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1
S U M M A RY

1.1 introduction

Photosynthesis sustains nearly all life on earth. Its key enzyme Ri-
bulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco) has a dual
function: it catalyzes the reaction with either CO2 or O2. When catalyz-
ing the reaction with CO2, this is the initial step of the Calvin-Benson
cycle that produces sugar. In contrast, the reaction with O2 starts pho-
torespiration that results in drastic carbon and energy losses. Rubisco
is an important resource sink; it utilizes up to 30 % of leaf nitrogen
(Makino et al., 2003). In order to fix carbon from the atmosphere, the
C3 photosynthetic pathway uses Rubisco exclusively. In contrast, C4

photosynthesis spatially separates the carbon fixation from Rubisco
and the Calvin-Benson cycle. In C4 photosynthesis, the initial carbon
fixation in the mesophyll cell is catalyzed by Phosphoenolpyruvatcar-
boxylase, which is the start of the C4 cycle. The C4 cycle facilitates
the transport of carbon in form of organic acids into the bundle
sheath, the location of Rubisco and the Calvin-Benson cycle. This
CO2-concentrating mechanism allows plants to suppress photorespi-
ration. Hence, C4 species can reduce the required amount of Rubisco,
which results in a more efficient use of available water and nitrogen
compared to C3 plants (Sage et al., 2012; Vogan and Sage, 2011; Vogan
and Sage, 2012). The complex C4 metabolism evolved more than 60

times independently from the original C3 pathway (Sage et al., 2012).
C4 evolution is presumably triggered by environmental factors that
result in high photorespiratory rates, e. g., high temperatures and high
O2/CO2 gas concentration ratios. As the carbon fixation via the C4

cycle requires additional energy, environments with sufficient light
intensities are required.

1.2 mathematical model

In order to improve the understanding of the quantitative effect of
environmental factors on the physiology and evolution of C3, C3-C4

intermediate, and C4 plants, we developed a comprehensive mathemat-
ical model. We describe this model in detail in Manuscript 1, presented
in this thesis. This mechanistic model represents the complex pho-
tosynthetic apparatus and explicitly accounts for the photosynthetic
nitrogen and energy allocation, which includes the energy production
based on linear and cyclic electron transport. It can be parametrized
as C3, C4, and all intermediate photosynthetic types and considers
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2 summary

the following environmental factors: light intensity, leaf nitrogen level,
temperature, and CO2 and O2 gas concentrations. As the nitrogen
and energy allocation is not understood in detail yet, the model as-
sumes that resources are allocated such that the CO2 assimilation
rate—which is used as a proxy for fitness—is maximized for a given
environment. Based on the resource allocation, the model provides
detailed information about physiological and molecular parameters.
The mathematical model is validated with data of the model genus of
C4 evolution, Flaveria. This genus includes closely related C3, C3-C4

intermediate, and C4 species.

1.3 results

We explore to what extent observed resource allocation patterns in
different photosynthetic types are optimally adapted to current condi-
tions, and to what extend this pattern is optimally adapted to ancestral
environments (Manuscript 1). The optimal resource allocation was cal-
culated for a standard evolutionary scenario, which is inferred from
literature, and for the growth conditions given in the experimental
set-up. A comparison of the modeled physiological parameters with
the empirical data indicates that the observed resource distribution in
C4 plants still reflects optimality in ancestral environments. It further
reveals that C4 plants show limited phenotypic plasticity regarding
resource allocation. The limited phenotypic plasticity allows us to
quantitatively infer ancestral environments from currently observed
resource allocation patterns. To adjust from the ancestral environment
to a given growth environment, plants need to re-allocate nitrogen.
Our analysis shows a link between the low phenotypic plasticity in C4

plants and the need to re-allocate significantly more nitrogen between
photosynthetic components for C4 compared to C3 relatives.

Analyzing C3 and C4 Flaveria species in the inferred ancestral envi-
ronment provides insight into the widely unknown effect of nitrogen
availability on the physiology of C3 and C4 plants and on C4 pho-
tosynthesis evolution. This analysis is presented in Manuscript 2. A
detailed comparison of the optimal nitrogen allocation in C3 and C4

plants shows that C4 plants require an increased investment not only
into the C4 cycle but also the thylakoids. In addition to this qualitative
information, our work allows us to add quantitative information on
the physiological parameters, e. g., on maximal electron transport rate.
We find that low nitrogen availability increases the C4 advantage over
C3 in photosynthetic nitrogen-use efficiency, i. e., CO2 assimilation rate
per leaf nitrogen level. Moreover, a low nitrogen availability results in
less required nitrogen re-allocation in order to transform an optimal
C3 into an optimal C4 plant. This finding points to the possibility that
nitrogen scarcity is an accelerator of C4 evolution. We test this hypoth-
esis by analyzing evolutionary trajectories for various leaf nitrogen
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levels. This analysis indicates that a low nitrogen availability indeed
promotes the evolution of C4 photosynthesis.

In sum, the contributions of my PhD project are three-fold. Firstly,
we developed a mathematical model that represents the carbon fixa-
tion and accounts for various environmental parameters as well as for
energy and nitrogen partitioning across photosynthetic components.
Secondly, using this model we quantify the effect of environmen-
tal factors on resource allocation and physiological parameters of
photosynthetic organisms. Finally, we analyze the ecological and evo-
lutionary role of nitrogen in C3 and C4 plants. We provide a novel
modeling framework to improve the understanding of the effect of
environmental factors on photosynthetic organisms. This framework
can determine the cellular resource allocation that is optimal under
future environmental conditions. Hence, it provides an approach to
develop a blueprint on how to improve crop productivity to meet
future environmental demands.





2
I N T R O D U C T I O N

Organismal metabolisms are highly complex; they include a high num-
ber of interconnecting metabolites and a wide range of enzymes. The
complexity increases with multicellularity and the presence of cellular
compartments due to spatial separation of enzymes and metabolites.
Metabolisms fulfill two key tasks; first, breaking down substrates, e. g.,
carbon-rich glucose, into common metabolites (catabolism) and, sec-
ond, synthesizing building blocks such as amino acids or fatty acids
(anabolism) (Palsson, 2006, pp. 29 & 30). The efficiency of a metabolism
is an important determinant of organismal fitness (Heckmann et al.,
2013; Ibarra et al., 2002).

The metabolic efficiency is affected by multiple constraints that be-
long into categories that differ in their adjustability (Palsson, 2006, pp.
184 & 193–195). Metabolic fluxes are determined by multiple factors
that can be changed, such as enzyme kinetics and substrate concen-
trations. Unadjustable constraints can be categorized as internal and
external. Internal constraints arise from the need to maintain homeosta-
sis. Further constraints can arise from scarcity of chemical compounds,
e. g., nitrogen necessary to produce enzymes (Baudouin-Cornu et al.,
2001), or carbon-rich substances to run cellular processes. These latter
constraints result from the availability of essential substances and, thus,
are determined to a substantial extend by the external environment.
Environmental factors, like temperature or light intensity, typically
depend on time. Multiple constraints can limit the metabolic efficiency
simultaneously, as organisms face a multifaceted environment.

