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ABSTRACT

GENE EXPRESSION OF PROTEINS ASSOCIATED WITH LIPID
BODIES IN EMILIANIA HUXLEYI
by
Sarah Catherine Hoddick

Master of Science in Biological Sciences
California State University, Chico
Summer 2013

Emiliania huxleyi is a marine haptophyte alga known for its ability to generate
large volumes of calcite coccoliths. It also synthesizes a unique suite of neutral lipid
(PolyUnsaturated Long Chain Alkenes, Alkenones and Alkenoates, or PULCA), whose
biosynthetic pathways are currently unknown. Like energy-storage triacylglycerides,
which they replace, these lipids are packaged into lipid bodies (LBs), and a prior study
used a proteomics screen of isolated LBs and endomembranes from E. huxleyi CCMP
1516 to generate a list of candidate proteins possibly associated with PULCA
biosynthesis, mobilization, and catabolism. The goal of this thesis was to study gene
expression these proteins under conditions of neutral lipid accumulation and degradation,
including batch growth with addition of sodium bicarbonate, and during light-dark
manipulations.

ix

I designed quantitative PCR (qPCR) primers for almost 120 genes identified
by the proteomics screen, and optimized mRNA extraction, reverse transcription to
cDNA, and qPCR. I confirmed neutral lipid accumulation during nutrient (phosphate)
limitation in the light after sodium bicarbonate dosing, and catabolism during continuous
darkness. I was able to quantify gene expression changes of many LB-associated genes,
most with low expression values, as well as a number of control genes and other genes
used in other studies. I observed several striking patterns of gene expression in the
experiments. In the growth curve + bicarbonate experiment, many LB-associated genes
likely related to acyl lipid biosynthesis showed 10-100-fold expression increases as
neutral lipids accumulated. However, the timing of increases varied: some increased
before bicarbonate addition, while others only after. In contrast, several genes for prenyl
and sphingolipid pathways did not show such striking increases, and a few genes possibly
related to acyl lipid catabolism decreased. Most genes associated with photosynthesis,
structural proteins, and trafficking did not show significant changes, but several genes for
carbohydrate metabolism also increased sharply, highlighting the likely connection
between carbohydrate and lipid metabolism. In contrast, the light-dark experiment
showed few large changes in expression, and several genes showed strong downregulation, although patterns were not consistent. But because of the large numbers of
time points and treatments in this experiment, I was only able to survey a few genes by
qPCR, and these results are very tentative.
In both experiments, I was able to quantify only a fraction of the LBassociated genes, due to the large effort necessary to screen genes by qPCR, and also due
x

to degradation of mRNA stored at -80 oC. Although my study examined far more genes
and time points than most qPCR studies, and I confirmed the likely role of acyl lipid
biosynthesis pathways in PULCA production, an important outcome of this study is the
need in future to use more comprehensive genome-wide techniques, such as RNA-seq, to
evaluate the large numbers of genes likely involved in the pathways of neutral lipid
biosynthesis.

xi

CHAPTER I
INTRODUCTION
Emiliania huxleyi is a marine haptophyte pervasive in oceans worldwide. E.
huxleyi is a single celled eukaryotic marine alga approximately 5 m in diameter. It has a
complex tri-phasic life cycle consisting of diploid motile coccolith-bearing cells,
vegetative diploid naked (non-coccolith bearing) cells, and haploid motile scale bearing
swarm cells. Each of these life stages can exist independently and each is capable of
reproduction (Frada et al. 2012; Green et al. 1996). However, these life-cycle phases
differ in many ways, for example: the haploid phase cells have 2 flagella while both
diploid states have none (Passche 2001), there are different nutritional preferences,
differences in gene expression (von Dassow et al. 2009) and stages show varied
photosynthetic responses (Houdan et al. 2005). Furthermore, E. huxleyi genetics are more
complex due to its endosymbiotic evolution. E. huxleyi exhibits pathways and genetics
similar to a multitude of different organisms but no clear evolutionary path has been
determined (Burki et al. 2012).
E. huxleyi is a cosmopolitan coccolithophore and contributes greatly to the
marine biomass with prolific generation of coccoliths. These coccoliths are a complex
mosaic of calcite discs generated internally and secreted to the surface of the cell (de
Bodt et al. 2010) and are a hallmark characteristic of E. huxleyi. It has been proposed that
coccoliths are produced as a result of environmental stress (Young et al. 2009), but, the
1
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role they play in E. huxleyi is currently unknown (Pond et al. 1998). During an algal
bloom of E. huxleyi, satellite images have captured white clouds of coccoliths produced
in the oceans. During these blooms, cell densities have been recorded as high as 107 cells
L-1 (Olson and Strom 2002). This unique ability to calcify in such high volume has made
E. huxleyi a central component in oceanic carbon movement and a significant contributor
to the global flux of carbon (Rokitta et al. 2011). Interestingly, the coccolith forming
pathway is absent in haploid cells and is only present in diploid life cycle phase cells
(Passche 2001). These coccoliths not only add to oceanic carbonate chemistry, they also
have been accumulating for the last 220 million years creating nearly complete fossil
records used for biostratigraphic dating (Young et al. 2005).
E. huxleyi’s Unique Neutral Lipids
Another interesting characteristic of this organism is the unique set of neutral
lipids that this alga is able to produce. Unlike most organisms which synthesize mainly
triacylglycerides (TAGs) consisting of three fatty acids esterified to a glycerol backbone
(Slabas and Fawcett 1992) as their neutral lipid, E. huxleyi and other members of the
Isochrysidales order primarily produce a complex suite of poly-unsaturated long chain
alkenes, alkenones and alkenoates (PULCA) (Fig. 1) as their storage lipids and very little
TAG (Bell and Pond 1996; Eltgroth et al. 2005; Marlowe et al. 1984). These PULCA are
unique in that their structures are C 35 to C 39 in length and many contain trans oriented
double bonds at 7-C intervals along the lipid length (Rontani et al. 2006). C 37-40
alkenones have been found to have double bonds at ∆14,21, C 35-36 . Ketones have been
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identified containing double bonds at ∆15,22 and ∆16,23 and finally, C 35-38
monounsaturated

Fig. 1. PULCA skeleton structures containing diunsaturated trans bonds at ∆14,21.
(a) C 36 methyl or ethyl alkenoates, (b) C 37 -alkene, (c) C 37 methyl alkenones, and (d) C 38
ethyl alkenones (Rontani et al. 2006)
alkenones with varying bond arrangements have been observed as well (Rontani et al.
2006).
E. huxleyi strains vary in the types of alkenes produced with varying chain
length: C 31 -C 33 alkenes contain cis geochemistry (Fig. 2) (Conte et al. 1998; Rieley et al.
1998) and also have an assortment of double bond arrangement (Rontani, 2004). These
differently structured long chain lipids suggest alternative and unique biosynthetic
pathways. Many different structures and lengths of long chain lipids can co-exist in E.
huxleyi and the variety of lipid types supports the notion of several different pathways
(Rieley et al. 1998).

4
Fig. 2. C 31-33 LC alkene skeletons showing cis bond structure: (a) C 31:2 (∆1, 22),
(b) C31:2(∆2, 22), (c) C31:2 (∆3, 22), (d) C33:2(∆1, 22), and (e) C33:2(∆2, 22).
These PULCA are found in sediments around the world (de Mesmay et al.
2007) and have been used as a gauge for ocean temperature in paleothermometry (Brassel
et al. 1986; Rontani et al. 2006). Due to the sensitivity of the bond structure to
temperature variations, sediments containing PULCA have been analyzed in an attempt
to determine correlations between alternative bond structures and fluctuations in ocean
temperatures (Prahl et al. 2006). However, this technique is not without its shortcomings
in that bond structure and arrangement are also affected by light stress and nutrient
limitations (Conte et al. 1998; Epstein et al. 2001). Yamamoto et al, suggested that
different unsaturation structures are indicative of different biosynthetic pathways and not
an adaptation to the environment (2000). Additional elements including the presence of
bacteria or different minerals or reducing agents can also affect the breakdown of these
lipids which creates an incomplete picture of what lipids are present at any given time
(Pan and Sun 2011; Teece et al. 1998).
Neutral Lipid Accumulation under
Cell Stress
Neutral lipid levels in E. huxleyi have been shown to increase during
stationary phase growth and under nutrient-deficient conditions and to diminish in the
absence of light, indicating a necessity for light to generate and accumulate PULCA
(Eltgroth et al. 2005). Neutral lipid accumulation during stationary growth in E. huxleyi
resembles that of storage TAG accumulation (Sawada and Shiraiwa 2004). Modest
increases of accumulation and storage of neutral lipids, estimated to be approximately a
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10-20% increase, have been documented during nutrient deplete conditions (Epstein et al.
2001; Kaffes et al. 2010). Nutrient-stressed cells when coupled with addition of sodium
bicarbonate result in a more substantial increase in neutral lipid production and
accumulation (Wolfe, personal communication). 14C radiolabeling has shown that as
concentration of dissolved inorganic carbon increases, uptake of bicarbonate for
photosynthesis and calcification increases as well (Herfort et al. 2002).
During periods of nutrient stress, carbon flow in E. huxleyi shows 40-60% of
all carbon being metabolized is directed towards lipid production (Fernandez et al. 1994).
This accumulation of lipids under nutrient stress appears to be a common occurrence on a
variety of organisms. Chlorella vulgaris, another eukaryotic alga, also shows similar
responses under nutrient stress. Liang et al. (2009) showed increased lipid accumulations
when stressed and with the addition of different carbon sources. Another species of
Chlorella, C. minutissima, showed an increase in lipid production of 40-46% during
periods of nitrogen stress (Ördög et al. 2012). Additionally, Botryococcus, an eukaryotic
green alga, shows a preference for generating and accumulating fatty acids during late
stage growth (Kalacheva et al. 2001).
PULCA Localize to Lipid Bodies
Neutral lipids, including PULCA, are currently thought to be packaged in
cytoplasmic lipid bodies (LBs) (Eltgroth et al. 2005). Neutral lipids were previously
thought to have been used to maintain membrane fluidity as structural lipids with
localization primarily to the cell membrane (Prahl et al. 1988). Later research using cell
fractionation suggested that these long chain lipids may instead be localized to the cell
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membrane and cell organelles, mainly the endoplasmic reticulum (Sawada and Shiraiwa
2004). Eltgroth, et al. (2005) showed that the PULCA were packaged into lipid bodies, a
theory supported by Conte and Eglinton (1995). Eltgroth, et al. showed that when stained
with Nile Red, a lipophilic fluorescent dye that fluoresces yellow when bound to neutral
lipids, neutral lipids are clearly defined in lipid bodies. This is a reasonable conclusion
because many eukaryotes, particularly algae, package TAGs, as well as neutral lipids,
into lipid bodies (Liu et al. 2010). Furthermore, Mouzdahair, et al. (2001) proposed that
these long chain lipids may be less stabilizing if contained in a membrane, adding further
evidence for PULCA as storage lipids contained in LBs.
By growing cultures under conditions known to promote PULCA production,
large pools of neutral lipids were observed as affiliated with chloroplasts during growth,
indicating a link to photosynthesis or the plastid. Some research has shown that
photosynthesizing organisms can utilize plastoglobules, which are plastid-localized LBs
and associated lipoproteins with a theoretical function of channeling lipids from the
plastid to the cytosol or plastiglobules could be the location of lipid metabolism (Bréhélin
et al. 2007). This supports that PULCA may be synthesized by chloroplasts or plastids
and then exported to the cytoplasm for packaging, further modification, and storage. This
pathway would include passing through the chloroplast envelope and the endoplasmic
reticulum to finally be stored in enclosed lipid vesicles (Eltgroth et al. 2005).
Genes Involved in Lipid Biosynthesis:
LB Proteome Screen
The biosynthetic pathway of PULCAs is not known, although several have
been proposed (Rontani et al. 2006) and more than one pathway is likely present. In
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order to better understand the mechanisms that control the synthesis and accumulation of
the LBs, it was important to determine what proteins are found associated with the lipid
bodies in E. huxleyi. To do this, a proteomics study was conducted of isolated LBs, as
well as LBs associated with other endomembranes (EMs) (Wolfe, personal
communication). The LB fraction contained 179 unique protein IDs (PIDs), of which 97
were considered likely directly related to LB function, including structure, acyl or prenyl
lipid synthesis, and other functions (redox, trafficking). Table 1 shows some examples of
the proteins found associated with the LBs, including those possibly related to acyl and
prenyl lipid biosynthesis, redox, or LB structures. The LB+EM fraction contained over
300 PIDs, many of which were clearly contaminants. However, others were considered
likely associated with LBs during their life-cycle of formation, mobilization, and
catabolism.
Using qPCR to Study Gene Expression
Having identified a set of proteins possibly associated with LBs, we can
assess their likely role in neutral lipid biosynthesis by measuring their expression under
growth conditions where these lipids are increasing or decreasing. One common way to
study targeted gene expression is with quantitative PCR (qPCR), which allows for
quantification of the number of transcripts of a specific gene present in a total RNA
extract. In this process, cDNA is reverse transcribed from mRNA, either prior to or
during amplification (Livak and Schmittgen 2001). qPCR employs a thermocycler
equipped with a fluorescence reader to detect the increase of amplimers over the cycling
sequence. To detect copies, either an intercalating fluorescing molecule (SYBR green) or
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specific reporter and quencher probe (Taqman, ROX) are added to the reaction (Cao and
Shockey 2012; VanGuilder et al. 2008); the exponential growth of PCR product is

