.
This kind of trade-off framework has also been used to represent the diversity of
microbial populations, allowing the simulated environment to choose the best balance of traits
(for example, light and nutrient harvesting ability), to maximise a certain variable, often
growth rate (Follows et al., 2007), simulating the principles of natural selection (reviewed by
Follows and Dutkiewicz, 2010). If Pro is completely inflexible in the use of solar energy, or
limitations exist on the degree to which solar energy is partitioned between processes, then
each value of β may correspond to a different physiological strategy for different individuals.
Tremendous diversity is documented for Pro, with a complex range of ecotypes that are highly
adapted to different environmental regimes, (reviewed by Biller et al., 2015). If such diversity
exists for the balance of solar energy invested in physiological processes in Pro, then future
work should consider a full evaluation of the suboptimum trait space in a variable
environment, with each value of β representing different individuals using harvested solar
energy differently. However, due to the absence of any data with which to constrain the
dynamics of β, the evaluation of the optimum (𝛽𝑜𝑝𝑡 ) is a useful first step towards
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understanding the influence of photoheterotrophic light use on processing of carbon and
nitrogen by Pro.
The specific value of 𝛽𝑜𝑝𝑡 may not represent the actual percentage of harvested solar
energy invested CHO synthesis and/or DON uptake. Although the present study uses field data
to constrain synthesis and uptake rates (Section 2.3.1), there is no physiological detail included
in the model on the energy requirement for photosynthesis and photoheterotrophy and the
quantity of energy harvested for any given irradiance. This detail could be incorporated by
merging the presented DEB model with the bioenergetic model presented by Kirchman and
Hanson (2012), which quantifies net energy acquisition via phototrophy through a
cyanobacterial photosystem. This will be discussed in greater detail in Section 6.3. In addition,
the use of harvested solar energy for photoheterotrophic uptake of phosphorus (GómezPereira et al., 2012, Duhamel et al., 2012) and ATP synthesis (White, 2007) may further
influence the balance of light energy investment and therefore 𝛽𝑜𝑝𝑡 .
3.4.3

The uptake of DIN

Understanding the dynamics of DIN in the oligotrophic ocean is critical as it is considered a
major limiting nutrient for primary production (Capone, 2000, Karl, 2002, Zehr and Kudela,
2011), the growth of Pro (Graziano et al., 1996) and depending on DIN chemical species and
source the export of carbon to the deep ocean (Johnson and Lin, 2009). The results from the
model suggest that the ability to use harvested solar energy for photoheterotrophy does not
significantly affect the uptake and assimilation of DIN into AA in Pro in any of the conditions
investigated (Figure 3.2, 3.8c, 3.11c, 3.14c).
The present study suggests that a Pro cell using light energy to facilitate
photoheterotrophic DON uptake, may obtain 70 % of nitrogen from DIN and the remaining 30
% from DON when conditions are non-limiting at 𝛽𝑜𝑝𝑡 (Figure 3.2). In order to estimate the
rate of DIN uptake in Pro, which is absent from the literature, it is assumed that the cell must
supplement known rates of carbon and nitrogen acquisition via CHO synthesis and DON uptake
with DIN in order to grow at 0.20 d-1. Measurements of the rate of CHO synthesis (Jardillier et
al., 2010, Zubkov, 2014), DON uptake (Michelou et al., 2007, Mary et al., 2008b, GómezPereira et al., 2012, Zubkov et al., 2003, Zubkov et al., 2004b, Zubkov and Tarran, 2005) and
growth rate (Partensky et al., 1999, Zubkov et al., 2000) are highly variable indicating that the
present study cannot be by any means conclusive as all rates may vary independently. For this
reason it is not meaningful yet to conduct multiple investigations into the contribution of DIN
(and DON) to the Pro nitrogen budget for different parametrisations of uptake. That said the
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rate of DIN uptake in the model is also estimated for a Pro cell growing at 0.40 d-1, which may
represent a value closer to an average for a Pro cell (Partensky et al., 1999, Zubkov et al., 2000)
(all other parameters remaining unchanged (Appendix Figure 3.1)). In this case, Pro sources 85
% of nitrogen from DIN and remaining 15 % from DON. Other studies suggest that between 55
% and 90 % of nitrogen may be source from DIN in surface ocean Pro, with estimates
depending critically on the assumed specific rate of growth (Zubkov et al., 2003, Zubkov et al.,
2004b). Reassuringly the estimates here fall within this range. Future work would ideally
measure a series of parameters in a single empirical study in order to constrain the present
model, discussed in greater detail in Section 6.3.
It is assumed here that the only DIN form used by Pro is ammonium (Section 2.3.1.8). To
first order this may be reasonable as all Pro isolates can assimilate ammonium (López-Lozano
et al., 2002, Moore et al., 2002, Garcia-Fernandez et al., 2004), ammonium transporters are
expressed over a wide range of ambient conditions (Lindell et al., 2002), expression of
transporters for other DIN species are repressed when ammonium is available (Herrero et al.,
2001) and other forms of DIN such as nitrate and nitrite are expensive to reduce (GarciaFernandez et al., 2004). However, whilst some Pro strains cannot reduce nitrate and nitrite
(Moore et al., 2002) many can (Martiny et al., 2009, Berube et al., 2014, Casey et al., 2007).
This is linked to different environmental regimes such as light and nitrogen availability (GarciaFernandez et al., 2004, García-Fernández and Diez, 2004). A sensitivity analysis (Appendix
Tables 3.1-3.4) shows that the rate of AA synthesis (therefore DIN assimilation) and growth
rate are only sensitive to the efficiency of AA synthesis (therefore DIN species) at very low
irradiances where Pro grows on DIN as the only nitrogen source and light and therefore carbon
is limiting. In all other ambient conditions ample carbon is available and in excess (Figure 3.3,
3.9c, 3.12c). Variability in DIN species used by Pro may not influence the conclusions drawn
here but may be important for understanding Pro growth in the deep euphotic zone where it is
abundant (Giovannoni and Vergin, 2012) and light and therefore carbon is limiting (Figure
3.16).
3.4.4

The uptake of DON

The ability to use harvested solar energy to facilitate the uptake of DON may be critical for Pro
growth and survival in oligotrophic ecosystems over a wide range of DIN (Figure 3.8a), DON
(Figure 3.11a) and irradiance (Figure 3.14a) conditions.
An important result found here is that the ability to use solar energy to facilitate DON
uptake allows Pro to survive in DIN conditions that do not support the growth of an equivalent
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photoautotroph (Figure 3.8a). Photoheterotrophic DON uptake may, therefore, relieve DIN
limitation of Pro growth in oceanic subtropical gyres. The importance of DIN as a nitrogen
source for Pro (Figure 3.2) means that although taking up DON facilitates an increased rate of
growth, a decrease in ambient DIN still results in a significant decrease in Pro growth rate
(Figure 3.8a), supported by the observation that DIN limiting conditions can restrict Pro growth
(Graziano et al., 1996). Amino acid uptake has been suggested to be key for Pro survival in
oceanic gyres (Zubkov et al., 2003). Here it is shown that photoheterotrophic light use may
also be essential to Pro survival in these regions. Pro thrive and uptake DON across horizontal
(Zubkov and Tarran, 2005) and vertical (Zubkov et al., 2004b) gradients in ambient DIN
concentrations and it is possible that photoheterotrophy may be essential to survival in such
gradients. Selection criteria may be for the uptake of different nitrogen sources such as DON,
facilitated and/or enhanced through photoheterotrophic light use, in part driving the
distribution of Pro.
The model shows that Pro at low light are more likely to grow via strict autotrophy,
which is interesting given that DIN, specifically nitrate, is the dominant source of nitrogen at
depth in subtropical oceanic gyres and that DON is more abundant at the surface (Biller et al.,
2015). However, it has been shown that Pro ecotypes living at the bottom of the euphotic
zone, uptake DON at a greater rate per cell than Pro ecotypes living nearer the surface (Zubkov
et al., 2004b). Pro ecotypes are separated vertically according to their ability to harvest
available solar energy (Moore and Chisholm, 1999, Moore et al., 1998) and nutrients (GarciaFernandez et al., 2004, García-Fernández and Diez, 2004) but the parametrisation for light
harvesting and nitrogen acquisition in the model is that of surface ocean Pro (Section 2.3.1).
Ecotype diversity (Biller et al., 2015) may therefore not be captured in the present model.
Differences in ecotype light harvesting capacity can be captured by changing the half
saturation constant for irradiance. The greater sensitivity that low light (LL) ecotypes have for
irradiance relative to high light (HL) ecotypes can be set by have a smaller half saturation
constant for irradiance for the LL cells than the HL cells. This is consistent with observations of
ecotype growth rate response to different irradiances (Moore and Chisholm, 1999, Moore et
al., 1998).
3.4.5

The synthesis of carbohydrate

Pro is the most abundant photosynthetic organism on Earth (Partensky et al., 1999, Chisholm
et al., 1988), contributing significantly to open ocean primary production (Goericke and
Welschmeyer, 1993, Liu et al., 1997, Zubkov, 2014, Hartmann et al., 2014, Liu et al., 1999, Liu
et al., 1998). It is therefore critical that we understand how photoheterotrophic light use may
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influence carbon reduction in Pro. The result from the model demonstrate that at low
irradiance intensities, the use of light energy for photoheterotrophy, trading-off CHO synthesis
for DON uptake (where available), may result in a decrease in CHO synthesis and therefore
carbon dioxide reduction by up to 22 % relative to an equivalent cell that cannot use light
photoheterotrophically (Figure 3.14e). Variability in the measurements of carbon reduction for
Pro (Goericke and Welschmeyer, 1993, Liu et al., 1997, Zubkov, 2014, Hartmann et al., 2014,
Liu et al., 1999, Liu et al., 1998) may be partially explained by photoheterotrophic light use at
low irradiance levels if DON availability is transient. This may be important for understanding
measurements of carbon reduction at the deep chlorophyll maximum in oligotrophic
subtropical where Pro account for a significant percentage (20-80 %) of total carbon reduction
(Goericke and Welschmeyer, 1993). Despite the observation that carbon fixation is typically
low in oligotrophic subtropical gyres relative to more productive waters, these regions span
over 40 % of the planet’s surface and may account for 30 % total marine primary production
(Longhurst et al., 1995). Photoheterotrophic light use may be critical for understanding
variability in the measurements of carbon fixation at low irradiance in oceanic gyres. Accuracy
in such measurements are important for our understanding of metabolic balance (Duarte et
al., 2013, Williams et al., 2013) and the ability of the oceans to respond to anthropogenic
carbon dioxide release.
Sensitivity analysis suggests than the rate of CHO synthesis in Pro-PH is sensitive to the
half saturation irradiance flux in low irradiance conditions (1.8 and 10 µmols photons m -2 s-1),
and that if its value is changed to represent a Pro cell adapted to low light conditions, the rate
of CHO synthesis would increase significantly (Appendix Table 3.3 and 3.4). This, in addition to
the previous statement that accurate detail on light energy harvesting is not built into the
model (Section 3.4.2), suggests that reliable interpretations of the influence of
photoheterotrophic light use on CHO synthesis at low light may have to wait until ecotype
light harvesting and light energy as a currency are incorporated in the model. The results
presented may, however, reflect the response of surface ocean Pro ecotypes to diel variations
in irradiance.
3.4.6

Respired carbon dioxide

The balance between carbon reduction and respiration is a key to understanding the ocean’s
role in atmospheric carbon sequestration and therefore climate change (Ducklow and Doney,
2013). Photosynthetic cyanobacteria not only reduce carbon but also respire it (White, 2007),
and due to the abundance of Pro (Partensky et al., 1999) it is important to know the role that it
plays in oceanic carbon dioxide release. Yet measurements of oceanic respiration often only
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consider carbon dioxide release from the heterotrophic bacterial community (Del Giorgio et
al., 2011) and therefore neglect the photosynthetic communities role in respiration. However,
methods for measuring respiration as total oxygen consumption will include the role of
primary producers (Ducklow and Doney, 2013).
The model quantifies the rate of carbon dioxide release through the synthesis of amino
acids and biomass (Section 2.2). The results suggest that there is no reason to expect that
photoheterotrophic light use in Pro influences measurements of carbon dioxide release in the
open ocean to any significant degree. Carbon dioxide release, however, accounts for up to 5 %
of the total carbon flux in Pro (Pro-PA and Pro-PH) when CHO synthesis is saturated. As Pro
contributes significantly to carbon reduction in the surface open ocean (Zubkov, 2014,
Goericke and Welschmeyer, 1993), the release of up to 5 % fixed carbon as carbon dioxide may
still be important for the role of Pro in metabolic balance. However, significant uncertainties
exist in measuring carbon reduction and respiration, (reviewed by Ducklow and Doney, 2013).
Specifically, up to 40 % of fixed carbon in Pro may be released as DOC (Karl et al., 1998),
creating uncertainty in the interpretation of measurements as gross or net production. With
such uncertainties, although the release of 5 % fixed carbon as carbon dioxide may represent a
significant flux in the carbon cycle, it may not be a priority for refining the debate on metabolic
balance at this point in time, based on current methods.
3.4.7

The release of excess organic carbon

Photosynthetic organisms release a complex suite of organic substrates, through a variety of
mechanisms, that serve as growth media for heterotrophic and mixotrophic microbes
(Kujawinski, 2011). In the oligotrophic subtropical gyres, the release of DOC substrates from
dominant photosynthesisers such as Pro (Bertilsson et al., 2005, Karl et al., 1998), may be
critical carbon resources for (photo)heterotrophs such as SAR11, known to be able to utilise
organic carbon substrates released from Pro (Bertilsson et al., 2005, Carini et al., 2013).
In situations where irradiance saturates the rate of CHO synthesis (Experiment 1-3),
excess carbon release accounts for between 71 % (non-limiting conditions) and 92 % (DIN
limiting conditions) of the total carbon flux. It is observed that Pro release up to 40 % of fixed
carbon as excess in oligotrophic subtropical waters where it dominates (Karl et al., 1998),
significantly less than shown here (Figure 3.3, 3.10, 3.13, 3.16). The rate of excess carbon
release and percentage of total carbon in the present study is greatly reduced when the model
is fit to a growth rate of 0.40 d-1, representing only ~45 % of total carbon in non-limiting
conditions (Appendix Figure 3.1). This indicates that the chosen growth rate of 0.20 d-1 for the
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present parameter set may be too low, and 0.40 d-1 is more of a representative average
growth rate of Pro with which to constrain the model. This reiterates the previous statements
(Section 3.4.3) that parameters to constrain a model such as this would ideally be measured in
a single empirical study.
When irradiance is limiting, photoheterotrophic light use may result in a decrease in the
release of excess carbon by up to 22 % when DON is available for uptake (Figure 3.15c). This
may be important as photoheterotrophy may not only increase the ability of Pro to compete
with other heterotrophic microbes for DON but the trade-off may further limit the availability
of DOC for these heterotrophs. The importance of photoheterotrophy on competition
between Pro and SAR11 could be addressed using a model chemostat, discussed in greater
detail in Section 6.3.
In low irradiance conditions that result in the 22 % decrease in the rate of excess carbon
release via photoheterotrophic light use, its release rate is sensitive to the half saturation
irradiance, and if changed to represent a Pro cell adapted to low light conditions, the rate of
excess carbon release would increase (Appendix Tables 3.3 3.4). The diversity in light
harvesting strategies found in Pro ecotypes that stratify in the water column according to light
regime may not be captured in the presented model, suggesting that dynamics at low
irradiance may not necessarily represent low light ecotypes.
3.4.8

The release of ammonium

The model releases between ~6 % and ~35 % of the total nitrogen flux as ammonium
depending on environmental conditions, the greatest of which being when irradiance is
limiting. Photoheterotrophic light use also results in significant increases in ammonium release
compared to an equivalent photoautotroph, which is again highly dependent on ambient
conditions (Figure 3.4, 3.9e, 3.15e). However, the release of ammonium in the model may be
in error. When CHO synthesis is saturated (Experiment 1-3), and therefore carbon is not
limiting in the model, Pro releases up to 7 % of the total nitrogen flux as ammonium (Figure
3.3). Research on heterotrophic bacterial communities does however show that
bacterioplankton will not release ammonium when an ample carbon source is available
(Goldman and Dennett, 1991, Goldman et al., 1987, Goldman and Dennett, 2000). The release
of ammonium through the deamination of ON in the model is dependent on the efficiency of
synthesis and the difference between the C:N of ON and the C:N of biomass (Section 2.3). The
C:N of Pro biomass is almost double that of the bacterioplankton in the study used to constrain
the model, meaning that any fraction of synthesis via the use of ON only results in large
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fraction of nitrogen being removed from ON in order to stoichiometrically balance synthesis,
which cannot be verified using the data to which the model is fitted (Section 2.3.2.1).
Ammonium release increases with decreasing irradiance (Figure 3.15, 3.3.4.3) where
the cell increasingly depends on DIN as a source of nitrogen (Figure 3.14c, d). It is highly
unlikely that synthesised AA using DIN, which is an energetically expensive processes (De Vries
et al., 1974), will be used as a source of energy and mobilised, resulting in such a high
percentage of the total nitrogen flux being release as ammonium (Figure 3.16). The model
structure is chosen to be generic to allow comparison of the metabolisms and physiologies of
Pro and SAR11 (Section 5.1). However, it is likely that such a simplification should be treated
with care in regard to the release of ammonium. Model development is therefore required to
resolve this issue, discussed in greater detail in Section 6.3.
3.4.9

Maintenance

Photoheterotrophic light use does not result in any significant changes to the percentages of
carbon and nitrogen required to satisfy maintenance demands for Pro. As DIN and irradiance
becoming limiting the importance of the maintenance rate for carbon and nitrogen
assimilation increases and becomes a significant constraint on Pro growth. However, the rate
of maintenance biomass turnover in Pro is not well understood and here based on the
turnover rate of leucine (Section 2.3.2). A greater understanding of the maintenance
requirements for Pro would be useful modelling Pro growth.
3.5
The

Summary
ability

to

partition

harvested

solar

energy

between

photosynthesis

and

photoheterotrophy in Pro can significantly increase its growth rate, allowing it to survive on
DON in DIN limiting conditions that restrict the growth of an equivalent photoautotroph.
Photoheterotrophy functions over a broad range of irradiances being less influential at low
light. Photoheterotrophic light use does not appear to influence the ability of Pro to assimilate
DIN in any conditions investigated. At low irradiance carbon reduction may be significantly
decreased where DON is available for uptake. In similar conditions both the ability to uptake
DON photoheterotrophically and resulting reduced excess carbon flux may increase
competitive pressure on other heterotrophic microbes. Due to the significance of the changes
in growth rate observed here, it is reasonable to assume that the ability to partition energy
from sunlight between photosynthesis and photoheterotrophy in Pro may be critical for
survival, influencing the distribution of Pro in subtropical oligotrophic ecosystems.
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3.6

Tables

Table 3.1 Table detailing the key processes of interest, a description of each process, chemical
forms, associated elements, units and equation reference.
Key processes of
interest

Description

Chemical form and
associated elements

Growth rate

Allocation of biomass to new growth

Light investment

Use of harvested light energy for the
synthesis of carbohydrate (CHO) and the
uptake of DON to maximise growth rate

-

2.2.1.2a,
2.2.1.2b

Carbohydrate (CHO)
synthesis

The rate of photosynthetic carbohydrate Organic containing carbon
synthesis
only

mol C (mol C)-1 hr-1

2.2.1.3b

Dissolved organic
nitrogen (DON)
uptake

The rate of photoheterotrophic DON
uptake

Organic containing carbon
and nitrogen at a C:N of
4.3

mol C (mol C)-1 hr-1

2.2.1.4a

Amino acid (AA)
synthesis

The rate of AA synthesis using CHO and
DIN

Organic containing carbon
and nitrogen at a C:N of
4.3

mol C (mol C)-1 hr-1

2.2.2k

ON (organic
The rate that ON (sum of DON and AA) is Organic containing carbon
nitrogen) delivery to delivered to maintenance and growth
and nitrogen at a C:N of
maintenance and
4.3
growth

mol C (mol C)-1 hr-1

2.2.2m

OC (organic carbon)
delivery to
maintenance and
growth

The rate that OC (CHO remaining after
AA synthesis ) is delivered to
maintenance and growth

Organic containing carbon
only

mol C (mol C)-1 hr-1

2.2.2n

Maintenance

The synthesis of biomass for use in
general cell functioning that does not
contribute to new growth

Organic containing carbon
and nitrogen with a C:N of
9.2

mol C (mol C)-1 hr-1

2.2.3.2i

Respiration at AA
synthesis

The production of carbon dioxide due to
costs in the synthesis of amino acids
(AA) paid for by CHO mobilisation

Inorganic carbon

mol C (mol C)-1 hr-1

2.2.2l

Respiration at
maintenance and
growth

The production of carbon dioxide
through costs in transport and
synthesise associated with maintenance
and growth

Inorganic carbon

mol C (mol C)-1 hr-1

2.2.3.2k,
2.2.3.3h

Ammonium release
at maintenance and
growth

Ammonium that has been released
through the deamination of ON for
maintenance and growth

Inorganic nitrogen

mol N (mol C)-1 hr-1

2.2.3.2j,
2.2.3.3g

Excess OC

CHO that has been synthesised by the
cell but is in excess to stoichiometric
requirements for growth

Organic containing carbon
only

mol C (mol C)-1 hr-1

2.2.3.3k

Excess ON

ON that has been taken up /synthesised
by the cell but is in excess to
stoichiometric requirements for growth

Organic containing carbon
and nitrogen at C:N of 4.3

mol C (mol C)-1 hr-1

2.2.3.3j

Organic containing carbon
and nitrogen with a C:N of
9.2
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Units

mol C (mol C)-1 d-1

Equation
reference
2.2.3.3i

Table 3.2 Ambient conditions for experiments 1-5. (X/K) is the ratio of the ambient nutrient
concentration to the nutrient’s half saturation constant, explained in Section 2.3.1.2.
Environmental factor

Exp. 1

Exp. 2

Exp. 3

Exp. 4

Irradiance

500

500

500

0-500

DIN (X/K)

5

0-5

5

5

DON (X/K)

5

5

0-5

5

(µmols photons m-2 s-1)
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3.7

Figures

Figure 3.1 Schematic of the Pro model. The green square represents the chlorophyll-based
light harvesting system. Harvested light energy is partitioned between photoautotrophic
carbohydrate (CHO) synthesis and photoheterotrophic DON uptake (orange circles) using the
parameter β. CHO is partitioned between amino acid (AA) synthesis (dark blue circle) and
maintenance and growth (red circles) using the parameter α. DIN is taken up (light blue circle)
and bound CHO to synthesise AA (dark blue circle) which is added to the flux of DON. The
organic nitrogen (ON) (sum of DON and AA) and organic carbon (OC) (CHO remaining after AA
synthesis) fluxes (black circles) are available for the cell to satisfy maintenance as a priority and
then growth (red circles). Carbon dioxide is respired at AA synthesis and maintenance and
growth. Ammonium is released at maintenance and growth. Maintenance biomass is excreted
from the cell along with ON and OC that are in excess to stoichiometric requirements for
growth.
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Figure 3.2 The variation of Pro-PH growth rate with β and the growth rate of Pro-PA (left). The
vertical dashed line shows the position of 𝛽𝑜𝑝𝑡 . The uptake of carbon and nitrogen and growth
rate of Pro-PA and Pro-PH per hour (right) at 𝛽𝑜𝑝𝑡 .

Figure 3.3 The total (top) and fate of (bottom) of carbon (left) and nitrogen (right) in Pro-PA
and Pro-PH at 𝛽𝑜𝑝𝑡 . Processes are specified in the keys at the bottom of the figure.
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Figure 3.4 The fate of carbon (left) and nitrogen (right) for Pro-PA and Pro-PH at 𝛽𝑜𝑝𝑡 . M and G
represent maintenance and growth, respectively.

Figure 3.5 The rate of growth (a) and uptake of carbon and nitrogen (b-f) with β. The vertical
dashed line shows the position of 𝛽𝑜𝑝𝑡 . M and G represent maintenance and growth,
respectively.
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Figure 3.6 The rate of growth (a) fate of carbon and nitrogen (b-f) with β. The vertical dashed
line shows the position of 𝛽𝑜𝑝𝑡 . M and G represent maintenance and growth, respectively.

96

Figure 3.7 The total (panels A and C) and fate of (panels B and D) of carbon (panels A and B)
and nitrogen (panels C and D) with β. Processes are specified in the keys at the bottom of the
figures. Results for β = 0 and β = 1 are expanded.
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Figure 3.8 The change in growth rate (a), 𝛽𝑜𝑝𝑡 (b), and the uptake of carbon and nitrogen (c-f)
at multiple ambient DIN (X/K) for Pro-PA and Pro-PH at 𝛽𝑜𝑝𝑡 . The vertical solid line separates
data at zero DIN (X/K). M and G represent maintenance and growth, respectively.
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Figure 3.9 The fate of carbon (a-d) and nitrogen (e-f) at multiple ambient DIN (X/K) for Pro-PA
and Pro-PH at 𝛽𝑜𝑝𝑡 . The vertical solid line separates data at zero DIN (X/K). M and G represent
maintenance and growth, respectively.
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Pro-PA

Pro-PA

Pro-PH

Pro-PH

Figure 3.10 The fate of carbon (left) and nitrogen (right) as percentages of the total carbon and
nitrogen fluxes at multiple ambient DIN (X/K) for Pro-PA (top) and Pro-PH (bottom). The
vertical solid line separates data at zero DIN (X/K).
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Figure 3.11 The change in growth rate (a), 𝛽𝑜𝑝𝑡 (b), and the uptake of carbon and nitrogen (c-f)
at multiple ambient DON (X/K) for Pro-PA and Pro-PH at 𝛽𝑜𝑝𝑡 . The vertical solid line separates
data at zero DON (X/K). M and G represent maintenance and growth, respectively.
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Figure 3.12 The fate of carbon (a-d) and nitrogen (e-f) at multiple ambient DON (X/K) for ProPA and Pro-PH at 𝛽𝑜𝑝𝑡 . The vertical solid line separates data at zero DON (X/K). M and G
represent maintenance and growth, respectively.
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Pro-PA

Pro-PA

Pro-PH

Pro-PH

Figure 3.13 The fate of carbon (left) and nitrogen (right) as percentages of the total carbon and
nitrogen fluxes at multiple ambient DON (X/K) for Pro-PA (top) and Pro-PH (bottom). The
vertical solid line separates data at zero DON (X/K).
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Figure 3.14 The change in growth rate (a), 𝛽𝑜𝑝𝑡 (b), and uptake of carbon and nitrogen (c-f) at
multiple irradiances for Pro-PA and Pro-PH at 𝛽𝑜𝑝𝑡 . The vertical dashed line defines the
maximum irradiance where 𝛽𝑜𝑝𝑡 is zero. M and G represent maintenance and growth,
respectively.
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Figure 3.15 The fate of carbon (a-d) and nitrogen (e-f) at multiple irradances for Pro-PA and
Pro-PH at 𝛽𝑜𝑝𝑡 . The vertical dashed line defines the maximum irradiance where 𝛽𝑜𝑝𝑡 is zero. M
and G represent maintenance and growth, respectively.
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Pro-PA

Pro-PA

Pro-PH

Pro-PH

Figure 3.16 The fate of carbon (left) and nitrogen (right) as percentages of the total carbon and
nitrogen fluxes at multiple irradiances for Pro-PA (top) and Pro-PH (bottom).

Figure 3.17 The ratio of OC to ON delivered to maintenance and growth at multiple
irradiances. The vertical dashed line defines the maximum irradiance where 𝛽𝑜𝑝𝑡 is zero.
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3.8. Appendix Tables
Appendix Table 3. 1 Sensitivity analysis for Pro-PH at 𝛽𝑜𝑝𝑡 (0.82) in non-limiting conditions
(Experiment 1). – and + for each parameter corresponds to a -20 % or +20 % change in each
parameter.

