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ABSTRACT
In far-red light (FRL) conditions, the cyanobacterium Synechococcus sp. PCC 7335
produces FRL-phycobiliprotein (PBP) complexes composed of seven different protein subunits.
Five of these subunits are paralogous copies of the PBS core protein, allophycocyanin (AP). These
APs are uniquely expressed in FRL and are encoded by their corresponding genes (apcB2, apcD2,
apcD3, apcD5, apcE2). These five genes were mutated individually via deletion mutagenesis and
replaced by the aphA2 gene, conferring kanamycin resistance. The resulting mutant strains lacking
the deleted AP proteins produced distinct phenotypes. These mutants were characterized
by absorbance and low-temperature fluorescence emission spectroscopy of whole cells when
grown in white light (WL) and FRL conditions. Compared to wild-type cells, mutants exhibited a
deficiency in assembly and energy transfer through their FRL-PBP complexes, indicating reduced
or eliminated FRL-PBP assembly. In addition, the mutants showed much lower concentrations of
chlorophyll d and chlorophyll f (Chl d and Chl f) compared to wild-type cells. This deficiency is
consistent with the hypothesis that the cysteine-rich FRL-PBPs may play a role in Chl d synthesis.
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Chapter 1
Introduction
Oxygenic photosynthesis is one of the most important biochemical processes for life on
Earth. While some may first associate oxygenic photosynthesis with trees and plants, the
organisms that first evolved and utilized this process were cyanobacteria. These ancient organisms
have been fixing carbon dioxide into biomass through photosynthesis since the Great Oxygenation
Event, approximately three billion years ago (Bryant 1994). Cyanobacteria can be found in
extremely different environments varying from oceans to fresh-water, hot-springs to subzero lakes,
and stromatolites to soils (Bryant 1994).
Along with utilizing photosystem I (PSI) and photosystem II (PSII) for harvesting light,
most cyanobacteria also utilize phycobilisomes (PBS). These antenna complexes have unique
structural properties that allow them to extend the range of light wavelengths that they can absorb
(Bryant 1994). After absorbing light energy, PBSs transfer this energy to PSII and to PSI (Bryant
1994; Chang et al. 2015; Dong et al. 2009; Glazer 1989; Glazer & Bryant 1975; Herrera-Salgado
et al. 2018). PBSs are composed of two types of polypeptides: phycobiliproteins and linker
polypeptides (Bryant 1994). Phycobiliproteins are light-harvesting, toroidal-shaped proteins
composed of α and β subunits forming trimers (αβ)3. There are major four classes of
phycobiliproteins based on their observed colors and these include phycoerythrocyanin (PEC;
maximum wavelength absorbance of 575 nm), phycoerythrin (PE; maximum wavelength
absorbance of 565-575 nm), phycocyanin (PC; maximum wavelength absorbance of 615-640 nm),
and allophycocyanin (AP maximum wavelength absorbance of 650-655 nm) (Bryant 1994). These
phycobiliproteins bind chromophores called phycobilins, of which there are four main categories:
phycocyanobilin, phycoerythrobilin, phycourobilin, and phycobiliviolin (Glazer 1989). When
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present in the PBS, PEC and PE are found in the distal segments of the rods, PC is found in the
peripheral segment of the rods, and AP forms the majority of the core subcomplex of the PBS
(Bryant 1994; Bryant et al. 1979; Glazer 1989).
In cyanobacteria, PBS are most commonly hemidiscoidal, having an AP core bound
together by the linker polypeptides LC and LCM (ApcE) with PEC, PE (if synthesized by the cells)
and PC bound as the peripheral rods (Bryant 1994; Glazer 1989). The hemidiscoidal cores can be
either bicylindrical, tricylindrical, or pentacylindrical (Bryant 1994; Ducret et al. 1998; Glauser et
al. 1992). It is important to note that the LCM is a linker protein with antenna properties, covalently
binding phycocyanobilin through a cysteine residue in its phycobiliprotein-like domain (Bryant
1991; Bryant 1994). The (α)3 trimers are encoded by the genes apcABDF and two linker proteins
are encoded by the genes apcEC (Bryant 1994). The AP trimers interact with the repetitive linker
domains (REP domains) of the two ApcE protein subunits found in each PBS core. The number
of REP domains present in ApcE determines how many core trimers can be assembled by it and
therefore determines the overall shape of the core (Bryant 1988; Bryant 1994). In addition, the
ApcE subunit serves in interactions between the PBS and the thylakoid membrane and PSII, and
with ApcF and terminally transmits energy from the PBS to PSII (Bryant 1994; Chang et al. 2015;
Zhao et al. 1992). ApcD, the alpha subunit of allophycocyanin-B, also serves as a terminal energy
emitter but to PSI (Dong et al. 2009). The structural variability of the PBS allows the different
species of cyanobacteria to optimize light harvesting in their environmental niches.
Because light is the primary source of energy for cyanobacteria, it is advantageous for an
individual cyanobacterium to have the ability to acclimate to varying light conditions. Along with
the advantage of utilizing PBS, in addition to PSI and PSII for light harvesting, cyanobacteria have
evolved various processes to sense and acclimate to environmental light conditions. Two important
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acclimation processes found in cyanobacteria are Complementary Chromatic Acclimation (CCA)
and Far-Red Light Photoacclimation (FaRLiP) (Bryant 1994; Gan et al. 2014; Gutu & Kehoe 2012;
Herrera-Salgado et al. 2018; Tandeau de Marsac 1977). CCA involves alterations in the
composition of the PBS peripheral rods in response to growth in green- and red-light conditions.
There are four types of CCA, and specifically with type III CCA, cells grown in red light conditions
produced more PC compared to PE, and vice versa when grown in green light (Bryant 1994; Gutu
& Kehoe 2012; Herrera-Salgado et al. 2018; Tandeau de Marsac 1977).
Along with CCA it has recently been discovered that some cyanobacteria perform FaRLiP,
a photoacclimation process that allows cyanobacteria to grow in far-red light (FRL; 700 nm to 800
nm) (Gan et al. 2014). When grown in FRL, PSI, PSII and PBS undergo extensive remodeling in
which the cores of these complexes are remodeled with variant subunit proteins encoded in a
FaRLiP gene cluster. In addition, Chl f and Chl d are synthesized and incorporated into FRL-PSI
and FRL-PSII, with about 10% of Chl a being replaced with Chl f and about 1% with Chl d (Gan
et al. 2014). These modifications of light harvesting complexes allow cells to absorb wavelengths
of light greater between 700 and 800 nm. These FRL variant proteins are encoded by paralogous
genes found in the FaRLiP gene cluster, and they include psaA2, psaB2, psaL2, psaI2, psaF2, and
psaJ2 (encoding FRL subunits of PSI), psbA3, psbD3, psbc2, psbB2, psbH2, and psbA4/chlF
(encoding FRL subunits of PSII and Chl f synthase), and apcE2, apcB2, apcD2, apcD3, and apcD5
(encoding FRL-AP subunits) (Gan et al. 2014; Ho et al. 2016). A three-gene operon is also in the
FaRLiP cluster containing rfpB, rfpA, and rfpC, which encodes proteins of a light-wavelengthdependent regulatory system that regulates the expression of the FaRliP genes (Gan et al. 2014;
Zhao et al. 2015). In this regulatory system, red light and FRL photoconverts RfpA, a knotless
phytochrome and histidine kinase, which in turn phosphorylates RfpC, a CheY-like protein, which
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finally transfers the phosphate group to RfpB, a transcriptional activator with a winged-helix,
DNA-binding domain and two CheY-like domains (Zhao et al. 2015). This process ultimately
leads to the biosynthesis of the FRL-PSI, FRL-PSII and FRL-PBP core proteins as well as Chl f
and Chl d (Zhao et al. 2015).
Some notable differences between the WL-AP and FRL-AP core proteins include: the
replacement of a phycocyanobilin binding cysteine residue with an alanine residue in ApcD3 in
some species, the addition of multiple cysteine residues in ApcB2; only two REP domains in
ApcE2 instead of the common three or four REP domains commonly found in WL-ApcE proteins;
and the loss of the phycocyanobilin binding cysteine in ApcE2 (Gan et al. 2014). As demonstrated
by site-directed mutagenesis of ApcE2, the loss of this cysteine residue allows ApcE2 to bind its
chromophore noncovalently, leading to an additional conjugated double bond that shifts the
absorbance and fluorescence emission towards longer wavelengths (Gindt et al. 1994). In addition,
it was demonstrated in Synechococcus sp. PCC 7335 that the two REP domains found in ApcE2
led to the formation of a bicylindrical core when cells were grown in FRL (Ho et al. 2017a). It is
important to note that remodeling of the PBS in FRL does not occur identically in all cyanobacteria
capable of FaRLiP (Gan et al. 2015; Gan et al. 2014; Ho et al. 2017a).
While FaRLiP was initially discovered in Leptolyngbya sp. JSC-1, it has been shown that
other cyanobacterial species containing the FaRLiP gene cluster can also perform FaRLiP when
grown in FRL, including Synechococcus sp. PCC 7335 (Gan et al. 2015; Gan et al. 2014). In
addition, Synechococcus sp. PCC 7335 is a phycoerythrin-producing strain that has been shown to
perform type III CCA, increasing production of PC when grown in red light and PE in green light
(Bryant 1982; Gutu & Kehoe 2012; Ho et al. 2017a; Tandeau de Marsac 1977). In this species, it
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has been demonstrated that the rfpBAC operon also regulates production of the FRL variant
proteins (Ho et al. 2017a).
To study FaRLiP in Synechococcus sp. PCC 7335, a conjugative transformation procedure
for deleting FRL genes and replacing them with antibiotic-resistant cassettes was validated by Ho
et al. (2017a). In order to study the roles of the FRL-AP subunit proteins in Synechococcus sp.
PCC 7335, this current research adapted the procedure used by Ho et al. (2017a) to replace apcE2,
apcB2, apcD2, apcD3 and apcD5 with the aphA2 gene, which confers kanamycin resistance on
the transformants. It was predicted that upon the deletion of these genes, the mutants would not
form functional FRL-AP bicylindrical cores, disrupting acclimation to FRL. To investigate the
phenotypes of the FRL-apc mutants, mutants were grown in WL and FRL conditions and analyzed
by whole-cell absorbance spectroscopy, whole-cell low-temperature fluorescence spectroscopy,
and reversed-phase HPLC analysis of the chlorophylls produced.
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Chapter 2
Conjugative transformation to create mutants and growth of mutant strains
2.1 Introduction
In order to address the main questions of this research, a conjugative transformation
procedure (adapted from Ho et al. 2017a) was employed to delete individually one apc gene per
mutant. This involved amplification of the 3-kb flanking regions of the specific apc gene followed
by an assembly polymerase chain reactions (PCR), creating a 6-kb amplicon of genomic DNA
lacking the targeted apc gene. Restriction digestions and ligations were then employed to anneal
the DNA fragment into a cargo plasmid that could be transformed into competent E. coli cells,
amplified, then purified. Another round of restriction digestions and ligations were performed to
anneal an aphA2 cassette in the place of the FRL-apc gene, conferring kanamycin resistance. Once
purified, this plasmid was transformed into E. coli HB101 cells, which then underwent conjugation
with wild-type Synechococcus sp. PCC 7335. These transconjugants were grown on ASN-III agar
plates supplemented with kanamycin. Throughout this process, agarose gel electrophoresis of
colony PCR and restriction digestion amplicons, selection with antibiotics, and DNA sequencing
were used to ensure that the correct products were formed.

