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Chapter 1

General introduction

In the recent years toxic blooms of cyanobacteria have frequently occurred in
eutrophic freshwater worldwide (Guo 2007; Paerl and Huisman 2008). Unicellular
cyanobacterium Microcystis aeruginosa is the most notorious among bloom forming
cyanobacteria (Oliver et al. 2012). Because many strains of Microcystis produce cyclic
heptapeptide hepatotoxins, called microcystins, which specifically inhibit eukaryotic
protein phosphatase type 1 and 2A and enhance liver tumor (MacKintosh et al. 1990;
Namikoshi et al. 1992; Nishiwaki-Matsushima et al. 1992; Yoshizawa et al. 1990).
Microcystis blooms have caused death of livestock (Huisman et al. 2005; Oberholster et
al. 2009). Moreover, 60 patients in a haemodialysis unit in Brazil died probably due to
use of microcystins-containing water for dialysate preparation in 1996 (Pouria et al.
1998). Therefore, the World health organization (WHQ) determines a provisional
guideline value of total microcystin-LR (free plus cell-bound) to 1 ug/L in 1998 (WHO
2011). Thus, it is world issues for maintaining safe water supplies to control and
forecast the toxic cyanobacterial blooms (Backer and McGillicuddy 2006; Pearson and
Neilan 2008).

Many studies have been performed on relationship between environmental factors
(e.g., nutrient supply, light and temperature) and dynamics of cyanobacterial blooms
(Oliver et al. 2012). For example, cyanobacteria tend to favor low N:P ratio (Smith
1983). However, cyanobacterial population was increased with increasing N:P ratio in

Lake Okeechobee in USA (McCarthy et al. 2009). Therefore, the mechanisms for bloom



formation and termination have not been fully elucidated (Oliver et al. 2012). Although
algal growth potential (AGP) test have been employed for evaluation of effect of
physicochemical characters on the growth of Microcystis (Maestrinp et al. 1997), there
IS no strategy that can forecast the toxic cyanobacterial blooms based on environmental
physicochemical characters (Oliver et al. 2012).

In bacteria, physiological changes which response to internal or external stimuli
are mainly controlled at transcriptional levels (Seshasayee et al. 2006). This nature is
applicable to evaluation of bacterial physiological status by monitoring expression of
marker genes (Lindell and Post 2001). Therefore, | surveyed gene regulation during
formation and termination of Microcystis bloom. This may provide important basic
knowledge to understand physiological state of this species at genetic level. In addition,
this also may contribute to development of the method for forecasting bloom dynamics
of Microcystis.

Many factors are involved in termination of blooms, e.g., chytrid infection, grazing
by zooplanckton and protozoan, cyanophage infection and nutrient depletion (Oliver et
al. 2012). Recently, it has become known that large number of viruses (including
phages) are exist in aquatic water, ca. ~ 10’per mL (Bergh et al. 1989), and that viral
lysis is major factor on microbial mortality which impact is approximately equal to
grazing by zooplanckton and protozoan; ca. 20-40% of standing stock procaryotes are
removed from surface water by viral lysis per day (Suttle 1994, 2005, 2007).
Microcystis population is attacked by large number of unknown, diverse phages (Kuno
et al. 2012) and also affected with its infectious phages (Yoshida et al. 2008a).
Therefore, phage infection may be one of the major factor terminating Microcystis

blooms (Suttle 1994, 2005, 2007). However, little is known about transcriptional



alterations of Microcystis genes during phage infection. In Chapter 2, | investigated the
gene expression of Microcystis when cells were infected with phage to identify genes
involved in bloom termination.