Table 1. Emiliania LB proteome proteins possibly related to lipid biosynthesis, arranged by class and abundance within class.
Abbreviations: PID = protein ID (http://genome.jgi-psf.org/Emihu1/Emihu1.home.html); MW = band molecular weight; Mr =
predicted molecular mass; L(e) = abundance; % = % coverage; #u = # unique peptides; Loc.=localization prediction. PID codes: *
= also present in fraction 2, but enriched in fraction 1; ** = also present in fraction 2, but considered LB-associated; *** = also
present in global proteome (B. Jones, personal communication); P=peroxisomal; S=signal peptide; C=chloroplast;
M=mitochondria. Not shown: ATPases, HSPs, signaling/transport proteins, or proteins of unknown function. G. Wolfe,
unpublished.
Name

Class

PID

MW

Mr

L(e)

%

#u

Loc.

acyl lipid biosynthesis

acetyl-CoA carboxylase***
phosphatidylcholine-sterol O-acyltransferase
pyruvate dehydrogenase, E1 β subunit
malonyl-CoA:ACP transacylase
acetyl-CoA carboxylase***
dihydrolipoamide acetyltransferase
type I FAS / PKS***
type I FAS / PKS
acetyl-CoA acetyltransferase
acyl-CoA synthetase long-chain***

449545**
438676*
434751/444048*
62772
455280
62303*
211836**
227291**
434807
225887**,
459357
447572

230
L/I
42
56
230
56
L/I
L/I
50
75

220
64
38
39
170
48
123
81
48
51

-91
-51
-47
-39
-31
-18
-18
-13
-11
-10

5
9
11
10
3
5
2
1
4
4

10
5
5
4
5
2
3
1
2
2

75

51

-7

3

1

cyclic nucleotide-binding patatin- like
phospholipase
β-ketoacyl-ACP reductase***
acetyl-CoA acyltransferase / thiolase
β-ketoacyl synthase; 3-oxoacyl-ACP synthase (I &
II)
enoyl-CoA hydratase/isomerase

434881**
435400**
461962**

27
45
50

30
41
46

-7
-3
-3

4
2
1

1
1
1

436143

27

30

-3

4

1

esterase / lipase / thioesterase
esterase / lipase / thioesterase
cyclopropane-fatty-acyl-phospholipid synthase

210675**
218455**
437566**

50
75
42

114
60
39

-2
-2
-2

1
2
3

1
1
1

SOUL heme-binding protein
ζ-carotene desaturase
1-deoxyxylulose-5-phosphate synthase
geranylgeranyl reductase / hydrogenase

439471
349982, 371132
440786**
432259

50
65
75
50

43
61
77
50

-148
-146
-87
-17

28
21
14
5

15
13
8
2

glutamate 1-semialdehyde 2,1-aminomutase
amine oxidase; similar to PDS precursor
hydroxymethylbilane synthase (porphobilinogen
deaminase)
dihydrolipoamide S-acetyltransferase***
SOUL heme-binding protein
delta-aminolevulinic acid dehydratase
FAD-binding monooxygenase (sterol?)
tocopherol cyclase
cobalamin synthesis protein

437052**
64233
423968**

45
56
45

49
59
41

-15
-11
-11

5
3
5

2
2
2

448908**
357026
448062**
461162
98577
54553

42
42
45
50
45
54

48
39
44
47
38
36

-5
-5
-5
-4
-3
-2

2
3
3
2
3
3

1
1
1
1
1
1

432606*
361737*
55010
432385
436528
461839
449063
258285
464657
465364**

54
45
45
45
65
65
45
27
42
45

54
42
22
39
65
48
41
16
97
69

-88
-76
-64
-46
-17
-7
-3
-3
-2
-2

18
27
30
7
6
3
3
5
1
2

9
8
6
3
2
1
1
1
1
1

432373*, many
106188
221637
102767, 247369
213735
452690
254573
452477**
447420
105045
202026

45
45
42
50
42
30
42
45
30
65
54

42
35
37
74
31
28
12
16
28
48
19

-223
-100
-55
-42
-19
-13
-11
-10
-3
-3
-2

31
3
16
7
13
10
14
9
3
1
7

21
10
6
5
3
2
1
1
1
1
1

M/P

M
S

S

prenyl lipid biosynthesis and maturation

S/P
S
P

Redox

aldehyde dehydrogenase
ferrodoxin-dependent NADH oxidoreductase, plastidial

short-chain dehydrogenase /reductase
ferrodoxin-dependent NADH oxidoreductase
isocitrate lyase***
Zn-containng alcohol dehydrogenase
NAD/FAD-dependent oxidoreductase
electron transfer flavoprotein, β-subunit
amine oxidase
quinone oxidoreductase

M

structural or cytoskeletal

actin, type 1***
actin
PAP fibrillin-like, chaperone-like
mucin-associated surface protein (MASP)
PAP fibrillin-like
PAP fibrillin
PAP fibrillin-like
mucin-associated surface protein (MASP)
PAP fibrillin; serine palmitoyltransferase, putative
mucin-associated surface protein (MASP)
PAP fabrillin

P
S

8
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monitored by measuring overall fluorescence produced by PCR product during each
cycle. With an amplification efficiency of 100%, a starting transcript can be amplified
one million-fold (VanGuilder et al. 2008). When the level of fluorescence is greater than
the threshold of background, the cycle number (Ct) is recorded. The threshold level
should be set as low as possible for low transcript samples to increase sensitivity and to
minimize the effects of loss of efficiency due to exhaustion of reagents (Fig. 3)
(VanGuilder et al. 2008).

4000
3500

Fluorescence (norm)

3000
2500
2000
1500
1000
500
0

0

1

2

3

4

5

6

7

8

9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40
Cycle

Fig. 3. Example of fluorescence curves given by the amplification of products in
qPCR. A clear exponential period followed by a plateau as reagents are exhausted. The
red horizontal line is the threshold line at which point a Ct value is recorded. Graph
shown is representative of qPCR amplification in this study.
There are two types of quantification methods: absolute and relative. Absolute
quantification allows for calculation of the exact number of starting copies of the
amplified sequence. This requires a known concentration of pure DNA sequence diluted
into a standard curve to allow for back calculation of the sample (Cao and Shockey 2012;
VanGuilder et al. 2008). The other method that is more frequently employed is relative
change, which measures expression relative to a reference gene that is relatively constant
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across treatments and times. Commonly used reference genes are 18S, actin, or other
‘housekeeping’ genes (VanGuilder et al. 2008). ∆Ct is defined as the difference between
the Ct of the gene of interest and the reference gene at each time point. This method also
uses a reference time point against which other samples are compared; ∆∆Ct is the
difference between ∆Ct of each sample and that of the reference time point, such that
relative expression = 2-∆∆Ct (Kubista et al. 2006; Livak and Schmittgen 2001). This
method is particularly useful for analyzing the differences between growth conditions and
over a time course to help determine trends over time. However, this equation assumes
100% efficiency in PCR amplification (Kubista et al. 2006; VanGuilder et al. 2008)
which requires additional validation work.
qPCR can be a very powerful technology, however, there are some
shortcomings. Because the efficiency of PCR amplification is crucial for comparable
results it is necessary to control for factors that influence the efficacy of amplification.
Some important factors include: all primers are designed with similar %GC content and
melting temperature and each is tested to ensure comparable amplification. Only products
<150 BP can be reliably quantified (Anonymous ; Bustin et al. 2009; Livak and
Schmittgen 2001; VanGuilder et al. 2008), meaning all primers should be designed to
give similar product lengths, usually between 75-150 bp, and should be checked to make
sure all PCR reactions have similar efficiencies that are close to 100% (VanGuilder et al.
2008). Necessary control reactions, such as no template controls, are also necessary to
ensure the results ascertained from the experiments show real trends. These requirements
have been determined as Minimum Information for publication of Quantitative RT-PCR
Experiments (MIQE) standards (Bustin et al. 2009).
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Once validation of efficiency has been completed, qPCR can be utilized as a
tool to investigate small to medium numbers of genes over a period of time and under
varying conditions. This can provide insight into the genetic machinery controlling the
cell physiology. Even though many studies of E. huxleyi have mainly focused on small
numbers of genes and single time points, the use of qPCR to determine gene expression
in algae is gaining momentum.
Use of qPCR to Examine Other Genes of
Interest in Algae
Understanding the genetics controlling lipid expression in algae is a heavily
researched topic and includes investigation of such factors as nutrient stressors, salt
concentrations, environmental factors, and temperatures (Guschina and Harwood 2006;
Khozin-Goldberg and Cohen 2011). Due to the central role E. huxleyi plays in the carbon
cycling; many studies have focused on genes affiliated with calcification, nutrient cycling
and photosynthesis (Table 2). The majority of these studies investigated transcription
levels at a single time point under different growth conditions to elucidate expression
changes linked to nutrient deprivation, alteration in exposure to light, or life cycle stage.
In contrast, a few studies probe gene expression over an extended period of time.
Pagarete et al (2009) focused on two sphingolipid genes that are central to viral
pathogenicity and infection of E. huxleyi by EhV-86. During infection by EhV-86 the E.
huxleyi sphingolipid pathway is gradually taken over by the virus. By investigating
expression of a few sphingolipid pathway genes over 16 individual time points, the
infection and sphingolipid pathway can be monitored. Another time-focused study
centered on three nitrogen-sequestering genes during nitrogen depletion over seven
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Table 2. qPCR studies in haptophytes.
# genes
studied