2.2 Materials and methods
2.2.1 Designing primers using SnapGene, Primer3Plus, and EMBOSS
The program SnapGene was used to visualize the nucleotide sequence of Synechococcus sp. PCC
7335 and of the pRL277 and pRL161. The primers were designed using the online primer design
program, Primer3Plus (http://primer3plus.com/cgi-bin/dev/primer3plus.cgi). Potential primer
sequences were searched for in regions of the DNA sequences and their sequence alignment was
checked using EMBOSS Matcher Pairwise Sequence Alignment, ensuring that the primers had no
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nonspecific binding sites (https://www.ebi.ac.uk/Tools/psa/emboss_matcher/nucleotide.html).
After being designed, the primers were synthesized by Integrated DNA Technologies (Coralville,
IA). Primers were diluted to 10 µM in preparation for PCR reactions.

2.2.2 PCR, colony PCR, restriction digestion, and ligation reactions
For polymerase chain reactions (PCR), either Phusion High-Fidelity DNA Polymerase, LongAmp
DNA Polymerase (New England BioLabs Inc., Ipswich, MA) or MyTaq Red DNA Polymerase
(Bioline USA In., Taunton, MA) were used along with the procedures and solutions provided by
the manufacturer. For Colony PCR, cells were collected from agar plates or from liquid media,
and amplicons were produced using LongAmp DNA Polymerase of MyTaq Red DNA
Polymerase. Restriction enzymes from New England BioLabs (Ipswich, MA), shown in Table 1,
were used for restriction digestions. T4 DNA Ligase and its recommended procedure from New
England BioLabs (Ipswich, MA) was used to ligate amplicons.
Table 1: Restriction enzymes and their recognition site sequences
Restriction Enzyme Recognition Site Sequence (5-3)
BamHI

GGATCC

MfeI

CAATTG

SacI

GAGCTC

SpeI

ACTAGT

XhoI

CTCGAG

XmaI

CCCGGG
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2.2.3 Identification of amplicons through agarose gel electrophoresis
After PCR amplifications and restriction digestions, products were evaluated and isolated by
agarose gel electrophoresis. A 1-kb DNA ladder (New England BioLabs Inc., Ipswich, MA) was
used and after samples were loaded, the gel electrophoresis was run for 30 minutes at 120V. The
amplicons were mixed with 6X Purple Gel Loading Dye (New England BioLabs Inc., Ipswich,
MA) and identified by comparing the predicted band length of the amplicon to the DNA ladder
while visualizing gels under UV light. If the amplicons were to be purified, amplicons were excised
from the gel.

2.2.4 Purification of amplicons from gels and plasmids
Excised gel fragments containing desired amplicons were purified using the EZ-10 Spin Column
DNA Gel Extraction Kit (BIO BASIC INC. 20 Konrad Crescent, Markham Ontario L3R 8T4
Canada) and the concentrations were measured by a NanoDrop-1000 Spectrophotometer (Thermo
Fisher Scientific, Waltham, MA). Transformed pRL277 plasmids from competent E. coli cells
were isolated and purified using EZ-10 Spin Column Plasmid DNA MiniPreps Kit (BIO BASIC
INC. 20 Konrad Crescent, Markham Ontario L3R 8T4 Canada). The purified product
concentrations were also measured using a NanoDrop-1000 Spectrophotometer (Thermo Fisher
Scientific, Waltham, MA).
2.2.5 Transformation of plasmid constructs into competent α-select chemically competent E.
coli cells
The pRL277 plasmid constructs were transformed into α-Select Chemically Competent E. coli
cells by following the accompanying procedure from Bioline (Bioline USA In. 305 Constitution
Dr, Taunton, MA 02780). Transformed cells were grown on Luria-Bertani (LB) agar plates. These
agar plates were supplemented with kanamycin (50 µg/mL) when transformed cells contained the
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transformed pRL277 plasmid containing aphA2 in replacement of targeted FRL-apc gene. The
plates were incubated overnight at 37°C.