It is assumed that bloom formation is induced by increased growth of
caynobacterial cells. Bacterial cell growth is followed by cell cycle progression.
Bacterial cell cycle is traditionally divided into follow three stages as follows.1) The B
period: the period between division and initiation of chromosome replication, 2) The C
period: the period required for replication, and 3) The D period: the time between the
end of replication and completion of division (Wang and Levin 2009). In order to impart
correct genetic information to progeny cells, cell division requires fully replicated
chromosome and begin with the end of chromosome replication (Clark 1968). Therefore,
it is predicted that some kind of system for controlling cell cycle, so called “checkpoint”,
exist between the C and D periods (Clark 1968). However, bacterial checkpoint is
poorly understood (see Chapter 3-1). In Microcystis, chromosome replication and cell
division are coordinated, at least partially, via transcriptional regulation of a cell
division gene ftsZ (Yoshida et al. 2005). Therefore, | expected some transcriptional
regulators of ftsZ in Microcystis. | hypothesized that this transcription factor could be a
marker gene for normal growing cells, and that expression monitoring of this factor
make it possible to forecast bloom formation. In Chapter 3, | purified and characterized

this candidate for checkpoint factor to forecast bloom formation of Microcystis.



Chapter 2

Gene expression of Microcystis aeruginosa during infection of

cyanophage

Introduction

Viral reproduction relies on host cell components, including metabolic substrates
and the machinery for replication, transcription, and translation. In addition, many
cyanophages carry multiple host-like genes termed auxiliary metabolic genes (AMGS)
that play key roles in redirecting host cell metabolism to phage production (Thompson
et al. 2011). For example, marine cyanophages infecting Prochlorococcus or
Synechococcus often harbor the psbA [photosystem Il (PSII) D1], cpl12 (Calvin cycle
inhibitor), talC (transaldolase), gnd (6-phosphogluconate dehydrogenase), and zwf
(glucose-6-phosphate dehydrogenase) genes (Thompson et al. 2011). One hypothesis is
that these gene products maintain host photosynthetic activity but redirect the host’s
metabolism to decrease activity of the Calvin cycle and increase activity of the pentose
phosphate pathway. This redirection of cell resources may increase fitness of the phages
infecting cyanobacteria that possess a small genome and inhabit the oligotrophic ocean
(Thompson et al. 2011).

Ma-LMMO1 has been assigned to a new lineage of the Myoviridae family (Carstens
and Ball 2009; Lavigne et al. 2009; Yoshida et al. 2008Db). It is a lytic cyanomyovirus
infecting the toxic strain of freshwater cyanobacterium Microcystis aeruginosa
(Yoshida et al. 2006; Yoshida et al. 2008b). The Ma-LMMO01 genome has no homologs

of AMGs, which have been found in many marine cyanophages. Alternatively, the



phage carries an nblA homolog that is involved in the degradation of the major
light-harvesting complexes, phycobilisomes (Gao et al. 2012; Yoshida-Takashima et al.
2012; Yoshida et al. 2008b). In natural environments, M. aeruginosa floats near the
surface using a gas vacuole (Mlouka et al. 2004) and is intensively and frequently
exposed to light that may rapidly lead to photoinhibition upon phage infection
(Yoshida-Takashima et al. 2012; Yoshida et al. 2008b). This behavior has led us to
propose that phycobilisome degradation is beneficial to the phages infecting the
cyanobacteria inhabiting near-surface waters (Yoshida-Takashima et al. 2012; Yoshida
et al. 2008b). In fact, we have observed that the level of phycobilisomes decreased in
Microcystis during Ma-LMMOL1 infection (our unpublished data). In Planktothrix phage
PaV-LD, phage NblA is indeed active and degrades the host’s phycobilisomes (Gao et
al. 2009). However, little is known about transcriptional alterations of host genes
involved in other cellular processes during Ma-LMMO01-M. aeruginosa infection, in
particular.

