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ABSTRACT
The eukaryotic alga, Chlamydomonas reinhardtii, acclimates to limiting CO2
conditions by the induction of the CO2-concentrating mechanism (CCM) – a complex
system of changes in its metabolism, gene expression patterns, and physiology – to
compensate for the reduction in the amount of available CO2 and counter the hindrance to
its ability to photosynthesize and grow. LCIB, a gene upregulated in such conditions,
encodes a protein potentially involved in uptake of CO 2 into the cell and in preventing the
leakage of CO2 out of the cell. This protein is indispensable for growth in air-level CO2
(~350-400 ppm), since mutants in this gene are unable to grow (hence they are called air
dier mutants). Several mutants that have second-site alterations that restore growth in airlevel CO2 (i.e., suppress the air dier phenotype) have been isolated. Identifying the genes
that are mutated in these suppressors and the functions of the encoded proteins will help
us better discern the role of LCIB and comprehend the workings of the entire mechanism.
To identify the locus of the mutated gene in one suppressor mutant, crosses were
performed between the mutant strain and a non-mutant, polymorphic wild-type strain,
and a large population of recombinant progeny that segregated against the mutation of
interest was amassed. Using a strain that has unique single nucleotide polymorphisms
(SNPs) as the non-mutant parent allowed us to seek a particular characteristic (the
polymorphisms) in the region of interest in the genome of the progeny. With a sequenced
genome, a library of SNPs in the polymorphic strain, and a pool of the genomic DNA
from the entire population, we mapped the mutation to a specific region of the genome
and narrowed potential candidates down to a small number of genes. By cosegregation
analysis, we were able to confirm one of the candidates, LCI15, as the implicated gene.
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Preliminary functional analyses with semi-quantitative RT-PCR and Western
immunoblots reveal the LCI15 protein as possibly playing an overarching role in
regulation in the CCM and offer terms for discussing potential methods by which the lack
of LCI15 might potentially mask the deleterious effects of the absence of LCIB.
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CHAPTER 1.

GENERAL INTRODUCTION AND LITERATURE REVIEW
Chlamydomonas reinhardtii

The Chlamydomonas genus comprises unicellular green algae and includes at
least 500 different species, of which Chlamydomonas reinhardtii is one of the most
commonly used in the laboratory as a research tool for studying fundamental cellular
processes. Algae can be found on damp soil, in seawater and fresh water, on ocean beds,
and even in the snow.
The average C. reinhardtii cell has an ovate or ellipsoid shape, and the cell size
varies with growth stage and strain (Figure 1). Estimates of diameter and volume of wildtype cells are about 10 m and 75–150 m3, respectively (Chioccioli et al., 2014; Umen
and Goodenough, 2001b). The cytoplasm of the cell is largely occupied by a cup-shaped
chloroplast, with the nucleus housed within the “cupped” area of the cytoplasm. Within
the chloroplast, there is at least one pyrenoid, a membrane-less microcompartment that
houses 40% to 90% of Rubisco (ribulose-1,5-bisphosphate carboxylase/oxygenase, the
enzyme that catalyzes the first major step of the Calvin cycle in photosynthesis) in the
cell, depending on cellular and environmental conditions (Borkhsenious et al., 1998;
Mitchell et al., 2014).
Like other algae in this genus, C. reinhardtii has two flagella that facilitate cell
motility, and flagellar proteins have certain sensory functions. These threadlike
appendages extend from the anterior side of the cell, with the axoneme comprising
microtubules arranged in a 9+2 outer+central doublet configuration (Harris, 2009a). An
organelle known as the eyespot detects light direction and initiates phototactic behavioral
responses. It comprises rows of carotenoid-filled granules in the chloroplast (with each
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row buttressed by a thylakoid membrane) and channelrhodopsins in the plasma
membrane (Engel et al., 2015; Thompson et al., 2017; Ueki et al., 2016).

Figure 1. Ultrastructure of a Chlamydomonas reinhardtii cell (reprinted from Engel et al.,
2015). The cup-shaped chloroplast, shown here in color, occupies a large portion of the
cytoplasm, and the nucleus (labeled “4”) is housed within the “cupped” area. Other
structures labeled here that are within (or part of) the chloroplast are the eyespot (3), a
plastoglobule (5), thylakoids (6), the chloroplast envelope (7), a starch granule (8), the
pyrenoid (9), and the chloroplast stroma (10). Cylindrical pyrenoid tubules continuous
with granal thylakoids extend into the pyrenoid, penetrating the surrounding starch
sheath. Also labeled are one of the two flagella (1), the cell wall (2), and the plasma
membrane (11).
Image source: Figure 1A, Engel et al. (2015), eLife, licensed under CC BY 4.0
(http://creativecommons.org/licenses/by/4.0).

As was first proposed by Foster and Smyth (1980), and was later borne out
experimentally (Kreimer and Melkonian, 1990; Matsunaga et al., 2003; Ueki et al.,
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2016), the carotenoids reflect and amplify the light striking it from the cell’s outside onto
the photoreceptor channelrhodopsin proteins, which can also capture photons when they
initially strike the cell surface directly exterior to the eyespot. The carotenoid layers also
absorb light striking them from their rear side (or the interior of the cell), thus shielding
the photoreceptors from light coming through the cell body. This organelle also contains
proteins that are purported to play a role in a number of cellular functions, including
synthesis, transport, and degradation of other proteins in the cell (Schmidt et al., 2006).
Understanding flagellar motility, the proteins regulating it, and the co-ordination between
the eyespot and flagella to achieve cellular phototaxis are areas of keen interest to
researchers.
Cells also have a cell wall – a multilayered framework of glycoproteins – that
offers structural fortification for the cell and controls movement of large molecules to or
from the interior of the cell. Notably, in contrast to those in higher plants, C. reinhardtii
cell walls do not contain cellulose. A number of cell wall-deficient mutants that have
been isolated are used in transformation and mating experiments (Harris, 2009b, 2009d;
Imam et al., 1985). Apart from the ones discussed here, other plant cell organelles,
including mitochondria, vacuoles, Golgi bodies, and endoplasmic reticuli, are seen in a
typical cell.
C. reinhardtii is a photosynthetic autotroph but is also a facultative heterotroph,
capable of growth in the dark when supplied with an alternate, organic carbon source
such as acetate. This is particularly useful because mutants in the photosynthetic process
can survive on the external carbon source and thus be studied. Cultures can be grown
fairly easily in liquid or on solid (agar) media, with doubling time averaging about 7-8
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hours. Reproduction occurs both asexually and sexually. During the haploid vegetative
phase, cells reproduce asexually by mitosis, producing haploid daughter cells. When
starved of nitrogen, vegetative cells undergo gametogenesis, differentiating into mating
type plus or minus cells (C. reinhardtii is heterothallic, so the mating type of a strain is
either plus or minus, i.e. mating type does not get arbitrarily assigned in each cell). The
genotype is dictated by a single gene and follows Mendelian inheritance patterns. During
mating, two isogametes of opposite mating types fuse to form a diploid zygote, which
matures to a zygospore with a thick, protective wall. This remains dormant until the
environment is favorable for germination following which it undergoes meiosis. The four
haploid daughter cells (zoospores), two of each mating type, enter the vegetative phase.
The tetrad of zoospores can be separated by careful dissection, a technique that comes in
handy for genetic analyses of crosses. The tough fibrous wall of the zygospore renders it
extremely robust, allowing it to endure harsh, unfavorable conditions. About 1-5% of
zygotes undergo mitosis instead of germination and meiosis, resulting in vegetative
diploids (Harris, 2009b, 2009d) that can be useful for studying recessive lethal mutations.
The C. reinhardtii nuclear genome, approximately 120 Mbp in 17 chromosomes,
has been sequenced (Grossman et al., 2003; Merchant et al., 2007) and is published
online (the U.S. Department of Energy–JGI Chlamydomonas sequencing project at
www.phytozome.net/chlamy). The genome is largely GC-rich (64%) and comprises
about 19,526 protein-coding transcripts. The available predicted transcriptome and
proteome sequences are invaluable especially in efforts to understand possible gene
function through forward and reverse genetic techniques. Sequences of the 203 kbp
chloroplast and the 15.8 kbp mitochondrial genomes have also been determined, the latter
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being the first in a photosynthetic organism to be fully sequenced (Buchanan et al., 2015;
Gray and Boer, 1988; Maul et al., 2002; Michaelis et al., 1990; Vahrenholz et al., 1993).
While transformation of all its three genomes has been performed successfully, C.
reinhardtii is particularly amenable to nuclear and chloroplast transformation, making it
an ideal organism for studying not just nuclear genes and their encoded proteins but also
chloroplast biogenesis and function. In meiotic progeny, chloroplast genes are transmitted
maternally and mitochondrial genes paternally, making this species an ideal model for
studying how uniparental organelle inheritance is achieved and how related processes,
such as selective destruction or protection of chloroplast/mitochondrial DNA, are
regulated (Harris, 2009c; Umen and Goodenough, 2001a).

Photosynthesis and Rubisco
Photoautotrophic organisms have the unique ability to carry out photosynthesis –
a process in which light energy; inorganic carbon compounds such as atmospheric CO 2;
and water are utilized to produce carbohydrates, which can be used as structural
components of the organism and as raw material for the production of energy in the form
of ATP. Carbohydrates produced by photosynthesis are also a crucial sink for CO 2 in the
Earth’s atmosphere. These organisms are considered producers in the ecological food
chain, since, through photosynthesis, they generate material that can become food used
by consumers higher up in the chain.
Photosynthesis comprises a series of complex reactions which take place in
largely two phases that can occur concurrently: light-dependent reactions and carbon
cycle reactions. The light-dependent reactions, which take place in thylakoid membranes
in chloroplasts, involve the conversion of light energy into chemical bond energy in the
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form of ATP and NADPH, and the oxidation of water and production of O2 as a
byproduct. The carbon reactions (also known as the carbon reduction cycle, the CalvinBenson-Bassham (CBC) cycle, or simply the Calvin cycle) occur in the chloroplast
stroma, are light-independent, and synthesize carbohydrates from CO2, using the ATP
and NADPH produced in the light reactions as sources of energy.
Ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco), considered the most
abundant protein on Earth (Ellis, 1979; Raven, 2013), is arguably also one of the most
important, as it plays a major role in photosynthesis, and thus, in the sustenance of life on
the planet. This enzyme is responsible for fixing CO2 in the first step of the Calvin cycle,
and has a fairly slow catalytic turnover rate of ~2–5 CO2 molecules fixed per second
(Bracher et al., 2017). The fact that Rubisco exists in such copious amounts is explained
not only by how vital it is to the existence of life but also perhaps by its inefficiency in
catalyzing the carboxylation of ribulose-1,5-bisphosphate (RuBP) – the aforementioned
CO2-fixing, first step of the Calvin cycle – and by its participation in a competing
oxygenation reaction as part of the photorespiratory pathway. Photorespiration is
ostensibly a wasteful process as it uses energy that could be used in photosynthesis
instead, and it also results in the loss of fixed carbon (although some of the carbon that
enters the process does get recycled to be used in the Calvin cycle). Having first evolved
during a time period when the Earth’s atmosphere was essentially free of O2 and when
the ratio of CO2 and O2 was far greater than modern-day levels (current proportions are
roughly 21% O2 and 0.04% CO2), Rubisco did not at first recognize O2 as a substrate and
catalyzed only CO2. However, with the increase in atmospheric O2 levels and the
simultaneous decrease in CO2 levels over time – due in large part to the advent of
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oxygenic photosynthesis (a process that began in cyanobacteria) and the concomitant
consumption of CO2 and release of O2 – the enzyme did not evolve to adequately
distinguish between the two gases (Whitney et al., 2011). Thus, in present day, it displays
an affinity for the more-abundant O2, favoring the oxidation of RuBP and the
photorespiratory pathway.
Subsequent to the carboxylation of the 5-carbon RuBP molecule, the Calvin cycle
yields two 3-carbon molecules of 3-phosphoglycerate (3-PGA). The 3-PGA is converted
to glyceraldehyde-3-phosphate (G3P or GAP) after successive phosphorylation and
reduction reactions, utilizing the energy in one ATP and one reductant NADPH. For
every six G3P molecules generated, only one is used in the synthesis of sugars, amino
acids, and fatty acids, while the remaining five are regenerated into RuBP. The result of
the Calvin cycle is a net gain of six fixed carbon atoms with the usage of nine ATP and
six NADPH molecules.
On the other hand, oxidation of RuBP immediately results in the formation of one
molecule each of the 3-carbon 3-PGA and the 2-carbon 2-phosphoglycolate (2-PG). The
latter inhibits carboxylase activity when present in large quantities (Falkowski and
Raven, 2013) and is toxic to chloroplasts (Zelitch et al., 2009). The 3-PGA molecule gets
recycled to be used in the Calvin cycle, while, after a series of reactions, two 2-PG
molecules are converted to one 3-PGA molecule (which can then enter the Calvin cycle)
and one CO2 molecule. During this process, CO2 is released, and there is a net loss of
three fixed carbon atoms. While in plants the photorespiratory pathway spans the
chloroplast stroma, the peroxisome, and the mitochondria, in C. reinhardtii, it occurs
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only in the stroma and mitochondria, with the peroxisomal reactions relocated to the
latter organelle.

The CO2 Concentrating Mechanism
To mitigate the effects of Rubisco’s inefficient carboxylation activity and its
incapacity to discriminate between CO2 and O2, some land plants have developed the
well-studied C4 carbon metabolism and the Crassulacean acid metabolism (CAM). In
aquatic photosynthetic organisms, another complicating factor to consider is that CO 2
diffuses about 10,000 times slower in water than it does in air (and HCO3− ions diffuse
even more slowly), thus decelerating overall movement and fixation of CO2 (Evans and
Von Caemmerer, 1996; Ricklefs and Miller, 2000). Examples of these organisms are
cyanobacteria and the green alga Chlamydomonas reinhardtii (hereafter
“Chlamydomonas”), which have to obtain their inorganic carbon (Ci) (in either the form
of CO2, HCO3−, or the less common CO32–) dissolved in their surroundings. They have
developed CO2-concentrating mechanisms (CCMs) which introduce a collection of
changes in their gene expression, cellular structures, and physiology.

CCM Acclimation States
Vance and Spalding (2005) established that there are three separate ambient CO2
levels based on how Chlamydomonas acclimates to them: high CO2 (HCO2; 1–5% CO2),
low CO2 (LCO2; 0.03–0.4% CO2 or 300–4000 ppm CO2), and very low CO2 (VLCO2;
<0.02% CO2 or <200 ppm CO2). Cells acclimated to LCO2 and VLCO2 conditions
(together referred to as ‘limiting CO2’ conditions) employ certain measures for active Ci
uptake, which leads to increased Ci accumulation relative to that seen in cells grown in
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HCO2 conditions. An increase in Ci accumulation subsequently gives rise to increased
photosynthetic affinity and decreased K1/2 for CO2 (Duanmu et al., 2009a; Moroney and
Tolbert, 1985; Spalding et al., 1983a, 1983b, 1983c).
At the molecular level, different elements that compensate for the limiting CO2
conditions have been found to exist in LCO2 and VLCO2 (Wang and Spalding, 2014a).
Compared to LCO2 cells, those from VLCO2 cultures have a higher affinity for CO2 (thus
a lower K1/2) and a lower Vmax. They also have a longer cell-doubling time, smaller
average cell size, and lower chlorophyll content than what is observed in LCO2-grown
cells (Vance and Spalding, 2005). Various studies of gene expression at the transcript
level (Brueggeman et al., 2012; Fang et al., 2012; Im et al., 2003; Miura et al., 2004;
Yamano and Fukuzawa, 2009; Yamano et al., 2008) have revealed upregulation or
induction of genes associated with the CCM, and have been invaluable in genetic,
molecular, and physiological experiments for understanding protein function in various
acclimation states. The relationship between CCM proteins and the form of Ci they might
have an affinity towards can also be studied by varying the ambient pH, which partially
dictates the ratio of CO2 and HCO3− available to the cells.
There are three main essential components in the algal CCM: the pyrenoid, an
area inside the chloroplast where Rubisco is highly concentrated (so that large amounts of
CO2 can be delivered here and be fixed by the enzyme); transporters that ferry Ci into the
cell and increase its overall intracellular concentration; and carbonic anhydrases that
facilitate conversion between different forms of inorganic carbon (Ci; CO2, HCO3–,
CO32–) in various locations in the cell.
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The Pyrenoid
The sequestration of Rubisco within a cellular region where CO2 can be made
readily available to the enzyme forces the carboxylase activity of Rubisco to take
precedence over the oxygenase activity and improves the rate at which carboxylation
occurs (Mann, 1999). In prokaryotes such as cyanobacteria, these regions – called
carboxysomes – contain Rubisco and a carbonic anhydrase that facilitates rapid
conversion of HCO3− to CO2. The physical structure of carboxysomes is defined by
semipermeable protein shells that, along with the pH levels inside and outside, allow for
the inward diffusion of HCO3− but limit the outward movement of the CO2 that is formed
within (Badger and Price, 2003; Bracher et al., 2017; Espie and Kimber, 2011; Giordano
et al., 2005; Kerfeld et al., 2010).
In eukaryotic algae that employ CCMs, these regions are called pyrenoids and are
located within the chloroplast stroma. They are not bound by a membrane and comprise a
matrix of tubules that are continuous with thylakoid tubules, as seen in Figure 1 (Engel et
al., 2015; Markelova et al., 2009; Rochaix, 2017). In high CO2 environments, only about
half the Rubisco that exists in the cell is located in the pyrenoid, but in limiting CO 2
conditions, as much as 90% of the enzyme is found in it (Borkhsenious et al., 1998;
Mitchell et al., 2014).
While pyrenoids themselves are essential for successful establishment of the
CCM (Fukuzawa et al., 2001; Genkov et al., 2010; Ma et al., 2011; Mitchell et al., 2017),
proper formation of these microcompartments has been found to be dependent on some
other proteins. CIA6 is one such protein, as is observed in CIA6 mutants which form
smaller pyrenoids to which Rubisco does not localize and which exhibit impaired growth
in LCO2 (Ma et al., 2011). Both the large and small subunits of Rubisco are also critical
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to pyrenoid establishment, and the small subunits appear to be important for directing
Rubisco to the pyrenoid (Genkov et al., 2010; Meyer et al., 2012; Rawat et al., 1996).
Mackinder et al. (2016) recently discovered EPYC1 – a protein present in the pyrenoid in
amounts almost equal to those of Rubisco – binds the enzyme to form the pyrenoid
matrix and is important in various aspects of pyrenoid formation and structure.