2.2.6 Transformation of plasmid constructs into E. coli HB101 cells
The cargo pRL277 plasmids containing the 6-kb fragments and aphA2 gene were
transformed into E. coli HB101 cells. The E. coli HB101 cells contain the conjugal plasmid
pRL433 and the helper plasmid pRL623, conferring resistance to ampicillin, tetracycline,
spectinomycin, and chloramphenicol (Elhai et al. 1997; Elhai & Wolk 1988). These cells were
grown on LB agar plates with five antibiotics: kanamycin (100 µg/mL), ampicillin (100 µg/mL),
tetracycline (12.5 µg/mL), spectinomycin (100 µg/mL) and chloramphenicol (50 µg/mL).
Kanamycin was added as a selection factor for successful transformants with the inserted aphA2
gene.

2.2.7 Sequencing of DNA fragments
DNA fragments and specific primers were prepared and sent for sequencing at the Genomics Core
Facility at Penn State. Results were collected online and loaded into the programs SeqMan Pro 14
and Chromas to check for correct alignment of sequence and abundance of specific detected
nucleotides, respectively.

2.2.8 Conjugation procedure to introduce pRL277 construct plasmids into Synechococcus sp.
PCC 7335
In preparation for conjugation, Synechococcus sp. PCC 7335 cells were cultured for one week until
the approximate OD750 nm = 0.6. Transformant E. coli HB101 cells were cultured in 20 mL of LB
media supplemented with kanamycin (100 µg/mL), ampicillin (100 µg/mL), tetracycline (12.5
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µg/mL), spectinomycin (100 µg/mL) and chloramphenicol (50 µg/mL) and were cultured
overnight in 37°C incubator on a shaker.
Once cultured, Synechococcus sp. PCC 7335 cells and E. coli HB101 cells were harvested
separately. For harvesting Synechococcus sp. PCC 7335, 20 mL of cells were pelleted in 50 mL
centrifugation tubes at 6000 rpm for 5 minutes and the resulting supernatant was discarded. The
cell pellet was resuspended in 25 mL of ASN-III media and pelleted again at 6000 rpm for 5
minutes and the supernatant was again discarded. The cell pellet was resuspended in 1 mL of ASNIII media, transferred to a 1.5 mL Eppendorf tube, and pelleted a final time at 6000 rpm for 2
minutes. The supernatant was discarded, and the pellet was resuspended in 100 µL of ASN-III
media. Transformed E. coli HB101 cells were transferred to 50 mL centrifuge tubes, pelleted at
6000 rpm for 5 minutes, and the supernatant, containing antibiotics, was decanted. The pellet was
resuspended two more times in 25 mL of LB media before centrifugation at 6000 rpm for 5 minutes
and the supernatant was discarded. This cell pellet was resuspended in 1 mL of ASN-III media and
transferred to a 1.5 mL Eppendorf tube. The resulting sample was pelleted at 6000 rpm for 2
minutes before removal of supernatant and resuspension in 200 µL of ASN-III media. The
approximate ratio of the final cell pellets of the wild-type Synechococcus sp. PCC 7335 to E. coli
HB101 cells was 1:10. After each pellet was resuspended in the final volume of ASN-III media,
the two solutions of cells were combined. Cells were left at room temperature for 4-6 hours in low
light conditions and were gently shaken every hour. After this time, cell mixtures were pipetted
onto a sterile nitrocellulose filter placed on ASN-III agar plates. These transconjugant cells were
incubated at 30°C for 3 days in low light conditions, then the filter membranes were transferred
onto ASN-III agar plates supplemented with kanamycin (50 µg/mL) in normal light conditions.
These were left to grow for 3 weeks until individual mutant Synechococcus sp. PCC 7335 colonies
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appeared. Once dark-brown mutant Synechococcus sp. PCC 7335 colonies were large enough, the
individual colonies were streaked separately and continuously onto ASN-III agar plates with
kanamycin (50 µg/mL) until complete segregation of mutant and wild-type alleles (shown by
agarose gel electrophoresis of colony PCR amplicons using respective mutant sequence check
primers).

2.2.9 Checking for homologous recombination in mutant Synechococcus sp. PCC 7335 strains
To check for homologous recombination in mutant Synechococcus sp. PCC 7335 strains, colony
PCR was carried out using mutant cells, mutant pRL277 plasmids purified from transformed E.
coli HB101 cells, and wild-type cells with the primers sacB_iR and Str_iF. These two primers
amplify a 2.8-kb sequence on the pRL277 plasmid located outside of the mutated region. The
amplicons were analyzed by agarose gel electrophoresis. If the approximate 2.8-kb amplicon was
still present within the mutant Synechococcus sp. PCC 7335 colonies, then complete homologous
recombination had not yet occurred. If this was the case, mutant cells were restreaked onto a new
ASN-III agar plate supplemented with kanamycin until homologous recombination and
segregation of alleles had occurred.

2.2.10 Designing primers to specifically delete and replace FRL-apc genes with aphA2

Four primers were designed to amplify the 3-kb flanking regions of the desired FRL-apc gene.
The primers distal to the desired gene were designed with an 18-bp region of the genomic DNA
and a restriction enzyme recognition site on the 5 end. In accordance to recommendations of the
New England Biolabs, 1 to 5 base pairs were added to the end of the recognition site sequences to
increase the cleavage efficiency (New England Biolabs Inc., Ipswich, MA). For each 3-kb
fragment, two restriction enzyme recognition sites were added, one on the primer site distal to the
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FRL-apc gene and one on the primer site proximal to the FRL-apc gene. When choosing the
restriction enzymes, there were two criteria: the enzymes had to be non-cutters of the genomic
Synechococcus sp. PCC 7335 DNA and cutters of the pRL277 plasmid. These recognition sites
allowed for annealing of the 6-kb fragment into the pRL277 plasmid as well as annealing of the
aphA2 cassette in place of the FRL-apc gene.
The primers proximal to the FRL apc-gene were designed for both restriction digestion and
for assembly PCR. In this case, the primers were designed with 18-bp matching the genomic DNA,
a restriction enzyme recognition site, a 6-bp linker region, and the 3-5 sequence of the distal
primer designed to anneal on the opposite site of the FRL-apc gene. With this design, after the
flanking 3-kb regions were amplified separately, they could be annealed through PCR due to the
complementary sequence of the two proximal primers. The primers discussed for each apc gene
are shown in Table 2 and Table 3 and the strategy of this process for deleting apcE2 has been
shown in Figure 1.
Table 2: Primers for deletion of five FRL-apc genes

Primer Name

5 to 3 Sequence

SacI_3ku-apcE2_F

AATGAGCTCTCTTCGCGGTCTAGTCCAGT

SpeIXmaI_apcE2_R TGGACTTGGAGACCGCTCCCGGGAACCTTACTAGTTCCTATG
ATTTCAGCCCAAA
XhoI_3kd-apcE2_R

AAGTCTCGAGATCAGACGGCTGCTGACTTT

SpeIXmaI_apcE2_F

TTTGGGCTGAAATCATAGGAACTAGTAAGGTTCCCGGGAGC
GGTCTCCAAGTCCA

Sac1_3kb_U_apcB2

AAGGAGCTCATCTGCGTGAAGGGAAAC

XmaI/BamHI_U_ap
cB2_R

GGGTAAACCAACGACCCGGGCACTTTGGATCCGGGAAAAAT
CTCCTAAAT
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XhoI_3kb_D_apcB2 AATTCTCGAGGACGCAGCCATTTTCTCC
BamHI/XmaI_D_ap
cB2_F