Parameter

DIN half sat. DIN half sat. +
CO2 half sat. CO2 half sat. +
DON half sat. DON half sat. +
Light half sat. Light half sat. +
Flux ratio Flux ratio +
Max. DIN Max. DIN +
Max. CHO Max. CHO +
Max. DON Max. DON +
Max AA Max AA +
AA syn. eff AA syn. eff. +
..+ ON C:N
C:N ON +
C:N X C:N X +
ON effOC effMaintenance Maintenance +

Growth
rate

Excess
carbon

-0.10
-0.10
0.00
0.00
0.00
0.00
-0.01
-0.01
-0.03
-0.02
0.62
0.55
0.15
0.10
0.31
0.31
0.11
0.08
0.06
0.03
-0.35
-0.28
0.94
0.85
0.08
0.17
-0.12
-0.12

0.04
0.04
0.02
-0.02
0.00
0.00
-0.04
-0.04
-0.08
-0.06
-0.24
-0.22
1.31
1.32
-0.05
-0.05
-0.05
-0.03
0.20
0.14
0.06
0.04
-0.29
-0.26
0.00
0.33
0.00
0.00

Excess
nitrogen

-0.15
-0.14
0.00
0.00
-0.01
-0.01
0.01
0.01
-0.01
0.00
0.88
0.87
-0.37
-0.26
0.44
0.45
0.17
0.12
0.01
0.00
0.23
0.14
0.73
0.66
0.02
-0.65
-0.16
-0.16

NH4
release
M and G

CO2
release
AA

CO2
release
M and G

-0.20
-0.19
-0.01
0.01
-0.01
-0.01
0.02
0.02
0.02
0.02
1.13
1.18
-1.06
-0.73
0.57
0.60
0.23
0.17
-0.06
-0.04
-2.80
-1.86
2.33
2.42
-0.89
-1.76
-0.07
-0.07

-0.14
-0.13
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.86
0.79
0.06
0.04
0.00
0.00
0.16
0.11
-3.68
-2.51
0.86
0.79
0.00
0.00
0.00
0.00
0.00
0.00

-0.09
-0.08
0.00
0.00
0.00
0.00
0.00
0.00
-0.02
-0.02
0.55
0.49
0.14
0.09
0.28
0.28
0.10
0.07
0.05
0.03
-0.31
-0.25
0.84
0.75
-1.60
-1.36
0.01
0.01
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AA
synth.

-0.14
-0.13
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.86
0.79
0.06
0.04
0.00
0.00
0.16
0.11
0.06
0.04
0.86
0.79
0.00
0.00
0.00
0.00
0.00
0.00

DON
uptake

0.00
0.00
0.00
0.00
-0.01
-0.01
-0.01
-0.01
-0.06
-0.05
0.00
0.00
0.00
0.00
1.00
1.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

CHO
synth.

0.00
0.00
0.01
-0.01
0.00
0.00
-0.03
-0.03
-0.07
-0.05
0.00
0.00
1.00
1.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

Appendix Table 3. 2 Sensitivity analysis for Pro-PH at 𝛽𝑜𝑝𝑡 (0.87) in DIN-limiting conditions
(Experiment 2). – and + for each parameter corresponds to a -20 % or +20 % change in each
parameter.

Parameter

DIN half sat. DIN half sat. +
CO2 half sat. CO2 half sat. +
DON half sat. DON half sat. +
Light half sat Light half sat +
Flux ratio Flux ratio +
Max. DIN Max. DIN +
Max. CHO Max. CHO +
Max. DON Max. DON +
Max. AA Max. AA +
AA syn. eff AA syn. eff +
C:N ON C:N ON +
C:N Biomass C:N Biomass +
ON eff OC eff Maintenance Maintenance +

Growth
rate

0.00
0.00
-0.02
-0.02
-0.01
-0.01
-0.09
0.04
0.00
0.00
0.04
0.02
1.52
1.51
-1.74
-1.20
1.44
1.40
0.08
0.06
-0.47
-0.60

Excess
carbon

-0.01
-0.01
0.00
0.00
-0.04
-0.04
-0.07
0.03
0.00
0.00
1.04
1.05
-0.05
-0.05
0.10
0.07
-0.08
-0.08
0.00
0.10
0.10
-0.10

Excess
nitrogen

NH4
release
M and G

0.00
0.00
-0.02
-0.02
-0.01
-0.01
-0.09
0.04
0.00
0.00
-0.12
-0.08
1.65
1.75
-0.80
-0.65
0.80
0.66
0.08
-0.21
-0.88
-0.44

0.01
0.01
-0.01
-0.01
0.01
0.01
-0.03
0.01
0.00
0.00
-0.60
-0.41
0.97
1.23
-4.03
-2.06
1.77
1.78
-1.49
-1.09
-0.81
1.38

CO2
release
AA
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-

CO2
release
M and G

AA
synth.

DON
uptake

0.00
0.00
-0.01
-0.01
-0.01
-0.01
-0.06
0.03
0.00
0.00
0.02
0.02
1.00
0.99
-1.14
-0.78
0.94
0.91
-0.79
-0.80
-0.89
0.70

-

0.00
0.00
-0.01
-0.01
-0.01
-0.01
-0.06
0.03
0.00
0.00
0.00
0.00
1.00
1.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

CHO
synth.

-0.01
-0.01
0.00
0.00
-0.04
-0.04
-0.07
0.03
0.00
0.00
1.00
1.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

Appendix Table 3. 3 Sensitivity analysis for Pro-PH at 𝛽𝑜𝑝𝑡 (0.46) in light-limiting (10 µmol
photons m-2 s-1) conditions (Experiment 4). – and + for each parameter corresponds to a -20 %
or +20 % change in each parameter.

Parameter

DIN half sat. DIN half sat. +
CO2 half sat. CO2 half sat. +
DON half sat. DON half sat. +
Light half sat. Light half sat. +
Flux ratio Flux ratio +
Max. DIN Max DIN +
Max. CHO Max. CHO+
Max. DON Max. DON +
Max. AA Max. AA +
AA syn. eff. AA syn. eff. +
C:N ON C:N ON +
C:N Biomass C:N Biomass +
ON eff.OC eff.Maintenance Maintenance +

Growth
rate

Excess
carbon

Excess
nitrogen

NH4
release
M and G

CO2
release
AA

CO2
release
M and G

-0.10
-0.10
0.00
0.00
0.00
0.00
-0.23
-0.20
-0.06
-0.04
0.66
0.56
0.30
0.20
0.19
0.19
0.13
0.09
0.16
0.10
-0.21
-0.20
0.88
0.75
0.12
0.25
-0.14
-0.14

0.07
0.07
0.00
0.00
0.00
0.00
-0.81
-0.66
-0.22
-0.15
-0.46
-0.39
1.51
1.57
-0.04
-0.04
-0.09
-0.06
0.36
0.26
0.01
0.02
-0.47
-0.40
0.00
0.50
-0.01
-0.01

-0.18
-0.17
0.00
0.00
0.00
0.00
0.00
0.01
0.00
0.00
1.06
1.03
-0.36
-0.28
0.28
0.29
0.22
0.16
0.06
0.03
0.30
0.13
0.89
0.77
0.03
-0.74
-0.20
-0.20

-0.23
-0.21
0.00
0.00
0.00
0.00
0.20
0.20
0.06
0.05
1.28
1.32
-0.94
-0.69
0.35
0.36
0.29
0.21
-0.01
-0.02
-2.42
-1.76
2.32
2.32
-0.87
-1.65
-0.11
-0.11

-0.13
-0.12
0.00
0.00
0.00
0.00
-0.05
-0.05
-0.02
-0.01
0.80
0.71
0.14
0.09
0.00
0.00
0.16
0.12
-3.53
-2.48
0.80
0.71
0.00
0.00
0.00
0.00
0.00
0.00

-0.09
-0.09
0.00
0.00
0.00
0.00
-0.20
-0.17
-0.05
-0.04
0.57
0.48
0.26
0.17
0.16
0.16
0.11
0.08
0.13
0.08
-0.18
-0.17
0.76
0.64
-2.41
-2.54
0.02
0.02
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AA
synth.

-0.13
-0.12
0.00
0.00
0.00
0.00
-0.05
-0.05
-0.02
-0.01
0.80
0.71
0.14
0.09
0.00
0.00
0.16
0.12
0.14
0.09
0.80
0.71
0.00
0.00
0.00
0.00
0.00
0.00

DON
uptake

CHO
synth.

0.00
0.00
0.00
0.00
0.00
0.00
-0.59
-0.48
-0.15
-0.10
0.00
0.00
0.00
0.00
1.00
1.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.00
0.00
0.00
0.00
0.00
0.00
-0.53
-0.44
-0.15
-0.10
0.00
0.00
1.00
1.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

Appendix Table 3. 4 Sensitivity analysis for Pro-PH at 𝛽𝑜𝑝𝑡 Pro-PA (β = 0) in light-limiting (1.8
µmol photons m-2 s-1) conditions (Experiment 4). – and + for each parameter corresponds to a 20 % or +20 % change in each parameter.

Parameter

DIN half sat. DIN half sat. +
CO2 half sat. CO2 half sat. +
DON half sat.
-DON half sat.
+
Light
half sat.
Light
half sat.
+Flux ratio Flux ratio +
Max. DIN Max DIN +
Max. CHO Max. CHO+
Max. DON Max. DON +
Max. AA Max. AA +
AA syn. eff. AA syn. eff. +
C:N ON C:N ON +
C:N Biomass C:N Biomass
+ON eff.OC eff.Maintenance
Maintenance
+

Growth
rate

Excess
carbon

-0.11
-0.11
0.00
0.00
0.00
0.00
-0.28
-0.27
-0.06
-0.04
0.75
0.58
0.49
0.35
0.00
0.00
0.16
0.11
0.32
0.21
-0.09
-0.14
0.87
0.70
0.16
0.31
-0.20
-0.20

0.11
0.10
0.00
0.00
0.00
0.00
-1.40
-1.03
-0.28
-0.19
-0.72
-0.57
1.72
1.84
0.00
0.00
-0.15
-0.11
0.54
0.41
-0.11
-0.04
-0.63
-0.51
-0.01
0.65
-0.02
-0.02

Excess
nitrogen

-0.21
-0.20
0.00
0.00
0.00
0.00
0.16
0.12
0.03
0.02
1.27
1.20
-0.21
-0.20
0.00
0.00
0.29
0.21
0.22
0.13
0.46
0.19
1.01
0.85
0.05
-0.75
-0.28
-0.27

NH4
release
M and G

CO2
release
AA

CO2
release
M and G

-0.26
-0.24
0.00
0.00
0.00
0.00
0.47
0.41
0.10
0.07
1.49
1.49
-0.73
-0.60
0.00
0.00
0.37
0.27
0.14
0.08
-2.03
-1.65
2.33
2.29
-0.86
-1.59
-0.15
-0.14

-0.11
-0.11
0.00
0.00
0.00
0.00
-0.13
-0.13
-0.03
-0.02
0.73
0.62
0.24
0.16
0.00
0.00
0.16
0.11
-3.36
-2.45
0.73
0.62
0.00
0.00
0.00
0.00
0.00
0.00

-0.09
-0.09
0.00
0.00
0.00
0.00
-0.22
-0.22
-0.05
-0.04
0.61
0.47
0.40
0.28
0.00
0.00
0.13
0.09
0.26
0.17
-0.07
-0.11
0.70
0.57
-2.97
-2.35
0.03
0.03
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AA
synth.

-0.11
-0.11
0.00
0.00
0.00
0.00
-0.13
-0.13
-0.03
-0.02
0.73
0.62
0.24
0.16
0.00
0.00
0.16
0.11
0.24
0.16
0.73
0.62
0.00
0.00
0.00
0.00
0.00
0.00

DON
uptake

-

CHO
synth.

0.00
0.00
0.00
0.00
0.00
0.00
-0.77
-0.59
-0.16
-0.11
0.00
0.00
1.00
1.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

3.9. Appendix Figure

Appendix Figure 3. 1 The growth rate of Pro-PH fitted to 0.40 d-1 with β (left). The vertical
dashed line shows the position of 𝛽𝑜𝑝𝑡 . The fate of carbon at 𝛽𝑜𝑝𝑡 with processes specified in
the key at the top of the figure (right).
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Chapter 4:
4.1.

The use of sunlight in SAR11

Chapter overview and rationale

Chapter 1 described how the most abundant heterotrophic bacteria in the ocean, the
alphaproteobacterial clade SAR11, can enhance its uptake of DOM in the presence of sunlight
(Mary et al., 2008b, Gómez-Pereira et al., 2012, Steindler et al., 2011), most likely using the
light harvesting proton pump proteorhodopsin (Giovannoni et al., 2005a). SAR11 dominates
the uptake of multiple components of the DOM pool, including DOC and DON (Alonso and
Pernthaler, 2006, Mary et al., 2008b, Gómez-Pereira et al., 2012, Malmstrom et al., 2005,
Malmstrom et al., 2004). Photoheterotrophically enhanced uptake of DOM may increase the
growth rate of SAR11 and alter our conventional understanding of heterotrophic metabolism
and associated key processes in the open ocean. The aim of this chapter is to investigate the
influence of photoheterotrophic light use on the growth rate of SAR11 and its impact on
physiological processes involving carbon and nitrogen.
4.2.

Approach

The cell’s specific growth rate is the main focus of this study. In particular the maximum
growth rate that can be achieved when SAR11 grows photoheterotrophically, through optimal
light energy investment. The growth rate is defined as the amount of carbon invested in new
biomass per day (Section 2.2.3.3). The impact of photoheterotrophic light use on the uptake
and fate of carbon and nitrogen is also evaluated. These fluxes are listed in Table 4.1. A
schematic summary of the model is shown in Figure 4.1. A model description, formulae and
parameter values can be found in Chapter 2.
The impact of photoheterotrophy on the growth rate of SAR11 is explored through
four experiments. Each experiment investigates a different influence of ambient environment.
First the influence of photoheterotrophy on growth rate is compared to a baseline organism
that cannot enhance substrate uptake in the presence of sunlight but is otherwise identical to
SAR11. Ambient conditions in the first experiment are assumed to be non-limiting. The
dynamics of the baseline and photoheterotrophy SAR11 models are then compared at multiple
ambient DIN (Experiment 2), DON (Experiment 3) and DOC (Experiment 4) conditions in order
to establish how a changing ambient environment influences the importance of
photoheterotrophy for SAR11 growth rate and its use of carbon and nitrogen. A quantitative
evaluation of the key processes of interest, listed in Table 4.1, is undertaken for each
experiment. Ambient conditions explored in experiments 1-4 are given in Table 4.2. Optimal
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light investment for maximum growth rate, 𝛽𝑜𝑝𝑡 , as well as either side of the optimum are
investigated in the first experiment. The evaluation of suboptimal light investment can provide
an understanding of the constraints on growth either side of the optimum. The suboptimum
analysis is only undertaken for Experiment 1 because henceforth it is assumed that SAR11
would balance solar energy optimally for maximum growth rate and the behaviour at 𝛽𝑜𝑝𝑡 is,
therefore, of primary interest. The influence of different irradiances on SAR11 growth rate is
not evaluated because the change in growth rate between the maximum irradiance studied
and darkness is small (Section 4.3.1). The outline of each experiment is given below.
Experiment 1: The first experiment analyses the influence of photoheterotrophy on growth
rate relative to a cell type growing by heterotrophy alone. The model used to represent
photoheterotrophic resource acquisition is referred to as SAR11-PH, and the model used for
the baseline is called SAR11-H. Sunlight is available for photoheterotrophy for 12 hours out of
the 24 hour growth period. Therefore, SAR11-PH differs from SAR11-H in that it can enhance
substrate uptake in the presence of sunlight for half of the daily growth period. The irradiance
used for Experiment 1 is 500 µmol photons m-2 s-1. This corresponds to the irradiance used
during empirical analyses (Mary et al., 2008b), used to constrain the model. Nutrient
conditions are kept constant (Table 4.2). The parameter representing how light energy is
allocated, β, can vary between 0 and 1. As β tends to zero, more light energy is invested in DOC
uptake at the expense of DON. As β tends to one, more light energy is invested in DON uptake
instead of DOC.
Experiment 2: The second experiment is used to analyse how ambient DIN conditions
influences photoheterotrophy by comparing the dynamics of SAR11-PH and SAR11-H at
multiple of ambient DIN (X/K) from 0 to 5. All other ambient nutrient conditions and irradiance
are held constant as in Experiment 1 (Table 4.2) and only the behaviour at 𝛽𝑜𝑝𝑡 is evaluated.
Experiment 3:.The third experiment is designed to analyse how ambient DON conditions
influences photoheterotrophy by comparing the dynamics of SAR11-PH and SAR11-H at
multiple ambient DON (X/K) from 0 to 5. All other ambient nutrient conditions and irradiance
are as in Experiment 1 (Table 4.2) and again only the behaviour at 𝛽𝑜𝑝𝑡 is evaluated.
Experiment 4: The fourth experiment analyses the influence of ambient DOC on
photoheterotrophy by comparing the dynamics of SAR11-PH and SAR11-H at multiple ambient
DOC (X/K) from 0 to 5. All other ambient nutrient conditions and irradiance are held constant
(Table 4.2) and only the behaviour at 𝛽𝑜𝑝𝑡 is evaluated.
114

4.3.

Results

4.3.1.

Experiment 1: non-liming conditions (the default parameter set)

4.3.1.1.

Growth rate and the uptake and use of carbon and nitrogen at 𝜷𝒐𝒑𝒕

The SAR11-PH model has been fitted to a growth rate of 0.20 mol C (mol C)-1 d-1, as discussed
in Section 2.3.1.4. SAR11-PH must invest 82 % of harvested solar energy in DON uptake with
the remaining 18 % invested in the uptake of DOC (𝛽𝑜𝑝𝑡 = 0.82) for the maximum growth rate
to be achieved when ambient conditions are non-limiting (Figure 4.2). At 𝛽𝑜𝑝𝑡 the difference in
the maximum rate of growth between SAR11-H and SAR11-PH is 0.012 mol C (mol C)-1 d-1.
Photoheterotrophy enhances SAR11-PH growth rate by 6.4 % relative to that of SAR11-H
(Figure 4.2).
Photoheterotrophy enhances the DOC uptake rate in SAR11-PH by 5.0 % at 𝛽𝑜𝑝𝑡
relative to that of SAR11-H, increasing from 13.9 x 10-3 mol C (mol C)-1 hr-1 to 14.6 x 10-3 mol C
(mol C)-1 hr-1. These fluxes account for 75 % and 72 % of total carbon uptake in SAR11-H and
SAR11-PH, respectively (Figure 4.2). Although DOC is the carbon source used for the synthesis
of AA, the influence of light enhanced DOC uptake on the rate of AA synthesis and therefore
DIN assimilation is negligible (-0.5 % in SAR11-PH relative to SAR11-H). AA is produced at a rate
of 4.2 x 10-3 mol C (mol C)-1 hr-1 in both SAR11-H and SAR11-PH (Figure 4.2).
Photoheterotrophy enhances the DON uptake rate in SAR11-PH by 20.1 % at 𝛽𝑜𝑝𝑡
relative to that of SAR11-H. Its rate of uptake increases from 4.73 x 10-3 mol C (mol C)-1 hr-1 to
5.68 x 10-3 mol C (mol C)-1 hr-1 and makes up the remaining 25 % and 28 % of total carbon
uptake for SAR11-H and SAR11-PH, respectively. DON and AA together both make up the
organic nitrogen (ON) flux that is available for maintenance and growth, which increases by
10.4 % in SAR11-PH relative to SAR11-H, from 8.92 x 10-3 mol C (mol C)-1 hr-1 to 9.85 x 10-3 mol
C (mol C)-1 hr-1 (Figure 4.2). DON and DIN make up 53 % and 47 % of the total ON flux in SAR11H and 58 % and 42 % in SAR11-PH, respectively. The organic carbon (OC) flux available for
maintenance and growth (i.e. DOC remaining after AA synthesis) also increases by 10.4 %, from
7.86 x 10-3 mol C (mol C)-1 hr-1 to 8.89 x 10-3 mol C (mol C)-1 hr-1. This increase in the delivery of
both ON and OC to maintenance and growth allows SAR11-PH to grow at a 13.0 % faster rate
than SAR11-H during day light (Figure 4.2). This increase in growth rate afforded by
photoheterotrophic DOC and DON uptake over the 12 hour sunlit day allows SAR11-PH to
grow at a rate 6.4 % greater than SAR11-H over 24 hours (Figure 4.2).
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Fate of carbon and nitrogen at 𝜷𝒐𝒑𝒕

4.3.1.2.

The total uptake rate of carbon and nitrogen increases by 9.4 % and 10.4 %, respectively, in
SAR11-PH relative to SAR11-H (Figure 4.3). With these increases the relative fate of carbon and
nitrogen does not change significantly (Figure 4.3). This is because although
photoheterotrophic light use increases DON uptake to a greater extent than DOC, the
increases in the delivery of ON and OC to maintenance and growth are the same (Figure 4.2).
As a result, the stoichiometry of synthesis is similar between SAR11-H and SAR11-PH and the
relative fate of carbon and nitrogen is largely unchanging (Figure 4.3). SAR11-PH grows at a
faster rate than SAR11-H because it uptakes more DOC and DON and not because there is a
change in the relative fates of carbon and nitrogen.
SAR11-H and SAR11-PH assimilate a similar percentage of the total carbon flux into new
biomass at 42 % and 44 %, respectively. Although the rate of excess carbon release increases
by 11 % (Figure 4.4), it accounts for ~33 % of the total carbon flux in both cell types and is the
largest component of non-growth carbon. The fate of maintenance carbon is unchanging as it
is fixed and the same for both SAR11-H and SAR11-PH, representing 11 % of the total carbon
flux in SAR11-H and 10 % in SAR11-PH. Carbon respired through AA synthesis changes in
proportion to the change in the rate of AA production, which is negligible (Figure 4.2, 4.4) but
represents 11 % of total carbon in SAR11-H and 10 % in SAR11-PH (Figure 4.3). The rate of
carbon dioxide release from maintenance and growth increases by 10 % in SAR11-PH relative
to SAR11-H (Figure 4.4). However, this flux only represents ~3 % of total carbon in SAR11-PH
and SAR11-H (Figure 4.3).
Growth accounts for the majority of the total nitrogen flux in SAR11-PH and SAR11-H
at 78 % and 76 %, whilst maintenance accounts for 18 % and 20 %, respectively (Figure 4.3).
The consequence of the increase in growth rate through photoheterotrophy for the fate of
nitrogen is that ammonium release and excess nitrogen increase by 13 % and 14 % in SAR11PH relative to SAR11-H, respectively (Figure 4.4). However, ammonium release accounts for
less than 3 % and excess nitrogen less than 1 % of the total nitrogen flux in both cell types
(Figure 4.3).
4.3.1.3.

Growth rate and the uptake and use of carbon and nitrogen at suboptimum β

Suboptimal β still allows for an increased rate of growth relative to SAR11-H (Figure 4.2).
Relative to SAR11-H, investing all harvested light energy in DON uptake (β = 1) increases
growth rate by 6.0 % and investing all harvested light energy in DOC uptake (β= 0) increases
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growth rate by 3.9 % (Figure 4.2). The growth curves of SAR11-H and SAR11-PH do not
intersect at any point on the axis β as the photoheterotrophy model (SAR11-PH) always
provides additional (light enhanced) resources relative to the heterotrophy model (SAR11-H).
Although the choice of how to invest harvested solar energy in either DOC or DON uptake has
a minimal influence on growth rate in non-limiting conditions, the dynamics of suboptimum β
are evaluated to understand what processes reduce growth rate relative to 𝛽𝑜𝑝𝑡 .
SAR11-PH growth rate is at a maximum of 8.89 x 10-3 mol C (mol C)-1 hr-1 at 𝛽𝑜𝑝𝑡 = 0.82
(Figure 4.5a). For values of β greater than 0.82, the cell’s growth rate decreases. It is 8.87 x 10-3
mol C (mol C)-1 hr-1 at β = 1, 99.0 % that found at 𝛽𝑜𝑝𝑡 (Figure 4.5a). At β = 1, the rate of DON
uptake in SAR11-PH is 3.0 % greater than at 𝛽𝑜𝑝𝑡 (Figure 4.5b). The rate of DOC uptake at β = 1
is the same for SAR11-H and SAR11-PH, which is 95.2 % that found at 𝛽𝑜𝑝𝑡 (Figure 4.5c).
Although DOC, the carbon source for AA synthesis, is taken up at the same rate in SAR11-H and
SAR11-PH at β = 1, SAR11-PH invests less DOC in AA synthesis, because it has more DON
(Figure 4.5b). The rate of AA production in SAR11-PH is 96.6 % that found at 𝛽𝑜𝑝𝑡 (Figure 4.5d).
Despite the different dynamics of DON uptake and AA synthesis, the delivery of ON to
maintenance and growth are the same in SAR11-PH at 𝛽𝑜𝑝𝑡 and β = 1 (Figure 4.5f). However,
the delivery of OC to maintenance and growth is 93.6 % that found at 𝛽𝑜𝑝𝑡 (Figure 4.5e). The
small decrease in SAR11-PH growth rate for values of β greater than 0.82 is due to a decrease
in available OC. Growth rate is limited by carbon for values of β between 0.82 and 1, relative to
𝛽𝑜𝑝𝑡 .
As β tends to zero from 𝛽𝑜𝑝𝑡 at 0.82, the growth rate of SAR11-PH decreases and at β = 0
is 8.45 x 10-3 mol C (mol C)-1 hr-1, which is 95.1 % of the maximum growth rate at 𝛽𝑜𝑝𝑡 (Figure
4.5a). At β = 0, the rate of DOC uptake is at a maximum, which is 17.1 % greater than that
found at 𝛽𝑜𝑝𝑡 (Figure 4.5c). As a result, the rate of AA synthesis is also at a maximum at β = 0,
12.6 % greater than the rate of synthesis at 𝛽𝑜𝑝𝑡 (Figure 4.5d). However, the rate of DON
uptake decreases as β approaches zero and is the same for SAR11-H and SAR11-PH at β = 0
(Figure 4.5b). As a result, despite the maximum rate of AA synthesis occurring at β = 0, the rate
of ON delivery is 83.3 % that found at 𝛽𝑜𝑝𝑡 in SAR11-PH (Figure 4.5f). Although the rate of OC
delivery to maintenance and growth is at a maximum at β = 0, which is 19.5 % greater than at
𝛽𝑜𝑝𝑡 (Figure 4.5e), the decline in the rate of ON delivery limits the rate of growth. Growth rate
is nitrogen limited for values of β between 0.82 and 0, relative to 𝛽𝑜𝑝𝑡 .
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4.3.1.4.

The fate of carbon and nitrogen at suboptimum β

The decrease in growth rate for values of β greater than 𝛽𝑜𝑝𝑡 (0.82 to 1) is because of a
reduction in the delivery OC to maintenance and growth (Figure 4.5e). As a result, a greater
fraction of biomass is synthesised via the processing of ON. Synthesis through the use of ON
for energy results in the release of ammonium, which increases as β tends to 1 (Figure 4.6d).
As the degree of carbon limitation increases as β tends to 1, nitrogen excess tends towards a
maximum (Figure 4.6f) and carbon excess tends towards a minimum (Figure 4.6e). This
decrease in excess carbon is the only significant change in the fate of carbon as a percentage
of the total carbon flux, which results in a greater percentage of total carbon being used for
growth (Figure 4.7). Although respiration through AA synthesis decreases as β tends to 1, this
does not alleviate the limitation of carbon on synthesis.
As β tends to 0, SAR11-PH growth rate is limited by nitrogen relative to 𝛽𝑜𝑝𝑡 . The high
flux of OC relative to ON for values of β less than 𝛽𝑜𝑝𝑡 (Figure 4.5e and f) means a greater
fraction of synthesis occurs through sourcing energy and carbon from OC, sparing the
mobilisation of ON and allowing for its direct assimilation. As the use of ON for energy declines
so does the release of ammonium, which is at a minimum at β = 1 (Figure 4.6d). Nitrogen
excess is at a minimum (Figure 4.6f). A large fraction of carbon is in excess, due to the relative
nitrogen limitation, and its rate of release tends towards a maximum at β = 0 (Figure 4.6e).
4.3.1.5.