# time
points

6

1

Low/high light or CO 2

E. huxleyi

Light-harvesting
proteins
P metabolism

1

1

Low/high phosphate

E. huxleyi

Calcification

4

1

Richier 2009

E. huxleyi

N metabolism

8

1

Light vs. dark
Haploid vs. diploid
Different N sources

E. huxleyi

C transport &
calcification
Sphingolipids

11

1

Low/high light or CO 2

2

16

N metabolism

4

7

Richier et
al., 2011
Pagarete
2009
Kang, 2007

Organism

pathways

E. huxleyi

E. huxleyi
Isochrysis
galbana

Treatments

Viral infection
Different N sources

Reference
Lefebvre,
2010
Xu, 2010

Bruhn 2010

days in the closely related haptophyte Isochrysis galbana. Kang and Hwang (2007) found
that these three genes increase 2-4 fold over this 7-day period of infection. Time course
studies have the direct benefit of showing changes as they occur and elucidating trends,
increasing the likelihood that the change is real.
Unfortunately, only one strain of E. huxleyi (CCMP 1516) genome has been
sequenced and is still in the early stages of rendering, making it is difficult to study much
of its genetics in detail, particularly between strains. However, other algae have better
resolved genomic sequence data and have been studied in greater detail using qPCR.
Stramenopiles (diatoms), a sister chromalveolate group to E. huxleyi, has been
investigated in detail for processes such as nitrogen metabolism and photorespiration
(Table 3).
The model diatom Thalassiorira pseudonana has been investigated for its
unique nitrogen metabolism. It was found to employ a complete urea cycle and that genes
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Table 3. qPCR studies in stramenopiles (diatoms).
Organism

pathways

Thalassiosira
pseudonana
Thalassiosira
pseudonana

N
metabolism
N
metabolism

Thalassiosira
pseudonana

Thalassiosira
weisflogii

# time
# genes* points
8

1

6

21

Hydrocarbon
metabolism

8

1

photorespirat
ion

1

6-12

Treatments

Reference

N source, light
intensity

Bender et
al., 2012
Parker &
Armbrust,
2005
Bopp &
Lettieri,
2007

Response to the
presence of
polycyclic
aromatic
hydrocarbons

Parker et
al., 2004

from this pathway, as well as other N pathways, were up-regulated during periods of high
light (Bender 2012). The study concluded that the urea cycle and other nitrogen
metabolic pathways are closely interconnected, sharing intermediates between pathways.
Similarly, Parker et al. (2005) investigated 5 genes in T. pseudonana, representing
various nitrogen and carbon metabolic pathways. This study also observed increased
expression during periods of high light. Additionally, Parker et al. (2004) utilized a time
course study and investigated transcript levels of glycine decarboxylase during the
induction of photorespiration. Furthermore, they tracked the levels of glycolate, a
compound only produced during photorespiration, to elucidate any correlations. This
study took six different time points and found that both expression levels and production
levels increased during periods of high light which agrees with both afore mentioned
studies. This work is of extreme interest because deducing how genes behave over time
can help clarify function (Parker and Armbrust 2005). Bopp, et al. (2007) determined the
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effects of hydrocarbons on basic metabolism in T. pseudonana.. All genes investigated
showed repression supporting the idea that the hydrocarbons have a cytotoxic effect by
inhibiting fatty acid and silica synthesis. By investigating the changes in gene expression
of proteins affiliated with different metabolic pathways, a better understanding can be
reached on the interworking of the cells when exposed to these conditions.
Finally, chlorophyte (green) algae are the best studied, and is the only group
to have used qPCR to investigate lipid biosynthetic pathways, particularly production of
prenyl pigments (Table 4). Notably, these studies used time course treatments to examine
how gene expression changed in response to various stimuli. Vidhyavathi et al. (2009)
looked at the expression of 6 different genes found in the astaxanthin production
pathways in the presence of different fatty acid and carotenoid synthesis inhibitors in
Chlorella zofingiensis. This study found that when in the presence of nicotine, all genes
were expressed at higher levels, though astaxanthin levels were decreased. This further
questions what other post-transcriptional and translational factors may influence the
downstream translation to active proteins of investigated genes.
Table 4. qPCR studies of lipid biosynthesis in chlorophytes.
# genes*
Organism
Chlorella
zofingiensis
Haematococc
us pluvialis
Micractinium
pusillum
Chlorella
UMACC
234

pathways
Carotenoid
biogenesis
Carotenoid
biogenesis
Nitrogen
starvation
Temperature

# time
points

2

7

6

8

19

4

22

1

Treatments

Nutrient, light,
salt stress
+/- nitrogen
Growth at
different
temperatures

Reference
(Cordero et al.
2010)
(Vidhyavathi
et al. 2009)
Li, Yajun; et al
2012
(Chong et al.
2011)
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Cordero et al. (2010) investigated expression levels of lycopene β-cyclase in
chlorophyte Haematococcus pluvialis under nutrient depletion, high light, or salt stress
by investigating gene expression at eight different time points. Lycopene β-cyclase is
integral to production of astaxanthin and lutein. They observed increases in gene
expression under nitrogen depletion and high light, results similar to expression changes
shown in many different algae. Chong, et al. (2011) studied gene expression changes of
E. huxley under different temperature conditions. Twenty-two different genes showed
differential expression at the different temperature treatments which is of interested
because E. huxleyi shows differential lipid production under different oceanic
temperatures.
Another chlorophyte alga, Micratinium pusillum, has been investigated for its
high levels of neutral TAG production under nitrogen stress. This study utilized
subtractive suppression hybridization to create a database of genes differentially
expressed in cultures grown under nitrogen-replete vs. nitrogen-depleted conditions.
From this list, 19 genes were probed using qPCR to confirm expression changes. This
showed that genes associated with pyruvate synthesis, acetyl-CoA synthesis and lipid
synthesis were increased over 100-times after nitrogen starvation. Additionally, control
genes such as light harvesting complex genes, and genes associated with amino acid
synthesis showed a decrease over time under the same conditions (Li et al. 2012). This
shows a switch in preference of metabolism from photosynthetic pathway for generation
of energy to one of carbohydrate metabolism and an increase in neutral lipid
accumulation.
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Study Objectives, Question, Hypotheses
In this study, I used qPCR to examine gene expression of proteins previously
identified to be associated with LBs and EMs in order to assess their potential role in
PULCA biosynthesis. I did this by comparing expression under both low- and highsynthesis states, or in catabolic vs. anabolic states. Experimental treatments included
changes in nutrients over a growth cycle, bicarbonate dosing, and during transition from
light to darkness, and dark to light. My questions included:
1. What are expression levels of LB-proteome transcripts? How do these compare to
previously observed protein abundance? I hypothesized that the expression levels of LBproteome transcripts will increase under conditions of cell stress and increased lipid production
and accumulation and that the transcripts will likely be low abundance like the LB associated
proteins.

2. How does gene expression of proteins associated with PULCA production
change over a growth cycle, and following bicarbonate dosing to induce PULCA
accumulation? I hypothesized that gene expression of proteins associated with PULCA
production will increase as nutrient levels decrease and with the addition of sodium
bicarbonate.
3. How does gene expression of proteins associated with PULCA change when
cells are shifted from light to darkness, which causes PUCLA to be catabolized? I
hypothesized that gene expression will increase during normal light and dark cycles but
decrease during periods of extended dark.
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Can patterns of gene expression help suggest what genes might be critical to
PULCA biosynthesis? I hypothesized that there will be distinct trends of increase for
genes expression of proteins associated with PULCA biosynthesis.

CHAPTER II
MATERIALS AND METHODS
Culturing
Emiliania huxleyi CCMP 1516 was obtained from Provasoli-Guillard National
laboratory Center for Culture of Marine Phytoplankton (NCMA; formerly CCMP) and
maintained non-axenically continually since 2009 in the Wolfe lab at CSU Chico. I
maintained cultures in 0.5-1L volumes of artificial sea salts (Sigma-Aldrich, St. Louis,
MO; abbreviated hereafter as ‘SSS’) with salinity of 32-34 ppm and additional nutrients
using f/2 (AlgaBoost, AusAqua, Australia) for basic cultures as a standard culturing
medium. Additional nutrients were added depending on the experimental conditions. All
cultures were grown at 16 + 1oC in a 16:8 hour light:dark cycle at 100-200 µE m-2s-2 cool
white illumination.
Experiments
After initial method development, I conducted two types of experiments to
monitor mRNA expression by qPCR: i) expression over a growth cycle under phosphate
limitation, and following neutral lipid biosynthesis induced by bicarbonate addition
(‘growth’); and (ii) expression in phosphate-limited cells that were switched between light
and darkness, both before and following neutral lipid biosynthesis induced by bicarbonate
addition.
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Growth Curve Experiments
For all growth experiments, I used standard growth medium (f/2) with 10 µL
excess nitrate stock to insure phosphate limitation. I inoculated replicate 1L flask cultures
with an initial concentration of 1-2 x 105 cells mL-1 from exponentially growing 1516
cultures, and monitored growth daily for cell counts, chlorophyll and Nile Red
fluorescence. Samples for nutrients and RNA were collected periodically during the
progression of the growth curve, with samples from early- and mid-exponential phase,
the transition of exponential phase into stationary phase, and early stationary phase.
Additional bicarbonate was added to 10 mM final concentration, either initially or
following stationary phase (Table 5), to boost neutral lipid production. Triplicate RNA
samples from 108 cells were taken for each flask at each time point, and pooled after
RNA extractions.
Table 5. Comparison of four growth experiments.
# - date
1 - F10
2 - Su11
3 – F11

10 mM HCO 3 - added at
start
start
Post-stationary

Primers used
Set 1 only
Sets 1 and 2
Sets 1-3

4 – S12

Post-stationary

none

Purpose
Method development
Method development
Main experiment for this
study
RNA for transcriptomics
(ISU); Neutral lipid also
collected