Ci Transporters
To accumulate Ci in the cell and ultimately in the pyrenoid, Ci transporter
systems that facilitate active transport across the plasma membrane and the chloroplast
envelope are essential.

Putative Ci transporters in the plasma membrane
In the plasma membrane, two proteins have been recognized as being candidate
transporters: HLA3 (Im and Grossman, 2002; Miura et al., 2004; Yamano et al., 2015)
and LCI1 (Burow et al., 1996; Ohnishi et al., 2010). HLA3, an ABC (ATP-binding
cassette)-type transporter, is regulated by CIA5 (a protein identified as the master
regulator of CCM gene expression in low CO2 conditions (Fukuzawa et al., 2001; Miura
et al., 2004; Xiang et al., 2001)) and is expressed in high light and low CO2 (but not
under high light and high CO2). Duanmu et al. (2009a) showed that when HLA3 is
knocked down in wild-type cells using RNAi, there is a decrease in Ci uptake at high pH,
which was later confirmed by Yamano et al. (2015) with HLA3 insertional mutants.
Since HCO3– is the favored form of Ci at alkaline pH, it is likely that HLA3 is involved in
transporting HCO3–.
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LCI1 is also proposed to be controlled by CIA5 and LCR1, a Myb-DNA binding
transcription factor (Yoshioka et al., 2004). In LCO2 conditions, an increase in
photosynthetic Ci affinity and uptake was observed in an LCR1 mutant overexpressing
LCI1 when compared to an LCR1 mutant that has very low expression of LCI1 (Ohnishi
et al., 2010). Transgenic LCI1 expression in HCO2 conditions led to increased Ci
accumulation. It appears that LCI1 might be associated with Ci uptake, however, whether
LCI1 transports/accumulates CO2 or HCO3− has not been clearly elucidated.
Interestingly, Mackinder et al. (2017) discovered that HLA3 and LCI1 interact
with each other and form a complex with a P-type ATPase in the plasma membrane.
They theorize that the ATPase might be facilitating the maintenance of an H+ gradient
that in turn helps HLA3 and/or LCI1 mediate HCO3− uptake. The association of ATPase
and LCI1 with the plasma membrane is consistent with previous results (Norling et al.,
1996; Ohnishi et al., 2010; Yamano et al., 2015).

Putative Ci transporters in the chloroplast envelope
Another barrier for the entry of Ci into the cell is the chloroplast envelope, which
houses at least one confirmed protein, LCIA (CCP1 and CCP2, earlier believed to be
chloroplast envelope proteins (Mason et al., 1990; Ramazanov et al., 1993), were
recently localized to the mitochondria by Atkinson et al. (2016)). LCIA, part of the
nitrate assimilation-related (NAR) protein family (but regulated by CO2 and not nitrogen
(Miura et al., 2004)), is reported to be a HCO3− transporter. While RNAi-knockdown of
HLA3 alone resulted in some decrease in Ci affinity, co-knockdown of HLA3 and LCIA
led to more substantial negative effects on Ci accumulation, photosynthetic Ci affinity,
and overall growth rate in high pH, HCO3−-rich conditions in VLCO2 (Duanmu et al.,
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2009a). Gao et al. (2015) observed that overexpression of HLA3 and LCIA resulted in an
increase in photosynthetic O2 evolution rate in the VLCO2 range of Ci but not at higher
Ci levels, supporting earlier observations. HLA3, LCIA, and HLA3-LCIA single and
double mutants, and lines overexpressing these genes, also showed that HLA3 and LCIA
work in tandem in HCO3− uptake in the cell (Yamano et al., 2015).

Ci accumulation in the chloroplast stroma
LCIB, a plastid protein, forms a hetero-hexameric complex with LCIC (Wang and
Spalding, 2014b; Yamano et al., 2010), a protein from the LCIB family. This family
comprises four homologous proteins: LCIB, LCIC, LCID, and LCIE. LCIB and LCIC
have been shown to have the highest expression levels in limiting CO2 conditions, while
LCIE has far lower expression than LCID. LCIC mutants do not reveal a distinct growth
phenotype, and accumulate a homohexameric LCIB complex, suggesting that LCIC is
not essential for LCIB function or complex formation (Wang and Spalding, unpublished
observations). However, it was observed that in VLCO2-acclimated LCIC mutant cells,
the LCIB/LCIC complex failed to migrate to the peri-pyrenoid region, in contrast with
what is observed in wild-type cells, suggesting that LCIC might play a role in localization
of the complex rather than directly in its function.
LCIB is postulated to play an important role in the uptake of CO 2 and in
preventing its leakage from the chloroplast in limiting CO 2 conditions. It has been
localized to the periphery of the pyrenoid in VLCO 2 but stays dispersed throughout the
chloroplast in HCO2 or LCO2 (Duanmu et al., 2009b; Wang and Spalding, 2014a,
2014b). LCIB mutants (Spalding et al., 1983c; Wang and Spalding, 2006) experience
significant loss of accumulated CO2 that is unused by Rubisco (which is located in the
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pyrenoid) because CO2 can easily diffuse out of the cell. While these mutant cell lines are
unable to survive in “air level” CO2 (about 300–450 ppm, a sub-range of LCO2) – and are
hence called “air diers” – they exhibit near-wild type level growth and photosynthesis in
VLCO2. This provided evidence that LCIB played a critical role in LCO 2. Wang and
Spalding (2014a) found that LCIB plays a role not only in LCO2 but in VLCO2 as well.
In LCO2, it is surmised that LCIB stops the outflow of CO2 – either the CO2 that
is generated in the pyrenoid via dehydration of HCO3− by the pyrenoid-localized carbonic
anhydrase CAH3, or that which enters the cell from the outside – from the cell, thus
contributing to the accumulation of stromal Ci in the form of HCO 3−, which can then be
fed (or fed back) to CAH3 for dehydration, and subsequent delivery to Rubisco in the
pyrenoid (Duanmu et al., 2009b; Wang and Spalding, 2014b). It has been proposed that
LCIB might function as a unidirectional CA, catalyzing the hydration of CO 2 to HCO3−
(Duanmu et al., 2009b) in the chloroplast stroma, and this was supported by recent work
by Jin et al. (2016) which revealed that some structural features of LCIB were similar to
those of -CAs. HCO3− uptake involving HLA3 and LCIA is inhibited in this CO2 level
(Wang and Spalding, 2014a; Yamano et al., 2015).
In VLCO2, LCIB works in concert with the HCO3− uptake system (involving
HLA3 and LCIA), which is more active than the LCIB-associated CO2 uptake system for
Ci accumulation in this CO2 level. LCIB still likely captures CO2 already inside the cell
and prevents its leakage to the outside, similar to its function in LCO2. The
complementary functions of these two pathways in VLCO 2 is supported by RNAiknockdown of HLA3 in LCIB mutants resulting in hampered growth (Duanmu et al.,
2009a).
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Other proteins
CCP1 and CCP2 (chloroplast carrier proteins 1 and 2) have shown 95.7% identity
in their polypeptide sequences and have six predicted transmembrane domains, which,
along with some chloroplast and envelope membrane preparations, earlier implied that
these two proteins are located in the chloroplast envelope (Chen et al., 1997; Geraghty et
al., 1990; Mason et al., 1990; Ramazanov et al., 1993; Spalding and Jeffrey, 1989).
However, they were recently located in the mitochondria by Atkinson et al. (2016). They
are also among the most highly expressed proteins under limiting CO2 conditions, and
although RNAi-mediated knockdown of CCP1/2 resulted in defective growth in VLCO2,
it did not have much of an effect on photosynthetic activity (Pollock et al., 2004). These
data suggest that mitochondria and mitochondrial membrane transport are important for
growth-related, rather than photosynthetic, activity in the CCM (Atkinson et al., 2016). It
has been speculated that there is another system or set of genes that masks any
deleterious effects of CCP1/2 mutations, as the lack of a considerable effect in VLCO2
suggests (Pollock et al., 2004).

Carbonic Anhydrases
CO2 is the only Ci form that Rubisco can use as a substrate, so when the cells
obtain HCO3− from the surroundings, it has to be dehydrated before it can serve as
substrate for Rubisco. Carbonic anhydrases (CAs or CAHs) are enzymes that facilitate
the conversion of HCO3− and H+ ions to CO2 and water (and vice-versa).
CAH1, a CA in the periplasm, may be involved in maintaining a supply of HCO3−
or CO2 for the respective transporters to ferry into the cell. It is induced in limiting CO 2
conditions in the presence of light, while CAH2, likely a CAH1 isozyme with 91.8%
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identity between their amino acid sequences, is induced when exposed to HCO 2
conditions and light (Coleman and Grossman, 1984; Fujiwara et al., 1990; Fukuzawa et
al., 1990a; Fukuzawa et al., 1990b). CAH1 mutants do not have any significant growth
phenotype and show only a small decrease in photosynthetic Ci affinity in VLCO 2 (Van
and Spalding, 1999; Van et al., 2001). It is possible that there are compensating elements
that mask the effects of a CAH1 absence, especially considering that more than one Ci
uptake pathway exists in VLCO2 conditions (Wang and Spalding, 2014a).
CAH3, a CA localized to the thylakoid lumen (Karlsson et al., 1998), is likely
dehydrating incoming HCO3− to CO2 that can be provided as substrate for carboxylation
by Rubisco in the pyrenoid. Loss-of-function CAH3 mutations result in deteriorating
growth with decreasing levels of ambient CO2 (poor growth in LCO2 and no growth in
VLCO2), while there is a large internal accumulation of HCO3− (Spalding et al., 1983a).
LCIB-CAH3 double mutants also show a similar phenotype, suggesting that CAH3
probably functions upstream of LCIB. A CAH3 mutation can restore growth in LCO2 in
an LCIB (air dier) mutant (Duanmu et al., 2009b). The inability of LCIB mutants to
accumulate internal Ci, and the over-accumulation of Ci in cells in LCO2 in CAH3
mutants as well as LCIB-CAH3 mutants is further evidence of LCIB itself not being
directly involved in Ci transport but rather having a role in the recapture of the CO2 that is
made by CAH3 dehydrating HCO3– and in the capture of CO2 that enters the stroma from
outside the cell. It has been reported that CAH3 is associated with the PSII (photosystem
II) machinery in the thylakoids (Benlloch et al., 2015; Villarejo et al., 2002). During
limiting CO2 acclimation, most of the CAH3 is activated by phosphorylation and
relocates to the thylakoids associated with the pyrenoid (Blanco-Rivero et al., 2012).
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Considering the localization of the LCIB/LCIC complex around the pyrenoid in VLCO 2
environments, it has been suggested that the complex might function as a physical
barricade that prevents leakage of CAH3-generated CO2 away from the pyrenoid
(Duanmu et al., 2009b; Yamano et al., 2010).
CAH4 and CAH5, localized to the mitochondria (Eriksson et al., 1995; Eriksson
et al., 1996; Mackinder et al., 2017), differ by only a single amino acid (Moroney et al.,
2011) and are highly expressed in limiting CO2 conditions. Given that, in HCO2 cells, the
mitochondria are in the cup of the chloroplast and those in limiting CO 2 cells migrate
close to the plasma membrane (Geraghty and Spalding, 1996), it is possible CAH4/5 are
involved in quickly providing energy to transport proteins in the plasma membrane, or in
offsetting the effects of the surge in photorespiratory activity that is observed during
acclimation to limiting CO2 (Spalding, 2009).
The high pH in the chloroplast stroma favors accumulation of HCO 3−, and CAH6,
which was reported to be localized in the stroma (Mitra et al., 2004) was earlier
suggested to carry out the conversion of the acquired stromal CO 2 to HCO3−. However,
Mackinder et al. (2017) recently discovered that CAH6 localizes abundantly to the
flagella, surmising that there might still be some CAH6 in the stroma, but in very small
amounts. Based on data from previous work (Choi et al., 2016; Hu et al., 2010), they also
suggested that CAH6 might be an inorganic carbon sensor in the flagella, facilitating
chemotaxis of the cell towards HCO3−.
CAH7 and CAH8 share 63% similarity and are constitutively expressed (Moroney
and Ynalvez, 2007). The location of CAH7 was not demonstrated by immunolocalization
experiments, but it is predicted to likely be in the chloroplast, and CAH8 was found to be
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in the periplasmic space (Ynalvez et al., 2008). This is particularly interesting because of
the lack of a distinct phenotype in the CAH1 mutant; it is possible that CAH8
compensates, at least partially, for the absence of CAH1.
CAH9, predicted to be in the cytoplasm, was found to be closely related to
bacterial CAs (Moroney and Ynalvez, 2007). It has not been well-characterized as yet
and its function is still unknown.
Genes that encode three more putative CAs have been identified in
Chlamydomonas. Unlike the others CAs, which are either alpha- or beta-CAs, these are
gamma-CAs, which are associated with Complex I of the mitochondrial electron
transport chain in algae and higher plants (Klodmann et al., 2010; Sunderhaus et al.,
2006). They appear to be fairly well-expressed at the transcript level, but their abundance
at the protein level is unknown (Moroney et al., 2011).

Regulation of the CCM
Transcriptome analyses by Fang et al. (2012) and Brueggeman et al. (2012) have
revealed clear changes in gene expression in LCO2 or VLCO2 levels of growth, either by
induction of genes not normally expressed in HCO 2 conditions or by upregulation of
genes that are expressed constitutively but at a lower level in HCO 2. Interestingly, there
were no genes detected that showed differential expression between the limiting CO2
levels, LCO2 and VLCO2, even though there are clear differences between the
physiological responses of cells in these two acclimation states.
CIA5 (also known as CCM1) is considered a “master regulator” of CCM genes,
since in CIA5 mutants, there is a clear decrease in transcript abundance of genes that are
normally induced or upregulated in wild type cells upon exposure to limiting CO 2
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conditions (Fang et al., 2012; Miura et al., 2004; Moroney et al., 1989). CIA5 mutants
exhibit slow growth in limiting CO2: while their growth is comparable to that of wildtype cells in HCO2, it deteriorates in LCO2, and cannot be sustained in VLCO2 (Moroney
et al., 1989). In addition, these mutants are unable to form a pyrenoid and have low Ci
affinity and accumulation in limiting CO2 (Fukuzawa et al., 1998; Fukuzawa et al.,
2001). CIA5 itself is constitutively expressed at a low abundance level through all three
CO2 conditions while its regulatory effects are seen only in limiting CO2, so it is possible
that CIA5 is activated at a post-translational stage in order for it to perform as a
transcriptional regulator of CCM genes (Fang et al., 2012; Miura et al., 2004; Wang et
al., 2005; Xiang et al., 2001). CIA5 has putative zinc-finger and DNA-binding domains
(Kohinata et al., 2008; Somanchi and Moroney, 1999), and Chen et al. (2017) recently
discovered that a mini-CIA5 construct with a partial activation domain and the putative
zinc-binding motif was sufficient to complement the CIA5 mutation, restoring growth and
CCM gene expression levels to those seen in CIA5 mutants complemented with the full
CIA5 construct or in wild type cells. LCR1, a Myb transcription factor, was found to
regulate CAH1, LCI1, and LCI6 expression in limiting CO2, and is itself induced in
limiting CO2 conditions and is regulated by CIA5 (Yoshioka et al., 2004).
CAS, a calcium (Ca2+)-binding protein, was recently discovered as being a
regulator of the CCM (Wang et al., 2016). CAS mutants exhibited decreased transcript
levels of a number of LCO2-induced genes, including HLA3 and LCIA. The CASmediated regulation of these HCO3− transporters might be occurring through signaling by
the influx of Ca2+ into the cells. This protein re-localizes from the thylakoid membrane in
non-CCM conditions to the pyrenoid when the CCM is induced, and the loss of CAS
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might result in the structural impairment of the thylakoids or the pyrenoid in LCO 2. CIA5
and CAS appear to regulate the CCM independently and in parallel, since a decrease in
the level of one protein did not affect that of the other.

Broad Overview of the CCM
The proposed model of the CCM that is induced in Chlamydomonas is illustrated
in Figure 2. With its ultimate goal being that of sequestering CO 2 near pyrenoidal
Rubisco, the CCM is understood as beginning, functionally, with the periplasmic CA,
CAH1, which possibly catalyzes interconversion of the two common Ci species, HCO3−
and CO2, with the CO2 then diffusing through the plasma membrane and the chloroplast
envelope, and the HCO3− being actively transported across these two barriers. The
HLA3/LCI1 complex aids in this active transport of HCO3− across the plasma membrane,
while LCIA mediates passage of HCO3− through the chloroplast envelope. Once in the
chloroplast stroma, accumulated HCO3− is possibly being transported across the thylakoid
membrane by a hypothetical transporter and delivered to the thylakoid lumen, while CO 2,
possibly being hydrated to HCO3− by the putative unidirectional CA activity of the
LCIB/LCIC complex, diffuses through. In the thylakoid lumen, HCO3− travels to CAH3
within the pyrenoid-associated thylakoid tubules and is dehydrated to CO 2, which
subsequently diffuses from those tubules into the pyrenoid and is fixed by Rubisco.
However, some CO2 that escapes Rubisco and diffuses back into the chloroplast stroma is
believed to be rehydrated to HCO3− (possibly by the aforementioned putative
unidirectional CA activity of LCIB/LCIC or a different protein), which is then redirected
from the stroma to the thylakoid lumen. This forestalls the easy, diffusive leakage of
intracellular CO2 to the exterior of the cell.
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Figure 2. The hypothetical model of the CCM as illustrated in Wang and Spalding
(2014a), with the mechanisms of Ci uptake proposed in (A) LCO 2 conditions (0.03–0.4%
CO2 or 300–4000 ppm) and (B) VLCO2 conditions (<0.02% CO2 or <200 ppm).

As proposed in Wang and Spalding (2014a), in VLCO2 conditions (Figure 2B),
HCO3− is transported to the chloroplast stroma by LCIA and related proteins, and CO2 is
converted to HCO3− by LCIB to add to the stromal HCO3− pool. Here, both LCIA and
LCIB are involved in accumulation of internal Ci. In contrast, in LCO 2 conditions (Figure
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2A), LCIB is largely responsible for Ci accumulation, while LCIA and related proteins
are inhibited by CO2. This explains the indispensable nature of LCIB in LCO 2-acclimated
cells and the reason LCIB mutants cannot sustain growth in this CO2 level.