Bacterial growth efficiency

The bacterial growth efficiency (BGE) of SAR11-PH is 78 % at 𝛽𝑜𝑝𝑡 compared to 76 % in SAR11H (Figure 4.8). The higher BGE of SAR11-PH is a result of the increased rate of growth despite
the fact that the rate of AA synthesis is the same in both cell types (Figure 4.2). As AA synthesis
is the primary source of carbon dioxide in the modelled cell (Figure 4.3 and 4.4), SAR11-PH has
higher growth efficiency than SAR11-H.
As β tends to 0, SAR11-PH increasingly depends on DIN as a source of nitrogen (Figure
4.5d), which has a higher cost on carbon for assimilation, resulting in higher respiration rates
(Figure 4.6b) and lower BGE than that found at 𝛽𝑜𝑝𝑡 (Figure 4.8). As β tends to 1, SAR11-PH
invests less solar energy in DOC uptake, the source of carbon for AA synthesis, its rate of
production decreases (Figure 4.5d), along with the rate of respiration released through AA
synthesis (Figure 4.6b), and BGE tends towards a maximum (Figure 4.8).
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4.3.2.

Experiment 2: The effect of ambient DIN

4.3.2.1.

Growth rate and the uptake and use of carbon and nitrogen

As ambient DIN decreases, the growth rate of SAR11-PH decreases from 0.20 d-1 to 0.094 d-1
and for SAR11-H from 0.188 d-1 to 0.079 d-1 (Figure 4.9a). Photoheterotrophy increases the
growth rate of SAR11-PH by up to 18.6 % relative to SAR11-H, the largest difference being at
zero ambient DIN. Growth on only DOC and DON can support a growth rate that is 47.0 % in
SAR11-PH and 42.0 % in SAR11-H of that achieved when ambient substrates are non-limiting
(Figure 4.9a).
With decreasing ambient DIN, SAR11-PH needs to invest an increasing fraction of
harvested solar energy in the uptake of DON to maintain maximum growth rate. 𝛽𝑜𝑝𝑡 shifts
from 0.82 at saturating DIN (DIN of 5 (X/K)), to 𝛽𝑜𝑝𝑡 = 1 when DIN is limiting (DIN of 0.5 to zero
(X/K)) (Figure 4.9b). As DIN reaches these limiting conditions, photoheterotrophic light use
increases the rate of DON uptake to 5.82 x 10-3 mol C (mol C)-1 hr-1 in SAR11-PH, 23.0 % greater
than SAR11-H at 4.73 x 10-3 mol C (mol C)-1 hr-1 (Figure 4.9c). Under these conditions solar
energy is not invested in the uptake of DOC, the rate of which is therefore the same for SAR11H and SAR11-PH at 1.37 x 10-2 mol C (mol C)-1 hr-1 (Figure 4.9e). Photoheterotrophy has a
negligible influence on AA synthesis with declining ambient DIN (Figure 4.9c). The rate of AA
synthesis does however decline to zero for both SAR11-H and SAR11-PH at zero ambient DIN
and therefore does not contribute to ON. Photoheterotrophy has the greatest effect on
growth rate at zero ambient DIN because ON delivery to maintenance and growth increases by
23.0 % due to the light enhanced rate of DON uptake (Figure 4.9d). As less DOC is used to
synthesise AA with decreasing ambient DIN, the rate of OC delivery to maintenance and
growth increases, being equal for SAR11-H and SAR11-PH when DIN is absent at 1.37 x 10-2 mol
C (mol C)-1 hr-1 (Figure 4.9f).
4.3.2.2.

The fate of carbon and nitrogen

DIN limitation has a significant influence on the capacity of SAR11 to assimilate carbon (Figure
4.11). Between saturating and limiting DIN, the percentage of the total carbon flux assimilated
into new biomass decreases from 42 % to 18 % in SAR11-H and from 44 % to 24 % in SAR11-PH
(Figure 4.11). As ambient DIN declines the rate of excess carbon release increases by 89.6 % in
SAR11-PH, from 0.67 x 10-2 mol C (mol C)-1 hr-1 at saturating DIN to 1.27 x 10-2 mol C (mol C)-1
hr-1 at zero DIN (Figure 4.10c). Photoheterotrophy and the resulting increase in the ON flux
(Figure 4.9d) means SAR11-PH can assimilate a greater percentage of carbon into new biomass
at limiting DIN, which increasing from 18 % to 24 % when ambient DIN is zero (Figure 4.11). As
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a result, excess carbon release accounts for 70 % of the total carbon flux in SAR11-H but only
65 % in SAR11-PH at zero DIN. As carbon uptake is unchanging with decreasing DIN for each
cell type, the percentage of carbon used for maintenance is the same as when DIN is
saturating, accounting for 11 % in SAR11-H and 10 % in SAR11-PH. Although carbon dioxide
release through maintenance and growth increases by up to 22.8 %, with the greatest increase
occurring when DIN is absent (Figure 4.10b), in these conditions this flux represents roughly 1
% of total the carbon flux in both cell types (Figure 4.11). Respiration though AA synthesis is
the primary source of carbon dioxide and is not changed through photoheterotrophic light use
but does decline with decreasing availability ambient DIN (Figure 4.11). Total carbon dioxide
release is not significantly influenced by photoheterotrophy when ambient DIN decreases
(Figure 4.10d).
As ambient DIN declines to zero, the percentage of the total nitrogen flux assimilated
into new biomass decreases from 76 % to 60 % in SAR11-H and from 78 % to 67 % in SAR11-PH
(Figure 4.11). Maintenance accounts for an increasing and majority percentage of the total
nitrogen flux as ambient DIN decreases, up to 38 % in SAR11-H and 31 % in SAR11-PH, with the
maximum at zero ambient DIN, explaining the decline in nitrogen assimilation into new
biomass (Figure 4.11). At zero ambient DIN photoheterotrophy increases the percentage of the
total nitrogen flux assimilated into biomass, from 60 % in SAR11-H to 67 % in SAR11-PH. This is
due primarily to the increase in nitrogen uptake via light enhanced DON acquisition (Figure
4.9c), which reduces the percentage of the total nitrogen flux used for the fixed maintenance
requirements (Figure 4.11). Although photoheterotrophy increases the rate of ammonium
release by up to 39.6 % (Figure 4.10e) and excess nitrogen by up to 39.1 % (Figure 4.10f), with
the biggest difference occurring when DIN is absent, these fluxes account for a minor
component of the total nitrogen flux (Figure 4.11). For both SAR11-PH and SAR11-H,
ammonium release and excess nitrogen represents ~1 % of the total nitrogen flux when DIN is
absent (Figure 4.11).
4.3.2.3.

Bacterial growth efficiency

BGE increases with decreasing ambient DIN for both cell types (Figure 4.12) as the major
source of carbon dioxide release, AA synthesis, decreases to zero (Figure 4.11). BGE increases
from 78 % to ~94 % in SAR11-H and from 76 % to ~94 % in SAR11-PH. Photoheterotrophy does
not affect BGE when DIN becomes limiting because no carbon dioxide is released through AA
synthesis and release through the synthesis of biomass represents only 1 % of the total carbon
flux (Figure 4.12).
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4.3.3.

Experiment 3: The effect of ambient DON

4.3.3.1.

Growth rate and the uptake of carbon and nitrogen

As ambient DON decreases, the growth rate of SAR11-PH decreases from 0.20 d-1 to 0.089 d-1,
whilst SAR11-H growth rate declines from 0.0188d-1 to 0.081 d-1 (Figure 4.13a). SAR11-PH can
grow on just DOC and DIN at 44.5 % the rate achieved when DON is saturating and SAR11-H
can grow at 43.1 % of the rate. The growth rate of SAR11-PH is up to 9.9 % greater than that of
SAR11-H as DON varies, with the greatest difference being at zero ambient DON (Figure 4.13a).
SAR11-PH needs to invest an increasing fraction of harvested solar energy in the
uptake of DOC as ambient DON decreases for the maximum growth rate to be achieved (Figure
4.13b). 𝛽𝑜𝑝𝑡 = 0.82 when DON is abundant (DON (X/K) of 5) and shifts to 𝛽𝑜𝑝𝑡 = 0 when DON is
limiting (DON (X/K) of 0.06 to zero) (Figure 4.13b). At limiting DON (DON (X/K) of 0.06 to zero),
photoheterotrophy increases the uptake rate of DOC to 1.69 x 10-2 mol C (mol C)-1 hr-1, which is
23.4 % greater than SAR11-H at 1.37 x 10-2 mol C (mol C)-1 hr-1 (Figure 4.13e). This allows
SAR11-PH to increase the rate of AA synthesis by up to 11.0 % to 5.34 x 10-3 mol C (mol C)-1 hr1

, relative to SAR11-H at 4.81 x 10-3 mol C (mol C)-1 hr-1, the largest different occurring at zero

ambient DON (Figure 4.13c). AA makes up the entire flux ON at zero DON, which increases by
11.0 % (Figure 4.13d). The remainder of the OC flux is directed to maintenance and growth at a
rate 36.9 % faster in SAR11-PH at 0.89 x 10-2 mol C (mol C)-1 hr-1, compared to SAR11-H at 0.65
x 10-2 mol C (mol C)-1 hr-1 (Figure 4.13e). Photoheterotrophic DOC uptake allows for a growth
rate increase of 9.9 % in SAR11-PH relative to SAR11-H at zero ambient DON (Figure 4.13a).
4.3.3.2.

The fate of carbon and nitrogen

DON limitation significantly affects the percentage of the total carbon flux assimilated into new
biomass, decreasing from 42 % to 25 % in SAR11-H and 44 % to 24 % in SAR11-PH (Figure
4.15). The percentage of the total carbon flux in growth declines with decreasing DON because
of the increase in excess carbon release, carbon respiration through AA synthesis and the
increased fraction of the total carbon flux needed to satisfy maintenance. Although
photoheterotrophy does not significantly change the percentage of the total carbon flux
assimilated as ambient DON decreases, the magnitude of the carbon fluxes are significantly
affected. Photoheterotrophic light use increases the rate of excess carbon release by up to
46.3 % from 0.54 x 10-2 mol C (mol C)-1 hr-1 in SAR11-H to 0.79 x 10-2 mol C (mol C)-1 hr-1 in
SAR11-PH (Figure 4.14c), with the greatest difference at zero ambient DON. Excess carbon
accounts for the largest percentage of the total carbon flux at zero DON, 41 % in SAR11-H and
47 % SAR11-PH (Figure 4.15). Total carbon dioxide release in SAR11-PH increases by up to 11.4
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% relative to SAR11-H with decreasing ambient DON (Figure 4.14d). The greatest difference
occurs at zero DON, with a rate of release that increases from 2.63 x 10-3 mol C (mol C)-1 hr-1 in
SAR11-H to 2.93 x 10-3 mol C (mol C)-1 hr-1 in SAR11-PH (Figure 4.14d), accounting for 19 % and
17 % of the total carbon flux, respectively (Figure 4.15). The primary source of carbon dioxide
release is AA synthesis, accounting for up to 16 % of the total carbon flux in SAR11-PH and 18
% in SAR11-H (Figure 4.15). Although carbon dioxide release increases through maintenance
and growth and is greater in SAR11-PH by up to 11.0 % relative to SAR11-H (Figure 4.14b), it
represents only 1 % of the total carbon flux for both cell types (Figure 4.15). Because of the
decline in DON uptake and therefore carbon, maintenance accounts for an increasing
percentage of the total carbon flux as DON declines, 15 % in SAR11-H and 12 % in SAR11-PH at
zero DON.
The percentage of nitrogen assimilated declines with decreasing DON from 76 % to 61
% in SAR11-H and 78 % to 64 % in SAR11-PH (Figure 4.15). With the decrease in DON uptake,
less nitrogen is taken into the cell and an increasing fraction is used in maintenance for both
cell types, up to 36 % in SAR11-H and 33 % in SAR11-PH (Figure 4.15). The release of
ammonium and excess nitrogen both decrease with declining ambient DON but are not
significantly affected by photoheterotrophic light use (Figure 4.14 e and f). They represent
roughly 2 % and 1 % of the total nitrogen flux, respectively (Figure 4.15).
4.3.3.3.

Bacterial growth efficiency

Photoheterotrophy does not significantly influence BGE when ambient DON decreases. BGE
does, however, decrease from 76 % to 58 % for SAR11-H and from 78 % and 56 % in SAR11-PH
when ambient DON decreases (Figure 4.16). At zero ambient DON, BGE is lowest for both cell
types as they are dependent on DIN for all nitrogen, which is assimilated into AA at a high cost
in carbon resulting in higher respiration rates (Figure 4.14a).
4.3.4.

Experiment 4: The effect of ambient DOC

4.3.4.1.

Growth rate and the uptake of carbon and nitrogen

As ambient DOC decreases the growth rate of SAR11-PH decreases from 0.20 d-1 to 0.068 d-1
and that of SAR11-H from 0.188 d-1 to 0.056 d-1 (Figure 4.17a). When ambient DOC is zero
growth is entirely dependent on DON, which can support 34.0 % (in SAR11-PH) and 29.8 % (in
SAR11-H) of the growth rate achieved when ambient conditions are saturating (Figure 4.17a).
Photoheterotrophy in SAR11-PH enhances growth rate by up to 21.4 % relative to SAR11-H,
with the greatest difference being at zero ambient DOC.
122

In order to grow at the maximum rate as ambient DOC decreases, SAR11-PH needs to
invest an increasing fraction of harvested solar energy in the uptake of DON (Figure 4.17b).
𝛽𝑜𝑝𝑡 shifts from 0.82 when DOC is saturating (DOC (X/K) = 5) to β = 1 when DOC is limiting
((X/K) = 0.1 to zero) (Figure 4.17b). The uptake rate of DON when DOC decreases to limiting
conditions ((X/K) = 0.1 to zero) is enhanced by 23.0 % from 4.73 x 10-3 mol C (mol C)-1 hr-1 in
SAR11-H to 5.82 x 10-3 mol C (mol C)-1 hr-1 in SAR11-PH (Figure 4.17c). Under the same
conditions, DOC uptake in SAR11-PH approaches that of SAR11-H as no solar energy is invested
in its uptake, both decreasing from 1.20 x 10-2 mol C (mol C)-1 hr-1 to zero when DOC is absent
(Figure 4.17e). Photoheterotrophy has a minimal influence on the synthesis rate of AA as
ambient DOC decreases and production stops when ambient DOC is zero (Figure 4.17c). At
zero ambient DOC when the effect of photoheterotrophy on growth rate is greatest, the
increase in growth rate is through an increase in ON delivery to maintenance and growth by
23.0 % (Figure 4.17d), which is comprised entirely of DON.
4.3.4.2.

The fate of carbon and nitrogen

As ambient DOC decreases the percentage of the total carbon flux assimilated increases from
44 % to 57 % in SAR11-PH and from 42 % to 50 % in SAR11-H (Figure 4.19). The ability to
enhance DON uptake increases carbon uptake and a smaller percentage of the total carbon
flux is used for maintenance in SAR11-PH relative to SAR11-H. When DOC is absent,
maintenance uses the majority of the total carbon flux, accounting for 44 % in SAR11-H and 36
% in SAR11-PH. Excess carbon release is not enhanced by photoheterotrophy because the cell
does not invest solar energy in DOC uptake with declining ambient DOC (Figure 4.18c). As
ambient DOC declines and the OC flux available for maintenance and growth decreases, the
flux of excess carbon also declines to 2-3 % in both cell types (Figure 4.18d). Although carbon
dioxide release through maintenance and growth does increase in SAR11-PH relative to SAR11H (Figure 4.18b) it is only a minor component of the total carbon flux (~4 %) (Figure 4.19). The
primary source of carbon dioxide, AA synthesis, is not changed and therefore total carbon
dioxide release is relatively unaffected and declines to zero when DOC is absent (Figure 4.18a).
As ambient DOC becomes limiting, resulting in a decrease in DIN assimilation (Figure
4.17c) and therefore total nitrogen uptake, the percentage of the total nitrogen flux
assimilated decreases from 76 % to 42 % in SAR11-H and from 78 % to 49 % in SAR11-PH.
Maintenance uses a significant percentage of the total nitrogen flux as ambient DOC
decreases, accounting for 38 % of the total nitrogen flux in SAR11-H and 31 % in SAR11-PH at
zero ambient DOC. The ability to increase nitrogen uptake through photoheterotrophy reduces
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the fraction of the total nitrogen flux used in maintenance, allowing SAR11-PH to use more for
growth. The decrease in the available OC flux for maintenance and growth as ambient DOC
declines (Figure 4.18f) increases the cells dependency on ON as a source of energy (Figure
4.17d), resulting in an increase in the rate of ammonium release. Photoheterotrophic light use
increases the rate of ammonium release in SAR11-PH by up to 22.5 % relative to SAR11-H, as
ambient DOC decreases, with the largest difference at zero DOC (Figure 4.18e). Ammonium
release increases from 18.7 x 10-5 mol N (mol C)-1 hr-1 in SAR11-H to 22.9 x 10-5 mol N (mol C)-1
hr-1 in SAR11-PH at zero DOC (Figure 4.18e), accounting for 17 % of the total nitrogen flux in
both cell types (Figure 4.19). Although excess nitrogen release increases by up to 42.3 %
through photoheterotrophic light use with the greatest change at zero DOC (Figure 4.18f), the
flux represents ~3 % of the total nitrogen flux for both SAR11-H and SAR11-PH (Figure 4.19).
4.3.4.3.

Bacterial growth efficiency

Decreasing ambient DOC limits carbon available for the assimilation of DIN into AA.
Accordingly the synthesis of AA declines and respiration through this process decreases,
resulting in an increase in BGE for both cell types from 76 % to 91 % in SAR11-H and from 78 %
to 94 % in SAR11-PH (Figure 4.20). The increase in BGE through photoheterotrophic light use is
small and never is greater than 3 %.
4.3.5.

Results summary

Photoheterotrophic light use in SAR11 results in significant increases to the cells specific
growth rate. Such benefits are only noteworthy during nutrient DIN and DOC limiting
conditions, where growth rate is enhanced by up to ~20 %. The requirements of carbon and
nitrogen for maintenance during nutrient limitation are significant, which photoheterotrophy
partially relieves. Photoheterotrophic light use results in significant increases in respiratory
carbon dioxide release during DON limitation, when the cell is increasingly dependent on DIN
as a source of nitrogen, which is expensive to assimilate. When DOC limits the growth of
SAR11, photoheterotrophic light use increase growth rate significantly and consequently the
rate of ammonium release is enhanced by up to 22.5 %.
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4.4.
4.4.1.

Discussion
Photoheterotrophic light use and growth rate

The present study shows that photoheterotrophic resource acquisition can enhance growth
rate by 6.4 % when all substrates are non-limiting (Figure 4.2). The greatest benefit of
photoheterotrophy to growth rate, however, is when ambient DOC is limiting (Figure 4.17a)
(21.4 %) followed by DIN (Figure 4.9a) (18.6 %) and to a lesser extent when DON is limiting
(Figure 4.13a) (9.9 %). Light enhanced growth rate has been observed for natural populations
of SAR11 (Lami et al., 2009) and other PR containing bacteria (Gómez-Consarnau et al., 2007)
but without specification of ambient nutrient conditions.
Batch cultures of SAR11 (Steindler et al., 2011) and other PR containing bacteria
(Gómez-Consarnau et al., 2010) that have been exposed to light:dark and dark:dark cycles
have been shown to survive substrate limiting conditions (stationary phase) with a light phase
for longer periods of time than in continuous darkness but with no influence on growth rate.
Phototrophic processes other than photoheterotrophically enhanced substrate uptake, such as
light mediated ATP production to substitute carbon respiration (Steindler et al., 2011) and
other energy spilling pathways (Del Giorgio and Cole, 1998), may be critical during starvation
conditions found during stationary phase, but are not considered here.
Giovannoni et al. (2005a) demonstrated that the presence of a light phase in batch
culture compared to continuous dark generally has no influence on SAR11 growth rate in nonlimiting conditions (exponential phase). It has been suggested however, that the SAR11 culture
may be replete with organic material, satisfying the energy demands of cells in light and dark
conditions (Zubkov, 2009). Giovannoni et al. (2005a) did note that in some experiments cells
grew better in the light but results were variable.
Are such increases in growth rate related to photoheterotrophy ecologically relevant
and do they influence the distribution of SAR11? SAR11 are ubiquitously distributed along
horizontal (Morris et al., 2002) and vertical gradients (Field et al., 1997) of nutrients. It is likely
that photoheterotrophic light use increases their competitive ability for limiting resources and
growth rate relative to non-photoheterotrophic microbes and functions in governing their
distribution in the ocean. The use of a single cell model in the present study restricts full
evaluation of the interactions of the SAR11 population with physical and other chemical
forcing agents, in addition to the influence of competition for shared resources with other
microbes such as Pro. A proposal for a chemostat model to address the influence of changes in
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growth rate through photoheterotrophy and the influence on competition for shared nutrient
pools is discussed in Section 6.3.
Energetic arguments that compare net solar energy harvesting to cellular maintenance
energy requirements imply that proteorhodopsin based photoheterotrophy may influence the
distribution of PR containing microbes such as SAR11. High light intensities (≥ 800 µmol
photons m-2 s-1) and high densities of proteorhodopsin units in membranes may result in solar
energy harvesting that exceeds maintenance requirements (Kirchman and Hanson, 2012). Such
light intensities are representative of experimental conditions where photoheterotrophy
increases nutrient uptake in SAR11 cells (Gómez-Pereira et al., 2012). High PR densities in
SAR11 membranes are however yet to be measured (Giovannoni et al., 2005a, Kirchman and
Hanson, 2012).
The assumed maintenance energy requirements are important for the conclusions
drawn by Kirchman and Hanson (2012). In the present study, growth rate is sensitive to
changes in the maintenance rate, the sensitivity of which increases as substrates become
limiting (Appendix Tables 4.1-4.4). Neither study use observed maintenance rates specific to
SAR11 as such measurements are absent from the literature. Understanding the maintenance
requirements of SAR11 is therefore important in determining the influence of
photoheterotrophy on their distribution.
4.4.2.

Optimum light investment for maximum growth rate

We do not have any observational evidence with which to compare the behaviour of 𝛽𝑜𝑝𝑡 in
the model. The ability to partition cellular energy could drive organism selection in the ocean
(Zubkov, 2009). The parameter β can be considered to represent the physiological plasticity of
an individual SAR11 cell for the use of harvested solar energy. A population of SAR11 could
navigate along β with time through fluctuating ambient conditions, maximising growth rate at
𝛽𝑜𝑝𝑡 .
This kind of trade-off framework has been used to represent the diversity of
populations, allowing the modelled environment to select the best combination of parameter
values or traits to maximise a certain property, often growth rate (for example Follows et al.,
2007). Such a conceptual approach is motivated by the principles of natural selection
(reviewed by Follows and Dutkiewicz, 2010). The present study can also be seen from this
perspective, with each value of β corresponding to a different physiological strategy for
different individuals. Populations of SAR11, each with a different value of β, would
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interchangeably have 𝛽𝑜𝑝𝑡 in fluctuating ambient conditions. In such a situation the full β trait
space would represent diverse populations of SAR11. Future work could consider this
alternative theory for how light is partitioned within SAR11 and evaluate suboptimum β in
addition to 𝛽𝑜𝑝𝑡 in changing ambient conditions.
The specific value of 𝛽𝑜𝑝𝑡 might not represent the actual percentage of harvested solar
energy invested in DOC and/or DON uptake for any given environment. The use of harvested
solar energy for photoheterotrophic uptake of dissolved organic phosphorus (Gómez-Pereira
et al., 2012, Duhamel et al., 2012) and ATP synthesis (Gómez-Consarnau et al., 2010) may
influence the balance of light energy investment and therefore the specific value of 𝛽𝑜𝑝𝑡 . This
will be discussed in greater detail in Section 6.3.
4.4.3.

The uptake of DIN

Understanding the dynamics of DIN acquisition and metabolism in the subtropical gyres is
important as it is considered a major limiting nutrient for microbial growth. While it has been
demonstrated that SAR11 are capable of assimilating DIN (Sowell et al., 2008), the present
study may be the first attempt at investigating the contribution of DIN to a SAR11 cell’s
nitrogen budget.
A photoheterotrophic SAR11 cell may need to source 42 % of cellular nitrogen from
DIN (47 % in in a non-photoheterotrophic SAR11 cell) in order to grow at the maximum rate
when ambient substrates are saturating (Figure 4.2). This estimate is dependent on the growth
rate per day, (Section 2.3.1.4) and the scaling method used to gain an estimate for the
theoretical maximum rates of DIN and DON uptake (with the maximum uptake rate of DON
estimate being comparable to field estimates) (Section 5.2.1). The scaling method is critiqued
in Section 5.4. According to observations an assumed growth rate of 0.20 d-1 is reasonable
(Rappé et al., 2002, Giovannoni et al., 2005b, Malmstrom et al., 2005). Measured rates of DON
uptake are, however, variable (Mary et al., 2008a, Gómez-Pereira et al., 2012, Evans et al.,
2015). Until parallel measurements of growth rate and uptake are made in a single empirical
study it is difficult to assess variation in the contribution of DIN (and DON) to SAR11 the
nitrogen budget as all parameters can theoretically vary independently. The present study
should therefore not be considered an absolute representation of the SAR11 nitrogen budget.
However, the estimates are a first attempt at understanding the contribution of DIN to SAR11
growth and they allow for an evaluation of the influence of photoheterotrophy on the
dynamics of resource acquisition with changing ambient fields.
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When ambient conditions are non-limiting, photoheterotrophic light use does not
appear to reduce the requirement of DIN for growth (Figure 4.2). However, the ability to
enhance the uptake of DOC photoheterotrophically may enhance DIN assimilation into AA
when DON limits growth (Figure 4.13c), even if the concentration of DIN is unchanging (Table
4.2). The results from the model suggests that increasing the delivery of DOC to the AA
synthesis machinery when ON declines, increases the cells capacity to assimilate DIN into AA
by up to 11.0 % (Figure 4.13c). The effect is greatest when ambient DON is zero, where the
increase in growth rate is by up to 9.9 % (Figure 4.13a).
In cases when ambient DON is limiting SAR11 growth relative to DIN and DOC, the ability
to enhance the assimilation of DIN into AA indirectly through photoheterotrophically
enhanced DOC uptake, may have important consequences for competition for nitrogen
resources in oligotrophic gyre ecosystems. Primary production is limited by DIN in oligotrophic
ecosystems and evidence suggests that bacteria out-compete phytoplankton for DIN, due to
their smaller size and increased surface area to volume ratio (Suttle et al., 1990). The DIN form
of ammonium is preferred by cells on an energetic basis over nitrate and nitrite as it is in the
chemical form required for AA synthesis (White, 2007). The ability to enhance the assimilation
of ammonium when SAR11 uses light energy photoheterotrophically may further increase
competitive pressure on phytoplankton for limiting DIN, forcing these primary producers to
utilise resources, such as nitrate, which is expensive to assimilate due to the additional cost of
reduction. In situations where new nitrate fuels new production, which may be a rare case in
gyres with limited vertical mixing, as new production balances export, it is possible that
photoheterotrophic light use in SAR11 might partially mediate the export of carbon to the
deep ocean in oligotrophic ecosystems if cells are DON limited. Alternatively the increased
competitive ability for DIN in SAR11 through photoheterotrophy may modify ambient
conditions such that other DIN competitors such as Pro are at a competitive advantage if they
the ability to uptake DON photoheterotrophically.
SAR11 can transport and assimilate less reduced forms of DIN, such as nitrate and
nitrite (Sowell et al., 2008). If a fraction of DIN used by SAR11 is made up of less reduced forms
of DIN, the cost for synthesising AA may be underestimated in the model as it is based on the
assimilation of ammonium into AA. Growth rate is sensitive to the cost of AA synthesis when
DON limits growth (Appendix table 4.3). The increase in growth rate through
photoheterotrophic light use when DON limits growth (Figure 4.13a) may therefore be overestimated in the present analysis if SAR11 assimilates substantial fractions nitrate and/or
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nitrite instead of ammonium. Determining DIN sources readily used by SAR11 is therefore
important in understanding constraints on SAR11 growth rate.
4.4.4.