The balance of available resources through the regulatory machinery
of a cell ensures an optimal metabolic efficiency (Heckmann et al., 2013;
Varma and Palsson, 1994). Depending on the environmental conditions
an organism is facing, the optimal allocation might look drastically
different (Heckmann et al., 2013; Zhu et al., 2007). An improved un-
derstanding of the interplay between environment and metabolism
paves the way to understand currently observed organisms and to pre-
dict likely future evolutionary developments. Hence, the knowledge
gained contributes to develop bioengineering approaches, improve
current organisms, and tackle future challenges.

2.1 photosynthetic metabolism

The interplay between environmental factors and metabolism is partic-
ularly relevant in the context of photosynthesis. Autotrophs provide
a suitable platform to explore the interplay between environmental
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6 introduction

factors and metabolism, as they show a limited diversity of nutrient
sources compared to heterotrophs. There are various photosynthetic
pathways that fix carbon from the atmosphere. They show specific
resource allocation patterns and are adaptations to various niches.
Finally, as photosynthetic metabolisms are highly complex and modes
of photosynthesis evolved multiple times independently, photosynthe-
sis is an excellent model to explore the evolution of a complex trait in
response to the environment.

As photosynthesis fixes carbon from the atmosphere and, thus, cre-
ates the vast majority of global organic carbon, this process sustains
nearly all life on earth. Photosynthetic organism are of utmost im-
portance for the human society, as they supply food, serve as feed,
and are used to produce energy. The world population is increasing
drastically; it is postulated that by 2050 the population will reach
~9 billion (Karp and Richter, 2011). This is associated with major chal-
lenges especially for food and energy security (Karp and Richter, 2011;
Lal, 2010). In addition to the increasing population, the world climate
will drastically change toward warmer temperatures and an increased
atmospheric CO2 concentration (IPCC, 2013). These changes affect
the performance of photosynthetic organisms, especially crop plants
(Walker et al., 2016), and may affect the optimal resource allocation.

2.1.1 Photorespiration

The photosynthetic key enzyme Ribulose-1,5-bisphosphate carboxy-
lase/oxygenase (Rubisco) is central to primary production. Rubisco
has a dual function: it catalyzes the reaction with either CO2 or O2.
When catalyzing the carboxylation reaction, Rubisco catalyzes the
conversion of carbon and Ribulose-1,5-bisphosphate (RuBP) to a C3

acid as the initial step of the Calvin-Benson cycle that reduces CO2 to
glucose. In contrast, the reaction with O2 starts a metabolically costly
pathway that results in a toxic by-product, consumes cellular energy,
requires nitrogen for enzymes, and results in net carbon loss (Maurino
and Peterhansel, 2010; Walker et al., 2016). This pathway is called
photorespiration. Rubisco plays a significant role in the metabolism of
photosynthetic organisms: it is the most abundant enzyme in the world
(Raven, 2013) and a significant organismal resource sink (Makino et al.,
2003).

Rubisco, and, thus, photosynthesis as well as photorespiration, are
strongly affected by a wide range of environmental factors including:
(1) leaf nitrogen level, (2) light intensity, (3) temperature, and (4) CO2

and (5) O2 gas concentrations. The oxygenation to carboxylation ra-
tio of Rubisco is affected by environmental factors such as O2/CO2

concentration ratio and temperature. The effect of photorespiration
is significant: at 25 ◦C and an O2/CO2 ratio of about 600, photores-
piration results in a carbon loss of ~26 % (Walker et al., 2016). The
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carboxylation relative to oxygenation reaction decreases with increas-
ing temperature due to the decrease of both the affinity of Rubisco and
the aqueous solubility for CO2 relative to O2 (Long, 1999). In photosyn-
thetic organisms, the light-dependent reactions produce energy that
is required to run photosynthetic and photorespiratory pathways. In
order to produce proteins, nitrogen is required. This essential nutrient
strongly affects metabolic efficiency.

2.1.2 C4 Photosynthesis

C4 metabolism can be categorized as a carbon-concentrating mecha-
nism. It allows plants to concentrate CO2 around Rubisco and, by that,
suppresses photorespiration. The intracellular high-CO2 environment
can be achieved by spatially separating the initial CO2 fixation from
Rubisco, which catalyzes the initial step of the Calvin-Benson cycle. In
order to separate the processes mentioned, C4 plants express Rubisco
in bundle sheath cells, which is in contrast to the original C3 pathway
that expresses Rubisco in mesophyll cells. In C4 plants, the initial
carbon fixation is catalyzed by the enzyme Phosphoenolpyruvat (PEP)
carboxylase (PEPC). The reaction catalyzed through PEPC results in a
C4 acid. This is the start of the so called C4 cycle that transports the C4

acid into the bundle sheath cell where it is decarboxylated and causes
a high-CO2 environment. The recycling and the path that ensures the
availability of PEP in the mesophyll cell complete the C4 cycle. The
photosynthetic type that fixes CO2 exclusively via Rubisco is termed
C3 photosynthesis, after the first reaction product. There are photosyn-
thetic types that fix carbon by using partially expressed biochemical
characteristics of C4 photosynthesis, so called C3-C4 intermediates.

Roughly 3 % of vascular plants in 62 distinct lineages show the C4

syndrome (Sage, 2016; Sage et al., 2011). Although C4 plants represent
a small fraction of vascular plant species, they account for 23 % of
terrestrial gross primary productivity (Sage et al., 2012). Due to the
efficiency and the complexity of C4 photosynthesis, its ecology and
evolution is of utmost interest for scientists and the society (Sage, 2004;
Sage et al., 1999).

2.1.3 Physiology and Ecology of C3 and C4 Photosynthesis

C3 and C4 photosynthesis are adaptations to specific environmental
niches. C4 photosynthesis is an adaptation to environments that result
in high photorespiratory rates (Sage, 2004). These habitats show factors
such as high light, salinity, drought, and heat. Species that use the
C4 pathway are highly abundant in locations such as the tropics and
savannas (Sage et al., 1999). In contrast, C3 species dominate habitats
like forests and tundras (Sage et al., 1999).
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The adaptation to specific environmental niches goes along with
diverse resource allocation patterns in terms of nitrogen and energy.
On the one hand, the C4 pathway requires additional enzymes for the
C4 cycle, which results in additional nitrogen requirements compared
to the C3 pathway. On the other hand, C4 plants show a reduced
amount of Rubisco compared to C3 plants (Ghannoum et al., 2010;
Makino et al., 2003). The Rubisco reduction in C4 species is facilitated
by the carbon-concentrating mechanism. The high-CO2 concentration
allows plants to operate Rubisco near its CO2 saturation point and,
thus, to increase in the Rubisco turnover rate, which is linked to a
reduced specificity for CO2 (Savir et al., 2010). This results in higher
Rubisco turnover rates of C4 plants compared to C3 species (Sage,
2002). The nitrogen saved by reducing Rubisco exceeds the nitrogen
required for the C4 cycle and, thus, allows plants to increase the
nitrogen investment into the thylakoids (Makino et al., 2003). This
might result in a higher capacity of RuBP regeneration (Makino et al.,
2003).

