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1. Metabolic Synthesis

1.1 Background

In this chapter, we begin by providing a brief background on the classification of organisms. We then
provide a general background on the synthesis of chemical biomarkers and their association with key
metabolic pathways in organisms, as they relate to differences in cellular structure and function across
the three systematic domains of life. We also discuss photosynthesis, the dominant pathway by which
biomass is synthesized, and provide information about chemoautotrophic and microbial heterotrophic
processes. This holistic view of biosynthetic pathways of chemical biomarkers provides a roadmap for
other chapters in this book, where more specific details on chemical pathways are presented for each of
the respective classes of biomarkers. While other excellent books in the area of organic geochemistry
have effectively introduced the concepts of chemical biomarkers in the context of physical and chemical
gradients found in natural ecosystems (e.g., anaerobic, aerobic) (Killops and Killops, 2005; Peters et al.,
2005), we begin by first examining biosynthetic pathways at the cellular level of differentiation. We
believe that an understanding of the general biosynthetic pathways of these chemical biomarkers is
critical when examining the complexity of rate-controlling processes that determine their production
and fate in aquatic systems. We also provide the major features of different cell membrane structures,
since these membranes play an important role in the transport of simple molecules in and out of the
cell and influence the preservation of chemical biomarkers in sediments.

1.2 Classification of Organisms

The taxonomic classification of all living organisms is shown in fig. 1.1. The former five-Kingdom
classification system consisted of the following phyla: Animalia, Plantae, Fungi, Protista, and Bacteria.
It was replaced by a three-domain system—primarily derived from the phylogenetic analysis of base
sequences of nucleic acids from rRNA (Woese et al., 1990) (fig. 1.1). These domains can be further
divided into heterotrophs (e.g., animals and fungi) and autotrophs (e.g., vascular plants and algae),
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Figure 1.1. The three-domain system derived from the phylogenetic analysis of base sequences of nucleic acids
from rRNA. Phylogenetically the Archaea fall into two distinct groups as shown by the gray line: the methanogens
(and their relatives) and the thermophiles. (Adapted from Woese et al.,1990.)

which are either prokaryotes (unicellular organisms that do not possess a nuclear membranes [e.g.,
just a nucleoid, or DNA in the form of chromosomes] or eukaryotes (unicellular and multicellular
organisms with nuclear membranes and DNA in the form of chromosomes) (fig. 1.2). The bacteria
(eubacteria) and archaea (archaebacteria), both prokaryotes, represent important microbial groups
and are involved in many of the biogeochemical cycling processes of aquatic ecosystems.

Photosynthesis is the dominant process by which organic matter is synthesized. During photosyn-
thesis, organisms synthesize simple carbohydrates (carbon fixation) using light energy, water and an
electron donor. The earliest photosynthetic organisms are thought to have been anoxygenic, likely
using hydrogen, sulfur, or organic compounds as electron donors. Fossils of these organisms date to 3.4
billion years (3.4×109 years or 3.4Gyr) before present (BP). Oxygenic photosynthesis evolved later; the
first oxygenic photosynthetic organisms were likely the cyanobacteria, which became important around
2.1Gyr BP (Brocks et al., 1999). As oxygen accumulated in the atmosphere through the photosynthetic
activity of cyanobacteria (Schopf and Packer, 1987), life on Earth needed to quickly adapt. In fact, it
is believed that a transfer of bacterial genes was responsible for the development of the first eukaryotic
cell (Gypania spiralis), estimated, based on the fossil record, to be 2.1Gyr old (Han and Runnegar,
1992). When a cell consumed aerobic (oxygen-using) bacteria, it was able to survive in the newly
oxygenated world. Today, the aerobic bacteria have evolved to include mitochondria, which help the
cell convert food into energy. Hence, the appearance of mitochondria and chloroplasts are believed to
have evolved in eukaryotes as endosymbionts (Thorington and Margulis, 1981). The current theory
of endosymbionts is based on the concept that an earlier combination of prokaryotes, once thought
to be living together as symbionts, resulted in the origin of eukaryotes (Schenk et al., 1997; Peters
et al., 2005). This theory suggests that some of the organelles in eukaryotes (e.g., mitochondria,
kinetosomes, hydrogenosomes, and plastids) may have begun as symbionts. For example, it is thought
that mitochondria and chloroplasts may have evolved from aerobic nonphotosynthetic bacteria
and photosynthetic cyanobacteria, respectively. Endosymbiotic theory also explains the presence of
eubacterial genes within eukaryotic organisms (Palenik, 2002). The important energy-transforming
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Figure 1.2. The basic cellular design of Eukaryotes, unicellular and multicellular organisms with nuclear
membranes and DNA in the form of chromosomes, and Prokaryotes, unicellular organisms that do not possess
a nuclear membrane (e.g., just a nucleoid, or DNA in the form of chromosomes).

processes that directly or indirectly occur in association with these organelles, such as photosynthesis,
glycolysis, the Calvin cycle, and the citric acid cycle, are discussed in more detail later in this chapter.