Dissertation Organization
Second-site suppressors of LCIB/air dier mutants were generated earlier (Duanmu
and Spalding, 2011), and one of these suppressor mutations, su1, is the focus of this
dissertation. Chapter 2 covers the identification of the SU1 suppressor locus; this was
achieved by deep sequencing pooled DNA from a collection of progeny from crosses of
the strain carrying the mutation of interest (pmp-su1) and a polymorphic strain. LCI15
was then confirmed genetically as being the implicated gene. In Chapter 3, the possible
mechanism by which LCI15 facilitates suppression is explored by studying the transcript
and protein expression levels of several other CCM genes. Chapter 4 summarizes and
concludes the dissertation.
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CHAPTER 2.

IDENTIFICATION OF THE SU1 LOCUS
Introduction

Rubisco (ribulose-1,5-bisphosphate carboxylase/oxygenase) catalyzes the RuBP
(ribulose-1,5-bisphosphate) carboxylation reaction – the principal CO2-fixing step in
photosynthesis – as well as the competing RuBP oxygenation reaction, which inhibits
carboxylation and leads to the wasteful photorespiratory pathway. This enzyme has a
tendency to pursue the latter pathway under current atmospheric CO2 and O2
concentrations and is notorious for its slow catalytic rate, so some terrestrial plants have
evolved to employ CO2-concentrating mechanisms (CCMs), such as the C4 and CAM
(Crassulacean Acid Metabolism) pathways, that ensure assembly of higher concentrations
of CO2 around Rubisco, thus enabling CO2 and the Rubisco carboxylation reaction to
outcompete O2 and the Rubisco oxygenase reaction.
Apart from the shortcomings of Rubisco, variability in ambient CO2 levels is also
a factor that these photosynthesizing organisms have to contend with, especially in
aquatic environments. Aquatic photosynthetic organisms, such as the green alga
Chlamydomonas reinhardtii (henceforth referred to as “Chlamydomonas”), are
additionally disadvantaged because the rate of diffusion of CO 2 in water is about 10,000
times slower than it is in air (Evans and Von Caemmerer, 1996; Ricklefs and Miller,
2000). Algae, for example, have therefore developed their own inducible CCM, which is
geared toward improving acquisition of inorganic carbon (commonly referred to as Ci)
into their cells. In aquatic environments, Ci can be present in the forms of CO 2, HCO3−,
and, more rarely, CO32-, and the CO2 solubility and the pH of the environment determine
the equilibrium between these forms (Dodds and Whiles, 2010; Umen and Olson, 2012).
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When induced, the CCM brings about a cascade of changes in gene expression,
metabolism, and physiology, encompassing (i) induction/activation of one or more Ci
uptake systems; (ii) carbonic anhydrases for interconversion between the different forms
of Ci; and (iii) compartmentalization of Rubisco into a specialized structure (called a
pyrenoid in algae, and a carboxysome in cyanobacteria) within the chloroplast where the
enzyme is sequestered and where CO2 can be delivered in high concentrations to
encourage Rubisco carboxylase rather than oxygenase activity.
The Chlamydomonas CCM is induced in limiting CO 2 levels – low or air-level
CO2 (LCO2; 0.03–0.4% CO2) and very low CO2 (VLCO2; <0.02% CO2) – as opposed to
high CO2 (HCO2; >0.4% CO2) levels (Vance and Spalding, 2005). In LCO2, a limiting
CO2-inducible protein, LCIB, has been found to be necessary for survival, since LCIB
mutants, pmp1 and ad1, exhibit an LCO2-lethal/air dier phenotype (Spalding et al., 1983;
Wang and Spalding, 2006). While the absence of LCIB does not cause lethality in
VLCO2, Wang and Spalding (2014a) found that it does still play a role: it is involved in
active CO2 uptake and works in concert with the active HCO3− uptake pathway involving
putative HCO3− transporters, which include the plasma membrane-localized HLA3 and
the chloroplast envelope-localized LCIA.
LCIB forms a 350 kDa hetero-multimeric complex with a homologous protein,
LCIC, and, in HCO2 and LCO2, the complex is seen dispersed around the chloroplast
stroma, while it is condensed around the boundaries of the pyrenoid in VLCO 2 (Wang
and Spalding, 2014a, 2014b; Yamano et al., 2010). In the absence of LCIB, active CO2
uptake decreases dramatically, especially in LCO 2 (Wang and Spalding 2014a), and the
cells are unable to retain Ci in air levels of CO 2 (Duanmu et al. 2009).
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Epistatic interactions between mutations in LCIB and CAH3 (a gene encoding a
thylakoid carbonic anhydrase) revealed that LCIB functions downstream of CAH3
(Duanmu et al., 2009), suggesting that LCIB may be involved in preventing CO 2 from
leaking out of the cell. In addition, detailed photosynthetic interactions between LCIB and
LCIA mutants revealed that LCIB is required for active CO 2 uptake (Wang and Spalding
2014a), in addition to preventing CO2 leakage. Whether this is in fact what its function is,
and if so, the molecular mechanism by which it does it, are yet to be definitively
ascertained.
One possibility is that the LCIB/LCIC complex takes up externally-derived CO2
and prevents CO2 leakage by converting CO2 into HCO3−, acting more-or-less as a
unidirectional carbonic anhydrase (Wang and Spalding, 2014a). This possibility is
supported by the structure of LCIB. Jin et al. (2016) found that LCIB and its homologs
have structural similarities with -carbonic anhydrases, and posited a theory that, in order
to hydrate CO2 (and therefore stop its escape from the chloroplast), the LCIB/LCIC
complex would have to be regulated so that it functions only when there is more CO 2
than HCO3− in the chloroplast stroma, rather than working to maintain an equilibrium
between the two Ci species at all times.
In order to gain more insight into the function of the LCIB/LCIC complex and its
role and molecular mechanism in the CCM, Duanmu et al. (2011) performed insertional
mutagenesis on pmp1 and ad1, and screened for air dier-suppressors. They recovered
eight independent suppressor lines, representing six different suppressor loci. Identifying
the defective genes and encoded proteins responsible for such suppression could provide
us insight into what LCIB itself does and how specific suppressor mutations allow for
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growth in LCO2 in the absence of a functional LCIB. One locus was identified as
encoding CAH3 (Duanmu et al, 2009), but until now, none of the other suppressor loci
have been identified.
One suppressor mutation, su1, was isolated in the pmp1 background as strain
pmp-su1. Unfortunately, this su1 suppressor phenotype did not exhibit cosegregation with
the paromomycin-resistance insert used for insertional mutagenesis, indicating the su1
mutation arose through another mechanism, possibly related to the transformation
process. Regardless of the molecular cause of the su1 mutation, it was not tagged with the
paromomycin-resistance insert, so identification of the SU1 locus required alternative
approaches.
In this project, we sought to identify the locus of and characterize the su1
mutation. We employed an approach that involved crossing the mutant strain with a
polymorphic, wild-type strain; screening and collection of independent progeny that
demonstrated a non-mutant phenotype (and, therefore, also the non-mutant genotype in
the locus of interest); and pooling of genomic DNA from each progeny, followed by
sequencing of the pool. Sequenced genomes allowed for the creation of a map of singlenucleotide polymorphisms (SNPs) in the polymorphic strain relative to those in the
database of references strains (which are a set of various wild-type strains; Gallaher et al.,
2015); this map was used to identify the region in the pooled DNA where the sequence
was revealed to have SNPs only from the polymorphic parent. Once a broad region was
identified, a gene-wise comparison was made between sequences of the pooled DNA, the
mutant strain, and wild-type reference strains in order to shorten the list of candidate

39
mutant genes; one of these genes was then confirmed as being in the SU1 locus by
cosegregation of new mutants allelic to su1 and the air dier suppressor phenotype.

Materials and Methods
Generation of Initial Progeny: Strains, Growth Conditions, and Crosses
Initial crosses for the generation of a recombinant progeny pool were between pmp-su1
(mt+; Duanmu and Spalding (2011)) and CC-2290 (also denoted S1 D2; mt—; Gross et al.
(1988)). Continuous gas flow was maintained to growth chambers with three different
CO2 levels: HCO2 (5% [v/v] CO2 enriched with air); LCO2 (normal air, with 300–450
ppm CO2); and VLCO2 (normal air passed through saturated sodium hydroxide solution
and then remixed with normal air). All chambers were kept at room temperature and
under continuous illumination of 50–80 μE m-2 s-1. Cells were grown and maintained on
agar plates with TAP medium (Gorman and Levine, 1965) or with CO2-minimal medium
(Geraghty et al., 1990) in a HCO2 chamber. When testing growth in different CO2 levels,
only CO2-minimal medium plates were used.
Crosses were performed based on the protocol described in Harris (1989): mating
type plus and minus (mt+ and mt—) parental cells were resuspended in two separate 15 ml
tubes with about 3 ml of nitrogen-free TAP liquid medium (nitrogen-free conditions are
required to induce gametogenesis). After gentle shaking of the cells on an orbital
platform shaker overnight in the light, about 0.5 ml of mt+ and 0.5 ml of mt— cell
suspensions were mixed and placed (at rest) in the light for 1-2 hours to encourage
mating. Any pellicles that were formed were broken apart by shaking the tubes, following
which about 0.5 ml of the mixture (of mt+ and mt— cells) was spread on nitrogen-free
TAP plates with 4% agar. The plates were placed first in the light overnight and then in
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the dark (wrapped in aluminum foil) for 4-6 days; the initial exposure to light is
important for zygospore formation and maturation. After the incubation in the dark, the
vegetative, unmated cells were scraped off the medium using a sterilized razor blade; the
high percentage of agar used (4%) makes it harder to gouge the medium in this step. This
leaves behind the zygospores, which are embedded in the growth medium. The plates
were then placed in a HCO2 chamber in the light for 5-6 days to facilitate germination,
(when the zygospore undergoes meiosis, producing four daughter zoospores) followed by
the subsequent vegetative growth phase (reproduction of each zoospore by mitosis). At
this point, a zygote colony will be visible with the naked eye on the growth medium.
Each zygote colony from multiple crosses was streaked on TAP plates for single
colonies, ten of which were chosen at random and their growth phenotypes assessed after
5-7 days of growth on CO2-minimal medium plates in different ambient CO2 levels:
HCO2, LCO2 (at about 300–450 ppm), and VLCO2 (at about 100 ppm). Of the ten
colonies randomly selected from each zygote colony, only one of any that exhibited the
air dier phenotype was selected for further analysis. This ensured that no two selected
progeny were siblings (i.e., from the same zygote). Each of 489 such progeny was spottested in the three different CO2 levels to ensure that they had a lethal phenotype in air
but grew in HCO2 and VLCO2. Spot tests were performed by suspending cells in liquid
minimal medium to a density of about 106 cells/ml (cells counted using a
hematocytometer from Reichert Scientific Instruments, Buffalo, NY; see Harris (1989)
for protocol) and spotting equal volumes (usually 5l or 10l) on CO2-minimal medium
plates.
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The progeny were screened for the air dier phenotype and against the suppressor
phenotype to ensure they inherited the LCIB allele from the pmp-su1 parent, and the SU1
allele from S1 D2 (and, therefore, not from the su1 mutation-carrying parent, pmp-su1);
this eliminated the need for any additional work to confirm the genotypes of the two
relevant loci. Screening for the air dier phenotype also ensured that the selected progeny
were bona fide recombinant progeny (since neither of the parents had the air dier
phenotype; see Figure 8 and Table 1) and not vegetative colonies from either parent used
in the cross.

DNA Isolation and Measurement
To isolate genomic DNA, cells were grown on TAP or CO 2-minimal medium
plates and harvested by resuspending them in 500 l of DNA extraction buffer (100 mM
Tris-Cl [pH 8.0], 20 mM EDTA, 500 mM NaCl, 2% sarkosyl) in a 1.5 ml centrifuge tube,
at a concentration of about 2–5 x 106 cells/ml (all centrifugation steps were performed at
room temperature and all tubes used were 1.5 ml Eppendorf centrifuge tubes). After
vortex-mixing for about 3 minutes, 500 l of equilibrated phenol (pH 8.0) was added in
the fume hood and the suspension was vortexed vigorously for 60 minutes. Following
centrifugation for 5 minutes, the upper aqueous layer was transferred to a new centrifuge
tube, 500 l chloroform was added, then vortex mixed and centrifuged for 5 minutes. The
aqueous layer was transferred to a new tube, and, in order to digest RNA in the solution,
3 l RNaseA (10mg/ml) was added and the tube incubated at 37C for 30 minutes. To
precipitate the DNA, the aqueous layer was transferred to a new tube, then 350 l
isopropanol (2-propanol) was added and mixed by inverting the tube several times. After
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centrifugation at full speed for 18 minutes, the DNA pellet was washed with 500 l of
70% ethanol, centrifuged at full speed for 5 minutes, decanted, and the pellet air-dried of
ethanol. The DNA pellet was then resuspended in 40 l of ddH2O. A sample of the
isolated DNA was electrophoresed through an agarose gel, and its concentration and
purity were measured using a NanoDrop® ND-2000 Spectrophotometer (NanoDrop
Technologies, Inc., Wilmington, DE). Genomic DNA was isolated from the 489
independent, recombinant, air dier progeny, and about 4 ng of DNA from each of them
was pooled, with the final pool amounting to about 2 g of DNA.

SNP Library, Sequencing of the Progeny DNA Pool, and Mapping of the Reads
A bar-coded library of the DNA pool from the 489 progeny was generated at the Iowa
State University DNA Facility. Sequencing was performed at the University of California
Los Angeles Broad Stem Cell Research Center (BSCRC) sequencing core on a
HiSeq2000 sequencer (Illumina). The raw sequences were aligned to the C. reinhardtii
reference sequence (strain CC-503) version 5 with BWA mem, version 0.7.5a-r405 (Li
and Durbin, 2009) using default parameters. Duplicate read pairs were removed using
Picard MarkDuplicates, version: 1.85(1345) (http://picard.sourceforge.net) with default
parameters. The Genome Analysis Toolkit (GATK), version 2.6-5-gba531bd (DePristo et
al., 2011; McKenna et al., 2010) was used to call variants on the aligned, de-duplicated
reads.
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SU1 Locus Identification by Deep Sequence Mapping
Using a previously constructed library of SNPs that occur across the S1 D2
nuclear genome (Gallaher et al., 2015), the sequence of the pooled DNA of the progeny
was characterized based on the abundance of SNPs in it.
A ratio was calculated for every position with a SNP call in the progeny DNA
pool. A base position was said to have a “SNP call” if at least one of all sequencing reads
of that position in the progeny DNA pool did not match the base in the same position in
the sequence from the database of reference strains, i.e. if a non-WT (non-wild-type) SNP
was observed in the pool DNA sequence.
Thus, this ratio was the number of non-WT SNPs encountered as a fraction of all
the reads:

Formula I

The ratios can be understood based on the LCIB and SU1 genotypes of the
progeny and on how they are calculated in three types of regions of the genome:
1. at the SU1 locus
2. at the LCIB locus
3. in the regions of the genome other than the LCIB and SU1 loci
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The following explanations for how the ratios were calculated assume that the
sequencing coverage was 50X:
I.

At the SU1 locus in the pooled DNA:

Figure 3. The different regions of the genome in five example progeny collected, with the
red ( ) region representing genome inherited from the S1 D2 parent, and the blue ( )
region representing genome from the pmp-su1 parent (see Figure 8). Here, the SU1 locus
is highlighted with a red arrow.
If there was an A > T SNP change between the reference sequence and S1 D2,
ideally, all 50 out of the 50 reads should be T at that particular base position, since all the
progeny were isolated so that the DNA at this locus is inherited ONLY from the S1 D2
parent (Figure 3).
The sequence in the pool can be annotated as

The calculated ratio would be
•
•

–––––A–––––

x0

–––––T–––––

x 50

50
=1
50

The 50 in the numerator represents the number of times a non-WT SNP (ideally,
always) was read in the pooled DNA sequence
The 50 in the denominator represents the total number of reads
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II.

At the LCIB locus in the pooled DNA:

Figure 4. The different regions of the genome in five example progeny collected, with the
red ( ) region representing genome inherited from the S1 D2 parent, and the blue ( )
region representing genome from the pmp-su1 parent (see Figure 8). Here, the LCIB
locus is highlighted with a red arrow.
If there was an A > T SNP change between the reference sequence and S1 D2,
ideally, NONE of the 50 reads should be T, since all the progeny were isolated so that the
DNA at the LCIB locus (here, the pmp1 allele) is inherited ONLY from the pmp-su1
parent (Figure 4).

The sequence in the pool can be annotated as

The calculated ratio would be
•
•

–––––A–––––

x 50

–––––T–––––

x0

0
=0
50

The 0 in the numerator represents the number of times a non-WT SNP (ideally,
never) was read in the pooled DNA sequence
The 50 in the denominator represents the total number of reads
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III.