AGGAGATTTTTCCCGGATCCAAAGTGCCCGGGTCGTTGGTTT
ACCCAAGC

SacI_U_apcD2_F

ATAGAGCTCTGCATCAGTTGACGAGTG

XmaI/BamHI_U_ap
cD2_R

AATAAATTCAATGCCCGGGTATCCCGGATCCCACAAAATCTC
CTAAAAC

XhoI_D_apcD2_R

TTTATCTCGAGCCGCACCAGCTCCTGAAT

BamHI/XmaI_D_ap
cD2_F

TAGGAGATTTTGTGGGATCCGGGATACCCGGGCATTGAATTT
ATTTGGA

SacI_U_apcD3_F

AATGAGCTCTGATCGCAACTGCTGATC

MfeI/XmaI_D_apcD TGTTTACTGACGTCCAATTGCCCGGACCCGGGCGACTACAAG
3_F
TTTACAAA
XhoI_D_apcD3_R

TTATCTCGAGGCCTAGAGACGAACGGCA

XmaI/MfeI_U_apcD TAAACTTGTAGTCGCCCGGGTCCGGGCAATTGGACGTCAGTA
3_R
AACACCTA
SacI_U_apcD5

TGGGAGCTCAATGCCGTTCCCACACAT

XmaI/BamHI_U_ap
cD5_R

TACGACAAAAATAGCCCGGGTGGCCCGGATCCAGTACTGGT
TCTCACTAC

XhoI_D_apcD5

AATTCTCGAGTCCATAAGTGGGTCGCCC

BamHI/XmaI_D_ap
cD5_F

TGAGAACCAGTACTGGATCCGGGCCACCCGGGCTATTTTTGT
CGTAGCTA

*DNA sequences labeled in red correspond to restriction sites

Table 3: Primers for amplification of kanamycin resistance cassette from pRL161
Primer Name

Primer Sequence 5-3

SpeI_ Km R

AAAGGGACTAGTGGTGGGCGAAGAACTCCA
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XmaI_Km F

ACCCGGGCACGCTGCCGCAACGACT

Km-BamHI_F AATGGATCCCACGCTGCCGCAAGCACT
MfeI-Km_F

AAACAATTGCACGCTGCCGCAAGCACT

XmaI-Km_R

AAACCCGGGGGTGGGCGAAGAACTCCA

*DNA sequences labeled in red correspond to restriction sites

The conjugative transformation strategy used replace the FRL-apc genes with aphA2 was
adapted from previous studies (Ho et al. 2017a). The specific procedure used to create apcE2
mutants will be used as an example to explain the general process for creating the other four
mutants. First, the 3-kb regions flanking apcE2 were amplified using the primers SacI_3kuapcE2_F and SpeIXmaI_apcE2_R, located downstream of apcE2, and XhoI_3kd-apcE2_R and
SpeIXmaI_apcE2_F, located upstream of apcE2 (Figure 1A). The 3 kb amplicons were visualized
by agarose gel electrophoresis and excised for gel purification using the EZ-10 Spin Column DNA
Gel Extraction Kit (BIO BASIC INC. 20 Konrad Crescent, Markham Ontario L3R 8T4 Canada).
These amplicons were then annealed through PCR using the two distal primers SacI_3ku-apcE2_F
and XhoI_3kd-apcE2_R. The resulting 6 kb amplicons were identified and purified. Next, the 6
kb amplicon and the cargo pRL277 plasmid were subjected to restriction digestions with SacI and
XhoI. The recognition sites on the 6 kb amplicon can be seen in Figure 1B and the same restriction
sites can be seen on the pRL277 plasmid on Figure 1C.
After the separate reactions, these two amplicons were purified using the EZ-10 Spin
Column Plasmid DNA MiniPreps Kit (BIO BASIC INC. 20 Konrad Crescent, Markham Ontario
L3R 8T4 Canada). Purified amplicons were added and subjected to a ligation T4 DNA Ligase,
resulting in the amplicon shown in Figure 1D. After purification, this pRL277 construct was
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transformed into α-select chemically competent E. coli cells (Bioline USA In. 305 Constitution
Dr, Taunton, MA 02780). Once successful transformation was verified through colony PCR and
agarose gel electrophoresis and restriction digestion, the transformed mutant pRL277 plasmid was
purified using the EZ-10 Spin Column Plasmid DNA MiniPreps Kit (BIO BASIC INC. 20 Konrad
Crescent, Markham Ontario L3R 8T4 Canada). In preparation for being annealed into the middle
of the 6-kb region of this construct, the aphA2 cassette was amplified from the pRL161 plasmid
using the SpeI_Km R and XmaI_Km F primers and purified (primers this and other mutants shown
in Table 3). The mutant pRL277 plasmid and the amplified aphA2 cassette were subjected to
restriction digestions with the enzymes SpeI and XmaI, the fragments were repurified, and then
ligated, producing the product seen in Figure 1E. After purification and verification by Sanger
sequencing, this product (Figure 1F) was transformed into donor E. coli HB101 cells. These
transformed competent cells were grown and harvested in preparation for conjugation. Wild-type
Synechococcus sp. PCC 7335 cells were grown and harvested, and mixed with the donor E. coli
HB101 cells. The transconjugants were grown on ASN-III agar plates and then transferred to ASNIII media, both supplemented with kanamycin, these mutants were subjected to colony PCR to
ensure complete segregation of wild-type and mutant alleles of the apcE2 gene replaced by the
aphA2gene. The mutants were also subjected to Sanger sequencing to ensure that the aphA2 gene
was still correctly inserted into the mutant genomic DNA.
This same general procedure was performed for the apcB2, apcD2, apcD3 and apcD5
mutants using their respective primers and restriction digestion enzymes. One major difference in
the synthesis of these mutational constructions was that when the four 6-kb fragments were
respectively annealed into the pRL277 plasmid, they were ligated in the opposite direction as the
apcE2 mutant. This was not believed to be impactful because the sequences would all be
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incorporated into Synechococcus sp. PCC 7335 genomic DNA in the sense (transcribed) direction.
The 6-kb fragments with the inserted aphA2 gene of each mutant are shown in Figure 2.

2.2.11 ASN-III liquid and solid media
The wild-type and mutant Synechococcus sp. PCC 7335 strains were grown in ASN-III medium
supplemented with double the concentration of iron, vitamin B12 (4 µg/L) and 10 mM Tris–HCl,
pH 8.0. ASN-III medium was supplemented with kanamycin (50 µg/mL) for all mutant strains. To
make ASN-III agar plates, the same media was made with the addition of 10 g/L of triple-washed
BactoTM Agar. If the agar plates were made for mutant strains, then the media was also
supplemented with kanamycin (50 µg/mL).

2.2.12 White light and far-red light growth conditions
For white-light conditions, white fluorescent light was provided at approximately 50 µmol photons
m–2 s–1 and wild-type and mutant Synechococcus sp. PCC 7335 strains were grown in 25-30 mL
of liquid ASN-III media (with added kanamycin for mutant strains, 50 µg/mL) in bubbling tubes
sparged with 1% (v/v) CO2 in air at room temperature (Ho et al. 2017a). For FRL conditions, FRL
was provided at 26–30 µmol photons m–2 s–1. These conditions were created both by filtering white
light with red and green plastic filters and by using LEDs that emit light with wavelength of 720
nm (L720-06AU, http://www.epitex.com, Marubeni, Santa Clara, CA) (Ho et al. 2017a). Both
wild-type and mutant cells were grown in 25-30 mL of liquid ASN-III media (with added
kanamycin for mutant strains, 50 µg ml–1) in bubbling tubes sparged with 1% (v/v) CO2 in air at
room temperature.
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F

