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level among the 8 cultures. Values are mean £ S.E. from triplicates. Statistical significance
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biofuels to meet American (ASTM D6751) and European (EN 14214) standards for biodiesel

(Knothe 2011).

Figure 2.2: Pathways for fatty acid and triacylglycerol biosynthesis (Courchesne et al. 2009).
Abbreviations for enzymes are as follows: PEPC, phosphoenolpyruvate carboxylase; ME,
malic enzyme; ACL, ATP:citrate lyase; ACS, acetyl-CoA synthase; ACC, acetyl-CoA
carboxylase; FAS, fatty acid synthetase; GPAT, glycerol-3-phosphate; LPAT,
lysophosphatidate acyl-transferase; DGAT, Acyl-CoA:diacylglycerol acyl-transferase.

Much recent work has been done in identification of fatty acid (FA) biosynthesis genes in

green algae. A discussion of FA genes in eukaryotic algae is provided in Khozin-Goldberg and
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Cohen 2011. Species-specific reviews of FA synthesis genes have been performed on
Chlamydomonas reinhardtii (Merchant et al. 2011) and Dunaliella tertiolecta (Rismani-Yazdi et
al. 2011). Although the genome of Dunaliella tertiolecta has not been sequenced, the
sequencing of its transcriptome was sufficient to identify homologous genes to those known for
sequenced organisms, including Volvox carteri, Chlamydomonas reinhardtii, and higher plants
(Rismani-Yazdi et al. 2011). Using a similar approach, fatty acid biosynthesis pathways in other
green algae could be enumerated.

2.3 Cyanobacterial Symbioses

Cyanobacteria are known to enter different types of symbiotic arrangements with a wide
variety of other organisms from all of the taxonomic kingdoms, including bacteria, microalgae,
fungi, higher plants, and invertebrates. Nonetheless, only particular genera of cyanobacteria are
known to form symbioses, which require the cyanobacterium to adapt to its host (Rasmussen and
Nilsson 2002). A symbiosis is a biological association of two or more organisms in which each
organism derives some benefit from, is harmed by, or appears to have no effect from the
association (Paracer and Ahmadjian 2000). A discussion of different cyanobacterial symbioses
will lend insight into their symbiotic relationships in general and in particular the possible
symbiosis between Chlorella vulgaris and Leptolyngbya sp. in the co-culture.

2.3.1 Cyanobacterial Symbioses—Algae

Relationships between bacteria and algae either involve an association between bacteria
and microalgae, bacteria and macroalgae, or algae present in benthic microbial mats (Graham
and Wilcox 2000). Of the first type, most cyanobacteria associations with microalgae are with
diatoms (Janson 2002). Both cyanobacteria and microalgae excrete organic substances,
including amino acids, carbohydrates, and lipopolysaccharides, which provide carbon and

nitrogen to heterotrophic bacteria in proximity (Graham and Wilcox 2000). In the association,
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the bacteria could provide a variety of benefits to the algae, including lowering oxygen
concentrations to benefit nitrogen fixation, nitrogen fixation, providing growth factors, or
producing Fe, CO,, NH,*, NOs, or PO,* (Graham and Wilcox 2000). Thus the microalgae and
bacteria in close proximity provide a variety of mutual benefits to each other.

The second type of bacteria-algae relationship, bacteria with macroalgae, does not
necessarily involve cyanobacteria, but nitrogen-fixing cyanobacteria have been observed to grow
on the green macroalga Codium (Carpenter and Foster 2002). When bacteria are involved, they
are believed to provide a similar function as in the first type, providing substances used by
macroalgae (Graham and Wilcox 2000). The third classification, benthic microbial mats,
involve autotrophic cyanobacteria and diatoms providing O, and dissolved carbon sources for
heterotrophic bacteria (Graham and Wilcox 2000). One study documents the formation of
spheres within these microbial mats, which involved Phormidium cyanobacteria, the diatom
Navicula perminota, and heterotrophic bacteria (Brehm et al. 2003). Filaments formed by the
cyanobacteria trapped the diatoms inside, which multiply until the sphere is filled and then leave;
the space inside the sphere and the sphere’s surface both have extracellular polymeric substances
present (Brehm et al. 2003).

Cyanobacteria are known to associate with diatoms, both intracellularly and
extracellularly (Janson 2002). In the intracellular symbioses, the cyanobacteria most likely
provides fixed nitrogen for the diatom (Janson 2002). Likewise, some of the extracellular
associations involve heterocysts, or cyanobacteria cells created specifically to fix nitrogen; in
some cases, the cyanobacteria may also fix carbon for the diatom (Janson 2002). A third type of
association involves cyanobacteria, the protozoan Solenicola setigera, and the diatom

Leptocylindrus mediterraneus; Synechocystis cells are attached to a matrix formed by the other
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two symbionts (Janson 2002). In this particular association, empty diatom frustules suggest that
the protozoan feeds on the diatom (Carpenter and Foster 2002).

While the present study does not involve diatoms, the most common microalgal symbiont
of cyanobacteria, several characteristics of these associations are of interest. First, cyanobacteria
are known to provide nitrogen fixation and perhaps even carbon fixation in symbiosis and may
receive dissolved organic substances from the symbiont as well. Second, extracellular
cyanobacterial-algal symbioses often involve a structure that promotes close proximity for the
association, such as the filamentous structure of the microbial spheres or the matrix to which the
Synechocystis cells attached in the tripartite symbiosis with the diatom, cyanobacteria, and
protozoan. Extracellular polymeric substances present may play a role in the attachment and/or
provide a nutrient source for a heterotrophic species in the association.

2.3.2 Cyanobacterial Symbioses—L.ichens

Perhaps the best known cyanobacterial symbioses are the lichens, of which there are
approximately 17,000 species, mostly terrestrial but with at least 7 marine species known
(Graham and Wilcox 2000; Carpenter and Foster 2002). The cyanobacterium provides fixed
carbon and sometimes fixed nitrogen to the fungus, with the symbiosis varying from mutualistic
to the fungus being parasitic (Graham and Wilcox 2000). Only 14-15% of lichens contain
cyanobacteria; the far majority involve green algae instead (Graham and Wilcox 2000). Of the
cyanobacterial genera involved in symbioses, the widest variety are involved in lichens (Graham
and Wilcox 2000). Nonetheless, their study is not as important as that of the symbioses between
cyanobacterial and terrestrial plants.

2.3.3 Cyanobacterial Symbioses—Terrestrial Plants
A variety of terrestrial plants form symbioses with nitrogen-fixing cyanobacteria

(Graham and Wilcox 2000). The symbiosis usually involves the plant providing carbon to the
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cyanobacteria in exchange for receiving fixed nitrogen (Graham and Wilcox 2000). The vast
majority of known cyanobacterial-plant symbioses involve the Nostoc species (Adams 2002).

Two necessary factors for cyanobacteria-plant symbioses are heterocysts and homogonia
(Adams 2002). Heterocysts, or cyanobacterial cells specifically developed to fix nitrogen,
supply nitrogen to both the other cyanobacterial cells and the plant, while homogonia are motile
structures that provide the blue-green algae access to the area of the plant at which the symbiosis
takes place (Adams 2002). Establishment of the symbiosis requires the alga to attach to the
plant, a process that may be aided by extracellular polysaccharides (Adams 2002). The plant
often excretes a substance to enhance growth of the homogonia, such as the hormogonia-
inducing factor (HIF) that is synthesized by nitrogen-starved hornworts; other plants are known
to produce analogous substances for this purpose (Adams 2002).

Evidence of the cyanobacteria providing fixed nitrogen to hornworts and liverworts
includes an increased frequency of heterocysts in the symbiosis as opposed to free-living
conditions (Adams 2002). Nonetheless, the cyanobacteria still assimilates sufficient nitrogen,
and its nitrogen reserves in the forms of phycobiliproteins and cyanophycin remain intact,
whereas they would be metabolized if the cyanobacteria needed nitrogen (Adams 2002).
Likewise, the blue-green algae receive carbon from the plant, most likely as sucrose, which is
sometimes stored as glycogen, the storage suggesting that they contain ample carbon resources
(Adams 2002).

Cycads, a family of seed plants including the sago palm (Cycas revoluta), are also known
to harbor symbiotic cyanobacteria in their roots. (Costa and Lindblad 2002). Filamentous
cyanobacteria involved in the symbioses are found in mucilage (Costa and Lindblad 2002). The

cyanobacteria are involved in nitrogen fixation, as determined by a **N, experiment that verified
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the transfer of fixed nitrogen from the Nostoc to the cycad in the form of citrulline or glutamine
(Costa and Lindblad 2002). Lacking exposure to light in the root system, the cyanosymbionts
obtains carbon either from the host plant or via dark cycle CO; fixation (Costa and Lindblad
2002).

Cyanobacteria in the genus Nostoc form a symbiosis with the plant Gunnera, the only
angiosperm currently known to form a symbiosis with a nitrogen-fixing cyanobacteria (Bergman
2002). Unlike in other terrestrial plant symbioses, the Gunnera hosts the cyanosymbionts
intracellularly (Bergman 2002). Gunnera species are not naturally found without the Nostoc
cyanosymbiont, of which multiple strains have been found even within a single plant (Bergman
2002). To stimulate the infection process, Gunnera emits hormogonia inducing factor, as in the
aforementioned hornworts that have symbiotic cyanobacteria (Bergman 2002). A mucilage,
containing carbohydrates and arabinogalactan proteins (AGPS), is secreted by the plant and is
believed to play a role in the symbiosis, and uninfected glands, particularly those near freshly
growing regions of the plant, release the most mucilage (Bergman 2002). The cyanobacteria is
heterotrophic, obtaining not only carbon but also other nutrients from the plant, particularly Fe
for the synthesis of the enzyme nitrogenase (Bergman 2002).

Another symbiosis between higher plants and cyanobacteria involves the nitrogen-fixing
Anabaena with the water fern Azolla, allowing it to grow without an additional nitrogen source
(Graham and Wilcox 2000). Azolla can be grown without the cyanobacterial symbiont through
the addition of chemical fertilizer (Wagner 1997), but the primary cyanosymbiont is not known
to grow outside of the symbiosis or with other symbiotic plant species (Gusev et al. 2002).

A final cyanobacterial symbiosis category involving terrestrial plants is the attempted

induction of artificial symbioses, both to aid in nitrogen-fixation and to study interactions
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between plants and cyanobacteria (Gusev et al. 2002). One concern is the ability of the
introduced cyanobacterial species to compete with extant microorganisms; a strategy to
overcome this problem is to introduce a mixed culture rather than a single strain, with the added
benefit that mixed cultures synthesize more growth hormones and enzymes than monocultures
(Gusev et al. 2002). Another factor influencing symbiosis is the necessity of proximity between
symbionts, which is either provided by the cyanobacteria being located in plant compartment or
guaranteed by attachment through an extracellular mucous (Gusev et al. 2002). In the case that
the two species’ cells are not in direct contact, the plant provides exocellular agents that are
responsible for hormogonia formation, nitrogen assimilation regulation, and changes in the
cyanobacteria (Gusev et al. 2002). Substances produced by the cyanobacteria for the plant
include fixed nitrogen products and plant growth substances (Gorelova 2006). Thus, the
cyanobacteria-plant association involves a complex interchange of chemical substances, even
when direct contact between symbiont cells is not present.

An examination of the wide variety of symbioses into which cyanobacteria enter reveals
many common traits. First, in most cases the cyanosymbiont provides nitrogen fixation for the
other partner, and the use of a >N, isotope tracer is one established method to test nitrogen
fixation, as in (Costa and Lindblad 2002). Second, in the cases in which the cyanosymbiont is
located extracellularly, a mucilage is often associated with the symbiosis. Third, particularly in
higher plants, chemical signaling takes place between the host and cyanobacteria in establishing
the symbiosis. The chemical signals are able to diffuse through media in situations in which the
cells of the two symbionts are not in direct contact. All three of these characteristics are

important to the study of the Chlorella vulgaris/Leptolyngbya sp. co-culture. One final point of
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interest is the increased synthesis of growth substances and enzymes in mixed cultures as
compared to monocultures (Gusev et al. 2002).

2.4 Plant Growth Substances in Microorganisms

One possible reason for the enhanced growth of the Louisiana strain co-culture could be
the presence of plant growth substances (PGS) in the exudate. While the possibility that plant
hormones also control algal growth has been considered for several decades, the mid-1980s
marked a resurgence in the field (Tarakhovskaya et al. 2007). In addition, the development of
more accurate analytical techniques such as gas chromatography (GC), mass spectroscopy (MS),
high-performance liquid chromatography (HPLC), and nuclear magnetic resonance spectroscopy
(NMR) have provided more accurate methods of identification than bioassays (Bradley 1991;
Evans and Trewavas 1991). With renewed interest in the growth of algae for biofuels and the
continuing quest to use microorganisms to produce the growth substances for crop plants, several
reviews of plant growth substance production in microorganisms have been published recently
(Tsavkelova et al. 2006; Tarakhovskaya et al. 2007). Nonetheless, challenges remain,
particularly in studying organisms in association, in which determining the organism that
synthesized the substance is crucial (Evans and Trewavas 1991).

A plant hormone is a plant-produced organic substance that regulates processes such as
growth, development, and differentiation at concentrations lower than those of nutrients (Bradley
1991; Davies 2010). For higher plants, the following set of seven criteria are used to ascertain if
a hormone is the cause of a process or response (Bradley 1991):

The chemical is located and measured at the location of response.
Removal of the hormone production site stops the effect.

Response can be restored by subsequent reapplication of the hormone.
If the cell or cells can be isolated, in vitro response and in vivo response
should be the same.

Presence of the substance in similar cases.
The chemical produces a specific response to be able to observe a causality
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relationship.
7. The effect will be different in an organism that has a mutation in the hormone-
controlled process.
While the structural differences between plants and microalgae make use of some of the
criteria difficult, the list provides insight into the design of experiments to study the response of
phytohormones in algae. In the case of a co-culture, the fourth criterion proves difficult because

the plant hormone response may only be present in the co-culture and not in species

monocultures.

Table 2.1: The Ten Phytohormone Groups
(adapted from Tarakhovskaya et al. 2007)

Name Biosynethtic Pathway Basic Physiological Activity

Auxin From tryptophan or indole Induction of elongation growth;
differentiation of phloem elements; apical
dominance; trophisms; initiation of root
formation; etc.

Cytokinins Biochemical modification of ~ Control of cell division; bud development;

adenine development of the leaf blade; senescence

retardation

Gibberellins From glyceraldehydes-3- Stem elongation; initiation of seed
phosphate germination
Ethylene from methionine Senescence induction; initiation of

defensive responses
Control of the stomatal apparatus function;
growth inhibition; seed dormancy

Abscisic acid (ABA)  From carotenoids

Polyamines

Brassinosteroids

By decarboxylation of
arginine or ornithine
From mevalonic acid

Regulation of growth and development at
micromolar concentrations

Control of division, growth by elongation,
differentiation of the vascular system

Jasmonides From polyunsaturated fatty Development of defensive responses
(oxilipins) acids
Salicylates From phenylalanine Induction of the complex of defensive

responses during pathogenesis

While researchers disagree on the groups of plant hormones, several groups of chemicals
are shared among different lists. At least the following five substances are considered plant
hormones: auxins, gibberellins, cytokinins, ethylene, and abscisic acid (ABA) (Tsavkelova et al.