While the origins of life on early Earth remain controversial, experimental evidence for the possible
evolution of early life began back with the work of Miller and Urey (Miller, 1953; Miller and
Urey, 1959). The basic premise of this work, which has remained central in many current studies,
is that simple organic compounds, including amino acids, formed after a spark was applied to a flask
containing constituents thought to be present in the Earth’s early atmosphere (e.g., methane, ammonia,
carbon dioxide, and water). It is thought that these simple organic compounds provided the “seeds”
for the synthesis of more complex prebiotic organic compounds (fig. 1.3). In addition to the in situ
formation of these simple molecules on Earth (based on the aforementioned lab experiments in the
1950s), extraterrestrial sources, such as comets, meteorites, and interstellar particles, have also been
posited as possible sources for seeding early Earth with these simple molecules. There is now strong
evidence for the presence of these prebiotic compounds in these extraterrestrial sources (Engel and
Macko, 1986; Galimov, 2006; and references therein). One particular theory focuses on the notion
that the synthesis of adenosine triphosphate (ATP) was most critical in the early stages of prebiotic
evolution (Galimov, 2001, 2004). The hydrolysis of ATP to adenosine diphosphate (ADP) is critical in
the ordering and assembly of more complex molecules. For example, the formation of peptides from
amino acids, and nucleic acids from nucleotides, is inherently linked to the ATP molecule (fig. 1.3).
Another important step in prebiotic chemical evolution of life was the development of a molecule
that allowed for genetic coding in primitive organisms, and transfer ribonucleic acid (tRNA). Many
scientists now suspect that all life diverged from a common ancestor relatively soon after life began
(figs. 1.1 and 1.3). Based on DNA sequencing, it is believed that millions of years after the evolution
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Figure 1.3. A scenario for the evolution of life focused on the notion that the synthesis of adenosine triphosphate
(ATP) was most critical in the early stages of prebiotic evolution. (Adapted from Galimov, 2001, 2004.)

of archaebacteria and eubacteria, the ancestors of eukaryotes split off from the archaebacteria. The
Earth is at least 4.6Gyr old (Sogin, 2000), but it was the microbial organisms that dominated for
the first 70 to 90 percent of Earth’s history (Woese, 1981; Woese et al., 1990). While there has
been considerable debate about the composition of the atmosphere of early Earth, it is now generally
accepted that it was a reducing environment (Sagan and Chyba, 1997; Galimov, 2005). Kump et al.
(2010) state the atmosphere is now thought to have been composed primarily of N2 and CO2. Banded
iron formations (BIF) first appear in sediments deposited 3Gyr BP, during the early history of the
Earth. These formations include layers of iron oxides, either magnetite or hematite, alternating with
iron-poor layers of shale and chert. It is thought that these iron oxide formations were formed in
seawater from the reaction between oxygen produced during photosynthesis by cyanobacteria with
dissolved reduced iron. The subsequent disappearance of banded iron formations in the geologic record
approximately 1.8Gyr BP is believed to have resulted following a phase of rising oxygen levels in the
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Figure 1.4. Schematic depicting the redox conditions during the mid-Proterozoic (ca. 1.8 to 0.8 Gyr ago) in the
oceans, which are believed to have been considerably more anaerobic (no oxygen) and dysaerobic (low oxygen)
than the oceans of today. (Adapted from Arnold et al., 2004.)

atmosphere that began about 2.4 to 2.3Gyr BP (Farquhar et al., 2000; Bekker et al., 2004). Other recent
work has suggested that even during the mid-Proterozoic (ca. 1.8 to 0.8Gyr ago) the oceans were
either anaerobic (no oxygen) or dysaerobic (low oxygen) compared to the oceans of today (Arnold
et al., 2004) (fig. 1.4). The increase in oxygen in the oceans from this time period to the present
was due to increased production by photoautotrophic organisms, which transfer atmospheric CO2

and/or dissolved inorganic C (e.g., HCO−3 ) into biomass using photosynthesis; many of these early
photoautotrophs were likely cyanobacteria (Brocks et al., 1999).

Archaebacteria were originally thought to live only in extreme environments (e.g., high tempera-
tures, pH extremes, and high radiation levels), but have recently been found in a variety of habitats
(Delong and Pace, 2001; Giovannoni and Stingl, 2005; Delong, 2006; Ingalls et al., 2006). Examples
of archaebacteria include anaerobic methanogens and halophilic bacteria, and consist of organisms
living both in cold (e.g., Antarctica) and hot (e.g., springs of Yellowstone Park [USA]) environments.
The fact that these organisms can be found in extreme environments is consistent with the ancient
heritage of this domain. Early Earth was likely a very hot environment, with many active volcanoes
and an atmosphere composed mostly of nitrogen, methane, ammonia, carbon dioxide, and water—with
little to no oxygen present. It is believed that the archaebacteria, and in some cases bacteria, evolved
under these conditions, allowing them to live in harsh conditions today. For example, thermophiles
live at high temperatures, of which the present record is 121◦C (Kashefi and Lovley, 2003). In contrast,
no known eukaryote can survive over 60◦C. Another example is the psychrophiles, which live in
extremely cold temperatures—there is one species in the Antarctic that grows best at 4◦C. As a group,
these hard-living archaebacteria are called extremophiles. The archaebacteria include other kinds of
extremophiles, such as acidophiles, which live at pH levels as low as 1. Alkaliphiles thrive at high
pH levels, while halophiles live in very salty environments. It should be noted that there are also
alkaliphilic, acidophilic, and halophilic eukaryotes, and that not all archaebacteria are extremophiles.
It has also been suggested that the thermophilic archaebacteria that live around deep-sea volcanic vents
may represent the earliest life on Earth (Reysenbach et al., 2000). These thermophilic archaea harvest
their energy very efficiently from chemicals (e.g., H2, CO2, and O2) found at the vents using a process
called chemosynthesis. These organisms are not greatly impacted by surface environmental changes. As
such, thermophilic organisms living around deep-sea volcanic vents may have been the only organisms
able to survive the large, frequent meteor impacts of Earth’s early years.
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Figure 1.5. Differences in the composition of the membrane lipids in bacteria and eukarya. Membrane lipids
in bacteria are composed of ester linkages, while membrane lipids in Archaea, have ether linkages. Glycerol
(H2OC–CHO–CH2O) is identified in the gray boxes.