Similarly to the nitrogen allocation, the energy allocation also differs
for C4 relative to C3 plants. The suppression of photorespiration allows
C4 plants to reduce corresponding energy losses, but the recycling of
PEP consumes additional ATP. This results in different ATP/NADPH
requirements for C3 and C4 plants. As C3 photosynthesis requires
less energy compared to the C4 pathway, it can outcompete the C4

pathway in shaded habitats (Sage et al., 1999).
C4 photosynthesis is associated with multiple beneficial attributes

in warm habitats with high light intensities. C4 plants show higher
photosynthetic rates compared to C3 plants (Sage, 2001). The high
assimilation rates result from the carbon-concentrating mechanism
that allows C4 plants to prevent photorespiration while boosting the
carboxylation reaction of Rubisco through high Rubisco turnover rates
(Long, 1999). The CO2 assimilation rate per absorbed photons rep-
resents the quantum yield (Ehleringer et al., 1997; Ehleringer and
Björkman, 1977). Under current atmospheric conditions, the quantum
yield of C4 metabolism is higher than the one of the C3 pathway for
high temperatures. The temperature range where C3 and C4 photo-
synthesis are equally efficient ranges from 22 to 30 ◦C (Ehleringer
et al., 1997). The C4 superiority indicates that the lack of photorespi-
ration sets off the additional ATP costs of the carbon-concentrating
mechanism.

C4 photosynthesis is more efficient in using water than C3 photo-
synthesis, i. e., the CO2 assimilation rate per leaf transpiration rate
is higher in C4 compared to C3 plants (Huxman and Monson, 2003;
Vogan and Sage, 2011; Vogan and Sage, 2012). The increased water-use
efficiency (WUE) results from a change in stomatal response and an
increased CO2 assimilation rate (Huxman and Monson, 2003; Vogan
and Sage, 2011). Examples for the consequences of the higher WUE of
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C4 plants are longer growing seasons in seasonally dry locations and
a greater productivity under limited availability of water (Long, 1999;
Sage et al., 1999).

C4 plants are more efficient in using nitrogen, i. e., they show a
higher plant biomass per plant nitrogen (NUE) (Brown, 1978; Long,
1999). Also the CO2 assimilation rate per leaf nitrogen content, photo-
synthetic nitrogen-use efficiency (PNUE), is higher for C4 compared
to C3 species (Sage et al., 2012; Vogan and Sage, 2011; Vogan and
Sage, 2012). The increased PNUE results from high CO2 assimilation
rates (Long, 1999). As mentioned before, the low Rubisco content of
C4 plants might facilitate an increased nitrogen investment into the
thylakoids, which may contribute to the higher assimilation rates. C4

species are hypothesized to exploit the PNUE advantage by producing
more leaf area than C3 and/or producing the same leaf area as a C3

plant and investing the remaining nitrogen into the roots (Long, 1999).
The first strategy results in higher whole-plant photosynthetic rates
and a greater ability to capture light. The second strategy facilitates a
high uptake of soil nutrients including nitrogen. Brown (1978) hypoth-
esized that the improved PNUE results in an ecological advantage
for C4 plants under low nitrogen availability. Taken together, the ad-
vantage of one photosynthetic type over the other is determined by
multiple environmental factors and their interactions.

2.1.4 Evolution of C4 Photosynthesis

C4 metabolism evolved more than 60 times independently from the
original C3 pathway (Sage et al., 2012). Thus, C4 photosynthesis is
a textbook example for the convergent evolution of a complex trait.
This suggests a combination of a low evolutionary barrier and high
selection pressures toward C4 photosynthesis.

2.1.4.1 Path Toward C4 Photosynthesis

Complex changes are necessary to establish C4 photosynthesis, which
include the modification of enzymatic properties and gene expres-
sion (Gowik and Westhoff, 2011). Due to the complexity of the trait,
multiple, consecutive evolutionary steps are required to transform a
C3 into a C4 plant (Heckmann et al., 2013; Sage et al., 2012; Williams
et al., 2013). A trait is the more likely to fix in the population, the
more beneficial the expression of the trait is (Heckmann et al., 2013).
Considering the high number of times C4 photosynthesis evolved,
individual steps need to be beneficial (Gowik and Westhoff, 2011;
Mallmann et al., 2014).

The evolution is proposed to happen in consecutive steps (Gowik
and Westhoff, 2011; Heckmann et al., 2013; Sage et al., 2012): (1)
preconditioning, (2) anatomical development, (3) establishment of C2
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photosynthesis, (4) establishment of the C4 cycle, and (5) metabolic
optimization.

The preconditioning includes duplications of whole genomes, ge-
nome sequences, or single genes (Gowik and Westhoff, 2011). The
duplications ensure to keep the ancestral function while neofunction-
alizing genes.

The second step toward C4 photosynthesis is the acquisition of
relevant anatomical features. This step includes the development of a
high leaf vein density and the development of Kranz anatomy. Kranz
anatomy is a wreath-like structure, which shows a pattern of vein-
bundle sheath-mesophyll-mesophyll-bundle sheath-vein (Gowik and
Westhoff, 2011; Heckmann, 2016). The anatomy shows high organelle
number in the bundle sheath cells and enables an efficient diffusion
between cells and a high metabolic capacity.

Then, a photorespiratory CO2 pump is established, which is enabled
by a loss of glycine decarboxylase complex activity in the mesophyll
tissue (Rawsthorne et al., 1988). The photorespiratory CO2 is decar-
boxylated in the bundle sheath cells where it can be refixed. Under
conditions that cause high photorespiratory rates, this cycle can re-
sult in higher photosynthetic assimilation rates than those of the C3

pathway (von Caemmerer, 1989). Once C2 photosynthesis is in place,
the activity of at least parts of the basic C4 cycle increase to balance
the nitrogen metabolism between mesophyll and bundle sheath cell
(Mallmann et al., 2014). The expression of the bundle sheath specific
decarboxylase enzymes, NADP-malic enzyme and NAD-malic en-
zyme, are already high in surrounding vascular tissue in C3 plants
(Hibberd and Quick, 2002). In contrast to the full C4 pathway, PEP
regeneration is possibly achieved through 3-phosphoglycerate mutase
and enolase activity (Monson and Moore, 1989).

The key step in C4 photosynthesis is the spatial separation of carbon
fixation and the Calvin-Benson cycle. This is achieved by a shift of the
Calvin-Benson cycle into the bundle sheath cells, an increased activity
of the enzymes involved into the C4 cycle, and a higher expression of
carbonic anhydrase in the mesophyll cells.

In a final step, the C4 cycle is optimized to ensure high fluxes
through the C4 metabolism. This is achieved by adjusting regulation
(e. g., Engelmann et al. (2003)) and enzyme properties (e. g., Sage et al.
(2012)).

The high level of polyphyly of C4 photosynthesis can in part be
explained by the presence of all required C4 enzymes in C3 plants
(Aubry et al., 2011) and the presence of C3-like anatomy in many C3

species (Kinsman and Pyke, 1998).

2.1.4.2 Environmental Factors Promoting C4 Photosynthesis Evolution

C4 evolution is presumably triggered by environmental factors that
result in high photorespiratory rates, in particular high temperatures,
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high light intensities, and high O2/CO2 gas concentration ratios (Sage,
2004).