2006). The other possible groups are polyamines, brassinosteoids, jasmonides (oxilipins),
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salicylates, and signal peptides (Tarakhovskaya et al. 2007). The ten phytohormone groups, their
biosynthetic pathways, and their basic physiological activity in higher plants are listed in Table
2.1 (adapted from Tarakhovskaya et al. 2007).

Although algae lack many of the structures and functions present in higher plants in
which the plant hormones are involved, algae and other microorganisms have nonetheless been
found to contain plant hormones. A variety of heterotrophic prokaryotes, phototrophic
prokaryotes, eukaryotic algae, and fungi have been found to contain auxins, gibberellins, or
cytokinins (Tsavkelova et al. 2006).

2.4.1 Auxins

Auxins are plant hormones that play an important role in plant growth. The chemical
structure of the most common auxin, indole-3-acetic acid (IAA), is shown in Figure 2.3. The
amino acid tryptophan has an identical structure, except for the insertion of a CH-NH, between
the CH, and COOH groups of IAA, and most auxins share the indole structure also present in
tryptophan (Tsavkelova et al. 2006). At least five auxin production pathways have been
identified in rhizobacteria, bacteria that live in association with plant roots (Glick et al. 1999).
Some organisms are known to synthesize auxins using multiple pathways (Costacurta and
Vanderleyden 1995).

The study of auxins in algae is generally done either through comparison to the auxin
signaling system in higher plants or through the addition of auxins to algae growth media. In the
latter case, variables such as dry weight and chlorophyll content in the algae grown in the present
in the media containing auxins are compared to values of the same for a control sample grown in
media without the auxins.

An investigation of ten strains of algae (including Chlorella sp. NC64A and six other
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green algae) did not reveal any of the three components of the auxin signaling pathway found in
the genomes of all investigated terrestrial plants (Lau et al. 2009). These include the auxin-
indole-3-acetic acid proteins (AUX-1AA), transport inhibitor responsel-auxin signaling F-box
protein (TIR1-AFP), and auxin response factor (ARF) (Lau et al. 2009). Nonetheless, a gene
orthlogous to auxin-binding protein 1 (ABP1) was identified in Chlorella variabilis NC64A

(Blanc et al. 2010).

CHCOOH

M
H

Indole-3-acetic acid

Figure 2.3: Chemical structure of the most common auxin, IAA (Glick et al. 1999)

Two Chlorella studies examined the effect of auxins, auxin precursors, and auxin
analogues on several variables (Czerpak et al. 1994; Piotrowska et al. 2008). Seven different
auxins or auxin precursors increased the dry weight and chlorophyll, carotenoids, and protein
contents of Chlorella pyrenoidosa grown in media containing the substances (Czerpak et al.
1994). Additionally, indomethacin (IM), a substance containing an indole ring that has a
chemical structure similar to IAA, has been found to promote Chlorella vulgaris growth and
metabolism (Piotrowska et al. 2008).

Of particular interest is whether cyanobacteria have the ability to produce 1AA or another
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auxin. A study of axenic cultures of cyanobacteria, using ELISA (enzyme-linked
immunosorbent assay) performed with an anti-lIAA antibody, confirmed that some strains of
cyanobacteria do synthesize IAA (Sergeeva et al. 2002). More definitive analytical results using
ELISA and GC-MS verified the production of IAA. Further testing used a DNA probe for the
gene ipdC, which codes for indolepyrovate carboxylase, and a positive test in 4 of the 11 strains
tested suggested that IAA could be synthesized using the indole-3-pyruvic acid pathway
(Sergeeva et al. 2002). The use of ELISA and GC-MS for analysis, as done in this study, is
preferred over non-specific bioassay methods because it allows for more accurate results and
specific identification of compounds.

Furthermore, the demonstrated use of DNA probes for presence of the ipdC gene
suggests that similar tests could be conducted to test for any of the enzymes involved in 1AA
biosynthesis, provided that sufficient DNA sequence information is known for that particular
enzyme. Identification of a gene related to auxin synthesis and verification that the enzyme for
which it codes is being expressed would provide important evidence that auxins are being
synthesized.

The studies done on algae suggest promising results in the ability of 1AA and its
precursors and analogues to stimulate growth and metabolism. Nonetheless, much work remains
to be done in the area, including determination of auxin production pathways in various strains
and studies measuring whether auxins have an effect on the cytoplasmic lipid production of
microalgae.

2.4.2 Cytokinins

Cytokinins are compounds derived from adenine that influence cell division (Roberts and

Hooley 1988). The chemical structures of two common cytokinins, kinetin and zeatin, are
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shown in Figure 2.4. Note that they share the same basic structure with the exception of the

substitution at the N6 site.

CH;

NH—CH, NH—CH,—CH=CZ
“CH,OH
Z N
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“ H
Kinetin Zeatin

Figure 2.4: Chemical structures of the cytokinins kinetin and zeatin
(Tsavkelova et al. 2006)

In higher plants, cytokinins regulate a variety of processes, including adaptation to stress
and activation of RNA and protein synthesis (Tsavkelova et al. 2006). A variety of hererotrophic
bacteria, phototrophic prokaryotes, and eukayotic algae synthesize cytokinins (Cacciari et al.
1989; Costacurta and Vanderleyden 1995; Trotsenko et al. 2001; Tsavkelova et al. 2005;
Tsavkelova et al. 2006).

Cytokinins are believed to be produced from tRNA degradation in algae (Tarakhovskaya
et al. 2007), but in various bacteria biosynthesis occurs from isopentyl pyrophosphate and 5°-
AMP using the enzyme isopentenyltransferase (Tsavkelova et al. 2006). A gene coding for
isopentenyltransferase has been identified in the plant Arabidopsis thaliana, but other de novo
pathways exist in plants (Tsavkelova et al. 2006). Several other cytokinins are listed in
Tarakhovskaya et al. 2007 and Stirk et al. 2003. Cytokinins are classified into isoprenoid and
aromatic types, based on the type of substituted molecule at the N° site, and both have been
found in algae (Stirk et al. 2003; Tarakhovskaya et al. 2007).

Two experiment studies involving cytokinins have been performed with Chlorella, and

cytokinin synthesis genes orthologous to those of model plant Arabidopsis were found in the
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genome Chlorella variabilis NC64A (Blanc et al. 2010). The addition of cytokinins to the
growth media increased levels of monosaccharides, chlorophyll, and carotenoid production in
Chlorella vulgaris, suggesting an effect of cytokinins on photosynthesis (Pietrowska and
Czerpak 2009). Three different auxins and three different cytokinins, when added to the growth
media of Chlorella pyrenoidosa, were found to increase the content of protein and chlorophyll
relative to a control (Czerpak et al. 1999). The effects of the auxins were more pronounced than
the effect of the cytokinins.

As with the auxin studies performed on microalgae, an important aspect of future studies
will be whether cytokinins influence the production of lipids. Since lipid productivity is driven
by amount of biomass produced by a particular algae culture, the role of cytokinins to promote
cell growth is of particular interest.

2.4.3 Other Plant Growth Substances

Genes believed to be involved in the synthesis of abscisic acid (ABA), polyamines,
brassinosteroids were also found in Chlorella variabilis NC64A (Blanc et al. 2010). Abscisic
acid (ABA), a plant hormone whose structure is shown in Figure 2.5, is known to stimulate plant
growth in low concentrations. In higher plants, it is generally considered to be involved in stress
response, initiation of dormancy, and closure of the stomata (Mauseth 1998). ABA is produced
in all photosynthetic organisms (Cutler and Korchko 1999), but in Chlorella its purpose is not
well understood (Tarakhovskaya et al. 2007). Nonetheless, one study demonstrated increased
oxygen for dark respiration as well as increased nitrogen uptake with ABA in Chlorella fusca
(Ulrich and JKunz 1984).

The effects of the diamines agmatine and putrescene and the polyamines spermine and
spermidine have been measured in Chlorella vulgaris (Czerpak et al. 2003a). At least 3 of the 4

substances increased at least one of the following: chlorophyll content, monosaccharides content,
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and cell count. Additionally, a variety of cyanobacterial strains are known to synthesize
polyamines (Hosoya et al. 2005). Since polyamines could certainly be dissolved in the exudate
produced in the Chlorella vulgaris/Leptolyngbya sp. co-culture, the ability of diamines and

polyamines to enhance Chlorella growth and metabolism is important.

Figure 2.5: Chemical structure of abscisic acid (Czerpak et al. 2003b)

Brassinosteroids (BRs) are a group of phytohormones first discovered in 1976 that are
believed to control RNA and protein synthesis as well as stimulate stem growth and mediate
stresses in higher plants; they have the ability to increase the proton concentrations in the growth
medium (Bajguz and Czerpak 1996; Bajguz 2000).

The structure of the first brassinosteroid discovered, brassinolide, is shown in Figure 2.6.
The effects of brassinosteroids and their interaction with auxins and other phytohormones in
higher plants has been studied in-depth, but very little work has been done in microalgae (Bajguz
and Czerpak 1996). Brassinosteroids were found to increase cell count and protein content when
added to the growth media of Chlorella vulgaris (Bajguz 2000). Additionally, Chlorella
vulgaris is known to produce at least 7 brassinosteroids (Bajguz 2009).

Another phytohormone found in Chlorella is jasmonic acid, the structure of which is
shown in Figure 2.7 (Tarakhovskaya et al. 2007). Jasmonic acid (JA) has a variety of functions

in higher plants, including signaling for stress response and accumulation of free fatty acids
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(Czerpak et al. 2006). JA was also identified in other green microalgae as well as the
cyanobacterium Spirulina (Ueda et al. 1991a; Ueda et al. 1991b), and jasmonic acid methyl ester

was found in Chlorella (Czerpak et al. 2006).

HO,,,
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Figure 2.6: Chemical structure of brassinolide (Bajguz and Czerpak 1996)

Addition of jasmonic acid to the growth media of Chlorella vulgaris was found to increase cell
number, carotenoids and chlorophyll content, and the amount of excreted protein, and it is

believed to be involved in stress response (Czerpak et al. 2006).
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Figure 2.7: Chemical structure of jasmonic acid (Tarakhovskaya et al. 2007)
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Jasmonic acid and its methyl ester are interesting as possible components of the co-
culture exudate because JA is known to be produced by cyanobacteria and promotes fatty acid
accumulation in higher plants.

2.4.4 Synopsis of Plant Hormones

An examination of several groups of plant hormones reveals that while many have
positive effects on the growth of algae, with some studies being performed on Chlorella strains,
their possible involvement in the Chlorella vulgaris/Leptolyngbya sp. co-culture would require
that at least one of the species or the bacteria in the culture synthesize and excrete them.
Analytical techniques such as LC-MS could be used to test for the possible presence of these
substances in the growth media.

2.4.5 Polysaccharides

Additional substances that are most likely present in the co-culture exudate are
monosaccharides or polysaccharides. Both cyanobacteria and microalgae are known to produce
polysaccharides that are present on the outside of the cell (exopolysaccharides, or EPS) or
secreted into the cell growth medium (released polysaccharides, or RPS). Over one-hundred
strains of exopolysaccharide-releasing cyanobacteria have been studied, with the
exopolysaccharide in the forms of shealth, capsules, or slimes (De Philippis et al. 2001).
Renewed study in the last decade has focused not only on the RPS but also on the remaining
biomass, which could be used to bind heavy metals in aqueous environments (De Philippis et al.
2001). Proposed uses of the EPSs include food additives, bioflocculants, and thickening agents;
in addition, they increase the water-retaining ability of soil (De Philippis et al. 2001; Yu et al.
2010). Finally, sulfated polysaccharides possess antiviral and antitumor properties that could be
exploited for pharmaceuticals (Otero and Vincenzini 2003; Yu et al. 2010).

External polysaccharides are believed to form a protective barrier between the cell and
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the environment, both for microalgae (Mohamed 2008) and cyanobacteria (De Philippis et al.
2001; Yu et al. 2010). One study exposed Chlorella vulgaris and Scenedesmus quadricula to
microcystins, toxic substances produced by cyanobacteria. While the growth and cell density of
the algae was hindered for the first three days of microcystin exposure, within fourteen days the
exposed algae had recovered to a cell density approximating that of the control cultures
(Mohamed 2008). The algae produced polysaccharides that were able to trap reactive oxygen
species produced due to microcystin-induced stress; the antioxidant capability of the
polysaccharides of Scenedesmus exceeded that of those of Chlorella due to the higher sulfated
content of the former (Mohamed 2008). Additionally, RPS from the algae were present in the
culture medium, and an increased toxin concentration was correlated with increased RPS
concentration (Mohamed 2008). While the RPS are proposed to be responsible for detoxification
or reduced uptake of the microcystins, they can bind heavy metal ions and may stimulate the
release of substances useful to the algae from heterotrophic bacteria that use the RPS as a carbon
source (Mohamed 2008).

Because the co-culture exudate may contain polysaccharides and both the Leptolyngbya
sp. and the Chlorella vulgaris are capable or synthesizing and excreting them, it may be difficult
to determine which species produced the exudate, particularly if it is not present in monocultures
of either species. Nonetheless, isotope tracer studies may provide a means to determine which
species produced the exudate.

2.5 Mixed Cultures

A number of mixed culture studies have been performed using Chlorella sp. Several of
them focus on the co-culturing of Chlorella with nitrogen-fixing bacteria. Co-immobilization of
Chlorella vulgaris with the nitrogen-fixing bacteria Azospirillum brasilense increased growth of

the Chlorella compared to that of a Chlorella monoculture (Gonzalez and Bashan 2000).
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algae are known to synthesize lipids under stressed conditions, such as nitrate depletion, stress

response genes are important to examine.

Table 4.10: Genes Selected for Expression Analysis Using Quantitative PCR

Gene

Functional Category

Comments

Photosystem I1
apoprotein CP47

60S ribosomal protein
L23a

Cytochrome b559 alpha
subunit

Photosystem | Reaction
Center XI

ATP synthase subunit
alpha

Molecular chaperone
(HSP family)
Light-harvesting
chlorophyll-a/b binding

Phosphoprotein
phosphatase

Oil globule associated
protein

Energy

Protein Synthesis

Energy

Energy

Metabolism

Protein Destination and
Storage/Stress-Related
Energy

Metabolism/Stress-Related

Energy

In all four SSH libraries of genes
upregulated in monoculture
Chlorella; one of the key proteins in
Photosystem Il

In all four SSH libraries of genes
upregulated in co-culture Chlorella
In three SSH libraries of genes
upregulated in monoculture
Chlorella; one of the key proteins in
Photosystem |1

In all four SSH libraries of genes
upregulated in co-culture Chlorella;
one of the key proteins in
Photosystem |

Important to energy production in
the cell

In a family of heat-shock proteins,
related to stress response

Found upregulated significantly in
stressed conditions (Machida et al.
2008; Rodolfi et al. 2009); regulates
the ability of the cell to use light
energ

Essential to cell signaling processes
and cytoskeletal structure; inhibition
of these phosphatases can be
detrimental to an organism (Toivola
and Eriksson 1999)

Analogous proteins found in
Dunaliella and Haematococcus;
important to lipid storage

Cell signaling is also important to examine, particularly with respect to stress response.