To search changes of gene expression specific to phage infection, we investigated
the expression pattern of four categories of M. aeruginosa genes during Ma-LMMO01
infection: (1) the housekeeping genes as indicators of transcription activity in general;
(2) the stress response genes as indicators of stress status; (3) carbohydrate metabolic
genes; (4) photosynthetic genes (Table 2-1). Our results show that infection with
Ma-LMMO1 did not shut down host transcription activity-rather it directly or indirectly

induced the general stress response genes.
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Materials and methods
Host strain, growth conditions, phage infection, and sample preparation
Microcystis aeruginosa strain NIES-298 was obtained from the National Institute
for Environmental Studies (NIES). The Microcystis cells were inoculated into CB
medium (Kasai et al. 2004) (Table 2-2) and cultured under a 12/12-h light/dark
photocycle (light intensity: 40 pmol photons/m?/s) at 30 °C with 0.5 % CO, (v/v)
aeration. Exponentially growing Microcystis cells (2,000 ml; 7.8 x 10° cells/mL) were
synchronized by the block-release method as described previously (Yoshida et al.

2005).

Table 2-2. Composition of CB medium

Ca(NO;),-4H,0 150.0 mg
KNO; 100.0 mg
MgSO,*7H,0 40.0 mg
K,HPO, 30.0mg
VitaminB 12( Img/mL) 0.1mL
Biotin( 1mg/mL) 1.0mL
Thiamine HCI(2.5mg/mL) 0.4mL
PIV metals* 3.0mL
Bicine 500.0 mg
Distilled water 1000.0 mL
pH 9.0

*PIV metals

FeCl;-6H,O 19.60 mg

MnCl,=4H,0 3.60mg

/nS04*7TH-0O 2.20mg

CoCly=6H-0O 0.40mg

Na-MoOy4-2H,0 0.25mg

Na,EDTA-2H,0 100.00 mg

Distilled water 100.00 mL




To prepare the phage lysate, we infected 200 ml of Microcystis cells (2 x 10°—

7 x 10° cells/mL) with Ma-LMMO1 and incubated the infected cells for 3 days. The
resultant lysate was filtered through a 3.0-um polycarbonate membrane filter (Millipore,
Billerica, MA) and stored at 4 °C. The titer of the phage lysate was determined using
the most probable number method (approx. 8.6 x 10°-3.2 x 10° infectious units/mL).

When the light was turned on [0 h = 0 h post-infection (pi)], the 2,000-mL culture
of synchronized Microcystis cells was divided over nine different 200-mL flasks and
into three different treatments as follows. In the phage-infected culture treatment, 50 ml
of the phage lysate was added to 200 mL of Microcystis cells at 0 h pi, resulting in a
multiplicity of infection of 1.5-5.6. In the control culture, 50 ml of CB medium was
added to the 200 ml of Microcystis cells. The third treatment was a high light (HL)
intensity culture treatment which was prepared to evaluate the transcription level of
stress response genes. For this treatment we added 50 ml of CB medium to 200 mL of
Microcystis cells and incubated the cells under a light intensity of 200 pmol
photons/m?/s. The level of HL irradiance was determined based on data showing that
the growth rate of Microcystis peaked at about 80 pmol photons/m?/s and fell at about
135 pmol photons/m*/s (Yagi et al. 1984). After the Microcystis cells had been
inoculated with the phage, an aliquot of the culture was collected every 2 h for 16 h and
at 24 h; the samples were immediately fixed in 25 % glutaraldehyde at a final
concentration of 1 % and stored at 4 °C until analysis. The number of host cells and
phage particles in the fixed samples was determined using epifluorescence microscopy
(Nicon ECLIPSE E800; Nicon, Tokyo, Japan). The host cells were stained with
4’ 6-diamidino-2-phenylindole. To count phage particles, | stained particles that had

been passed through a 0.2-um polycarbonate filter (ADVANTEC, Tokyo, Japan) with



SYBR Gold (Molecular Probes, Eugene, OR) and then filtered the particles through a
0.02-um Al,O3 Anodisc membrane filter (Whatman, Piscataway, NJ). The expression
profiles from 0 to 6 h pi were determined because the host cells began lysis at 6 h pi
(Yoshida et al. 2006). For RNA extraction, cells at 0, 1, 2, 3, 4, and 6 h pi were
collected on 3.0-um PTFE membrane filters (Millipore, Billerica, MA), re-suspended in
5 ml of stop solution (phenol:ethanol, 5:95 v/v), and stored at —80 °C (Sato 1995).
Total RNA extraction, purification, and cDNA synthesis