Archaea are believed to be the most primitive forms of life on Earth, as reflected by their name,
which is derived from archae meaning “ancient” (Woese, 1981; Kates et al., 1993; Brock et al.,
1994; Sogin, 2000). Archaea are divided into two main phyla: the Euryarchaeota and Crenarchaeota.
Like bacteria, archaebacteria have rod, spiral, and marble-like shapes. Phylogenetic trees also show
relationships between archaea and eukarya and some have argued that the archaebacteria and
eukaryotes arose from specialized eubacteria. One of the distinguishing features of the archaea is the
composition of the lipids comprising their cell membranes; membrane lipids are associated with an
ester linkage in bacteria, while those in archaebacteria are associated with an ether linkage (fig. 1.5).
This is described further below and in subsequent chapters (e.g., chapter 8). The most striking chemical
difference between archaea and other living cells is their cell membrane. There are four fundamental
differences between the archaeal membrane and those of other cells: (1) chirality of glycerol, (2) ether
linkage, (3) isoprenoid chains, and (4) branching of side chains. These are discussed in more detail
below. In other words, archaebacteria build the same structures as other organisms, but they build them
from different chemical components. For example, the cell walls of all bacteria contain peptidoglycan,
while the cell walls of archaea are composed of surface-layer-proteins. Also, archaebacteria do not
produce cell walls of cellulose (as do plants) or chitin (as do fungi); thus, the cell wall of archaebacteria
is chemically distinct.

Glycerol is an important building block of lipids. This compound has three carbon atoms, each
with a hydroxyl (–OH) group attached (fig. 1.5). When considering the chirality of glycerol, we
need to begin with the basic unit from which cell membranes are built in bacteria and eukaryotes—
phospholipids. Phospholipids are composed of a molecule of glycerol with fatty acids esterified to
the C-1 and C-2 positions of the glycerol and a phosphate group attached to C-3 position by an
ester bond (fig. 1.5). In the cell membrane, the glycerol and phosphate end of the molecules are at
the surface of the membrane, with the long chains in the middle (fig. 1.6). This layering provides an
effective chemical barrier around the cell, which helps to maintain chemical equilibrium. In archaea,
the stereochemistry of the glycerol is the reverse of that found in bacteria and eukaryotes (i.e., the
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Figure 1.6. The structure of the eubacteria and eukaryotic cell membrane, showing the glycerol and phosphate
end of the molecules at the surface of the membrane, with the long chains in the middle.

glycerol is a stereoisomer of the glycerol present in phospholipids), suggesting that archaea synthesize
glycerol by a different biosynthetic pathway than bacteria and eukaryotes. Stereoisomers are optical
isomers of one other, meaning there are two possible forms of the molecule and they are mirror images
of each other. While eubacteria and eukaryotes have dextrorotary (D) D-glycerol in their membranes,
archaeans have levorotary (L) L-glycerol. Chemical components of the cell have to be built by enzymes,
and the “handedness” (chirality) of the molecule is determined by the shape of the enzymes.

In most organisms, side chains added to the glycerol are bonded using an ester linkage. Esters are
acids where one of the hydroxyl (–OH) groups has been replaced by an O-alkyl group (fig. 1.5). The
general formula for esters is: R1–C( O)–O–R2. In the case of phospholipids, R1 is the carboxyl carbon
(C-1) on the fatty acid side chain and R2 is the C-1 or C-2 position in glycerol. By contrast, membrane
lipids in archaea are bound using an ether linkage, in which an oxygen atom is connected to two alkyl
groups (general formula is R–O–R′). This causes the chemical properties of membrane lipids in archaea
to differ from the membrane lipids of other organisms.

The side chains in the phospholipids of eubacteria and eukaryotes are fatty acids of usually 16
to 18 carbon atoms (fig. 1.5) (Killops and Killops, 2005; Peters et al., 2005) (see chapter 8 for more
details about fatty acids). Archaebacteria do not use fatty acids to build their membrane phospholipids.
Instead, they have side chains of 20 carbon atoms built from isoprene (2-methylbuta-1,3-diene or
C5H8)—a C5 compound, which forms the building block for a class of compounds called terpenes.
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By definition, terpenes are a class of compounds constructed by connecting isoprene molecules together
(C5H8)n , where n is the number of linked isoprene units (see chapters 9 and 12 for more details).