For example, chlorophyll-a/b binding protein was found to be upregulated over 400 times

relative to actin, a reference gene, in a study done on freeze-hardening in Chlorella vulgaris
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(Machida et al. 2008). Finally, the oil globule associated protein is of particular interest due to
its role in lipid storage in microalgae. Oil globule associated proteins have been found in
Dunaliella salina (Davidi et al. 2012) and Haematococcus pluvialis (Peled et al. 2011), other
green algae. As of this writing, detailed work characterizing the corresponding protein in
Chlorella vulgaris has not yet been published.

For each of these nine genes, the gPCR results for the eight samples, in addition to a brief
literature review of the gene will be provided. Several of the genes are in photosynthetic
pathways, so an understanding of their position and function in the entire photosynthetic scheme
is important. The current state of knowledge about the structure and pathways of photosynthesis
in the green algae Chlamydomonas reinhardtii as well as the antenna complexes are presented in

Figures 4.11 and 4.12, respectively (Laboratories 2010; Laboratories 2012).
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Figure 4.11: Photosynthesis proteins and pathways in Chlaymdomonas reinhardtii (adapted
from Kanehisa Laboratories 2012).

Since Chlorella vulgaris is closely related and many of these genes are known to be well-

conserved, it is expected that Chlorella vulgaris will contain homologous genes.
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Figure 4.12: Light-harvesting chlorophyll protein complex in Chlamydomonas reinhardtii
(adapted from Kanehisa Laboratories 2010). On the left is shown the analogous antenna
complex in cyanobacteria and red algae, which includes phycocyanin and phycoerythrin.

4.5.1 Photosystem 11 Apoprotein CP47

Expressed sequence tags containing sequences homologous to Photosystem Il apoprotein
CP47 (psbB) were found in the subtracted libraries for genes upregulated in Chlorella vulgaris
for all four culture conditions. Gene expression results for PSII apoprotein CP47 are presented
in Figure 4.13. In all four culture conditions, expression of CP47 in the Chl culture exceeded
that of expression in the CC at the 99.9% confidence level. For the 4 Chl cultures, the effect of
irradiance (p=0.0931) was not significant, although the effect of nitrate level was (p=0.0152).
For the 4 CC cultures, the effect of irradiance (p=0.0130) was significant, although the effect of
nitrate level was not (p=0.7316). Nonetheless, the effects of irradiance (p=0.8309) and nitrate
level (p=0.3259) were not statistically significant across the 8 cultures.

CP47 is one of approximately 20 subunits in the Photosystem Il (PSIl) complex. CP47
coordinates 16 chlorophylls and 2-3 B-carotenes each, transmitting excitation energy from the

antenna proteins to the reaction center, which is formed by D1 and D2 (Spyridaki et al. 2006;
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Wydrzynski 2008; Reppert et al. 2010; Croce and van Amerongen 2011). Approximately 80%

of the protein is conserved among photosynthetic organisms (Spyridaki et al. 2006).
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Figure 4.13: Gene expression of PSII apoprotein CP47 normalized to the lowest expression
level among the 8 cultures. Values are mean = S.E. from triplicates. Statistical significance
of expression level difference between Chl and CC cultures at the same irradiance and nitrate
level indicated by *** (p<0.001). P-values for effects of irradiance and nitrate on gene
expression levels are 0.8309 and 0.3259, respectively. Mean values above 10000 are reported
as 10000.

The protein is known to be present in a trimer of dimers in each reaction center (Eaton-Rye and
Putnam-Evans 2005), and it is involved in the sequestration of CI" for the oxygen evolving
complex (OEC), the set of proteins that splits water in PSIl (Bricker and Frankel 2002).
Although CP47 is more thermally stable than the corresponding protein CP43, it is more
susceptible to damage by light (Wang et al. 1999).

The gene regulation of CP47 in reference to other proteins in the PSII complex has been
studied in depth. In Chlamydomonas the sequence of assembly of the reaction center of PSII
proceeds by control by epistasy of synthesis (CES), “whereby the presence of one subunit is

required for sustained synthesis of another chloroplast-encoded subunit from the same protein
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complex” (Minai 2006). Synthesis begins with the accumulation of cytochrome bsse, followed
by synthesis of D2, D1, subunits Psbl and PsbW, and finally CP43 and CP47. Control on the
synthesis of D1 and CP47 occurs at the step of translation initiation, with D2 controlling
translation of D2 and D1 controlling transaltion of CP47. Thus mRNA transcripts encoding for
D1 and CP47 can accumulate, but translation into the proteins will not occur. This process is

summarized in Figure 4.14.
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Figure 4.14: Translational control in the assembly of the PSII reaction center complex (Minai
2006).

Nonetheless, the CES assembly process does not occur during photoinhibition but rather
only during de novo synthesis of the PSIlI complex (Minai 2006). Recovery from
photoinhibition, which damages the D1 protein, involves the partial de-assembly of the PS Il
complex, rapid synthesis of new D1 protein and insertion into the complex, and reactivation of
the complex (Melis 1999). Thus, the abundance of mRNA transcripts for CP47 in the Chl
cultures samples does not imply that photodamage has occurred, resulting in an inability to

translate CP47 mRNA into protein due to the lack of D1 in the reaction centers. Rather, CP47
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transcript abundance could reflect that in the synthesis of new PSII complexes, D1 has not yet
been assembled. Furthermore, photoinhibition would be more pronounced at the higher
irradiance level, whereas CP47 mRNA levels are higher for the Chl culture at the lower
irradiance level.

To better understand and compare de novo synthesis and photodamage repair of
Photosystem 1I, mRNA levels of D2, D1 and CP47 would likely all need to be measured.
Additionally, comparison to transcript levels during conditions that induce photodamage and in
the time period corresponding to repair would yield more information regarding assembly and
repair of new and damaged PSII complexes, respectively, in both the Chl and CC cultures.

4.5.2 60S ribosomal protein L23a

Expressed sequence tags containing sequences homologous to 60S ribosomal protein
L23a were found in the subtracted libraries for genes upregulated in the co-culture for all four
culture conditions. Gene expression results for 60S ribosomal protein L23a are presented in
Figure 4.15. Expression of mRNA for L23a was upregulated in the CC cultures compared to the
Chl cultures at the 99% or higher confidence level. Across the 4 Chl and across the 4 CC
cultures, the effect of irradiance was not significant (p=0.3680 and p=0.5887, respectively).
Nonetheless, among the 4 Chl and the 4 CC cultures, the effect of nitrate level was significant
(p=0.0303 and p=0.0087, respectively). Across the 8 cultures, the effects of irradiance
(p=0.9202) and nitrate level (p=0.8994) were not statistically significant.

Ribosomal protein L23a is a member of the L23/L25 family found in all organisms
(Degenhardt and Bonham-Smith 2008b). Two paralogs of the protein have been found in
Arabidopsis, in which L23a is one of 81 ribosomal proteins. Elimination of the B form of the
protein does not affect growth, but elimination of the A form results in growth retardation and

abnormal leaf and root morophology (Degenhardt and Bonham-Smith 2008a).
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Figure 4.15: Gene expression of 60S ribosomal protein L23a normalized to the lowest
expression level among the 8 cultures. Values are mean + S.E. from triplicates. Statistical
significance of expression level difference between Chl and CC cultures at the same
irradiance and nitrate level indicated by ** (p<0.01) and *** (p<0.001). P-values for effects
of irradiance and nitrate on gene expression levels are 0.9202 and 0.8994, respectively. Mean
values above 10000 are reported as 10000.

Since L23a is located on the ribosome complex near where the polypeptide being assembled
exits the complex, it is believed to be involved in protein translation and secretion (Degenhardt
and Bonham-Smith 2008a).

Transcript levels of L23a in Arabidopsis were measured in response to temperature
stress, wounding, copper sulfate stress, and application of the phytohormones indole-3-acetic
acid (IAA), 6-benzylaminopurine (a cytokinin), abscisic acid (ABA), and the gibberellins GA3
(Mclntosh and Bonham-Smith 2005). Both forms of L23a were upregulated compared to a
control in the IAA and 6-benzylaminopurine treatments, and one form was downregulated in the
copper sulfate stress treatment sample. Expression of L23a following temperature stress and

wounding remained stable compared to the control. Although cytokinin genes and only one
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auxin gene were identified in the subtracted libraries, Chlorella sp. is known to be affected by
the phytohormones [AA and cytokinins. Upregulation of L23a could indicate the possible
presence of auxins or cytokinins in the culture media, a factor that should be tested through an
assay for these phytohormones. Finally, both paralogs of the gene showed upregulation 1-5
hours following photoinhibition, followed by a drop in transcript levels; one explanation given is
that response to oxidative stress caused by photoinhibition might require increased translational
capacity, resulting in higher levels of mMRNA expression this ribosomal protein (Degenhardt and
Bonham-Smith 2008b).

The role of L23a in signaling has been examined with respect to signal recognition
particles (SRP), which are present in all organisms (Pool 2005). The 54 kDa signal recognition
particle SRP54 binds to ribosome in contact with ribosomal protein L23a, and it is involved in
recognition of the N-terminal hydrophobic portion of polypeptides destined for transport to the
membrane. If the signal peptide is found, the SRP54 mediates the transport of the protein to the
membrane. Contact with L23a changes the conformation of SRP54 to increase its affinity for
both binding the signal peptide and binding GTP, which stabilizes the complex formed by the
SRP, the ribosome, and the nascent polypeptide. Several expressed sequence tags encoding
GTP-binding proteins were found in the subtracted libraries.

A chloroplast homolog to SRP54, cpSRP54, has been found in the chloroplast of
Chlorella vulgaris and other algae but not in higher plants. One function of cpSRP54 is the
formation of a complex with another SRP, cpSRC43, and light-harvesting chlorophyll a/b
binding protein, in which the SRP functions to insert the light-harvesting protein into the

membrane. This complex of three proteins comprises nearly one-third of the total protein
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content of the thylakoid membrane. It is interesting to note that mitochondria use a different
pathway than the SRP for insertion of proteins into their membrane.

Although the role of L23a is not completely understood even in higher plants, its
involvement in the identification of proteins for insertion into a membrane or secretion is
important in light of the co-culture. The role of small excreted polypeptides in the association
between model plant Medicago truncatula and nitrogen-fixing soil bacteria has been identified,
with the polypeptides possibly involved in cell-to-cell signaling or defense (Mergaert 2003).
Identification of similar genes in the Chlorella variabilis genome, their expression in the co-
culture, and the mediation secretion through L23a and SRP would provide a explanation for
enhanced characteristics of the CC versus the Chl culture and provide insight into whether the
cyanobacteria is fixing nitrogen.

4.5.3 Cytochrome b559 Alpha Subunit

Expressed sequence tags containing sequences for the alpha subunit of cytochrome bssg
were found in the subtracted libraries for genes upregulated in the Chl cultures for three of the
four culture conditions. mMRNA transcripts for the subunit were found to be upregulated in the
Chl cultures compared to the CC cultures for all 4 culture conditions at the 99.9% confidence
level (Figure 4.16). For the 4 Chl cultures, neither the effects of irradiance (p=0.3290) nor
nitrate level (p=0.4199) on expression level were significant. For the 4 CC cultures, neither was
significant as well (irradiance, p=0.7771; nitrate level, p=0.1905). Finally, the effects of
irradiance (p=0.6397) and nitrate level (p=0.4343) were not statistically significant across the 8
cultures.

As previously discussed, cytochrome b559 is the first component to assemble in the
biogenesis of new Photosystem Il complexes (Minai 2006). Abundance of bssg transcripts in the

cells, especially in cases of light-limited growth, could be the result of the cell producing more
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PSII complexes for additional light harvesting. Nonetheless, gene expression levels are not
significantly higher for the lower irradiance cultures, as would be expected if the cells were

expressing cytochrome bssg to assemble more PSII complexes.
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Figure 4.16: Gene expression of cytochrome b559 alpha subunit normalized to the lowest
expression level among the 8 cultures. Values are mean £ S.E. from triplicates. Statistical
significance of expression level difference between Chl and CC cultures at the same
irradiance and nitrate level indicated by *** (p<0.001). P-values for effects of irradiance and
nitrate on gene expression levels are 0.6397 and 0.4343, respectively.

Despite many studies on the topic, the function of cytochrome bssg remains unknown.
Nonetheless, it is known not to participate in the primary electron transfer reactions leading to
the splitting of water in PS 1l (Stewart and Brudvig 1998; Kropacheva et al. 2003; Shinopoulos
and Brudvig 2012). Furthermore, cytochrome bssg is the first subunit of PSII to assemble and
must be present before D2 and D1 are assembled in the reaction center (Minai 2006; Spyridaki et
al. 2006). It is widely believed to play a role in protection against light stress, as indicated by

increased photoinhibition in strains of algae in which the gene that encodes bssg has been
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mutated (Shinopoulos and Brudvig 2012). The cytochrome is involved a cyclic pathway of
secondary electron transfer, in which it donates an electron to Pego™ through Chl™ or Car™ and
then receives an electron from the reduced plastoquinone (PQ).

This cyclic pathway of electron transfer allows cytochrome bssg to limit damage caused by
reactive oxidative species (ROS) generated by Pggo™ in situations in which electron transfer from
H,0 to Pego ™ is impaired, during photinhibition and when the oxygen evolving complex is being
assembled (Shinopoulos and Brudvig 2012).

In the case of photoinhibition, it would be expected that cytochrome bssg would be more
upregulated in the higher irradiance culture condition. Nonetheless, expression levels do not
significantly vary due to irradiance level, suggesting that the upregulation of bssg in the Chl
cultures is not due to photoinhibition.

4.5.4 Photosystem | Reaction Center Subunit XI

Expressed sequence tags containing sequences for Photosystem | reaction center subunit
X1 were found in the subtracted libraries for genes upregulated in the co-culture for all four
culture conditions. Upregulation in the CC cultures was present at all four culture conditions at
the 99.9% confidence level (Figure 4.17). For the 4 Chl cultures, the effect of irradiance on
expression level was not significant at the 95% confidence level (p=1.0000), although the effect
of nitrate was (p=0.0022). For the 4 CC cultures, neither effect was statistically significant
(irradiance, p=0.7316; nitrate, p=0.4199). Likewise, across all 8 cultures, neither the effects of
irradiance (p=0.8998) not nitrate level (p-0.1829) were significant.

Photosystem | (PSI) catalyzes the reduction NADP* to NADPH, which along with the
production of ATP, provides energy for carbon fixation in photosynthetic organisms. Although

PSI has a trimeric form in cyanobacteria, it is known to have a monomeric form in
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Chlamydomonas reinhardtii and higher plants (Chitnis and Chitnis 1993; Kargul 2003). PSI is

highly conserved among organisms, with 14 subunits shared in higher plants and green algae.
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Figure 4.17: Gene expression of Photosystem | reaction center subunit X1 normalized to the
lowest expression level among the 8 samples. Values are mean * S.E. from triplicates.
Statistical significance of expression level difference between Chl and CC samples at the
same irradiance and nitrate level indicated by *** (p<0.001). P-values for effects of
irradiance and nitrate on gene expression levels are 0.8998 and 0.1829, respectively. Mean
values above 10000 are reported as 10000.