When vascular land plants first emerged, atmospheric CO2 concen-
trations reached maximum values of 3300–3600 ppm (Gerhart and
Ward, 2010). During the Oligocene (34–23 million years ago), atmo-
spheric CO2 concentrations dropped drastically. Within the last 420,000

years, 96 % of the time the CO2 concentration was below 280 ppm
(Sage and Coleman, 2001). The resulting high O2/CO2 gas concentra-
tion ratio causes high photorespiration. High photorespiratory rates
represent an important selection pressure for C4 evolution but also
a high potential for carbon refixation. Carbon-concentrating mecha-
nisms can enhance fitness under these conditions (Heckmann, 2016;
Sage, 2004).

High temperature is a major environmental requirement for the
evolution of C4 photosynthesis (Sage, 2004). High temperature results
in high photorespiratory rates (see Section 2.1.1) and also in high dark
respiration in C3 plants.

C4 plants are more nitrogen use-efficient than C3 plants (Sage et al.,
2012; Vogan and Sage, 2011; Vogan and Sage, 2012). This might indicate
that C4 photosynthesis shows an adaptive advantage in environments
with low nitrogen availability (Brown, 1978). Comparing closely re-
lated C3, C3-C4 intermediate, C4-like, and C4 species reveals that there
is no gradual increase in PNUE under current atmospheric conditions.
C4-like and C4 species show an increased efficiency compared to C3,
C3-C4 intermediates species (Vogan and Sage, 2011; Vogan and Sage,
2012). In contrast, under conditions of low CO2 partial pressures, there
is an increase in the PNUE from C3 via a C3-C4 intermediate to C4

species (Vogan and Sage, 2012). This raises the question which role
PNUE plays in C4 evolution.

Multiple factors that act on a global scale, e. g., atmospheric CO2

and O2 concentrations, and local scale, e. g., nitrogen and temperature,
affect the probability of evolution of C4 photosynthesis (Heckmann,
2016).

2.2 mathematical models of photosynthesis

Mathematical models differ in their scope and resolution. In the area
of photosynthesis, they explore among others the carbon isotop dis-
crimination of the carbon-concentrating mechanism (von Caemmerer,
1989), optimality of the C4 metabolism (Wang et al., 2014), or the
evolutionary path toward C4 photosynthesis (Heckmann et al., 2013).

2.2.1 Modeling the CO2 Assimilation Rate

Frequently used mathematical models are the models presented in von
Caemmerer (2000) and their predecessor (Berry and Farquhar, 1978;
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Farquhar et al., 1980; von Caemmerer, 1989). The models calculate the
CO2 assimilation rate while considering environmental factors such as
temperature, light intensity, and gas partial pressures. The calculations
are based on the major restrictions of photosynthesis; limited ATP and
NADPH production, which is required for the regeneration of RuBP
and (if applicable) PEP (light-limited conditions) and limitations that
result from the availability and the properties of the enzymes Rubisco
and PEPC (enzyme-limited conditions). The CO2 assimilation rate
limited by the enzyme- and light-limited conditions are abbreviated
by Ac and Aj, respectively.

These models are used to address a wide range of research ques-
tions (Yin and Struik, 2009; von Caemmerer, 1989, 2000). Based on
the enzyme-limited C3-C4 model of von Caemmerer (2000), Heck-
mann et al. (2013) present a mathematical model that simulates and
analyzes the fitness landscape on which C3 evolves to C4 photosyn-
thesis. The model predicts the enzyme-limited CO2 assimilation rate
at steady-state for C3, C3-C4 intermediates, and C4 metabolism. This
model allowed Heckmann and co-workers to explore the evolution-
ary path toward C4 photosynthesis in a C4 favoring environment.
In order to be able to represent the different photosynthetic types,
the following parameters, which are known to differ for C3, C3-C4,
and C4 photosynthesis, are considered: (1) the fraction of Rubisco
expressed in the mesophyll; (2) the maximum turnover rate of Ru-
bisco carboxylation; (3) the PEPC activity; (4) the Michaelis constant
of PEPC for bicarbonate; (5) the bundle sheath conductance for CO2;
(6) and the fraction of mesophyll-derived glycine decarboxylated in
the mesophyll. Heckmann et al., 2013 consider an environment that
shows light-saturation, 25 ◦C, a O2/CO2 gas concentration ratio of
800, and a fixed availability of Rubisco. However, this does not cover
the full range of environmental factors relevant for photosynthesis,
e. g., light-limited and cold conditions. The CO2 assimilation rate for a
given number of Rubisco catalytic sites is the considered fitness proxy.
Although Rubisco abundance scales with leaf nitrogen level (Makino
et al., 1997; Tazoe et al., 2008), there are multiple other photosynthetic
nitrogen sinks: (1) enzymes of the Calvin-Benson cycle, (2) photores-
piration, (3) C4 cycle, and (4) thylakoids. As all sinks affect the CO2

assimilation rate, a more suitable proxy for fitness in the context of
diverse habitats is the CO2 assimilation rate per leaf nitrogen level
(photosynthetic nitrogen-use efficiency).

2.2.2 Modeling Evolutionary Paths

Fitness landscapes are useful to explore potential evolutionary paths
from an ancestral toward a subsequent phenotype or genotype (Heck-
mann, 2016). Here, we focus on the phenotypic fitness landscapes. The
genotype based fitness landscape is beyond the scope of this thesis (for
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a discussion on the genetic and phenotypic landscapes see Heckmann
(2015)). A fitness landscape is a theoretical hyperplane that is spanned
by parameters that change during the evolutionary process. Each
point is associated with the corresponding fitness. The topology of
the fitness landscape has an effect on the accessibility of a phenotype
from an ancestral one. Evolutionary trajectories (paths) from one to
another phenotype depend on the existence of adaptive mutations
and epistatic interactions (Heckmann, 2015). Smooth, single-peaked
landscapes result in the accessibility of the optimal fitness from each
phenotype on the landscapes, while rugged landscapes show local
optima and, thus, cause "dead end"-phenotypes (Franke et al., 2011).

The exploration of a fitness landscape tends to be very complex, due
to the high dimensionality and the resulting high number of possi-
ble parameter combinations (Heckmann, 2015). Common approaches
allow scientists to analyze only a small subset of mutations. This is
facilitated by focusing on those mutations that are known to be rel-
evant for the organismal fitness or connect the phenotypic states of
interest. Environmental factors that affect fitness are not static in time.
Therefore, the effect of, potentially multiple, environmental factors
further increase the complexity.

2.3 aims of the thesis

The understanding of the interplay between environment and photo-
synthetic metabolism is essential for the current and future society. In
this thesis, I investigate the effect of various environmental conditions
on the ecology of C3, C3-C4 intermediate, and C4 plants and on C4

evolution through mathematical modeling. Mathematical models are
a promising strategy to explore this interplay because evolutionary
research questions can be simulated within a reasonable timescale and
a variety of parameters can be estimated that are otherwise infeasible
or impractical to determine.