The membrane lipids of archaea also differ from those of eubacteria or eukaryotes, because they
have side chains off the main isoprene structure (fig. 1.5) (Kates et al., 1993). This results in some
interesting properties in archaeal membranes. For example, isoprene side chains can be joined together,
allowing side chains of the membrane lipids to join together, or become joined with side chains of other
compounds on the other side of the membrane. No other group of organisms can form such transmem-
brane lipids. Another interesting property of the side chains is their ability to form carbon rings. This
happens when one of the side branches curls around and bonds with another atom down the chain
to make a five-carbon ring. These carbon rings are thought to provide structural stability to the mem-
brane, which may allow archaebacteria to be more tolerant of high temperatures. They may work in the
same way that cholesterol (another terpene) does in eukaryotic cells to stabilize membranes (fig. 1.6).

Cellular membranes of eukaryotes have diverse functions in the different regions and organelles of
a cell (Brock et al., 1994). Membranes are vital because they separate the cell from the outside world.
They also separate compartments inside the cell to protect important processes and events. In water,
phospholipids are amphipathic: the polar head groups are attracted to water (hydrophilic) and the tails
are hydrophobic or oriented away from water, creating the classic lipid bilayer (fig. 1.6). The tail groups
orient against one another, forming a membrane with hydrophilic heads on both ends. This allows
liposomes or small lipid vesicles to form, which can then transport materials across the cell membrane.
Various micelles, such as spherical micelles, also allow for a stable configuration for amphipathic
lipids that have a conical shape, such as fatty acids. As mentioned earlier, cholesterol is an important
constituent of cell membranes. It has a rigid ring system, has a short, branched hydrocarbon tail, and
is largely hydrophobic. However, it has one polar group, a hydroxyl group, making it amphipathic.
Cholesterol inserts into lipid bilayer membranes with its hydroxyl group oriented toward the aqueous
phase and its hydrophobic ring system adjacent to fatty acid tails of phospholipids. The hydroxyl
group of cholesterol forms hydrogen bonds with polar phospholipid head groups. It is thought that
cholesterol contributes to membrane fluidity by hindering the packing together of phospholipids.

1.3 Photosynthesis and Respiration

The sum of all biochemical processes in organisms is called metabolism, which can further be divided
into catabolic and anabolic pathways. These processes are responsible for the formation of many of
the chemical biomarker compounds discussed in this book, which occur through an intermediary
metabolism via glycolysis and the citric acid cycle (Voet and Voet, 2004). Kossel (1891) first noted
the distinction between primary and secondary metabolism. Primary metabolism, also called basic
metabolism, includes all the pathways and products that are essential for the cell itself. Secondary
metabolism produces molecules that are not necessarily important for the survival of the cell itself, but
are important for the whole organism. To understand biochemical and molecular biological processes
such as metabolism, differentiation, growth, and inheritance, knowledge of the molecules involved is
imperative. Cell-specific molecules are generated via a number of intermediate products from simple
precursors, while others are broken down or rearranged. During evolution, pathways have been
developed and maintained that produce functional molecules needed by the cell or the organism.

The chemical reactions of oxygenic photosynthesis (primary production) and oxidation (respiration
or decomposition) of organic matter are described in equation 1.1:

← respiration

CO2 +H2O+ photons(light energy)→ CH2O+O2 (1.1)

→ photosynthesis
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Figure 1.7. The pathways of photosynthesis and respiration, which, in part, produce oxygen and carbon dioxide,
respectively, and occur in the chloroplasts and mitochondria.

The end products of electron transport during photosynthesis are NADH or NADPH and ATP,
which can be used for carbon or nitrogen fixation and for intermediary metabolism. An important
aspect of photosynthesis is the integration of carbon dioxide into organic compounds, called carbon
fixation. (Ehleringer and Monson, 1993; Ehleringer et al., 2005). The pathways of photosynthesis and
respiration, which, in part, produce oxygen and carbon dioxide, respectively, occur in the chloroplasts
and mitochondria (fig. 1.7). If we look more closely at photosynthesis we find that photosystems I and II
are located in the chloroplasts (figs. 1.7 and 1.8) (see chapter 12 for more details). The chlorophylls,
also found in the chloroplast, serve as the principal antenna pigments for capturing sunlight in the
photosystems (described later in this chapter). In higher plants, assimilation tissues are those tissues that
are made from chloroplast-containing cells and are able to perform photosynthesis (fig. 1.9). The leaves
of higher plants are by far the most important production centers—if you disregard unicellular aquatic
algae. Leaves usually consist of the following three tissues: the mesophyll, epidermis, and vascular
tissues. The mesophyll is a parenchyma tissue that is an important location for the reduction of carbon
dioxide, which enters through the stomata in the epidermis in the carbon-fixation reactions of the
Calvin cycle (Monson, 1989, and references therein). The Calvin cycle is the assimilatory path that is
involved in all autotrophic carbon fixation, both photosynthetic and chemosynthetic.