Total RNA was extracted from 1 mL of the stored cell suspension as previously
described by Yoshida et al. (2005). Briefly, stored cell pellets were treated with 5 %
sodium dodecyl sulfate, and the RNA was extracted using Sepazol RNA | Super G
(Nakarai Tesque, Kyoto, Japan) followed by two additional extractions with phenol and
chloroform/isoamyl alcohol (49:1). The RNA was precipitated using isopropanol and
washed with 70 % ethanol. The pellet was dissolved in dimethyl dicarbonate-treated
water, and contaminating DNA was removed using TURBO DNase (Ambion, Austin,
TX). A two hundreds ng of total RNA was reverse transcribed (RT) with random
hexamers using a SuperScript 111 First-Strand Synthesis System (Invitrogen, Carlsbad,
CA) according to the manufacturer’s instructions.
Real-time RT-PCR

Real-time RT-PCR primers were designed from the genome sequence of M.
aeruginosa strain NIES-843 (GenBank accession no. NC_010296) and from
Ma-LMMO1 (GenBank accession no. NC_008562) using Primer-BLAST (Ye et al.
2012) (Table 2-3). Primers were tested using M. aeruginosa strain NIES-298 DNA as a

template and showed specific amplification of the target genes.



SYBR Premix Ex Taq (Tli RNaseH Plus; TaKaRa Bio, Otsu, Japan) was used to
determine the DNA copy number. A ten-fold dilution series of PCR-amplified DNA
fragments using each RT-PCR primer set was amplified with the real-time PCR assay
(Yoshida et al. 2010). Each reaction mixture contained 6.25 pL of SYBR Premix Ex
Taq (Tli RNaseH Plus) and 5 pmol of forward and reverse primers. PCR amplification
was performed using the Thermal Cycler Dice Real Time System mode TP815
(TaKaRa Bio, Otsu, Japan), and the cycling program consisted of an initial denaturing
for 30 s at 95 °C, followed by 35 cycles of 5 s at 95 °C, 30 s at 58 °C, and 30 s at 78 °C.
A melting curve analysis was performed at 60-95 °C. Linear-regression equations to
obtain cycle threshold (Ct) values were calculated as a function of the known DNA
copy numbers using Cycler Dice Real Time System Single Software (TaKaRa Bio, Otsu,
Japan). Relative transcription amounts were calculated using the rnpB (RNase P RNA
gene) transcripts as an internal control gene (Yoshida et al. 2010).
Statistical analysis

Data from the real-time RT-PCR analyses obtained from three independent
biological experiments were averaged and presented as the mean * standard deviation.
Statistical analysis was performed (control cultures vs. phage-infected culture; control
culture vs. HL culture) at each time point by using Student’s t test or Welch’s t test

following an F test. P values of <0.05 were considered to be significant.

Results
In the Ma-LMMO1-infected culture, the cell density of Microcystis decreased from

6.3 x 10° cells/mL at 0 h pi to 3.8 x 10* cells/mL at 24 h pi. Coincidentally, the number