In the regions of the genome other than the LCIB and SU1 loci:

Figure 5. The different regions of the genome in five example progeny collected, with the
red ( ) region representing genome inherited from the S1 D2 parent, and the blue ( )
region representing genome from the pmp-su1 parent (see Figure 8). Here, the non-LCIB,
non-SU1 loci are highlighted with red arrows.
If there was an A > T SNP between the reference sequence and S1 D2, some
reads will be T (meaning the DNA was inherited from the S1 D2 parent) and some will
be A (meaning the DNA was inherited from the pmp-su1 parent; see Figure 5).
Considering an example in which 30 of 50 reads were T and the other 20 reads were A:

The sequence in the pool can be annotated as

The calculated ratio would be

•
•

–––––A–––––

x 20

–––––T–––––

x 30

30
= 0.6
50

The 30 in the numerator represents the number of times a non-WT SNP was read
in the pooled DNA sequence
The 50 in the denominator represents the total number of reads

47
This ratio would be some number between 0 and 1, depending on how many reads
from the pooled DNA sequences at a particular nucleotide position were non-WT SNPs
and how many were WT SNPs.
The expected ratios are:
•

1, at the SU1 locus

•

0, at the LCIB locus

•

(0, 1), at every other locus

Artificial MicroRNA Knockdown of LCI15, the Putative SU1 Allele
The Web MicroRNA Designer platform (WMD3,
http://wmd3.weigelworld.org/cgi-bin/webapp.cgi) was used to identify suitable artificial
microRNA (amiRNA) candidates to target mRNA from LCI15 with minimal off-target
effects. Two 90-bp oligonucleotides, amiL15F1 (5’–
CTAGTCTGTCCCTCTATGTCGGTAAATCTCGCTG
ATCGGCACCATGGGGGTGGTGGTGATCAGCGCTATTTATTGACATAGAGGGA
CAGG–3’) and amiL15F2 (5’–CTAGCCTGTCCCTCTATGTCAATAAATAGCGCTG
ATCACCACCACCCCCATGGTGCCGATCAGCGAGATTTACCGACATAGAGGGA
CAGA–3’), that had sequences targeting exon 5 in LCI15 (+1115 to + 1135 bps
downstream of the start codon), were annealed and the resulting dsDNA was ligated into
the pChlamiRNA3 vector using the SpeI resistriction enzyme site for the ligation, as
described in Molnar et al. (2009). pChlamiRNA3 has the AphVIII gene (Sizova et al.,
2001), under the control of the constitutive HSP70A-RBCS2 promoter and RBCS2
terminator, as a selectable marker. The amiRNA precursor was under the control of a
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PSAD promoter and terminator (Fischer and Rochaix, 2001; Molnar et al., 2009). The
resulting vector was transformed into the strain pmp1 as described below. Transformants
were selected on TAP (tris-acetate-phosphate) agar plates supplemented with 15 mg/L of
paromomycin and screened on CO2-minimal medium plates in the three CO2 levels
(Figure 17) as described above.

Transformation Procedure
The protocol in Shimogawara et al. (1998) was optimized by Drs. Yingjun Wang
and David Wright as follows: for each transformation, 25 ml of culture was grown in
TAP (tris-acetate-phosphate) medium to a concentration of 0.4–1 x 106 cells/ml and
harvested by centrifuging at 1000 g for 5-10 minutes. About 2.5 µg of plasmid DNA was
linearized by overnight digestion with an appropriate restriction enzyme, small amounts
of which were added in 3 or 4 installments. After the digestion, the enzyme was heat
inactivated and the DNA was filter sterilized using Corning® Costar® Spin-X® centrifuge
tube filters (0.22 µm, sterile; catalog # CLS8160, Sigma-Aldrich, Inc.). A 4 mm gap
electroporation cuvette was chilled at 16 ºC for at least 15 minutes. The supernatant of
the centrifuged culture was removed, and the cells were resuspended in TAP medium
supplemented with 0.06 M sucrose (0.25 ml of TAP+sucrose for 25 ml of original growth
culture) and placed on ice for 10 minutes. The digested DNA (2.5 µg) was then mixed
with the cell culture (0.25 ml) and the mixture was transferred to the chilled
electroporation cuvette. The cuvette was then placed in 16 ºC for another 5 minutes. The
electroporation was carried out at 650V, 25 µF, and 0 resistance in a Gene Pulser Xcell™
Electroporation system. The cells were rested at room temperature for 10 minutes and
then resuspended in 50 ml TAP+sucrose medium. After shaking at 25 ºC for at least 24
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hours, the culture was centrifuged at 1000 g for 5-10 minutes, the supernatant removed,
the cell pellet resuspended in about 0.1 ml TAP+sucrose, and the resuspension spread on
TAP plates supplemented with the appropriate antibiotic. The plates were incubated at 25
ºC in HCO2 with light until colonies appeared (usually 7-10 days).

Complementation of the Putative su1 Allele
The various vectors used for attempted complementation of LCI15 mutant strains
with a wild-type copy of LCI15 genomic DNA or cDNA are listed in Table 4. In order to
clone LCI15 cDNA, CC-620 (wild type) cells were grown to mid-log phase in liquid
minimal medium, bubbled with air-level CO2 (350–400 ppm CO2), and harvested. RNA
was extracted using the RNeasy Plant Mini Kit (Qiagen, Inc.) and cleaned of any
contaminating DNA with the Ambion TURBO DNA-free kit (Life Technologies
Corporation).
A cDNA library was generated using the Invitrogen SuperScript III First-Strand
Synthesis System (Life Technologies Corporation) using about 50 ng of RNA as
measured on a NanoDrop® ND-2000 Spectrophotometer (NanoDrop Technologies, Inc.,
Wilmington, DE). PCR using LCI15-specific primers (with appropriate restriction
enzyme recognition sites incorporated) was performed to amplify cDNA from the gene
using GoTaq Green Master Mix (Promega Corporation). The size of the PCR products
was verified by agarose gel electrophoresis, and the products were purified using the
QIAquick Gel Extraction Kit (Qiagen, Inc.) and sequenced (at the Iowa State University
DNA Facility) to check for errors. Following this, the DNA fragments were digested with
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appropriate restriction enzymes and cloned in to an expression vector (see Table 4 for list
of vectors). Transformation was performed as described above.

Verification of su1 as an Allele of LCI15: Strains, Crosses, and T7 Assays
Subsequent crosses used to verify su1 as an allele of LCI15 were performed
between ad1, a pmp1 allelic mutant (Wang and Spalding, 2006), and a LCIB-LCI15
double mutant generated by employing a CRISPR/Cas9 system with a sgRNA targeting
LCI15 in a pmp1 background. The novel CRISPR/Cas9 system, conceived and designed
by Jiang and Weeks (2017), uses a gene-within-a-gene construct in which an artificial
intron, with the sgRNA targeting the gene of interest inserted in it, is placed within the
Cas9 gene. This consolidates the conventional construct with two separate Cas9 and
sgRNA genes into a single gene. A 21-bp sequence (5’–
GCGTGTACTTGTCAATCGCGG–3’; +575 to +595 downstream of the start codon) in
exon 2 of LCI15 was chosen as the target and the corresponding sgRNA inserted into the
intron was 5’–GCGTGTACTTGTCAATCG–3’. The plasmid, with the Cas9/intronsgRNA gene under the control of a PSAD promoter and terminator, was transformed into
pmp1 cells by electroporation as described above.
Based on the premise that SU1 was an allele of LCI15, loss-of-function mutations
in LCI15 in an LCIB-mutant background would result in a suppressor phenotype which is
easy to identify in a screen; this strategy was particularly advantageous when using this
system, which lacks a selectable marker (such as an antibiotic resistance gene), to
identify successful transformation events. Post-transformation, cells were plated on
minimal medium plates, which were placed in LCO 2 chambers to allow for growth of air
dier-suppressors. Twenty-five colonies that appeared on the plates were chosen, and a
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681-bp region of their LCI15 genomic sequence (encompassing the intended target in
exon 2) was amplified by PCR (using primers L15Gn13FP 5’–
CTGGAGCTGGCTTCGCCG–3’ and L15Gn18RP 5’–
GGATGTTGACCTAGTGCCAGACACTG–3’) and sequenced to reveal any edits. Three
colonies had both the suppressor phenotype and edits in their LCI15 genomic sequence:
Cas9-19 had a 2-bp deletion (+487-488 downstream of the start codon); Cas9-27 had a 7bp deletion (+522 to +528 downstream of the start codon), and Cas9-28 had a 1-bp
deletion (+548 from the start codon). All of these edits resulted in premature stop codons
and truncated predicted LCI15 proteins (Figure 11).
Cas9-27 was chosen for further analysis and crosses, since the 7-bp deletion in its
LCI15 gene could be easily detected using T7 endonuclease assays. Crosses between ad1
and Cas9-27 were carried out as described above, based on the protocol in Harris (1989).
Phenotypic analysis at different CO2 levels was performed as described above. To check
for zeocin resistance of the progeny, minimal medium plates were supplemented with 10
g/ml zeocin. Genotypic analysis to confirm the LCI15 allele in the progeny were
performed using T7 endonuclease assays as described below.
A 681-bp region of the LCI15 genomic sequence, from each progeny and from a
WT strain, was amplified by PCR (using primers L15Gn13FP and L15Gn18RP). A
mixture of 7 l of PCR product from one progeny, 7 l of PCR product from the WT
strain, and 13 l of H2O was heated and gradually cooled to denature and re-anneal the
DNA sequences, thereby creating a mixture of hybrid dsDNA sequences (with one strand
from the progeny DNA sequence and the other from the WT sequence) and reannealed,
non-hybrid dsDNA sequences. To 10 l of this mixture was added 0.5 l of T7
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endonuclease (New England Biolabs, Inc., #M0302) and the mixture was then incubated
at 37C for 2 hours. This T7 endonuclease-treated DNA was then electrophoresed
through an agarose gel to check for cleavage of hybrid DNA sequences.
Based on the presence or absence of the 7-bp LCI15 deletion in the progeny
(Figure 13), determination of the LCIB allele as ad1 (zeocin-resistant; see Figure 12) or
pmp1 (zeocin-sensitive), and determination of the mating type, progeny were verified as
definitely bona fide, i.e., colonies that arose from a zygote in the cross, or as possibly
arising from a parental vegetative cell (Table 2).
Four air dier suppressor mutants with inserts in LCI15 were generated by
insertional mutagenesis using a vector with the paromomycin resistance-conferring gene
AphVIII using the strain ad1 (Wang and Spalding, 2006). Two of these mutants, A45 and
B28, were determined by PCR to have an insertion in the 3’ half of LCI15, while the
other two, B4 and B24, have an insertion in the 5’ half of the gene. The transgene
insertions rendered the respective gene halves unable to be amplified by PCR. The
primers used were designed to specifically amplify either the 5’ half of the LCI15 gene (427 to +1187 downstream of the start codon; the primers used were lci15-5a [5’–
CCCGTACACCACAGGCTTGTC–3’] and lci15-5as [5’–
GAAGCGGTACTCGTCCAAGG–3’]), or the 3’ half of the gene (+984 to +2599
downstream of the start codon; the primers used were lci15-3a [5’–
GCCAGTGTCTGGCACTAGGT–3’] and lci15-3as [5’–
TTCCTGCAGTGCTGCTATCA–3’]).
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The nature and components of the insertions were determined in two mutants,
A45 and B4, by PCR:
•

In A45, the promoter to terminator sequence of the AphVIII cassette from the
pSI103 plasmid was inserted in exon 3 of LCI15, thus disrupting the coding
sequence of the gene (Figure 6).

Figure 6. The AphVIII insertion in the LCI15 gene in the mutant strain A45. The green
boxes ( ) represent the exons of the endogenous gene. The purple box ( ) above exon 3
is the site of the insertion. The annealing sites of the primers used are also shown.

•

In B4, part of the AphVIII cassette was inserted in intron 2 of LCI15, possibly
disrupting the 3’ end of exon 2 (Figure 7).

Figure 7. The AphVIII insertion in the LCI15 gene in the mutant strain B4. The green
boxes ( ) represent the exons of the endogenous gene. The purple box above ( ) exon 2
and intron 2 is the site of the insertion. The annealing sites of the primers used are also
shown.
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The insertions in the other two insertional mutants, B4 and B24, were not
characterized. All four mutants are zeocin-resistant (ad1 allele carries BleR gene in the
LCIB locus) and paromomycin-resistant (by the AphVIII/ParR gene insertion).
Crosses were performed between the LCIB mutant pmp1 (Spalding et al., 1983)
and each of the two characterized mutants mentioned here, A45 and B4. Phenotypic
analysis at different CO2 levels was performed as described above. To check for
antibiotic resistance of the progeny, minimal medium plates were supplemented with
either 10 g/ml zeocin or 15 g/ml paromomycin; zeocin to check for the presence of the
ad1 LCIB allele, and paromomycin to check for the presence of the insertional mutant
LCI15 allele.

Results
Recombinant Progeny for Deep Sequence Mapping of su1
Strain CC-2290 (also called S1 D2) was crossed to pmp-su1 to facilitate mapping
of su1 (Figure 8). S1 D2 has widespread single nucleotide polymorphism (SNP) base
substitutions in comparison to the genome of commonly-used lab strains 21GR and 137c;
SNPs in S1 D2 occur at an average frequency of about 1 in every 47 base pairs (bps), or
2.7 per 100 bps (Gross et al., 1988; Kathir et al., 2003; Vysotskaia et al., 2001).
Using only independent (non-sibling), bona fide recombinant progeny (as
explained in Materials and Methods) was critical for minimizing the number of progeny
needed for mapping. To ascertain independence of the progeny from one another, only
one progeny that arose from a zygote was included in the final progeny pool. Since all the
progeny that were screened for were of the air dier phenotype, they were guaranteed to
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be recombinant, since neither parent (pmp-su1 and S1 D2) exhibited that phenotype and it
would have had to arise from a recombination event (see Figure 9 and Table 1).

Figure 8. A schematic depiction of the initial cross that was carried out in this
experiment. pmp-su1 is the double-mutant parent which carries the air dier, LCIB
mutation pmp1 and its suppressor mutation, su1. The other parent, CC-2290 (also called
S1 D2), is a polymorphic strain that has 1 SNP approximately every 47 bps. Only
progeny that had the pmp1 mutation but not the su1 mutation were collected for the
analysis. The red ( ) region represents DNA from S1 D2, and the blue ( ) region
represents DNA from pmp-su1.

DNA from 489 independent, recombinant progeny was pooled, sequenced and
aligned with the reference genome and a previously constructed library of S1 D2 SNPs as
described in the Materials and Methods section. This allowed for ratios of non-WT or
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non-reference SNPs as a fraction of all reads to be calculated for each SNP call in the
progeny DNA pool.

Table 1. Possible genotypes and phenotypes of progeny in the pmp-su1 x S1 D2 cross.
The genotype and phenotype screened for and included in the pool of 489 progeny are
highlighted in red.
Genotype of the progeny at the…

Phenotype of the
progeny

LCIB locus

SU1 locus

pmp1

su1

WT

WT

WT

WT

pmp1

WT

air dier

WT

su1

WT

Figure 9. Spot tests for photoautotrophic growth in various CO 2 concentrations of
progeny collected in the pmp-su1 x S1 D2 cross, with the parents used as controls.
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The average of all the SNP call ratios in each 10,000-bp region was calculated
and plotted in Figure 10. This figure shows a “crest” that peaked at about 5,000,000 bps
on chromosome 16 – presumably in the vicinity of the SU1 locus, since the values of the
ratios calculated at this locus were almost equal to 1. There was also a “trough” at the
LCIB locus which is on chromosome 10; this functioned as a control for the experiment,
because, since all progeny sequenced were of the air dier phenotype and thus the LCIB
mutant genotype, the ratios had to be 0 or close to 0 at that gene locus.

Average of SNP ratios in a
10,000 bp region

1.2
1
0.8
0.6
0.4

0.2
0

0

2000

4000

6000

8000

10000

12000

Base position on the genome (x 10,000 bp)

Figure 10. The graph above is a plot of the ratios calculated for each base position in the
pooled DNA of the progeny (as described in Formula I) and then averaged over a 10,000bp region on the Y-axis versus a scaled version of the entire genome on the X-axis (1 unit
on the X-axis represents 10,000 bps of the genome). As seen between 6,000 and 8,000 units
on the X-axis (chromosome 10), at the LCIB gene locus, the ratio values were calculated
as close to or equal to 0. Roughly around 10,000 units on the X-axis (chromosome 16), the
ratio values all were calculated as exactly or close to 1, which is the predicted average at
the SU1 locus.
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One might naively expect a ratio of about 0.4 - 0.6 in regions other than near the
SU1 and LCIB loci. The observation that the actual ratios were spread fairly broadly
between 0 and 0.6 in regions other than these two specific loci is easily explained. In
order to avoid missing critically important diagnostic SNPs, the rules for SNP calls were
not very stringent (see the Materials and Methods section), so false positives were likely
quite common in the reads, i.e., what counted as a SNP could have actually been a
sequencing error, and thus could have affected the SNP ratio calculated. For example, if
out of 50 reads, all but one read matched that of the wild-type reference sequence (i.e.,
one of 50 reads was a non-WT SNP), it would still be counted as a SNP and the ratio for
that base position would be 1/50 = 0.02. This will lower the overall average of the SNP
ratios that fall within that 10,000 bp window. Such false positives were likely common in
the SNP calling, which was fairly liberal.
Since ratios calculated at or near the LCIB locus were already 0 or almost 0, false
positive calls’ ratios would have little or no affect in those regions’ overall ratios. In the
SU1 region and the non-LCIB, non-SU1 regions of the genome, however, larger non-WT
SNP reads-to-total reads fractions are generated, so a false positive-induced low ratio
would affect them more adversely, lowering them.
As steps toward identifying potential gene candidates in the identified crest
region, gene-wise SNP ratios were calculated for about a 7.7 million-bp region on
chromosome 16, near the peak of the crest seen in Figure 10, and pmp-su1, one of the
parent strains, was also sequenced and that sequence mapped to the reference strains.
Based on near-1.0 SNP ratios, a 1,500,000-bp region of chromosome 16 (between bp
positions 4,500,000 and 6,000,000) was selected as the most probable location for the
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SU1 locus. The following rules were applied to map the SU1 region more “finely” and
the positions of interest were defined as those where:
1. The pmp-su1 sequence differs from the reference: a novel mutation is expected
at the su1 locus, so the nucleotide sequence cannot be the same as that in the
reference.
2. The pmp-su1 sequence differs from sequences of the pool and of S1 D2:
progeny selection for the DNA pool was based on the criterion that S1 D2 does
not share the same phenotype as pmp-su1.
3. The sequence change/mutation results in a change in predicted amino acid
sequence: changes in intron sequence (unless affecting splicing) and silent
nucleotide changes in the coding sequence are unlikely to affect phenotype.

Identified sequence differences in two genes satisfied all three criteria:
1. LCI15 (gene designation in the JGI Phytozome 12 database: Cre16.g685050)
•

G > T SNP change/mutation in the second base of exon 4 of the gene;

•

gGc > gTc (glycine to valine) change in the amino acid sequence

•

Low-CO2 inducible gene, regulated by CIA5/CCM1 (master regulator in
the CCM)

•

Annotated as a PRL1 interacting factor L

2. Cre16.g682750
•

G > A SNP in intron

•

No annotated domains or functions
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The SNP change in Cre16.g682750 is in intron 6 of the gene, but not in the 5’–
GU or 3’–AG splicing consensus sequences. It is also unlikely that it would affect (or
replace) the branch point base A, which, usually, is followed by a polypyrimidine tract
and is within 20-50 bps upstream of the 3’–AG. So, although it was a candidate gene
because there was a clear SNP change in pmp-su1 compared to the reference, the change
does not appear to have an obvious effect on predicted splicing consensus sequences.
LCI15, on the other hand, harbors a mutation in its coding sequence and is a
LCO2-inducible gene, clearly affected by the CCM. This made LCI15 very attractive as a
candidate gene (and Cre16.g682750 less so) and, therefore, we decided to pursue it first.