Finally, it important to note that while the previous section was focused on oxygenic photosynthesis,
bacteria are also capable of performing anoxygenic photosynthesis. In general, the four types of
bacteria that perform this process are the purple, green sulfur, green-sliding, and gram-positive bacteria
(Brocks et al., 1999). Most of the bacteria that perform anoxygenic photosynthesis live in environments
where oxygen is in low supply as is discussed in later chapters. In anoxygenic photosynthesis, chemical
species such as hydrogen sulfide and nitrite substitute for water as the electron donor.
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Figure 1.8. A plant cell and the associated organelles illustrating the chlorophylls (found in the chloroplast),
which serve as the principal antenna pigments for capturing sunlight in the photosystems.

1.3.1 C3, C4, and CAM Pathways

The Calvin cycle (or Calvin-Benson cycle) was discovered by Melvin Calvin and his colleagues in the
1950s (fig. 1.9). It involves a series of biochemical reactions that take place in the chloroplasts of
photosynthetic organisms (Bassham et al., 1950). These reactions are referred to as dark reactions
because they are independent of light. Photosynthetic carbon fixation can occur by three pathways:
C3, C4, and crassulacean acid metabolism (CAM), with C3 photosynthesis being the most typical
(Monson, 1989). In the next few paragraphs we discuss the biochemistry of the aforementioned three
pathways in more detail; this will provide the foundation for understanding the biological fractionation
of stable isotopes of carbon in plants using these different metabolic pathways, which is discussed in
later chapters.

The C3 carbon-fixation pathway is a process that converts carbon dioxide and ribulose-
1,5-bisphosphate (RuBP, a 5-carbon sugar) into two molecules of the three-carbon compound
3-phosphoglycerate (PGA); hence, the name C3 pathway (fig. 1.9). The reaction is catalyzed by the
enzyme ribulose-1,5-biphosphate carboxylase/oxygenase (RuBisCO), as shown in equation 1.2:

6CO2 + 6RuBP
RuBisCO−−−−→ 12 3-phosphoglycerate (PGA) (1.2)
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Figure 1.9. Diagram showing the assimilation tissues of higher plants that are made from chloroplast-
containing cells and are able to perform photosynthesis in C3 and C4 plants. Although shown together here
in one diagram, these pathways occur separately in plants.

This reaction occurs in all plants as the first step of the Calvin cycle (Swain, 1966; Ehleringer and
Monson, 1993). In C3 plants, one molecule of CO2 is converted to PGA, which can subsequently be
used to build larger molecules such as glucose. C3 plants typically live where sunlight and temperatures
are moderate, CO2 concentrations are approximately 200 ppm or higher, and groundwater is
abundant. C3 plants, which are believed to have originated during the Mesozoic and Paleozoic eras,
represent approximately 95% of Earth’s plant biomass. In contrast, C4 plants evolved considerably
later, during the Cenozoic era, and did not become abundant until the Miocene (23 to 5 million
years BP). Finally, it should be noted that the source of inorganic carbon and the enzyme utilized
in equation 1.2 are different in algae and land plants. For example, land plants utilize atmospheric
CO2 (as shown in equation 1.2). In contrast, HCO−3 is the common source of inorganic carbon used
for photosynthesis in aquatic algae, where the enzyme carbonic anhydrase is used for uptake (Badger
and Price, 1994).

In the C4 pathway, also known as the Hatch-Slack pathway, carbon dioxide binds to phospho-
enolpyruvic acid (PEP) in mesophyll cells to produce a four-carbon compound, oxaloacetate, followed
by the production of malate (fig. 1.9) (Monson, 1989), as shown in equation 1.3:

PEP+ CO2
PEP carboxylase−−−−−−−−→ oxaloacetate (1.3)

In the vascular bundle sheath, Kranz cells split off CO2 from malate, which is then fed into the Calvin
cycle. The pyruvate is transported back into the mesophyll cells (active transport) and is phosphorylated
to PEP with the aid of adenosine triphosphate. So, in C4 plants, CO2 is drawn from malate into this
reaction, rather than directly from the atmosphere as in the C3 pathway. It is important to note that PEP
carboxylase (the enzyme involved in the reaction between PEP and CO2 that yields oxaloacetate) has
a higher affinity for CO2 than RuBisCO, the enzyme used in C3 plants. Thus, C4 plants are dominant
at relatively low concentrations of CO2.

Plants using crassulacean acid metabolism (CAM) generally live in arid environments (Ransom and
Thomas, 1960; Monson, 1989). The chemical reaction of the CO2 accumulation is similar to that of C4

plants; however, CO2 fixation and its assimilation are separated by time, rather than spatially, as they
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are in C4 plants. In C4 plants, carbon fixation occurs when the stomata are opened for the uptake of
CO2 , but there can be large losses of water when the stomata are open. As a result, CAM plants have
developed (or evolved) a mechanism to avoid water loss whereby CO2 is taken up during the night and
stored until photosynthesis occurs during daylight hours. Like C4 plants, CO2 reacts with PEP to form
oxaloacetate, which is then reduced to form malate (fig. 1.9). Malate (and isocitrate) is then stored in
the vacuoles until it is subsequently used during the daytime for photosynthesis.