The photosystem coordinates approximately 100 chlorophyll and 20 [-carotene
molecules (Drop et al. 2011). Nonetheless, the role of PSI reaction center subunit XI (PsaL)
remains mysterious. Since green algae and plants do not have a trimeric PSI as cyanobacteria
do, PsaL is believed to play a different role. A close association between PsaH and PsalL has
been observed, and an Arabidopsis mutant in which PsaH was removed resulted in PsalL
comprising 50% of the proteins of PS | (Naver et al. 1999).

One possible explanation for upregulation of Photosystem XI reaction center subunit XI
may be an attempt by the cell to increase the activity of PSI in the CC cultures. A study of gene

expression for other genes in PSI would be beneficial in testing the hypothesis.

93



4.5.5 ATP Synthase Subunit Alpha

Expressed sequence tags containing sequences for ATP synthase subunit alpha were
found in 1 subtracted library for genes upregulated in the co-culture. Expression levels of the
gene were upregulated in all four Chl cultures compared to the CC cultures at the 99.9%

confidence level (Figure 4.18).

1000
I Chl
el —3cc
* kK *ekk
*kk
~ 100 -
c
=
o
<
@ 10
Z
5
[0}
x
1 4
0.1

180LS0N 180L100N 400L50N 400L100N

Irradiance and Nitrate Levels

Figure 4.18: Gene expression of ATP synthase subunit alpha normalized to the lowest
expression level among the 8 cultures. Values are mean £ S.E. from triplicates. Statistical
significance of expression level difference between Chl and CC cultures at the same
irradiance and nitrate level indicated by *** (p<0.001). P-values for effects of irradiance and
nitrate on gene expression levels are 0.8108 and 0.6593, respectively.

For the 4 Chl cultures, neither the effects of irradiance (p=0.2403) nor nitrate level (p=0.3939)
on expression were significant. For the 4 CC cultures, the effect of irradiance (p=0.6190) was
not, but the effect of nitrate level was (p=0.0216). Across the 8 cultures, neither of the effects

was significant (irradiance, p=0.8108; nitrate level, p=0.6593).
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ATP synthase is an important biological complex of over 500 kDa that consists of two

rotating motors (Okuno et al. 2011). A diagram of the different subunits is provided in Figure
4.9. ATP synthase plays a key role in the production of ATP, which along with the production
of NADPH, provides energy for carbon fixation in photosynthetic organisms. Additionally, ATP
synthase is present in mitochondria, whereby energy is generated by breaking down
carbohydrates.
A deeper understanding of the regulation of ATP synthase subunit alpha would be aided by a
comparison to transcript levels for the enzymes resulting in NADPH production, as the balance
between the supply of NADPH and ATP is important to the photosynthetic productivity of the
organism and is a useful topic for exploration through metabolic engineering (Kramer and Evans
2010).

One additional interesting trait of ATP synthase is that the enzyme is a known target of
microcystins, a type of heptapeptide produced by many cyanobacteria and known to inhibit type
1 (PP1) and type 2 (PP2A) protein phosphatases (Mikhailov et al. 2003). The possible role of
microcystins in differential gene expression in the Chl and CC cultures will be discussed in
further detail later.

4.5.6 Molecular Chaperone (HSP family)

Expressed sequence tags containing sequences for a molecular chaperone in the heat shock
protein family was found in 1 subtracted library for genes upregulated in the co-culture. The
gene was upregulated for all four CC cultures, with a statistical significance at the 99.9%
confidence level (Figure 4.19). For the 4 Chl cultures, the effects of irradiance (p=0.5887) was
not significant, but the effect of nitrate level (p=0.0260) on expression was. On the other hand,

neither effect was significant for the CC cultures (irradiance, p=1.0000; nitrate level, p=0.1970).
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Additionally, across the 8 cultures, neither effect was significant (irradiance, p=0.8208; nitrate

level, p=0.7670).
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Figure 4.19: Gene expression of molecular chaperone (heat shock protein family) normalized
to the lowest expression level among the 8 cultures. Values are mean + S.E. from triplicates.
Statistical significance of expression level difference between Chl and CC cultures at the
same irradiance and nitrate level indicated by *** (p<0.001). P-values for effects of
irradiance and nitrate on gene expression levels are 0.8308 and 0.7670, respectively. Mean
values above 10000 are reported as 10000.

The role of heat shock proteins in response to not only heat shock but also salinity stress
and photoinhibition has been investigated heavily in algae, including the green macroalga Ulva
fasciata (Sung et al. 2010) and green microalgae Dunaliella salina (Yokthongwattana et al.
2001) and Chlamydomonas reinhardtii (Kropat et al. 1997; Schroda et al. 1999). Heat shock
proteins are known to stabilize proteins by promoting proper protein folding and maintaining
their structural integrity (Sung et al. 2010). High salt stress has been known to generate reactive
oxygen species, triggering protein degradation through ubiquitin-proteosome pathway (Sung et
al. 2010).
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Heat shock proteins have been shown to be induced by transfer of algae from low light to
high light conditions (Kropat et al. 1997; Schroda et al. 1999; Yokthongwattana et al. 2001). In
particular, green algae lack a pathway for the repair of the D1 subunit of Photosystem Il
following photoinhibition. While higher plants have a phosphorylation pathway for damage and
repair, the isolation of a complex of heat shock protein HSP70B, damaged but undegraded D1,
D2, and CP47 in Dunaliella suggests that the chloroplast-encoded HSP70B is involved in
photosystem repair (Yokthongwattana et al. 2001). Evidence in Chlamydomonas suggests that
HSP70B may be involved in photoinhibition response either by reactivation of the electron
acceptor side of PS Il or by limiting the targeting of undamaged D1 for destruction (Schroda et
al. 1999). The role of the protein in repair was further supported by significant changes in the
ability of the cell to cope with photodamage due to only slight changes in the abundance of
HSP70B (Schroda et al. 1999).

The role of heat shock proteins in response to microcystin treatment has also been
investigated in Synechocystis sp. PCC6803 (Li et al. 2009). In particular, a heat shock protein
found upregulated in cultures treated with microcystin MC-RR. In this case, the protein is
believed to play dual roles of preventing malfolding of antioxidant proteins synthesized to
prevent oxidative damage and protect against stress-induced apoptosis. The possible role of
microcystins in differential gene expression in the Chl and CC cultures will be discussed in
further detail later.

4.5.7 Light-Harvesting Chlorophyll Binding Protein

Expressed sequence tags containing sequences for light-harvesting chlorophyll binding proteins
(LHCB) were found in 2 subtracted libraries for genes upregulated in the CC cultures and 2

subtracted libraries for genes upregulated in the Chl cultures. Interestingly, two of the libraries
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corresponded to genes upregulated at the lower irradiance level and two to genes upregulated at

the higher irradiance level.
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Figure 4.20: Gene expression of light-harvesting chlorophyll binding protein normalized to
the lowest expression level among the 8 cultures. Values are mean + S.E. from triplicates.
Statistical significance of expression level difference between Chl and CC cultures at the
same irradiance and nitrate level indicated by *** (p<0.001). P-values for effects of
irradiance and nitrate on gene expression levels are 0.2475 and 0.4182, respectively.

For all four culture conditions, expression levels of LHCB were upregulated in the CC
cultures compared to the Chl cultures at the 99.9% confidence level (Figure 4.20). At the 95%
confidence level, the effect of nitrate level on gene expression was not statistically significant
either for the 4 Chl cultures (p=0.1926), but the effect of nitrate level was (p=0.0173). For the
four CC cultures, neither effect was significant (irradiance, p=0.3939; nitrate level, p=0.3939).
Likewise, neither effect was significant across the eight cultures (irradiance, p=0.2475; nitrate
level, p=0.4182).
Regulation of mRNA transcripts for, and subsequent levels of, light-harvesting

chlorophyll binding proteins (LHCBS) is controlled by several factors. In the case of continuous
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irradiance, in which the culture for this study were grown, the mRNA abundance is regulated by
the redox conditions of photosynthetic electron transport (Surpin and Chory 2002).

A study on Chlorella vulgaris grown 5°C and 27°C and irradiance levels of 50
pumol/m?-sec and 150 pmol/m3-sec showed that levels of reactive oxygen species correlate
strongly with levels of light-harvesting chlorophyll-binding protein at both temperatures,
suggesting that dual signaling mechanisms of ROS production in the electron transport chain
along with the redox conditions of the plastoquinone pool regulate the production of LHCBs
(Wilson et al. 2002).

Additionally, adaptation of the cells to a change from high irradiance to low irradiance,
which would be caused by continually increasing cell density in the media due to growth, results
in an abundance of mMRNA encoding the LHCBs. The translation of the mRNA into LHCBs
occurs and is followed by increases in the synthesis of photosystem reaction centers and
membranes (Falkowski and Raven 1997). Transcripts for PSI reaction center XI (PsalL) were
upregulated in the CC cultures, which would be consistent with the synthesis of reaction centers
following synthesis of antenna proteins.

4.5.8 Phosphoprotein Phosphatase

Expressed sequence tags containing sequences for phosphoprotein phosphatase were found in 2
subtracted libraries for genes upregulated in the CC cultures. The gene was upregulated in the
CC cultures compared to the Chl cultures at the 99.9% confidence level for all 4 culture
conditions (Figure 4.21). For the 4 Chl cultures, neither the effects of irradiance (p=0.1061) not
nitrate level (p=0.0606) on expression level were significant. Nonetheless, for the 4 CC cultures,

the effect of irradiance was statistically significant (p=0.0022), while the effect of nitrate level
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was not (0.8182). Across the 8 cultures, neither effect was significant (irradiance, p=0.1088;

nitrate level, p=0.4414).
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Figure 4.21: Gene expression of phosphoprotein phosphatase normalized to the lowest
expression level among the 8 cultures. Values are mean £ S.E. from triplicates. Statistical
significance of expression level difference between Chl and CC cultures at the same
irradiance and nitrate level indicated by *** (p<0.001). P-values for effects of irradiance and
nitrate on gene expression levels are 0.1088 and 0.4714, respectively. Mean values above
10000 are reported as 10000.

Phosphoprotein phosphatases (PPPs) are one of three classes of enzymes that remove a
phosphate group from phosphorylated serine and theronine residues of proteins (Pereira et al.
2011). There are several classes of phosphoprotein phosphatases, and the PPPs have been
widely studied due to their role in regulation of cell processes, including gene expression, DNA
replication, glycogen metabolism, and apoptosis, which are important in understanding diseases
such as diabetes and cancer (Pereira et al. 2011). The particular gene whose expression levels
was measured is homologous to phosphoprotein phosphatases of types 1 and 2A (PP1 and

PP2A).
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Phosphoprotein phosphatases play at least two roles in photosynthesis. In higher plants,
phosphorylation and dephosphorylation are involved in the repair of the damaged D1 subunit in
Photosystem Il (Vener 2008). Nonetheless, green algae lack a phosphorylation-based pathway
for D1 repair, and it has been that chloroplast-encoded heat shock protein HSP70B instead plays
a role in D1 repair (Yokthongwattana et al. 2001). A second key role of phosphatases in
photosynthesis is that of state transitions. State transitions are a mechanism by which an
organism may balance the relative rates of Photosystem | and Photosystem Il by regulating the
excitation levels of the two photosystems (Minagawa 2011). Nonetheless, the phosphoprotein
phosphatase involved in state transition is one of type PP2C and has been shown not to be
inhibited by microcystins (Hammer et al. 1997; Minagawa 2011). Thus, the increased
production of LHCBs cannot be explained by the inability to dephosphorylate LHCII complexes
that migrated to PS | during a state transition, resulting in a need of de novo synthesis of LHCII
complexes for PS 1I.

Nonetheless, phosphoprotein phosphatases of types 1 and 2A still have a variety of roles.
Type 1 phosphatases (PP1) are involved in “synaptic transmission, gene expression, glycogen
metabolism, RNA splicing, and cell-cycle progression” (Pereira et al. 2011). Type 2A
phosphatases (PP2A) are implemented in “cell-cycle regulation, cell growth control,
cytoskeleton dynamics, cell mobility, metabolism, transcription, translation, RNA splicing, DNA
replication, apoptosis, inflammation, and differentiation” (Pereira et al. 2011). The wide variety
of cell processes in which phosphatases are involved indicate the importance of this enzyme.

Substantial upregulation of mMRNA corresponding to phosphoprotein phosphatase would
be one effect of the possible presence of microcystins on the Chlorella vulgaris in the CC

cultures. Likewise, expression levels of the gene are low in the Chl cultures at all four culture
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conditions, which would not have the presence of microcystins due to the absence of the
cyanobacteria. Nonetheless, other substances synthesized by cyanobacteria can have similar
effects. For example, nodularins are also known to inhibit PP1 and PP2A (Honkanen et al. 1991,
Wiegand and Pflugmacher 2005). An upregulation of gene expression for a PP2 and a
concomitant decrease in PP2 protein activity has been observed in the clam Corbicula fluminea
when exposed to the microcyctin MC-LR at a level of 5 pg/L (Martins et al. 2011).
Furthermore, cyanobacteria of the species Leptolyngbya boryana, the species to which the
cyanobacteria in the co-culture is most similar, are known to produce microcystins in a
freshwater setting (Mohamed and Al Shehri 2010).

The effects of microcystin exposure to green algae have been documented in a number of
studies. Exposure of Scenedesmus quadricauda to microcystin MC-LR at a level of 5x107 M
resulted in a statistically significant (p<0.05) increase in chlorophyll a content per unit cell
volume, with nearly twice the content 8 days after exposure. An increase in cell volume was
statistically significant (p<0.05) at days 2 and 4 following exposure. Finally, microcystin
exposure also resulted in larger chloroplasts (Sedmak and ElerSek 2005). Increased chlorophyll
content and larger cell volume are consistent with the flow cytometry data for the CC cultures as
compared to the Chl cultures.

One key characteristic of the CC cultures compared to the Chl cultures is the presence of
a viscous exudate. A study on Scenedesmus quadricauda and Chlorella vulgaris documented the
excretion of polysaccharides by algae exposed to MC-LR and crude microcystins, with increased
polysaccharide production resulting from increasing toxin concentration (Mohamed 2008). The

polysaccharides were determined to have antioxidant activity, with differing activity based on
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their sulfate content. The purpose of the polysaccharides was to scavenge free radicals generated
due to oxidative stress that was caused by the exposure to the microcystins.
4.5.9 Oil Globule Associated Protein

Expressed sequence tags containing sequences for oil globule asociated protein were found in 1
subtracted library for genes upregulated in the CC cultures. Expression levels were higher in the
CC cultures compared to the Chl cultures for all 4 culture conditions at the 99.9% confidence

level (Figure 4.22).
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Figure 4.22: Gene expression of oil globule associated protein normalized to the lowest
expression level among the 8 cultures. Values are mean £ S.E. from triplicates. Statistical
significance of expression level difference between Chl and CC cultures at the same
irradiance and nitrate level indicated by *** (p<0.001). P-values for effects of irradiance and
nitrate on gene expression levels are 0.8874 and 0.6707, respectively.