Verification of su1 as an LCI15 Allele
Multiple methods were employed to determine whether LCI15 is, in fact, the gene
mutated in the su1 suppressor lines. Various new LCI15 mutants were isolated in LCIB
mutant backgrounds, and crosses between these and other air dier background strains
were performed to determine whether cosegregation of the LCI15 mutation and air diersuppressor phenotype occurred. Other approaches, such as specific knock-down of LCI15
expression in pmp1 using artificial miRNAs, and complementation of the su1 mutation in
pmp-su1 with a wild-type LCI15 allele were also attempted.

Crosses between LCIB-LCI15 double mutants and LCIB mutants (each
parent with different LCIB mutant alleles)
Cas9-27, an LCI15 null mutant in an LCIB mutant background
A predicted null mutant in LCI15 generated in a pmp1 background during
experiments employing a CRISPR/Cas9 genome-editing protocol (Jiang and Weeks,
2017) has a 7-bp deletion in exon 2 that leads to a frameshift mutation, a premature stop
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codon, and thus a heavily truncated protein with 142 residues (WT LCI15 has 316
residues; see Figure 11).

Figure 11. Sequence comparison of the predicted LCI15 protein product from wild-type
and various mutant LCI15 alleles.
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Spot tests demonstrated that Cas9-27 suppresses the air dier phenotype of the
LCIB mutant. Two other mutants, Cas9-28 and Cas9-19, which had 1-bp and 2-bp
deletions in exon 2, respectively, were also isolated in the same CRISPR/Cas9
experiments and were confirmed to suppress the air dier phenotype of the LCIB mutant.
These deletions similarly led to premature stop codons and truncated gene products (144
and 157 amino acids, respectively; see Figure 11).
It should be noted that the deletions in these three mutants did not occur within
the CRISPR/Cas9 guide RNA’s 21-bp target region, so we cannot confirm that the
mutations resulted directly from CRISPR/Cas9 gene-editing itself, although all 3
deletions are within 100 bps upstream of the intended target, suggesting that there might
have been some off-target editing that fortuitously resulted in mutations in our gene of
interest, which were then identified during selection for putative editing events.

Table 2. Possible genotypes and phenotypes of progeny of the cross between Cas9-27 and
ad1. For ease of reference, the two parental genotypes are labeled P1 and P2, and the two
recombinant genotypes are labeled P3 and P4.
T7 assay:
Suppressor (+)/ cleavage (+) /
air dier (–)
no cleavage
(–)

LCIB
genotype

LCI15
genotype

Zeocin
resistant (+) /
sensitive (–)

pmp1

Δ7bp

–

+

+

P1

ad1

WT

+

–

–

P2

ad1

Δ7bp

+

+

+

P3

pmp1

WT

–

–

–

P4

Progeny
type
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Cas9-27, which is in a pmp1 background, was crossed to another LCIB mutant
allele, ad1 (Wang and Spalding, 2006), to confirm that the LCI15 mutation in Cas9-27
suppresses the air dier phenotype of the other LCIB mutant allele and cosegregates with
the suppression phenotype (Table 2).

Figure 12. Spot tests of example progeny of the cross between Cas9-27 and ad1: one
progeny of each of the four possible genotypes (P1–P4) of progeny are shown here. MM:
minimal medium. MM+Z: minimal medium supplemented with zeocin.
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Of the 33 bona fide progeny from this cross, all 12 that inherited the 7-bp deletion
from Cas9-27 (detected by T7 assays; see Materials and Methods, and Figure 13) showed
the suppressor phenotype, and the remaining 21 that inherited the wild-type LCI15 allele
retained the air dier phenotype (Figure 12).

Figure 13. Gel electrophoresis of T7 assays of part of the LCI15 genomic sequence of
progeny from Cas9-27 and ad1.

Insertional mutants in LCIB mutant backgrounds
The four insertional mutants (described in Materials and Methods), all in an ad1
background, were crossed to pmp1 to verify whether the LCI15 insertion in each is
responsible for the suppressor phenotype, and to determine whether paromomycin
resistance (from the AphVIII insert) cosegregates with the suppressor phenotype (Table
3).
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Table 3. Possible genotypes and phenotypes of progeny of the cross between different
LCIB-LCI15 double mutants and pmp1. The four double mutants used were A45, B4,
B24, and B28. For ease of reference, the two parental genotypes are labeled P1 and P2,
and the two recombinant genotypes are labeled P3 and P4.

LCIB
genotype

LCI15
genotype

Zeocin
resistant (+) /
sensitive (–)

Paromomycin
resistant (+) /
sensitive (–)

Suppressor (+)/
air dier (–)

Progeny
type

pmp1

WT

–

–

–

P1

ad1

Δ

+

+

+

P2

pmp1

Δ

–

+

+

P3

ad1

WT

+

–

–

P4

Figure 14. Spot tests of example progeny of the cross between LCIB-LCI15 double
mutant A45 and pmp1: one progeny of each of the four possible genotypes (P1–P4) of
progeny are shown here.

Of 48 bona fide progeny from crosses of all four LCIB-LCI15 double mutants
with pmp1, all zeocin-sensitive (i.e., containing the pmp1 LCIB allele) progeny that also
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contained an LCI15 disruption exhibited a suppressor phenotype. Conversely, all progeny
lacking an LCI15 disruption exhibited a non-suppressed, air dier phenotype (Figure 14
and Figure 15). These results confirmed cosegregation of the LCI15 disruption caused by
the inserts with the suppressor phenotype.

Figure 15. Spot tests of example progeny of the cross between LCIB-LCI15 double
mutant B4 and pmp1: one progeny of each of three possible genotypes – P1, P3, and P4 –
of progeny are shown here. There were no P2-type progeny from this cross that could be
verified as being bona fide progeny.

Knockdown of LCI15 in pmp1 using artificial microRNA
If a mutation in LCI15 is responsible for the suppressor phenotype of the su1
lines, then we reasoned that su1 knockdown mutants in a pmp1 background should
generate suppression or at least partial suppression of the air dier phenotype.
Of about 300 transformants, 4 ParR (paromomycin resistant) transformants
showed full suppression and 5 showed intermediate suppression of the pmp1 air dier
phenotype in LCO2 (Figure 17). However, over time during detailed analysis, most of the
transformants lost their resistance to paromomycin and/or their ability to grow in LCO2.
One transformant, A#6, that retained its suppressor phenotype was found to have a single

67
base change (A > T) at LCI15 nucleotide position +1854 (downstream of the start codon),
which is the penultimate base of intron 4 in LCI15. A comparison of cDNA sequences
obtained by RT-PCR for the WT and A#6 transcript sequences revealed a 9-bp deletion at
the 5’ end of LCI15 exon 5 in A#6 (nucleotides 1–9 of LCI15 exon 5; +2085 to +2093
downstream of the start codon) as shown in Figure 16.

Figure 16. Sequence comparison of partial LCI15 coding sequences (CDS) from wildtype and A#6 strains, as determined by RT-PCR. The numbers to the left of the
sequences are the nucleotide positions (WT LCI15 CDS has 951 nucleotides). Partial
sequences of exons 4 and 5 are highlighted with red and blue lines, respectively, above
the sequence. The blue asterisks under the 5’ end of the exon 5 sequence highlight the 9bp deletion in the A#6 sequence.

This deletion in the transcript sequence is likely due to disruption of the 3’ GU–
AG consensus sequence (which is required for proper intron splicing) by deletion of the
base A in this consensus sequence. With the first 9 bases of exon 5 being 5’GCGTTGAAG-3’, it seems plausible that the lariat structure that forms in the
spliceosome recognizes bases 8 and 9 of exon 5 (the AG underlined in the sequence
stated here) as the 3’ acceptor site, thus splicing out all those first 9 bases as if they were
in the 3’ end of the intron. This 9-base deletion in the transcript of A#6 results in a
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deletion of the first 3 amino acid codons of exon 5 as well, thus altering the predicted
amino acid sequence of the LCI15 protein (see Figure 11).

Figure 17. Spot tests of ParR (paromomycin-resistant) pmp1 transformants with LCI15targeting amiRNA and relevant control strains.

Although no bona fide knockdowns of LCI15 could be confirmed to test the
prediction that such knockdowns should result in suppression of the air dier phenotype,
these experiments did generate another LCI15 mutant with an air dier phenotype,
supporting the hypothesis that LCI15 mutations are responsible for the su1 suppressor
phenotype.
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Complementation of pmp-su1 with WT LCI15
In a direct approach to verify whether su1 is an LCI15 allele, WT cDNA and
genomic DNA under the control of different constitutive promoter/terminator constructs
were transformed into pmp-su1 to try to complement the putative mutant su1 allele
(Table 4).
Table 4. The different vectors and LCI15 gene inserts used toward complementation of
the LCI15 mutation in LCIB-LCI15 double mutants.
Vector name

Promoter/
Terminator

LCI15 Insert
Sequence Used for
Complementation

Reference
(for the Original
Vector)

pChlamiRNA3

PSAD

cDNA

Molnar et al. (2009)

pChlamy_4

HSP70-RbcS2

cDNA

Rasala et al. (2012)

pChlamy_4

HSP70-RbcS2

gDNA

Rasala et al. (2012)

pDW2855

HSP70-RbcS2

gDNA

NA

pChlamy_4

HSP70-RbcS2

gDNA +
3’ V5 epitope tag

Rasala et al. (2012)

pGenD_AphVIII

PSAD

cDNA

Fischer and Rochaix
(2001)

pGenD_AphVIII

PSAD

cDNA +
N-terminal Strep tag

Fischer and Rochaix
(2001)

pGenD_AphVIII

PSAD

cDNA +
C-terminal Strep tag

Fischer and Rochaix
(2001)

pGenD_AphVIII

PSAD

cDNA +
2x N-terminal FLAG
tag

Fischer and Rochaix
(2001)
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However, we were unable to recover transformants that both reverted to the air
dier phenotype and from which an intact LCI15 insert (including promoter–codingsequence–termination sequence) in the genome could be amplified. Some transformants
with an air dier phenotype were recovered but the LCI15 transgene was not detectable
either by PCR or by Southern blots, indicating that the transgene was not integrated
completely in the genome and that the air dier phenotype may have resulted from
disruption of one or more CCM proteins (or proteins essential for survival in LCO2).
Other transformants were recovered from which the transgene insert could be
demonstrated through PCR, but they did not exhibit an air dier phenotype. This suggests
either that SU1 is not an LCI15 allele, or that there was insufficient expression of
functional LCI15 to provide complementation in these transformants, even though the
exogenous LCI15 copy was integrated into the chromosome.

Discussion
Forward genetic screening is a popular approach to isolate mutants that exhibit
interesting phenotypes, such as those involving growth, gene regulation, or even survival
of an organism. Identifying the causal mutation(s) after collecting mutants, however, can
be a tedious task. Two techniques often used in such screens are insertional mutagenesis
and ethyl methanesulfonate (EMS) treatment. If the former technique results in an
insertion in the genome that cosegregates with the mutant phenotype, identifying the
relevant gene locus can, in some cases, be straightforward, given a sequenced genome
and methods such as inverse PCR (Ochman et al., 1988) and RESDA-PCR (GonzálezBallester et al., 2005). However, mutations that leave relatively inconspicuous
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“footprints” in the genome, such as those induced by EMS (which are typically random
point-mutations) or UV mutagenesis, are harder to pinpoint.
The emergence of next-generation sequencing technologies has streamlined
sequencing of entire genomes and the identification of marker systems based on sequence
variations across strains or species (Schneeberger, 2014). Single nucleotide
polymorphism (SNP) genotyping – identifying SNPs in genome sequences between
members of a species – is one such system. Lister et al. (2009) describe a strategy that
takes advantage of SNP variations between a wild-type strain and a strain with a
homozygous recessive mutation in Arabidopsis thaliana: DNA from each plant in an F2
population with the mutant phenotype is deep sequenced, and the region of the sequenced
data where the difference between the mutant and wild-type SNP densities is equal to 1
(or almost equal to 1) is identified; this region is where the mutated gene is located.
In this project, we applied the same principle to identify the SU1 locus, albeit with
a modification: instead of isolating progeny that expressed the mutant phenotype, we
isolated progeny that segregated against it. This was because (i) the su1 mutation renders
a wild-type LCO2 growth phenotype, whether combined with a wild-type or an air dier
LCIB allele (here, the pmp1 allele; see Table 1) – mutant progeny would have needed
additional PCR and sequencing work to ensure they were in fact progeny and not a
vegetative colony mistaken for progeny; and (ii) the growth phenotype of the S1 D2
parental genotype progeny (wild-type in both the LCIB and the SU1 loci) and of progeny
carrying the su1 mutation are indistinguishable using spot tests and would have also
needed further sequencing analyses to ensure the presence of the su1 allele. Screening for
air dier offspring alone ensured both that they were authentic recombinant progeny and
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that the allele at the SU1 locus was known. The LCIB allele was pmp1, and, although not
absolutely necessary, uniformity in all the offsprings’ LCIB allele was helpful since it
served as a control for SNP density ratios in a region other than the one that was of
interest to us.
S1 D2 SNP densities, which were measured as a ratio of the occurrence of nonWT SNPs in the total number of sequencing reads at each nucleotide position in the
pooled DNA, were calculated for every position where there was a SNP call (i.e., a SNP
difference between the reference strains and S1 D2 was detected). The averages of all
calculated densities within 10,000-bp regions were plotted against the 10,000-bp
windows of the entire genome (Figure 10). With the peak of the graph still covering a
fairly broad region of the genome (1.5M bps encompassing about 245 genes), SNP
differences that one would expect in the SU1 locus between pmp-su1 and the reference
strains and between pmp-su1 and S1 D2 as well as those that resulted in changes to
predicted amino acid sequences were used to reduce the number of possible candidate
genes with this region. One of two genes identified, LCI15, resulted in a change in the
predicted amino acid change in pmp-su1, and was an attractive candidate gene since, as a
low CO2-inducible gene, it was apparently responsive to LCO 2, and was regulated by
CIA5/CCM1, the master regulator of the CCM.
Subsequent to identification of LCI15 by deep sequencing the pooled DNA and
then finding putative genes based on S1 D2-to-reference strains SNP ratios,
complementation of the su1 mutant with a wild-type LCI15 genomic or cDNA insert
(under the control of different constitutive promoter-terminator sequences) did not prove
fruitful, likely because the selection was for a negative trait, i.e., successful expression of
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the transgene would have resulted in cell lines that were air dier-suppressors to revert to
the air dier phenotype, since diploid analyses showed that the su1 mutation is recessive
in nature (Duanmu and Spalding, 2011). This negative selection, in combination with the
notorious difficulty of expressing an introduced gene in Chlamydomonas, even if the
introduced gene is from Chlamydomonas itself (León and Fernández, 2007; Schroda et
al., 2000), likely rendered screening for complementation of the LCI15 mutation nearly
impossible, or at the very least, highly improbable. In some transformants, the entire
LCI15 transgene was detectable by PCR-amplification, but there was still no detectable
complementation (i.e., they retained wild-type growth in LCO2); this may be explained
by complete or partial gene-silencing resulting in inadequate levels of the transgenic
LCI15 protein.
Previous studies have explored possible reasons for poor expression levels of
nuclear transgenes and even the complete loss of their expression in the long-term; some
reasons being epigenetic silencing mechanisms such as histone modifications; RNA
interference processes; and transgene integration position in the genome (Cerutti et al.,
1997; Kim et al., 2015; Rosales-Mendoza et al., 2012; Schroda, 2006; van Dijk et al.,
2007). To address possible causes for silencing of wild-type LCI15 gene expression,
studies of the encoded protein’s function would be required (please see Chapter 3).
Assuming that the absence of the LCI15 protein results in the activation of an LCIB-like
protein in an LCIB mutant background, or in the activation of an alternate pathway in
order to enable suppression, it is plausible that the wild-type gene confers at least a small
negative selection even when grown in TAP.
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While the complementation experiments using different vectors and LCI15 inserts
(listed in Table 4) did not result in a reversion to the air dier phenotype in pmp-su1, and,
therefore, did not appear to successfully complement the su1 mutation, we could have
concluded that a mutation in LCI15 was not the one responsible for the air diersuppressor phenotype in pmp-su1.

Table 5. List of LCIB-LCI15 mutants that exhibit an air dier-suppressor phenotype.
Strains with an asterisk (*) next to their name were used in cosegregation experiments to
confirm that su1 was a mutation in LCI15. ParR: paromomycin resistance. ZeoR: zeocin
resistance.
Strain
name

Background
strain

LCI15 mutation

Antibiotic
resistance

Reference

pmp-su1

pmp1

Exon 4, base 2:
G > T base change

--

Duanmu and
Spalding
(2011)

A#6

pmp1

Intron 4, base 198:
A > T base change

ParR

This
dissertation

Cas9-27*

pmp1

Exon 2, bases 240–
246: 7bp deletion

--

This
dissertation

Cas9-28

pmp1

Exon 2, base 266:
1bp deletion

--

This
dissertation

Cas9-19

pmp1

Exon 2, bases 205–
206: 2bp deletion

--

This
dissertation

A45*

ad1

AphVIII insert in
5’ half of the gene

ZeoR, ParR

This
dissertation

B4*

ad1

Partial AphVIII insert
in 3’ half of the gene

ZeoR, ParR

This
dissertation

B24*

ad1

Insert in 3’ half of the
gene

ZeoR, ParR

This
dissertation

B28*

ad1

Insert in 5’ half of the
gene

ZeoR, ParR

This
dissertation
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However, over time, we had amassed eight different mutants (not including the
original mutant, pmp-su1) in LCI15 in LCIB-mutant backgrounds, all of which exhibited
suppression of the lethal phenotype in LCO2 (Table 5). Although this was not conclusive
evidence that the su1 mutation was in LCI15, it seemed highly improbable that it was not.
In the absence of the ability to complement the LCI15 mutation, the classical
approach of cosegregation analysis was employed to verify that the mutation in su1 was
responsible for the suppression phenotype. Five of the 8 additional LCIB-LCI15 mutants
were crossed to either pmp1 or ad1 (LCIB allelic mutants) and their progeny screened for
cosegregation of the LCI15 mutation and the air dier-suppressor phenotype. In total, 81
progeny were confirmed as bona fide progeny from all these crosses, and all of these
progeny that carried the LCI15 mutation were able to survive in LCO2, and those that
inherited the wild-type LCI15 allele were unable to grow in LCO2, thus establishing that
the LCI15 mutation is responsible for the suppressor phenotype.
Thus, using the deep sequencing approach and cosegregation analysis by crosses,
we were able to successfully identify and confirm that the su1 mutation was in the LCI15
gene. In the next chapter, we discuss putative functions of the LCI15 protein and how its
absence might be resulting in survival of LCIB mutants in LCO2.
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CHAPTER 3.