Not surprisingly, CAM plants are adapted for and occur mainly in arid regions. In fact, both C4 and
CAM photosynthesis have adapted to arid conditions because they result in better water use efficiency
(WUE) (Bacon, 2004). Moreover, CAM plants can modify their metabolism to save energy and water
during harsh environmental periods. Just as CAM plants are adapted for dry conditions, C4 plants are
adapted for special conditions. C4 plants photosynthesize faster under high heat and light conditions
than C3 plants because they use an extra biochemical pathway and their special anatomy reduces
photorespiration (Ehleringer and Monson, 1993). From an ecological perspective, C4 taxa tend to be
uncommon in tropical regions (0–20◦ latitude), where dense tropical forests typically shade out C4

grasses. C4 taxa are more common moving away from the tropics and peak in savanna regions—with
their abundances diminishing generally between 30 and 40◦ latitude.

1.3.2 Glycolysis and the Krebs Cycle

Oxidation of glucose is known as glycolysis. During this process, glucose is oxidized to either lactate or
pyruvate. Under aerobic conditions, the dominant product in most tissues is pyruvate and the pathway
is known as aerobic glycolysis. When oxygen is depleted, as, for instance, during prolonged vigorous
activity, the dominant glycolytic product in many higher animal tissues is lactate and the process is
known as anaerobic glycolysis. Anaerobic glycolysis occurs in the cytoplasm of the cell. It takes a six-
carbon sugar (glucose), splits it into two molecules of the three-carbon sugar (glyceraldehyde), and
then rearranges the atoms to produce lactate (fig. 1.10). This rearrangement of atoms provides energy
to make ATP, which is the principal energy “currency” in the cell. It is also important to note that
there is an overall conservation of atoms in this process. Hence, there are six carbon, six oxygen, and
twelve hydrogen atoms at start and finish.

The primary purpose of acetyl co-enzyme A (acetyl-CoA) is to convey the carbon atoms within
the group to the Krebs cycle or citric acid cycle (CAC), where they can be oxidized for energy
production (fig. 1.11). Chemically, acetyl-CoA is the thioester formed when coenzyme A (a thiol) reacts
with acetic acid (an acyl group carrier). Acetyl-CoA is produced during the second step of aerobic
cellular respiration through the process of pyruvate decarboxylation, which occurs in the matrix of the
mitochondria (figs. 1.7 and 1.11) (Lehninger et al., 1993). Acetyl-CoA then enters the CAC. In animals,
acetyl-CoA is central to the balance between carbohydrate and fat metabolism (see chapters 5 and 8
for more on carbohydrate and fatty acid synthesis). Normally, acetyl-CoA from fatty acid metabolism
feeds CAC, contributing to the cell’s energy supply.

Organic molecules can be divided into simple molecules (e.g., amino acids, fatty acids, monosac-
charides), which are the building blocks of macromolecules. Macromolecules are grouped into four
classes of biochemicals: polysaccharides, proteins, lipids, and nucleic acids. As we proceed throughout
the book we will continue to explore the basics of organic molecules, which, in part, require knowledge
of the structure of saturated and unsaturated aliphatic hydrocarbons, alcohols, aldehydes, carboxylic
acids, and esters. Similarly, the structures of sugars and their biosynthetic precursors, the aromatic
hydrocarbons and compounds with heterocyclic rings, in addition to amino acids and lipids will be
discussed in more detail in chapters 5, 6, 8, 9, 10, and 11. Both lipid metabolism and carbohydrate
metabolism rely heavily on acetyl-CoA. Acetyl-CoA is also an important molecule in metabolism and is
used in many biochemical reactions in primary metabolism (fig. 1.12). Similarly, there are interactions
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Figure 1.10. Pathway for the formation of pyruvate, via glycolysis, in the cytoplasm of cells.

between amino acids with acetyl-CoA and the citric acid cycle in the context of protein metabolism
(more details in chapter 6). Fatty acid synthesis begins with acetyl-CoA and continues with the addition
of two carbons units (see chapters 8 through 11 for more details). However, this is not the case with
carbohydrate metabolism. Instead, carbohydrate synthesis is largely controlled by the availability of
NADP+, which acts as an electron acceptor of glucose 6-phosphate to 6-phosphogluconolactone, in
the early stages of the ‘pentose shunt’ (Lehninger et al., 1993).