Figure 1. Diagrams showing strategy for deletion mutagenesis of apcE2. (A) Diagram showing a region of the
Synechococcus sp. PCC 7335 genomic DNA containing the portion of the FaRLiP gene cluster containing FRL
apc genes. This figure shows the four primers (SacI_3ku-apcE2_F, SpeIXmaI_apcE2_R, XhoI_3kd-apcE2_R
and SpeIXmaI_apcE2_F; shown in Table 2) used for the amplification of the two 3 kb flanking regions of
apcE2; (B) Diagram showing the annealed 6-kb with deletion of apcE2. This figure also shows the four
restriction enzyme recognition sites added for the four restriction enzymes (SacI, XhoI, XmaI and SpeI; shown
in Table 1) used for insertion of the 6-kb fragment into the pRL277 plasmid and for insertion of the aphA2 gene

in place of apcE2; (C) Diagram showing the pRL277 plasmid and the two recognition sites for the restriction
enzymes SacI and XhoI that correlate with the recognition sites on the ends of the 6-kb fragment; (D) Diagram
showing the pRL277 plasmid with the 6-kb fragment inserted via restriction digestion and subsequent ligation;
(E) Diagram showing the aphA2 gene amplified from the pRL161 plasmid. This figure also shows the two
recognition sites added for the restriction enzymes XmaI and SpeI, correlating with the two recognition sites in
the interior of the 6 kb fragment; (F) Diagram showing the pRL277 plasmid with 6-kb insert and aphA2 gene.
This diagram also shows the sacB_iR and Str_iF primers used to check for homologous recombination.
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Figure 1. Diagrams showing the mutated 6-kb fragments with the replacement of the apc gene with the

aphA2 gene in each mutant. Each panel shows the four primers used to amplify and anneal the 3-kb upstream
and downstream regions from the deleted gene (primers shown in Table 1). The two restriction sites for the
annealing of the aphA2 gene are shown for each mutant. The restriction sites for restriction enzymes used to
anneal the 6-kb fragment into the cargo pRL277 plasmid are located on the distal primers and the specific
enzyme is represented in the name of the primer. (A) Diagram showing replacement of apcB2 with aphA2;
(B) Diagram showing replacement of apcD2 with aphA2; (C) Diagram showing replacement of apcD3 with
aphA2; (D) Diagram showing replacement of apcD5 with aphA2. Also represented in panel A are the
restriction enzyme sites (NcoI and SpeI) for the restriction enzymes used to ensure correct production of
transformed pRL277 plasmid for apcB2 mutants. The results of this digestion are shown in Figure 3C.
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2.3 Results
Throughout the creation of these mutants, agarose gel electrophoresis of colony PCR reaction
and restriction digestion products, selection with antibiotics, and DNA sequencing were used to
ensure that the correct products were formed. The first colony PCR was performed on the
transformed α-select chemically competent E. coli colonies containing the pRL277 plasmid with
the inserted 6 kb fragment. An example of the results of the colony PCR for the apcE2 mutant are
shown in Figure 3A. After successfully transformants were identified, these colonies were
cultivated in LB media on a shaker in a 37°C incubator overnight and their plasmids were purified
using the EZ-10 Spin Column Plasmid DNA MiniPreps Kit (BIO BASIC INC. 20 Konrad
Crescent, Markham Ontario L3R 8T4 Canada). To ensure that the 6 kb fragments were correctly
inserted, the mutant pRL277 was subjected to double-sided restriction digestions followed by
agarose gel electrophoresis to visualize the bands. An example of the results is shown for the apcB2
mutant in Figure 3B. Once confirmed, these samples were submitted for Sanger sequencing to
ensure that no mutations had occurred.

Table 4. Primers used to ensure complete segregation of wild-type alleles and aphA2 in mutant
strains and to ensure homologous recombination

Primer Name

5 to 3 Sequence

277_seq_F

GAACGAGCGCAAGGTTTC

277 seq-2

CTTGGTCTGACAGTTACCAATGCTTAATCAGTG

E2 sequencing check F

TCGCTCAAAGAAGTCACGCT

22

E2 sequencing check R

ACCAGCTAATACAGATGCGGT

B2 sequencing check F

AAGATGCTCAAGAGGTCGCC

B2 sequencing check R

AGCGAACTTCACGATCAGCA

apcD2 Sequencing Check F GCTGGCAAAGAGGTCGGTTA

apcD2 Sequencing Check R GCGTCTGCATTTCGCTATGG

apcD3 Sequencing Check F CTGGAGAAAATGGCTGCGTC

apcD3 Sequencing Check R AGCCAGTCATCAAGCTGCTT

D5 Sequencing Check F

TCGCAGCCAAAGTTTTGAAAGA

D5 Sequencing Check R

TGCAGTGTGTCTAGCGATGA

sacB_iR

ACAGGTACCATTTGCCGTTC

Str_iF

TGATTTGCTGGTTACGGTGA

Next, successful growth on LB agar plates supplemented with kanamycin was used as a
selection marker to ensure that the aphA2 gene was inserted into the 6 kb fragment within the cargo
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pRL277 plasmid. After being cultured and the plasmids purified, this was confirmed by restriction
digestion yielding amplicons of the expected size. An example of the results for the apcB2 mutant
is shown in Figure 3C. Successful conjugation was initially assumed by growth of mutant
Synechococcus sp. PCC 7335 cells on ASN-III agar plates supplemented with kanamycin. The
results from colony PCR of the transconjugants further ensured that the aphA2 gene was present
in the DNA of these cells (Figure 4). PCR reactions using the two primers sacB_iR and Str_iF,
found only on the pRL277 plasmid, ensured that homologous recombination had occurred and that
no residual plasmid sequence remained in the genomic DNA (Figure 5). In conclusion, the DNA
of these mutant cells was used as a template for Sanger sequencing to ensure that the aphA2 gene
was correctly incorporated into the genomic DNA. It is important to note that the sequencing data
of the apcB2 mutant revealed the deletion of 31 bp starting 12 bp at the 3 end of the kanamycin
resistant cassette, but not affecting the coding region of aphA2.
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Figure 3. Examples of agarose gel electrophoresis of amplicons used to ensure correct mutation of pRL277
products throughout conjugative transformation procedure. Size markers are shown as lane M in panels AC with specified marker band lengths to the left. (A) Amplicons produced by colony PCR of transformed
pRL277 plasmid with 6 kb insert for apcE2 mutants (B) Restriction digestion amplicons of transformed
pRL277 plasmid with 6 kb insert of the apcB2 mutant. (C) Restriction digestion amplicons of transformed
pRL277 plasmid with 6 kb insert and aphA2 insert. In panel A, lanes 1-10 show colony PCR amplicons,
using primers 277_seq_F and 277 seq-2, of 10 different competent E. coli colonies subjected to
transformation with the mutated cargo pRL277 plasmid with 6 kb insert. The expected amplicon is 7112
bp and the results show that for the template used in lanes 1 and 5, the apcE2 gene was successfully deleted.
In panel B, lanes 1-3 show amplicons of restriction digestions using enzymes SacI and BamHI with
template DNA from competent E. coli colonies transformed with the cargo pRL277 plasmid with inserted

6kb fragment. The expected amplicons are 3037 bp and 10,572 bp and the results show that for the template
used in lane 3, the apcB2 gene was deleted. In panel C, lanes 1-3 show amplicons for restriction digestions
using enzymes NcoI and SpeI with template DNA of transformed pRL277 plasmid with 6 kb insert and
aphA2 insert for apcB2 mutants. The expected amplicons are 1735 bp and 11,994 bp and the results show
that for the templates used in lanes 1-3, the apcB2 gene was deleted and replaced by aphA2.
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Figure 4. Agarose gel electrophoresis of PCR amplicons showing complete segregation of wildtype and mutant alleles of apc genes replaced by the aphA2 gene, conferring kanamycin resistance

in Synechococcus sp. PCC 7335 strains. The sequencing check F and R primers for each mutant
(Table 3) were used to verify the deletion of the corresponding apc gene. Size markers are shown
in lane M in panels A-E. (A) Amplicons related to apcE2; (B) Amplicons related to apcB2; (C)
Amplicons related to apcD2; (D) Amplicons related to apcD3; (E) Amplicons related to apcD5.
In each panel, lanes labeled M show DNA size markers, and sizes of selected marker bands are
indicated to the left. In lanes labeled with 1, the DNA template was produced from cells of a
transconjugant colony. In lanes labeled 2, the DNA template was purified plasmid DNA that was
introduced into Synechococcus sp. PCC 7335 by conjugation. In lanes labeled 3, the template DNA
was derived from cells of a colony of wild-type Synechococcus sp. PCC 7335. For lanes labeled 4,