FUNCTIONAL ANALYSIS OF LCI15
Introduction

Photosynthesis, a process that occurs in most plants, algae, and cyanobacteria,
contributes to the oxygen (O2) levels in the Earth’s atmosphere and thus supports
sustenance of aerobic life on the planet. This process uses carbon dioxide (CO 2) in the
light-independent reactions (also known as the Calvin-Benson-Bassham (CBB) cycle or
the Calvin cycle) and produces O2 through the light-dependent reactions. The first step of
the Calvin cycle is carried out by arguably one of the most important enzymes in the
world, ribulose-1,5-bisphosphate carboxylase/oxygenase (commonly referred to as
Rubisco), which combines CO2 and a five-carbon compound, ribulose-1,5-bisphosphate
(RuBP), to form a six-carbon compound; this cycle eventually leads to the production of
glucose. However, Rubisco is capable of utilizing both CO 2 and O2 as substrates: when
CO2 is fixed, the Calvin cycle commences and there is a net gain of six carbon atoms, but
when O2 is fixed, the wasteful photorespiratory process is pursued and there is a net loss
of three fixed carbon atoms (Buchanan et al., 2015).
In order to overcome the competition posed by O2 and to promote the Rubisco
RuBP-carboxylation reaction, a number of photosynthetic organisms have developed
CO2-concentrating mechanisms (CCMs); in many terrestrial plants these are known as
the C4 and CAM (Crassulacean Acid Metabolism) systems (Dodd et al., 2002; Furbank
et al., 2000; Sage, 2004). The goal of these mechanisms is to increase concentration of
CO2 around Rubisco, thus minimizing photorespiration. These mechanisms also help
overcome the limitation of the slow catalytic rate of Rubisco.

81
Inorganic carbon (Ci) in aquatic environments is present mainly in the form of
CO2 or HCO3− (their relative proportion depends mainly on the ambient pH and the
solubility of CO2), and carbonic anhydrases (CAs) are needed for interconversion
between the Ci species, largely because Rubisco can use only CO 2 (and not HCO3−) as a
substrate. Aquatic environments pose an additional deterrent to carbon fixation in
photosynthesis: the diffusion of CO2 in water is 10,000 times slower than it is in air
(Winck et al., 2013).
Chlamydomonas reinhardtii (henceforth referred to as “Chlamydomonas”), a
unicellular aquatic green alga, has a CCM that is induced in ambient CO 2 levels known as
‘limiting CO2’, which includes low CO2 (LCO2 or air-level CO2; 0.03–0.4% CO2) and
very low CO2 (VLCO2; <0.02% CO2) (Vance and Spalding, 2005). The system is built on
three main pillars that help mitigate the effects of Rubisco’s inefficiency and those of the
additional disadvantages of aquatic habitats: active inorganic carbon (Ci) uptake systems,
carbonic anhydrases (CAs), and the formation of pyrenoids, which are
microcompartments within the cell where Rubisco is concentrated. As its name suggests,
the CCM helps concentrate CO2 within the cell, specifically near Rubisco, to facilitate
and encourage the carboxylation of RuBP by Rubisco. In order to achieve this, the CCM
triggers changes in the physiology and gene expression in the cell.
The entry of Ci into the cell takes place either by diffusion of CO 2 or by active
uptake of CO2 and HCO3−. In order to reach Rubisco, which is housed within the
chloroplast, Ci has to cross the plasma membrane and the chloroplast envelope. The CAs
perform the important function of interconversion between the Ci species in the CCM;
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for instance, CAH3, a thylakoid lumen CA, is largely responsible for the dehydration of
HCO3− to CO2 close to the pyrenoid, thus providing a CO2 stream for Rubisco.
LCIB mutants, which lack a plastid protein that is essential for survival only in
LCO2, are known as air diers, and two of these are pmp1 (Spalding et al., 1983) and ad1
(Wang and Spalding, 2006). For a better understanding of the role of LCIB in the CCM,
Duanmu and Spalding (2011) generated multiple air dier-suppressor lines with secondsite mutations, and the location of one of these, SU1 in the pmp-su1 line, was determined
by deep sequencing, as described and discussed in Chapter 2.
Now that we have identified the locus corresponding to SU1 and have
demonstrated that mutations in LCI15 are responsible for suppression of the air dier
phenotype of LCIB mutants, it is important to determine how LCI15 mutations are able to
suppress this phenotype. We first need to determine how Chlamydomonas may be able to
circumvent or bypass the apparent absolute need for LCIB function in air-level CO2;
specifically, how Ci uptake in Chlamydomonas has changed in LCI15 mutants to enable
photosynthesis and growth in air-level CO2. We also need to address the much more
difficult question of how mutations in LCI15 cause the changes in Ci uptake, including
asking the obvious question of whether the nature of LCI15 offers insight into how it
might function and, therefore, how the absence of its function may significantly affect Ci
uptake.
With regard to changes in the pathway or mechanism of Ci uptake that suppress
the conditional-lethal, air dier phenotype of LCIB mutants, some of the possible
scenarios by which LCIB might be replaced or bypassed in LCO 2 include (i) the
formation of a LCIB/LCIC-like complex that replaces the original in function;
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(ii) upregulation of an alternate pathway that substitutes for or bypasses the need for
LCIB in the CCM; (iii) relief of the CO2 inhibition of the HLA3-LCIA-associated HCO3−
pathway observed in LCO2; and (iv) increase in the production of a component(s), not
CCM-related and required for growth, such as a general increase in photosynthetic
efficiency that obviates the need for the increased concentration of CO2 in air-level CO2.
Based on the fact that air dier, LCIB mutants have a lethal growth phenotype in
LCO2, it has been determined that LCIB is an important component of the CCM and is
required for survival in this ambient CO2 growth level. As expected, it is vital for active
CO2 uptake in LCO2, and recent physiological studies (Wang and Spalding, 2014a) found
that it plays a role in Ci uptake in VLCO2 as well. Apart from its involvement in active
CO2 uptake, LCIB is also believed to prevent escape of CO 2 (that has not been fixed by
Rubisco) from the pyrenoid inside the cell. A current line of thought, supported by a
study of the LCIB structure (Jin et al., 2016), is that it prevents this escape by converting
the CO2 into HCO3−, which cannot diffuse out of the cell as easily as CO2 can.
There are multiple LCIB-like genes that comprise the LCIB gene family in
Chlamydomonas – LCIB, LCIC, LCID, and LCIE – and all of these genes are
constitutively expressed in HCO2 and upregulated by limiting CO2 (Fang et al., 2012;
Miura et al., 2004; Wang and Spalding, 2006; Yamano et al., 2008). LCIB and LCIC
accumulated similar levels of transcript, and, in comparison, those of LCID and LCIE are
moderate and low, respectively. LCIB and LCIC form a 350kDa hexameric complex that
localizes to the periphery of the pyrenoid (also called the peripyrenoid area) in VLCO 2
and is distributed throughout the chloroplast stroma in both HCO 2 and LCO2 (Wang and
Spalding, 2014b).
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One hypothesis for how the effect of the LCIB mutation may be masked in a
LCIB-LCI15 mutant is by the formation of an LCIB/LCIC-like complex which would
replace the original’s function, based on the premise that the absence of LCI15 is directly
or indirectly allowing for the formation of such a replacement complex. The other
proteins in the LCIB family would be prime candidates for this, functioning alone as
monomers or homomultimers, or as heteromultimers with another member of the LCIB
family.
Previous work has shown that LCO2-acclimated LCIB mutant cells express LCIC
at the mRNA level, but not at the protein level (Yamano et al., 2010). If LCI15 inhibits
expression of one or more of LCIC, LCID, and LCIE, LCIB-LCI15 mutants might exhibit
an increase in the transcript (and, perhaps, protein) levels of these genes. If the encoded
proteins can accumulate and possibly form heteromultimers with one another (for
example, an LCIC/LCID or LCID/LCIE complex), they might successfully take over the
roles of LCIB.
LCIA, a chloroplast envelope Chlamydomonas nitrate-transporter-related protein,
has been reported to be involved in active HCO3− transport along with HLA3, a plasma
membrane protein from the ATP-binding cassette transporter family (Duanmu et al.,
2009; Wang and Spalding, 2014a). Photosynthetic oxygen evolution analyses of LCIB
and LCIA-LCIB mutants by Wang and Spalding (2014a) revealed that this LCIAassociated system is inhibited in air-level CO2, which explained why this system does not
normally compensate for the LCIB deficiency in LCIB mutants in LCO2 levels of growth.
It was surmised that CO2, either directly or indirectly through other proteins, is
responsible for the inhibition. Since Ci uptake in LCO 2 is largely accounted for by the
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LCIB-associated CO2 pathway, and not by the LCIA-associated HCO3− pathway, it is
plausible that removal of the CO2-inhibition of the LCIA/HCO3− system might restore
growth (partial or otherwise) of LCIB mutants in air-level CO2. If LCI15 plays a
regulatory role and affects the inhibition of the LCIA-related Ci uptake system, a
mutation in LCI15 might result in withdrawal of that inhibition, establishment of an
alternative to the LCIB-associated Ci uptake pathway, and suppression of the air dier
phenotype.
A third scenario might be that an alternate CO 2 uptake pathway is upregulated in
the absence of LCI15. This could involve LCI1, a putative Ci transporter localized to the
plasma membrane, and/or other CCM components, such as the LCIA/HCO3− pathway or
unknown proteins comprising an as yet unidentified Ci uptake pathway.
To determine if one of these possibilities could explain how an LCI15 mutation
offsets the detrimental effect that an LCIB mutation has on growth in LCO2, relative
transcript and protein levels of various genes known to be involved in the CCM were
examined in a wild-type (WT) strain, and LCIB, LCI15, and LCIB-LCI15 mutants. We
found that a number of CCM genes have higher transcript abundance in LCI15 mutants,
and that LCI15 likely plays an overarching role in the regulation of these genes.
This also raises the question of how LCI15 effects this change: the absence of the
protein triggers an increase in the expression of these genes, or, inversely, its presence
prompts a decrease in their expression. Considering that the difference between the
LCI15 mutant and non-mutant lines is seen at the transcript level (and subsequently also
at the protein level for those proteins that we could probe), LCI15 might be involved in
regulation at the transcriptional or post-transcriptional level. If not a negative regulator
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(such as a repressor or a corepressor) itself, it could be a component that is important for
the proper functioning of a negative regulatory complex, or a part of a gene silencing
process (such as RNA interference) that limits expression of some genes by targeting and
neutralizing their mRNA.

Materials and Methods
Cells Strains and Growth Conditions
The strains used in this report were CC-3269 (also known as 2137; Spreitzer and
Mets (1981)) as a wild-type control; pmp1-7k+, an LCIB mutant progeny from eleven
backcrosses between 2137 and CC-4676 (also known as 16-5K, a pmp1 air dier mutant;
Spalding et al. (1983)); Cas9-27, Cas9-28, and Cas9-19, three LCIB-LCI15 double
mutants in a pmp1 background; wt-su1, an LCI15 mutant progeny generated from a cross
between Cas9-27 and CC-621 (a high mating efficiency WT strain) and has a wild-type
LCIB allele; and A#6, an LCIB-LCI15 mutant in the pmp1 background with a threeresidue deletion in its predicted amino acid sequence. HCO 2-grown cultures were grown
to about 500,000 cells/ml in liquid minimal medium, then bubbled with HCO 2 (5% [v/v]
CO2 enriched with air) until mid-log phase of growth and then the cells were harvested.
LCO2-induced cultures were first grown to about 1 million cells/ml in HCO2, then
bubbled with LCO2 (~0.04% CO2) for 15–18 hours in order to induce the CCM,
following which they were harvested.

Identification of LCI15 Homologs and Predicted Domains
BLAST (Basic Local Alignment Search Tool) searches were performed on the
NCBI (https://blast.ncbi.nlm.nih.gov/Blast.cgi) and JGI Phytozome
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(https://phytozome.jgi.doe.gov/pz/portal.html) websites to identify proteins homologous
to LCI15 and to PRL1 in Chlamydomonas. Protein domain and subcellular localization
prediction searches were performed using InterPro (https://www.ebi.ac.uk/interpro/) and
PSORTb (http://www.psort.org/psortb/index.html).

Protein Sequence Alignments
Clustal Omega (http://www.ebi.ac.uk/Tools/msa/clustalo/) was used to generate
multiple sequence alignments. ESPript 3.0 (http://espript.ibcp.fr/ESPript/ESPript/) was
then used to visualize the alignment and similarities between residues (Robert and Gouet,
2014).

RNA Isolation and Reverse-Transcriptase PCR
Reverse-transcriptase PCR (RT-PCR) was performed on RNA isolated from
HCO2- and LCO2-acclimated strains to amplify various CCM gene transcripts. Cultures
(about 50 ml of mid-log phase concentration) were centrifuged at 10,000 g, the
supernatant (growth medium) was removed, and the cells were snap frozen in liquid
nitrogen before being stored at –80C until the next step. RNA was isolated using the
RNeasy Plant Mini Kit (Qiagen, Inc.) according to the manufacturer’s protocol, with the
exception that the initial cell lysis step was performed by vortexing the cells for about 1–
2 minutes. The RNA obtained was then cleaned of any contaminating DNA using the
Ambion TURBO DNA-free kit (Life Technologies Corporation). Libraries of cDNA
for each strain were generated using the Invitrogen SuperScript III First-Strand
Synthesis System (Life Technologies Corporation) using about 600 ng of RNA, measured
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using a NanoDrop® ND-2000 Spectrophotometer (NanoDrop Technologies, Inc.,
Wilmington, DE). The cDNA was diluted to an equivalent of that which would be
derived from 1 ng/µl RNA, and 3 µl of the dilution was used as template for PCR using
GoTaq Green Master Mix (Promega Corporation). The RT-PCR was performed at four
PCR cycle numbers: 25, 30, 35, and 40 cycles. The PCR products were then
electrophoresed on 1.5–2% agarose gels. CBLP (Chlamydomonas -subunit-like protein)
and UBC8 (a ubiquitin ligase; Phytozome ID: Cre03.g159200; Jokel et al., 2015) were
used as reference genes.

Protein Extraction and Western Immunoblotting
Western immunoblots were performed on protein extracts from HCO2- and LCO2acclimated strains to detect various CCM proteins. Harvested cultures (about 7 ml of
mid-log phase grown cells) were centrifuged to remove the growth medium, and the
precipitated cells were resuspended to visually similar concentrations using SDS lysis
buffer (10mM Tris-HCl [pH 7.5], 1mM EDTA, 10mM NaCl, 2% SDS) with a dissolved
Roche cOmplete Protease Inhibitor Cocktail tablet (Mini, EDTA-free; Sigma-Aldrich,
Inc.; 1 tablet in 10ml of SDS lysis buffer). The resuspension was then put through three
freeze-thaw cycles using liquid nitrogen and warm water. 100 µl from each sample was
used for performing the BCA (bicinchoninic acid) assay to measure total protein
concentrations with the Pierce BCA Protein Assay kit (Thermo Fisher Scientific, Inc.;
Catalog # 23225) following the manufacturer’s protocol. The SDS lysis buffer was used
as the diluent in the BSA (bovine serum albumin) standards in the BCA assay. The rest of
the cell suspension in the SDS lysis buffer was diluted in 4x SDS sample loading buffer
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(1M Tris-HCl [pH 6.8], 8% (w/v) SDS, 40% (v/v) glycerol, 14.7M -mercaptoethanol,
0.5M EDTA, 0.8% (w/v) bromophenol blue; see Sambrook (2001)), heated to 90–100ºC
for 5 minutes, and stored in –20º C.
Total protein extracts of 1 or 2 µg (250 ng for detection of large subunit of
Rubisco) as measured by the BCA assay were separated on 12% (v/v) SDSpolyacrylamide gels. Specific antibodies were used to detect the various CCM proteins
and the two loading control proteins, COX2B (mitochondrial cytochrome c oxidase
subunit 2B) and the large subunit of Rubisco (RbcL), using horseradish peroxidase
(HRP)-conjugated secondary antibodies and final detection by chemiluminescence with
the SuperSignal West Pico system (Thermo Scientific Inc.) The Rubisco antibodies were
generous gifts from Dr. Sabeeha Merchant (University of California, Los Angeles), Dr.
James Moroney (Louisiana State University), and Dr. Howard Griffiths (University of
Cambridge, UK). The COX2B antibody was also a gift from Dr. Merchant.

Results
The Nature of LCI15
LCI15 is composed of 316 amino acids with a predicted molecular weight of
34.34 kDa. It has no obvious, predicted transmembrane domains or organelle-targeting
peptides, but recent work by Mackinder et al. (2017) showed that LCI15 localizes to the
cytosol and the flagella, although since these observations were in VLCO2-acclimated
cells, we cannot be sure where the localization might be in LCO 2 or whether there is even
a change in localization between LCO2 and VLCO2. The protein is predicted by InterPro
to have a cobalamin biosynthesis protein CobW-like C-terminal domain and a WW (two
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tryptophan residues) domain near its C-terminal end (Figure 18), but no other identifiable
domains were predicted.

Figure 18. The LCI15 gene has five coding exons (alternate exons are represented by
dark and light green bars ( / ). The LCI15 protein has two recognizable domains: a
cobalamin synthesis protein CobW-like C-terminal domain ( ), and a WW (two
tryptophan residues) domain ( ).