Light/Dark Experiments
The first L/D experiment in spring 2012 was used as a preliminary test to
check the RNA quality after the cells were maintained in the dark for several days.
Duplicate in 1L cultures with 10 µL excess NO 3 were inoculated with 4 x 105 cells mL-1
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and allowed to grow for 5 days. The flasks were then wrapped completely in aluminum
foil to block out all light for 3 days, and then returned to the light for 3 more days. I
monitored cultures daily for cell numbers and fluorescence, and collected samples
periodically for mRNA extraction. Samples were processed to cDNA and a few control
primers were used to analyze the quality of cDNA generated from RNA of cultures kept
in extended dark.
For the second L/D experiment in summer 2012, two 1L cultures with excess
NO 3 and cell concentrations at 4 x 105 cells mL-1 were grown in the light for 5 days. I
then added sodium bicarbonate to 10 mM, and split each culture into 2 flasks, creating 4
different flasks. One replicate was put into the dark by wrapping the flasks with
aluminum foil. Flasks were incubated for 3 days, and then the foil was switched so the
dark flasks were exposed to light, and the other flasks darkened. After 3 more days, this
process was repeated. I monitored cultures daily for cell numbers and fluorescence, and
collected samples at the beginning and end of each L/D period for mRNA extraction.
Monitoring Cell Physiology and Phosphate
To monitor cell physiology changes under different conditions I utilized a
variety of methods. Cell cultures were monitored for cell counts on a regular basis and
were conducted using a haemocytometer to determine cell density and recorded
absorbance at 540 nm as another indicator of cell abundance. To monitor neutral lipid
accumulation, I stained cells with 1 µg mL-1 Nile Red diluted in DMSO for 15 min. If
stained cells were to be used for fluorescence microscopy the incubation was followed by
centrifugation at 10,000 x g for 2 minutes and viewed under blue fluorescence with
excitation at 455 nm as wet mounts with an Olympus BX51 microscope (Melville, NY,
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USA) and Pixera Penguin 600ES CCD camera. Stained cultures were also read in 96 well
microtiter plates in 200 µL volumes in a BioTek Synergy HT plate reader at 485 nm
excitation and 540 nm emission to quantify neutral lipid of the culture. Additionally,
chlorophyll was determined fluorimetrically with excitation/emission at 485/697 nm.
At each RNA extraction time point, I collected 1 mL of culture to measure
phosphate levels. Cells were sedimented by spinning at 20,000 x g for 2 minutes, and the
supernatant was frozen until processing. To quantify the phosphate levels, I used a
phosphate low range molybdate assay kit (L147240, Orbeco, FL). Following
manufacturer’s instructions, in a 96 well microtiter plate, I added 20 µL of each of the
reagents to 180 µL of sample and let the reactions sit at room temperature for 10 minutes
and then read on the plate reader at 880 nm. Each plate contained standard phosphate
concentrations from which to generate a standard curve that I then used to calculate the
phosphate levels in each of my samples.
Sample Collection for mRNA Extraction
Prior to starting sampling, I conducted a cell count using a haemocytometer to
determine the cell concentration from which to calculate the volume needed in order to
obtain approximately 1.0 x108 cells per sample. Using that volume, each sample was
centrifuged at 5,000 x g for 15 min to pellet cells, the supernatant was discarded and the
pelleted cells resuspended in 2 mL SSS. I moved the total volume of resuspended cells
into a 2 mL microcentrifuge tube spun the samples at 5,000 x g for 5 min to pellet the
cells again. I removed the supernatant and resuspended the pellets in 1.5 mL of TriReagent (Invitrogen), flash frozen in liquid nitrogen, and stored at -20oC until RNA
extractions.
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RNA Extraction
I extracted total RNA using Tri-Reagent (Invitrogen) according
manufacturer’s protocol. I thoroughly vortexed each sample and incubated the cells in
Tri-Reagent for 5 minutes which was followed with a chloroform extraction by adding
200 µL of chloroform and centrifuging samples for 15 minutes at 12,000 x g at 4oC to
minimize DNA contamination in the top, aqueous layer. I removed and retained the top
aqueous layer and added 500 uL of 70% isopropanol for precipitation with centrifugation
at 12,000 x g for 8 minutes and lastly, a 75% ethanol wash with centrifugation at 12,000
x g for 10 minutes. The samples were left to air dry for several minutes before I added 50
µL of DEPC water to resuspend the RNA.
RNA Quantification
I ran each sample on a 2% agarose gel using a RAGE (Rapid Agarose Gel
Electrophoresis) apparatus. I ran the gel for 10 min at 150V. This allowed me to
determine the approximate quality of the RNA as well as visualize genomic DNA
contamination, which would appear as a strong, dark band near the top of the gel near the
wells. I quantified the RNA using Ribogreen Quant-It kit (Invitrogen) as per
manufacturer’s instructions. I calculated the total RNA of each sample by using the
standard curve generated from RNA standards and also use the read the 260nm/280nm
ratios to determine the RNA purity. Additionally, as another RNA quantification method,
RNA was diluted 1:20 in DEPC water in a UV microtiter 96 well plate prior to reading
the absorbance at 260nm and 280 nm on the plate reader. To quantify the RNA I serial
diluted standard RNA to generate a dilution curve, created a line of best fit and calculated
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the RNA concentration of each sample to the standard curve. I determined RNA quality
using the 260/280 ratio.
Reverse Transcription and First Strand
cDNA Synthesis
To ensure that there was no DNA contamination, I completed a DNAse
treatment to remove any DNA remaining in the samples. I used DNase RQ1 kit
(Promega) as per manufacturer’s instruction. I diluted each sample to the RNA
concentration of the least concentrated sample and to each sample I added 1 µL of DNase
and 1 µL of DNase buffer. The samples were then incubated at 37 oC for 30 minutes
before the addition of 1 µL of Stop Solution and incubation at 65 oC for 25 minutes.
To generate cDNA from the RNA extracts, I used M-MLV Reverse
Transcription Kit (Invitrogen). I used 200 ng of total RNA per sample and to each
reaction I added 200 ng of random hexamers and 1 µL of 10 mM dNTP. I incubated the
samples at 65 oC for 5 min followed by addition of 5X First Strand buffer and 0.1M DTT
before incubation at 37 oC for 2 minutes. I added 1 µL of M-MLV Reverse Transcriptase
per sample and which was followed by incubation at 25 o C for 40 minutes and finally,
deactivated by incubation at 70 oC for 15 minutes.
qPCR Primers
Transcript sequences were obtained from the Joint Genome Institute’s
Emiliania huxleyi genome browser (http://genome.jgi-psf.org/Emihu1/Emihu1.home
.html). An initial set of primers for 12 LB proteome proteins were designed in winter
2011 for testing qPCR methodology, along with 3 primers designed by Richier et al.
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(2009), and an 18S V8 region primer set used as a house-keeping reference (Table 6).
Most of these primers were designed using Integrated DNA Technologies’ (IDT’s)
PrimerQuest program, but some were also designed using Primer3, a publically available
primer design program (http://primer3.sourceforge.net/). Most primers were designed to
have melting temperatures (T M ) from 58-61 oC, and to give amplification products
between 100-200 bp. Primers were synthesized by IDT (Coralville IA).
Table 6. Initial set of 16 qPCR primer pairs used to test mRNA extraction and qPCR
methodology, Spring 2011.
PID
CalM
CA
GPA
18S V8
62772
211836
221637
225887
349982
434807
434881
438676
434751,
444048
449545
455280
225887,
459357

Name
calmodulin
Carbonic anhydrase
coccolith-associated protein
18S rRNA V8 region
malonyl-CoA:ACP transacylase
type I FAS / PKS
PAP fibrillin-like, chaperone like
acyl-CoA synthetase long-chain;
synthetase
ζ-carotene desaturase-like protein
acetyl-CoA acyltransferase
β-ketoacyl-ACP reductase
phosphatidylcholine-sterol Oacyltransferase
pyruvate dehydrogenase, E1 subunit,
mitochondrial
acetyl-CoA carboxylase
acetyl-CoA carboxylase
acyl-CoA synthetase long-chain; ligase

BP (PrimerQuest)

BP
Primer3

151 (Richier et al., 2009)
150 (Richier et al., 2009)
70 (Richier et al., 2009)
220 (Wolfe, unpubl.)
134
100
83
168
120
150
165
182
178
173
142

180

168

190

After tests of efficiency and amplification strength, some of these primers
were found to give weak or no amplification (see Results), and were re-designed in July
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2011 using Primer3 to yield smaller products of 75-125 BP for more robust qPCR. These
were ordered from IDT along with a second set of primers for 38 selected LB and EM
proteome proteins, as well as several reference genes for specific cell organelles or
functions (photosystem, mitochondria, etc.) (Table 7).
Table 7. Second set of qPCR primers, July 2011. Est’d BP = estimated PB from gels; no
number = no amplification or not tested. Fractions: LB=lipid body; LB+EM =
LB+endomembranes.
Function
PID
Category
LB-associated; function unknown
mucin-associated surface protein (MASP)
102767
SOUL heme-binding protein
439471
structural or cytoskeletal
PAP fibrillin-like
213735
PAP fibrillin-like, chaperone like*
221637
acyl lipid biosynthesis and maturation, including acetyl-CoA formation
acetate-CoA ligase / acetyl-CoA synthase
64778
acetyl-CoA synthetase
451133
225887,
acyl-CoA synthetase long-chain*
459357
enoyl-ACP reductase
462385
432864
glycerol-3-phosphate dehydrogenase
isocitrate lyase
436528
NAD-dependent epimerase/dehydratase
368415
432393
NAD-dependent epimerase/dehydratase
phospholipase A2-activating protein
448870
pyruvate dehydrogenase E1, alpha subunit
417078
pyruvate dehydrogenase, E1 beta subunit
434751
trans-2-enoyl-CoA reductase,
435158
mitochondrial?
227291
type I FAS / PKS
β-ketoacyl synthase; 3-oxoacyl-ACP
461962
synthase (I and II)
prenyl lipid biosynthesis and maturation
1-deoxyxylulose-5-phosphate synthase
440786
dihydrolipoamide acetyltransferase
62303
geranylgeranyl reductase/hydrogenase
432259
ζ-carotene desaturase-like protein*
349982

Fraction

BP

LB
LB

100

LB
LB

110
110

LB+EM
LB+EM
LB

160
130

LB+EM
LB+EM
LB
LB+EM
LB+EM
LB+EM
LB+EM
LB

160
130
120
110
120
150
130

LB+EM
LB

100

LB+EM

110

LB
LB
LB
LB

110
100
150
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Table 7. (Continued)
Function
Category
oxidation / reduction; b-oxidation/glyoxylate
aldehyde dehydrogenase
ferrodoxin-dependent NADH
oxidoreductase, plastidial
ferrodoxin-dependent NADH
oxidoreductase, plastidial
short-chain
dehydrogenase/reductase
Carbohydrate metabolism
3-phosphoglycerate kinase
3-phosphoglycerate kinase
fructose 1,6-bisphosphatase
fructose-1,6-bisphosphate aldolase,
plastidial
phosophoribulokinase
pyruvate kinase
pyruvate kinase, plastidial
RuBisCo epimerase**
Transketolase, plastidial
trafficking
clathrin propeller, N-terminal
myosin class V heavy chain
methyl transfer
S-adenosylhomocysteine hydrolase
S-adenosylmethionine synthetase
Organelle-specific proteins
mitochond. carrier protein
photosystem II stability/assembly
factor
Lhcf26, plastidial**
* Redesign of set 1
** Control protein (not in proteomics screen)

PID
432606

Fraction

BP

LB

120

LB

150

LB

150

LB

120

LB+EM
LB+EM
LB

125
130
110

LB
LB+EM
LB
LB
LB+EM

125
110
110
100
150
110

631884
450657

LB+EM
LB+EM

110
125

440113
462645

LB
LB

110
110

360139

LB

120

LB

130
110

432385
361737
55010
107385
417537
434018
436550
432636
433474
444895
438492
437959

425813
431505

In December 2011, five additional primers from published studies were
ordered (Table 8). Some of these, like the shorter 18S, were to check against our 18S-V8
primer, and others, like the sphingolipid genes, were to test other lipid pathways. These,
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Table 8. Additional published qPCR primers ordered December 2011.
ID
18S-new
actin
SPT
DCD
tubulin

Description
18S rRNA
actin, type 1
serine palmitoyl transferase
dihydroceramide desaturase
β-tubulin

BP
62
49
190
90
164

Source
Bruhn et al., 2010
Bruhn et al., 2010
Pagarete et al., 2009
Pagarete et al., 2009
Pagarete et al., 2009

along with primer sets one and two, were used for the growth cycle and light-dark
experiments.
In February 2012, a final set of 56 qPCR primer pairs was designed and
ordered. Some of these were to test co-expression of possible polyketide synthase (PKSI) models (Table 9), and the rest were other proteins of interest from the proteomics
screen (TTable 10). However, only a few of these primers were actually used for qPCR,
due to RNA degradation (growth experiment) or time constraints (light-dark
experiments). Appendix A gives sequences for all primers used in this study.
Table 9. PKS-I model PIDs for which qPCR primers were ordered, February 2012. Some
PKS models are predicted to produce products similar to PULCA structures. Component
PIDs are sequential along genome within each PKS model. All products were designed to
be 80-120 bp in size. However, primers were never qualified or used to confirm product
sizes or determine expression trends.
PKS #
PIDs:

PKS1
631889

PKS2
116982

PKS5
95919

PKS6
222715
222714
69680
58728

PKS7
198208
198209
198210
198212
198213
198215

PKS8
71038
227290
227291
455269

PKS9
214548
214547
46842

PKS10
211836
211835
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Table 10. Remaining qPCR primers ordered February 2012.
Category
Function
PID
structural or cytoskeletal
actin, type 1
432373
actin
106188
PAP-fibrillin
452690
PAP fibrillin-like
254573
acyl lipid biosynthesis and maturation, including acetyl-CoA formation
pyruvate dehydrogenase, E1 beta subunit
434751
dihydrolipoamide acetyltransferase
62303
acetyl-CoA carboxylase
429248
trans-2-enoyl-Coa reductase, mitochondrial
451950
acyl-CoA synthetase, long-chain
465241
acyl-CoA dehydrogenase, long-chain
360281
putative acyl esterase
440656
prenyl lipid biosynthesis and maturation
glutamate 1-semialdehyde 2,1-aminomutase
437052
amine oxidase; similar to PDS precursor
64233
hydroxymethylbilane synthase (porphobilinogen
423968
deaminase)
448908
dihydrolipoamide S-acetyltransferase
Mg chelatase; Mg-protoporphyrin methyltransferase
309350
4-hydroxy-5-methylbut-2-en-1-yl diphosphate
442353
synthase, chloroplast, putative
acetoacetyl-CoA synthetase
465551
oxidation / reduction; b-oxidation/glyoxylate
Zn-containng alcohol dehydrogenase
461839
cytochrome P450 CYP4/CYP19/CYP26 subfamilies
463287
ATPases
F0F1-type ATP synthase, g subunit
461699
vacuolar H+-ATPase V1 sector, subunit B
435128
AAA+-type ATPase (vesicle fusing)
461250
trafficking
alpha/gamma adaptin (clathrin-adaptor)
61471
myosin head, motor region
213306
actin-related protein Arp2/3 complex, subunit Arp2
355312
Ras small GTPase, Rab type
79310
vesicle coat complex COPI, gamma subunit
454160
vesicle coat complex COPII, subunit SEC24/subunit
462900
SFB2
trafficking protein (coated vesicle)
63089
V-type H+ pyrophosphatase
439740
methyl transfer
homocysteine S-methyltransferase
423073
S-adenosylmethionine synthetase
198673
O-methyltransferase, family 2
204066