10



Table 2-3. Primers used in this study

Organisms Target P_r imer Primer sequence (5'to 3') Reference
gene direction
Microcystis
gyrB F TTACACGGAGTCGGGATTTC This study
R AAACGTCCGGAGAGGGTACT
recA F CCGTGCCTAGTGGTGCTTTA This study
R CTAAAGCGTGTTCCGCATCG
sigA F CGCCGATCAATCCCGCACCA This study
R CTCGGTGGGTTTGCGACGCA
sigB F AGATCGCTTGGAGTGGGCGGA This study
R CGCAACCACCAAGCGGAGGT
grokES F TGGTATTTTCCTTCCCGACGC This study
R CTTTGTCACCCACACCCACT
hspA F CGCTTTCGGGAGAGTGAGAT This study
R CCCGCACTGAGTTCCGTTAT
hspA2 F CGATGTGGAGGTTAGCAAGCA This study
R GGCAGGGTAATCAAGCGACT
sodB F ATGCCGCCCAAGCATGGAAT This study
R CCAACCAAGCCCAACCGCTA
htpG F CACATCTCCCCAACAACGAA This study
R CGCCGTATTGCCGATTTTAT
htrA F GATAGCGATCGCCCATTCTC This study
R GTGGCAGTGGTACAGGTGGA
psbAl-V F TCTACAACAGCGCGAGAGCG This study
R TGATGAAGCAGGTGGTGGCG
psbAll F CGAACCTTGACAACCTAATACATAC This study
R TTGTTGGTGCTGGTGATCCA
gnd F TCTGCACGGTCCTTCCCTGA This study
R TCACATAATGGCCCGCACCC
gapl F CCACGGACGTTTTCAGGGTA This study
R GCCCCAGCTTCTAGGTGTTT
rbcL F CTCCGCGGTGGTTTAGACTT This study
R CATCTGCTCGCAGGTAGGAG
mpB F GTGGGGAGCAAGGTGG .
P R CTTTTACCTTTGTTGGAATAGAG Yoshida etal. (2005)
Ma-LMMO01
nblA F GTGAGTGCCATTCCTGC This study
R TCTTCTTGATGATAGCCGC
91 F ACATCAGCGTTCGTTTCGG .
’ R CAATCTGGTTAGGTAGGTCG Yoshida etal. (20082)

F: forward, R: reverse

of phage particles increased from 7 x 10 particles/mL to 2 x 10° particles/mL (Fig. 2-1).
Because the latent period of this phage is 6-12 h (Yoshida et al. 2006) and the infective
process occurs mainly during the light period (Kimura et al. 2012), we calculated that
based on the decrease in host cell number >90 % of the cells were infected by the phage.
Ma-LMMOL1 has at least three different temporal classes of transcripts; i.e., early,

middle (e.g., nblA) and late (e.g., g91) genes (our unpublished data). Transcripts of the

phage nblA appeared at 1-6 h pi, peaked at 2 h pi, and remained at the

11
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Fig. 2-1. Ma-LMMOL1 infection of M. aeruginosa strain NIES-298, showing decrease
of cell density and expression of phage genes. Error bars represent SDs of three
replicates. Host cell density and phage particles were determined by direct count
using microscopy with DAPI and SYBR Gold, respectively. Addition of the virus is
indicated by an arrow.

same level until lysis (Fig. 2-2); in comparison, transcripts of g91 (tail sheath gene)
progressively increased during the infection (Fig. 2-2).

Host gene expression was monitored from 0 h (beginning of the light period) up to
6 h. For the housekeeping genes, three genes were chosen: sigA, the primary o factor
(Lonetto et al. 1992); gyrB, the DNA gyrase subunit B (Mizuuchi et al. 1978); recA, the
DNA recombination and repair protein (Radding 1981). These genes are distantly
located on the genome (Kaneko et al. 2007). There was no significant difference
between mMRNA expression of recA (transcript level) in the control cells and that in the
phage-infected cells during the experimental period (Fig. 2-3). In comparison, sigA
transcript level in the phage-infected cells was 5.1-fold lower (P < 0.05) than that in the

control cells at 0 h pi, but there was no significant difference at other time points

12
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Fig. 2-2. mRNA levels of phage middle gene nblA (phycobilisome
degradation small peptide) and late gene g91 (tail sheath) were determined
using real-time RT-PCR. An asterisk indicates detection limit. Error bars
represent SDs of three replicates. Transcript levels were normalized to an
internal control (rnpB).

(Fig. 2-3). gyrB transcript level in the phage-infected cells was different from that of
the control cells at 0 h psi (2.8-fold lower; P < 0.05), 2 h pi (4.5-fold lower; P < 0.01),
and at 4 h (3.6-fold higher; P < 0.01), but there was no statistically significant difference
at 6 h pi (Fig. 2-3).