For the 4 Chl cultures, neither the effects of irradiance (p=0.6991) nor nitrate level (p=0.1320)
on expression level were significant. For the 4 CC cultures, the effect of irradiance was not
significant (p=0.3939), but the effect of nitrate level was (p=0.0022). Across the 8 cultures,
neither the effect of irradiance level (p=0.8874) nor the effect if nitrate level (p=0.6707) was

significant. The effect of nitrate limitation on lipid synthesis in green algae has been widely
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studied (lllman et al. 2000; Converti et al. 2009; Courchesne et al. 2009). Thus, upregulation of
a gene associated with lipid storage would be consistent with the cultures having lower nitrate
levels, as is the case for the oil globule associated protein, at least for the CC cultures.

The cultivation of microalgae for lipids involves both the need to maximize lipid
production, but knowledge of how and why cells store lipids is also important. Since starch
granules were known to form in some algae cells, researchers have become interested in the
factors promoting the formation of cytoplasmic lipid bodies, such as in Chlamydomonas
reinhardtii (Wang et al. 2009). Recent work has characterized proteins that are associated with
the algal cytoplasmic lipid bodies, and these proteins have been termed oil globule associated
proteins. Intracellular lipid droplets are found in organisms of all levels of complexity, and in
algae they have been found to comprise as much as 86% of the cell mass in certain cases
(Murphy 2011). A study on Haematococcus pluvialis found that the oil globule associated
protein was barely present in cells until exposed to nitrogen depletion and high light conditions,
which are known to promote enhanced lipid production in cells (Peled et al. 2011). The amino
acid sequence of the oil globule associated protein (ascession no. HQ213938) was aligned with
homologous sequences for other green algae of the order Volvocales, including Chlamydomonas
reinhardtii (ascession no. XP_001697668), Volvox carteri f. nagariensis (ascession no.
FD812477), and Polytomella parva (ascession no. EC718417). A study on major lipid droplet
proteins in Dunaliella identified homologous proteins for Dunaliella salina (ascession no.
JQ011390), Dunaliella bardawil (ascession no. JQ011391), and Dunaliella parva (ascession no.
JQ011392) (Davidi et al. 2012). Expressed sequence tags for major lipid droplet proteins in the
Chlorellales order have been identified for Coccomyxa sp. C-169 (ascession no. GW222322),

Chlorella variabilis (ascession no. EFN52470), Prototheca wickerhamii (ascession no.
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EC182117), and Micromonas pusilla CCMP1545 (ascession no. XP_003057303). Nonetheless,
orthologs to the algal lipid droplet proteins appear to be confined to green algae (Moellering and
Benning 2009; Murphy 2011).

While the role of the oil globule associated protein is unknown, the identification of no
known catalytic activity for the protein suggests that the lipid droplet protein may have a
structural role (Moellering and Benning 2009). A hypothesized role is preventing fusion of lipid
droplets, resulting in a larger surface area-to-volume ratio to better allow enzymes to access
TAGs in the lipid droplets (Moellering and Benning 2009). Finally, the presence of GTPases,
ADP ribosylation factor 1 (ARF1), and other proteins related to vesicular trafficking that are
found in proteins extracted from animal lipid droplets provides support that lipid droplets in C.
reinhardtii may play similar roles to those of higher organisms (Murphy 2011). Genes present in
the subtracted libraries included two GTPases, ADP ribosylation factor, and a multivesicular
body protein, which are related to vesicular trafficking. More work is expected to be done on oil
globule associated proteins in green algae, as a better understanding of their role in cytoplasmic
lipid storage is likely to be beneficial to enhanced lipid production in microalgae.

4.5.10 Discussion of Cyanobacterial Compounds

A number of cyanobacterial compounds have been shown to inhibit growth of Chlorella
pyrenoidosa (Ikawa et al. 2001). These include geosmin, B-cyclocitral, a-ionone, B-ionone, and
geranylacetone.  Compounds in the study that did not cause growth inhibition were
geranylgeraniol and dimethyl disulfide. However, there is also evidence that microcystins do not
inhibit all photosynthetic organisms. Duckweed (Lemna gibba) did not show any effect from
microcystin-LR (LeBlanc et al. 2005), although both PSII and growth are inhibited in Lemna

minor by fischerellin A (Berry 2008) .
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Thus, a number of different cyanobacteria-synthesized substances are known to create
effects in green algae and other plants similar to those observed in the CC cultures. While
testing the media of the CC cultures for these may prove difficult, partly due to the low levels at
which these compounds might be present, identification of one or more of these substances
would provide a possible explanation for the gene expression patterns in the Chl cultures
compared to the CC cultures.

4.5.11 Conclusion

An examination of the gene expression patterns for the 9 genes which were studied as a
whole reveals several patterns. First, no gene displayed significantly significant expression
levels across all 8 cultures due to the effects of irradiance or nitrate level was that for oil globule
associated protein. On the other hand, every gene showed a statistically significant difference in
expression level at at least the 99% confidence level between the Chl and CC cultures grown at
the same irradiance and nitrate level. This trend shows that the effect of co-culturing is
extremely significant, whereas the effects of irradiance and nitrate level on gene expression were
less significant.

Second, a variety of cyanobacterial-produced substances can produce the effects
observed in the gene expression data. Microcystins and nodularins, inhibitors of phosphoprotein
phosphatases, have already been discussed. Fischerellins, cyanobactrin, and tellimagrandin 11
are all known to inhibit PSII (Weir et al. 2004), which could explain the upregulation of light-
harvesting chlorophyll-binding protein in the CC cultures. Inhibition of PSII could also trigger
stress due to reactive oxygen species, which would explain upregulation of heat shock proteins

as well.
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CHAPTER 5: CONCLUSIONS AND FUTURE WORK

5.1 General Discussion and Conclusions

The goal of this work was to determine why the Chlorella vulgaris grew better in the co-
culture than in the monoculture, resulting in larger cells, increased biomass levels, and increased
lipid productivity. The co-culture and Chlorella monocultures were cultivated at two nitrate
levels and two irradiance levels in a 2x2 factorial experiment. Differential gene expression
experiments on the Chlorella vulgaris in the co-culture with cyanobacteria Leptolyngbya sp. and
in a monoculture were performed using suppression subtractive hybridization, and expression
levels of actin and 9 selected genes were performed using quantitative PCR.

Data from the subtracted libraries and the gPCR, as well as observations of the co-culture
Chlorella vulgaris using flow cytometry, reveal that many aspects of the co-culture can be
explained by the possible production of microcystins or another cyanobacteria-synthesized
substance by the Leptolyngbya sp. First, the presence of larger cells with increased chlorophyll
content resulting from microcystin treatment has been documented for green alga Scenedesmus
quadricauda (Sedmak and Elersek 2005). Upregulation of PSI reaction center subunit XI in the
and light-harvesting chlorophyll-binding protein in the CC cultures as compared to the Chl
cultures support the increased production of chlorophyll observed by flow cytometry for the co-
culture sample. Second, Chlorella vulgaris has been found to synthesize polysaccharides with
antioxidant properties in response to microcystin exposure (Mohamed 2008). Upregulation of
the gene for 60S ribosomal protein L23a, related to the production of proteins for insertion into
membranes and secretion might be related to the secretion of the polysaccharides and possibly
other substances such as proteins. Third, levels of mMRNA transcripts for phosphoprotein
phosphatase, a protein known to be targeted by both microcystins and nodularins, was

upregulated in the CC. Fourth, upregulation of a heat shock protein suggests the presence of
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reactive oxygen species (ROS), which could be the result of a variety of cyanobacterial
substances that inhibit PSII, including fischerellins, cyanobactrin, and tellimagrandin II.
Nonetheless, it is not known whether the Leptolyngbya sp. in the CC cultures produces any of
these substances. Furthermore, gene expression data does not support the upregulation of the
heat shock protein due to photinhibition, for which higher levels of upregulation would be
expected for the higher irradiance level, which is not the case. Finally, the inhibition of the
phosphoprotein photphatases by microcystins and nodularins and effects on cell processes of
cell-cycle regulation, cell growth control, and cytoskeleton dynamics may explain why cell
counts in the CC cultures were far below those in the Chl cultures.

An additional key finding is the identification of an oil globule associated protein in a
subtracted library, and verified upregulation of mRNA coding for the protein in the CC cultures.
The protein is a member of lipid droplet proteins previously identified for a number of green
algae in the orders Volvocales and Chlorellales (Peled et al. 2011; Davidi et al. 2012).

One interesting finding is that among the 2x2 factorial culture conditions of starting
nitrate levels corresponding to 50% and 100% of the nitrate levels of Bold’s Basal Medium and
the irradiance levels of 180 pmol/m?-sec and 400 pmol/m?-sec, the gene expression patterns did
not vary significantly. The main variation in gene expression, instead, was between
monoculture Chlorella and co-culture Chlorella, which suggests that the same phenomenon
explains gene expression differences in the co-culture versus the monoculture at a variety of
culture conditions.

5.2 Future Work

5.2.1 Testing for Cyanobacteria-Produced Substances

A key step in future work will be to test for the presence of microcystins or other

cyanobacterial-produced substances such as nodularins and fischerellins, in the culture medium.

108



While cyanobacteria of species Leptolyngbya boryana, the species to which the cyanobacteria in
the co-culture is most similar, have been documented to product microcystins, the microcystins
might not be present at levels easily detectable (Mohamed and Al Shehri 2010). Additionally,
Leptolyngbya may produce other substances—possibly previously unknown ones—that could
have an effect on the Chlorella vulgaris. Finally, the Chlorella biomass could also be tested for
the possible accumulation of the microcystins.

An additional set of experiments can be performed to gauge the effect of exogenously
applied microcystins and other cyanobacteria-produced substances on the monoculture Chlorella
vulgaris. A good experimental framework for this investigation will be that used to test if a
particular process resulted due to the action of a plant hormone (Bradley 1991). It will be
interesting to see if the treatment of the Chlorella monoculture with microcystins but without the
presence of the Leptolyngbya sp. will produce any of the effects of the co-culture, such as
increased cell volume, increased chlorophyll content, a viscous exudates, the ability to resist
invasion by other microorganism, or enhanced lipid productivity.

5.2.2 Collection of RNA During Different Growth Phases

The RNA collected for the current study was collected during the late exponential growth
phase. Collection of RNA during different growth phases, especially the early exponential
phase, for further gene expression studies might yield additional insight into the differential gene
expression of the co-culture Chlorella versus the monoculture Chlorella. In particular, the effect
of the co-culture environment on the rapid growth of the cultures and the corresponding gene
expression patterns could be examined and compared.

5.2.3 Variance of Light Regimes

Since a large number of the experiments on green algae use light:dark cycles,

experiments using similar cycling should be done. A comparison of gene expression for
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photosystem genes for light:dark cycles or for cultures grown at a lower irradiance will provide
further support that gene expression showing oxidative stress, such as upregulated expression of
heat shock proteins, is not due to photoinhibition. In addition, use of light:dark cycles will better
simulate outdoor lighting conditions that would be used for large-scale microalgal cultures.

In addition, experiments should also be performed at higher irradiance levels known to
cause photodamage. If Leptolyngbya sp. does indeed produce a substance that is affecting the
growth of the Chlorella vulgaris, photodamage would likely selectively hinder the growth of the
cyanobacteria compared to the Chlorella vulgaris. The response of the co-culture to conditions
which partially inhibit the growth of the Leptolyngbya sp. might provide additional insight into
the interaction of the two species.

5.2.4 Co-culture Exudate

Finally, the viscous exudate present in the co-culture media needs to be examined further.
Tests similar to those for the polysaccharides found from Chlorella vulgaris and Scenedesmus
quadricauda (Mohamed 2008) could be performed. If the exudate does indeed contain a
polysaccharide with antioxidant properties, further investigation could be done to determine its
structure. In addition, a liquid-liquid extraction procedure could be developed to purify it from
the culture media. Finally, if the polysaccharide does contain sulfate as in the ones collected
from microcystin-treated Chlorella and Scenedesmus cultures (Mohamed 2008), an isotopic
study using **S in the media might elucidate possible metabolic pathways resulting in production
of the polysaccharide, providing targets for metabolic engineering for production of this possibly
high-value product.

5.2.5 Conclusion
The discovery of a possible explanation for many of the aspects of the Chlorella

vulgaris/Leptolyngbya sp. co-culture compared to the Chlorella vulgaris monoculture should

110



provide much opportunity for further studies. Insights gained from further investigation could
possibly yield a better understanding of microalgae-cyanobacteria co-cultures in general and

production of a variety of bioproducts from algae, including but not limited to lipids.

111



BIBLIOGRAPHY

Adams, D. G. (2002). Cyanobacteria in Symbiosis with Hornwarts and Liverworts.
Cyanobacteria in Symbiosis. A. N. Rai, B. Bergman and U. Rasmussen. Dordrecht, Kluwer
Academic Publishers: 117-135.

Adolf, J., J. D. Bressie, et al. (2011) Multi-Parametric Analysis of Aquatic Organisms Using
Flow Cytometry.

Akopyants, N. S., A. Fradkov, et al. (1998). "PCR-based subtractive hybridization and
differences in gene content among strains of Heliobacter pylori.” Proc Natl Acad Sci U S A 95:
13108-13113.

Andersen, R. A., Ed. (2005). Algal Culturing Techniques. Burlington, MA, Elsevier Academic
Press.

APHA (1999). Standard Methods for the Examination of Water and Wastewater, American
Public Health Association.

Avanzino, R. J. and V. C. Kennedy (1993). "Long-Term Storage of Stream Water Samples for
Dissolved Orthophosphate, Nitrate Plus Nitrite, and Ammonia Analysis." Water Resources
Research 29(10): 3357-3362.

Bai, R., A. G. Silaban, et al. (in review-a). "The Effects of Aeration and Additional CO2 on
Lipid Productivity and Fatty Acid Profile of a Louisiana Microalgal/Cyanobacterial Co-culture.”

Bai, R., A. G. Silaban, et al. (in review-b). "Effects of Nitrogen and Irradiance on Lipid Content
and Composition of a Louisiana Native Chlorella vulgaris/Leptolyngbya sp. Co-culture ".

Bajguz, A. (2000). "Effect of brassinosteroids on nucleic acids and protein content in cultured
cells of Chlorella vulgaris.” Plant Physiology and Biochemistry 38(3): 209-215.

Bajguz, A. (2009). "Isolation and characterization of brassinosteroids from algal cultures of
Chlorella vulgaris Beijerinck (Trebouxiophyceae)." Journal of Plant Physiology 166(17): 1946-
1949,

Bajguz, A. and R. Czerpak (1996). "Effect of Brassinosteroids on Growth and Proton Extrusion
in the Alga Chlorella vulgaris Beijerinck (Chlorophyceae).” Journal of Plant Growth Regulation
15: 153-156.

Benson, B. C. (2003). Optimization of the Light Dynamics in the Hydraulically Integrated Serial
Turbidostat Algal Reactor (HISTAR). Civil and Environmental Engineering. Baton Rouge,
Louisiana State University. Ph.D.: 395.