Fraction

BP

LB
LB
LB
LB

120
109
96
104

LB
LB
EM
EM
EM
EM
EM

80
106
86
88
115
88
98

LB
LB
LB

103
115
96

LB
EM
EM

80
85
103

EM

115

LB
EM

81
87

LB
LB
EM

110
109
113

EM
EM
EM
EM
EM
EM

94
91
105
104
111
110

EM
EM

90
110

EM
EM
EM

83
94
81
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qPCR
I diluted the cDNA samples 1:3 in DEPC water for ease of pipetting. All
reactions were done in a 96 well plate with a 15 µL total volume per reaction. Each
sample contained 7.5 µL of 2x SYBR green, 3 µL of diluted cDNA, 3 µL of 5uM primer
set (forward and reverse primers), and 1.5 µL of DEPC water. Amplification was done in
a RealPlex2 qPCR thermocycler (Eppendorf) using a program with a 15 min hot start at
95 oC, followed by 40 cycles of 60 oC for 30 seconds, and 72 oC for 30 seconds.
Additionally, for quality control purposes, a melt curve was run at the end of the protocol
to ensure that all of the products for each primer set are the same. A melt curve ensures
that only one product is being amplified. By graphing the –dF/dT (change of fluorescence
with temperature) versus the temperature, the results each gave one sharp peak, which
indicated only one product was amplified. After completion of amplification I ran 2%
agarose gels on a RAGE apparatus to visualize the qPCR products.
Calculation Method
-∆∆Ct

To calculate the relative expression change I used the 2

method (Livak

and Schmittgen 2001). I designated the 18S gene expression and early exponential (Day
2) sample to be the baseline conditions for expression comparison. There are many
possible choices for reference genes (Goidin et al. 2001; Thomas et al. 2011). 18S
appeared to be the most consistent overtime and with culture manipulations, especially
compared to other commonly used genes actin and tubulin. This decision was further
support later in the experiments when another commonly used reference gene, 3PG,
showed large changes over the course of a growth curve (Goidin et al. 2001). Therefore,
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all expression change is relative to these control elements. I calculated the averages
between technical replicates and determined the range.

CHAPTER III
RESULTS
Method Development
mRNA Extraction
I developed a method for quantifying mRNA transcripts from total RNA
extractions, adapted from Richier et al. (2009). Using this method, I was able to
successfully extract and reverse transcribe mRNA transcripts from E. huxleyi. I combined
visualization of RNA on an agarose gel (Fig. 4a) with two commonly used methods of
quantifying RNA: Ribogreen fluorescence assay (Fig. 4b, c) and UV absorbance (Fig.
5a). Both methods gave similar estimates of cellular RNA (0.1 – 0.2 pg cell-1) but
because UV absorbance also gives a measure of RNA quality, I used only that method for
growth and light-dark experiments.
RNA quality is an important factor in reliable gene expressions studies. The
most accurate way to determed RNA quality is a RIN number (RNA Integrity Number)
as determined by capillary electrophoresis in an apparatus such as BioAnalyzer 2100
(BioRad) which can give a very accurate result for RNA integrity. Because I did not have
access to such equipment I used the A260/A280 ratio. A value between 1.8-2.0 is
considered good quality RNA (Fleige and Pfaffl 2006). But because many factors can
influence these results, visualizing RNA on an agarose gel can be very beneficial. I could
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Fig. 4. RNA extraction using Tri-Reagent from Feb. 2011. a: 2% agarose gel with total
RNA extracted from cells in three different growth conditions: exponentially growing
cells harvested in the dark, exponential phase cells harvested during a period of light and
stationary phase cells during a period of light. b: Ribogreen standard curve used to
quantify RNA samples. c: RiboGreen quantification of total RNA calculated to RNA per
cell. Error bars denote one standard deviation.
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Fig. 5. RNA quality and cellular amounts. Panel a shows RNA quality as determined by
A260/280 nm and panel b shows RNA per cell as determined by absorbance at 260 nm
using a standard curve of known RNA concentrations. Error bars denote one standard
deviation.
clearly see the 28S and 18S rRNA bands which is a good indicator for RNA quality (Fig.
4a).
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qPCR Method Development and Verification
I examined three aspects of qPCR quality control: optimization of cDNA
production, primer design, and the ability to replicate results with the same cDNA, or
among different cDNAs made from the same mRNA.
Development of Reverse
Transcription Reaction
Reverse transcription can be difficult to optimize due to the many variables
needed for a successful reaction. To develop a robust assay I tested varying starting
concentrations of RNA followed by qPCR to determine the optimal starting RNA amount
for reverse transcription (Fig. 6). By doing this, I determined that the peak condition for
the procedure was 200 ng of starting template RNA. This corresponds with the upper
specifications of the manufacturer’s recommendations. The resulting Ct values for
amplification of different cDNA using different starting concentrations of template RNA
can be used to determine the efficiency of the reverse transcription process. Low starting
concentrations of template RNA resulted in higher Ct values, which correspond to lower
starting copies of template cDNA. The decrease in Ct value continues until
approximately 200 ng of RNA at which point the increase in template RNA has no effect
(Fig.6).
Qualification of Primers
To determine if the qPCR primers were amplifying within the desired range of
90-110% efficiency, I conducted qualifying experiments. I used equations derived from
Livak, et al. and Bustin, et al. (Bustin et al. 2009; Livak and Schmittgen 2001) to
determine the efficiency of the primers by completing qualification qPCR assays and
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Fig. 6. Tests of qPCR Ct value vs. amount of RNA used to make cDNA.
appropriate calculations. In order to qualify amplification efficiency, cDNA samples were
serially diluted 1:5 seven-fold, to cover four orders of magnitude. The samples were then
amplified with different primer sets. The Ct for each of the primers were calculated
relative to the 18S value and plotted versus the log of the cDNA concentration (Fig. 7).
Using Excel I generated the line of best fit and used the slope from resulting equation to
calculate the efficiency = 10(1/slope)-1. Undiluted samples showed some inhibitory effects
and highly diluted samples did not amplify well due to too few starting copies. Because
samples with a Ct value >34 often do not amplify with the desired efficiency (Livak and
Schmittgen 2001) I also excluded highly diluted samples and high concentration samples
from the analysis to obtain reasonable standard curves (Fig. 7). Table 11 summarizes
preliminary results showing that the efficiency for the primers were reasonable and
comparable.
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Fig. 7. Amplification efficiency tests. a: Ct values of cDNAs serial diluted to cover four
orders of magnitude. Lines show linear fits. B: amplification efficiencies observed from
different experimental treatments.
Further qualification was necessary to determine if any primer dimers were
present that could have interfered with final Ct values, giving the sample a lower Ct value
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Table 11: Primer efficiencies as determined from qualification work and relative
abundance of transcripts calculated from slopes and intercepts.
Primer
18S
18S-1
449545
225887,
459357
CalM
62772
349982

Efficiency (%)
98
107
115
108
106
115
102

Relative Abundance
1300
1020
22.5
32.2
2.9
3.2
1

than what would have been determined by cDNA copies present. Because Sybr green
binds indiscriminately to any dsDNA, dimerizing primers can yield a false positive result.
To control for this, no template controls (NTCs) were used to determine any fluorescence
given by primers binding to each other. Primer dimerization was not significant with the
exception of primer 368415, which was subsequently redesigned. I also ran a 2% agarose
gel to visualize any primer dimers present in the qPCR reactions (Fig. 8). There appear to
be minimal primer dimers present in each of the samples. Lower base pair bands are
likely the primers and not primer dimers. Additionally, the product bands are
substantially more vibrant that any other small band which would make any additive
effect of the primer dimers negligible. Furthermore, all amplimer products were
approximately 150 base pairs, supporting comparability between primer sets for relative
gene expression calculation.
qPCR Repeatability
To determine how qPCR varied with different cDNAs made from the same
mRNA. I compared the resulting Ct values for two different cDNA batches to determine
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Fig. 8. 2% agarose gel of qPCR amplimers, April 2011. Red lines indicate 80-200
basepair range. All products ran within a close range of the 150 basepair band of the
molecular weight standard, which is the highest recommended size for qPCR.
Source: Data taken from Livak and Schmittgen 2001.
the quality of the reverse transcription reaction. The two batches of cDNA were graphed
versus each other with a dotted line indicating a 1:1 ratio (Fig. 9). The closer the points
fall on the line, the more repeaTable the cDNA products are. Most points clustered
around the 1:1 line, indicating repeatability. Furthermore, the 18S showed very consistent
amplification that furthered the confidence in using it as the reference genes. For
expression data shown here, the standard deviation of Ct value for the 18S was less than
0.5 (data not shown). This range of values is much closer than in any other gene
investigated.
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Fig. 9. Comparison of qPCR repeatablity on different cDNAs from 2
different reverse transcription reactions, Spring 2011.
Growth Curve Experiments
To determine the correlation between lipid accumulation and gene expression,
I monitored several physiological aspects of the E. huxleyi cultures. By using Nile Red
staining to determine lipid accumulation, fluorescence readings to find chlorophyll levels
as a barometer of photosynthesis, and followed PO 4 levels to determine nutrient
depletion, I was able to track key cell characteristics. I conducted several experiments
altering growth conditions, each with its own set of cDNA snapshots for analysis. A
growth curve with the addition of sodium bicarbonate during stationary phase is
discussed here.
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Lipid Accumulation over a Growth Curve
with the Addition of Sodium
Bicarbonate
I grew cells in batch culture for 18 days, periodically collecting samples for
RNA extraction and tracking neutral lipid accumulation, chlorophyll changes, and PO 4
levels. I added 10mM sodium bicarbonate during stationary phase, on day 11 (Fig. 10), as
prior work saw an increase in lipid production as a result of this addition (Wolfe, personal
communication). I found that as PO 4 levels decreased, growth rate also decreased (Fig.
10). After addition of sodium bicarbonate, I observed a rapid increase in Nile Red
fluorescence per cell, indicative of increased neutral lipid accumulation (Fig. 11). To
confirm that the increase in fluorescence was due to increased levels of neutral lipids in
the cells, I photographed the cells using fluorescence microscopy (Fig. 11, inset images).
Cells in stationary phase and with the addition of sodium bicarbonate showed increased
numbers of lipids bodies that were much larger in size when compared to exponential
phase cells. Using these observations coupled with gene expression patterns I was able to
determine a correlation between some genes and the synthesis and accumulation of
PULCA. Because excess nitrogen was added and because E. huxleyi still have normally
functioning photosystem II for 38 days after nitrogen depletion (Loebl et al. 2010), much
of the stationary phase characteristics can be attributed to phosphate depletion and also
support a transition from photosynthetic metabolism to respiration. There is a dramatic
drop in phosphate levels during exponential phase with very low levels of phosphate
coinciding with the plateau of the cell growth curve.
RNA was analyzed by UV absorbance (Fig. 12a). The RNA level per cell
remained fairly constant over time. Variability in the values can be attributed to losses
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Fig. 10. Growth Curve #3, Fall 2011. Shown are cell counts (a) and phosphate
concentrations (b) for Emiliania huxleyi 1516 over 18 days. At day 11, 10 mM sodium
bicarbonate was added as indicated by blue arrow. Shaded regions indicate the phase of
growth (blue: exponential, red: transition of exponential to stationary and yellow:
stationary plus sodium bicarbonate).
during the extraction procedure. Additionally, the RNA quality remained constant over
the growth curve as well (Fig. 12b). This consistency adds to the confidence of
downstream results.
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Fig. 11.Growth Curve #3 physiological characteristics. a: neutral lipid per cell as
determined by Nile Red stained cells and flourimetry readings at 485/590 nm. Samples
were read in a plate reader (BioTek). Inset are fluescent microscopy images of the cells
stained with Nile Red. Yellow droplets are indicative of neutral lipid. Cells were
photographed at an exposure of 1/20 sec. b: chlorophyll per cell. Error bars show
plus/minus one standard deviation of two technical replicates. Shaded regions as in
Fig. 10.
Gene Expression
From primer sets 1 and 2, plus additional control or literature genes, I had
more than 60 primer sets to test, the majority against proteome-associated proteins. I had
run 37 primer sets when I found after several months that repeated synthesis of cDNA
failed to give consistent results, and subsequent tests showed slow degradation of mRNA
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Fig. 12. Growth Curve #3 RNA characteristics. a: RNA per cell as determined
by Ribogreen assay. b: RNA quality as determined by 260nm/280nm
absorbance. Error bars show plus/minus one standard deviation of two technical
replicates. Shaded regions as in Fig. 10.
stored at-80 oC (not shown). The data I am able to present is therefore not a systematic
exploration of proteins that had shown interesting patterns in previous developmental
work, but a fairly random sampling of proteins of interest. Although I repeated the
growth experiment in summer 2012, the laborious nature of qPCR made it clear that this
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would not be an effective method to screen large numbers of genes, and we chose to
prepare RNA for RNA-seq instead, as discussed below.
Range of Expression
After producing cDNA, I used many primer sets targeting different genes
using qPCR to obtain a snapshot of what was occurring in the cells during different
phases of the growth cycle, and following addition of sodium bicarbonate (Fig. 13).
Overall abundance of the genes investigated showed a large range in overall expression
in the cultures, spanning four orders of magnitude. However, most genes had a Ct values
greater than 23, which is indicative of low abundance. Additionally, the abundance levels
of individual genes seemed to change over time with plastidial genes showing a decrease
in abundance when comparing exponential phase cultures (day 4: Fig. 13a) to stationary
phase cultures (day 11:Fig. 13b) and possibly indicating a shift in preference toward lipid
synthesis and heterotrophic metabolism.
Gene Expression over Time
I observed a variety of trends and changes in relative gene expression over the
growth cycle, and following bicarbonate addition. These are shown in Figs. 14-25, all
presented as semi-log plots with similar scales, and the growth periods and noise range
(defined as <2-fold change in expression compared to day 2) highlighted with shaded
colors. Many genes showed highly significant trends through day 13, but by day 15
and18, even though mRNA quality and quantity appeared normal (Fig. 12), I was unable
to get reliable qPCR, possibly due to interfering compounds. Even though some genes
showed significant changes on day 15, not all genes nor replicates amplified well
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Fig. 13. Growth Curve #3 gene expression relative to 18S in exponential and stationary
phase cultures. A. exponential phase (day 4). B. staionary phase (day 11). Error bars
show range of replicates. Green shading indicates plastidial genes, red shading indicates
mitochondrial genes.
creating question about the condition of the RNA. Therefore, plots are presented through
day 13 only.
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Control Genes
U