the template for PCR was purified genomic DNA from wild-type Synechococcus sp. PCC 7335.
Panel A. The expected amplicon product for the apcE2 mutant is 1613 bp, while that for the wildtype is 2637 bp. Panel B. The expected amplicon for the apcB2 mutant is 1632 bp and that for the
wild-type is 790 bp. Panel C. The expected amplicon product for the apcD2 mutant is 1668 bp,
while that for the wild-type is 815 bp. Panel D. The expected amplicon product for the apcD3
mutant is 1517 bp, while that for the wild-type is 777 bp. Panel E. The expected amplicon product
for the apcD5 mutant is 1699 bp, while that for the wild-type is 842 bp. The results show that all
mutants were constructed as intended, and all were verified by DNA sequencing of amplicons from
the mutant DNA template.
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Figure 5. Agarose gel electrophoresis of PCR amplicons showing homologous recombination in
transconjugant mutant colonies grown on ASN-III agarose plates supplemented with kanamycin. The
sacB_iR and Str_iF primers were used in every PCR reaction and these primers were designed to produce
a 2.8-kb amplicon from a region of the pRL277 plasmid located outside of the inserted cloned mutant
fragment (primers and expected amplicon shown in Figure 1D). Size markers are shown in lane M in panels

A-E with selected sizes of marker bands shown to the left. In lane 1 for every panel, the templates for
colony PCR amplification were transconjugant mutant Synechococcus sp. PCC 7335 colonies. In the + lane
for each panel, the DNA template was purified plasmid DNA that was introduced into Synechococcus sp.
PCC 7335 by conjugation and this served as a positive control. In the – lane for every panel, the template
DNA was derived from cells of a wild-type Synechococcus sp. PCC 7335 colony and this served as a
negative control. Panel A. PCR results of apcE2 mutant colony; Panel B. PCR results of apcB2 mutant
colony; Panel C. PCR results of apcD2 mutant colony; Panel D. PCR results of apcD3 mutant colony;
Panel E. PCR results of apcD5 mutant colony. All panels show that no amplicons were produced by PCR
using the two primers sacB_iR and Str_iF, indicating that no residual plasmid sequence remained in the

genomic DNA of the mutants.
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2.4 Discussion
This conjugative system for Synechococcus sp. PCC 7335 was established in a previous study (Ho
et al. 2017a). In this study, apcE2, apcB2, apcD2, apcD3, and apcD5 were deleted and replaced
with aphA2, further verifying the use of conjugative transformation in Synechococcus sp. PCC
7335 (Ho et al. 2017a). The successful creation of these mutants is supported by validation of
complete segregation of wild-type alleles and the aphA2 allele through colony PCR and through
sequencing data of the 3 and 5 annealed regions of the inserted aphA2 gene in mutant genomic
DNA. As mentioned, the sequencing data for the apcB2 mutant revealed the deletion of 31 bp
starting 12 bp from the 3 end of the aphA2 cassette. This sequence was found outside of the coding
region of the aphA2 gene and after a BLAST search, was determined to be a noncoding region of
the vector with no predicted domains. In addition, the apcB2 mutants still exhibited resistance to
kanamycin, indicating that this deletion did not have any effect on the deletion and replacement of
apcB2 with aphA2 in these mutants. Growth of all mutants in WL demonstrates that none of these
five FRL genes are necessary for growth in WL.
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Chapter 3
Characterization of five Synechococcus sp. PCC 7335 mutant strains with
deleted FRL-apc genes
3.1 Introduction
It was recently discovered that certain species of cyanobacteria can perform FaRLiP, an
acclimation process in response to FRL, in which cells produce FRL-related photosynthetic
complexes, including the core proteins for PSI, PSII and PBS and synthesize Chl f and Chl d (Gan
et al. 2015). Gan et al. (2015) has shown specifically that cyanobacteria of Synechococcus sp. PCC
7335 are capable of FaRLiP. When grown in FRL, cells of Synechococcus sp. PCC 7335 express
FRL-genes and synthesize new pigments and assemble FRL-specific photosynthetic protein
complexes. The absorbance spectra of these FaRLiP adapted cells show a typical absorption
feature beyond 700 nm (small peak and shoulder that start at approximately 710 nm; Gan et al.
2015). The low-temperature fluorescence emission spectra of these cells when excited at 440 nm
and 590 nm show a new, large peak at around 728 nm and a new large peak at around 740 nm,
respectively. Also seen in the fluorescence emission spectra when excited at 590 nm is a significant
decrease in the peak at 715 nm and the pair of peaks at around 683 nm and 695 nm, marking a
decrease in WL-PSI and WL-PSII. These characteristics illustrate that these wild-type cells have
acclimated to FRL and are producing FRL-PSII, FRL-PSI and FRL-PBS cores, along with
synthesizing Chl f and Chl d (Gan et al. 2015; Ho et al. 2017a). To further support this, RP-HPLC
analyses also show an increase in production of Chl f and Chl d (Gan et al. 2015; Gan et al. 2014;
Ho et al. 2017a). In response to FRL, cyanobacterial cells additionally synthesize FRL-PBS cores
which are composed of ApcD5, ApcD3, ApcD2 (forming the FRL α-subunit analogous to the APB protein) (Bryant 1994; Gan et al. 2015; Ho et al. 2017b), ApcB2 (forming the FRL β-subunit of
the FRL-PBS core) and, ApcE2 (the main core-membrane linker protein) (Bryant 1994; Gan et al.
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2014; Gindt et al. 1994). In order to investigate the role of FRL-Apc core proteins, individual
mutant strains of Synechococcus sp. PCC 7335, each with a deletion of apcE2, apcB2, apcD2,
apcD3, and apcD5, were created. Segregation of mutant and wild-type alleles was performed
under WL-growth conditions. These mutants were grown in WL and FRL conditions and were
analyzed using absorbance spectroscopy, low-temperature fluorescence emission spectroscopy,
and reversed-phase HPLC. The results from these mutants were compared to the common results
expressed by wild-type Synechococcus sp. PCC 7335 grown in these same conditions.

3.2 Materials and Methods
3.2.1 Whole-cell absorbance and low temperature fluorescence emission spectroscopy
For analysis of cells grown under WL, wild-type and mutant Synechococcus sp. PCC 7335 cells
were incubated and grown in WL until the OD750 nm of cultures was approximately 0.6-0.8. For
analysis of cells grown in FRL conditions, wild-type and mutant Synechococcus sp. PCC 7335
cells were incubated in FRL for three-to-four weeks until the OD750

nm

of cultures was

approximately 0.6-0.8. For measurement experiments, cells were harvested and adjusted to OD750
nm

values of either 0.25 or 0.5 for absorbance and low temperature-fluorescence emission

spectroscopic analyses, respectively (Ho et al. 2017a). Samples for absorbance analysis were
prepared in ASN-III media, and samples for low temperature-fluorescence emission spectroscopy
were prepared in ASN-III media and frozen in liquid nitrogen before analysis. Absorbance spectra
were recorded with the GENESYS 50 spectrophotometer (ThermoSpectronic, Rochester New
York) and fluorescence emission spectra at low temperatures were recorded using a SLM Model
8000C modified for use with OLIS, Inc. (Ho et al. 2017a). An excitation wavelength of 440 nm
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was used to preferentially excite chlorophylls while an excitation wavelength of 590 nm was used
to preferentially excite phycobiliproteins.