The uptake of DON

SAR11 frequently dominate the uptake of DON compounds in oligotrophic subtropical gyres
(Malmstrom et al., 2005, Malmstrom et al., 2004, Mary et al., 2008b, Gómez-Pereira et al.,
2012) demonstrating the importance of SAR11 as competitors and processors of organic
material.
The ability to enhance DON uptake photoheterotrophically may increase growth rate
by up to 18.6 % when DIN is limiting (Figure 4.9a) and 21.4 % at limiting DOC (Figure 4.17a).
Photoheterotrophic light use in SAR11, specifically for the uptake of DON, may be essential for
survival when DIN and DOC (Carlson and Ducklow, 1996) are limiting in oligotrophic
ecosystems where SAR11 dominate (Morris et al., 2002). The ability to direct solar energy to
the uptake of DON may also increase SAR11’s competitive ability for the limiting
concentrations of nitrogen.
Results presented here suggest that DON may account for just over half of a cell’s
cellular nitrogen requirements and a quarter of its carbon requirements when substrates are
saturating (Figure 4.2). DON is therefore a critical source of not just nitrogen but also of carbon
in oligotrophic ecosystems.
The chemical species and energetic status of DON may be critical for the growth of
SAR11. Sensitivity analysis suggests that the growth rate of SAR11 is sensitive to the C:N of
DON (Appendix Tables 4.1-4.3) and the efficiency with which it is assimilated into biomass
(Appendix Table 4.4). In the model, the C:N of DON is that of bacterial protein, which assumes
that SAR11 can select specific components of the DON pool best suited for metabolism (Mary
et al., 2008b) and that SAR11 protein is the same as that of coastal populations from which the
bacterial protein was characterised (Section 2.3.1.8). Knowledge of the nature of SAR11
protein and the specific components of the DON pool that are assimilated would be important
for understanding constraints on SAR11 growth rate when analysed using the presented
model.
4.4.5.

The uptake of DOC

Photoheterotrophic DOC uptake results in an increase in growth rate of up to 9.9 % when DON
is limiting (Figure 4.13a). The influence of light enhanced DOC uptake on DIN assimilation has
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already been discussed (Section 4.4.3). Light enhanced DOC uptake also significantly enhances
the delivery of OC to maintenance and growth (Figure 4.13f), contributing to the ability of
SAR11 to increase growth rate by up to 9.9 % if DON is limiting growth (Figure 4.13a).
The model demonstrates that SAR11 could use harvested light energy to enhance the
uptake of DOC during non-limiting (Figure 4.2) and DON limiting conditions (Figure 4.13e)
suggesting that if DOC metabolism measurements for SAR11 (Alonso and Pernthaler, 2006,
Malmstrom et al., 2005) are made in such conditions then neglecting to consider
photoheterotrophic metabolism would underestimate the SAR11 contribution to DOC
turnover.
The model results suggest that DOC may be the primary carbon source for SAR11
accounting for roughly 75 % when ambient conditions are saturating (Figure 4.13). Limiting
concentrations of ambient DOC, which have been documented for the oligotrophic Sargasso
Sea (Carlson and Ducklow, 1996) where SAR11 numerically dominates the bacterioplankton
community (Morris et al., 2002), results in a growth rate that is approximately 30 % of that
possible when substrates are saturating (Figure 4.17a). Although nitrogen is often considered
the primary limiting resource in oligotrophic ecosystems, the availability of this carbon
substrate is a critical factor for SAR11 survival in subtropical oligotrophic gyres.
4.4.6.

Carbon dioxide respired

The results from the model indicate that photoheterotrophic resource acquisition may
influence our understanding of carbon dioxide release in regions of the ocean where SAR11
dominate. The degree to which it is influenced is highly dependent on ambient conditions,
more specifically DON availability (Figure 4.14d).
In the model, carbon dioxide is released through costs incurred in maintenance, growth
and the synthesis of AA. Conditions under which these processes are significantly influenced
through photoheterotrophic light use may therefore change our understanding of carbon
dioxide release in SAR11. Under DON limiting conditions, growth rate and AA synthesis are
enhanced when SAR11 acquires resources photoheterotrophically and total carbon dioxide
release increases by up to 11.4 % relative to an equivalent heterotroph when DON becomes
limiting (Figure 4.13d), primarily through costs in the synthesis of AA (Figure 4.14a and 4.15). If
respiration measurements are made in regions of the ocean where SAR11 dominate, and DON
limitation increases the dependency of the cell on AA synthesis using DOC and DIN, the model
demonstrates that the failure to consider the dynamics of photoheterotrophic metabolism
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may result in an underestimation of carbon dioxide release or may account for a degree of
variation between measurements of respiration. That respiration through this dominant
bacterial clade is highly dependent on environmental conditions suggests that measurements
of respiration in the ocean should be made in parallel with an evaluation of those conditions.
Respiration rates in the model are sensitive to the efficiency with which AA are
synthesised (Appendix Tables 4.1 and 4.3). The efficiency with which AA are synthesised is
parameterised by assuming ammonium is the only chemical species of DIN taken up from the
ambient pool. Therefore any costs of DIN reduction, through the use of nitrate and nitrite, are
ignored. SAR11 can however transport nitrate and nitrite (Sowell et al., 2008), and therefore
when DIN assimilation incurs additional costs of reduction, respiration may be enhanced and
therefore underestimated in the present study.
4.4.7. Bacterial growth efficiency
Metabolic balance, the balance between respiration and primary production, in the open
ocean is a matter of debate (Ducklow and Doney, 2013). If all organisms respire all fixed
carbon dioxide then the system is assumed to be in metabolic balance. If the open ocean is net
autotrophic (Williams et al., 2013) it will act as a sink for carbon dioxide. whereas if the open
ocean is net heterotrophic (Duarte et al., 2013) it will be a source. Reconciling which side of
the balance the ocean is on is critical for our knowledge of the capacity of the ocean to
sequester atmospheric carbon dioxide and therefore to respond to anthropogenic carbon
dioxide release. Variations in measurements and significant methodological uncertainties in
quantifying primary production and respiration currently complicate finding a definite solution
to this argument (Ducklow and Doney, 2013).
The results from the model suggest that photoheterotrophic resource acquisition has
a negligible influence on BGE for SAR11 (Figure 4.8 4.12, 4.16, 4.20). However, BGE is strongly
dependent upon ambient conditions and the substrates used. The range of BGE values
reported in this study is between 56 % to 94 % when SAR11 grows heterotrophically. The
lowest BGE estimates are found when DON limits growth (Figure 4.16). In these conditions,
SAR11 increasingly depends on DIN as a source of nitrogen, which is assimilated at a high cost
in carbon, resulting in high respiration rates (Figure 4.14a). As a result, BGE decreases as
ambient DON declines. The sensitivity of respiration to the efficiency of AA synthesis and
therefore DIN species assimilated (discussed above in Section 4.4.6) is also important for BGE
(Appendix Table 4.3). Higher estimates of BGE are found when DOC and DIN are limiting,
restricting the synthesis of AA (Figures 4.12 and 4.20). In such cases respiration in the model is
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via production of maintenance and growth biomass only, which releases only a small quantity
of carbon dioxide (Figure 4.10b, 4.18b).
Measurements of BGE in oligotrophic ecosystems such as the Atlantic subtropical
gyres where SAR11 dominate are typically between 1 and 10 % (Hansell et al., 1995, Alonso
and Pernthaler, 2006, Del Giorgio et al., 2011). This model predicts much higher BGE. This
indicates that if field measurements are correct, respiration through the synthesis of AA and
maintenance and growth biomass is only a fraction of total carbon dioxide release in SAR11. If
we assume, for simplicity that a BGE of 10 % is representative of oligotrophic waters, then,
using our estimates of BGE (56 % - 94 %) (heterotrophic BGE for direct comparison to
measurements that do not consider dynamics of photoheterotrophy), between 46 % and 84 %
of total carbon may be respired through processes other than AA synthesis, maintenance and
growth in SAR11.
Low BGE in oligotrophic ecosystems indicates that maintenance requirements may be
high in regions of the ocean with low concentrations of nutrients (Del Giorgio and Cole, 1998).
Energy requiring processes relevant to oligotrophic ecosystems, which may be paid for through
organic carbon mobilisation resulting in the respiration of carbon dioxide, includes the cost for
transporting nutrients into the cell up the strong concentration gradient (Mårdén et al., 1987).
and the cost of maintaining diverse transport systems (Morita, 1997, Sowell et al., 2008).
However, such shifts in energetic costs have not been measured in natural populations of open
ocean bacterioplankton. The transport of substrates in the model has an efficiency that does
not change with decreasing concentrations of ambient nutrients (Section 2.3.2). BGE is
however sensitive to changes in this efficiency parameter in all experimental conditions
(Appendix Tables 4.1-4.4). Transport costs have been incorporated into a similar bioenergetic
model, by assuming costs increase as the ambient pool decreases relative to a constant
internal cellular pool concentration (Vallino et al., 1996). However, predictions of BGE in this
study were also significantly higher than field estimates. Incorporating transport costs into the
present studies may prove useful in development of a model that can represent metabolic
costs in addition to biomass synthesis and possibly refine BGE predictions. However, accurate
predictions of BGE will require a greater understanding of maintenance processes in
bacterioplankton.
It is also important to note that we do not consider all potential uses of harvested light
energy that may affect respiration in the model. It has been demonstrated that SAR11 can
substitute the use of DOM for energy, which results in carbon respiration, for direct
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phototrophic ATP synthesis (Gómez-Consarnau et al., 2010), which may increase BGE if
respiration rates decline as a consequence.
4.4.8.

Ammonium release

The results from the model suggest that the release of ammonium is never a significant
fraction of the total nitrogen flux as long as a readily available source of DOC is present (Figure
4.3, 4.11, 4.15). Ammonium release never represents more than 3 % of the total nitrogen flux
taken up by the cell if DOC is available, regardless of whether DIN and/or DON are limiting.
It has been demonstrated that ammonium release will only occur from bacterial cells
when the available source of organic carbon (here DOC) has been exhausted and if DON is the
only source of nitrogen available to the cell (Goldman and Dennett, 1991, Goldman et al.,
1987, Goldman and Dennett, 2000). Currently, the flux of AA and DON are summed to produce
the flux of ON available for maintenance and growth and therefore AA (synthesised using DOC)
may be mobilised as an energy resource. Bacterial cells are unlikely to synthesise a compound
using DOC, with an efficiency of 67 % per mole of carbon synthesised (De Vries et al., 1974)
and then to use this molecule as a source of energy. Despite this model limitation it is
reassuring that ammonium release never exceeds 3 % of the total nitrogen flux and when DIN
and DON limit growth is less than 1 % of the total nitrogen flux. This model limitation is
therefore not considered to influence the results significantly.
The model is of use in evaluating the release of ammonium when DOC is limiting the
growth of SAR11 and the influence that photoheterotrophic light use may have upon its rate of
release. The imposition of DOC limitation demonstrates that ammonium release increases as
DOC limits the cells capacity for ON sparing (for both SAR11-H and SAR11-PH) (Figure 4.18e).
When DOC is absent ammonium release represents a significant fraction of total nitrogen in
both cell types (Figure 4.20). The increase in DON uptake through photoheterotrophic light use
at zero ambient DOC increases the release of ammonium by up to ~20 % relative to an
equivalent heterotroph (Figure 4.18e). In regions of the oligotrophic ocean where carbon
limitation has been demonstrated and SAR11 dominate, such as the Sargasso Sea (Carlson and
Ducklow, 1996, Morris et al., 2002), photoheterotrophic light use may therefore be important
in mediating the regeneration of nitrogen.
4.4.9. The importance of maintenance for carbon and nitrogen assimilation
Maintenance makes up a significant fraction of the total carbon flux when DOC and DON are
limiting (Figure 4.16, 4.20). The most dominant loss term of the total nitrogen flux in SAR11 is
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the fraction used to satisfy maintenance, irrespective of the degree of nutrient limitation
(Figure 4.5, 4.12, 4.16, 4.20). Photoheterotrophic resource acquisition reduces the fraction of
total carbon and nitrogen used for maintenance, increasing the fraction than can be used for
growth. Photoheterotrophic light use is important for increasing the efficiency with which
carbon and nitrogen are used by SAR11 in nutrient depleted subtropical gyre ecosystems.
The importance of resolving the maintenance requirements of bacterial cells in
subtropical gyres in terms of respired carbon dioxide and BGE has been discussed in Section
4.4.7. The use of carbon and nitrogen to form maintenance biomass is also a significant
constraint on growth, which photoheterotrophic light use partially relieves.
We do not have detailed knowledge on the rate of maintenance biomass turnover in
SAR11 or more generally bacterial cells. The maintenance rate in the present study is based on
the turnover of leucine in open ocean bacterioplankton (Hill et al., 2013). The results from the
model suggest that understanding the maintenance requirements of SAR11 is a priority for
more accurately modelling the influence of photoheterotrophic light use on the cells growth
rate.
4.5.

Summary

The aim of Chapter 4 was to investigate the influence of photoheterotrophic light use on the
growth rate of SAR11 and the impact on key physiological processes involving carbon and
nitrogen. The results show that photoheterotrophic light use may significantly increase the
growth rate of SAR11 and may assist in allowing these cells to dominate the bacterial
communities in oligotrophic subtropical gyre ecosystems. The influence of photoheterotrophic
nutrient uptake on growth rate is critically dependent on the relative availability of ambient
resources and the effect is only of significance when DON and DIN are limiting.
Photoheterotrophy also results in higher rates of respiration and ammonium regeneration
than would be expected if heterotrophic production were not influenced by solar energy.
SAR11 uses a significant fraction of carbon and nitrogen for maintenance. Photoheterotrophy
partially relieves this constraint on growth rate.
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4.6.

Tables

Table 4.1 Table detailing key processes of interest, a short description of each process,
chemical forms, associated elements, units and equation references.
Chemical form and
associated elements

Equation
reference
(Chapter 2)
2.2.3.3i

Key processes of
interest

Description

Growth rate

Allocation of biomass to new growth

Organic containing
carbon and nitrogen
with a C:N of 5

mol C (mol C)-1 d-1

Light investment

Use of harvested light energy for the
acquisition of DOC and DON to
maximise growth rate

-

-

2.2.1.2a,
2.2.1.2b

Dissolved organic
carbon (DOC)
uptake

The rate of DOC uptake, which is
subject to enhancement through
photoheterotrophy

Organic containing
carbon only

mol C (mol C)-1 hr-1

2.2.1.3b

Dissolved organic
nitrogen (DON)
uptake

The rate of DON uptake, which is
subject to enhancement through
photoheterotrophy

Organic containing
carbon and nitrogen
at C:N of 4.3

mol C (mol C)-1 hr-1

2.2.1.4a

Amino acid (AA)
synthesis

The rate of AA synthesis using DOC
and dissolved organic nitrogen (DIN)

Organic containing
carbon and nitrogen
at C:N of 4.3

mol C (mol C)-1 hr-1

2.2.2k

ON (organic
nitrogen) delivery
to maintenance
and growth

The rate that ON (sum of DON and
AA) is delivered to maintenance and
growth

Organic containing
carbon and nitrogen
at C:N of 4.3

mol C (mol C)-1 hr-1

2.2.2m

OC (organic
carbon) delivery to
maintenance and
growth

The rate that OC (DOC remaining after
AA synthesis ) is delivered to
maintenance and growth

Organic containing
carbon only

mol C (mol C)-1 hr-1

2.2.2n

Maintenance

The synthesis of biomass for use in
general cell functioning that does not
contribute to new growth

Organic containing
carbon and nitrogen
with a C:N of 5

mol C (mol C)-1 hr-1

2.2.3.2i

Respiration at AA
synthesis

The production of carbon dioxide due
to costs in the synthesis of AA

Inorganic carbon

mol C (mol C)-1 hr-1

2.2.2l

Respiration at
maintenance and
growth

The production of carbon dioxide
through costs in transport and
synthesise associated with
maintenance and growth

Inorganic carbon

mol C (mol C)-1 hr-1

2.2.3.2k,
2.2.3.3h

Ammonium release
at maintenance
and growth

Ammonium that has been released
through the deamination of ON for
maintenance and growth

Inorganic nitrogen

mol N (mol C)-1 hr-1

2.2.3.2j,
2.2.3.3g

Excess OC

DOC that has been taken up by the
cell but is in excess to stoichiometric
requirements for growth

Organic containing
carbon only

mol C (mol C)-1 hr-1

2.2.3.3k

Excess ON

ON that has been taken
up/synthesised by the cell but is in
excess to stoichiometric requirements
for growth

Organic containing
carbon and nitrogen
at C:N of 4.3

mol C (mol C)-1 hr-1

2.2.3.3j
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Units

Table 4.2 Ambient conditions for Experiments 1-5. (X/K) is the ratio of the ambient nutrient
concentration to the nutrient’s half saturation constant, explained in Section 2.3.1.
Environmental factor

Exp. 1

Exp. 2

Exp. 3

Exp. 4

Irradiance
(µmols photons m-2 s-1)
DIN (X/K)

0 and 500

500

500

500

5

0-5

5

5

DON (X/K)

5

5

0-5

5

DOC (X/K)

5

5

5

0-5
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4.7.

Figures

Figure 4.1 Schematic of the SAR11 model. The green square represents the proteorhodopsin
light harvesting system. Harvested light energy is partitioned between photoheterotrophic
DON and DOC uptake (orange circles) using the parameter β. DOC is partitioned between
amino acid (AA) synthesis (dark blue circle) and maintenance and growth (red circles) using the
parameter α. DIN is taken up (light blue circle) and bound DOC to synthesise AA (dark blue
circle) which is added to the flux of DON. The organic nitrogen (ON) (sum of DON and AA) and
organic carbon (OC) (DOC remaining after AA synthesis) fluxes (black circles) are available for
the cell to satisfy maintenance as a priority and then growth (red circles). Carbon dioxide is
respired at AA synthesis and maintenance and growth. Ammonium is released at maintenance
and growth. Maintenance biomass is excreted from the cell along with ON and OC that are in
excess to stoichiometric requirements for growth.
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Figure 4.2 The variation of SAR11-PH growth rate with β and the growth rate of SAR11-H per
day (left). The vertical dashed line shows the position of 𝛽𝑜𝑝𝑡 .The uptake of carbon and
nitrogen and growth rate of Pro-PA and Pro-PH per hour at 𝛽𝑜𝑝𝑡 (right).

Figure 4.3 The total (top) and fate of (bottom) of carbon (left) and nitrogen (right) in SAR11-H
and SAR11-PH at 𝛽𝑜𝑝𝑡 . Processes are specified in the keys at the bottom of each figure. M and
G represent maintenance and growth, respectively.
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Figure 4.4 The fate of carbon (left) and nitrogen (right) for SAR11-H and SAR11-PH at 𝛽𝑜𝑝𝑡 . M
and G represent maintenance and growth, respectively.

Figure 4.5 The rate of growth (a) and uptake of carbon and nitrogen (b-f) for SAR11-H and
SAR11-PH with β. The vertical dashed line shows the position of 𝛽𝑜𝑝𝑡 . M and G represent
maintenance and growth, respectively.
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Figure 4.6 The growth rate (a) and fate of carbon and nitrogen (b-f) for SAR11-H and SAR11-PH
with β. The vertical dashed line shows the position of 𝛽𝑜𝑝𝑡 . M and G represent maintenance
and growth, respectively.
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Figure 4.7 The total (top) and fate of (bottom) of carbon (left) and nitrogen (right) in SAR11-H
and SAR11-PH with β. Processes are specified in the keys at the bottom of the figure.

Figure 4.8 Bacterial growth efficiency of SAR11-H and SAR11-PH with β. The vertical dashed
line shows the position of 𝛽𝑜𝑝𝑡 .
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Figure 4.9 The change in growth rate (a), 𝛽𝑜𝑝𝑡 (b), and uptake of carbon and nitrogen (c-f) at
multiple ambient DIN (X/K) for SAR11-H and SAR11-PH-PH at 𝛽𝑜𝑝𝑡 .The vertical dashed line
corresponds to ambient maximum DIN where 𝛽𝑜𝑝𝑡 = 1. The vertical solid line separates DIN
equals zero (X/K). M and G represent maintenance and growth, respectively.
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Figure 4.10 The fate of carbon (a-d) and nitrogen (e and f) at multiple ambient DIN (X/K) for
SAR11-H and SAR11-PH at 𝛽𝑜𝑝𝑡 . The vertical dashed line corresponds to the maximum ambient
DIN where 𝛽𝑜𝑝𝑡 = 1. The vertical solid line separates DIN equals zero (X/K). M and G represent
maintenance and growth, respectively.
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SAR11-H

SAR11-H

SAR11-PH

SAR11-PH

Figure 4.11 Carbon (left) and nitrogen (right) metabolic fluxes at multiple ambient DIN (X/K).
for SAR11-H (top) and SAR11-PH (bottom). The vertical solid line separates data at zero DIN
(X/K).

Figure 4.12 Bacterial growth efficiency of SAR11-H and SAR11-PH. The vertical solid line
separates DIN equals zero (X/K).
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Figure 4.13 The change in growth rate (a), 𝛽𝑜𝑝𝑡 (b), and uptake of carbon and nitrogen (c-f) at
multiple ambient DON (X/K) for SAR11-H and SAR11-PH at 𝛽𝑜𝑝𝑡 .The vertical dashed line
corresponds to ambient maximum DON where 𝛽𝑜𝛽𝑡 = 1. The vertical solid line separates DON
equals zero (X/K). M and G represent maintenance and growth, respectively.
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Figure 4.14 The fate of carbon (a-d) and nitrogen (e-f) at multiple ambient DON (X/K) for
SAR11-H and SAR11-PH at 𝛽𝑜𝑝𝑡 . The vertical dashed line corresponds to the maximum
concentration of DON where 𝛽𝑜𝑝𝑡 = 1. The vertical solid line separates DON equals zero (X/K).
M and G represent maintenance and growth, respectively.
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SAR11-H

SAR11-H

SAR11-PH

SAR11-PH

Figure 4.15 Carbon (left) and nitrogen (right) metabolic fluxes at multiple ambient DON (X/K)
for SAR11-H (top) and SAR11-PH (bottom). The vertical solid line separates data at zero DON
(X/K).

Figure 4.16 Bacterial growth efficiency for SAR11-H and SAR11-PH. The vertical solid line
separates DON equals zero (X/K).
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Figure 4.17 The change in growth rate (a), 𝛽𝑜𝑝𝑡 (b), and uptake of carbon and nitrogen (c-f) at
multiple ambient DOC (X/K) for SAR11-H and SAR11-PH-PH at 𝛽𝑜𝑝𝑡 .The vertical dashed line
corresponds to ambient maximum DOC where 𝛽𝑜𝑝𝑡 = 1. The vertical solid line separates DOC
equals zero (X/K). M and G represent maintenance and growth, respectively.
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Figure 4.18 The fate of carbon (a-d) and nitrogen (e-f) at multiple ambient DOC (X/K) for
SAR11-H and SAR11-PH at 𝛽𝑜𝑝𝑡 . The vertical dashed line corresponds to the maximum
concentration of DOC where 𝛽𝑜𝑝𝑡 = 1. The vertical solid line separates DOC equals zero (X/K).
M and G represent maintenance and growth, respectively.
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SAR11-H

SAR11-H

SAR11-PH

SAR11-PH

Figure 4.19 Carbon (left) and nitrogen (right) metabolic fluxes at multiple ambient DOC (X/K)
for SAR11-H (top) and SAR11-PH (bottom). The vertical solid line separates data at zero DOC
(X/K).

Figure 4.20 Bacterial growth efficiency for SAR11-H and SAR11-PH. The vertical solid line
separates DOC equals zero (X/K).
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4.8.

Appendix Tables

Appendix Table 4. 1 Sensitivity analysis for SAR11-PH at 𝛽𝑜𝑝𝑡 in non-limiting conditions
(Experiment 1). – and + for each parameter corresponds to a -20 % or +20 % change in each
parameter.

Para.

DIN half sat.DIN half sat.+
DOC half sat.DOC half sat.+
DON half sat.DON half sat.+
Light half sat.Light half sat.+
Flux ratio Flux ratio +
Max. DIN Max. DIN +
Max. DOC Max. DOC +
Max. DON Max. DON +
Max. AAMax. AA+
AA synth. eff AA synth. eff +
C:N ON C:N ON +
C:N X+
ON eff. OC eff. Maintenance Maintenance +

Growth
rate

BGE

Excess
carbon

Excess
nitrogen

NH4
release
M and G

0.00
-0.01
0.00
0.00
0.00
0.00
-0.12
-0.10
-0.13
-0.09
0.04
0.02
0.39
0.32
0.63
0.63
0.25
0.21
0.35
0.29
-0.81
-0.84
0.70
0.17
0.22
-0.24
-0.24

0.00
0.00
0.00
0.00
0.00
0.00
-0.04
-0.04
-0.01
-0.01
-0.01
0.00
-0.05
-0.03
0.15
0.12
-0.05
-0.04
0.52
0.48
-0.14
-0.19
0.12
0.17
0.80
-0.05
-0.05

0.01
0.01
0.00
0.00
0.00
0.00
-0.25
-0.18
-0.24
-0.16
-0.08
-0.05
1.50
1.61
-0.03
-0.03
-0.51
-0.42
0.38
0.31
1.13
1.19
-1.01
0.00
1.23
-0.01
-0.01

-0.01
-0.01
0.00
0.00
0.00
0.00
-0.23
-0.20
-0.09
-0.06
0.08
0.04
-0.09
-0.05
0.84
0.89
0.46
0.42
0.31
0.26
-2.24
-2.06
1.95
0.04
-2.02
-0.30
-0.29

-0.01
-0.01
0.00
0.00
0.00
0.00
-0.20
-0.18
-0.03
-0.02
0.11
0.07
-0.70
-0.52
1.00
1.08
0.65
0.62
0.24
0.21
-19.11
-4.98
11.53
-4.81
-4.92
-0.16
-0.15
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CO2
release
AA

-0.01
-0.01
0.00
0.00
0.00
0.00
-0.01
0.00
-0.05
-0.04
0.08
0.05
0.62
0.53
-0.09
-0.09
0.51
0.42
-2.70
-2.26
0.08
0.05
0.00
0.00
0.00
0.00
0.00

CO2
release
M and G

AA
synth.

DON
uptake

0.00
0.00
0.00
0.00
0.00
0.00
-0.19
-0.16
-0.10
-0.07
0.03
0.02
0.30
0.25
0.52
0.52
0.20
0.16
0.26
0.22
-0.64
-0.67
0.56
-3.35
-21.40
0.01
0.01

-0.01
-0.01
0.00
0.00
0.00
0.00
-0.01
0.00
-0.05
-0.04
0.08
0.05
0.62
0.53
-0.09
-0.09
0.51
0.42
0.62
0.53
0.08
0.05
0.00
0.00
0.00
0.00
0.00

0.00
0.00
0.00
0.00
0.00
0.00
-0.32
-0.28
-0.14
-0.09
0.00
0.00
0.00
0.00
1.00
1.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

CHO
synth.

0.00
0.00
0.00
0.00
0.00
0.00
-0.14
-0.10
-0.14
-0.10
0.00
0.00
1.00
1.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

Appendix Table 4. 2 Sensitivity analysis for SAR11-PH at 𝛽𝑜𝑝𝑡 in DIN-limiting conditions
(Experiment 2). – and + for each parameter corresponds to a -20 % or +20 % change in each
parameter.

Para.