112



Benson, B. C. and K. A. Rusch (2006). "Investigation of the light dynamics and their impact on
algal growth rate in a hydraulically integrated serial turbidostat algal reactor (HISTAR)."
Aquacultural Engineering 35(2): 122-134.

Bergkvist, A., A. Forootan, et al. (2008). "Choosing a Normalization Strategy for RT-PCR."
Genetic Engineering & Biotechnology News 28(13).

Bergman, B. (2002). The Nostoc-Gunnera Symbiosis. Cyanobacteria in Symbiosis. A. N. Rai, B.
Bergman and U. Rasmussen. Dordreht, Kluwer Academic Publishers: 207-232.

Berry, J. P. (2008). "Cyanobacterial Toxins as Allelochemicals with Potential Applications as
Algaecides, Herbicides and Insecticides.” Marine Drugs 6(2): 117-146.

Bevan, M., I. Bancroft, et al. (1998). "Analysis of 1.9Mb of contiguous sequence from
chromosome 4 of Arabidopsis thaliana.” Nature(29 January 1998): 485-493.

Bhola, V., R. Desikan, et al. (2011). "Effects of parameters affecting biomass yield and thermal
behaviour of Chlorella vulgaris." Journal of Bioscience and Bioengineering 111(3): 377-382.

Blanc, G., G. Duncan, et al. (2010). "The Chlorella variabilis NC64A Genome Reveals
Adaptation to Photosymbiosis, Coevolution with Viruses, and Cryptic Sex." The Plant Cell
22(September 2010): 2943-2955.

Bradley, P. M. (1991). "Plant Hormones Do Have a Role in Controlling Growth and
Development of Algae." Journal of Phycology 27: 317-321.

Brehm, U., W. E. Krumbein, et al. (2003). "Microbial spheres: a novel cyanobacterial-diatom
symbiosis." Naturwissenschaften 90: 136-140.

Bricker, T. M. and L. K. Frankel (2002). "The sturcture and function of CP47 and CP43 in
Photosystem I1." Photosynthesis Research 72: 131-146.

Bustin, S. A. (2000). "Absolute quantification of mMRNA using real-time reverse transcription
polymerase chain reaction assays." Journal of Molecular Endocrinology 25: 169-193.

Bustin, S. A. (2002). "Quantification of MRNA using real-time reverse transcription PCR (RT-
PCR): trends and problems."” Journal of Molecular Endocrinology 29: 23-39.

Bustin, S. A., V. Benes, et al. (2009). "The MIQE Guidelines: Minimum Information for
Publication of Quantitative Real-Time PCR Experiments.” Clinical Chemistry 55(4): 611-622.

Bustin, S. A. and T. Nolan (2009). Analysis of mMRNA Expression by Real-Time PCR. Real-
Time PCR: Current Technology and Applications. J. Logan, K. Edwards and N. Saunders.
Norfolk, UK, Horizon Scientific Press.

113



Cacciari, 1., D. Lippi, et al. (1989). "Phytohormone-like substances produced by single and
mixed diazotrophic cultures of Azospirillum and Arthrobacter.” Plant and Soil 115: 151-153.

Carpenter, E. J. and R. A. Foster (2002). Marine Cyanobacterial Symbioses. Cyanobacteria in
Symbiosis. A. N. Rai, B. Bergman and U. Rasmussen. Dordrecht, Kluwer Academic Publishers:
11-17.

Cheirsilp, B., W. Suwannarat, et al. (2011). "Mixed culture of oleaginous yeast Rhodotorula
glutinis and microalga Chlorella vulgaris for lipid production from industrial wastes and its use
as biodiesel feedstock.” New Biotechnology 28(4): 362-368.

Cheirsilp, B. and S. Torpee (2012). "Enhanced growth and lipid production of microalgae under
mixotrophic culture condition: Effect of light intensity, glucose concentration and fed-batch
cultivation.” Bioresource Technology 110: 510-516.

Chitnis, V. P. and P. R. Chitnis (1993). "PsaL subunit is required for the formation of
photosystem | trimers in the cyanobacterium Synechocystis sp. PCC 6803." Federation of
European Biochemical Societies 336(2): 330-334.

Clontech Laboratories, I. (2011a). PCR-Select cDNA Subtraction Kit Manual. Mountain View,
California: 44.

Clontech Laboratories, 1. (2011b). SMARTer PCR cDNA Syntehsis Kit User Manual. Mountain
View, California: 1-30.

Converti, A., A. A. Casazza, et al. (2009). "Effect of temperature and nitrogen concentration on
the growth and lipid content of Nannochloropsis oculata and Chlorella vulgaris for biodiesel
production.” Chemical Engineering and Processing: Process Intensification 48(6): 1146-1151.

Costa, J.-L. and P. Lindblad (2002). Cyanobacteria in Symbiosis with Cycads. Cyanobacteria in
Symbiosis. A. N. Rai, B. Bergman and U. Rasmussen. Dordrecht, Kluwer Academic Publishers:
195-205.

Costacurta, A. and J. Vanderleyden (1995). "Synthesis of Phytohormones by Plant-Associated
Bacteria.” Critical Reviews in Microbiology 21(1): 1-18.

Courchesne, N. M. D., A. Parisien, et al. (2009). "Enhancement of lipid production using
biochemical, genetic and transcription factor engineering approaches.” Journal of Biotechnology
141: 31-41.

Croce, R. and H. van Amerongen (2011). "Light-harvesting and structural organization of
Photosystem Il: From individual complexes to thylakoid membrane." Journal of Photochemistry
and Photobiology B: Biology 104(1-2): 142-153.

Cutler, A. J. and J. E. Korchko (1999). "Formation and Breakdown of ABA." Trends in Plant
Science 4(12): 472-478.

114



Czerpak, R., A. Bajguz, et al. (1994). "Effect of Auxin Precursors and Chemical Analogues on
the Growth and Chemical Composition in Chlorella pyrenoidose Chick." Acta Societatis
Botanicorum Poloniae 63(3-4): 279-286.

Czerpak, R., A. Bajguz, et al. (2003a). "Biochemical Activity of Di- and Polyamines in the
Green Alga Chlorella vulgaris Beijerinck (Chlorophyceae)." Acta Societatis Botanicorum
Poloniae 72(1): 19-24.

Czerpak, R., A. Krotke, et al. (1999). "Comparison of stimulatory effect of auxins and cytokinins
on protein, saccharides, and chlorophylls content in Chlorella pyrenoidosa Chick." Polskie
Archiwum Hydrobiologii 46(1): 71-82.

Czerpak, R., A. Pietrowska, et al. (2006). "Jasmonic acid affects changes in the growth and some
components content in alga Chlorella vulgaris." Acta Physiologiae Plantarum 28(3): 195-203.

Czerpak, R., A. Piotrowska, et al. (2003b). "Biochemical Activity of Biochanin A in the Green
Alga Chlorella Vulgaris Beijerinck (Chlorophyceae).” Polish Journal of Environmental Studies
12(2): 163-1609.

Davidi, L., A. Katz, et al. (2012). "Characterization of major lipid droplet proteins from
Dunaliella.” Planta.

Davies, P. (2010). The Plant Hormones: Their Nature, Occurance, and Function. Plant
Hormones: Biosynthesis, Signal Transduction, Action! Dordrecht, Netherlands, Springer
Netherlands: 1-15.

Dawson, H. N., R. Burlingame, et al. (1997). "Stable Transformation of Chlorella: Rescue of
Nitrate Reductase-Deficient Mutants with the Nitrate Reductase Gene." Current Microbiology
35(6): 356-362.

De Philippis, R., C. Sili, et al. (2001). "Exopolysaccharide-producing cyanobacteria and their
possible exploitation: A review." Journal of Applied Phycology 13: 293-299.

Degenhardt, R. F. and P. C. Bonham-Smith (2008a). "Arabidopsis Ribosomal Proteins RPL23aA
and RPL23aB Are Differentially Targeted to the Nucleolus and Are Disparately Required for
Normal Development.” Plant Physiology 147(1): 128-142.

Degenhardt, R. F. and P. C. Bonham-Smith (2008b). "Transcript profiling demonstrates absence
of dosage compensation in Arabidopsis following loss of a single RPL23a paralog.” Planta
228(4): 627-640.

Demirbas, A. and M. F. Demirbas (2010). Algae Energy: Algae As A New Source of Biodiesel.
London, Springger-Verlag.

115



Diatchenko, L., Y.-F. C. Lau, et al. (1996). "Suppression subtractive hybridization: A method for
generating differentially regulated or tissue-specific cDNA probes and libraries." Proc Natl Acad
Sci U S A 93: 6025-6030.

DOE, U. S. (2010). National Algal Biofuels Technology Roadmap. O. 0. E. E. a. R. E. U.S.
Department of Energy, Biomass Program.

Drop, B., M. Webber-Birungi, et al. (2011). "Photosystem | of Chlamydomonas reinhardtii
Contains Nine Light-harvesting Complexes (Lhca) Located on One Side of the Core.” Journal of
Biological Chemistry 286(52): 44878-44887.

Eaton-Rye, J. J. and C. Putnam-Evans (2005). The CP47 and CP43 Core Antenna Components.
Photosystem I1: The Light-Driven Water Plastoquinone Oxidoreductase. T. Wydrzynski and K.
Satoh. New York, New York, Springer: 45-70.

Evans, L. V. and A. J. Trewavas (1991). "Is Algal Development Controlled by Plant Growth
Substances?" Journal of Phycology 27: 322-326.

Falkowski, P. G. and J. A. Raven (1997). Aquatic Photosynthesis. Malden, Massachusetts,
Blackwell Science.

Farrell, R. E., Jr. (2009). RNA Methodologies: Laboratory Guide for Isolation and
Characterization. San Diego, Academic Press.

Fischer, T., M. Veste, et al. (2010). "Water repellency and pore clogging at early successional
stages of microbiotic crusts on inland dunes, Brandenburg, NE Germany." Catena 80(1): 47-52.

Folch, J., M. Lees, et al. (1957). "A Simple Method for the Isolation and Purification of Total
Lipides from Animal Tissues." Journal of Biological Chemistry 226(1): 497-5009.

Gallagher, B. J. (2011). "The economics of producing biodiesel from algae.” Renewable Energy
36(1): 158-162.

Ghasemi, Y., S. Rasoul-Amini, et al. (2012). "Microalgae biofuel potentials (Review)." Applied
Biochemistry and Microbiology 48(2): 126-144.

Glick, B. R., C. L. Patten, et al. (1999). Biochemical and Genetic Mechanisms Used by Plant
Growth Promoting Bacteria. London, Imperial College Press.

Gonzalez-Bashan, L. E., V. K. Lebsky, et al. (2000). "Changes in the metabolism of the
microalgae Chlorella vulgaris when coimmobilized in alginate with the nitrogen-fixing
Phyllobacterium myrsinacearum." Canadian Journal of Microbiology 46: 653-659.

Gonzalez, L. E. and Y. Bashan (2000). "Increased Growth of the Microalga Chlorella vulgaris
when Coimmobilized and Cocultured in Alginate Beads with the Plant-Growth-Promoting

116



Bacterium Azospirillum brasilense.” Applied and Environmental Microbiology 66(4): 1527-
1531.

Gorelova, O. A. (2006). "Communication of Cyanobacteria with Plant Partners During
Association Formation." Microbiology 75(4): 465-4609.

Gottingen, S. v. A. (2008). "Bold's Basal Medium (BBM) with Vitamins (BBM+V) ". Retrieved
September 6, 2011, from
http://epsag.netcity.de/pdf/media and recipes/26 Bold Modified Basal Medium.pdf.

Gotz, S., J. M. Garcia-Gomez, et al. (2008). "High-throughput functional annotation and data
mining with the Blast2GO suite.” Nucleic Acids Research 36(10): 3420-3435.

Goujon, M., H. McWilliam, et al. (2010). "A new bioinformatics analysis tools framework at
EMBL-EBI." Nucleic Acids Research 38(July): Suppl: W695-699.

Graham, L. E. and L. W. Wilcox (2000). Algae. Upper Saddle River, Prentice Hall.

Greenwell, H. C., L. M. L. Laurens, et al. (2009). "Placing microalgae on the biofuels priority
list: a review of the technological challenges.” Journal of The Royal Society Interface 7(46):
703-726.

Gusev, M. V., O. I. Baulina, et al. (2002). Artificial Cyanobacterium-Plant Symbioses.
Cyanobacteria in Symbiosis. A. N. Rai, B. Bergman and U. Rasmussen. Dordrecht, Kluwer
Academic Publishers: 253-312.

Hammer, M. F., J. Markwell, et al. (1997). "Purification of a Protein Phosphatase from
Chloroplast Stroma Capable of Dephosphorylating Light-Harvesting Complex I1." Plant
Physiology 113: 227-233.

Harwood, J. L. and I. A. Guschina (2009). "The versatility of algae and their lipid metabolism."
Biochimie 91(6): 679-684.

Hernandez, J., L. Debashan, et al. (2009). "Growth promotion of the freshwater microalga
Chlorella vulgaris by the nitrogen-fixing, plant growth-promoting bacterium Bacillus pumilus
from arid zone soils." European Journal of Soil Biology 45(1): 88-93.

Honkanen, R. E., M. Dukelow, et al. (1991). "Cyanobacterial Nodularin Is A Potent Inhibitor of
Type 1 and Type 2A Protein Phosphatases.” Molecular Pharmacology 40(4): 577-583.

Hosoya, R., K. Hamana, et al. (2005). "Polyamine Distribution Profiles within Cyanobacteria."
Microbiology Culture Collections 21(1): 3-8.

Hsieh, C.-H. and W.-T. Wu (2009). "Cultivation of microalgae for oil production with a
cultivation strategy of urea limitation." Bioresource Technology 100(17): 3921-3926.

117


http://epsag.netcity.de/pdf/media_and_recipes/26_Bold_Modified_Basal_Medium.pdf

Huang, G., F. Chen, et al. (2010). "Biodiesel production by microalgal biotechnology.” Applied
Energy 87(1): 38-46.

Ikawa, M., J. J. Sasner, et al. (2001). "Activity of cyanobacterial and algal odor compounds
found in lake waters on green alga Chlorella pyrenoidosa growth." Hydrobiologia 443: 19-22.

[llman, A. M., A. H. Scragg, et al. (2000). "Increase in Chlorella strains calorific values when
grown in low nitrogen medium." Enzyme and Microbial Technoloy 27: 631-635.

Invitrogen Real-time PCR: From theory to practice.

Janson, S. (2002). Cyanobacteria in Symbiosis with Diatoms. Cyanobacteria in Symbiosis. A. N.
Rai, B. Bergman and U. Rasmussen. Dordrecht, Kluwer Academic Publishers: 1-10.

Johnson, M., I. Zaretskaya, et al. (2008). "NCBI BLAST: a better web interface.” Nucleic Acids
Research 36(Web Server): W5-W9.

Jones, H., M. Ostrowski, et al. (2006). "A Suppression Subtractive Hybridization Approach
Reveals Niche-Specific Genes That May Be Involved in Predator Avoidance in Marine
Synechococcus Isolates.” Applied and Environmental Microbiology 72(4): 2730-2737.