3.2.2 Reversed-phase HPLC analyses of chlorophyll pigments
In preparation for HPLC analyses, wild-type and mutant Synechococcus sp. PCC 7335 cells were
first grown in the same WL and FRL conditions as cells for whole-cell spectroscopic analyses, and
1 mL aliquots with OD750 nm =1.0 were prepared. Cells were then pelleted at 6000 rpm for 3
minutes, and the supernatant was decanted. Cells were then resuspended in 15 µL of an
iodoacetamide solution (with final concentration of 36 µg/mL). Iodoacetaminde served to prevent
oxidation of chlorophyll a to chlorophyll d. Then, 270 µL of organic solvent (7:2 acetone to
methanol) was added, and the cells in solution were placed on ice in darkness (Ho & Bryant 2019).
After 10 minutes on ice, cells were centrifuged at 20,817 rpm for three minutes, and the supernatant
was passed through a Whatman 0.2 µm PTFE syringe filter to remove cell debris. These pigment
extracts where analyzed by an Agilent 1100 Series HPLC (Agilent Technologies, Santa Clara, CA)
equipped with a Diode Array Detector (Ho et al. 2017a).

3.3 Results
3.3.1 Absorbance spectra
When grown in WL, the wild-type and mutant Synechococcus sp. PCC 7335 strains exhibit the
same absorbance patterns with characteristic absorption peaks at 570 nm due to PE and, 625 nm
due to PC, and 680 nm and 682 nm due to Chl a bound to PSI and PSII (Figure 6). When grown
in FRL, the wild-type cells exhibit the same characteristic spectra as shown in previous studies,
namely the decreased absorbance peak at 570 nm due to a decrease in PE, an increase in the peak
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at 625 nm due to an increase in PC, and the distinct peak and shoulder starting at approximately
710 nm due to Chls d and f-associated photosystems and FRL-PBS core proteins (Figure 9) (Gan
et al. 2015; Gan et al. 2014; Ho et al. 2017a). When grown in FRL, the mutants did not exhibit
these same characteristics. Instead, they showed higher absorbance peaks for PE (570 nm), PC
(625 nm), and an obvious reduction of the absorbance beyond 700 nm (Figure 9).