DIN half sat.DIN half sat.+
DOC half sat.DOC half sat.+
DON half sat.DON half sat.+
Light half sat.Light half sat.+
Flux ratio Flux ratio +
Max. DIN Max. DIN +
Max. DOC Max. DOC +
Max. DON Max. DON +
Max. AAMax. AA+
AA synth. eff AA synth. eff +
C:N ON C:N ON +
C:N X+
ON eff. OC eff. Maintenance Maintenance +

Growth
rate

0.00
0.00
0.00
0.00
-0.28
-0.25
-0.21
-0.15
0.00
0.00
0.02
0.01
1.51
1.50
-1.52
-1.18
1.24
0.10
0.11
-0.52
-0.53

BGE

0.00
0.00
0.00
0.00
-0.01
-0.01
0.00
0.00
0.00
0.00
0.00
0.00
0.04
0.02
-0.02
-0.03
0.02
0.10
1.19
-0.02
-0.03

Excess
carbon

Excess
nitrogen

NH4
release
M and
G

CO2
release
AA

CO2
release
M and
G

0.00
0.00
0.00
0.00
0.03
0.03
-0.15
-0.10
0.00
0.00
1.08
1.08
-0.08
-0.08
0.54
0.42
-0.44
0.00
0.54
0.00
0.00

0.00
0.00
-0.01
-0.01
-0.59
-0.51
-0.20
-0.14
0.00
0.00
-0.22
-0.15
1.64
1.78
-1.81
-1.24
1.46
0.07
-1.19
-0.54
-0.53

0.00
0.00
-0.01
-0.01
-0.59
-0.49
-0.12
-0.08
0.00
0.00
-0.92
-0.63
1.50
1.86
-19.81
-4.95
11.48
-5.16
-4.98
0.03
0.05

-

0.00
0.00
0.00
0.00
-0.33
-0.29
-0.13
-0.09
0.00
0.00
0.01
0.01
0.99
0.98
-0.97
-0.77
0.79
-1.65
-26.57
0.00
0.00
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AA
synth.

-

DON
uptake

0.00
0.00
0.00
0.00
-0.34
-0.30
-0.13
-0.09
0.00
0.00
0.00
0.00
1.00
1.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

CHO
synth.

0.00
0.00
0.00
0.00
0.00
0.00
-0.15
-0.10
0.00
0.00
1.00
1.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

Appendix Table 4. 3 Sensitivity analysis for SAR11-PH at 𝛽𝑜𝑝𝑡 in DON-limiting conditions
(Experiment 3). – and + for each parameter corresponds to a -20 % or +20 % change in each
parameter.

Para.

DIN half sat.DIN half sat.+
DOC half sat.DOC half sat.+
DON half sat.DON half sat.+
Light half sat.Light half sat.+
Flux ratio Flux ratio +
Max. DIN Max. DIN +
Max. DOC Max. DOC +
Max. DON Max. DON +
Max. AAMax. AA+
AA synth. eff AA synth. eff +
C:N ON C:N ON +
C:N X+
ON eff. OC eff. Maintenance Maintenance +

Growth
rate

-0.02
-0.02
0.00
0.00
-0.13
-0.12
-0.11
-0.08
0.19
0.11
0.88
0.73
0.07
0.06
0.61
0.48
0.86
0.71
-1.25
-1.10
1.19
0.11
0.15
-0.54
-0.55

BGE

0.00
0.00
0.00
0.00
-0.03
-0.03
-0.01
-0.01
0.03
0.02
0.14
0.09
0.01
0.01
0.09
0.06
1.25
1.26
-0.47
-0.51
0.41
0.10
0.87
-0.20
-0.22

Excess
carbon

Excess
nitrogen

NH4
release
M and
G

CO2
release
AA

CO2
release
M and G

0.02
0.02
-0.01
-0.01
-0.54
-0.47
-0.21
-0.15
-0.15
-0.09
1.53
1.64
-0.05
-0.05
-0.47
-0.38
0.52
0.42
0.61
0.54
-0.63
0.00
0.80
0.00
0.00

-0.04
-0.04
0.00
0.00
-0.18
-0.17
-0.07
-0.05
0.27
0.17
0.64
0.48
0.10
0.09
0.81
0.72
0.86
0.71
-1.90
-1.43
1.87
0.05
-1.52
-0.63
-0.61

-0.05
-0.05
0.00
0.00
0.04
0.03
0.01
0.01
0.39
0.26
-0.05
-0.12
0.13
0.12
1.04
1.03
0.75
0.63
-20.64
-4.94
13.18
-5.20
-5.68
-0.38
-0.33

-0.02
-0.02
0.00
0.00
-0.16
-0.15
-0.06
-0.04
0.14
0.08
0.54
0.43
0.05
0.04
0.42
0.34
-2.85
-2.31
0.14
0.08
0.00
0.00
0.00
0.00
0.00

-0.02
-0.02
0.00
0.00
-0.16
-0.15
-0.06
-0.05
0.13
0.08
0.54
0.44
0.05
0.04
0.40
0.32
0.53
0.43
-0.80
-0.70
0.78
-1.54
-26.53
0.01
0.01
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AA
synth.

-0.02
-0.02
0.00
0.00
-0.16
-0.15
-0.06
-0.04
0.14
0.08
0.54
0.43
0.05
0.04
0.42
0.34
0.54
0.43
0.14
0.08
0.00
0.00
0.00
0.00
0.00

DON
uptake

-

CHO
synth.

0.00
0.00
0.00
0.00
-0.34
-0.30
-0.13
-0.09
0.00
0.00
1.00
1.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

Appendix Table 4. 4 Sensitivity analysis for SAR11-PH at 𝛽𝑜𝑝𝑡 in DOC-limiting conditions
(Experiment 4). – and + for each parameter corresponds to a -20 % or +20 % change in each
parameter.

Para.

DIN half sat.DIN half sat.+
DOC half sat.DOC half sat.+
DON half sat.DON half sat.+
Light half sat.Light half sat.+
Flux ratio Flux ratio +
Max. DIN Max. DIN +
Max. DOC Max. DOC +
Max. DON Max. DON +
Max. AAMax. AA+
AA synth. eff AA synth. eff +
C:N ON C:N ON +
C:N X+
ON eff. OC eff. Maintenance Maintenance +

Growth
rate

0.00
0.00
-0.32
-0.28
-0.24
-0.16
0.00
0.00
1.69
1.70
0.00
0.00
0.00
1.69
0.00
-0.70
-0.70

BGE

0.00
0.00
-0.01
-0.01
0.00
0.00
0.00
0.00
0.06
0.03
0.00
0.00
0.00
1.62
0.00
-0.03
-0.04

Excess
carbon

Excess
nitrogen

NH4
release
M and
G

CO2
release
AA

CO2
release
M and
G

0.02
0.02
1.48
1.76
0.64
0.49
0.00
0.00
-8.02
-3.27
0.75
-4.55
-0.37
-2.95
-7.17
1.61
2.26

-0.01
-0.01
-0.54
-0.48
-0.21
-0.15
0.00
0.00
1.61
1.60
0.00
-0.01
0.00
0.75
0.00
-0.60
-0.60

0.00
0.00
-0.33
-0.30
-0.13
-0.09
0.00
0.00
0.99
0.98
-7.17
-4.78
3.95
-4.78
0.00
0.02
0.02

-

0.00
0.00
-0.33
-0.29
-0.13
-0.09
0.00
0.00
0.98
0.98
0.00
0.00
0.00
-4.10
-0.04
0.02
0.02
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AA
synth.

-

DON
uptake

0.00
0.00
-0.34
-0.30
-0.13
-0.09
0.00
0.00
1.00
1.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

CHO
synth.

-

Chapter 5:

Understanding the different physiologies of

Prochlorococcus and SAR11: a theoretical morphosis of two
models
5.1

Introduction

Prochlorococcus (Pro) and SAR11 coexist in near equal abundances in the oligotrophic
subtropical gyres of the Atlantic Ocean. Ecologically their niches overlap, competing for similar
resources (Gómez-Pereira et al., 2012, Mary et al., 2008b). Both however maintain certain
distinct physiological strategies.
It is assumed here that coexistence occurs if Pro and SAR11 grow at the same specific
rate, i.e. both cells have the same division interval of 0.20 d-1. This is in accordance with ranges
observed in the field (Goericke and Welschmeyer, 1993, Malmstrom et al., 2005). Other
forcing agents such as viral lysis and predation are therefore assumed to affect Pro and SAR11
equally. Pro and SAR11 are both subject to viral lysis (Sullivan et al., 2003, Zhao et al., 2013)
and predation (Hartmann et al., 2013). The relative rates of influence are however yet to be
established.
The aim of this chapter is to investigate the dissimilar aspects of Pro and SAR11
physiology and metabolism and their influence on specific growth rate, and how differences
balance to result in equal specific rates of growth. The results from Chapters 3 and 4 are also
evaluated in order to understand the importance of photoheterotrophy for Pro and SAR11
growth rate relative to the other traits investigated.
Models describing the physiology and metabolism of Pro and SAR11 have been built,
parameterised and investigated separately in Chapters 2, 3 and 4. Both are constrained to
grow at the same specific rate. In order to address this chapter’s aim, a theoretical morphosis
of the models will be undertaken. The model parameterised for an individual Pro cell will be
‘morphed’ in a stepwise fashion into the model of an individual SAR11 cell in order to
understand the relative contribution of physiological differences in influencing growth rate.
Ambient conditions are taken to be non-limiting, identical to Experiment 1 for Pro (Section
3.2.1) and SAR11 (Section 4.2.1). Each stage of the theoretical morphosis is therefore used to
test the relative effect of each Pro and SAR11 physiological trait of growth rate.
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More specifically, the following physiological characteristics will be studied:


Cell size and shape



Carbon acquisition: photoautotrophy versus photoheterotrophy



Elemental composition of biomass (C:N)



Light harvesting physiology



Diurnal and nocturnal growth

Starting with a model of Pro, these physiological properties will be changed one-by-one in the
order given above to eventually match that of SAR11. This method provides a means of
exploring how physiological differences balance to give comparable specific growth rates.
These properties have been chosen for the following reasons.
5.1.1. Cell size and shape: nutrient uptake and photosynthetic rates
In an individual cell uptake processes occur across the cell membrane and are used to satisfy
maintenance and growth related processes for the whole cell. Uptake depends on surface area
(SA) and maintenance and growth are proportional to cell volume (V). It is assumed that
surface area related processes (e.g. uptake) are proportional to L2, whereas volume related
processes (e.g. maintenance) are proportional to L3, where L is the equivalent spherical
diameter.
A cell’s size and shape can both influence SA:V and may be important competitive
traits at low nutrient concentrations, as in oligotrophic gyres. For small cells, the smaller
nutrient fluxes through the membrane required to create a given fraction of the cell volume,
increases the utility of low concentrations of nutrients to smaller relative to larger cells (Raven,
1998). Resources can therefore be acquired and used for metabolism and growth more
effectively in smaller cells (Raven, 1998). Pro are spherical to first order (Partensky et al.,
1999). SAR11 are cylindrical and roughly one eighth of the volume of Pro (Rappé et al., 2002).
Both the size and shape difference between Pro and SAR11 may therefore be critical in
governing the uptake and synthesis of substrates, ultimately influencing the specific rate of
growth.
The rate of photosynthetic carbon reduction in single cells may also vary with cell size
(Finkel et al., 2009). Theoretically, smaller cells with a greater SA:V may have a higher specific
photosynthetic rate. An artefact of pigment organisation in photosynthetic cells called the
“package effect” means smaller cells have reduced resource costs for harvesting photons and
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transformation into chemical energy than larger cells (Raven, 1998). SA:V based scaling is
therefore assumed for the photosynthetic rate in Pro too. The method through which size and
shape differences are applied in the model is provided in Section 5.2.1.
5.1.2. Carbon acquisition: photoautotrophy versus photoheterotrophy
The physiological strategies for acquiring organic carbon for energy and biomass synthesis are
different for Pro and SAR11. Pro can synthesise carbohydrate (CHO) via photosynthetic
(photoautotrophic) carbon reduction (Partensky et al., 1999). SAR11 cannot reduce carbon but
can uptake reduced carbon forms from the environment as dissolved organic carbon (DOC)
(Schwalbach et al., 2010). The maximum rate of photosynthetic carbon fixation per hour in Pro
is approximately three times greater than the maximum rate of photoheterotrophic DOC
uptake in SAR11 (Section 2.3.1.6). The availability of organic carbon relative to sources of
nitrogen may influence the stoichiometry of biomass synthesis (Goldman and Dennett, 1991,
Goldman et al., 1987, Goldman and Dennett, 2000), which has been demonstrated for Pro and
SAR11 in Chapters 3 and 4. Differences in the rate and manner of carbon acquisition may
therefore also influence the specific growth rate. The method through which the difference in
carbon acquisition strategy is implemented is given in Section 5.2.2.
5.1.3. The elemental content of biomass (C:N)
The elemental content of biomass defines the relative quantity of carbon and nitrogen (C:N) in
synthesised biomass both for maintenance turnover and new growth. The C:N of Pro (9.2) is
almost twice that of SAR11 (5.0) (Section 2.3.2). As a consequence, SAR11 requires a greater
quantity of nitrogen for every mole of carbon biomass synthesised than Pro. As Pro and SAR11
uptake dissolved organic nitrogen (DON) and dissolved inorganic nitrogen (DIN) at rates which
may scale with differences in SA:V, and acquire carbon (CHO/DOC) at different rates, the net
requirement of carbon and nitrogen (C:N) for synthesis using these substrates may influence
the specific rate of growth. The method through which the difference in structural C:N is
applied in the model is given in Section 5.2.3.
5.1.4. Light harvesting physiology
Resource acquisition in Pro and SAR11 is both facilitated (photoautotrophy in Pro) and
enhanced (photoheterotrophy in Pro and SAR11) through phototrophy, which is therefore
dependent on the cell’s light harvesting system. Pro harvest solar energy primarily using
derivatives of chlorophyll a and b (divinyl chlorophyll-a and chlorophyll-b, referred to from
here-on-in as chl-a) (Partensky et al., 1999), whereas SAR11 uses a proteorhodopsin (PR)
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proton pump (Giovannoni et al., 2005a). The light harvesting dynamics (electron turnover) of
these two pigment types when fitted to a Michaelis-Menten model show dramatically
different half saturation constants. The difference in light harvesting physiology may therefore
be an important factor in influencing the specific growth rate. The method through which the
difference in light harvesting system is applied in the model is given in Section 5.2.4.
5.1.5. Diurnal and nocturnal growth
Pro are considered to grow during the diurnal period only (Zubkov, 2014). Due to their small
size the cells have minimal storage capacity for photosynthetically generated CHO (Maranon et
al., 2013) which they depend upon entirely for growth as obligate photoautotrophs (Partensky
et al., 1999). SAR11 can grow in both light and dark conditions, using harvested solar energy as
facultative photoheterotrophs only. The method through which diel patterns of growth are
incorporated into the model is given in Section 5.2.5.

5.2. Method
Starting with the Pro model, the physiological differences will be incorporated step-by-step,
with the theoretical morphosis ending with the SAR11 model. Each step is therefore part of a
cumulative process, keeping the changes implemented in the previous steps. For each step,
growth rate will be analysed at the optimum light investment for maximum growth rate (𝛽𝑜𝑝𝑡 ),
in accordance with the assumption that an organism will optimally balance its use of resources
to maximise growth rate, also assumed in Chapters 3 and 4. Suboptimum dynamics are not
evaluated. The following sections will describe how the theoretical morphosis will be applied.
The reasons for the chosen order of the morphosis will be given in Section 5.2.6.
5.2.1. Cell size and shape
The first step incorporates the size difference only and converts a Pro cell to a spherical cell
with the volume of SAR11, based on that of its equivalent spherical diameter. The cell type
created in the first step will be referred to as SAR11-S1. The second step incorporates the
difference in shape and converts the shrunk Pro shaped cell, SAR11-S1, to a SAR11 shaped
cylinder and will be referred to as SAR11-S2. In order to incorporate the consequence of
differences in cell size and shape between Pro and SAR11 in the model it is assumed that the
maximum rates of uptake and synthesis (Section 2.3.1) vary with SA:V (Section 5.1.1).
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To describe changes necessary in the model, the dimensions (SA and V) of Pro and
SAR11 will first be given. Then the theory behind the coefficients used to implement the
scaling of the maximum rates with SA:V will be explained. Application of the coefficients in the
model for theoretical morphosis will finally be presented.
5.2.1.1. Cell dimensions
Measurements of Pro dimensions grown in cultures give a range of 0.5-0.8 µm for length and
0.4-0.6 µm width of the coccoid cell (Morel et al., 1993) with an equivalent spherical diameter
(𝐷𝑃 ) of 0.5-0.7 µm (Partensky et al., 1999) (volume 0.113 µm3). For simplicity we take the cell
to be spherical to first order, with a diameter of 0.6 µm.
SAR11 cells are crescent-cylinder-shaped and estimates of dimensions on cultured cells
are 0.37-0.89 µm for length with a diameter of 0.12-0.20 µm (Rappé et al., 2002). Here we take
the cells to be cylinders with an average length (𝑙) of 0.63 µm and average diameter (𝐷𝑐 ) of
0.16 µm (volume 0.013 µm3). The equivalent spherical diameter of any given volume (𝑉) is
given as:
3𝑉
𝐷 = 2 (√ )
4𝜋
3

[5.1]

where 𝐷 is the equivalent spherical diameter. The equivalent spherical diameter of SAR11 (𝐷𝑆 )
is 0.3 µm, i.e approximately half that of Pro.
5.2.1.2. The difference in SA:V for SAR11-S1 and SAR11-S2
To calculate the SA and V of Pro and the SAR11-S1 sphere the following formulae are used:
𝐷𝑃/𝑆 2
)
2

[5.2]

4 𝐷𝑃/𝑆 3
𝑉 𝑠𝑝ℎ𝑒𝑟𝑒 = 𝜋 (
)
3
2

[5.3]

𝑆𝐴 𝑠𝑝ℎ𝑒𝑟𝑒 = 4𝜋 (

where 𝐷𝑃/𝑆 is the equivalent spherical diameter of Pro (𝐷𝑃 ) and SAR11 (𝐷𝑆 ). The SA:V of Pro
(𝑆𝐴: 𝑉𝑃 ) and SAR11-S1 (𝑆𝐴: 𝑉𝑆 ) based on the average equivalent spherical diameter
calculations are 𝑆𝐴: 𝑉𝑃 = 10 µm-1 and 𝑆𝐴: 𝑉𝑆 = 20 µm-1.
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For calculating the SA and V of the cylindrical SAR11-S2 the following formulae are
used:
𝐷𝑐 2
𝐷𝑐
𝑆𝐴 𝑐𝑦𝑙𝑖𝑛𝑑𝑒𝑟 = 2𝜋 ( ) + 2𝜋 ( ) 𝑙
2
2

[5.4]

𝐷𝑐 2
𝑉 𝑐𝑦𝑙𝑖𝑛𝑑𝑒𝑟 = 𝜋 ( ) 𝑙
2

[5.5]

where 𝐷𝑐 is the diameter of the cylinder’s end faces and 𝑙 is the length of a cylinder. The SA:V
of SAR11-S2 (𝑆𝐴: 𝑉𝑆𝐶 ) considering the SAR11 size and shape dimensions as mentioned above is
𝑆𝐴: 𝑉𝑆𝐶 = 28 µm-1. Table 5.1 gives the equivalent spherical diameters, surface areas, volumes
and SA:V for Pro, SAR11-S1 and SAR11-S2.
5.2.1.3. Scaling model rates using SA:V
In the model, substrates are taken up across the surface area (𝑆𝐴) of the cell at a given
absolute rate (𝑈̇) in units of mols C hr-1 or mols N hr-1. All fluxes in the present model, whether
proportional to surface area (uptake) or volume (V) (maintenance and growth), are given
relative to 1 mole of carbon biomass. As such, the normalised rate processes (𝐽)̇ are equal to

𝑈̇
𝑉

given that structural biomass scales with volume. Substrate uptake across the surface area can
be written in terms of either cell surface area or volume, so
𝑈̇ = 𝐽.̇ 𝑉 = 𝑆𝐴. 𝑐

[5.6]

where c is the uptake rate per unit surface area. This assumption allows for the influence of
size and shape differences between Pro and SAR11 on resource acquisition rates to be
calculated if it is assumed that 𝑐 is the same for Pro and SAR11, then
𝐽𝑃̇ . 𝑉𝑃 𝐽𝑆̇ . 𝑉𝑆
=
𝑆𝐴𝑃
𝑆𝐴𝑆

[5.7]

The subscripts 𝑃 and 𝑆 correspond to Pro and SAR11, respectively. So,
𝑆𝐴𝑆
𝑉𝑃
𝐽𝑆 = (
)(
) 𝐽̇
𝑉𝑆
𝑆𝐴𝑃 𝑃
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[5.8]

Therefore there is a factor,
𝑆𝐴𝑆
𝑉𝑃
𝛿𝑠𝑖𝑧𝑒/𝑠ℎ𝑎𝑝𝑒 = (
)(
)
𝑉𝑆
𝑆𝐴𝑃

[5.9]

which can be used to scale maximum rates parameterised for Pro to maximum rates according
to the change in size and shape, and therefore greater SA:V of SAR11. The coefficient used in
the first step of the theoretical morphosis, reducing Pro to a sphere the same volume as SAR11
creating SAR11-S1, will use the coefficient 𝛿𝑠𝑖𝑧𝑒 given as,
𝛿𝑠𝑖𝑧𝑒 = (

𝜋𝐷𝑆 2

(𝜋𝐷𝑆 3 )/6

(𝜋𝐷𝑃 3 )/6

)(

𝜋𝐷𝑃 2

) = 2.0

[5.10]

The coefficient used in the second step of the theoretical morphosis to reduce Pro to a cylinder
of equal volume to SAR11, creating SAR11-S2, will use the coefficient 𝛿𝑠ℎ𝑎𝑝𝑒 given as,