Five heat shock genes were chosen for study, namely, groES, a small subunit of
co-chaperonin (Hohn et al. 1979), hspA and hspA2, 16.6-kDa small heat shock proteins
(Vierling 1991), htpG, the molecular chaperone required for stabilization of
phycobilisomes under HL and high temperatures (Sato et al. 2010; Tanaka and
Nakamoto 1999), and htrA, a serine protease involved in the repair cycle of PSII D1
protein (Barker et al. 2006; Clausen et al. 2011). Compared to the control cells,
transcripts of all these genes in the phage-infected cells were at least partially induced.

In particular, transcripts of hspA (25.9-fold at 4 h pi; P < 0.01) and groES (16.1-fold at

13
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6 h pi; P <0.01) was prominently induced (Fig. 2-4). The transcript levels of hpsA2 and

htpG were also 5.6-8.7-fold higher (P < 0.05) at 3-4 h pi and 4.0-4.7-fold higher

(P <0.05), respectively, in the phage-infected cells at 2—4 h pi than in the control cells

(Fig. 2-4). While htrA transcripts were partially downregulated, they were still 9.9-fold

higher (P < 0.05) than the htrA transcript level determined in control cells at 6 h pi

(Fig. 2-4). There was no statistically significant difference between sodB transcript level

in the control and that in phage-infected cells, except at 2 h pi at which time the sodB

transcript level was 33.2-fold higher (P < 0.05) than that in the control cells (Fig. 2-4).

14



MRNA expression relative to rnpB
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Fig. 2-4. Expression profiles of stress response genes were determined using

real-time RT-PCR. Error bars represent SDs of three replicates. Transcripts of hspA
and hspA2 (16.6 k Da small heat shock proteins), groES (small subunit of
co-chaperonin), htrA (serine protease), htpG (molecular chaperone), and sodB
(superoxide dismutase) were normalized to rnpB.

Comparison of the phage-infected and HL cells revealed some differences in the

transcript levels of groES, sodB, and htrA. sodB transcript level in the phage-infected

cells was 39.3-fold lower (P < 0.001) at O h pi and 21.5-fold higher (P < 0.05) at 2 h pi

than that in the HL cells. htrA transcript level was distinctly lower in the phage-infected

cells than in the HL cells at 3 h pi (267.3-fold; P < 0.05). In particular, the abundance of

15



groES transcripts was significantly higher in the phage-infected cells than in the HL
cells at 1 and 6 h [5.6-fold (P < 0.05) and 12.8-fold (P < 0.001), respectively]. As the
hspA promoter is recognized by SigB in Synechocystis 6803 (Imamura et al. 2004), we
monitored sigB transcripts and found that sigB transcripts in the phage-infected cells
were significantly induced at 2, 3 and 6 h pi relative to the control cells [2 h pi:
25.9-fold (P < 0.01); 3 h pi: 2.8-fold (P < 0.05); 6 h pi: 9.5-fold (P < 0.05)] (Fig. 2-5).
sigB transcripts in the HL cells were induced during the period 0-3 h pi and were

10.3-fold higher (P < 0.05) at 3 h, followed by a decline to the same level as the control

cells.
10t sigB OControl ~ Alnfected cells  CIHL Fig. 2-5. Expression profiles
a of sigB (group 2 alternative
s 100 ¢ sigma factor) were determined
2 using real-time RT-PCR. Error
5100t bars represent SDs of three
5 replicates.
§ 102
o
1S
10—3 L L L L I )
0 1 2 3 4 5 6
Incubation time (h)
10° psbAIV  Ocontrol  Alnfected cells  CIHL Fig. 2-6. Expression profiles
of psbA genes (PSII D1
107 protein) were determined

using real-time RT-PCR. Error
bars represent SDs of three
replicates. Transcripts of total
100 psbA (psbAl-V) were
normalized to rnpB.