3.3.3 Low-temperature fluorescence spectra
When grown in WL, both Synechococcus sp. PCC 7335 wild-type and all five mutant strains
exhibited similar fluorescence emission spectra with the same peaks and intensities when excited
at 590 nm and at 440 nm, respectively (Figures 7 and 8). When grown in FRL, cells of
Synechococcus sp. PCC 7335 wild-type had emission peaks at 680nm, 716 nm and 740nm when
excited both at 590 nm and at 440 nm (new peak at 740 nm and decreased peaks at 716 nm and
695 nm), which is supported by previous studies (Figures 10 and 11) (Gan et al. 2015; Ho et al.
2017a). Mutant strains of Synechococcus sp. PCC 7335, however, did not show these same peaks.
Instead, when excited at 590 nm, all five mutant strains showed significant reductions with
emission peaks at 740 nm (FRL-PSI and FRL-PSII associated Chl f) and much higher emission
peaks at 715 nm (mostly from WL-PSI-associated Chl a), and 695 nm and 685 nm (mostly due to
WL-PSII-associated Chl a; Figure 10). In addition, these emission peaks characteristic of PSII
bound to Chl a (695 nm and 685 nm) were greater than the emission peaks characteristic of PSI
bound to Chl a compared to mutants grown in WL (Figure 10). These mutant strains grown in FRL
showed these same emission trends when excited at 440 nm (Figure 11).
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3.3.4 Reversed-phase HPLC pigment analyses
Reversed-phase HPLC analysis was used to analyze the pigments extracted from wild-type and
mutant cells of Synechococcus sp. PCC 7335. As shown in Figure 12, the wild-type HPLC elution
profile showed similar elution profiles to previous studies, with the elution of Chl d (retention time
of 38.5 minutes), Chl f (retention time of 39.7 minutes) and Chl a (retention time of 44.1 minutes)
(Gan et al. 2014; Ho et al. 2017a; Zhao et al. 2015). The HPLC analysis of the apcD5 mutant was
conducted at a different time from the other four mutants so the retention times for these pigments
were slightly different. The identities of these chlorophylls in this analysis were confirmed via
absorbance spectroscopy. The elution profiles of the mutant Synechococcus sp. PCC 7335 strains
revealed an elution profile with the same retention times for Chls d, f, and a. However, significant
reduction was measured in the elution peaks related to Chl d. Also, the content of Chl f molecules
was substantially lower in the mutant cells (Figure 12).
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Figure 6. Whole-cell absorbance spectra of WT and specified mutant
Synechococcus sp. PCC 7335 strains grown in WL. For measurements, cells were
adjusted to OD750nm = 0.25 in ASN-III liquid media.
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Figure 7. Low-temperature (77 K) fluorescence emission spectra of wild-type
and mutant Synechococcus sp. PCC 7335 whole-cell samples grown in WL.
Cells were adjusted to OD750mm = 0.5 in ASN-III liquid media and frozen in
liquid nitrogen. The excitation wavelength was set at 590 nm to preferentially
excite phycobiliproteins.
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Figure 8. Low-temperature (77 K) fluorescence emission spectra of wild-type
and mutant Synechococcus sp. PCC 7335 whole-cell samples grown in WL.
Cells were adjusted to OD750mm = 0.5 in ASN-III liquid media and frozen in
liquid nitrogen. The excitation wavelength was set at 440 nm to preferentially
excite chlorophylls.
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Figure 9. Whole-cell absorbance spectra of WT and specified mutant
Synechococcus sp. PCC 7335 strains grown in FRL. For measurements,
cells were adjusted to OD750nm = 0.25 in ASN-III liquid media. (A) Wildtype and apcE2, apcB2, apcD2, and apcD3 mutants (B) Wild-type and
apcD5 mutant. The apcD5 mutant strain was analyzed separately from the
other four mutant strains shown in panel A.
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Figure 10. Low-temperature (77 K) fluorescence emission spectra of wild-type and
specified mutant Synechococcus sp. PCC 7335 whole-cell samples grown in FRL.
Cells were adjusted to OD750mm = 0.5 in ASN-III liquid media and frozen in liquid
nitrogen. The excitation wavelength was set at 590 nm to preferentially excite
phycobiliproteins. (A) Wild-type and apcE2, apcB2, apcD2, and apcD3 mutants (B)
Wild-type and apcD5 mutant. The apcD5 mutant strain was analyzed separately from
the other four mutant strains shown in panel A.
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Figure 11. Low-temperature (77 K) fluorescence emission spectra of wild-type and
specified mutant Synechococcus sp. PCC 7335 whole-cell samples grown in FRL. Cells
were adjusted to OD750mm = 0.5 in ASN-III liquid media and frozen in liquid nitrogen. The
excitation wavelength was set at 440 nm to preferentially excite chlorophylls. (A) Wildtype and apcE2, apcB2, apcD2, and apcD3 mutants (B) Wild-type and apcD5 mutant. The
apcD5 mutant strain was analyzed separately from the other four mutant strains shown in
panel A.
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Figure 12. HPLC elution profiles monitored at 705 nm of pigments from wild-type and
mutant FRL-apc Synechococcus sp. PCC 7335 strains grown in FRL. Cultures were grown
in white light and then transferred to FRL. The elution positions for Chl a, Chl f, and Chl d
are labeled and their identities were verified by absorbance spectroscopy. The wild-type
and mutant strains are indicated by the colors shown in the key. It is important to note that
the analyses for the apcD5 mutant was taken at a different time from the other mutants, so
the retention times for the pigments differ slightly. The identities of these pigments have
been identified as Chl a, Chl f, and Chl d through absorbance spectroscopy. As shown, all
of the mutant strains grown in FRL have decreased concentrations of Chl f and Chl d
compared to the wild-type strain.
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3.4 Discussion
As expected, the wild-type and mutant Synechococcus sp. PCC 7335 strains grown in WL
had the same absorbance and fluorescence emission spectra. This data shows that deletion of these
FRL core PBS proteins does not have a noticeable effect in the mutant strains on harvesting white
light when cells were grown at WL conditions, under which conditions the corresponding genes
are not expressed (Ho et al. 2017a; Zhao et al. 2015). When grown in FRL, however, there are
very noticeable differences between wild-type and mutant Synechococcus sp. PCC 7335 strains.
The mutant Synechococcus sp. PCC 7335 strains lacked the characteristic absorption shoulder
beyond 700 nm, showing that these mutant cells had deficiencies in the assembly of the FRLphotosynthetic complexes in acclimating to FRL. This is supported by the fluorescence emission
spectra of the mutant strains, excited both at 590 nm and 440 nm, which showed that these mutant
cells had a significant decrease in the size of the emission peaks related to FRL-PBS core proteins
and the emission peak produced by Chl f bound to FRL-PSI and FRL-PSII (740 nm) compared to
wild-type cells grown in FRL. In addition, the elution profiles of the mutant strains grown in FRL
show that the amount of Chl f was much lower in these cells and the amount of Chl d was
remarkably lower compared to wild-type cells grown in FRL.
These results also show that mutant cells unable to form the FRL-PBP bicylindrical cores
had significant impacts on synthesis of Chl d along with accumulation of Chl f in FaRLiP. The
presence of Chl f in the mutant strains grown in FRL was shown by the fluorescence emission
spectra as well as the HPLC elution profiles. The presence of Chl f was expected because it was
not predicted that deletion of these FRL apc genes would impact production and function of Chl f
synthase (Ho et al. 2017a; Ho et al. 2016). However, it appears that deletion of the genes impacts
the synthesis of Chl d. As shown in in the low-temperature fluorescence emission measurement,
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WL-PSII content was relatively higher in mutant cells grown at FRL, suggesting deficiency in
assembly of FRL-PSII in mutant cells in FaRLiP. Because Chl d is mostly incorporated into FRLPSII (Gan et al. 2014), it seems that reduction in chlorophyll d content probably led to problems
in the assembly FRL-PSII complexes when mutant cells were grown in FRL.
Compared to wild-type strains grown in FRL, Synechococcus sp. PCC 7335 mutant strains
grown in FRL exhibited larger absorbance peaks corresponding to PE (570 nm) and PC (625 nm).
This may suggest that the mutant cells produced more PE and PC in response to difficulties
growing in FRL due to defects in the assembly of FRL-Apc cores, perceiving them as low-light
conditions (Ho et al. 2017a; Ho et al. 2017b). In regard to the increase in PC, this may be explained
by type III CCA in which more PC is produced in response to RL conditions. While the LEDs are
listed as emitting light with wavelength of 720 nm (L720-06AU, http://www.epitex.com,
Marubeni, Santa Clara, CA), they in fact emit a range of wavelengths ranging from 660 nm to 760
nm, extending the range into red light (Ho et al. 2017a). This could explain the observed type III
CCA response in the mutant strains. Additionally, it seems that more RL-PBS were synthesized in
the mutant cells even when grown at FRL. As shown in a previous study, Synechococcus sp. PCC
7335 still produce RL-PBS with PC in the peripheral rods when grown in FRL (Ho et al. 2017b).
These mutants could be exhibiting a similar response, especially without the ability to efficiently
harvest FRL. In addition to decreased fluorescence emission peak at 740 nm, the Synechococcus
sp. PCC 7335 mutant strains grown in FRL exhibited higher fluorescence emission peaks at 684
nm and 695 nm compared to the peak at 715 nm, indicating that more WL-PSII associated with
Chl a was produced compared to WL-PSI bound to Chl a. In this case, the mutant cells lacking
capacities in synthesis of the FRL photosynthetic complexes may have responded by increasing
production of WL-PSII for survival in photoautotrophic growth even in FRL conditions. In
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general, the results from the spectroscopic and HPLC analyses illustrate that the mutant
Synechococcus sp. PCC 7335 strains lacking core PBS subunit proteins produce less Chl d, are
unable to assemble functional FRL-PSII at normal levels, and are unable to absorb wavelengths of
light past 700 nm when grown in FRL.
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Chapter 4
Conclusion
4.1 Summary and future directions
In this research, five mutant strains of Synechococcus sp. PCC 7335 were successfully
created. Each mutant had a deletion of one of the five FRL-apc genes, which encode the core
subunit proteins of the bicylindrical cores produced in FRL. The system used to create these
mutants was adapted from Ho et al. (2017a), and this research further validated the use of
conjugative transformation to delete genes and replace them with aphA2 in Synechococcus sp.
PCC 7335 (Ho et al. 2017a). This same system could be used to create and investigate strains of
Synechococcus sp. PCC 7335 with further mutations to the FaRLiP cluster. This may help with
answering key questions, like how Chl d is synthesized in Synechococcus sp. PCC 7335 when
grown in FRL.
When grown in WL, there were no observable differences between wild-type and the five
mutant strains of Synechococcus sp. PCC 7335. In addition, these mutations did not appear to have
any difficulties growing in WL, as expected due to the fact that there is no FRL to photoconvert
RfpA and initiate the FaRLiP response (Gan et al. 2014; Ho et al. 2017a; Zhao et al. 2015).
However, phenotypic changes were observed when these mutant Synechococcus sp. PCC 7335
strains were grown in FRL. According to the spectroscopic data, none of the mutants could
properly form FRL-specific light harvesting complexes, probably due to the absence of FRL-PBP
subunit core proteins. In addition to these changes, the mutant strains synthesized and accumulated
less Chl f and significantly less Chl d. The decrease in these pigments led to a decreased ability to
harvest FRL. In response to the absence of these proteins, it appears that mutant strains when
grown in FRL produced more WL-PSII associated with Chl a in an attempt to harvest light for
phototrophic growth. Increases in PC were also seen in the mutants grown in FRL, probably in the
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same attempt to harvest light in FRL conditions without FRL-harvesting complexes. In addition,
these increases in PC could be explained by the range of light emitted by the FRL LEDs, extending
into the RL region (Ho et al. 2017a). Further research for this study could include adding extra red
and green plastic filters in addition to the FRL LEDs. This would help in producing only light with
wavelength greater than 700 nm. Because these mutant strains would probably not survive in these
conditions due to non-functional FRL-harvesting apparatuses, it is likely that a carbon source
would need to be added to support heterotrophic growth. In addition to changing the growth
conditions and observing the results, further investigations could involve transcription profiling of
mutant strains grown in FRL to observe the impacts that these mutations have on the transcription
of other FRL-proteins. For example, directly located downstream from the deleted FRL-apc genes
are the FRL-psb genes (Figure 1A). Because the mutants showed decreases in functional FRLPSII, it would be interesting to discover if the insertion of aphA2 in place of the FRL-apc genes
effects the transcription of these FRL-genes.
Further studies could also investigate the synthesis of Chl d. The decrease in Chl d in the
mutant strains grown in FRL is interesting and raises the question of the potential role that some
of these proteins may have on Chl d synthesis. A previous study concluded that the synthesis of
Chl d in Chlorogloeopsis fritschii PCC 9212 grown in FRL requires the activities of RfpB and
RfpC (Zhao et al. 2015). This means that Chl d synthesis is regulated by this FaRLiP-regulatory
system and therefore, proteins related to its synthesis are probably located within the FaRLiP gene
cluster. Additionally, previous studies have shown that active thiol groups on proteins can promote
conversion of Chl a to Chl d (Fukusumi et al. 2012; Ho & Bryant 2019; Koizumi et al. 2005).
Interestingly, comparative sequence analyses show that some of the FRL-ApcD subunits in
Synechococcus sp. PCC 7335 contain additional cysteine residues that are typically observed in
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other PBPs (Gan et al. 2015). These extra cysteine residues could potentially play a role in the
synthesis of Chl d (Ho & Bryant 2019). While this current research completely deleted individual
subunit proteins, further studies involving mutagenesis of these extra cysteine residues or potential
isolation of the FRL-core subunit proteins could reveal more information about the role of these
proteins in Chl d biosynthesis.
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