Actin and tubulin (Fig. 14) showed some fluctuations in expression, but were
generally within the 2-fold noise range, as expected for these highly abundant structural
genes often used for qPCR reference. I also examined a number of plastidial genes, some
of which were found in the LB+EM proteome. These showed several patterns. A lightharvesting complex (chlorophyll-fucoxanthin binding protein) gene showed a marked
decrease over time (Fig. 15), indicating the expected drop in photosynthetic function as
cells entered stationary phase. Plastidial genes for carbon metabolism showed varying
trends. Ribulose-5-phosphate 3-epimerase and 3-phosphoglycerate kinase, involved in the
Calvin-Bensen-Bassham cycle, showed essentially no significant change (Fig. 15). Others
plastidial genes for carbohydrate synthesis showed major increases (Fig. 16), including
fructose 1,6-bisphosphate aldolase (436550), phosophoribulokinase (432636),
transketolase (437959), and pyruvate kinase (444895). Some of these proteins also play a
role in glycolysis pyruvate metabolism, mediating the flux of carbon between
carbohydrates and lipids. Transketolase and pyruvate kinase may have been downregulated following bicarbonate addition, but without days 15 and 18 it is not clear.
Several mitochondrial genes also showed varying expression patterns (Fig.
17). A mitochondrial pyruvate dehydrogenase (PDH, represented by two identical alleles,
PIDs 434751 and 444048) showed little change, as did a mitochondrial carrier protein
(360139). The implications of this are not clear. The mitochondrial PDH links glycolysis
and the citric acid cycle, and the lack of increase suggests that respiration may not have
increased in stationary phase, despite the clear decrease in photosynthesis. Additionally,
the lack of increase in mitochondrial carrier protein expression could indicated that basal

Fig. 14: Growth Curve #3 qPCR gene expression of control proteins, showing expression levels mostly within
2-fold noise region (shown by shading). Error bars represent the range; only positive error bars are shown for
clarity. All subsequent graphs follow this scheme.

47

Fig. 15. Growth Curve #3 qPCR gene expression of plastidial genes showing decrease, or little change. Graph format is
described in Fig. 14.
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Fig. 16. Growth Curve #3 qPCR gene expression of plastidial genes showing increase in stationary phase.
Graph format is described in Fig. 14.
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Fig. 17. Growth Curve #3 qPCR gene expression of mitochondrial genes. Graph format is described in Fig. 14.
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levels of the protein are required for basic function but is likely not a major component in
lipid trafficking as lipid levels increased dramatically without any increase in expression
or apparently need for a carrier protein.
LB and LB+EM Proteome Genes
In contrast to most control genes, the majority of LB-proteome genes of
varied function showed significant changes over the growth cycle and following
bicarbonate addition, supporting the notion that these genes have some relevance to
neutral lipid accumulation. (Some of these were the plastidial carbohydrate genes already
presented, which may or may not have been contaminants of the LB proteome).
Interestingly, the vast majority of these showed significant increases in expression,
although there were distinct trends. The few genes that were significantly down-regulated
may relate to lipid catabolism, as discussed below.
LB Structural and Trafficking Genes
The PAP-fibrillin (plastid-lipid associated protein, PAP) family is associated
with plastidial LBs or plastoglobules (Bréhélin et al. 2007). The E. huxleyi LB proteome
detected a number of possible proteins related to this function (Table 1), strongly
suggesting these proteins are associated with LBs. The protein most abundant in the LB
proteome, PID 221637, failed to amplify in the original primer set 1. Although a
redesigned primer did amplify, I was not able to use it for qPCR before mRNA
degradation occurred. However, a second PAP-fibrillin protein, PID 213715, showed
only modest increase in expression during LB accumulation (Fig. 18). Several proteins
for organelle and membrane trafficking were also detected in the LB+EM proteome
(Table 7), and may be involved in LB movement and cycling. However, two of these I

Fig. 18. Growth Curve #3 qPCR gene expression of LB-associated structural and trafficking proteins. Graph format
is described in Fig. 14.
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was able to check with qPCR, myosin and clathrin, showed no major trends (Fig. 18). It’s
possible that other trafficking proteins are used for the purpose of moving lipids.
LB Genes of Unknown Function
A SOUL heme-binding protein (PID 439471) was one of the more abundant
LB proteome proteins (Table 1); although its function is unknown, it was speculated to
possibly be linked to prenyl lipid metabolism. In contrast, expression of this protein
showed low overall abundance (Fig. 13). However, it showed significant increase over
growth (Fig. 19), with possible decrease following bicarbonate addition. A similar pattern
was observed for a mucin-like surface protein (PID 102767), speculated to be structural.
These patterns may relate to increased LB production during late stationary phase, and
then both production and turnover following bicarbonate addition.
Glycolytic and Carbohydrate-related Genes
Several cytosolic genes involved in glycolysis or sugar-nucleotide metabolism
showed significant increases over the growth cycle (Fig. 20), including an aldehyde
dehydrogenase a similar protein to acetaldehyde dehydrogenase, which can generates
acetyl-CoA from acetaldehyde. Several NAD-dependent epimerase/dehydratases may
play roles in carbohydrate, amino acid, or nucleotide metabolism. PID 432393 is similar
to dTDP-glucose 4-6-dehydratase, involved in nucleotide sugar metabolism, while PID
368415 (Fig. 16) is similar to a threonine dehydrogenase.
Lipid-related Genes
The majority of genes involved in acyl lipid biosynthesis showed increasing
expression over the growth curve. However, the timing of their increases, and behavior
after bicarbonate addition, differed significantly. Some showed an increase in

Fig. 19. qPCR gene expression of other LB proteins of unknown function, showing increase in stationary phase and
decrease after bicarbonate addition. Graph format is described in Fig. 14.
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Fig. 20. Growth Curve #3 qPCR gene expression of carbohydrate-related genes, likely cytosolic, showing significant
increase in stationary phase, continuing after bicarbonate addition. Graph format is described in Fig. 14.
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mid-exponential phase l (Fig. 21). These included genes involved in a variety of lipid
pathways and organelles: plastidia FAS-II (PID 461692), glycolipid synthesis (PID
432684), cytosolic acetyl-CoA carboxylase (PID 449545) genes, as well as genes for
acetyl- and acyl-CoA synthesis, and one plastidial redox gene (PID 361737) (Fig.16)
possibly related to lipid synthesis. None of these genes showed a decrease after
bicarbonate addition.
Other genes increase in expression only after stationary phase (Fig. 22). These
included synthetic enzymes such as plastidial pyruvate dehydrogenase (PID 417078) and
a possibly cytosolic malonyl-CoA:ACP transacylase (PID 62772), but also isocitrate
lyase (PID 436528) and a short-chain dehydrogenase/reductase (PID 55010) that may be
involved in neutral lipid degradation or conversion to carbohydrates.
A few other genes possibly involved in lipid degradation showed little change
or a decrease over growth (Fig. 23). These included a phospholipase-activating protein
(PID 448870) and a mitochondrial enoyl-CoA reductase (PID 435158). Another gene that
decreased may also be related to lipid catabolism is a plastidal ferrodoxin-dependent
NADH oxidoreductase 432385; contrast this with PID 361737 in Fig. 21.
Finally, I examined a few genes involved in other lipid pathways. Two genes
important for plastidial prenyl lipid biosynthesis, 1-deoxyxylulose-5-phosphate synthase
(PID 440786) and geranylgeranyl reductase (PID 432259), showed little change over the
growth curve (Fig. 23). Both proteins were found associated with LB+EM fractions. Two
sphingolipid-associated genes that were not found in the proteome study but taken from
the literature (Pagarete et al., 2009), serine palmitoyl transferase and dihydroceramide
desaturase, both increased during the transition of exponential to stationary phase, but