The overall aim of this thesis is to develop a mathematical model
that represents C3, C3-C4 intermediate, and C4 photosynthesis while
considering a wide range of environmental factors. Environmental
factors that have been reported to be of special interest in the context
of photosynthetic ecology and evolution, e. g., temperature and atmo-
spheric gas concentrations, are considered. As C3, C3-C4 intermediate,
and C4 plants differ in their energy and nitrogen allocation, special
attention is payed to the effect of light and nitrogen. By analyzing the
mathematical model developed, research questions dealing with the
ecology of C3 and C4 species and C4 evolution are addressed.

In Manuscript 1, I developed a mathematical model that calculates
the carbon fixation rate (a proxy for fitness) while accounting for the
energy and nitrogen partitioning across photosynthetic components
and for the following environmental parameters: (1) light intensity,
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(2) temperature, (3) leaf nitrogen level, and (4) CO2 and (5) O2 gas
concentrations. The model allows us to assess environment-dependent
plant physiology and performance as a function of resource allocation
patterns and, thus, to compare theoretically optimal resource alloca-
tion patterns with those observed in specific environments.

Manuscript 2 addresses the question of what role nitrogen availability
plays in C4 evolution and how nitrogen availability affects the ecology
of C3 and C4 plants. It focuses on the ancestral environment relevant
for C4 evolution and is based on the mathematical model presented in
the first manuscript.

The presented work provides hypotheses about the qualitative and
quantitative interactions of environmental factors and photosynthesis
that can be explored in future, empirical work.



3
M A N U S C R I P T S

This chapter outlines two manuscripts for which I am the first au-
thor. For each manuscript, I indicate my contributions. Than, the
corresponding manuscript is presented.

3.1 manuscript 1

Manuscript 1 is a variation on the paper’s version that is available on
bioRxiv (Sundermann et al., 2018). The version presented in this thesis
slightly differs by minor rephrasing, the addition of a list that contains
all parameters and their explanation, as well as the correction of one
reference.

3.1.1 Contributions to Manuscript 1

I developed and implemented the model for nitrogen allocation and
light reactions, implemented the optimization procedure, and con-
ducted simulations. I designed the research, analyzed the data, and
interpreted the results in collaboration with David Heckmann and
Martin J. Lercher. I took the lead in writing the paper.
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3.2 manuscript 2

Manuscript 2 is pending for publication until Manuscript 1 is accepted.

3.2.1 Contributions to Manuscript 2

I took the lead in designing the research and in writing the paper. I also
developed and implemented key elements of the analysis. Together
with David Heckmann, I designed and implemented the calculation of
the evolutionary trajectories. In addition, I added the randomization
of the step size to the calculation of the trajectories. I conducted
the simulations. I analyzed the data and interpreted the results, in
collaboration with David Heckmann and Martin J. Lercher.
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4
D I S C U S S I O N

Mathematical models allow researchers to test hypothesized concepts,
to deepen understanding, and they inspire novel ways to interpret
empirical data (Brodland, 2015). In addition, modeling facilitates the
simulation of evolution within a reasonable timescale. The growing
performance of computers allows scientists to simulate highly complex
(biological) problems, such as the evolution of a complex trait and the
determination of context-specific optimality, a concept of particular
interest in biology (see Chapter 2). As a result, in silico analyses are a
powerful tool to explore organismal metabolisms and their evolution.

4.1 modeling the environmental effects on metabolism

In this thesis, the effect of environmental factors on metabolic effi-
ciency and the resulting consequences for evolution and ecology are
explored with the help of a mechanistic model. This model will be
referred to as nitrogen-dependent light- and enzyme-limited model,
in the following. The presented work focuses on the metabolism of
photosynthetic organisms, more precisely on C3, C3-C4 intermediate,
and C4 photosynthesis in higher plants. The presented mechanistic
model facilitates the analysis of the optimal nitrogen and energy al-
location, as well as physiological parameters of photosynthesis in a
multifaceted environment.

The model and the corresponding analyses are presented in Manus-

cript 1 and Manuscript 2. In Manuscript 1, a drastic difference between
measured and predicted PEPC activity is observed. This difference
likely results from a known discrepancy between in vitro and in vivo

PEPC activity (Laisk and Edwards, 1997; Studer et al., 2014; Tovar-
Méndez et al., 2000). The in vitro values are taken from Dwyer et al.
(2007), the empirical study considered in Manuscript 1, and the in vivo

values correspond to the predicted activity from the mathematical
model. The in vitro PEPC activity is about two to five times higher than
the in vivo one (Laisk and Edwards, 1997; Studer et al., 2014; Tovar-
Méndez et al., 2000). We assume a factor of three to transform the
measured in vitro into the in vivo enzyme activity. When repeating the
calculation presented in Manuscript 1 with the in vivo PEPC activity
instead of the in vitro values, we observe minor differences in the
results. The predicted PEPC activity and the empirically expected
activity are in good agreement, they agree within a factor of 0.86.
Another difference is that the environment that exhibits the minimal
discrepancy between the modeled and the measured data for the C4

97
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Flaveria species shows 100 μbar atmospheric CO2 concentration, 30 ◦C,
and 1344 μmol m−2 s−1 light intensity. Compared to the in Manus-

cript 1 inferred environment, only the light intensity changes, it was
1562 μmol m−2 s−1 (Figure 5 in Manuscript 1). This environment is
analyzed in detail in Manuscript 2.

4.1.1 Modeling the Environmental Effects on Resource Allocation

In this section the findings of this thesis will be discussed with respect
to the effect of environmental factors on resource allocation.

4.1.1.1 Research Contributions

Plants face a multifaceted environment where often a combination of
environmental factors affect their metabolism. A frequently occurring
assumption is that plants perform under light-saturated conditions
(theoretical work, e. g., Wang et al. (2014) and Zhu et al. (2007) and em-
pirical measurements, e. g., Makino et al. (2003) and Vogan and Sage
(2012)). However, plants often face light-limited environments. This
is particularly true for crop plants that usually shade each other as
they grow on fields in close spatial proximity. The nitrogen-dependent
light- and enzyme-limited model captures a complex environment
and facilitates the analysis of the effect of single environmental fac-
tors and also their combined effect. Light-limited conditions can be
represented by the model presented in Manuscript 1 that considers
different light intensities and explicitly models the ATP and NADPH
production of linear and cyclic electron transport. One important fea-
ture of the model is the fixed nitrogen budget that determines the
protein abundances of the enzymes of the Calvin-Benson cycle in the
mesophyll and bundle sheath cell, the C4 cycle, and the proteins of
the linear and cyclic electron transport in the thylakoid membranes.
The presented mechanistic model relates nitrogen investment to pro-
tein abundance. Consequently, a balanced parametrization of major
potentially limiting processes, the energy production and consump-
tion, is modeled. In addition, current mechanistic understanding of
the costs of photosynthesis and the effect of environmental factors
on the metabolic performance can be validated (Manuscript 1 and
Manuscript 2). In summary, the nitrogen-dependent light- and enzyme-
limited model is a comprehensive mechanistic model that is suitable
to analyze the optimal resource allocation—nitrogen and energy—of
C3, C3-C4 intermediate, and C4 photosynthesis in dependence of mul-
tiple environmental factors. This model encompasses (1) leaf nitrogen
level, (2) light intensity, (3) temperature, and (4) CO2 and (5) O2 gas
concentrations.