Thus far, we have been discussing the synthesis of organic compounds during primary metabolism,
which comprises all pathways necessary for the survival of the cells. In contrast, secondary metabolism
yields products that are usually synthesized only in special, differentiated cells and are not necessary
for the cells themselves, but may be useful for the plant as a whole (fig. 1.13) (Atsatt and O’Dowd,
1976; Bell and Charlwood, 1980). Examples include flower pigments and scents or stabilizing
elements (Harborne et al., 1975). Many of these compounds are not used as chemical biomarkers
in aquatic research but are shown here to simply illustrate their relationship with the biomarkers
discussed in this book. Plant cells, in particular, produce a significant amount of secondary products
(Bell and Charlwood, 1980). Many of these compounds are highly toxic and are often stored in
specific organelles, such as vacuoles. These storage functions serve, in some cases, as mechanisms for
detoxification as well as reservoirs of important nitrogen-rich molecules. Many of these secondary
compounds are found in specific plant organs, often in just one type of cell (and, there again, only
in a certain compartment), and are often generated only during a specific developmental period of the
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Figure 1.13. Primarymetabolism, which comprises all pathways necessary for the survival of the cells, contrasts
with secondarymetabolism, which yields products that are usually synthesized only in special differentiated plant
cells. Secondary processes are shaded.
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plant. In some cases, the presence of secondary compounds in plants is clearly adaptive for reproductive
purposes, such as flower pigments, or to provide structural integrity, such as lignins and cutins. Some
secondary compounds inhibit the existence of competing species within an ecological niche. These
molecules are not necessary for the growth and reproduction of a plant, but may serve a role in
herbivore deterrence or the production of phytoalexins, which combat infective bacteria and fungi
(Atsatt and O’Dowd, 1976; Bowers et al., 1986). In general, secondary compounds are often involved
in key interactions between plants and their abiotic and biotic environments (Facchini et al., 2000).

1.3.3 Secondary Metabolism

In this section we begin to examine some of the basic pathways and products of secondary metabolism
produced by plant cells (each of these groups of compounds is discussed in more detail in the later
chapters). The pathways of secondary metabolism are inherently linked with the key processes (e.g.,
photosynthesis and respiration) and products of primary metabolism (e.g., sugars, fatty acids, and
amino acids) (fig. 1.13). The major classes of secondary compounds in plants are the saponins, cardiac
and cyanogenic glycosides, terpenoids, sterols, phenols, phenylpropanoids, alkaloids, flavonoids, and
tannins (Mabry et al., 1970; Edwards and Gatehouse, 1999) (see chapters 5, and 8–14 for more details).
The general pathway for creating secondary metabolites occurs through a branch-point enzyme,
which regulates primary metabolism with secondary metabolism (Edwards and Gatehouse, 1999). For
example, reactions that oxidize compounds are commonly catalyzed by dioxygenases, heme-containing
enzymes that utilize oxygen and α-ketoglutarate in oxidation reactions, and release CO2 and succinate.
Another common step of secondary metabolite biosynthesis is methylation of potentially reactive
carboxylic acid, amino, and hydroxyl groups that can spontaneously interact and form products
that are undesirable to plants (Edwards and Gatehouse, 1999). An important methylating agent in
secondary metabolism is S-adenosyl-L-methionine (Facchini et al., 1998, 2000), but this is only one of
the many methyltransferases involved in methylating reactive groups.

We begin with the formation of two classes of secondary compounds, the saponins and car-
diac/cyanogenic glycosides, which form in association with sugars produced during photosynthesis
(fig. 1.13). These compounds are also formed via respiration through amino acid and terpenoid
metabolism (Seigler, 1975). A few plant species have the ability to produce cyanides and cyanogenic
glycosides, which are strong cytotoxins and competitive inhibitors for the iron atom associated with
the heme group. Plant cells detoxify these strong cytotoxins by glycosylation, linking them via a beta-
glycosidic bond to sugar residues (usually glucose) (Banthorpe and Charlwood, 1980; Luckner, 1984).
Glucosinolates are anions that occur only in the cells of a limited number of dicotyledonous plant
families (e.g., horseradish, radish, and mustards). Saponins are glycosides with a distinctive foaming
characteristic, and consist of a polycyclic aglycone that is either a choline steroid or triterpenoid—
attached via C3 and an ether bond to a sugar side chain (Mabry et al., 1970).

Polymeric isoprene derivatives are a large family of substances that includes steroids and terpenoids
(see chapter 9 for more details). These compounds are built from C5 units of isoprene (2-methylbuta-
1,3-diene). When two isoprene units combine, monoterpenoids are formed (C10), while sesquiter-
penoids are formed from three isoprene units and diterpenoids contain four isoprene units. Several
thousand related compounds of this type have been isolated and characterized from different plant
groups.

Steroids belong to the chemical family triterpenoids, a group of compounds generated by the
polymerization of six isoprene units. Steroids typically have four fused rings—three six-membered
and one five-membered—and range from 26 to 30 carbon atoms. Steroids occur widely in plants (both
gymnosperms and angiosperms), as well as in fungi and animals. In plants, steroids are biosynthesized
from cycloartenol, while in animals and fungi steroids are synthesized from lanosterol.
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Carotenoids are tetraterpenoids, very common both in plant and animals, and contain 40 carbon
atoms constructed from eight isoprene units (Banthorpe and Charlwood, 1980) (see chapter 12 for
more details). They are products formed from the subsequent hydration, dehydration, ring formation,
shifting of double bonds and/or methyl groups, chain elongation or shortening, and the subsequent
incorporation of oxygen into a noncyclic C40H56 compound. Carotenoids can be further classified into
carotenes (non-oxygen-containing) and xanthophylls (oxygen-containing).