𝛿𝑠ℎ𝑎𝑝𝑒 = (

𝐷
𝜋𝐷𝐶 ( 𝐶 +𝑙)
2
𝐷𝐶 2
𝜋(
)𝑙
4

(𝜋𝐷𝑃 3 )/6

)(

𝜋𝐷𝑃 2

[5.11]
) = 2.8

5.2.1.4. Application of the scaling coefficients to the maximum rate parameters
The maximum rate parameters in the model that are considered to be dependent on the cells
̇
̇
̇
surface area are DON uptake (𝐽𝐷𝑂𝑁,𝑈
), DIN uptake (𝐽𝐷𝐼𝑁,𝑈
), CHO synthesis (𝐽𝐶𝐻𝑂,𝑆
) and
𝑚
𝑚
𝑚
̇
amino acid (AA) synthesis (𝐽𝐴𝐴,𝑆
) synthesis. The maximum rate of AA synthesis is dependent
𝑚
upon the value of the maximum rate of CHO synthesis and so scales with SA:V too. The
influence of the size dependent “package effect” is implicit in the scaling of the maximum rate
of photosynthetic CHO synthesis. A summary of the theoretical morphosis and maximum rate
parameters for Pro, SAR11-S1 and SAR11-S2 created using 𝛿𝑠𝑖𝑧𝑒 and 𝛿𝑠ℎ𝑎𝑝𝑒 are provided in
Table 5.2.
5.2.2. Carbon acquisition: photoautotrophy versus photoheterotrophy
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The rate of carbon acquisition is changed from that parameterised for photoautotrophy in Pro
to that of photoheterotrophy in SAR11. The cell type created in this stage of the theoretical
morphosis is referred to as SAR11-S3. It is assumed that the parameterisation (SU) that
combines DIC with light to produce CHO in Pro also represents light enhanced uptake of DOC
in SAR11. In order to create SAR11-S3, the maximum rate of CHO synthesis for Pro, which is
0.080 mol C (mol C)-1 hr-1 is changed to the maximum rate of DOC uptake for SAR11, which is
0.025 mol C (mol C)-1 hr-1 (Section 2.3.1.6), summarised in Table 5.2.
5.2.3. Elemental composition of biomass (C:N)
The parameter 𝜑𝑋 defines the C:N of synthesised biomass (Section 2.3.2). This parameter is
changed from the C:N of Pro (9.2) to the C:N of SAR11 (5.0) in order to create SAR11-S4,
summarised in Table 5.2.
5.2.4. Light harvesting physiology
The differences in light harvesting physiology between Pro and SAR11 are represented by
different values for the half saturation irradiance (Section 2.3.1.1). The half saturation
irradiance of 40 µmol photons m-2 s-1 for Pro is changed to 2700 µmol photons m-2 s-1 for
SAR11 in the fifth stage of the theoretical morphosis in order to create SAR11-S5, summarised
in Table 5.2.
5.2.5. Diurnal and nocturnal growth
Nocturnal (in addition to diurnal) growth is incorporated into the model using additional
formulae, which have been explained in detail in Section 2.2.5. In short, the formulae allow
SAR11 to take up nutrients during the diurnal and nocturnal periods. A 12:12 light:dark cycle is
assumed so that SAR11 grows over a 24 hour period, with growth at night being constant and
independent of parameter β. This stage marks the completion of the theoretical morphosis
creating SAR11 from Pro, summarised in Table 5.2.
5.2.6. The order of steps for the theoretical morphosis
Physical differences in size and shape are considered first, followed by carbon acquisition
strategy, biomass C:N, light harvesting physiology and lastly the diel growth pattern. The
differences in physiology controlling the rates of resource acquisition are incorporated first so
that carbon and nitrogen uptake for SAR11 is established prior to the evaluation of the effect
of biomass C:N. The C:N defines the net requirement of carbon and nitrogen for biomass
synthesis, which one would intuitively expect to co-evolve with the physiology for carbon and
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nitrogen acquisition. To incorporate the differences in C:N immediately after changes to
uptake provides a platform to examine how the different rates of carbon and nitrogen uptake
of Pro and SAR11, which may be a function of cell size, shape and strategy of carbon
acquisition, combine with the relative requirements of carbon and nitrogen for biomass
synthesis to affect growth rate.
Light harvesting physiology and nocturnal growth are incorporated last for convenience.
The formulae used to describe nocturnal growth also modify the half saturation irradiance,
which is the parameter that is changed to represent differences in light harvesting physiology
(Section 5.2.4). It is therefore essential that these two physiological differences are analysed
next to each other.
5.2.7. Experimental conditions
The theoretical morphosis is carried out in the ambient conditions used in Experiment 1 for
both Pro (Section 3.3.1) and SAR11 (Section 4.3.1) using the default parameter set, described
as non-limiting conditions. The range of environmental conditions explored in the previous
chapters that gave rise to different physiological dynamics of photoheterotrophic growth and
nutrient fluxes are not evaluated.
5.3. Results
5.3.1. The effect of cell size and shape (SAR11-S1 and SAR11-S2)
5.3.1.1. Growth rate and uptake of carbon and nitrogen
Simulating a decrease in cell size to a sphere of equal volume to SAR11 (SAR11-S1) results in an
increase in the specific growth rate from 0.20 d-1 to 0.43 d-1 at 𝛽𝑜𝑝𝑡 (Figure 5.1). The increase
in growth rate is by a factor of 2.15, whereas the increases in uptake and synthesis according
to the increase in SA:V, conferred by the decrease in cell size, are by a factor of 2.0 (Figure 5.1).
The growth rate of SAR11-S1 at 𝛽𝑜𝑝𝑡 is 7.5 % greater than the increase in SA:V.
Simulating a decrease in cell size and change in shape from a Pro sphere to the
cylindrical dimensions of SAR11 (SAR11-S2) results in an increase in the specific growth rate
from 0.20 d-1 to 0.61 d-1 at 𝛽𝑜𝑝𝑡 (Figure 5.1). Growth rate increases by a factor of 3.05 at 𝛽𝑜𝑝𝑡 ,
yet the increases in uptake and synthesis, conferred by the decrease in size and change in
shape are by a factor of 2.8 (Figure 5.1). The growth rate of SAR11-S2 at 𝛽𝑜𝑝𝑡 is 8.9 % greater
than the increase in SA:V relative to Pro. The results from the model suggest that if uptake and
synthesis rates scale with SA:V, the potential increase in the cell’s specific growth rate is
greater than would be predicted by the difference in SA:V alone.
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Considering the two steps seperately, simulating a reduction in cell size in SAR11-S1
increases the specific growth rate by 0.23 d-1 at 𝛽𝑜𝑝𝑡 relative to Pro (Figure 5.1). Incorporating
the change in cell shape, results in an additional increase in the specific growth rate by 0.18 d-1
for SAR11-S2, relative to that of SAR11-S1. Being cylindrical therefore increases the cells
specific growth rate almost as much as the change in size.
5.3.1.2. The fate carbon and nitrogen
Maintenance is assumed to be a biomass specific process, i.e. proportional to volume, and will
not change with changing SA:V. As a result, when synthesis and uptake rates increase as the
size and shape change to SAR11-S1 and SAR11-S2, carbon and nitrogen increase in availability
for growth after the fixed maintenance requirements have been met (Figure 5.2). The fraction
of the total carbon flux used in maintenance decreases from ~3 % in Pro to ~1 % in SAR11-S1
and to less than 1 % in SAR11-S2 (Figure 5.2). The fraction of the total nitrogen flux used for
maintenance decreases from ~10 % in Pro to ~5 % in SAR11-S1 and to ~3 % in SAR11-S2 (Figure
5.2).
The other fluxes of carbon and nitrogen shown in Figure 5.2 do not contribute to the
greater increase in growth rate. AA synthesis increases in proportion to SA:V and, therefore, so
does carbon dioxide release through it’s production. Respiration at the constant specific
maintenance rate is unchanging, and respiration at growth increases in direct proportion to
the increase in growth rate. The contributions of each synthesis pathway (sparing pathway and
deamination pathway, Equations 2.2.3a and 2.2.3b) for maintenance and growth for Pro,
SAR11-S1 and SAR11-S2 are relatively unchanging (see step 3). This is because the relative
delivery of ON and OC to maintenance and growth do not change signifcantly with increasing
SA:V (Figure 5.1). Therefore, ammonium release through maintenance does not change
signficantly. Ammonium release through new biomass synthesis increases in proportion to the
rate of growth. The relative release of excess carbon and nitrogen also do not change
signficantly (Figure 5.2).
5.3.2. The effect of carbon acquisition strategy (SAR11-S3)
5.3.2.1. Growth rate
Changing the maximum rate of carbon acqusition from that parameterised for
photoautotrophy in Pro to that parameterised for photoheterotrophy in SAR11, results in a
growth rate of 0.22 d-1 at 𝛽𝑜𝑝𝑡 for SAR11-S3 (Figure 5.3). The growth rate of SAR11-S3 at 𝛽𝑜𝑝𝑡
is 36.1 % of the growth rate of SAR11-S2. The inability to acquire carbon at the rate of Pro
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through photoautotrophy strongly limits the growth rate of SAR11-S3 relative to that of
SAR11-S2.
Interestingly, the growth rate of SAR11-S3 is remarkably similar to that of Pro, being
greater by only 10.0 % (Figure 5.3). The lower rate of carbon acqusition through
photoheterotrophic DOC uptake in SAR11-S3 is approximately balanced by the greater uptake
rate of DIN and DON conferred by the increased SA:V.
5.3.2.2. The uptake of carbon and nitrogen
The rate of carbon acqusition through DOC uptake in SAR11-S3 (2.40 x 10-2 mol C (mol C)-1 hr-1)
is 30.8 % of the rate of CHO synthesis in Pro (7.77 x 10-2 mol C (mol C)-1 hr-1) at 𝛽𝑜𝑝𝑡 (Figure
5.3). The reduced rate of carbon acqusition through photoheterotrophic DOC uptake in SAR11S3 limits the rate at which AA can be synthesised, and therefore, the rate of DIN assimilation
(Figure 5.3). The rate of AA synthesis in SAR11-S3 is 73.2 % of the rate for Pro. However,
although the rate of AA synthesis is reduced in SAR11-S3 relative to Pro, the greater rate of
DON uptake confered by increased SA:V, which is not effected by the change in the rate of
carbon acqusition, means total ON available for maintenance and growth is 35.8 % greater in
SAR11-S3 than Pro (Figure 5.3). OC delivery to maintenance and growth in SAR11-S3 is 24.6 %
that of Pro. Similar growth rates between Pro and SAR11-S3 are achieved despite the
signficiant difference in the relative delivery of OC and ON to maintenance and growth (Figure
5.3).
The rate of carbon acqusition in SAR11-S3 is 11.0 % of the rate for SAR11-S2. The rate
of AA synthesis in SAR11-S3 is 26.2 % of the rate for SAR11-S2 and, because the rates of DON
uptake in both model types are the same, total ON delivery to maintenance and growth in
SAR11-S3 is 48.5 % that of SAR11-S2. OC delivery for maintenance and growth in SAR11-S3 is
only 8.8 % of the rate for SAR11-S2 as a large fraction of the total DOC flux is used for AA
synthesis. The results suggest that the rate of carbon acqusition is an important influence on
SAR11 growth rate by limting both ON (by limitng DIN assimilation) and OC availability for
maintenance and growth.
5.3.2.3. The fate of carbon and nitrogen
Changing the rate of carbon acquisition alters the relative delivery of ON and OC to
maintenance and growth for SAR11-S3 compared to that of Pro (and SAR11-S2) (Figure 5.3).
This influences the relative contribution of the deamination and sparing pathways (Equations
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2.2.3a and 2.2.3b) to maintenance and growth and therefore the relative fates of carbon and
nitrogen.
Firstly, Pro and SAR11-S2 deliver similar relative quantities of ON and OC to
maintenance and growth although the absolute rates are greater in the latter cell type (Figure
5.1). The fraction of maintenance and growth via the sparing and deamination pathways are
therefore similar for these two cell types (Figure 5.4). The relative fates of carbon and nitrogen
do not change significantly, although the percentage of the total carbon and nitrogen fluxes
used in maintenance does change (Figure 5.2), as discussed in Section 5.3.1.
The fraction of synthesis via the sparing pathway for Pro (and SAR11-S2) is significantly
greater than the deamination pathway, due to the larger delivery of OC than ON to
maintenance and growth (Figure 5.3). Upon the transition to heterotrophic DOC uptake in
SAR11-S3, the relative delivery of OC to ON decreases (Figure 5.3) and as a consequence the
fraction of synthesis via the deamination pathway increases from 7 % to % 23 % for
maintenance and 7 % to 28 % for growth (Figure 5.4). This shift in metabolism influences the
relative fates of carbon and nitrogen (Figure 5.5).
The most notable changes in the fate of the carbon and nitrogen fluxes for SAR11-S3
are those of ammonium release, excess carbon and maintenance (Figure 5.5). The total uptake
rate of nitrogen in SAR11-S3 is 3.05 x 10-3 mol N (mol C)-1 hr-1, which is 36.2 % greater than Pro
at 2.24 x 10-3 mol N (mol C)-1 hr-1. As a result of the greater fraction of biomass synthesis via
the deamination pathway (Figure 5.4), however, the rate of ammonium release in SAR11-S3 is
0.76 x 10-3 mol N (mol C)-1 hr-1, 4.8 fold greater than Pro at 0.16 x 10-3 mol N (mol C)-1 hr-1, and
represents ~25 % of the total nitrogen flux in SAR11-S3 compared to ~7 % in Pro (Figure 5.5),
even though the two cell types grow at similar rates (Figure 5.3). Despite the fact that SAR11S3 grows at 36.2 % the rate of SAR11-S2, with total carbon and nitrogen uptake rates that are
14.3 % and 48.6 % that of SAR11-S2, respectively, ammonium release in SAR11-S3 is 1.5 fold
greater than SAR11-S2 (Figure 5.5). The rate of carbon acquisition in SAR11-S3 nots only limits
the rate of DIN assimilation into AA (Figure 5.3) but also increases the dependency of SAR11-S3
on ON as a source of energy, resulting in a greater rate of ammonium release.
The total uptake rate of carbon in SAR11-S3 is 3.22 x 10-2 mol C (mol C)-1 hr-1, 39.0 % of
the rate of total carbon uptake in Pro at 8.36 x 10-2 mol C (mol C)-1 hr-1and 13.8 % the rate of
SAR11-S2 at 23.4 x 10-2 mol C (mol C)-1 hr-1. With the lower rate of carbon acquisition, the rate
of excess carbon release decreases in SAR11-S3 relative to SAR11-S2 and Pro. Excess carbon
release decreases to a rate of 8.62 x 10-3 mol C (mol C)-1 hr-1 in SAR11-S3 (where it accounts for
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27 % of the total carbon flux), 14.9 % of the rate for Pro (where it accounts for ~71 % of the
total carbon flux) and 5.3 % of the rate for SAR11-S2 (where it accounts for ~71 % of the total
carbon flux) (Figure 5.5).
With the decline in the total rates of carbon and nitrogen uptake upon transition to cell
type SAR11-S3, the percentage that maintenance makes up of the total carbon flux increases
to 7 %, compared to 3 % in Pro and less than 1 % in SAR11-S2 (Figure 5.5). 7 % of the total
nitrogen flux is now used for maintenance in SAR11-S3 compared to 10 % in Pro and 4 % in
SAR11-S2 (Figure 5.5). The reduced rate of carbon acquisition via DOC uptake offsets the
benefit that increased SA:V confers by increasing the fraction of the total carbon and nitrogen
fluxes used in maintenance.
5.3.3. The effect of biomass C:N (SAR11-S4)
5.3.3.1. Growth rate
Changing the biomass C:N from 9.2 (Pro and SAR11-S3) to 5.0 (SAR11-S4) in the fourth step of
the theoretical morphosis results in a growth rate of 0.15 d-1 for SAR11-S4 at 𝛽𝑜𝑝𝑡 , which is
68.0 % the rate of SAR11-S3 at 𝛽𝑜𝑝𝑡 and 75.0 % the rate of Pro at 𝛽𝑜𝑝𝑡 (Figure 5.6).
5.3.3.2. The uptake of carbon and nitrogen
The uptake rates of carbon and nitrogen are not affected in this stage of the morphosis and
are therefore in accordance with the previous step (Figure 5.6).
5.3.3.3. The stoichiometry of synthesis
Figure 5.7 shows the stoichiometry of biomass synthesis for the deamination pathway and
sparing pathway according to Equations 2.2.3a and 2.2.3b for SAR11-S3 and SAR11-S4. The
stoichiometry of synthesis per mole of carbon is the same for Pro and SAR11-S3 as both cell
types have the same biomass C:N. The plots show the total quantity of carbon and nitrogen
substrates required to generate one mole of carbon biomass. Metabolic by-products of carbon
and nitrogen are given.
Considering the sparing pathway first, changing the C:N of biomass from 9.2 (Pro and
SAR11-S3) to 5.0 (SAR11-S4) increases the quantity of nitrogen in every one mole of carbon
biomass synthesised from 0.11 mol N (mol C)-1 in SAR11-S3 (and Pro) to 0.20 mol N (mol C)-1 in
SAR11-S4 (Figure 5.7). Nitrogen is sourced from ON and bound to its carbon at the fixed C:N.
As a result, the quantity of ON required for synthesis increases from 0.47 mol C (mol C)-1 for
SAR11-S3 (and Pro) to 0.86 mol C (mol C)-1 for SAR11-S4 (Figure 5.7). As ON also contains
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carbon, less carbon needs to be sourced from OC in order to synthesis each mole of carbon
biomass via the sparing pathway. SAR11-S3 (and Pro) requires 0.57 mol C (mol C)-1 whereas
SAR11-S4 requires 0.18 mol C (mol C)-1 of OC (Figure 5.7). As the costs of synthesis are fixed
per unit carbon, respiration is the same for SAR11-S3 and SAR11-S4 at 0.04 mol C (mol C)-1.
ON provides all carbon, nitrogen and energy for biomass synthesis via the deamination
pathway (Figure 5.7). In order to synthesise one mole of carbon biomass, 1.04 mol C (mol C)-1
of ON is used in both SAR11-S3 (and Pro) and SAR11-S4, with the remaining 0.04 mol C (mol C)1

respired due to the costs of synthesis (Figure 5.7). As ON contains nitrogen bound to carbon

at the same fixed C:N regardless of organism, both SAR11-S3 (and Pro) and SAR11-S4 use the
same quantity of nitrogen substrate at 0.24 mol N (mol C)-1, despite the fact that the cell types
have different biomass C:N and therefore nitrogen requirements. A different quantity of
nitrogen is therefore released as ammonium in order to stoichiometrically balance synthesis.
SAR11-S3 (and Pro) releases 0.13 mol N (mol C)-1 as ammonium, whilst SAR11-S4 releases 0.04
mol N (mol C)-1 as ammonium (Figure 5.7). The lower C:N of SAR11-S4 biomass means the cell
will incorporate a greater fraction of nitrogen bound to ON via the deamination pathway,
releasing less ammonium into the environment per mole of carbon biomass synthesised.
5.3.3.4. The fate of carbon and nitrogen
By incorporating the C:N of SAR11 in the fourth step in the theoretical morphosis, the relative
contribution of the sparing pathway to biomass synthesis in SAR11-S4 increases relative to
SAR11-S3 (Figure 5.8), despite the fact that the rates of uptake and synthesis are unchanging
(Figure 5.6). The sparing pathway contributes 90 % to maintenance and growth in SAR11-S4
compared to 77 % and 71 % to maintenance and growth in SAR11-S3, respectively (Figure 5.8).
The uptake rate of DOC is the same for SAR11-S3 and SAR11-S4 but it can be used to
synthesise a greater number of units of carbon biomass in SAR11-S4 via the sparing pathway,
where a greater amount of carbon is sourced from ON (Figure 5.7). As a result, a greater
number of binding sites at the synthesis machinery for maintenance and growth (synthesising
units) can be filled by OC and less by ON in SAR11-S4, increasing the prevalence of the sparing
pathway. When the size, shape, carbon acquisition rate and C:N differences are incorporated,
the fraction of synthesis via the sparing and deamination pathways are similar for Pro and
SAR11-S4. The sparing pathway contributes 93 % to maintenance and 94 % to growth in Pro,
and in SAR11-S4 the sparing pathway satisfies 90.0 % for both maintenance and growth (Figure
5.8).
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The total rates of carbon and nitrogen uptake are the same for SAR11-S3 and SAR11S4 (Figure 5.3.3.5). However, the decrease in biomass C:N results in a greater rate of nitrogen
turnover in maintenance at 4.2 x 10-3 mol N (mol C)-1 hr-1 in SAR11-S4, compared to 2.3 x 10-3
mol N (mol C)-1 hr-1 in both SAR11-S3 and Pro. Nitrogen used in maintenance now represents
14 % of the total nitrogen flux in SAR11-S4 compared to 7 % in SAR11-S3 and 10 % in Pro
(Figure 5.9). The carbon maintenance turnover rate and fraction of the total carbon flux is
unchanging but still represents a greater fraction of the total carbon flux than Pro, in
accordance with Step 3.
Although growth rate decreases in SAR11-S4 relative to SAR11-S3 (Figure 5.6), the
fraction of nitrogen incorporated into new growth increases from 62 % in SAR11-S3 to 83 % of
the total nitrogen flux in SAR11-S4, which is similar to that of Pro (81 %). As a consequence of
increased nitrogen assimilation into biomass per mole of carbon biomass synthesised via the
deamination pathway (Figure 5.7), the rate of ammonium release decreases to 0.016 x 10-3
mol N (mol C)-1 hr-1, representing only 2 % of the total nitrogen flux in SAR11-S4 compared to
25 % in SAR11-S3 and 7 % in Pro. The reduced rate of carbon acquisition via DOC uptake in
SAR11 relative to CHO synthesis in Pro, now does not result in a high rate of ammonium
release, which is the case for the previous step when the C:N is that of Pro.
The fraction of excess carbon release increases to 45 % of the total carbon flux in
SAR11-S4 compared to 27 % in SAR11-S3. The increased requirement for nitrogen per mole of
carbon biomass synthesised reduces the percentage of the total carbon flux that can be
assimilated into biomass in SAR11-S4 relative to SAR11-S3 and so growth rate declines.
5.3.4. The effect of the light harvesting systems (SAR11-S5)
5.3.4.1. Growth rate
When incorporating the light harvesting system of SAR11 in the fifth stage of the theoretical
morphosis, the growth rate of SAR11-S5 is 0.09 d-1, 45.0 % the growth rate of Pro and 75.0 %
that of SAR11-S4 (Figure 5.10).
5.3.4.2. Uptake of carbon and nitrogen
The transition mimicking a change from chl-a to a PR based light harvesting system results in a
decrease in the rates of uptake and synthesis relative to those of SAR11-S4 (Figure 5.10). The
rates of DOC and DON uptake are affected by the change of light harvesting system to a similar
extent and are 50.4 % and 56.7 % that of SAR11-S4 in the previous step, respectively. The rate
of AA synthesis and therefore DIN assimilation is less affected by the change in light harvesting
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system and is 79.3 % the rate of AA synthesis in SAR11-S4. The decrease in AA in synthesis is
less than that of DOC and DON uptake because DOC is used dynamically in bacteria and in the
model. As total ON declines, an increasing fraction of DOC is used for AA synthesis to
counteract it. As a result, total ON delivery to maintenance and growth is 65.2 % that of
SAR11-S4, whereas OC delivery is only 38.0 % that of SAR11-S4 (Figure 5.10).
Despite the transition to the PR light harvesting system, the DON uptake rate is 58.4 %
greater in SAR11-S5 than Pro (Figure 5.10). This suggests that the benefits that size and shape
confer to DON uptake may outweigh the limitations that light harvesting may have on uptake.
The rate of DOC uptake in SAR11-S5 is 15.6 % the rate of CHO synthesis in Pro but AA synthesis
does not decline to the same extent (58.0 % that of Pro). DOC is used dynamically, which
means an increased fraction of total DOC is used of AA synthesis. ON delivery to maintenance
and growth is 88.6 % the rate of Pro, whereas OC in SAR11-S5 is 9.3 % that of Pro (Figure 5.10).
5.3.4.3. Energy harvesting by each light harvesting system
The amount of energy harvested from each pigment system is modelled using a functional
response. The functional response for each light harvesting system differs only by the value of
the half saturation irradiance (Figure 5.11).
At 500 µmol photons m-2 s-1, the irradiance used in the present study, the functional
response value for the proteorhodopsin pigment system is 17 % that of the chl-a pigment
system (Figure 5.11). For each value of light investment β, and whether harvested solar energy
is directed to CHO synthesis/DOC uptake or DON uptake, the amount of energy received by
SAR11-S5 to enhance each processes is a maximum of 17 % that of Pro and SAR11-S4 (Figure
5.11). The reduced uptake and rates of synthesis in SAR11-S5 are a consequence of this
reduction in the available harvested solar energy.
5.3.4.4. The fate of carbon and nitrogen
The greater relative decrease in the OC flux compared to ON (Figure 5.10) results in a greater
fraction of maintenance and growth being satisfied by the deamination pathway compared to
the previous step (SAR11-S4) and Pro (Figure 5.12). The change is only by ~3 %, however.
The total carbon uptake rate in SAR11-S5 is 0.017 mol C (mol C)-1 hr-1, which is 52.2 %
that of SAR11-S4 and 20.7 % that of Pro (Figure 5.13). The total nitrogen uptake rate in SAR11S5 is 2.0 x 10-3 mol N (mol C)-1 hr-1, which is 65.1 % that of SAR11-S4 and 88.6 % that of Pro. A
consequence of the decline in the total carbon flux is that maintenance now accounts for 12 %
170

of the total in SAR11-S5, compared to 7 % in SAR11-S4 and 3 % in Pro (Figure 5.13). The
fraction of excess carbon also decreases, accounting for 30 % in SAR11-S5 compared to 45 % in
SAR11-S4 and 71 % in Pro. A consequence of the decrease in the total nitrogen flux in SAR11S5 is that maintenance now accounts for 21 % the total nitrogen flux compared to 14 % in
SAR11-S4 and 10 % in Pro. Although the fraction of synthesis via the deamination pathway has
increased slightly in SAR11-S5, ammonium release is only a minor component of the total
nitrogen flux in SAR11-S5 (3 %) and SAR11-S4 (2 %). The change in excess nitrogen release is
negligible (Figure 5.13).
5.3.5. The effect of nocturnal growth (SAR11): morphosis complete
5.3.5.1. Growth rate
Both Pro and SAR11 are taken to grow at 0.20 d-1 at 𝛽𝑜𝑝𝑡 (Figure 5.14). This stage completes
the theoretical morphosis. Pro grows at 0.20 (12 hours)-1 in a day at 𝛽𝑜𝑝𝑡 . During the day,
SAR11 grows at 0.11 (12 hours)-1 at 𝛽𝑜𝑝𝑡 , which is 55.0 % the rate of Pro d-1. During the night,
SAR11 grows at 0.09 (12 hours)-1, 45.0 % the rate of Pro d-1 (Figure 5.14).
5.3.5.2. The uptake of carbon and nitrogen
Incorporating nocturnal growth in the final stage of the morphosis alters the rates of uptake
and synthesis per hour relative to the previous step (SAR11-S5) during the day (Figure 5.15).
This is because the nocturnal growth model constrains uptake rates to field data (discussed in
Section 2.2.5). The change in uptake and synthesis rates are, however, small and do not
represent a change in physiological strategy between Pro and SAR11 (Figure 5.15). Hence, the
final stage of the morphosis will evaluate the influence of additional growth during the night,
constrained by incorporating the nocturnal growth model (Section 2.2.5). A detailed
comparision of SAR11-S5 and SAR11 will not be given.
During a 12 hour sunlit day, Pro synthesises CHO at 5.3 times the rate that SAR11
uptakes DOC per hour. When including DOC that is taken up at night (when Pro is inactive), Pro
synthesises CHO at only 2.7 times the rate that SAR11 takes up DOC over 24 hours (Figure
5.15). Pro synthesises AA at 1.6 times the rate of SAR11 during the day. When considering the
sum of both growth periods, SAR11 synthesises AA at 1.25 times the rate of Pro over 24 hours
(5.15). SAR11 is therefore responsible for a greater quantity of DIN uptake over a 24 hour
period than Pro. SAR11 uptakes DON at a rate 2.0 times greater than Pro during the day. Over
24 hours SAR11 is responsible for 3.5 times more DON uptake than Pro (Figure 5.15).
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The sum of carbon and nitrogen compounds acquired by Pro and SAR11 (Figure 5.16)
demonstrates a significant difference in the role that these organisms play in the processing of
carbon and nitrogen, whilst growing at the same specific rate. Pro processes 0.97 mol C (mol
C)-1 d-1, 96.4 % of which is carbon reduced through photosynthesis. 0.47 mol C (mol C)-1 d-1 is
processed by SAR11, comprised of 73 % DOC and 27 % DON (Figure 5.16). Pro may therefore
process roughly twice as much carbon as SAR11 but through conversion of inorganic carbon to
organic, whereas SAR11 processes organic only. SAR11 processes 0.052 mol N (mol C)-1 d-1,
55.4 % of which is from DON and 44.6 % of which is DIN (Figure 5.16). Pro processes 0.028 mol
N (mol C)-1 d-1, roughly half that of SAR11, 30.0 % of which is sourced from DON and 70.0 %
from DIN (Figure 5.16).
5.3.5.3. The fate of carbon and nitrogen
A detailed analysis of the fate of carbon and nitrogen for Pro and SAR11 per hour is given in
Chapters 3 and 4, respectively. The influence of the additional growth period on our
understanding of the fate of carbon and nitrogen per day will however be discussed.
Whilst growing at the same rate per day, Pro and SAR11 maintain the same amount of
carbon biomass per hour at 0.21 x 10-2 mol C (mol C)-1 hr-1 (Figure 5.17) during the diurnal
period, accounting for 3 % and 10 % of the total carbon flux, respectively (Figure 5.18). For the
same period SAR11 maintains 0.42 x 10-3 mol N (mol C)-1 hr-1, 18 % of the total nitrogen flux,
compared to 0.23 x 10-3 mol N (mol C)-1 hr-1 in Pro (Figure 5.17), which accounts for 10 % of the
total nitrogen flux (Figure 5.18). It is assumed for simplicity that Pro only maintains biomass
during the day whereas SAR11 maintains during the day and night. Carbon turnover for SAR11
over 24 hours is 0.05 mol C (mol C)-1 d-1, twice that of Pro at 0.025 mol C (mol C)-1 d-1. SAR11
however turns over 3.7 times more nitrogen per 24 hours than Pro at 0.01 mol N (mol C)-1 d-1
compared to 0.0027 mol N (mol C)-1 d-1 in Pro (Figure 5.17).
Because SAR11 synthesises 1.25 times more AA over 24 hours than Pro (Figure 5.15),
the cell also respires 1.25 fold more carbon dioxide through it’s synthesis at 0.05 mol C (mol C)1

d-1 compared to 0.04 mol C (mol C)-1 d-1 in Pro (Figure 5.17). As a result of both increased

respiration at AA synthesis and increased maintainance turnover per day in SAR11, total
respiration is 1.2 fold greater in SAR11 at 0.06 mol C (mol C)-1 d-1 compared to 0.05mol C (mol
C)-1 d-1 in Pro (Figure 5.17).
The rate of excess carbon release in Pro is 0.06 mol C (mol C)-1 hr-1, 8.5 fold greater
than SAR11 at 6.8 x 10-3mol C (mol C)-1 hr-1 during the diurnal period (Figure 5.17), which
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accounts for 71 % and 33 % of the total carbon flux, respectively (Figure 5.18) . When
considering that released over 24 hours, Pro releases 0.69 mol C (mol C)-1 d-1, 4.5 fold more
than SAR11 at 0.16 mol C (mol C)-1 d-1. The majority of carbon in Pro is however fixed and
therefore Pro contributes to the pool of organic carbon. SAR11 however uptakes and releases
from and to the same pool. Excess nitrogen is a negligible fraction of the total nitrogen flux for
both Pro and SAR11 and will not be discussed in detail.
During the diurnal period Pro releases 0.16 x 10-3 mol N (mol C)-1 hr-1 of ammonium,
which is 2.6 fold more than SAR11, which releases 0.64 x 10-4 mol N (mol C)-1 hr-1 (Figure 5.17),
accounting for 7 % and 3 % of the total nitrogen flux, respectively (Figure 5.18) . Over 24 hours
Pro releases 2.0 x 10-3 mol N (mol C)-1 d-1, which is only 1.4 fold more than SAR11, releasing 1.4
x 10-3 mol N (mol C)-1 d-1 (Figure 5.17).
Pro and SAR11 both grow at 0.2 mol C (mol C)-1 d-1 but SAR11 requires 0.040 mols N
(mol C)-1 d-1, which is 1.8 times more than Pro that needs at only 0.022 mols N (mol C)-1 d-1
(5.17).
5.3.6. Additional morphoses
Additonal morphoses have been conducted in order to examine physiological differences from
other perspectives. First, SAR11 uptake and synthesis rates have been scaled so that the cell is
spherical but of the same volume as SAR11 (SAR11-SM) and spherical and of the same volume
as Pro (SAR1-LG). SAR11-SM grows at 0.13 d-1 (Figure 5.19). Shape alone therefore allows
SAR11 to grow at a rate 1.5 times faster than an equivalent spherical cell of equal volume
(SAR11-SM). SAR11-LG grows at 0.04 d-1 (Figure 5.19). Hence, SAR11’s size and shape allows it
to grow at a rate 5.0 times faster than an equivalent cell the same shape and volume as Pro
(SAR11-LG).
Second, the Pro model has been modified so that it uptakes DOC at a rate equivalent
to SAR11 (but scaled according to the increase in size and change in shape of Pro), instead of
synthesising CHO through photosynthesis (Pro-DOC). Pro-DOC grows at a rate of 0.06 d-1
(Figure 5.19), which suggest that that photosynthetic carbon reduction may allow Pro to grow
at 3.3 times the rate of an equivalent cell that uptakes organic carbon heterotrophically (ProDOC).
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5.3.7. Results summary
The influence of each physiological property on growth rate is summarised in Figure 5.20. In
step 1 (SAR11-S1), changing the volume of Pro to the same volume of SAR11 increases growth
rate 2.15 fold to 0.43 d-1. The additional change in shape to that of a SAR11 cyclinder (SAR11S2) increases growth rate 3.05 fold relative to Pro to 0.61 d-1. Changing the carbon acqusition
strategy from photoautotrophic CHO synthesis to photoheterotrophic DOC uptake (SAR11-S3)
decrease the growth rate to 0.22 d-1, which is 10 % greater than Pro and 36.1 % that of SAR11S2. Cell size and shape and carbon acqusition strategy have the greatest influence on cell
growth rate. Decreasing the biomass C:N (SAR11-S4) decreases growth rate to 0.15 d-1, 75.0 %
that of Pro and 68.0 % that of SAR11-S3. The incoporation of the proteorhodopsin light
harvesting system (SAR11-S5) further decreases growth rate compared to light harvesting
using the chlorophyll pigment system. SAR11-S5 grows at 0.09 d-1, 45.0 % that of Pro and 75.0
% that of SAR11-S4. SAR11 grows at 55 % the rate of Pro over the 12 hour day growth period,
with nocturnal growth accounting for the remaining 45 %.