Kang, C. D. and S. J. Sim (2007). "Direct extraction of astaxanthin from Haematococcus culture
using vegetable oils." Biotechnology Letters 30(3): 441-444.

Kargul, J. (2003). "Three-dimensional Reconstruction of a Light-harvesting Complex I-
Photosystem | (LHCI-PSI) Supercomplex from the Green Alga Chlamydomonas reinhardtii.
INSIGHTS INTO LIGHT HARVESTING FOR PSI." Journal of Biological Chemistry 278(18):
16135-16141.

Khozin-Goldberg, 1. and Z. Cohen (2011). "Unraveling algal lipid metabolism: Recent advances
in gene identification.” Biochimie 93(1): 91-100.

Knothe, G. (2011). The Potential of Biodiesel with Improved Properties to an Alternative Energy
Mix. Zero-Carbon Energy Kyoto 2010. T. Yao, Springer 75-82.

Kramer, D. M. and J. R. Evans (2010). "The Importance of Energy Balance in Improving
Photosynthetic Productivity." Plant Physiology 155(1): 70-78.

Kropacheva, T. N., W. O. Feikema, et al. (2003). "Spin conversion of cytochrome b559 in
photosystem Il induced by exogenous high potential quinone.” Chemical Physics 294(3): 471-
482.

Kropat, J., U. Oster, et al. (1997). "Chlorophyll precursors are signals of chloroplast origin
involved in light induction of nuclear heat-shock genes." Proc Natl Acad Sci U S A 94: 14168-
14172.

118



Laboratories, K. (2010). Photosynthesis--Antenna Proteins. cre00196.png.
Laboratories, K. (2012). Photosynthesis. cre00195.png.

Lakaniemi, A.-M., V. M. Intihar, et al. (2011). "Growth of Chlorella vulgaris and associated
bacteria in photobioreactors." Microbial Biotechnology: no-no.

Larkin, M., G. Blackshields, et al. (2007). "ClustalW and ClustalX version 2." Bioinformatics
23(21): 2947-2948.

Lau, S., N. Shao, et al. (2009). "Auxin signaling in algal lineages: fact or myth?" Trends in Plant
Science 14(4): 182-188.

LeBlanc, S., F. R. Pick, et al. (2005). "Allelopathic effects of the toxic cyanobacterium
Microcystis aeruginosa on duckweed,Lemna gibba L." Environmental Toxicology 20(1): 67-73.

Li, H., P. Xie, et al. (2009). "The first study on the effects of microcystin-RR on gene expression
profiles of antioxidant enzymes and heat shock protein-70 in Synechocystis sp. PCC6803."
Toxicon 53(6): 595-601.

Li, Y., D. Han, et al. (2010). "Inhibition of starch synthesis results in overproduction of lipids in
Chlamydomonas reinhardtii.” Biotechnology and Bioengineering 107(2): 258-268.

Li, Y., M. Horsman, et al. (2008). "Biofuels from Microalgae." Biotechnology Progress 24: 815-
820.

Liu, Z.-Y., G.-C. Wang, et al. (2008). "Effect of iron on growth and lipid accumulation in
Chlorella vulgaris." Bioresource Technology 99(11): 4717-4722.

Lodish, H., D. Baltimore, et al. (1995). Molecular Cell Biology. New York, New York, W. H.
Freeman and Company.

Machida, T., H. Murase, et al. (2008). "Isolation of cDNAs for hardening-induced genes from
Chlorella vulgaris by suppression subtractive hybridization." Plant Science 195: 238-246.

Martins, J. C., J. Machado, et al. (2011). "Dynamics of Protein Phosphatase Gene Expression in
Corbicula fluminea Exposed to Microcystin-LR and to Toxic Microcystis aeruginosa Cells."”
International Journal of Molecular Sciences 12(12): 9172-9188.

Mauseth, J. D. (1998). Botany: An Introduction to Plant Biology. Sudbury, MA, Jones and
Bartlett.

Mclntosh, K. B. and P. C. Bonham-Smith (2005). "The two ribosomal proteinL23Agenes are
differentially transcribed inArabidopsis thaliana." Genome 48(3): 443-454.

119



Melis, A. (1999). "Photosystem-11 damage and repair cycle in chloroplasts: what modulates the
rate of photodamage in vivo?" Trends in Plant Science 4(4): 1360-1385.

Merchant, S. S., J. Kropat, et al. (2011). "TAG, You’re it! Chlamydomonas as a reference
organism for understanding algal triacylglycerol accumulation.” Current Opinion in

Biotechnology.

Mergaert, P. (2003). "A Novel Family in Medicago truncatula Consisting of More Than 300
Nodule-Specific Genes Coding for Small, Secreted Polypeptides with Conserved Cysteine
Motifs." Plant Physiology 132(1): 161-173.

Mikhailov, A., A.-S. Ha'rma’la"-Braske'n, et al. (2003). "ldentification of ATP-synthase as a
novel intracellular target for microcystin-LR." Chemico-Biological Interactions 142: 223-237.

Minagawa, J. (2011). "State transitions—The molecular remodeling of photosynthetic
supercomplexes that controls energy flow in the chloroplast.” Biochimica et Biophysica Acta
(BBA) - Bioenergetics 1807(8): 897-905.

Minai, L. (2006). "Chloroplast Biogenesis of Photosystem Il Cores Involves a Series of
Assembly-Controlled Steps That Regulate Translation.” The Plant Cell Online 18(1): 159-175.

Moellering, E. R. and C. Benning (2009). "RNA Interference Silencing of a Major Lipid Droplet
Protein Affects Lipid Droplet Size in Chlamydomonas reinhardtii.” Eukaryotic Cell 9(1): 97-106.

Mohamed, Z. A. (2008). "Polysaccharides as a protective response against microcystininduced
oxidative stress in Chlorella vulgaris and Scenedesmus quadricauda and their possible
significance in the aquatic ecosystem

" Ecotoxicology 17: 504-516.

Mohamed, Z. A. and A. M. Al Shehri (2010). "Microcystin production in epiphytic
cyanobacteria on submerged macrophytes.” Toxicon 55(7): 1346-1352.

Msanne, J., D. Xu, et al. (2012). "Metabolic and gene expression changes triggered by nitrogen
deprivation in the photoautotrophically grown microalgae Chlamydomonas reinhardtii and
Coccomyxa sp. C-169." Phytochemistry 75: 50-59.

Multu, Y. B., O. Isik, et al. (2011). "The effects of nitrogen and phosphorous deficiencies and
nitrite addition on the lipid content of Chlorella vulgaris (Chlorophyceae).” African Journal of
Biotechnology 10(3): 453-456.

Murphy, D. J. (2011). "The dynamic roles of intracellular lipid droplets: from archaea to
mammals."” Protoplasma.

Mutanda, T., D. Ramesh, et al. (2011). "Bioprospecting for hyper-lipid producing microalgal
strains for sustainable biofuel production.” Bioresource Technology 102(1): 57-70.

120



Naver, H., A. Haldrup, et al. (1999). "Cosuppression of Photosystem | Subunit PSI-H in
Arabidopsis thaliana.”" Journal of Biological Chemistry 274(16): 10784-10789.

Nicholas, K. B. and J. D. W. D. H.B. Nicholas, 11 (1997). "GeneDoc: Analysis and Visualization
of Genetic Variation." EMBNEW.NEWS 4(14).

Okuno, D., R. lino, et al. (2011). "Rotation and structure of FOF1-ATP synthase." Journal of
Biochemistry 149(6): 655-664.

Otero, A. and M. Vincenzini (2003). "Extracellular polysaccharide synthesis by Nostoc strains as
affected by N source and light intensity." Journal of Biotechnology 102: 143-152.

Padmanabhan, S., S. Banerjee, et al. (2011). Screening of Baterial Recombinants: Strategies and
Preventing False Positives. Molecular Cloning - Selected Applications in Medicine and Biology.
G. G. Brown. Rijeka, Croatia, InTech: 3-20.

Paracer, S. and V. Ahmadjian (2000). Symbiosis: An Introduction to Biological Associations.
Cary, North Carolina, Oxford University Press USA.

Park, Y., K.-W. Je, et al. (2008). "Growth promotion of Chlorella ellipsoidea by co-inoculation
with Brevundimonas sp. isolated from the microalga.” Hydrobiologia 598: 219-228.

Peled, E., S. Leu, et al. (2011). "Isolation of a Novel Qil Globule Protein from the Green Alga
Haematococcus pluvialis (Chlorophyceae)." Lipids 46(9): 851-861.

Pereira, S. R., V. M. Vasconcelos, et al. (2011). "The phosphoprotein phosphatase family of
Ser/Thr phosphatases as principal targets of naturally occurring toxins.™ Critical Reviews in
Toxicology 41(2): 83-110.

Perez-Rodriguez, P., D. M. Riano-Pachon, et al. (2009). "PInTFDB: updated content and new
features of the plant transcription factor database.” Nucleic Acids Research 38(Database): D822-
D827.

Pfaffl, M. W. (2001). "A new mathematical model for relative quantification in real-time PCR."
Nucleic Acids Research 29(9): 2002-2007.

Pietrowska, A. and R. Czerpak (2009). "Cellular response of light/dark-grown green alga
Chlorella vulgaris Beijerinck (Chlorophyceae) to exogenous adenine- and phenylurea-type
cytokinins." Acta Physiologiae Plantarum 31: 573-585.

Piotrowska, A., R. Czerpak, et al. (2008). "The effect of indomethacin on the growth and
metabolism of green alga Chlorella vulgaris Beijerinck " Plant Growth Regulation 55: 125-136.

Pool, M. R. (2005). "Signal recognition particles in chloroplasts, bacteria, yeast and mammals
(Review)." Molecular Membrane Biology 22(1-2): 3-15.

121



Prathima Devi, M., G. Venkata Subhash, et al. (2012). "Heterotrophic cultivation of mixed
microalgae for lipid accumulation and wastewater treatment during sequential growth and
starvation phases: Effect of nutrient supplementation.” Renewable Energy 43: 276-283.

Promega (2009). pGEM and pGEM-T Easy Vector Systems. Technical Manual. Madison,
Wisconsin: 14.

Radakovits, R., R. E. Jinkerson, et al. (2010). "Genetic Engineering of Algae for Enhanced
Biofuel Production." Eukaryotic Cell 9(4): 486-501.

Rasmussen, U. and M. Nilsson (2002). Cyanobacteria Diversity and Specificity in Plant
Symbioses. Cyanobacteria in Symbiosis. A. N. Rai, B. Bergman and U. Rasmussen. Dordrecht,
Kluwer Academic Publishers: 313-328.

Reppert, M., K. Acharya, et al. (2010). "Lowest Electronic States of the CP47 Antenna Protein
Complex of Photosystem II: Simulation of Optical Spectra and Revised Structural Assignments.”
Journal of Physical Chemistry B 114: 11884-11898.

Rismani-Yazdi, H., B. Z. Haznedaroglu, et al. (2011). "Transcriptome sequencing and annotation
of the microalgae Dunaliella tertiolecta:Pathway description and gene discovery for production
of next-generation biofuels * BMC Genomics 12(148).

Roberts, J. A. and R. Hooley (1988). Plant Growth Regulators. New York, Chapman & Hall.

Rodolfi, L., G. Chini Zittelli, et al. (2009). "Microalgae for oil: Strain selection, induction of
lipid synthesis and outdoor mass cultivation in a low-cost photobioreactor.” Biotechnology and
Bioengineering 102(1): 100-112.

Rodrigues, L. H. R., A. Arenzon, et al. (2011). "Algal density assessed by spectrophotometry: A
callibration curve for the unicellular algae Pseudokirchneriella subcapitata.” Journal of
Environmental Chemistry and Ecotoxicology 3(8): 1-4.

Rozen, S. and H. Skaletsky (2000). Primer3 on the WWW for general users and for biologist
programmers. _. S. Krawetz and S. Misener. Totowa, New Jersey, Humana Press: 265-286.

Rusch, K. A. and M. T. Gutierrez-Wing (in review). "A protocol for native mixed algae-
cyanobacteria selection for biofuels and bioproducts feedstock ".

Sambrook, J. and D. W. Russell (2001). Molecular Cloning: A Laboratory Manual. Cold Spring
Harbor, New York, Cold Spring Harbor Laboratory Press.

Schroda, M., O. Vallon, et al. (1999). "A Chlorplast-Targeted Heat Shock Protein 70 (HSP70)
Contributes to the Photoprotection and Repair of Photosystem 11 during and after
Photoinhibition.” The Plant Cell 11: 1165-1178.

122



Sedmak, B. and T. Elersek (2005). "Microcystins Induce Morphological and Physiological
Changes in Selected Representative Phytoplanktons.” Microbial Ecology 50(2): 298-305.

Sergeeva, E., A. Liaimer, et al. (2002). "Evidence for production of the phytohormone indole-3-
acetic acid by cyanobacteria.” Planta 215: 229-238.

Sheehan, J., T. Dunahay, et al. (1998). A Look Back at the U.S. Department of Energy's Aquatic
Species Program: Biodiesel From Algae. N. R. E. Laboratory. Golden, Colorado.

Shinopoulos, K. E. and G. W. Brudvig (2012). "Cytochrome b559 and cyclic electron transfer
within photosystem I1." Biochimica et Biophysica Acta (BBA) - Bioenergetics 1817(1): 66-75.

Silva-Benavides, A. M. and G. Torzillo (2011). "Nitrogen and phosphorus removal through
laboratory batch cultures of microalga Chlorella vulgaris and cyanobacterium Planktothrix
isothrix grown as monoalgal and as co-cultures." Journal of Applied Phycology.

Singh, J. and S. Gu (2010). "Commercialization potential of microalgae for biofuels production.”
Renewable and Sustainable Energy Reviews 14(9): 2596-2610.

Spyridaki, A., E. Psylinakis, et al. (2006). Photosystem I1: Composition and Structure.
Biotechnological Applications of Photosynthetic Proteins: Biochips, Biosensors and Biodevices.
M. T. Giardi and E. V. Piletska. Austin, Texas, Landes Bioscience: 11-31.

Stahlberg, A., M. Kubista, et al. (2004). "Comparison of Reverse Transcriptases in Gene
Expression Analysis." Clinical Chemistry 50(9): 1678-1680.

Stewart, D. H. and G. W. Brudvig (1998). "Cytochrome b559 of photosystem I1." Biochimica et
Biophysica Acta 1367: 63-87.

Stirk, W. A., O. Novak, et al. (2003). "Cytokinins in macroalgae.” Plant Growth Regulation 41:
13-24.

Sun, A., R. Davis, et al. (2011). "Comparative cost analysis of algal oil production for biofuels."”
Energy 36(8): 5169-5179.

Sung, M.-S., Y.-T. Hsu, et al. (2010). "Implications of the Up-regulation of Genes Encoding
Protein Degradation Enzymes and Heat Shock Protein 90 for Intertidal Green Macroalga Ulva
fasciata Against Hypersalinity-Induced Protein Oxidation." Marine Biotechnology 13(4): 684-
694.