Fig. 21. Growth Curve #3 qPCR gene expression of genes related to acyl lipid synthesis showing increase in midexponential phase. Graph format is described in Fig. 14.
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Fig. 22. Growth Curve #3 qPCR gene expression of acyl lipid synthesis genes showing increase in stationary phase. Graph
format is described in Fig. 14.
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Fig. 23. Growth Curve #3 qPCR gene expression of LB acyl-lipid-related genes showing decrease in expression, or little
change over growth. Graph format is described in Fig. 14.
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Fig. 24. Growth Curve #3 qPCR gene expression of prenyl lipid synthetic (top) or sphingolipid lipid synthetic (bottom)
genes. Graph format is described in Fig. 14.
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decreased after day 8 and did not increase expression after the addition of sodium
bicarbonate (Fig. 24). These patterns suggest that neither prenyl nor sphingolipid
pathways are as likely important as acyl lipid pathways for PULCA accumulation.
Light and Dark Manipulation Experiments
In these experiments I manipulated the light and dark available to the cultures
by first allowing growth in the presence of light and then wrapping the flasks with tin foil
to remove them from the light. The first experiment was a pilot study intended to ensure
that RNA was not degraded following dark incubation. Once I determined I could acquire
RNA of sufficient quality from cultures maintained in the dark, I proceeded to a second
experiment. The second study was done in June 2012 and is reported here.
Cultures were grown to early stationary period in a standard 16:8 L:D cycle,
then split on day 7 into A and B treatments, both dosed with 10 mM bicarbonate. Flasks
A remained in the light, while B was placed in continuous darkness (Fig. 25). These
treatments were switched on day 11, and again on day 15. There were only slight changes
in cell numbers over this period (Fig. 25).
Neutral Lipid Patterns
As expected, neutral lipids increased within 24 hours of bicarbonate addition
to cultures with a normal light/dark cycle (Fig. 26, A treatment). In contrast, dark
treatments did not show any neutral lipid accumulation until they were returned to a
standard light/dark cycle on day 11 (Fig. 26, B treatment). Wallace (Wallace 2012) has
shown that cells in darkness do not take up bicarbonate, a process apparently mediated by
photosynthesis. Both treatments showed decrease in neutral lipids during the dark
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Fig. 25. L/D experiment #2 cell growth. Cultures were grown in 16:8 L:D cycle until day
7 (yellow shading), and cultures were then dosed with 10 mM bicarbonate (red arrow)
and split into L:D (A) or continuous darkness (B) treatments. Culture light regimes were
switched again on days 11 and 15 (yellow-black arrows) . Samples were collected for
mRNA on L-D transition days indicated by orange triangles.
periods, suggesting catabolism. Epifluorescence microscopy confirmed growth during
standard light/dark cycle and reduction of LBs during periods of extended dark
Gene Expression in L/D Experiments
To try to deduce any correlation between lipid accumulation and catabolism
with mRNA transcript levels, mRNA was collected on day 2, and days were I performed
L/D transitions, to investigate the impact of light regime changes on gene expression.
mRNA quality and quantity per cell was similar to the growth experiment (not shown).
As a control, I examined expression of a plastidial light-harvesting complex protein,
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Fig. 26. L/D experiment #2 Nile Red fluorescence per cell. Yellow shading indicates
normal 16:8 L:D cycle, and grey indicates continuous darkness. Red arrows at day 7
indicate where cultures were split and 10 mM bicarbonate added, and the B treatments
were moved to the dark. Superimposed are Nile Red-stained cells imaged with
fluorescence microscopy at 1/20 s exposure, showing growth and loss of LBs. Samples
were collected for mRNA on L-D transition days indicated by orange triangles.
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431505, and found it behaved as expected, with strong down-regulation during dark
periods (Fig. 27).
I then tested several acyl-lipid-related genes that had shown increased
expression levels during periods of increased lipid accumulation in the growth
experiment (Figs. 28-29). There were several striking patterns. First, none of the genes
showed up-regulation more than 10-fold, compared to the growth experiment where
many genes increased 20-100-fold. In contrast, many showed significant downregulation, but patterns differed. A few, including a long-chain acyl-CoA synthetase and
malonyl-CoA:ACP transacylase, showed significant down-regulation during dark
periods, with expression increasing back to baseline in the light periods (Fig. 28). Other
genes did not show significant or consistent patterns (Fig. 29). Some, like isocitrate lyase,
appeared to increase in most dark treatments, possibly indicating a role in providing
acetyl units from lipid catabolism for carbohydrate biosynthesis when photosynthesis was
absent, but trends were not strong.
Because this experiment had even more time points as well as treatments, I
was able to run only three primer sets on each plate. Given the relatively subtle
expression changes observed compared to the growth experiment, and effort needed
toexplore my large set of primers, I chose not to pursue this experiment, but to save RNA
for possible RNA-seq.

Fig. 27. L/D experiment #2 qPCR gene expression of plastidial light-harvesting protein, showing expected decreases
during periods of darkness in flasks A (left) and B (right). Gene expression graphs are graphed on semi-log scale for
uniformity, and shaded regions show periods of light (yellow) and dark (grey), as well as 2-fold range of expression
considered ‘baseline’. Error bars represent the range. Only positive error bars are shown for clarity. All subsequent graphs
follow this scheme.
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Fig. 28. L/D experiment #2 qPCR gene expression of LB proteome acyl-lipid-related proteins, showing decreased expression
during periods of darkness in flasks A (left) and B (right), recovering in light periods. Graph format is described in Fig. 27.
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Fig. 29. L/D experiment #2 qPCR gene expression of LB proteome acyl-lipid-related proteins, showing no consistent change of
expression during periods of darkness in flasks A (left) and B (right). Graph format is described in Fig. 27.
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CHAPTER IV
DISCUSSION
In this study I set out to correlate gene expression levels, as determined by
qPCR, of proteins associated with lipid bodies, during periods of increased lipid synthesis
and accumulation, as well as catabolism. I employed two types of experiments: a growth
curve into phosphate-limited stationary phase, followed by bicarbonate dosing to
stimulate neutral lipid synthesis (Wallace, 2012), and a combination of bicarbonate
dosing with light or dark treatment.
Both experiments resulted in expected neutral lipid and LB accumulation
during periods of excess reducing power (light) and carbon (bicarbonate) when cell
division was limited by phosphate, and the light-dark experiment also revealed neutral
lipid and LB catabolism during periods of darkness, when bicarbonate is not taken up
(Wallace, 2012). I was able to clearly delineate periods of neutral lipid anabolism and
catabolism, ideal for examining gene expression trends. However, while I was successful
in measuring gene expression changes in a large number of genes during the growth
curve experiment, the high degree of manipulation of the cultures may have complicated
the transcription of different genes making it difficult to try to elucidate expression
trends. Furthermore, the highly complex and poorly constrained genome of E. huxleyi
1516 (Read et al. 2013), and the large number of proteins found associated with LBs and
LB+EMs (Wolfe, personal communication) made it extremely laborious and difficult to
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comprehensively examine large numbers genes and their expression trends. Limitations
of time and funds were further complicated by slow degradation of frozen mRNAs.
Nonetheless, I am able to make several conclusions from my work.
qPCR quality control
Because qPCR can easily give misleading results (Bustin et al. 2009), I used
as many controls and qualification as possible. First, I started with a known number of E.
huxleyi cells for total RNA extractions and followed up with quantifying the RNA using
Ribogreen (Fig. 4). Once I showed that Ribogreen and UV absorbance gave comparable
results, I continued with using absorbance because it gave a quantifiable RNA quality
result (Fig. 5). The total RNA extractions were of high enough quality to continue with
experiments, albeit on the lower end of what is considered ideal. RNA of low quality can
adversely affect downstream results leading to non-real values and skewing possible
trends (Huggett et al. 2005). To ensure that there was no gDNA contamination, a DNase
treatment was used to remove any remaining DNA prior to reverse transcription. Any
contaminating gDNA would likely give a falsely low Ct value, again resulting in unreal
and skewed data. Reverse transcription assay is very sensitive to slight variation in
procedure that diverges from the optimal conditions. Many different factors affect the
outcome of the reaction. I optimized the conditions by using various concentrations of
starting template RNA (Fig. 7). I also ran standard PCR to confirm the conversion to
cDNA was sufficient. To minimize any variability in starting concentration of RNA, all
samples were diluted to the same concentration prior to reverse transcription. Then
uniform volumes of each could be used in each reaction, limiting variability. I used the
18S rRNA to normalize qPCR results. I gained some confidence in the assay because the
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variation in Ct values given for each primer for a given cDNA sample showed good
reproducibility (Fig. 9). This conveyed an element of robustness for the qPCR assay.
While no internal reference gene is perfect, the 18S results remained relatively
constant over time. Using 18S rRNA has been shown to be a better internal standard than
both β-actin and glyceraldehyde-3-phosphate dehydrogenase, two other commonly used
reference genes (Goidin et al. 2001). Also, to ensure that the qPCR results were real,
primers were qualified to check for comparable amplification efficiencies. Equivalent
amplification efficiencies are very important in that if they are not comparable, results
cannot be compared to one another. In so doing, I was able to determine that the primers
used fell into a close enough range of one another further adding to the confidence that
the results obtained are real and accurately depict expression changes over time within
the cultures (fig. 8, Table 11). Because the primers showed similar amplification
efficiencies, in addition to the relatively good reproducibility of assay results, it supports
the ability to compare each result to another.
Contrasts in Gene Expression Changes and Lipids
between Growth and L/D Experiments
In the growth experiment, most genes related to acyl lipid synthesis showed
increases of expression 10-100-fold when compared to exponential phase (figs. 21, 22),
although the timing of increase varied. This is in accord with what was expected. Some,
like acetyl-CoA synthetase (451133) and a long-chain acyl-CoA synthetase (225887)
showed increases before stationary phase, and again after bicarbonate addition, while
others, like malonyl-CoA:ACP transacylase (62772) and isocitrate lyase (436528)
showed increases only after bicarbonate addition. This large change in expression levels
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and preference for lipid synthesis genes is conducive with the observed proteomics data,
in that proteins associated with LBs showed higher expression levels. However, none of
these genes exhibited strong increases in expression in the L/D manipulations. Some, like
62772 (malonyl-CoA:ACP transacylase), appeared to show decreases during dark
periods, but most showed no consistent pattern.
One reason for the lack of L/D response is simply that I was only able to test a
few primers, due to the large number of sample points and complex treatments. But
another possible reason is the experimental design. I split cultures on day 7 and added
bicarbonate, but placed one treatment immediately in the light. Wallace (2012) showed
that light is required for bicarbonate uptake, so the dark treatments may have prolonged
the expression of genes associated with this pathway, and could have a necessity for light.
Furthermore, prolonged darkness may have a far broader effect on gene expression,
causing severe changes in metabolism and impacting many pathways, creating an unclear
picture of what is really occurring overall in the cell. Therefore it is possible that more of
the processes surrounding lipid synthesis also require light. This need would account for
some of the discrepancy observed between the two experiments.
Insights into Neutral
Lipid Biosynthesis
As argued above, I am confident I can reliably quantify gene expression, and
the trends observed in my experiments are real. I observed many genes likely related to
acyl lipid biosynthesis increase significantly in expression either before or after dosing
with sodium bicarbonate (Figs. 20, 21), in striking contrast to control genes or genes for
other metabolic functions. Because I surveyed proteins already found to be associated
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with LBs, this argues these genes are likely very important to neutral lipid biosynthesis,
although it is important to remember than gene expression and protein levels do not
always correlate (Gygi et al. 1999) as was the case with the genes I investigated, though
both the transcripts and the proteins were very low abundance. Gene expression levels
can likely be used as an indicator, but further analyses using other techniques are required
to confirm definitive changes or possible pathways. Additionally, the increase of some
plastidial genes but no increase in mitochondrial genes would support the hypothesis that
these neutral lipids are in someway linked to the plastid. The necessity for the presence of
light for the cells to be able to incorporate sodium bicarbonate into these long change
lipids further supports the hypothesis that the plastid holds an important role in the
synthesis of these lipid bodies.
However, despite detailed knowledge of the expression of many genes under
lipid accumulation, it is still difficult to specify specific pathways from my study.
Because I was unable to investigate all of the genes found in the proteomics study, I do
not have information on specific pathways. Furthermore, as a haptophyte, E. huxleyi has
a complex evolutionary path involving multiple rounds of endosymbiosis (Burki et al.
2012), and is therefore a fusion of different lipid pathways with originating from a variety
of organisms, and likely has lipid pathways with plastidial, mitochondrial, and cytosolic
locations (Wolfe, personal communication). Because haptophytes are poorly studied
compared to other similar groups (e.g. diatoms), it is still very difficult to determine
protein targeting, as signal peptides are not well known and assumed locations are
inferred from orthologs in similar organisms. These complexities make it very difficult to
determine specific functions to genes or assign proteins to specific definitive pathways.
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To compound this problem the E. huxleyi genome is very large, with fragments and many
gaps.
A final problem with interpreting my experiments is that although E. huxleyi
is known to be very proficient at scavenging phosphorous, recent work has shown that it
can also cannibalize its own phospholipids under P limitation, shuttling the catabolized
fatty acids into other types of lipids (O’Neil et al. 2012). This means that under P-limited
conditions such as in my experiments, polar lipids are being re-apportioned, in some
cases possibly supplying carbon for PULCA biosynthesis. Carbon flow and lipid
catabolism and anabolism are likely interconnected on various levels, involving many
pathways.
Future Work
While I was able to utilize qPCR to investigate gene expression of some of the
genes identified in the proteomics screen, I was not able to thoroughly investigate all
proteins of interest because of time and funding limits. Additionally, my total RNA
samples became degraded so it was impossible to continue investigating. However, what
I attempted to do was study a larger amount of genes than are commonly investigated.
Most studies have focused on only a few genes, at most a dozen. In my work, I
investigated more than three dozen genes. Because of the many time points in my
experiments, and the need to run necessary controls, only 5 genes could be screened in
each 96-well reaction run. This makes qPCR very laborious and expensive.
One way to increase genome coverage is by using microarrays. Microarrays
employ hundreds or thousands of probes attached to a solid surface, which can detect
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specific genes in cDNA when processed and read (Katagiri and Glazebrook 2009).
Microarrays are expensive to fabricate, but have been widely used for model organisms
such as Arabidopsis and yeast. Rokitta et al. (2012) used a custom-built microarray for
the E. huxleyi CCMP1516 genome to study genome-wide transcription changes during
acidification. While microarrays can detect many more genes than qPCR, they typically
have lower resolution, and like qPCR, require information a priori to design hybridization
probes. With the rapid decrease in sequencing costs from next-generation massively
parallel sequencing, microarrays are rapidly being replaced by whole-genome
transcriptomics (RNA-seq), essentially shotgun sequencing of cDNA generated from an
organism’s total mRNA (Nowrousian 2010). Like qPCR, RNA-seq has a large dynamic
range and high sensitivity, and the two methods correlate better than with microarrays, so
qPCR is best used as a check on RNA-seq results. However, it does not require specific
primers or probes, only a genome against which cDNA reads can be matched.
RNA-seq has become the method of choice to investigate large numbers of
genes for differential expression between conditions (Fang and Cui 2011), and already
has been used to investigate transcriptomic responses to environmental changes in a
variety of algal species, including Chlamydomonas (Brueggeman et al. 2012; Fang et al.
2012; Gonzalez-Ballester et al. 2010; Miller et al. 2010), Nannochloropsis oceanica
(Dong et al. 2013), and Thalassiosira pseudonana (Dyhrman et al. 2012; Shrestha et al.
2012; Thamatrakoln et al. 2012). It is rapidly being applied to studies of algal biofuels
(Guarnieri et al. 2011; Liang et al. 2012; Rismani-Yazdi et al. 2012; Valenzuela et al.
2012; Wan et al. 2012). For future work, I think it would be interesting to utilize
transcriptomics to examine to the global mRNA expression levels of cultures under
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nutrient stress or darkness. This would give a better idea of what is happening to the cell
as a whole. By understanding all of what is occurring, not just within one aspect of
metabolism, we could reach a stronger conclusion on what other factors influence lipid
body synthesis and accumulation. Using an RNA-seq approach to understand
hydrocarbon biosynthesis across a number of model organisms, including E. huxleyi, is
currently underway at Iowa State University. The data in this thesis helped refine
experiments (e.g. growth #4) to maximize the return on the investment in this stillexpensive technology.
Another interesting aspect for further exploration would be to utilize inhibitors
to block specific pathways to investigate altered gene expression. This could be done
using similar techniques as described previously (Wallace 2012; Yamamoto et al. 2000)
and could yield interesting results illuminating other aspects of control of gene expression
of proteins associated with lipid bodies. Because inhibitors block protein expression, the
only changes observed in gene expression would be genes affiliated with the pathways of
the blocked proteins, for example, if they were a part of a signal cascade. If one protein is
blocked, there could be an increase in expression of genes for proteins upstream in the
cascade and a decrease in expression of genes for proteins downstream in a cascade. This
could help elucidate genes that are intrinsically connected to one another for lipid
expression and help determine the still unknown pathways for PULCA synthesis.
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APPENDIX