CobW is one of about 30 enzymes involved in the biosynthesis of cobalamin
(commonly referred to as vitamin B12), a cobalt-containing coenzyme. Bacteria, archaea,
animals, and protists have cobalamin-dependent enzymes, but only bacteria and archaea
synthesize cobalamin themselves. On the other hand, fungi and plants neither produce nor
need it for their metabolic activity (Bertrand et al., 2011; Fang et al., 2017; Martens et
al., 2002). CobW proteins contain a histidine-rich C-terminal region, which indicates a
possible role in metal binding in chelation systems (Rodionov et al., 2003), and CobWlike proteins have been implicated in activation of nitrile hydratase (Hashimoto et al.,
1994). However, it is not clear what the function of CobW domains might be in many
proteins where the domain is predicted.
WW domains consist of about 40 amino acids with two conserved tryptophan
residues roughly 20-22 amino acids apart. They are found in functionally and structurally
diverse and unrelated proteins and are predicted to mediate protein-protein interactions.
Examples of the diversity of WW domain-containing proteins include: a putative
transcriptional regulator that is highly expressed in human gastric cancer cells (Li et al.,
2017); an oxidoreductase that functions as a tumor suppressor in humans (Bunai et al.,
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2017); and a RNA-binding protein that might act as a posttranscriptional repressor of
circadian genes in Chlamydomonas (Matsuo and Ishiura, 2010). WW domains reportedly
bind proline-rich sequences (Kay et al., 2000; Smerdon and Yaffe, 2010; Sudol and
Hunter, 2000) that contain PPxY and LPxY (Bruce et al., 2008); PPLP (Huang et al.,
2009); PPR (Bedford et al., 2000; where P represents a proline residue; Y is tyrosine; L is
leucine; and R is arginine); and p-SP (phosphoserine-proline) and p-TP (phosphoserinethreonine) motifs (Lu et al., 1999). So, the presence of a predicted WW domain in LCI15
suggests it is likely to interact with another protein, which is not very informative by
itself.
As illustrated in Figure 19, a sequence comparison of the predicted wild-type
LCI15 protein and that of pmp-su1 reveals that the single base change in the first codon
of LCI15 exon 5 results in what would seem to be a fairly benign change at the amino
acid level: a glycine to valine substitution in the CobW-like C-terminal domain. With
both these amino acids being hydrophobic, it is unclear how this change might result in a
non-functional protein or even a protein with significantly altered function. Since no
specific targeting sequences were predicted from the protein sequence, it seems unlikely
to have resulted in mistargeting of the protein away from the right organelle. It is possible
that this amino acid change might lead to misfolding of the final protein, since valine,
which has a molecular weight of 99 Da, has a larger side-chain than glycine (57 Da). It is
conceivable that the larger size of valine, in combination with its relative location, could
negatively affect the three-dimensional conformation of the overall protein or of the
CobW-like domain specifically, especially if the CobW-like domain is important for
LCI15 function.
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The mutant generated from amiRNA targeting of LCI15, A#6, has a single
nucleotide substitution that led to a 9-bp deletion at the cDNA level and a subsequent 3
amino acid predicted deletion (Figure 19; see Chapter 2 for more information). This
deletion (residue positions 269-271) also falls within the CobW-like C-terminal domain
and could disturb the ability of the LCI15 protein to function, assuming this domain has
some functional significance.
While pmp-su1 and A#6 have relatively small changes in the nucleotide sequence
and the predicted translation product, the three CRISPR/Cas9-generated mutants, Cas927, Cas9-28, and Cas9-19 have deletions in their LCI15 genomic DNA sequences that
lead to frame-shift mutations and, subsequently, premature stop codons. Cas9-27 has a 7bp deletion from +522, Cas9-28 has a 1-bp deletion at +548, and Cas9-19 has a 2-bp
deletion at +487-488 (all base positions with respect to the start codon). These deletions
result in changes in the predicted amino acid sequences starting at residues 104, 112, and
92, respectively, and the overall protein lengths are only 142, 144, and 157 residues,
while wild-type LCI15 has 316 residues (Figure 19). Cas9-19 also has some amino acid
insertions in its sequence. A significant difference that stands out is also the complete
lack of the CobW-like C-terminal domain and the WW domain in these three mutants.

PRL1 and PRL1-Interacting Factor L
LCI15 is annotated as a homolog to the PRL1-interacting factor L protein in
Arabidopsis thaliana (hereafter Arabidopsis). While little is known about most PRL1interacting factors, PRL1 (Pleiotropic regulatory locus 1) itself is a nuclear protein
involved in pleiotropically controlling sugar and hormone responses in Arabidopsis.
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Figure 19. Sequence comparison of predicted LCI15 proteins from wild-type, pmp-su1,
A#6, Cas9-27, Cas9-28, and Cas9-29 strains. The green arrow ( ) is the site of the single
amino acid change (G224V) in the pmp-su1 strain. A#6 is the LCI15 mutant generated by
an LCI15-targeting amiRNA transformation in a pmp1 background. The 3 green asterisks
(***) are placed underneath the three-amino acid deletion that is predicted in the
translated protein. Cas9-27, Cas9-28, and Cas9-19 are the 3 mutants generated by
CRISPR/Cas9-mediated, LCI15-targeting sgRNA editing. These 3 strains are predicted to
encode heavily modified and truncated proteins. The residue positions from which the
deletions (and subsequent frame-shift mutations) in their genomic sequences result in
amino acid changes are highlighted by purple boxes ( ). The two recognizable domains
in the predicted wild-type protein – a cobalamin synthesis protein CobW-like C-terminal
domain ( ) and a WW (two tryptophan residues) domain ( ) – are indicated by a
colored bar above the protein sequences.
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The protein has seven WD-40 tandem repeats in its C-terminus. A WD-40 domain
consists of 40 amino acid repeats that terminate in a tryptophan (W) and an aspartic acid
(D) residue and has a doughnut shape with a “hole” that often mediates interactions with
other proteins (Schapira et al., 2017; van der Voorn and Ploegh, 1992).
Multiple WD-40 tandem repeats are typical for the WD-repeat family of proteins.
This family comprises proteins that, in eukaryotes, are involved in diverse cellular
machineries responsible for RNA processing, transcription initiation and regulation,
signal transduction, apoptosis etc., and are especially widespread in transcriptional
processes and chromatin modification (Hu et al., 2017; van Nocker and Ludwig, 2003;
Xu and Min, 2011). Among the ten most commonly observed in eukaryotic proteomes,
WD-40 (or WD-repeat) domains within a protein play a prominent role in facilitating
protein-protein, protein-peptide, and protein-DNA interactions, and structural studies
have revealed that they can act as scaffolds for the assembly of larger protein complexes
and that they are ideal for providing a central platform for interaction networks within the
cell (Stirnimann et al., 2010). WD-40 domains have not shown enzymatic activity in
various studies, further supporting the notion that, rather than play a direct role in the
protein’s function, they play an important structural role that enables the function of a
particular protein (Neer et al., 1994; Stirnimann et al., 2010). Examples of WD-40repeat-containing protein complexes are G proteins and TAFII (TBP-associated factor)
proteins, which are part of the transcription initiation factor TFIID protein complex (Li
and Roberts, 2001; Smith et al., 1999).
Németh et al. (1998) found that prl1 mutations in Arabidopsis resulted in
transcriptional derepression of some glucose responsive genes and in activation of others,
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concluding that PRL1 may act as a negative regulator. The mutations also led to a
simultaneous hypersensitivity to glucose. prl1 mutant plants were of a smaller size
compared to WT plants, and apart from other growth defects, developed roots that were
2- or 3-fold shorter than those in WT (Szakonyi, 2006). PRL1 was demonstrated to
exhibit glucose-dependent interaction with Arabidopsis homologs of SNF1 (the yeast
serine/threonine protein kinase), AKIN10 and AKIN11, in yeast two-hybrid experiments
and is reportedly a potential subunit of these proteins (Bhalerao et al., 1999). It was
observed that PRL1 mutants had a higher activation level of AKIN immunocomplexes
and that the presence of PRL1 inhibits the kinase activity of AKIN10 and AKIN11 in
vitro, indicating that this protein negatively regulates the Arabidopsis SNF1 homologs.
Zhang et al. (2014) determined that, in Arabidopsis, PRL1 is involved in primary
microRNA (miRNA) transcript processing and positively regulates the accumulation of
these miRNAs and small-interfering RNAs (siRNAs), therefore a decrease in the levels
of these RNAs was observed in prl1 mutants. PRL1 reportedly interacts with CDC5 (Cell
Division Cycle 5), a DNA-binding protein suggested to be a transcription factor of MIR
(miRNA encoding genes) (Palma et al., 2007; Zhang et al., 2013). Both these proteins
interact with the DCL1 (Dicer-like 1) complex, and the PRL1-DCL1 interaction
apparently is important for the processing of primary miRNAs (pri-miRNAs).
A number of proteins were identified as interactors with PRL1 via in vitro proteinbinding assays (Salchert, 1997; Szakonyi, 2006). One of these was named PIP-L (PRL1
interacting protein-L) and was found to interact with PRL1 towards the latter’s Cterminal end, downstream of its sixth WD-40 repeat. Mutants in various PIP (PRL1interacting protein) genes (including PIP-L) were generated and crossed to prl1 mutants
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to construct double mutants; homozygous double mutants also exhibited the root
elongation defect of prl1 mutants, suggesting that the PIPs are not involved in root
elongation pathways. The authors do not reveal other phenotypic effects, if any, that the
pip mutations have on the plants. PIP-L is predicted to be localized to the chloroplast
stroma (Ferro et al., 2010).
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MERIPSRWPRPEWHAPWKNYRVIQGHLGWVRSVAFDPSNEWFCTGSADRTIKIWDVATGV

PRL1_Chlamydomonas
PRL1_Arabidopsis

241
210

LKLTLTGHIEQVTGLAVSSRHPYMFSCGLDKMVKCWDLEQNKVIRSYHGHLSGVYSIALH
LKLTLTGHIEQVRGLAVSNRHTYMFSAGDDKQVKCWDLEQNKVIRSYHGHLSGVYCLALH

PRL1_Chlamydomonas
PRL1_Arabidopsis

301
270

PNLDVLMTGGRDSVVRVWDMRTKVQAMVLSGHDQTVCSLLAQAPDPQVISGSHDSTIRLW
PTLDVLLTGGRDSVCRVWDIRTKMQIFALSGHDNTVCSVFTRPTDPQVVTGSHDTTIKFW

PRL1_Chlamydomonas
PRL1_Arabidopsis

361
330

DLRKGKASAVLTHHKKSIRALAMHPHEFAFASASAENIKKWALPDGDFLHNMLSQQRAII
DLRYGKTMSTLTHHKKSVRAMTLHPKENAFASASADNTKKFSLPKGEFCHNMLSQQKTII

PRL1_Chlamydomonas
PRL1_Arabidopsis

421
390

NSMAINQDGVVATGGDNGSLWLWDWRSGHCFQQDETVVQPGSLESEGALYDMTFDMTGSR
NAMAVNEDGVMVTGGDNGSIWFWDWKSGHSFQQSETIVQPGSLESEAGIYAACYDNTGSR

PRL1_Chlamydomonas
PRL1_Arabidopsis

481
450

LITAEGDKTVKMWKEVEDATPETHPGLPFRPPKDIKRF
LVTCEADKTIKMWKEDENATPETHP.INFKPPKEIRRF

Figure 20. Sequence comparison of predicted PRL1 proteins in Chlamydomonas and in
Arabidopsis. The blue bar ( ) represents the WD-40-repeat-containing domain in both
proteins.
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LCI15_Chlamydomonas
61
PIP-L_Arabidopsis
292
Cre16.g685100
31
The predicted PRL1
Cre16.g685000
16
Cre16.g684650
273

EHQP..RQAPA.....GDQQNGDAGSRDGQEQRSADHS............
.......................LGIGGFDLERIESSV............
EILGAAETAAVTAAD...DAAAEALSGPMQLLRVSDEVQPAPAADAVGL.
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and
DIN
P A . R G A Q M R R A E . . (Cre10.g446900)
.PAACDDL........
. . RPRL1
R M S P C Qin
SAALNGL.
DQAS..RAAKGQAAEPGAAAGADAGAGPGSKATAEASAGSKAGAGCCGSG

Arabidopsis (At4g15900) show 56% identity and 69% similarity, and both have seven
predicted WD-40 domain repeats (alignment shown in Figure 20). LCI15 in
LCI15_Chlamydomonas

92

AAQARLQLEAEPQ....P...NQPAPGACPGQAARS.V..YLSIAESLAG

Chlamydomonas
(Cre16.g685050)
in. .Arabidopsis
PIP-L_Arabidopsis
307 . . . . . .and
. N E EPIP-L
EKE...
. . . D R E G H . . (At1g15730)
. . . . . . . . . . . .show
. . . . .17%
.....
Cre16.g685100
Cre16.g685000
Cre16.g684650
identity
and 29%

77 . . . E E S L V E C E S P R R C A K R A A D C F G P Q Q E S . . . . . . . . . . . . . . . . . . . .
51 . . . E G Q F Q R A . . . . . . . V V L V D S V G T G R A P A G . . . . . L . . . . . . . . . . . .
321 with
E G K G Kthe
A A Vlatter
E D E A Aalso
. . . .having
A R T A G EaA predicted
G P S G S S A A DCobW-like
A K A K L L Q K Y AC-terminal
DKGSVAG
similarity,

domain but no WW domain (Figure 21).
LCI15_Chlamydomonas
PIP-L_Arabidopsis
Cre16.g685100
Cre16.g685000
Cre16.g684650

132
318
104
74
367

RKHAREEDARQAAIEKGASTPPRRQSCEGDRGAQR.VAKKLAPNGNMDLA
DDHHHGHDCHDHHNEHEHEH.......EHE.........HHHSHDHTHDP
KRRSSLEERRDVPMEPAA...VNSGGLANADAPQPALACDVSTPARLLPA
LRHHHSDGKQDLGVNSRT...EQHAS.TSTASPQG......VGFSNTPAG
HKHTRDDNCEDNCEECH...IVDGMPIKGERNPKR.RAK.....RLHDLS

LCI15_Chlamydomonas
PIP-L_Arabidopsis
Cre16.g685100
Cre16.g685000
Cre16.g684650

181
352
151
114
408

GVEAVDIHASGALDEYRFNMFMRDLMAEKKTDILCCKGVLNMQGYGDTKF
GVGSVSIVCEGDLDLEKANMWLGALLYQRSEDIYRMKGILSVQDM.DERF
GMDAVTVVAEGPLDEYRFNMFMNDLLAERRNDIVGFKGVLCVQGCGDIRF
GVSAVTVTAEGALDEYRFNMFMNDLMAEKKSDIVGFKGVLCVQGCGNTKF
DVSSVGIMARGPLDEYRFNMYMRDLLAEKAKDIFRCKGVLSVHGYGSTKF

LCI15_Chlamydomonas
PIP-L_Arabidopsis
Cre16.g685100
Cre16.g685000
Cre16.g684650

231
401
201
164
458

VFKGAHEAICYGPAEQPWKPDETRFSHVVFIGRGLDKEALKEGLSSCLWK
VFQGVHEIF.EGSPDRLWRKDETRTNKIVFIGKNLNREELEMGFRACLI.
AIRGSRRSIRYGPSGQAWQPEESRVSRMVFIGRGLDKEDLAAGFRTCIAA
VVRGSREGLGYGPAEQEWQPLEQRINQMVFIGRGLDREELTAGFSTCVHA
VFQGVHETICYGPAEQPWKPEEQRVNQVVFIGRGLNRKALIEGFRTCVWV

***

LCI15_Chlamydomonas
PIP-L_Arabidopsis
Cre16.g685100
Cre16.g685000
Cre16.g684650

281
251
214
508

PPPPG.....WEKIRDVNTKLSFYVNKKTGEKTWVRPEAPA.........
..................................................
PVPQVAAPR.........................................
PAPPAVPLPLWPGCIACVPQ.........QAQAWGATC............
PLPDG.....WDEFRDTTTKQPFYVNRNTGEKSWTRPEIACARVVATQGK

Figure 21. Sequence comparison of predicted protein sequences of LCI15 from
Chlamydomonas,
PRL1 interacting
LCI15_Chlamydomonas
. . . . . . .protein-L
. . . . . . . .(PIP-L)
. . . . . . . from
. . . . .Arabidopsis,
. . . . . . . . . . . and
. . . .three
. . . . .LCI15
...
PIP-L_Arabidopsis
.–. .Cre16.g685100,
. . . . . . . . . . . . . .Cre16.g685000,
. . . . . . . . . . . . . .and
. . . .Cre16.g684650.
. . . . . . . . . . . . . .The
.
paralogs
in
Chlamydomonas
Cre16.g685100
..................................................
Cre16.g685000
. . . single
. . . . . .amino
. . . . . .acid
. . . .change
.......
. . . . . . . .in
. .the
. . .pmp-su1
..........
green
arrow ( ) is the site of.the
(G224V)
Cre16.g684650
553 T Q Q P S Q L L P R R T A S T V G Q L A L Q Q A A A A A A S G A V A P A T A S A K A G G A A S A A T
strain. The two recognizable domains in LCI15 – a cobalamin synthesis protein CobWlike C-terminal domain ( ) and a WW (two tryptophan residues) domain ( ) – are
indicated by a colored bar above the protein sequences.
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LCI15 Paralogs in Chlamydomonas
Three genes paralogous to LCI15 are present in the same vicinity of chromosome
16 in tandem repeats: two upstream (Cre16.g684950, Cre16.g685000) and one
downstream (Cre16.g685100) of LCI15. While the predicted translation products of all
three genes have predicted CobW-like C-terminal domains, none, other than LCI15 itself,
have predicted WW domains.
As stated earlier, many of the LCI15 mutants generated are predicted to make
highly truncated and modified proteins in which the CobW-like and WW-like domains
are completely missing. Also, two LCI15 mutants, pmp-su1 and A#6, with the smallest
disruptions in their predicted amino acid sequences, have an amino acid substitution and
a three-residue deletion, respectively, within the CobW-like C-terminal domain (Figure
19). This suggests that this domain may be important to the protein, perhaps for its
structural integrity and/or for the proper functioning of the resulting LCI15 protein.