Plant phenols are biosynthesized by several different routes and thus constitute a heterogeneous
group (from a metabolic point of view). Although the presence of a hydroxyl group (–OH) makes
them similar to alcohols, they are classified separately because the –OH group is not bonded to a
saturated carbon atom. Phenols are also acidic due to the ease with which the –OH group dissociates.
They are easily oxidized and can form polymers (dark aggregates), commonly observed in cut or
dying plants. The starting product of the biosynthesis of most phenolic compounds is shikimate
(Herrmann and Weaver, 1999). Two basic pathways are involved: the shikimic acid and malonic
acid pathways (Herrmann and Weaver, 1999). Other derivatives include the phenylpropanol, lower-
molecular-weight compounds such as coumarins, cinnamic acid, sinapinic acid, and the coniferyl
alcohols; these substances and their derivatives are also intermediates in the biosynthesis of lignin.
The malonic acid pathway, although an important source of phenolic secondary products in fungi
and bacteria, is of less significance in higher plants. Animals, which cannot synthesize phenylalanine,
tyrosine, and tryptophan, must acquire these essential nutrients from their diets.

Alkaloids are a group of nitrogen-containing bases. While the large majority of alkaloids are
produced from amino acids, a few (e.g., caffeine) are derived from purines or pyrimidines (see chapter 6
for more details). Many of these compounds are used in allelopathy, the mutual influence of plant
secretions on interactions among algae and higher plants. For example, allelopathic substances may
damage the germination, growth, and development of other plants (Mabry et al., 1970; Harborne,
1977). Similarly, animals (particularly insects) have co-evolved defense strategies against the insecticide
effects of some secondary plant products (Atsatt and O’Dowd, 1976; Bell and Charlwood, 1980;
Bowers et al., 1986). Alkaloids are usually generated by the decarboxylation of amino acids or by the
transamination of aldehydes. The biosynthesis of alkaloids derived from different amino acids requires
different branch-point enzymes. In opiate biosynthesis, the branch-point enzyme is tyrosine/dopa de-
carboxylase (TYDC), which converts L-tyrosine into tyramine, as well as dopa into dopamine (Facchini
and De Luca, 1995; Facchini et al., 1998). Aliphatic amines, which serve as insect attractants, are often
produced during anthesis, the opening of a flower, or the formation of the fruiting body of certain fungi
(e.g., the stinkhorn). A good example of insect attractants is the aliphatic–aromatic amines. Among the
di- and polyamines are putrescine (NH2(CH2)4NH2), spermidine (NH2(CH2)3NH(CH2)4NH2), and
spermine (NH2(CH2)3NH(CH2)4NH(CH2)3NH2) (Pant and Ragostri, 1979; Facchini et al., 1998).

Flavonoids are polyphenolic compounds in plants that serve both as ultraviolet protection (Dakora,
1995) and in mediating plant–microbe interactions (Kosslak et al., 1987). While some classes of
flavonoids, such as the flavonones, are colorless, other classes, anthocyanes, provide pigmentation
in flowers (e.g., red and yellow) and other plant tissues. The basic structure of flavonoids is derived
from the C15 body of flavone. Malonyl-CoA decarboxylase is an enzyme associated with malonyl-
CoA decarboxylase deficiency (Harborne et al., 1975). It catalyzes the conversion of malonyl-CoA
to CO2 and to some degree, reverses the action of acetyl-CoA carboxylase. Flavonoids differ from
other phenolic substances by the degree of oxidation of their central pyran ring and their biological
properties.

Tannins are plant polyphenols that bind and precipitate proteins, and are usually divided into
hydrolyzable and condensed tannins (Haslam, 1989; Waterman and Mole, 1994). Hydrolyzable
tannins contain a polyol-carbohydrate (usually D-glucose), where the –OH groups of the carbohydrate
are partially or totally esterified with phenolic groups such as gallic acid or ellagic acid. These tannins
are hydrolyzed by weak acids or bases to produce carbohydrate and phenolic acids. Condensed tannins,
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also known as proanthocyanidins, are polymers of 2–50 (or more) flavonoid units that are joined by
carbon–carbon bonds, which are not susceptible to cleavage by hydrolysis. While hydrolyzable tannins
and most condensed tannins are water soluble, some very large condensed tannins are insoluble.

1.4 Summary

The earliest photosynthetic organisms are believed to have been anoxygenic, and have been dated back
to 3.4 billion years BP. The first oxygenic photosynthetic organisms were likely the cyanobacteria,
which became important around 2.1 billion years ago. As oxygen accumulated in the atmosphere
through the photosynthetic activity of cyanobacteria, other oxygenic forms evolved, with the first
eukaryotic cells evolving around 2.1 billion years ago. The sum of all biochemical processes in
organisms is called metabolism, which involves both catabolic and anabolic pathways. Heterotrophic
metabolism is the process by which organic compounds are either transformed or respired, thereby
influencing the fate of organic compounds in the environment. These metabolic processes are
responsible for the formation of many of the chemical biomarker compounds discussed in this book,
which occur through an intermediary metabolism via glycolysis and the citric acid cycle. As life
continues to evolve, new biosynthetic pathways are continually being developed, yielding organic
compounds of increasing complexity and diversity.
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