5.4. Discussion
This study has shown how the physiological differences of Pro and SAR11 in size, shape (SA:V),
carbon acquisition rate, biomass C:N, light harvesting system and diel growth period balance
when both organisms grow at the same specific rate. The physiological properties that have
the greatest influence on growth rate in order of significance are SA:V, the rate of carbon
acquisition, growth period, biomass C:N and light harvesting system (Figure 5.20). The
following is a discussion of the importance of each physiological property in influencing the
growth rates of Pro and SAR11. The importance of photoheterotrophy for the growth rate of
Pro and SAR11 relative to the other physiological traits investigated in the theoretical
morphosis will also be discussed.
5.4.1. Cell size and shape
The results from the model suggest that the size and cylindrical dimensions of SAR11 are one
of the cell’s most critical physiological properties (relative to the other properties investigated
here), contributing to its ability to maintain the same growth rate as Pro in the subtropical
oceans. Shape alone theoretically confers a 1.5 fold greater growth rate than an equivalent
spherical cell the same volume of SAR11 (SAR11-SM) (Figure 5.19). Combined the smaller size
and shape of SAR11 confers a five-fold greater rate of growth than an equivalent cell, spherical
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in shape and the volume of Pro (SAR11-LG) (Figure 5.19). Conversely, the larger, spherical
shape of Pro may be the most significant constraint on the cell’s specific growth rate (relative
to the other properties investigated here). The theoretical decrease in cell volume and the
additional change in shape to that of a cylinder, demonstrated in steps 1 (SAR11-S1) and 2
(SAR11-2) of the theoretical morphosis, results in a 2.15 and 3.05 fold increase in the specific
growth rate of Pro, respectively (Figure 5.1).
The results from the model demonstrate that growth rate does not increase in direct
proportion to an increase in SA:V but is greater than would be predicted by simply increasing
SA:V (Figure 5.1). This is a result of the assumption that a cell must maintain its entire
biovolume, making maintenance turnover a volume specific process. As such, when SA:V
changes, the fixed maintenance rate per unit volume does not change. A consequence of this
is that in smaller, irregularly shaped cells, smaller nutrient fluxes per unit membrane are
required to attain a given fraction of the cell’s specific growth rate (Raven, 1998) and fixed
specific maintenance rate. The rate of maintenance turnover in Pro and SAR11 is, however, not
well established and is a poorly constrained parameter in the present study, based only on the
rate of leucine turnover (Section 2.3.2). This reinforces the need for maintenance rate
measurements, as discussed in Chapters 3 and 4. It is shown here, however, that if a cell
maintains some fixed volume specific quantity, the benefits that being smaller and irregular in
shape confer to growth rate, may be greater than predicted by a change in SA:V alone.
It remains to be established empirically whether maintenance rates scale with volume
as it is assumed here. Some processes, which are considered to be critical components of
maintenance for cells growing in oligotrophic waters, tend be to be associated with the cell’s
membrane and therefore might scale with surface area. Such processes include maintaining
ion gradients across the cell’s membrane during periods of senescence, maintaining
extracellular membrane associated enzymes to digest ambient refractory DOM (Del Giorgio
and Cole, 1998) and maintaining membrane associated light harvesting pigments. It is
therefore possible that the maintenance scales in a manner between surface area and volume.
If this is the case, the additional increase in growth rate beyond the increase in SA:V will be
diminished.
The scaling coefficients implicitly assume that rates of uptake and synthesis scale with
volume to the power 2/3 (Section 5.2.1). Studies suggest this is the case for phytoplankton size
classes, although some suggest a scaling exponent greater than 2/3 for uptake and metabolic
rates suggesting that nutrient uptake and metabolic rates may be limited by some volumetric
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process (reviewed by Finkel et al. (2009)). Non-scalable components such as nitrogen rich
nucleic acids may make up an increasing fraction of cell volume in small cells (Raven, 1998).
This is supported by the observation that small cells become more nitrogen rich with
decreasing size (Maranon et al., 2013). A smaller fraction of the cytoplasm would then be
available for the machinery involved in metabolism and growth and uptake and synthesis rates
may begin to be limited by volumetric processes rather that surface area limitation. In the
extreme case where maintenance rates scale with surface area, and uptake and synthesis rates
scale with volume, then the influence that differences in SA:V may have on the growth rate of
Pro and SAR11, shown here, will not occur. Therefore, the influence that a change in SA:V may
have on the growth rates of Pro and SAR11 discussed in this chapter may be an upper
estimate.
Morphing the Pro and SAR11 models to their counterpart’s respective size and shape
demonstrates that both properties may be equally as important in influencing the cell’s
specific growth rate (Figure 5.1). In the case of Pro, it is interesting to ask what the selection
criteria are for being spherical and of larger volume than SAR11, when a decrease in size and
change in shape to that of SAR11 are equally as beneficial to growth rate. In terms of the
physiological characteristics investigated here, both light harvesting and nutrient harvesting
physiology benefit from a smaller cell size and elongated cell shape (Naselli-Flores et al., 2007).
It is likely then that Pro morphology is related to an aspect of cellular physiology that is not
investigated here. It is not clear, however, what selective advantage there may be from
maintaining a spherical morphology as most literature studies discuss the benefits of nonuniform cell shape (reviewed by Young (2006)). As one possibility, Stanca et al. (2013)
observed a predominance of spherical cells in warmer, nutrient poor regions, which are
characteristic of subtropical gyres where Pro abounds. It was suggested that any decrease in
SA:V by being spherical relative to irregular shaped cells and influence on light and nutrient
harvesting physiology may be offset by their mixotrophic nutritional strategy. More work is
clearly needed to understand the selective value of maintaining a spherical shape in Pro and
more generally phytoplankton.
The results presented here suggest that empirical studies that attempt to relate cell
size to metabolic rate in order to explain allometric scaling relationships in single celled
organisms (Maranon et al., 2013) may be misleading when shape differences are not
considered. Such investigations could benefit from considering organism SA:V.
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5.4.2. Carbon acquisition: photoautotrophy versus photoheterotrophy
Converting the carbon acquisition rate from that parameterised for CHO synthesis in Pro to
DOC uptake in SAR11 in step 3 of the theoretical morphosis, results in the greatest change in
growth rate of any single step in this study. The three fold increase in growth rate conferred by
the increase in the cell’s SA:V (in SAR11-S2) is almost completely offset when the rate of
carbon acquisition changes from that provided by photoautotrophy to photoheterotrophy,
with SAR11-S3 growing at 0.22 d-1, just 10 % greater than Pro. In addition, it was shown that a
Pro cell acquiring carbon via heterotrophic DOC uptake (Pro-DOC) may only grow at 0.06 d-1,
which is 30 % of the growth rate of a standard Pro cell (Figure 5.19).
The difference in the rate of carbon acquisition between Pro and SAR11 demonstrates a
critical difference in the cell’s ability to assimilate DIN into AA. SAR11 may theoretically
outcompete Pro for DIN uptake based on increased SA:V. However, despite the increased SA:V
remaining for SAR11-S3, the change in carbon acquisition to the rate parameterised for
photoheterotrophic DOC uptake results in a significant decline in the rate of AA synthesis per
hour, to 26.2 % of the rate for SAR11-S2 and 73.2 % of the rate for Pro (Figure 5.3). Despite the
reduced SA:V of Pro relative to SAR11, the greater rate of carbon acquisition via
photosynthesis means the cell is better equipped than SAR11 to assimilate limiting
concentrations of DIN in oligotrophic waters. DIN assimilation may therefore be partially
limited by carbon availability through DOC uptake in SAR11. The view that SA:V is the critical
physiological property conferring a competitive advantage for nutrient uptake in smaller
relative to larger cells (Raven et al., 2013) may be too simplistic when nutrient uptake is limited
by differences in physiology not related to SA:V. In the case of DIN assimilation this is the rate
at which carbon is acquired.
In the model, DIN assimilation will decrease with the lower rate of carbon acquisition in
SAR11 (Figure 5.3) even if a significant fraction of the total carbon flux is still released as excess
(Figure 5.4). This is a consequence of how co-limitation is represented here using SUs. The
assimilation of co-limiting compounds at an SU is dictated by the relative arrival rates of the
co-limiting compounds, the affinity of compounds for the SU and reaction stoichiometry. In
this study the same affinity is assumed for DIN and CHO/DOC, and stoichiometry is fixed and
assumed equal for both Pro and SAR11 (Section 2.2.2). Different relative arrival rates of DIN
and CHO/DOC therefore control substrate assimilation into AA. The model results suggests
that an uptake rate of DOC with significant excess is required in order to assimilate enough DIN
in addition to DON uptake in order for SAR11 to grow at 0.20 d-1. There is, however, no direct
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evidence to confirm that the AA synthesis system in Pro and SAR11 follows the principles set
out in SU theory, which are based on queuing theory (Kooijman, 1998). If AA synthesis follows
SU theory, then competition for limiting concentrations of DIN in oligotrophic ecosystems may
be partially mediated by differences in cell SA:V but also by the rate of carbon acquisition.
5.4.3. Biomass C:N
The effect that the difference in biomass C:N between Pro and SAR11 has on growth rate is
small relative to the difference in SA:V and rate of carbon acquisition (Figure 5.20). However,
the large size of Pro may provide the volume to house photosynthetic machinery in order to
acquire carbon at a high rate through photosynthesis (Raven et al., 2013), in addition to
limiting the influence than non-scalable components may have on biomass C:N. The
combination of both the superior properties of carbon acquisition and high biomass C:N, may
more than offset the limitations imposed on growth rate by the larger size and lower SA:V,
relative to SAR11.
Conversely, if the increased SA:V of SAR11 is intrinsically linked to the low biomass C:N
and low rate of carbon acquisition then it may be an inferior strategy to being bigger whilst
maintaining a higher rate of carbon acquisition and higher biomass C:N of Pro. Despite this
negative effect on growth rate, the combination of resource acquisition strategy with the
lower biomass C:N allows SAR11 to use DOC and DON more efficiently (Figure 5.7). As a result,
a SAR11 cell with a C:N of 5.0 releases ammonium at a lower rate than it would do with a C:N
of 9.2 (that of Pro) (Figure 5.9) and, therefore, does not convert DON into a chemical species
that may be utilised by another microbial competitor.
5.4.4. Light harvesting system
Changing the pigment system from that parameterised for chl-a in Pro to PR in SAR11 reduces
available solar energy that may be used for resource acquisition in the model. This model
dynamic mimics the lower net energy harvesting through PR in SAR11 relative to chl-a in Pro
(Kirchman and Hanson, 2012). Chl-a is clearly a superior light harvesting system relative to PR
(Kirchman and Hanson, 2012), however, comparison of the pigment systems is not straight
forward. The ability to harvest solar energy using chl-a is intrinsically linked to carbon
acquisition in step 3 of the morphosis. As a result the significant benefit that Pro gains in
growth rate through its strategy of carbon acquisition cannot be addressed in isolation and
should be evaluated with reference to the energy source that drives the reduction of carbon.
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In reference to SAR11, although the PR system has clear benefits to SAR11 growth rate
and ultimately survival (Chapter 4), there are many other functions of PR pigments, such as
light sensing for depth location and photoregulation of cellular energetics (Fuhrman et al.,
2008), which may further confer increased fitness to the cell and influence the interpretation
and comparison of PR with chl-a.
Additional uses of solar energy beyond that modelled here such as ATP uptake
(Gómez-Pereira et al., 2012) may also influence conclusions drawn on the benefit of harvesting
solar energy using PRs.
The representation of the light harvesting system in the present study is therefore
highly simplified. The reader is referred to a more detailed analysis and comparison of the chla and PR light harvesting system (Kirchman and Hanson, 2012).
5.4.5. Diel growth pattern
The ability of SAR11 to uptake nutrients at night provides just under half of the biomass
required to grow at the same specific rate of growth as Pro at 0.20 d-1.
It has been observed however that Pro can uptake DOC from the ambient pool via
mixotrophic metabolism (del Carmen Muñoz-Marín et al., 2013). If this mode of metabolism
allows Pro to uptake additional nitrogen resources and grow in the absence of sunlight then
this may facilitate nocturnal growth, which is independent of photosynthetic carbon fixation.
Further work is needed to assess nocturnal activity in Pro in order to evaluate the importance
of differences in growth period between Pro and SAR11 in influencing growth rate.
5.4.6. Photoheterotrophic metabolism in Pro and SAR11
It has previously been demonstrated in this thesis that photoheterotrophic light use can
increase the growth rate of Pro by ~50 % (Chapter 3) and SAR11 by ~6 % (Chapter 4) in the
same non-limiting conditions used throughout the theoretical morphosis (Figure 5.20). For Pro,
although photoheterotrophic light use has a significant effect on growth rate, the results
suggest that it is of secondary importance relative to the rate of photosynthetic carbon fixation
for maintaining the same growth rate as SAR11 and therefore coexistence and survival in
oligotrophic subtropical ecosystems. The benefit that photoheterotrophic light use in Pro
confers to growth rate is in a similar order to that of the ability to synthesise biomass with a
high C:N, relative to that of SAR11. Interestingly, a Pro cell that grows by photoautotrophy
alone does so at a rate of 0.13 d-1 according to the present study, which is similar to the
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growth rate of SAR11 during the day (0.11 d-1). Photoheterotrophic light use in Pro therefore
approximately balances with SAR11’s ability to grow during the night.
For SAR11, the ability to use light energy photoheterotrophically to enhance the uptake
of DOM is minimal in its effect on growth rate relative to the influence of increased SA:V and
the ability to uptake resources at night, relative to Pro. It has however been demonstrated that
photoheterotrophic light use may confer significant benefits to SAR11 growth with the effect
being greatest during DOC and DIN limitation (Chapter 4), conditions which SAR11 populations
growing in the Sargasso Sea may be subject to (Morris et al., 2002, Carlson and Ducklow,
1996). The effect of photoheterotrophy relative to other physiological traits investigated here
may therefore benefit from an evaluation of their importance in multiple environmental
settings, similar to those investigated in Chapters 3 and 4 in this thesis.
5.4.7. A view on traits and trade-offs
The theoretical morphosis of the Pro and SAR11 models investigated the influence of their
physiological traits on growth rate, although no explicit trade-offs between them were
assumed. Trade-offs between traits do, however, exists in microbial physiological. Empirical
analyses demonstrate trade-offs between the phytoplankton maximum nutrient uptake rate
and half saturation constant (Litchman et al., 2007). Modelling studies further demonstrate
that a trade-off may exist between resource investment in nutrient and light harvesting
machinery in phytoplankton (Bruggeman and Kooijman, 2007). The morphotypes simulated in
each stage of the morphosis technique (Table 5.2) may indicate that certain constraints or
trade-offs may exists for Pro and SAR11 traits, despite the fact that the trade-offs are not
represented explicitly. For example, SAR11-S2 is a Pro cell the size and shape of SAR11 with a
growth rate three fold faster than Pro (Figure 5.20). It is interesting to ask, what physiological
constraints exist in nature that prohibit the emergence of SAR11-S2. I.e what stops Pro
decreasing in size and changing shape to that of SAR11? Presumably being larger, despite the
theoretical limitations on light and nutrient harvesting, benefits Pro in some way. The large
size may be essential for housing the photosynthetic machinery for carbon acquisition, which
is the single most advantageous trait for Pro growth rate. The theoretical morphosis technique
can therefore be employed as a strategy to investigate the fitness theoretical morphotypes in
order to design hypotheses about the existence of trade-offs in nature.
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5.5. Summary
For SAR11, the cell size, cylindrical shape and conferred increased in SA:V, relative to Pro,
collectively have the greatest positive influence on the cell’s growth rate. The ability to take up
nutrients during the nocturnal period further confers a physiological benefit to SAR11 with the
effect being secondary to that of SA:V. These physiological properties offset the inferior
properties of carbon acquisition through DOC uptake, low biomass C:N and proteorhodopsin
light harvesting system, relative to that of Pro. The effect of photoheterotrophic DOM uptake
on SAR11 growth rate relative to the influence of increased SA:V and nocturnal growth is small
in the conditions investigated here. For Pro, the ability to synthesis CHO at a high rate relative
to DOC uptake in SAR11 has the most significant positive influence on the cell’s growth rate. In
addition to the high C:N and chl-a based pigment system, these physiological properties offset
the inferior properties of reduced SA:V and inability to uptake nutrients and grow during the
nocturnal period, relative to SAR11. Photoheterotrophic light use in Pro is of secondary
importance compared to that of photosynthesis for achieving a growth rate that allows it to
compete with SAR11 in subtropical gyre ecosystems. However, it ranks in its influence on
growth rate in a similar way to that of the ability to synthesis biomass with a high C:N, relative
to that of SAR11 and may offset its inability to growth at night.
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5.6. Tables

Table 5.1 Dimensions of Pro and SAR11

Pro
SAR11

Dia. (µm)
0.6
0.3

Measurements based on equivalent spherical
diameter
Vol (µm3)
SA:V (µm-1)
0.113
10
0.013
20

2

SA (µm )
1.13
0.26

Measurements based on cylinder dimensions
SA (µm2)
0.36

Dim. (µm)
0.16 x 0.63

SA:V (µm-1)
28

Table 5.2 Parameters set for each stage of the theoretical morphosis and additional morphoses
Morphotype

Description

Maximum rates
(mol C (mol C)-1 hr-1 *mol N (mol C)-1 hr-1)

C:N (mol C
(mol N)-1)

Half sat. flux (µmols
photons m-2 s-1)

Diel growth
pattern

Max.
CHO
synth.

Max.
DON
uptake

Max. DIN
uptake *

Max. AA Max.
synth.
DOC
uptake

Pro
C:N

SAR11
C:N

Pro
pigments

SAR11
pigments

Day
model

0.080

0.0030

0.0022

0.053

9.2

-

40

-

Day model only

0.160

0.0060

0.0044

0.106

9.2

-

40

-

Day model only

9.2

-

40

-

Day model only

Night
model

Pro-PH (First
stage)

Pro with photoheterotrophic
capacity

SAR11-S1

Converting cell volume

SAR11-S2

Converting cell shape

0.224

0.0084

0.0057

0.148

SAR11-S3

Converting the carbon
acquisition system

-

0.0084

0.0057

0.015

0.023

9.2

-

40

-

Day model only

SAR11-S4

Converting the biomass C:N

-

0.0084

0.0057

0.015

0.023

9.2

5.0

40

-

Day model only

SAR11-S5

Converting the light harvesting
system

-

0.0084

0.0057

0.015

0.023

-

5.0

40

2700

Day model only

-

0.0084

0.0057

0.015

0.023

-

5.0

-

-

SAR11-PH (Final
stage)

Converting the diel growth
pattern

Dark model
inclusion*

Additional
morphoses

SAR11-SM

SAR11 as a sphere with SAR11
volume

-

0.006

0.0044

0.0083

0.012

-

5.0

-

-

Dark model
inclusion

SAR11-LG

SAR11 as a sphere with Pro
volume

-

0.003

0.0022

0.0059

0.0088

-

5.0

-

-

Dark model
inclusion

Pro-DOC

Pro acquiring carbon via DOC
uptake

-

0.003

0.0022

0.0059

0.0088

9.2

-

40

-

Day model only
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5.7. Figures

Figure 5.1 The variation of Pro, SAR11-S1 and SAR11-S2 growth rate with β (left). The vertical
dashed line show the position of 𝛽𝑜𝑝𝑡 for each cell type. The uptake of carbon and nitrogen by
Pro, SAR11-S1 and SAR11-S2 per hour at 𝛽𝑜𝑝𝑡 (right).
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Figure 5.2 The total (top) and fate of (bottom) of carbon (left) and nitrogen (right) in Pro,
SAR11-S1 and SAR11-S2 at 𝛽𝑜𝑝𝑡 . Processes are specified in the keys at the bottom of the figure.
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Figure 5.3 The variation of Pro, SAR11-S2 and SAR11-S3 growth rate with β (left). The vertical
dashed lines show the position of 𝛽𝑜𝑝𝑡 for each cell type. The uptake of carbon and nitrogen by
Pro, SAR11-S2 and SAR11-S3 per hour at 𝛽𝑜𝑝𝑡 (right).

Figure 5.4 The fraction of biomass synthesis for maintenace (M) and growth (G) via the
deamination (D) pathway and sparing (S) pathway for Pro, SAR11-S2 and SAR11-S3 at 𝛽𝑜𝑝𝑡 .
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Figure 5.5 The total (top) and fate of (bottom) of carbon (left) and nitrogen (right) in Pro,
SAR11-S2 and SAR11-S3 at 𝛽𝑜𝑝𝑡 . Processes are specified in the keys at the bottom of the figure.
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Figure 5.6 The variation of Pro, SAR11-S3 and SAR11-S4 growth rate with β (left). The vertical
dashed lines show the position of 𝛽𝑜𝑝𝑡 for each cell type. The uptake of carbon and nitrogen
by Pro, SAR11-S3 and SAR11-S4 per hour at 𝛽𝑜𝑝𝑡 (right).
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Figure 5.7 The stoichiometry of biomass synthesis for the sparing (S) and deamination (D)
pathways for SAR11-S3 (and Pro) and SAR11-S4. Substrates (S) and products (P) of the
synthesis process are separated by the vertical dashed line for each plot. Stoichiometric
balance of carbon is given in the top plots and balance of nitrogen in the bottom.
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Figure 5.8 The fraction of biomass synthesis for maintenace and growth via the deamination
(D) pathway and sparing (S) pathway for Pro, SAR11-S3 and SAR11-S4 at 𝛽𝑜𝑝𝑡 .
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Figure 5.9 The total (top) and fate of (bottom) of carbon (left) and nitrogen (right) in Pro,
SAR11-S3 and SAR11-S4 at 𝛽𝑜𝑝𝑡 . Processes are specified in the keys at the bottom of the figure.
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Figure 5.10 The variation of Pro, SAR11-S4 and SAR11-S5 growth rate with β (left). The vertical
dashed lines show the position of 𝛽𝑜𝑝𝑡 for each cell type. The uptake of carbon and nitrogen by
Pro, SAR11-S4 and SAR11-S5 per hour at 𝛽𝑜𝑝𝑡 (right).

Figure 5.11 The functional response for light harvesting parameterised for chlorophyll-a
repesentative of Pro and SAR11-S4, and proteorhodopsin representative of SAR11-S5.
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Figure 5.12 The fraction of biomass synthesised for maintenance (M) and growth (G) via the
deamination (D) pathway and sparing (S) pathway for Pro, SAR11-S4 and SAR11-S5 at 𝛽𝑜𝑝𝑡 .
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Figure 5.13 The total (top) and fate of (bottom) of carbon (left) and nitrogen (right) in Pro,
SAR11-S4 and SAR11-S5 at 𝛽𝑜𝑝𝑡 . Processes are specified in the keys at the bottom of the figure.
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Figure 5.14 The growth rate of Pro, SAR11-S5 and SAR11 with changing β (left). The growth
rate of SAR11 during the 12 hour diurnal period and 12 hour nocturnal period (right). The
vertical dashed lines show the position of 𝛽𝑜𝑝𝑡 for each cell type.

Figure 5.15 The hourly (left) and daily (right) uptake of carbon and nitrogen for Pro, SAR11-S5
and SAR11 at 𝛽𝑜𝑝𝑡 .
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Figure 5.16 Total carbon (left) and nitrogen (right) fluxes for Pro and SAR11.

Figure 5.17 The fate of carbon (left) and nitrogen (right) for Pro and SAR11 during the diurnal
and nocturnal periods per hour (top) and the total rates per day (bottom) at 𝛽𝑜𝑝𝑡 . M and G
represent maintenance and growth, respectively.
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Figure 5.18 The total (top) and fate of (bottom) of carbon (left) and nitrogen (right) for Pro,
and SAR11-S5 and SAR11 during the diurnal and nocturnal growth periods at 𝛽𝑜𝑝𝑡 . Processes
are specified in the keys at the bottom of the figure.

Figure 5.19 The growth rate of SAR11, SAR11-SM, SAR11-LG (left), Pro and Pro-DOC at 𝛽𝑜𝑝𝑡
(right).
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Figure 5.20 A summary of the change in growth rate throughout the theoretical morphosis for
each cell type at 𝛽𝑜𝑝𝑡 . Pro-PA and SAR11-H, i.e. cell types that cannot grow by
photoheterotrophy are also included for comparison. The additional morphoses (Figure 5.19)
are also included. The horizontal dashed line shows the growth rate of Pro and SAR11 of 0.20
d-1.
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Chapter 6: Discussion
The aim of the work presented in this thesis was to investigate the influence of
photoheterotrophic light use on the growth rate of Pro and SAR11 and the consequence for
their processing of carbon and nitrogen (Chapters 3 and 4). As part of this I also explored how
dissimilar aspects of Pro and SAR11 physiology balance to allow for equal growth rates,
providing the cells with the ability to coexist in the oligotrophic ocean.
Chapter 6 summarises the main findings of this thesis (Section 6.1) and puts them in the
wider context of ocean modelling and empirical analyses (Section 6.2). Finally the limitations of
the approach, with suggestions for further research, are discussed (Section 6.3).
6.1.