Surpin, M. L., Robert M. and J. Chory (2002). "Signal Transduction between the Chloroplast and
the Nucleus." The Plant Cell Supplement 2002: S327-S338.

Tam, N. F. Y. and Y. S. Wong (1990). "The Comparison of Growth and Nutrient Removal
Efficiency of Chlorella pyrenoidosa in Settled and Activated Sewages." Environmental Pollution
65: 93-108.

123



Tarakhovskaya, E. R., Y. I. Maslov, et al. (2007). "Phytohormones In Algae." Russian Journal of
Plant Physiology 52(2): 163-170.

Thanh, T., H. Omar, et al. (2009). "Rapid and Effective Method of RNA Isolation from Green
Microalga Ankistrodesmus convolutus.” Molecular Biotechnology 43(2): 148-153.

Thurmond, W. (2009). Algae 2020: advanced biofuel markets and commercialization outlook.

Toivola, D. M. and J. E. Eriksson (1999). "Toxins Affecting Cell Signaling and Alteration of
Cytoskeletal Structure.” Toxicology in Vitro 13: 521-530.

Trotsenko, Y. A., E. G. lvanova, et al. (2001). "Aerobic Methylotrophic Bacteria as
Phytosymbionts." Microbiology 70(6): 623-632.

Tsavkelova, E. A., T. A. Cherdyntseva, et al. (2005). "Auxin Production by Bacteria Associated
with Orchid Roots." Microbiology 74(1): 46-53.

Tsavkelova, E. A., S. Y. Klimova, et al. (2006). "Microbial Producers of Plant Growth
Stimulators and Their Practical Use: A Review." Applied Biochemistry and Microbiology 42(2):
117-126.

Ueda, J., K. Miyamoto, et al. (1991a). "ldentification of Jasmonic Acid in Chlorella and
Spirulina.” Bulletin of the University of Osaka Prefecture, Series B 43: 103-108.

Ueda, J., K. Miyamoto, et al. (1991b). "Idenification of Jasmonic Acid from Euglena gracilis Z
as a Plant Growth Regulator.” Agricultural and Biological Chemistry 55(1): 275-276.

Ulrich, W. R. and G. JKunz (1984). "Effect of Abscisic Acid on Nitrogen Uptake, Respiration
and Photosynthesis in Green Algae.” Plant Science Letters 37: 9-14.

Vener, A. V. (2008). Phosphorylation of Thylakoid Proteins. Photoprotection, Photoinhibition,
Gene Regulation, and Environment. B. Demmig-Adams, I. William W. Adams and A. K.
Mattoo. New York, New York, Springer Science + Business Media B.V.: 107-126.

Vu, H. T., S. Otsuka, et al. (2010). "Cocultivated bacteria can increase or decrease the culture
lifetime of Chlorella vulgaris.” Journal of General and Applied Microbiology 56: 413-418.

Vyas, A. P., J. L. Verma, et al. (2010). "A review on FAME production processes.” Fuel 89(1):
1-9.

Wagner, G. A. (1997). "Azolla: A review of its biology and utilization." The Botanical Review
63(1): 1-26.

124



Wang, J., J. Shan, et al. (1999). "Light- and heat-induced denaturation of Photosystem 11
complexes CP43 and CP47"." Journal of Photochemistry and Photobiology B: Biology 50: 189-
196.

Wang, Z. T., N. Ullrich, et al. (2009). "Algal Lipid Bodies: Stress Induction, Purification, and
Biochemical Characterization in Wild-Type and Starchless Chlamydomonas reinhardtii."
Eukaryotic Cell 8(12): 1856-1868.

Weir, T. L., S.-W. Park, et al. (2004). "Biochemical and physiological mechanisms mediated by
allelochemicals.” Current Opinion in Plant Biology 7(4): 472-479.

Widjaja, A., C.-C. Chien, et al. (2009). "Study of increasing lipid production from fresh water
microalgae Chlorella vulgaris." Journal of the Taiwan Institute of Chemical Engineers 40(1): 13-
20.

Wiegand, C. and S. Pflugmacher (2005). "Ecotoxicological effects of selected cyanobacterial
secondary metabolites a short review." Toxicology and Applied Pharmacology 203(3): 201-218.

Wigmosta, M. S., A. M. Coleman, et al. (2011). "National microalgae biofuel production
potential and resource demand.” Water Resources Research 47.

Wilson, K. E., S. M. Sieger, et al. (2002). "The temperature-dependent accumulation of Mg-
protoporphyrin IX and reactive oxygen species in Chlorella vulgaris.” Physiologia Plantarum
119: 126-136.

Wydrzynski, T. J. (2008). "Water splitting by Photosystem Il—where do we go from here?"
Photosynthesis Research 98(1-3): 43-51.

Yokthongwattana, K. C., Bozena, S. Behrman, et al. (2001). "Photosystem 11 Damage and Repair
Cycle in the Green Alga Dunaliella salina: Involvement of a Chloroplast-Localized HSP70."
Plant Cell Physiology 42(12): 1389-13987.

Yu, H., S. Jia, et al. (2010). "Accumulation of Exopolysaccharides in Liquid Suspension Culture
of Nostoc flagelliforme Cells.” Applied Biochemistry and Biotechnology 160: 552-560.

Zabochnicka-Swiatek, M. (2010). "Algae--Feedstock of the Future." Archivum Combustionis
30(3): 225-236.

Zhang, X.-N., Z.-C. Qu, et al. (2002). "Application of Supression Subtractive Hybridization
(SSH) to Cloning Differentially Expressed cDNA in Dunaliella salina (Chlorophyta) Under
Hyperosmotic Shock." Plant Molecular Biology Reporter 20(March 2002): 49-57.

125



APPENDIX A: DETAILED DESCRIPTIONS OF EXPERIMENTAL METHODS

A.1 Dry Biomass Determination

Dry biomass measurements of the culture were taken according to Environmental
Engineering/Water Quality Laboratory Standard Operating Procedure (EiEL/Water Quality
Laboratory SOP) PA 200, Total Suspended Solids Freshwater Algae Matrix, which is based on
Standard Methods for the Examination of Waste and Wasterwater 2540D (APHA 1999).
Whatman GF/C filters (Piscataway, New Jersey), glass fiber filters with a pore size of 1.2 um,
were rinsed with deionized water, placed in an aluminum pan, and heated in a 550°C furnace for
20 minutes. Afterward, the filters were cooled in a dessicator. Before use, the filters were
weighed on an analytical balance and their masses recorded. The GF/C filter was dampened
with deionized water and put into the filter funnel. Five or 10 ml of algae culture was mixed by
vortexing, measured in a pipet, and filtered through the filter using a vacuum pump connected to
a filter flask. The filter funnel was rinsed three times with deionized water to make sure the
entire algae sample had reached the filter and to rinse through particles smaller than the pore size
of the filter. Following filtration, the samples had an appearance as shown in Figure 3.2. The
filters were then dried for 1-3 hours at 65°C in a furnace. After cooling in a dessicator, the filters
were weighed on an analytical balance. Blanks were prepared with the culture medium without
algae. The dry biomass of the algae was determined by subtracting the mass of the blank from
the mass of the filter with the algae on it. Dry biomass measurements were taken for algae
samples collected at four points for each of the eight algae cultures grown: when the culture was
inoculated, during the early exponential phase, when the culture was harvested for RNA, and

when the culture had reached the stationary growth phase.
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A.2 Folch Extraction of Lipids

Lipids were extracted from each culture using algae samples collected at two points for
each of the eight algae cultures grown: when the culture was harvested for RNA and when the
culture had reached the stationary phase of growth. Lipids were extracted using a modified
Folch lipid extraction protocol (Folch et al. 1957). The extractions were performed in triplicate

for each algae sample.

Figure A.1: Evaporation of solvent using a rotary evaporator.

Eighty ml samples of culture were frozen at -20°C upon collection. Prior to lipid
extraction, the samples were thawed at 4°C. Samples were homogenized, and 50 ml was pipetted
into a 50 ml polypropylene plug seal centrifuge tube and pelleted by centrifugation at 3,000xg
for 10 minutes at 4°C. The supernatant was decanted with care taken not to disrupt the algae

pellet. An additional 30 ml of culture was added to the same 50 ml centrifuge tube, and the
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centrifugation was repeated. Once again, the supernatant was decanted with care taken not to
disrupt the algae pellet. Thirty-five ml of 2:1 v/v CHCIs: CH3OH was added to each tube, and
the tube was capped and wrapped in aluminum foil to protect the chloroform from light and for
safety in case of tube leakage.

The tube was shaken for 20 minutes at 100 rpm and 29°C in an Innova 4300 Incubator Shaker
(New Brunswick Scientific, Enfield, Connecticut). Seven ml, one-fifth the volume of the
CHCI;:CH30H solvent, of 0.9% wi/v NaCl solution in deionized water was added to the tube,
which was capped and shaken vigorously for 5 seconds to mix the phases. To separate the
phases, the tube was centrifuged for 10 minutes at 1460xg at room temperature. Following
centrifugation, a transparent aqueous layer, a dark green biomass interphase, and a transparent
green organic layer were visible. The aqueous layer was carefully removed using a Pasteur pipet
and was discarded. Using a separate pipet, the biomass layer was carefully penetrated, and all of
the organic phase was transferred to a 250 ml borosilicate glass flat-bottom boiling flask, taking
care not to introduce any of the biomass layer into the flask. The CHCI3; was evaporated using a

rotary evaporator (Figure A.1) until no liquid remained visible.

Figure A.2: Eight glass test tubes used in Folch lipid extraction, following aspiration of the
solvent with nitrogen gas.
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The residue, which contained the lipids, was dissolved in a small volume of the 2:1 viv
CHCI3: CH30H solution and pipetted into a glass test tube that had been preweighed on an
analytical balance. Finally, the remaining solvent was evaporated by aspiration with N, gas,
leaving a dry residue of the lipids; the appearance of the test tubes with the dry lipid residue is
shown in Figure A.2.

The lipid mass was computed by subtracting the original mass of the test tube from the
mass of the tube with the lipids, and the lipids as percent of dry mass were computed from the
dry biomass measurements taken for the samples.

A.3 Determination of RNA Quantity and Quality by UV Spectroscopy

Total RNA samples were analyzed to determine concentration and test for impurities
using UV spectroscopy. Two pl of each total RNA sample was placed into a nanoVette
(Beckman Coulter, Brea, California) spectrophotometer cuvette with a 0.2 mm pathlength in a
DU730 Life Science UV/Vis Spectrophotometer (Beckman Coulter, Brea, California). After
blanking the device with the TE buffer, pH 7.5, that the RNA was dissolved in, absorbances at
260 nm, 280 nm, and 230 nm were taken. The 260 nm absorbance, or Az, measures the
concentration of nucleic acid in the sample, with an Az of 1 corresponding to a nucleic acid
concentration of 40 pg/ml. The Azso/Azso measures the degree of protein contamination, since
protein absorbs at 280 nm (hence lowering the ratio), with an ideal ratio of approximately 2.0.
Finally the Azeo/Az3p measures for organic compound and polysaccharide contamination (both of
which lower the ratio due to their absorbance at 230 nm), with ideal ratios for RNA in the range
of 2.0-2.4 (Farrell 2009).

Following UV spectroscopy, total RNA samples were stored in aliquots at -80°C to

reduce the number of freeze-thaw cycles to which a particular sample would be subjected.
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A.3 DNase Treatment of RNA Samples and RNA Cleanup

Following quantification and sample quality analysis, total RNA samples were treated to
remove contaminating DNA. Five pg of each total RNA samples was diluted in water to a final
volume of 50 pl. Deoxyribonuclease (DNase) treatment was performed using the TURBO
DNA-free™ kit (Ambion, Grand Island, New York) according to the manufacturer’s protocol.
One pl (2 U/ul) of TURBO DNase and 5 pl of 10X TURBO DNase buffer was added to the
diluted RNA sample and mixed by vortexing. The sample was incubated at 37°C for 30 minutes
in a water bath. Afterward, 5 ul of DNase Inactivation Reagent was added to each sample, and
the sample was vortexed. After incubation at room temperature for 2 minutes with gentle mixing,
the sample was centrifuged at 10,000xg for 1.5 minutes to pellet the inactivation reagent. The
supernatant, containing the RNA sample, was moved to a new tube, and water was added to a
total volume of 100 pl per sample.

The RNA samples were further purified up and concentrated using RNA Clean &
Concentrator™-5 columns (Zymo Research, Irvine, California) according to the manufacturer’s
protocol. Two-hundred pl of RNA Binding Buffer and 150 ul of absolute ethanol were added to
each RNA sample that had been treated with DNase, after which the tubes were vortexed. The
mixture was transferred to a spin column and centrifuged at 12,000xg for 1 minute; the flow-
through was discarded. Four-hundred pl of RNA Prep Buffer was added to each column, after
which it was centrifuged at 12,000xg for 1 minutes and the flow-through discarded. Finally, the
column was washed twice, first with 800 pl and then with 400 ul of RNA Wash Buffer.
Following addition of wash buffer in each step, the column was centrifuged at 12,000xg for 1
minute, and the flow-through was discarded. Then the column was centrifuged for 12,000xg for

2 minutes to elute any residual fluid from the washing steps. Finally, the RNA samples was
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eluted by added 6 pl of water directly to the column matrix, letting the column stand for 1 minute
at room temperature, and centrifuging the column 10,000xg for 30 seconds.

One pl of each sample following DNase treatment and cleanup was analyzed by UV
spectroscopy. As done previously, the absorbances at 260 nm, 280 nm, and 230 nm (Azeo, Azso,
and Azso, respectively) were taken to analyze the RNA concentration and test for the presence of
proteins and polysaccharides in the samples. One pg of each RNA sample was diluted in water
to a total volume of 3.5 pl and stored at -80°C until cDNA synthesis was performed. Four-
hundred nl of each RNA sample immediately used for reverse transcription, and the remainder of
each sample was diluted by the addition of 9 ul of water and frozen at -20°C until to use in gel
electrophoresis after reverse transcription was performed.

A.4 Sample Quality Assessment by Reverse Transcription

The quality of the RNA samples was further tested through reverse transcription, the
synthesis of DNA from RNA. Reverse transcription was performed using the SMARTScribe™
Reverse Transcriptase enzyme (Clontech, Mountain View, California) according to the
manufacturer’s protocol. Four-hundred ng of each RNA sample was diluted in water to a total
volume of 4 pl. One pl of oligo(dT)1s primer (20 uM) was added to the diluted RNA sample.
The RNA and primer mixture was heated at 72°C for 3 minutes to denature the sample and then
immediately cooled on ice. Then 2 pl of 5X First-Strand Buffer, 1 ul of dNTP Mix (10 uM each
dNTP) and 1 pl 20 mM dithiothreitol (DTT) were added, and the tube contents were mixed by
pipetting up and down. Finally, 1 pl of SMARTScribt RT enzyme (100 U/ul) was added, and
the tube contents were mixed again. The reverse transcription reactions were incubated at 42°C
for 90 minutes in a DNA Engine® PTC-200 thermal cycler (Bio-Rad, Hercules, California).

Afterward, the reaction was terminated by heating the tubes to 70°C for 15 minutes.
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