Although the phenotypic plasticity in plants is intensively studied
(e. g., Sage and McKown (2005)), it is not yet fully understood. The
work presented in this thesis contributes to the understanding of
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the constraints on resource allocation by quantifying the amount of
nitrogen that needs to be shifted between photosynthetic pools in
order to optimally adapt from an ancestral to a current environment
(Manuscript 1). Modeling results suggest that C4 plants need to shift a
high amount of nitrogen between the photosynthetic pools compared
to C3 plants. This points to a possibly causal linkage between pheno-
typic plasticity and the ability to re-allocate nitrogen, which is a novel
hypothesis.

A comparison of modeled and empirically observed data facilitates
the determination of the environment to which C4 plants are optimally
adapted to. This comparison indicates that C4 Flaveria species are
optimally adapted to an ancestral environment and show a limited
phenotypic plasticity (Manuscript 1). As the genus Flaveria relatively
recently split into C3 and C4 species, about 2–3 million years ago
(Christin et al., 2011), the limited phenotypic plasticity in C4 plants
allows us to refine the ancestral environment of this genus that likely
triggers the evolution of C4 photosynthesis.

The optimal resource allocation as well as the resulting molecular
and physiological parameters in C3 and C4 Flaveria species, in the
environment where C4 Flaveria species likely evolved, are presented
in Manuscript 2. We determine energy production and energy con-
sumption. The energy production is linked to the maximal electron
transport rate and the proportion of linear electron transport, while
consumption is determined by the Rubisco activity and (if applica-
ble) C4 cycle activity. First, we contribute to the understanding of the
effect of establishing a C4 cycle and Rubisco reduction on metabolic
efficiency. The modeled results are consistent with empirical findings
that indicate that the nitrogen requirements of the C4 cycle utilize
only a part of the nitrogen that is available due to Rubisco reduction
(Makino et al., 2003). Our work adds a quantitative insight on how
the additional nitrogen affects the energy requiring processes—RuBP
regeneration and C4 cycle activity—and the resulting increase in the
CO2 assimilation rate. Second, in Manuscript 2, we focus on the ef-
fect of various leaf nitrogen levels on the plants performance. The
relationship between energy production and consumption is studied
intensively in C3 species (e. g., Leuning (2002)), but in C4 this rela-
tionship is less clear. We add quantitative information to this relation
for C4 and for C3 species by analyzing this ratio as a function of leaf
nitrogen. The gained insights facilitate the exploration of the photo-
synthetic nitrogen-use efficiency, i. e., CO2 assimilation rate per leaf
nitrogen level, in detail. We present a novel hypothesis: The relative
advantage in photosynthetic nitrogen-use efficiency of C4 over C3

species increases for decreasing leaf nitrogen levels (Manuscript 2).
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4.1.1.2 Related Work

The atmospheric CO2 concentration changed drastically during the
last million years (Sage et al., 2012). It has a strong effect on photo-
synthesis and, consequently, on plants performance (see Chapter 2.1).
Wang et al. (2014) determined the optimal nitrogen allocation of C4

metabolism as a function of atmospheric CO2 concentration under
light-saturated conditions and a fixed amount of available nitrogen.
They analyzed a systems model that includes the Calvin-Benson cy-
cle, the C4 shuttle, and also the synthesis of carbon-rich substances,
e. g., starch. Their work shows that a C4 plant needs to increase the
investment into Rubisco while decreasing the one into PEPC, in order
to optimally adapt from a preindustrial concentration (atmospheric
CO2 concentration of 27.5 Pa) to the current atmospheric conditions
(39.45 Pa). This trend is in agreement with the results simulated by the
mechanistic model presented in Manuscript 1 under the environmental
conditions described in Wang et al. (2014) (see Section A.1 for exact
values).

In C3 photosynthesis, the distribution of resources between enzymes
of the carbon metabolism is analyzed by Zhu et al. (2007). They de-
termined the optimal distribution for plants by considering a systems
model that represents the photosynthetic carbon metabolism includ-
ing starch and sucrose production. According to their predictions, the
adaptation from a preindustrial concentration (an intracellular CO2

concentration of 165 μmol mol−1) to the current atmospheric condi-
tions (an intracellular CO2 concentration of 280 μmol mol−1) requires
a decreased investment into Rubisco. This trend is consistent with the
results from the nitrogen-dependent light- and enzyme-limited model,
when the environmental conditions described in Zhu et al. (2007) are
considered (see Section A.2 for exact values).

The models of Wang et al. (2014) and Zhu et al. (2007) show com-
mon features, as they are designed using the same modeling pipeline.
Comparing these metabolic models with the nitrogen-dependent light-
and enzyme-limited model, all models determine the nitrogen alloca-
tion that results in the maximal fitness. Although all models consider
the CO2 assimilation rate as a proxy for fitness, Wang et al. (2014)
and Zhu et al. (2007) consider the rate at light-saturation while the
nitrogen-dependent light- and enzyme-limited model considers a more
precise fitness proxy—the assimilation rate for a given environmental
condition—, which can represent non-saturated conditions at various
temperatures. Hence, the models of Wang et al. (2014) and Zhu et al.
(2007) and the nitrogen-dependent light- and enzyme-limited model
differ in the complexity of environmental representation. The model
presented in this thesis focuses on the reactions relevant for carbon
fixation, i. e., the nitrogen budget and the nitrogen pools that are di-
rectly related to the carbon fixation are modeled exclusively. In the
models of Wang et al. (2014) and Zhu et al. (2007), additionally the
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nitrogen budget and the reactions relevant for the synthesis of starch
and sucrose are considered. As the presented work focuses on the
CO2 fixation, these additions are a subsidiary matter: we assume that
the synthesis of carbon-rich substances scales proportional to the CO2

assimilation rate.
Organisms differ in their phenotypic adaptation to new environ-

ments. Short-term adjustment in an organismal behavior, morphology,
or physiology as a result of a changed environment is denoted phe-
notypic plasticity (Price et al., 2003). The ability to adapt traits within
a short timescale is of particular importance for sessile organisms
like higher plants. A well studied example for phenotypic plasticity
is the ability to acclimate to shade. C3 plants are able to reduce the
Rubisco activity and content when grown under low-light intensities
(Sage and McKown, 2005). The responses of C4 plants to changes
in light availability appear to be less clear than those of C3 plants
(Sage and McKown, 2005). Sage and McKown (2005) reviewed the
occurrence of phenotypic plasticity in C3 and C4 plants and concluded
that C4 plants show inherent constraints that prevent the acclimation
to environmental changes. Their conclusion is consistent with the
results presented in Manuscript 1, which indicate that C4 plants are not
optimally adapted to current conditions. Rather, these plants appear
to be optimally adapted to an ancient environmental condition and
show limited phenotypic plasticity.

4.1.1.3 Outlook

Manuscript 1 suggests a link between limited phenotypic plasticity
and the amount of nitrogen re-allocation. This linkage provides a
hypothesis for empirical scientists that can explain a potential rea-
son for the constrained plasticity of C4 plants. If the causal linkage
can be verified through empirical data, this linkage indicates that
the nitrogen allocation of plants is non-optimal under current envi-
ronmental conditions and cannot adjust within short timescale. To
design optimized crop plants, the development and conductance of
bioengineering approaches is essential.