Summary of findings

6.1.1. Photoheterotrophy and the growth of Prochlorococcus
It has been shown in this work that the ability to partition harvested solar energy between
photosynthesis and photoheterotrophy can increase the growth rate of Pro by up to ~50 %
relative to an equivalent photoautotroph in non-limiting conditions. In DIN limiting conditions,
Pro can survive on DON as the sole nitrogen source when taken up photoheterotrophically.
Furthermore, the results from the model suggest that the use of harvested solar energy for
photosynthesis and photoheterotrophy enhances growth rate over a broad irradiance range.
The ability to direct harvested solar energy to cellular destinations in addition to that of
photosynthesis may be critical to Pro survival, in part driving their distribution and abundance
in the ocean.
Balancing solar energy use between photosynthesis and photoheterotrophy does not
affect DIN assimilation in any experimental condition. DIN is the primary nitrogen source (70 %
of total nitrogen uptake in non-limiting conditions) for Pro growth, and across a broad
irradiance range DIN uptake is relatively unchanging. DON is an essential source of nitrogen
(30 % of total nitrogen uptake in non-limiting conditions) for Pro growth.
In low irradiance conditions (~3-30 µmol photons m-2 s-1) the joint use of solar energy
reduces carbon fixation in Pro by up to ~20 % relative to an equivalent photoautotroph. In the
same irradiance conditions Pro not only competes with other microbes for DON but the tradeoff for light use also reduces the rate of excess carbon release. If Pro is an important source of
DOC for heterotrophic competitors, then in low irradiance conditions photoheterotrophy may
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have a dual effect on competition: decreasing DON availability through uptake and decreasing
DOC availability through a decline in release.
6.1.2. Photoheterotrophy and the growth of SAR11
Photoheterotrophic light use increases the growth rate of SAR11 by between ~6 % and ~21 %
relative to an equivalent cell that cannot harvest solar energy, the effect being dependent on
the relative availability of ambient nutrients. The results show that when DIN and DOC are
limiting, conditions which have been demonstrated for oligotrophic bacterioplankton where
SAR11 populations dominate (Carlson and Ducklow, 1996, Morris et al., 2002), the ability to
enhance DON uptake photoheterotrophically results in the biggest increase in growth rate.
Such significant changes in growth rate may be critical to the survival of SAR11, in part
governing their distribution and abundance in the open ocean.
DOC limitation (Carlson and Ducklow, 1996, Morris et al., 2002) is the most significant
constraint on SAR11 growth rate relative to DIN and DON limitation. Photoheterotrophic DON
uptake significantly relieves the effect of DOC limitation on the growth of SAR11.
Respiration in SAR11 is increased by up to ~10 % in conditions (DON limitation) that
increase the cells dependency on synthesised AA for growth, which has a high cost on carbon
for DIN assimilation. Photoheterotrophic light use, however, does not have a strong influence
on BGE in any of the conditions investigated. The range of BGE estimates for SAR11 in the
present study (56 % to 94 %) is significantly greater than field estimates from the open ocean
for bacterioplankton populations dominated by SAR11 (1-10 %) (Hansell et al., 1995, Alonso
and Pernthaler, 2006, Del Giorgio et al., 2011). This difference highlights the need for further
work to understand the energetic sinks in open ocean bacterioplankton metabolism in order to
model respiration and BGE more accurately (Section 6.3.3).
A decrease in the availability of DOC means SAR11, and bacterioplankton in general, are
increasingly dependent on DON as a source of energy, the mobilisation of which results in
ammonium release. In DOC limiting conditions, photoheterotrophic light use enhances SAR11
growth rate significantly and in turn increases the release of ammonium by up to ~20 %, which
may be important for DIN limited photoautotrophic growth in the open ocean.
6.1.3. Balancing contrasts in Prochlorococcus and SAR11 physiologies
The larger SA:V of SAR11 relative to Pro approximately doubles the cells growth rate, with
shape and size contributing equally for increased nutrient harvesting ability. If maintenance is
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fixed and biomass specific, the benefit of being smaller and irregular in shape may confer a
greater increase to growth rate than would be expected based on differences in SA:V alone.
Although one might expect SAR11 to outcompete Pro for DIN based on the difference
in SA:V, the greater rate of carbon acquisition in Pro through photosynthesis allows the cell to
assimilate DIN at a significantly greater rate than SAR11. This suggests that DIN assimilation in
SAR11 is limited by the strategy for carbon acquisition. Interestingly, the benefit that
photosynthesis confers to growth rate almost completely balances the limitations imposed by
the lower SA:V in Pro relative to SAR11.
If the larger size of Pro is essential for housing the photosynthetic machinery
(Stoecker, 1998) essential for carbon acquisition, and allows for a greater C:N than SAR11 due
to the reduced imposing effects of non-scalable nitrogen rich components (Maranon et al.,
2013, Raven, 1994) then being larger and spherical, with its associated physiological benefits of
carbon acquisition and biomass C:N, confers a greater benefit to growth rate than being
smaller and cylindrical in shape.
During the day SAR11 is physiologically inferior to Pro and needs to grow at night to
provide just under half of the biomass required to grow at the same rate as Pro per 24 hours.
Photoheterotrophic light use in Pro and SAR11 increases the growth rate by ~50 %
(Chapter 3) and by ~6 % (Chapter 4), respectively, relative to non-photoheterotrophic cells in
equivalent conditions to that assumed for the theoretical morphosis. Relative to the effect that
the high rate of photosynthetic carbon acquisition has on Pro growth rate, photoheterotrophic
light use is of secondary importance. However, photoheterotrophy in Pro confers a similar
benefit to growth rate as the ability to take up nutrients at night in SAR11. Photoheterotrophic
light use in SAR11 results in the smallest change in growth rate relative to the influence of
other physiological traits investigated here, relative to Pro. The importance on the availability
of ambient DIN and DON for the influence of photoheterotrophy on SAR11 growth was not,
however, considered in the theoretical morphosis.

6.2.

Wider context

6.2.1. Photoheterotrophy in ecosystem models
Arguments for including the behaviour of Pro and SAR11 populations in marine ecosystem
models are compelling. Both Pro and SAR11 dominate the oligotrophic subtropical gyres
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numerically (Partensky et al., 1999, Morris et al., 2002, Chisholm et al., 1988) and metabolically
(Zubkov, 2014, Mary et al., 2008b, Gómez-Pereira et al., 2012, Alonso and Pernthaler, 2006,
Malmstrom et al., 2005, Malmstrom et al., 2004), which cover over 40 % of the planet’s
surface (Polovina et al., 2008). Pro contributes significantly to carbon reduction, (Zubkov,
2014) with some strains capable of both primary (growth on new nitrogen, i.e. nitrate of
allochthonous origin) and regenerated (growth on recycled nitrogen, i.e. nitrogen of
autochthonous origin) production (Martiny et al., 2009), and so potentially to the export of
carbon to the deep ocean (Johnson and Lin, 2009). SAR11 dominates the bacterioplankton
processing of DOM in the microbial food web and so plays a critical part in the release of
carbon dioxide (Del Giorgio and Duarte, 2002) and regeneration of ammonium (Azam et al.,
1983). Both cell types also compete for DIN and DON (Garcia-Fernandez et al., 2004, GarcíaFernández and Diez, 2004, Sowell et al., 2008, Gómez-Pereira et al., 2012) and release
significant amounts of DOC and DON into the water column (Kujawinski, 2011, Kujawinski et
al., 2009, Karl et al., 1998, Bertilsson et al., 2005).
The results presented in this thesis, summarised in Section 6.1, suggest that the
photoheterotrophy of both Pro and SAR11 should be included when modelling ecosystems
dominated by these organisms. The growth rate of Pro and SAR11 and key processes involving
carbon and nitrogen are changed significantly by this mode of metabolism. The behaviour and
outcome of ecosystem model simulations that address questions pertinent the cycling carbon
and nitrogen in subtropical oligotrophic gyres may be influenced by photoheterotrophy.
The models of Fasham et al. (1990) and Taylor and Joint (1990) were the first to include
a representation of bacterioplankton and the cycling of DOM, with the former extending the
classic nutrient-phytoplankton-zooplankton-detritus (NPZD) modelling framework to nutrientphytoplankton-zooplankton-detritus-bacteria (NPZDB). Since then NPZDB models have been
used extensively, as reviewed by Christian and Anderson (2002). However, of these models,
few separate the DOM pool into DOC and DON incorporating carbon and nitrogen
stoichiometry (Anderson and Williams, 1998, Moloney and Field, 1991, Vallino, 2000). None
consider the mixotrophy of bacterioplankton or have included photoheterotrophy.
An informative model to consider is that of the model of Anderson and Williams (1998)
which extends the NPZDB framework by separating DOM into DOC and DON. A highly
simplified schematic of the key connective flows of phytoplankton and bacterioplankton with
ambient DIN, DOC and DON represented in the Anderson and Williams (1998) model is shown
in Figure 6.1.
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Phytoplankton acquire carbon through the photosynthetic reduction of DIC and source
nitrogen from the DIN pool (Figure 6.1a). Phytoplankton also release fixed carbon directly to
the ambient DOC pool through leakage. Bacterioplankton acquire carbon from the DOC and
DON pools and nitrogen from the DIN and DON pools (Figure 6.1b). In addition, respiratory
carbon dioxide release feeds back to DIC and ammonium regeneration feeds back to DIN
(Figure 6.1a). The results from Chapters 3 and 4 suggest that the connective flows for
communities dominated by Pro and SAR11 may not be sufficient. Such models should be
modified to include photoheterotrophy for both phytoplankton and bacterioplankton due to
the influence of photoheterotrophic light use on growth rate and the processing of carbon and
nitrogen. Figure 6.1b shows the modified connective flows, highlighted in Chapters 3 and 4
that may be important for modelling communities that are dominated by Pro and SAR11. The
twin use of light energy in Pro may enhance/facilitate uptake from the DON pool. The
bacterioplankton component also interacts with the DON pool and will therefore compete
with phytoplankton for DON. The rate of DOC release from Pro, which feeds into the pool of
carbon available for bacterioplankton, may decrease at low irradiance if the trade-off for light
use significantly reduces carbon fixation in Pro. The use of harvested solar energy in SAR11
may increase the uptake DIN, DOC and DON. In addition, the release of carbon dioxide to the
DIC pool and ammonium to the DIN pool may be enhanced through photoheterotrophic light
use. The dynamics of all these flux changes will be dependent on the size of bioavailable
ambient pools.
Including the photoheterotrophy of Pro and SAR11 in an ecosystem model may be
particularly relevant to simulating the cycling of carbon and nitrogen in the Sargasso Sea where
Pro and SAR11 dominate the primary producing and bacterioplankton community,
respectively. Bissett et al. (1999) have previously modelled this system and found that Pro
begins to dominate the primary producer community in the nutrient depleted waters after the
spring bloom and continue to do so throughout the summer. In the Bissett et al. (1999) model
simulation, the bacterioplankton community, which is dominated by SAR11 (Morris et al.,
2002), are carbon limited and remineralise a significant fraction of the DON pool to
ammonium, which is rapidly utilised by Pro as a primary nitrogen source. The model presented
in this thesis demonstrates that under similar carbon limiting conditions, photoheterotrophic
light use in SAR11 increases growth rate and as a consequence increases the rate of
ammonium release by up to ~ 20 %. If photoheterotrophy in the SAR11 enriched
bacterioplankton community was included in the Bissett et al. (1999) model, it may result in an
enhanced supply rate of nitrogen to the surface waters of the Sargasso Sea, increasing Pro
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growth rate and the summer standing stocks of Pro in the model. In addition, the Bissett et al.
(1999) model does not allow for photoheterotrophy in the Pro dominated phytoplankton
community either. The ability of Pro to utilise solar energy for DON uptake, which does not
influence DIN assimilation according to this thesis, may further increase nitrogen availability to
Pro in the surface waters of the Sargasso Sea and increase the population growth rate and
therefore the summer standing stocks of Pro and associated primary production in the Bissett
et al. (1999) model.
Incorporating the photoheterotrophic metabolism of Pro and SAR11 into marine
ecosystem models may help to refine our ability to simulate and forecast open ocean
biogeochemistry. State-of-the-art marine biogeochemical models that consider the growth
dynamics and nutrient utilisation characteristics of primary and secondary producers typically
represent the bacterioplankton component of the ecosystem with a simple remineralisation
parameter (Darwin and MEDUSA models) or a single bacterial functional type (ERSEM). It is
argued that this representation is sufficient to first order as open ocean bacterioplankton
respire the majority of carbon consumed (Tom Anderson pers. comm.). However, as it has
been shown here (Chapters 3 and 4) and elsewhere (Vallino et al., 1996), the role that
bacterioplankton play in the processing of key elements such as carbon and nitrogen can be
dynamic and dependent on variable ambient conditions and critically, photoheterotrophic light
use.
In order to incorporate the dynamics of Pro and SAR11 (photoheterotrophic) growth
and nutrient utilisation characteristics (demonstrated in this thesis) into a state-of-the-art
marine biogeochemical model a number of modifications need to be made. Firstly, the
programming language used here (Powersim Studio 8) must be translated to a platform
amenable for integration into the biogeochemical ecosystem model. Fortran is appropriate. In
addition, the model formulae contain 10 state variables that are computationally expensive to
simulate: four define the system used to synthesis AA and a further six to represent
maintenance and growth (Chapter 2). Steady-state solutions can be used in place of the
coupled differential equations to significantly reduce computations costs. The analysis of the
entire axis β may also be unnecessary. If it is assumed that Pro and SAR11 both dynamically
optimise their use of light to maximise growth rate (instead of having a fixed β), the model
simulation could consider only 𝛽𝑜𝑝𝑡 and a limited number of values either side. As the shift of
𝛽𝑜𝑝𝑡 is predictable with changing ambient conditions (Chapters 3 and 4) a script can be
included that will allow the model to only simulate a single value for 𝛽𝑜𝑝𝑡 and the new 𝛽𝑜𝑝𝑡
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that may occur at the next time point in the simulation. Such changes will aid in the integration
of the current model system into a sophisticated complex ecosystem model. It is important to
note that knowledge of ambient DIN, DON and DOC pools need to be understood more fully
to incorporate bacterioplankton dynamics into ecosystem models in general.
6.2.2. Interpreting Prochlorococcus and SAR11 physiological traits
Photoheterotrophic light use may influence the abundance and distribution of Pro and SAR11.
However, the importance of photoheterotrophy to growth rate in Pro is secondary relative to
the benefits conferred by the cells high rate of carbon acquisition through photosynthesis. For
SAR11, photoheterotrophic light use has a relatively small influence on growth rate compared
to the cells high SA:V relative to Pro.
In addition to the role of photoheterotrophy the results from the theoretical
morphosis demonstrate that SAR11’s small size and cylindrical shape are critical physiological
characteristic allowing the cell to thrive and coexist with Pro in the subtropical oligotrophic
gyres with size equally as important as shape for fitness. This has implications for investigating
allometric relationships in unicellular metabolism and physiology. Owing to the significant
diversity in the size and shape of phytoplankton (Hutchinson, 1961) and prokaryotes (Young,
2006, Young, 2007), analyses of allometric scaling relationships with physiological parameters
such as metabolic rate , growth rate and nutrient uptake rate in microbes, may benefit by
considering an evaluation of SA:V based on cell size and shape. However, such investigations
generally consider cell volume only and therefore neglect the influence that shape may have
on SA:V and scaling relationships with physiological parameters (e.g. Maranon et al., 2013).
The suggestion that cell size is the microbial master trait is therefore challenged. Pro and
SAR11 dominate the subtropical oligotrophic gyres in near equal abundances, and therefore
are equally as successful, whilst having significantly different SA:V due to size and shape
differences. Here it is shown that being larger, with the capacity to synthesise CHO
photosynthetically and synthesise a high biomass C:N, confers greater benefits to fitness for
Pro than greater SA:V relative to SAR11.
6.2.3. Photoheterotrophy in broader oceanographic contexts
It was described in Section 1.3 how photoheterotrophic metabolism in marine prokaryotes is
not confined to the subtropical gyres but is also observed in marine temperate (Cottrell et al.,
2008, Straza and Kirchman, 2011, Michelou et al., 2007), arctic (Cottrell and Kirchman, 2009)
and freshwater systems (Martinez-Garcia et al., 2012). The results from this study are also
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theoretically applicable to these environments. The models presented here (Chapter 2) are
parameterised primarily using data from empirical studies conducted in the North Atlantic
subtropical gyre. However, the use of mass specific units for all fluxes in the models means
ambient pool sizes and, therefore, any nutritional differences between oligotrophic and
eutrophic systems whether marine or freshwater are ignored. Both Pro and SAR11 have also
been shown to grow photoheterotrophically in arctic (Cottrell and Kirchman, 2009) and
temporal eutrophic systems (Cottrell et al., 2008; Lami et al., 2009). Analyses of the influence
of photoheterotrophy in systems with different nutritional status’ may be refined from the use
of case specific parameters sets, although the results presented here to first order can be
considered generally representative. Case specific parameter sets should first consider
resource acquisition parameters as the remaining parameters are mostly based on theoretical
considerations and generalised (Chapter 2). Pro and SAR11 are the most abundant organisms
on the planet and are ubiquitously distributed (Morris et al., 2002; Partensky et al., 1999). The
results from this thesis may therefore be globally applicable.
6.2.4. DEB theory and other approaches to modelling mixotrophy
The approach described in Chapter 2 was effective in quantifying the influence of
photoheterotrophic light use on the growth rate of Pro and SAR11 and their processing of
carbon and nitrogen. Other DEB models have been built to investigate, for example,
evolutionary branching points in a population of mixotrophs (Troost et al., 2005a and b) and
the vertical partitioning of mixotrophic strategies in a one dimensional (Kooijman et al. 2002)
and a realistic physico-chemical setting, based on the Bermuda Atlantic time series (BATS)
(Bruggeman, 2009). However, these mixotroph models differ from the one used here by not
considering the dual use of limiting resources for maintenance and growth (Kuiper et al.,
2005). This component of the modelled system is critical for understanding how
photoheterotrophy influences Pro and SAR11 growth rate and elemental fluxes in variable
environments (Chapters 3 and 4) and would have not been captured using previous
approaches.
Critically the DEB theory approach allowed for the treatment of light as a resource
analogous to nutrients, which provided the ability to investigate the consequences of
partitioning a light flux between metabolic processes. Other approaches to modelling
mixotrophy, such as that taken by Flynn et al. (2010), describing the mixotrophic metabolism
of a “perfect beast”, does not allow for the treatment of light in the same way as DEB theory.
DEB theory, therefore, provides a unique opportunity to investigate the dynamic use of solar
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energy in photoheterotrophic microbes and phototrophs in general. Furthermore, the
approach taken by Flynn et al. (2010) describes the differences in organism physiology by using
different model structures. The assumption of a fundamental model structure in DEB theory
where differences between organisms are described using different parameter values, was an
essential model characteristic that allowed for an investigation into the influence of different
physiological strategies on the growth rate of Pro and SAR11 (Chapter 5).

6.3.

Limitation and suggestions for future work

6.3.1. Moving on from an individual cell approach
Photoheterotrophic light use may increase the intrinsic growth rate of Pro and SAR11 and
influence the processing of carbon and nitrogen in oligotrophic gyres. The approach taken in
this thesis of modelling processes at the level of the individual organism was a useful first step
in understanding the influence of photoheterotrophy on Pro and SAR11 metabolism. However,
the interactions of these microbes in their ecosystem, particularly their competition for shared
resources and biochemical feedbacks cannot be evaluated using this method. More
specifically, Pro and SAR11 both compete for nitrogen from the ambient DIN and DON pools,
and both excrete metabolic waste products into the DIC, DIN, DOC and DON pools with varying
magnitude (Section 6.1). It is possible that interactions via these pools may influence the
extrapolation of conclusions drawn in this thesis to the consequences at an ecosystem or basin
scale. The impact of this limitation is difficult to predict without building a model capable of
representing their competition.
A model chemostat is a tool which may be employed as an informative next step to
investigate these interactions (Follows pers. comm). The chemostat model could contain
populations of Pro and SAR11, based on the individual models developed in this thesis. Mass
fluxes in the models of individual cells described in this thesis are specified as rates relative to
everyone mol of carbon structure, given as mol C (mol C)-1 hr-1. To change the models of
individual Pro and SAR11 cells to populations that grow in size, the specific rates (mol C (mol
C)-1 hr-1) for each model can first be multiplied by the known carbon content of Pro and SAR11
cells (units mol C cell-1) to obtain rates per cell (units mol C cell-1 hr-1). The cell specific rates for
Pro and SAR11 can then be multiplied by their population densities (units cells mL-1) to
produce the population specific measure of growth (units mol C mL-1 hr-1), which can be
converted to a cell population (cells mL-1) by dividing by the mol C cell-1 for Pro and SAR11.
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The chemostat has an equal in and out flow, to allow the quantity of seawater to
remain constant inside the tank. Nutrients are added to the inflowing water and dissolved
compounds (nutrients and metabolic excretion products) and a fraction of the Pro and SAR11
populations are removed in the outflowing stream. By changing the flow rate and upstream
nutrient concentrations, the environment within the chemostat can be controlled to explore
how competition affects growth rate. As a first experiment, one population of Pro and one of
SAR11, each with the 𝛽𝑜𝑝𝑡 found for the non-limiting conditions in Experiment 1 where both
Pro and SAR11 grow at 0.20 d-1 can be allowed to interact with the ambient pools. This
approach can be used to understand how competition influences Pro and SAR11 growth rate,
which in isolation should be identical.
As a further step, multiple populations of Pro and SAR11, each with a different value of
β could be allowed to compete. This strategy, inspired by oceanographic studies based on
resource competition theory (Follows et al., 2007), will allow the chemostat environment to
select the best population(s) of Pro and SAR11, based on light investment strategy (β) for the
given environment. The model can then be used to explore how the relative abundance of Pro
and SAR11 populations, each with a different value of β, varies with ambient nutrient
concentrations and competition. This approach could investigate how competition influences
𝛽𝑜𝑝𝑡 compared to modelled scenarios where competition is not considered, i.e. in Chapters 3
and 4 of this thesis.
6.3.2. Incorporating a quantitative description of light harvesting
Chapter 3 highlighted the potential for a decrease in carbon reduction in Pro by up to ~20 % at
low irradiance when light energy is directed to photoheterotrophic DON uptake. As Pro plays a
significant role in open ocean carbon fixation (Goericke and Welschmeyer, 1993, Zubkov,
2014) photoheterotrophic light use may be important for our understanding of oceanic
metabolic balance and its capacity to respond to anthropogenic carbon dioxide release.
However, the quantitative value of this result is limited. The harvesting of solar energy in both
the Pro and SAR11 models is described using a simple functional response (Section 2.2.1.1) and
does not include quantitative detail on harvested solar energy and corresponding the electron
flux available and used for photoautotrophy and photoheterotrophy. As a result, the trade-off
for solar energy use is conceptual. The specific change in fluxes as a result of the solar energy
trade-off, although following a realistic functional response, may not be quantitatively
accurate. Incorporating harvested solar energy or irradiance sourced electrons as a model
currency to develop a model based on detailed stoichiometry of electron fluxes required to
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facilitate known CHO synthesis and DON uptake rates would be useful to gain a more accurate
quantitative understanding of the influence of the trade-off for light use on carbon reduction
in Pro. The bioenergetic model quantifying the net energy gain in chlorophyll and PR light
harvesting systems, developed by Kirchman and Hanson (2012), provides the opportunity to
incorporate physiological detail in light harvesting and corresponding electron fluxes. With this
model in place of the current functional response, light energy stoichiometry can be built into
model based on biochemical theory (White, 2007). It is important to note that it may be
challenging to incorporate electron fluxes as a currency into the model presented here due to
the difficulties in measuring energy harvesting and storage (Zubkov, 2009).
6.3.3. A more sophisticated description of maintenance and predicting bacterial growth
efficiency
The model estimates significantly higher BGE for SAR11 (56 % to 94 %) than measured for
bacterioplankton populations in oligotrophic subtropical ecosystems (1-10 %) (Hansell et al.,
1995, Alonso and Pernthaler, 2006, Del Giorgio et al., 2011). High respiration rates that result
in low BGE in oceanic bacterioplankton are a consequence of high maintenance demands (Del
Giorgio and Cole, 1998). Energy requiring processes for maintenance pertinent to open ocean
bacterioplankton such as SAR11 may include, high transport costs for nutrient uptake, high
exo-enzymatic activity and maintenance of the proton motive force (Del Giorgio and Cole,
1998). None of these processes are, however, described in the model used in this thesis. To
incorporate this physiological detail it is not sufficient to modify the maintenance rate
parameter in the model as synthesised maintenance biomass is organic. Although increasing
the maintenance rate will decrease growth rate at the same ambient conditions, the
respiration rate will not change as the cost for biomass synthesis is fixed per unit carbon
whether for maintenance or growth. Therefore, BGE will decrease but the change will not
represent increased maintenance energy sinks through carbon dioxide respiration. Knowledge
of the maintenance requirements specific to SAR11 are absent from the literature. Further
field work is required on the processes that result in carbon dioxide respiration and the
influence on BGE for SAR11 (and Pro) and more generally for oligotrophic bacterioplankton
populations. Such information is essential for understanding whether the open ocean acts as a
sink or source of carbon dioxide, where lower BGE estimates point towards it being the latter.
6.3.4. Ammonium release by Pro
Bacterioplankton tend not to release ammonium as long as a carbon source is present
(Goldman and Dennett, 1991, Goldman et al., 1987, Goldman and Dennett, 2000). However,
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the Pro model releases between ~7 % and 20 % of nitrogen as ammonium (depending on
environmental conditions) even when carbon, acquired through photosynthesis, is available. In
addition, when irradiance and therefore carbon is limiting, AA which are synthesised at a high
cost on carbon are then mobilised as a source of energy resulting in ammonium release, which
is physiologically unrealistic. It is recognised that Pro physiology may be significantly different
from the heterotrophic bacterioplankton populations, upon which our understanding of the
dynamics of ammonium regeneration is based (Goldman and Dennett, 1991, Goldman et al.,
1987, Goldman and Dennett, 2000). Nevertheless, an interesting future avenue to explore with
the model would be to modify the representation of biomass synthesis in the Pro model, via
the sparing and deamination pathways, so that synthesis occurs via the sparing pathway only.
The new formulation should be similar to that used to describe AA synthesis currently in the
model, where DIN is incorporated with 100 % efficiency and CHO is used as a source of carbon
and energy. A similar representation is used by Troost et al. (2005). The incorporation of a
greater fraction of total nitrogen uptake when Pro no longer excretes ammonium may
influence growth rate and the quantity of solar energy directed to enhance nitrogen uptake via
photoheterotrophy.
6.3.5. Maximum rates of uptake
In order to estimate certain parameters a number of assumptions were made. For Pro, it was
assumed that the maximum rates of CHO synthesis and DON uptake correspond to situations
where the growth rate of the cell is 0.20 d-1, allowing for an estimation of the maximum rate of
DIN uptake (Section 2.3.1.4). Due to the significant variation in the observed rates of DON
uptake (Gómez-Pereira et al., 2012, Mary et al., 2008a), CHO synthesis and growth rate
(Goericke and Welschmeyer, 1993, Zubkov, 2014, Jardillier et al., 2010, Partensky et al., 1999)
in Pro, ideally this physiological data should be obtained in the future from a single study,
preferably from multiple such studies.
6.4.

Conclusion

Experimental evidence increasingly demonstrates that photosynthesis is not the only conduit
through which solar energy is channelled to support life on Earth. Photoheterotrophic light use
in the two most abundant organisms on our planet, Pro and SAR11, appears to be an essential
tool for survival, influencing their distribution and abundance in the open ocean. The
construction of two models describing the physiology and metabolism of individual Pro and
SAR11 cells and, uniquely, their multiple uses of solar energy, were used to investigate the
importance of photoheterotrophic light use for Pro and SAR11 growth rate. The method was
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effective in demonstrating that multiple light uses can significantly increase the growth rate of
Pro and SAR11 relative to equivalent cell types without the capacity for photoheterotrophy.
The effect is critically dependent on the availability of ambient resources.
The results also impact our understanding of how carbon and nitrogen are processed
through these abundant organisms, influencing DOM cycling, carbon fixation, respiration and
nutrient remineralisation. These results support the requirement for the development of
ecosystem models that incorporate photoheterotrophic light use in the bacterioplankton and
picophytoplankton components when investigating regions dominated by Pro and SAR11,
namely the oligotrophic subtropical gyres.
The theoretical morphosis from Pro to SAR11 carried out in this thesis disentangled
the interacting physiological traits that influence their growth rate and ability to coexist in the
oligotrophic subtropical gyre ecosystems. This work demonstrated that size is not the only key
physiological property exploited to survive and dominate oligotrophic ecosystems. For SAR11,
shape is also key for nutrient acquisition. For Pro, the larger size may be essential for housing
photosynthetic machinery and maintaining a high biomass C:N, which collectively have a
greater positive influence on Pro growth rate than morphology alone does for SAR11. In
addition, SAR11 must grow at night in order to balance the significantly superior diurnal
growth mode in Pro. Photoheterotrophic light use is of secondary importance for growth rate
relative to photosynthesis in Pro and morphology in SAR11. Photoheterotrophy in Pro
approximately balances with the ability of SAR11 to grow at night. The benefits that
photoheterotrophy confer to SAR11 growth rate are minimal relative to the other physiological
properties investigated here.
The work presented in this thesis hopefully marks the start of what will be a fascinating
and fruitful field of research modelling the multiple uses of solar energy by microorganisms in
the ocean. Illuminating how the planet’s two most abundant inhabitants, Pro and SAR11, use
solar energy and the consequence for ocean biogeochemistry is paramount for understanding
how sunlight influences elemental cycles in the Earth system.
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6.5.

Figures

Figure 6.1 [a] A simplified description of the interactions of phytoplankton (P) and
bacterioplankton (B) with dissolved inorganic carbon (DIC) and nitrogen (DIN) and dissolved
organic carbon (DOC) and nitrogen (DON) based on Anderson and Williams (1998). The
schematic omits interactions not associated with phytoplankton and bacterioplankton. [b] The
additional red lines show where photoheterotrophic light use influences interactions with
ambient pools if Pro and SAR11 are the dominant organisms in the P and B boxes, respectively.
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