10t
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Transcripts of psbA genes, which M. aeruginosa harbors five psbA genes (psbAl-V),
were monitored to evaluate photosynthesis. The transcript levels of psbAl-V in the
phage-infected cells and the HL cells did not differ significantly from those in the
control cells, with the exception of 3 h in the HL cells they were 8.7-fold lower
(P < 0.05) than those in the control cells (Fig. 2-6).

To evaluate carbon metabolism, we determined the transcript levels of the
carbohydrate metabolic genes gnd (PPP), gapl (Calvin cycle), and rbcL (ribulose

bisphosphate carboxylase large subunit, Calvin cycle). There was no statistically

OControl ~ Alnfected cells  COHL Fig. 2-7. Expression profiles of
gnd carbon metabolic genes were

determined using real-time RT-PCR.

100

10t
Error bars represent SDs of three
10% replicates. Transcripts of gnd
10 (6-P-gluconate dehydrogenase, PPP),
rbcL (RuBisCO large subunit, Calvin
-4
10 cycle), and gapl (glyceraldehydes
[an] .
g 10t gapl 3-phosphate dehydrogenase, Calvin
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2 102[
ks control (rnpB).
S 107
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significant difference between the transcript levels of gapl in the phage-infected cells
and HL cells and that in the control cells (Fig. 2-7). gnd transcription was partially
downregulated in the phage-infected and HL cells and was 5.6-fold (P < 0.01) and
2.8-fold lower (P = 0.01) lower, respectively that in than the control cells at 4 h pi
(Fig. 2-7). The transcript level of rbcL in the phage-infected cells was 3.7-fold lower
(P <0.001) than that in the control cells at 4 h pi, but there was no statistically
significant difference at other times (Fig. 2-7). In the HL cells, rbcL transcription was

not significantly different from that in the control cells.

Discussion

When Escherichia coli is infected by the phage T4, host gene transcription is
rapidly shut down and the phage genes are transcribed (Koerner and Snustad 1979;
Pineda et al. 2004). However, complete shutdown of host transcription has not been
observed in the Cyanobacteria—cyanophage system. In the study on Prochlorococcus
cells infected by podovirus P-SSP7, the transcription of 75 % of the host genes was
reduced to about one-half of its normal level (Lindell et al. 2007). In another study on
Synechococcus infected with S-PM2, the authors reported that there was no significant
shutdown of host transcription and that genes involved in photosynthesis were partially
upregulated (Clokie et al. 2006). It has been hypothesized that this maintenance of host
transcription avoids the potential shortage of nucleic acids or amino acids that are
required for progeny phage production because Synechococcus or Prochlorococcus
inhabiting oligotrophic ocean environments often encounter nutrient limitations
(Wikner et al. 1993; Wu et al. 2000). In my study, the transcription of Microcystis

housekeeping genes did not show significant downregulation during Ma-LMMO01
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infection (Fig. 2-3), indicating that the maintenance of host transcription may also occur
in the infection system for eutrophic freshwater organisms. Poranen et al. pointed out
that drastic changes in host physiology during infection is disadvantageous for the
phage due to induction of the host defense system. M. aeruginosa possesses the highest
number of defense systems against foreign genetic elements among all prokaryotes
sequenced to date (Makarova et al. 2011; Poranen et al. 2006), including CRISPR
(clustered regularly interspaced short palindromic repeats)-Cas (CRISPR-associated
genes) systems (Barrangou et al. 2007; Kuno et al. 2012), restriction—modification
(RM) systems, and toxin-antitoxin (TA) systems (Fineran et al. 2009). Of these, cell
death caused by TA systems can be robustly influenced by host transcription activity
(Engelberg-Kulka et al. 2006), suggesting that Ma-LMMO01 may maintain host
transcription so as not to induce host defense systems.

In my study, transcripts of heat shock genes, which are involved in protecting the
photosynthetic apparatus, and sigB were upregulated in the phage-infected cells. sigB is
induced under various stress conditions, such as heat, salt, hyperosmotic stress,
UV-irradiation, and oxidative stress (Imamura and Asayama 2009). These conditions
cause inactivation of photosynthetic activity due to denaturation of PSII (Imamura and
Asayama 2009). Based on my results, | speculate that Microcystis PSII were maintained
through phycobilisome degradation by phage nblA as well as its own nblA, and by
protecting it using the host’s stress response genes. It would appear important for
cyanophages to avoid photo-inhibition during their infection cycle so they can invade
oxygenic phototrophs and effectively propagate themselves.