Manuscript 2 presents the hypothesis that a decreasing leaf nitrogen
level results in a higher advantage of C4 compared to C3 plants in
terms of relative photosynthetic nitrogen-use efficiency. This hypothe-
sis needs verification by empirical studies. Our work highlights the
importance of differences in the efficiency of resource usage that re-
sult from different photosynthetic types. The inherent nitrogen-use
efficiency is of special importance in the context of agriculture, where
high amounts of nitrogen fertilizers are used. The consideration of the
efficiency of different photosynthetic types may lead to an improve-
ment of yield per applied supplement.

The future environment will be drastically different from current
conditions due to climate change. To ensure food and energy security
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in the future, analyses on how to optimize resource allocation and,
thus, metabolic efficiency of crop plants is essential. The fact that C4

plants are less phenotypic plastic than C3 plants highlights the need to
explore the properties of future crop plants. and to create a blueprint
for bioengineering approaches to design optimal plants for future
conditions. To address these challenges, a close collaboration between
theoretical and empirical scientists is necessary.

4.1.2 Modeling the Environmental Effects on Metabolic Evolution

In the following section the results presented in Manuscript 1 and
Manuscript 2 are discussed. The focus of this section lies on the effect
of environmental factors on evolution.

4.1.2.1 Research Contributions

C4 photosynthesis is a complex trait whose evolution is of great inter-
est for multiple disciplines beyond botany, e. g., geology and zoology
(Sage, 2004). As mathematical models are able to simulate the evolu-
tion within a reasonable timescale, the evolutionary trajectories can be
simulated time- and cost-efficiently. The model and the correspond-
ing evolutionary simulations presented in this thesis are particularly
useful to explore the evolution of the complex C4 syndrome and its
dependence on environmental factors. The usefulness of the model
results from its comprehensiveness; it comprises diverse parameters
that define the photosynthetic pathway and simulates diverse environ-
mental settings, considering the simultaneous effect of five different
environmental factors. The evolutionary simulations include features
that are relevant to realistically model evolutionary processes. These
features include a random extent of change for a specific trait, in
contrast to equidistant changes per evolutionary step, and the chance
of every trait to change toward a more C3- or C4-like manner. The
evolutionary simulations predict evolutionary trajectories based on
the current mechanistic understanding of C3 and C4 photosynthesis
and do not require information about potential intermediate states.
In general, the model and evolutionary simulations can be used to
elucidate the structure of the fitness landscape as a function of diverse
environmental factors. In Manuscript 2, we focus on the effect of dif-
ferent leaf nitrogen levels on plants performance while considering
the ancestral environment where the evolution of C4 photosynthesis
in the genus Flaveria likely happened.

Although the importance of the environmental factors that are
considered in this thesis are known in the context of photosynthesis,
we present a novel hypothesis that deals with the role of the leaf
nitrogen level in the likely time of speciation of C3 and C4 Flaveria

species (Manuscript 2). In Manuscript 2, we compared the required
changes in nitrogen to transform a C3 plant into an C4 plant for various
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leaf nitrogen levels. It is assumed that both plants that are optimally
adapted to the considered ancestral environment. The required change
decreases for decreasing leaf nitrogen levels. In addition, we simulated
evolutionary trajectories for various leaf nitrogen levels. For decreasing
leaf nitrogen levels, a significant decrease in the number of steps is
required to become a near optimal C4 phenotype. A near optimal
C4 phenotype is a plant that shows at least 90 % of the C4-specific
attributes of a C4 plant that is optimally adapted to the considered
ancestral environment. These findings point to the possibility that a
low leaf nitrogen level favors the evolution of C4 photosynthesis.

The analysis of a past environment goes along with uncertainties
about the plant characteristics in terms of nitrogen allocation, e. g.,
Rubisco availability, at that time. The nitrogen-dependent light- and
enzyme-limited model allows us to determine the characteristics of
the C3 and C4 plants that were likely observed during that time. These
characteristics are based on the assumption that evolution selects for
the most efficient metabolism, which is an important fitness determi-
nant (Heckmann et al., 2013; Ibarra et al., 2002).

4.1.2.2 Related Work

Environmental factors are important selection pressures for photosyn-
thetic metabolism (see Section 2.1). Heckmann et al. (2013) analyze
the fitness landscape that maps C3 to C4 evolution in a C4 favoring
environment (see Section 2.2 for details). The work presented in Ma-

nuscript 2 is consistent with Heckmann et al. (2013): Both results show
that evolving a full C4 metabolism is more advantageous than the C3

pathway under the given C4 favoring condition. This environment is
characterized by high light intensities and moderate to high temper-
atures. Heckmann et al. (2013) consider an environmental condition
that is relevant for the evolution of C4 photosynthesis. In this thesis,
we analyze the environment that is likely relevant in the context speci-
ation of C3 and C4 Flaveria species, it is inferred in Manuscript 1. As
Flaveria is a model genus in photosynthesis evolution, we propose that
the conclusions based on our work with the Flaveria genus and the
detailed environmental description have the potential to be general
conclusions. Heckmann et al. (2013) assume light-saturation while in
Manuscript 2 an explicit value of 1344 μmol m−2 s−1 is considered.
This results in a more realistic representation of the plants that show
a high C4 cycle activity, as C4 photosynthesis is mainly limited by
light (von Caemmerer, 2000, p. 116). There is a minor difference in
the temperature, which is 5 ◦C warmer in Manuscript 2 than in Heck-
mann et al. (2013). This effect is particularly important for the C4 cycle
activity, as PEPC shows no temperature-related inhibition and the
highest increase in activity relative to Rubisco activity and electron
transport rate (between 25 ◦C and 30 ◦C). However, the mesophyll CO2

concentration differs drastically: 100 μbar in Manuscript 2 and 250 μbar
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in Heckmann et al. (2013). Consequently, photorespiratory rates are
higher in C3 plants and represent an even stronger driving force in
Manuscript 2, compared to Heckmann et al. (2013) (see Section 2.1.4.2).

The nitrogen-dependent light- and enzyme-limited model, described
in Manuscript 1, is an addition to the model presented in Heckmann
et al. (2013). The initial model is extended by the effect of temperature,
light limitation, and nitrogen dependence. These extensions result in a
more precise fitness proxy due to the more detailed calculation of the
CO2 assimilation rate and the fact that not only Rubisco is considered
as a nitrogen sink, but all photosynthetically-relevant sinks.

In Manuscript 2 and Heckmann et al. (2013), a key component
of the analysis is the simulation of evolutionary trajectories using
Monte Carlo simulations. Heckmann et al. (2013) focus on the shape
of the fitness landscape and deduce evolutionary paths from C3 to
C4 photosynthesis. Our focus lies on the comparison of the chance
of plants to evolve C4 photosynthesis for environments that differ
in their leaf nitrogen level. In order to explore the effect of nitrogen
availability on C4 evolution, we summarize the trajectories and analyze
the phenotype at the end of the evolutionary path and the number of
steps required to achieve this phenotype.