QPCR PRIMERS
Table A1: Primers designed in this study. All primers were designed using Primer3
program except those denoted with PQ, which were designed using Primer Quest.
Code
221637-F
221637-R
62772-F
62772-R
449545-F
449545-R
449545-F (PQ)
449545-R (PQ)
438676-F
438676-R
444048-F
444048-R
455280-F
455280-R
211836-F
211836-R
434807-F
434807-R
434807-F (PQ)
434807-R (PQ)
225887-F
225887-R
225887-F (PQ)
225887-R (PQ)
459357-F
459357-R
459357-F (PQ)
459357-R (PQ)
447572-F
447572-R
447572-F (PQ)
447572-R (PQ)

Sequence (5'3')
TGGAGACTGCTGATGGACAC
CCTTGCGGTAGACAAAGAGC
GGTTCTCGGCTACGACCTG
GCCACCTTGACCTTCTTGAG
TTCATCCCGCACAAGGTT
TTAGCCCAGTCGGAGAGC
CGCGTCCAAGTTCATCATGTCGAT
TAGTTGTTGAAGTTTGCGCCAGCC
CAACCCACCACTTCTCTGTG
TCGCTCTCCACTCTTGCTCT
ATCAACTCGGCTGCAAAGAT
CGTTCTCGAGGAAGACAACC
GACTTCCACGGCGAGTACAT
TGACGTACGAGAGCGTGAAC
ATCATCGACCTGGATGTGCT
GAGCGTGACTGGTCCTCCTA
CCTCTCCCTCAAAGACATCG
CCCTTTGTGTTGAGCTTGGT
AGACATCGACGTCATCGAGTTCCA
GCCCTTTGTGTTGAGCTTGGTCAT
CTCCAAGCTGCTCAAGATCC
GACGGTCTGCACAAACTTCA
GGCAACGTGGAGCTGATGAAGTTT
TGCCGATCTCCTTGTTGTCCTTGT
GGTGGTCATCTACGCAGACA
GGATCTTGAGCAGCTTGGAG
GGCAACGTGGAGCTGATGAAGTTT
TGCCGATCTCCTTGTTGTCCTTGT
GGAGGACGAGAACGACTACG
CGAGAAGACCTCCGACTTTG
ATGTGCAACGACTTCCCGATGAAC
TTGTACATATACCACGCCTTTGGCCG
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Product (bp)
83
134
173
199
152
178
181
191
161
150
246
168
168
190
148
88

86
Code
434881-F
434881-R
434881-F (PQ)
434881-R (PQ)
459357-F
459357-R
225887-F
225887-R
221637-F
221637-R
102767-F
102767-R
213735-F
213735-R
417078-F
417078-R
451133-F
451133-R

432606-F
432606-R
361737-F
361737-R
55010-F
55010-R
432385-F
432385-R
434018-F
434018-R
436550-F
436550-R
440113-F
440113-R
462645-F
462645-R
448870-F
448870-R
368415-F
368415-R
432393-F
432393-R
450657-F

Sequence (5'3')
CATCAACACCAACCTGAACG
CTTGGCCATCGTCATAGTCA
TTCTCCTGAAGGGATCAACACGCT
AAAGACGCCGTTCAGGTTGGTGTT
ACGTCGTTGGGACGATCTAC
GGATCTTGAGCAGCTTGGAG
GTACGTCGTTGGGACGATCT
AGGATCTTGAGCAGCTTGGA
GCTCCCCTTCCTTCGATACT
TGTCCATCAGCAGTCTCCAC
GAGAGGATGGTGGTGCTGAG
GAGCTGTTCGAGGGTGAGAC
GTGCTGTCTCTCGACGTGAA
CGCGAGGGTAAAACTCAATC
GACCTGACTGACACGGACCT
ACACGTCGTCGTACTGCTTG
GACGTGATCAACGTGTCTGG
CTCGTTGAGCGTGACGTAGA
GACCTGGTCAACACGACGTA
GCTCGGAGGTCTGCTCTATG
CTGCTGTACGACGACGAGTG
GAGTACTCCGCGACCTTGTC
GGTCGTGACGGTCTCATCTT
ACTTAGCCCGCCCATAGTTC
CGGACGAGATCTTCTCCAAG
TTTTTCCACTCGCTGAGCTT
CTCTTCCAGGGCAAGGTG
GCCTCGTACTTGGAGAGCAC
GAACATCGACACCGACACAC
TTCTTGTTGGGCTTGGTCTC
TCGTGCAACATCTTCTCGAC
AGTACTCCTCCAGCGTCTCG
AGACCTGCACCAAGGACAAC
AAGGAGTCGAAGCCGATCTT
CGTGTGTGGAAAGTCGACAG
GATGATGTGCTTGTCGTTGG
GCGAGTACTACCACGCCAAG
AGATCTCGACGGCATAGTCG
GCCTCGACAACTTCTTCACC
TGTAGATCTGGTCGCACTCG
CGTCTCGGACAAGGAGTTTC

Product (bp)
183
165
123
126
113
135
103
133
150
118
137
113
148
119
123
102
103
147
114
123
128

87
Code

450657-R
437959-F
437959-R
417537-F
417537-R
432864-F
432864-R
107385-F
107385-R
432636-F
432636-R
439471-F
439471-R
440786-F
440786-R
432259-F
432259-R
436528-F
436528-R

433474-F
433474-R
107385-F
107385-R
425813-F
425813-R
360139-F
360139-R

444895-F
444895-R
461962-F
461962-R
462385-F
462385-R
435158-F
435158-R

Sequence (5'3')
ACATCAGCATCTGCATCGAG
GGCCAGGAGATGTCCTACAA
GTGGAGCCACGAGTAGAGGA
CTGACCTGAAGGGCAAGAAG
GCCCTTCTCGACGAGGTACT
GTGATCAACGAGAAGCACGA
GGGATGACGAAGACCATCAT
CTGACCTGAAGGGCAAGAAG
GCCCTTCTCGACGAGGTACT
TGACCGAGCAAATGATCAAG
ACTTGCGGAGCGACTCATAC
TGGCAAGAAAATCGTCAGTG
GGGAAAAAGGAGGTCAAGGA
AAGCGGTCAGAGTCGGAGTA
GAAGTTCGTTCCTGGTCGAG
AAGATCCCCGACGAGAAGAT
GTGGTCGTACTTGGGGAAGA
TGAGTGAGCAGCAGATGGAG
ACGAACTTGTGCGTCATCAG
GATACCAAGGGTCCCGAGAT
AGGAGTAGTCGGTCGTCAGC
CTGACCTGAAGGGCAAGAAG
GCCCTTCTCGACGAGGTACT
GTACTTCTCGGGGAGCATCA
TGAGGGATCCAAAACTCGTC
TCTTGATCACCCCTCTCGAC
GCGCTCTGATAGAGGACGAC
TGGACTACATGGCTGTCTCG
GCTTCTCGATCTTTGGGATG
ACAAGGCGGATGTCATGTTT
TCGTCGTTGTACTTGGTGGA
TACCCTCTCGACGCTGTCTT
GTGGACCAGGATGTCGATCT
GCCAATACGGAAACATCGAG
GTCGACGTACAGCACCTCCT

Product (bp)
105
128
125
129
114
125
114
112
107
118
106
109
120
117
130
127
105