CCM-Related Gene and Protein Expression in LCO2-Acclimated Cells
Semi-quantitative RT-PCR analyses showed a noticeable increase in transcript
abundance of CCM-related genes amplified from LCO2-acclimated pmp-su1 and wt-su1
lines, as compared to those in WT and pmp1 lines, i.e., an increase in su1 mutant lines
over non-su1 (or wild-type LCI15 allele) lines (Figure 22). These include LCIB, LCIC,
LCID, LCIE, HLA3, LCIA, LCI1, and CAH1, with an apparent greater increase in wt-su1
than in pmp-su1. Initial experiments show that LCIC, LCID, LCI1, HLA3, LCIA, and
CAH1 levels are higher in wt-su1 compared to pmp-su1.
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Figure 22. Semi-quantitative RT-PCR amplification results for CCM-related genes in
LCI15 mutant and non-mutant strains (only 35-cycle PCR product gel electrophoresis
pictures are shown here). Cells were acclimated to either HCO2 or LCO2. cDNA from
equal amounts of RNA was used as template for each of the sample PCRs. Genomic
DNA and water were used as controls.

As seen in Figure 23, LCI1 and LCIA immunoblots detected higher levels of
these proteins in LCO2-grown pmp-su1 relative to WT and pmp1, but an even higher
increase in the amounts of these proteins were observed in wt-su1 relative to the other
LCO2-acclimated strains – in wt-su1 versus WT, LCI1 showed an approximate 2.7-fold
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increase, and LCIA showed an approximate 15-fold increase. LCIB and LCIC abundance
in LCO2-wt-su1 cells also were observed to be higher than those in the corresponding WT
cells (~1.3-fold increase).

Figure 23. Western immunoblots for CCM-related proteins in LCI15 mutant and nonmutant strains. Cells were acclimated to either HCO 2 or LCO2. COX2B and RbcL
immunoblots were used as loading controls.

101
CCM-Related Gene and Protein Expression in HCO2-Acclimated Cells
A pattern similar to that observed in LCO2-acclimated cells was seen in HCO2acclimated cells: higher transcript abundances for CCM genes were observed in wt-su1
HCO2-acclimated cells relative to those in WT cells (Figure 22).
LCIB and LCIC, which are constitutively expressed in WT cells in HCO2 and
upregulated in limiting CO2 (Fang et al., 2012; Miura et al., 2004; Wang and Spalding,
2006), appeared to be upregulated at the protein level in wt-su1 even in HCO2-acclimated
cells (Figure 23). However, for other CCM proteins tested, including LCI1, CAH1, and
LCIA, no visible increase in protein under HCO2 conditions was detected, possibly
because they are not typically expressed at all in HCO2 and are induced only in LCO2.
Since we did not have antisera for LCID and LCIE, the levels of these proteins in HCO2grown su1 cells could not be surveyed, although their transcript abundance did apparently
increase. If they have an expression pattern similar to that seen in LCIB and LCIC, the
other members of the LCIB gene family, which exhibit upregulation in wt-su1 HCO2grown cells, it would be informative as to whether it is even possible for LCID and/or
LCIE to be in a potential LCIB-replacement protein complex. This would be speculative,
of course, since without additional work it would not be clear if they are somehow
masking the effect of LCIB.

Discussion
Our evaluation of the nature of LCI15 based on its sequence offers few clues as to
how it might function in the cell, let alone how its absence might lead to photosynthesis
and growth of the LCIB mutant Chlamydomonas cells in the normally-lethal LCO2
conditions. The only possible clue comes from our observation that all LCI15 mutants
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identified so far as suppressors of the LCIB mutant air dier phenotype either have aminoacid changes in the CobW-like C-terminal domain of LCI15 or are truncated and lack this
C-terminal domain entirely. However, these observations are limited up to now. The
truncated versions of LCI15 might not even be expressed, as would be expected also for
the insertional alleles of LCI15, so the fact that they are missing the CobW-like domain
may be moot. That would leave just two mutant LCI15s we might consider likely to be
expressed as translation products in which the CobW-like domain has been altered. This
is too small a sample from which to draw any secure conclusions, but it is tantalizing
enough to argue for future experiments.
In a similar vein, it is at least interesting that, all three identified other paralogs of
LCI15 in Chlamydomonas contain the CobW-like domain but all three lack the predicted
WW-like, putative protein-interaction domain. Since it is clear that none of these paralogs
can compensate for the loss of LCI15, perhaps their inability to do so stems from an
inability to interact with a needed protein partner via this WW-like domain. Again, this is
based on very limited evidence but also is tantalizing enough to warrant additional, future
exploration.
Here, we attempt to explain what the role of LCI15 is in the CCM and how it
might be facilitating a replacement for LCIB in LCIB-LCI15 mutants. One of the first
things we wished to address was how the su1-suppressed LCIB mutant cells are able to
circumvent the need for LCIB function in Ci uptake under air-level CO2. Our
experiments and observations point to a couple of viable possibilities. Transcript and
protein abundance for a variety of CCM-related genes are higher in LCI15 mutant lines
than in non-mutant lines, which suggests that an increase in overall CCM activity might
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be involved in compensating for the lack of LCIB. Also, the increased abundance of
LCID and LCIE transcript abundance in LCI15 mutant lines is consistent with the
possibility of an alternative LCIB-family complex functioning to compensate for the lack
of a functional LCIB/LCIC complex.
RT-PCR amplification and protein immunoblotting for some limiting-CO2inducible genes transcripts and their translation products revealed an increase in both
transcript and protein abundance in the suppressor mutants relative to those in WT cells
grown in LCO2. There was an increase in mRNA abundance observed in su1 (wt-su1 and
pmp-su1) cells over non-su1 mutant (WT and pmp1) cells for the LCIB gene family
(LCIB, LCIC, LCID, and LCIE); for HLA3 and LCIA, whose translation products are
associated with HCO3− uptake; for CAH1, which encodes a periplasmic carbonic
anhydrase; and for LCI1, which encodes a plasma membrane-localized putative Ci
transporter. Any, some combination of, or all of these CCM components, if present in
greater levels might conceivably at least help to compensate for a lack of LCIB function
in air-level CO2.
Northern blots performed earlier (Duanmu and Spalding, 2011) also detected an
increased mRNA abundance for HLA3 in LCO2-grown pmp-su1 cells in comparison to
that in pmp1 cells. In addition, there was visibly more HLA3 transcript in wt-su1 than in
WT (CC-620); this is consistent with the observations in our experiments. In the previous
analyses, it was concluded that there was retention in transcript abundance from pmp-su1
to wt-su1, while an increase was observed in HLA3 (and other genes) from the RT-PCR
results in this report. This difference in interpretation can perhaps be explained by the
difference not being large enough to detect as an absolute value/quantity on a Northern
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blot but being obvious after many cycles of amplification through RT-PCR. Nevertheless,
the apparent increase in transcript abundance in the su1 suppressor mutants suggests that
LCI15 might be involved in negative regulation of these genes in LCO 2 levels, and, since
the change is seen in mRNA quantity, the regulation might be at the transcriptional level.
It should be noted that the differences in transcript abundance between WT, pmp1, wtsu1, and pmp-su1 that were seen in these RT-PCR results here were not all detected in the
CCM genes included in Duanmu et al.’s (2011) Northern analyses, which included
CAH1, LCIC, LCIA, LCI1, and CCP1/2.
In HCO2-acclimated cells, higher mRNA accumulation and protein accumulation
were observed for LCIB and LCIC in wt-su1 relative to those in WT. There were
detectable levels of CAH1 and LCI1 proteins in HCO 2-grown wt-su1 that were not
observed in WT cells. These observations are consistent with LCI15 playing a part (either
directly or indirectly) in repressing the CCM, since expression of at least some genes in
the mechanism is induced or up-regulated in LCI15 mutants.
Since all four members of the LCIB family are among those genes with
apparently increased expression in LCI15 mutants, an obvious possibility to compensate
for the lack of LCIB would be a substitute LCIB/LCIC-like complex composed of one or
more of the LCIB family proteins. From our work, it is clear that LCIB itself is still
completely absent (i.e., the pmp1 point mutation has not reverted where pmp1 is the LCIB
mutant allele was used) and that this putative replacement complex cannot include LCIC,
since, just as in LCIB mutants, there is no detectable LCIB or LCIC in LCIB-LCI15
mutants. However, it is still possible that LCID and LCIE might form either
homomultimers or heteromultimers that function to replace the lost LCIB/LCIC complex.
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Based on the increase in their transcript abundance in LCO 2-grown su1 cells, it is
tempting to assume that there may also be increases in the LCID and/or LCIE translation
products that can then form a functional complex. Unfortunately, we do not have
antibodies with which to perform western immunoblots on these two proteins to see if
there is any increase in their protein abundance between WT and su1 strains.
The possibility that there is an alternate pathway that is upregulated, or that there
is relief from the CO2-related inhibition of the LCIA-associated HCO3− pathway cannot
be ruled out based on these results.
Based on the increased expression of several CCM-related, LCO2-inducible and
LCO2-upregulated genes in multiple LCI15 mutants, including clearly null alleles, it
appears that LCI15 is involved in some way in negative regulation of these genes and
perhaps of the CCM in general. Furthermore, since in the absence of LCI15, or of LCI15
function in some cases, there is an increase in these CCM genes’ mRNA abundance, the
impact of the LCI15-associated regulation might be occurring at the transcriptional or
post-transcriptional level, perhaps at the level of transcript stability as described below. If
LCI15 is involved in negative regulator of transcription (for example, as a repressor) or if
it is involved in a post-transcriptional gene silencing mechanism (for example, in the
degradation of mRNA or prevention of translation of the mRNA), the presence of LCI15
will manifest itself as a decrease in mRNA levels and the absence of LCI15 will be
noticeable as an increase in mRNA levels. These proposals for LCI15 function are
speculative and more work needs to be to test them.
PRL1 in Arabidopsis, as discussed earlier, is reported to be important for
processing of miRNAs. If LCI15/PRL1 interacting factor-L has a similar role in
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Chlamydomonas and it aids in the processing of CCM-gene-targeting miRNAs, absence
of a functional LCI15 might decrease turnover of these transcripts and thus cause an
increased transcript abundance of those CCM genes. However, more work will need to be
done to determine what exactly LCI15 does in the CCM or how it might be negatively
regulating CCM genes. It will also be interesting to see if PRL1 in Arabidopsis and in
Chlamydomonas have similar functions, and what the relation between LCI15 and PRL1
in Chlamydomonas might be.
In conclusion, the two possibilities of (i) increased expression of CCM genes
compensating for lack of LCIB and (ii) increased expression of LCID and/or LCIE to
form an alternate complex are not mutually exclusive and could be functioning either
separately or together to compensate for the lack of LCIB.
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CHAPTER 4.

GENERAL SUMMARY

Many photosynthesizing organisms have evolutionarily developed ways to
efficiently sequester atmospheric CO2 around Rubisco, the enzyme that establishes the
initiation of the Calvin cycle of photosynthesis. These include some terrestrial plants that
employ the C4 or the Crassulacean acid metabolism (CAM) pathways, and aquatic
organisms such as algae and cyanobacteria that have developed CO2-concentrating
mechanisms (CCMs). Understanding these systems and their components has important
and potentially useful implications in both basic and applied research areas. Our work
focusses on the CCM in the green alga, Chlamydomonas reinhardtii, and on
understanding the changes it undergoes in its physiology, metabolism, and gene
expression patterns as it acclimates to various levels of ambient CO2. LCIB (Low CO2Inducible protein B), a protein that is upregulated in limiting CO2 conditions, plays a
major, sometimes indispensable, role in the active uptake of CO2 and in preventing the
loss of intracellular CO2. Here, we sought to identify the SU1 (suppressor 1) locus,
which, when mutated, leads to a compensation for the lack of the LCIB. The intent was to
better comprehend not only the exact function and mechanism of LCIB, but also what
other protein(s) appears to be able to functionally replace it.
In Chapter 2, we discussed the methods employed to identify candidate SU1 loci
and to then confirm one of them as being in the gene of interest. In Chapter 3, our
experiments were focused on gaining some insight into how the loss of LCIB is
counteracted by the loss of LCI15 (the protein encoded by the SU1 allele), and into the
effects (if any) that LCI15 has on other CCM-related genes. We found that LCI15
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appears to affect transcript and protein abundance of some CCM genes and discuss
possible ways in which this might result in supplanting the role of LCIB.
The deep sequencing approach that we adopted to identify the location of the su1
mutation successfully narrowed down the region of interest in the genome. This
technique of sequencing pooled DNA from a collection of recombinant and independent
progeny, all of which either do or do not carry the mutation of interest, is especially
advantageous when working with a phenotype that is obvious and can be easily screened
and/or selected. While we generated almost 500 independent, recombinant progeny with
the intention of mapping the SU1 locus as finely as possible, it might be useful in some
situations to gather fewer progeny, perform “rough” mapping, and then scour the relevant
region to assemble a list of candidate genes that can reasonably be expected to affect the
phenotype being studied. The frequency of markers (such as SNPs) between the
polymorphic strain being used and the reference strain(s) is also important when applying
this method. For example, a low frequency of SNP differences in the as-yet-unmapped
region of the mutation will cause the SNP ratio to be low if the sequencing coverage is
low and there are SNPs undetected due to sequencing errors in some reads; the low SNP
frequency factor is critical here because more SNPs would offset the problems stated
above. Using a polymorphic strain with a fairly high average marker density will
decrease the likelihood of facing such an issue.
If there is only a single mutation whose locus is unknown, or if the phenotype of
the mutation is difficult to screen or select for, an antibiotic-resistant polymorphic strain
can prove extremely useful as selection for recombinant progeny is then possible.
Transforming the polymorphic strain in order to introduce an antibiotic resistance
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cassette in it will nevertheless be a risky proposition since it can lead to multiple
disruptions anywhere in the genome.
By crossing our mutant of interest with a polymorphic strain, generating a
population of independent, recombinant progeny with a similar genotype in the locus of
the mutation across all the progeny, deep sequencing their genomic DNA, and then using
a SNP marker library to calculate SNP densities in the results of the deep sequencing, we
were able to successfully identify the mutated gene. High-throughput sequencing – now a
time- and cost-efficient technology – can be used to create marker maps of lines that have
naturally-occurring genetic variation between them, and also to perform deep sequencing
as was done in this project. This approach is particularly practical in identifying genes
mutated with minimal disruption in forward genetic screens.
Successful complementation of the su1 mutation was unworkable, possibly
because we were seeking to revert a positive to a negative growth phenotype. Further
work needs to be done to confirm what the function of LCI15 is and to understand how
the absence of the protein suppresses the air dier phenotype and could also help answer
the question of why complementing the LCI15 mutation proved to be challenging.
A real-time quantitative PCR analysis on the wild-type strain and LCIB, LCI15, and
LCIB-LCI15 mutant strains could confirm the transcript abundance increases observed in
the LCI15 mutant strains over those with the LCI15 wild-type alleles in the semiquantitative reverse-transcriptase PCR data, and also better distinguish the LCI15 single
mutant and LCIB-LCI15 double mutant transcript levels. Determining whether the
presence of LCIB affects the amount of mRNA transcribed from CCM genes, both with
and without LCI15, would also be interesting, since it could mean that LCIB is somehow
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involved in retrograde signaling (Broda and Van Aken, 2018; Leister, 2012).
In addition to a real-time PCR experiment (or even instead of, given our initial
semi-quantitative RT-PCR results), a transcriptome study with LCIB and LCI15 single
and double mutants grown in different CO2 conditions would shed light on the extent of
the relationship that LCI15 appears to have with the expression of other genes, and on
how this protein’s function varies in the different CO2 acclimation states.
Western immunoblots on these same cell lines to detect LCID, LCIE, and HLA3
protein levels might help rule out certain possibilities of how the absence of LCIB is
masked in LCI15 mutants (LCID and/or LCIE forming a LCIB/C replacement complex,
or the HLA3-/LCIA-associated HCO3− pathway being uninhibited).
By generating antiserum against LCI15 and employing a method such as a pulldown assay, potential interactors of LCI15 can be identified. This would help us
understand the mechanism behind the LCI15 protein’s function and could detect
currently unknown proteins in the CCM that require LCI15 or that form a complex with
LCI15 to function properly. Using an appropriate secondary antibody for
immunofluorescence in cells grown in different CO2 levels will reveal any distinct
localization patterns that LCI15 exhibits depending on the ambient CO2 levels.
If the LCIA-LCIB-LCI15 triple mutant is able to sustain growth in LCO2
conditions, we would know that any potential relief of the inhibition of the LCIAassociated pathway in LCO2 is not the reason for suppression (since these cells are
missing LCIA anyway). However, if the triple mutant cannot survive in LCO2, the
involvement of LCIA in suppression can be confirmed by reintroducing a wild-type LCIA
gene by complementation into the triple mutant and observing restoration of growth in
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LCO2. In addition, LCIA activity in photosynthesis can be studied by comparing O2
evolution in an LCIB single mutant and an LCIA-LCIB double mutant, both in the
presence and absence of LCI15 (i.e. wild-type and mutant LCI15 alleles).
Similar experiments combining LCIB-LCI15 mutations with those in other CCM
genes, such as LCID, LCIE, or LCI1, will give us a hint about which other protein might
(or might not) be involved in the suppression activity. Using gene-editing techniques
such as CRISPR/Cas9, mutant cell lines in these other genes can be generated.
Additionally, the effect, if any, of mutations in the three LCI15-like genes
(Cre16.g684650, Cre16.g685000, and Cre16.g685100) would also be interesting to see.
However, considering that their encoded proteins did not suppress the su1 suppressor
mutation itself, i.e., they did not apparently take over the function(s) of LCI15 (or were
unable to do so on their own), these mutant lines might not prove to be very instructive.
We do not know what PRL1 does in Chlamydomonas, so observing the growth
phenotype of a PRL1 mutant would be particularly interesting if it was similar to that of
an LCIB-LCI15 mutant; this, along with identification of proteins interacting with LCI15,
might be a first step in trying to establish the mechanism behind the LCI15 protein’s role
and understanding any parallels that might exist with the Arabidopsis PRL1.
How the absence of LCI15 restores growth in LCO 2 conditions and what the
broader function of LCI15 is can be better understood by performing additional work on
these strains. This could uncover as yet unidentified proteins and/or mechanisms,
possibly in regulation, in certain growth conditions, and thus lead to a better
understanding of the Chlamydomonas CCM.

117
References
Broda, M., & Van Aken, O. 2018. Studying Retrograde Signaling in Plants. Methods
Mol Biol 1743:73-85.
Leister, D. 2012. Retrograde signaling in plants: from simple to complex scenarios.
Front Plant Sci 3:135.