To simulate the evolution of photosynthesis, the changes of evolu-
tionary parameters are considered. Evolutionary parameters define
the phenotypic states of a plant and are relevant in the context of
photosynthesis evolution. In Manuscript 2 and Heckmann et al. (2013),
changes in the evolutionary parameters are modeled as equidistant
steps that show C3 and C4 photosynthesis as endpoints. Heckmann
et al. (2013) consider six equidistant steps while Manuscript 2 considers
eleven. Note that the changes in the nitrogen allocation are normal-
ized such that for each leaf nitrogen level the relative change is the
same. The Monte Carlo simulation in Heckmann et al. (2013) follows
the subsequent steps: (1) a trait is picked randomly (based on the
mutational probability), (2) the CO2 assimilation rate for the adjusted
trait is calculated, and (3) based on the relative CO2 assimilation rate
the probability for the trait to fix in the population is derived from
the population genetics model, first derived by Kimura (1957). Com-
pared to the simulations of Heckmann et al. (2013), the Monte Carlo
simulation presented in this thesis shows two major differences. First,
the calculation of trajectories in Manuscript 2 considers random extent
of changes. In Heckmann et al. (2013), each change results in a fixed
adjustment of one step toward a more C4-like phenotype. In contrast,
in the model presented in this thesis each change can be up to 10 % of
the maximal number of steps. The actual change is picked randomly,
based on a uniform distribution that is additionally constrained by
a minimal change of one step and the fact that the change needs to
result in a non-negative difference in fitness. Second, our work models
the reverse evolution of photosynthesis. This means that in addition
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to the changes toward a more C4-like characteristic (as considered in
Heckmann et al. (2013)), changes toward a more C3-like manner are
also considered.

4.1.2.3 Outlook

The findings presented in Manuscript 2 point to the possibility that
low leaf nitrogen level is a promoting factor for C4 evolution and
that the superiority in the photosynthetic nitrogen-use efficiency of
C4 plants relative to C3 species increases for decreasing leaf nitrogen
levels. The symbiotic relationship of a plant with mutualistic, nitrogen
fixing microorganisms results in an increased amount of available
nitrogen for the plant (Udvardi and Poole, 2013). Due to the difference
in photosynthetic nitrogen-use efficiency, the likelihood to establish
a mutualistic symbiosis with nitrogen fixing microorganisms for C3

and C4 plants potentially differ in dependence on the surrounding
environment. Potentially there is a low chance for a C3 plant that
shows symbiosis to evolve C4 photosynthesis compared to a C3 plant
that does not show symbiosis (Brown, 1978). Based on the finding that
nitrogen re-allocation is higher and the evolutionary paths toward the
C4 phenotype are longer when nitrogen is less scarce, the likelihood
to evolve the C4 pathway is lower for a C3 plant that already shows a
symbiotic relationship compared to a C3 plant without this relation-
ship. Due to other factors that prompt C4 photosynthesis evolution, it
is still expected that these C3 plants evolve into C4 plants under the
considered environmental conditions. The presented research ques-
tions need to be addressed by theoretical and empirical scientists of
disciplines such as microbiology and phytology.

C4 metabolism evolved from the ancestral C3 pathway. Scientists
successfully strengthened the understanding of C4 evolution, e. g., in
terms of the evolutionary steps and enabling factors (e. g., Heckmann
(2016), Heckmann et al. (2013), and Sage (2004)). Moreover, the effect
of environmental factors on C4 evolution has been studied intensively
(e. g., Sage (2004) and Manuscript 2). In contrast, the occurrence of
reverse evolution from C4 to C3 photosynthesis is currently inconclu-
sive. The evolution from C4 toward C3 metabolism has been suggested
(e. g., see Ibrahim et al. (2009)), but the effects of environmental factors
on the corresponding trajectories are not yet understood. The model
presented in this thesis is an ideal tool to study this concept by simu-
lating paths starting from C4 photosynthesis in diverse environments.
The evolution and its dependence on environmental factors may be-
come important in the context of climate change, as an increasing CO2

concentration suppresses photorespiration, which favors C3 over C4

photosynthesis in light-limited conditions.





A
A P P E N D I X

a.1 resource allocation of c4 plants

The resource allocation of the C4 plant Flaveria bidentis is calculated
for a preindustrial concentration to current atmospheric conditions
according to the environmental conditions given by Wang et al. (2014)—
25 ◦C and light-saturation. The amount of available nitrogen is 1 g m−2

which corresponds to 71,429 μmol m−2. We assume that 87.5 % of the
available nitrogen is available for the CO2 fixation. This corresponds
to a leaf nitrogen level of 200 mmol m−2. Table A.1 represents the
nitrogen allocation at 200 mmol m−2. The mesophyll concentration
is derived from Vogan and Sage (2012) while assuming a ratio of
mesophyll to intercellular CO2 concentration of 0.85; the mesophyll
concentration is 170 μbar and 115 μbar under current and preindus-
trial conditions, respectively. The C4 plant is parametrized as Flaveria

bidentis (Manuscript 1).

Table A.1: In order to optimality adapt from preindustrial concentration
to current atmospheric conditions Flaveria bidentis (C4) needs to
increase the nitrogen investment into Rubisco while decreases the
one into PEPC. The nitrogen investment into the photosynthe-
tic sinks—Rubisco, C4 cycle, and thylakoids—for plants that are
optimally adapted to an environment that shows light-saturation,
25 ◦C, and either current or preindustrial atmospheric conditions.

Fraction of preindustrial current

nitrogen invest-
ment

condition condition

into Rubisco 0.156 0.161

into the C4 cycle 0.250 0.229

into the thylakoids 0.594 0.609

a.2 resource allocation of c3 plants

The resource allocation of the C3 plant Flaveria pringlei is calculated
for a preindustrial concentration to current atmospheric conditions
according to the environmental conditions given by Zhu et al. (2007)—
25 ◦C and light-saturation. As above, the amount of available nitrogen
is 1 g m−2 and we assume that 87.5 % of the available nitrogen is
available for the CO2 fixation, which corresponds to a leaf nitrogen
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level of 200 mmol m−2. Table A.2 represents the nitrogen allocation at
200 mmol m−2. The mesophyll concentration is derived from Vogan
and Sage (2012) while assuming a ratio of mesophyll to intercellular
CO2 concentration of 0.85; the mesophyll concentration is 215 μbar
and 170 μbar under current and preindustrial conditions, respectively.
The C3 plant is parametrized as Flaveria pringlei (Manuscript 1).

Table A.2: In order to optimality adapt from preindustrial concentration
to current atmospheric conditions Flaveria pringlei (C3) needs to
decrease the nitrogen investment into Rubisco. The nitrogen in-
vestment into the photosynthetic sinks—Rubisco, C4 cycle, and
thylakoids—for plants that are optimally adapted to an environ-
ment that shows light-saturation, 25 ◦C, and either current or
preindustrial atmospheric conditions.

Fraction of preindustrial current

nitrogen invest-
ment

condition condition

into Rubisco 0.494 0.481

into the C4 cycle 0 0

into the thylakoids 0.506 0.519
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