Transcription levels of the Calvin cycle genes and pentose phosphate pathway

genes were slightly downregulated or did not change (Fig. 2-7). Therefore, it would
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appear that sufficient amounts of NADPH and the nucleic acids required for the phage
propagation may be provided without the AMGs involved in redirection of the host
carbon flux or without modification of host gene expression.

To summarize, the potential infection strategy of Ma-LMMO01 may be as follows:
(1) no significant shutdown of host transcription, (2) PSII protection by phage-encoded
nblA and host stress response genes including sigB, and (3) no significant alteration of
carbon metabolism gene expression. This strategy may have benefits for the fitness of
the viruses infecting cyanobacteria inhabiting surface waters. In addition, protection of
the photosynthetic apparatus without extensive genetic manipulation may be
advantageous for Ma-LMMOL1 to avoid the host defense system. As a result of such
infection strategy, induction of sigB could be a sole signal for the phage infection in

Microcystis.
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Chapter 3

Analysis of upstream sequence of cell division gene ftsZ in Microcystis

aeruginosa

In Chapter 2, | revealed that stress response genes involved in protection of PSII
and the alternative sigma factor sigB involved in diverse stress response were induced
during phage infection (Honda et al. 2014). These findings suggest that the protection of
photosynthetic apparatus including PSII is directly or indirectly induced by phage
infection in Microcystis, and some part of this induction may mediated by SigB. This is
the first report of transcription response when Microcystis cells encountered with die of
phage infection, suggesting that sigB may be a marker of bloom termination.

In Chapter3, I focused on bloom formation. To identify marker gene for normal cell
growth, I searched gene which coordinates those two cell cycle events, called
checkpoints, in Microcystis because bacterial cell growth demands both successful DNA
replication and cell division. In Chapter 3-1, | investigated possible checkpoint factor
which may coordinates DNA replication and cell division throughout transcriptional
regulation of cell division gene ftsZ (Honda et al. 2014). In Chapter 3-2, | identified this

protein and analyzed how Microcystis’s cell division is controlled in transcription level.
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3-1 Investigation of transcriptional regulator of ftsZ which

coordinates DNA replication and cell division

Introduction

The fundamental cell cycle events and the manner of its control of bacteria are
similar to those of the eukaryotes: chromosome is replicated and replicated chromosome
divided into daughter cells (Goley et al. 2007). In the bacteria, chromosome replication
and cell division are coordinated with growth (Cambridge et al. 2014), so that cell
division is arrested when DNA replication is unsuccessful, suggesting existence of the
checkpoint between the C period and D periods. Studies on the checkpoint have been
focused on coordination of chromosome replication/segregation and Z-ring formation.
Z-ring is a circular polymer of the tubulin-like protein, FtsZ which is well studied cell
division protein (Bi and Lutkenhaus 1991). In the D period, Z-ring is formed at
circumferential on the cytoplasmic membrane inner surface at mid-cell, and its
constriction lead cell divide into two daughter cells.

Studies on the coordination of DNA replication and cell division with different
approaches now suggest different models. First is an SOS response dependent division
block by well characterized division inhibiter protein SulA or YneA in Echerichea coli
and Bacillus subtilis, respectively (Kawai et al. 2003; Mukherjee et al. 1998; Trusca et
al. 1998). When DNA is damaged or replication folks are stalled, LexA regulated SOS
genes which involved in DNA repair and rescue of stalled replication folk as well as
SulA or YneA are induced and prevents polymerization of the Z-ring. Second, some
observations indicate that timing of Z-ring formation is coordinated with the replication

status: Z-ring formation start at termination or midway in E. coli (Den Blaauwen et al.
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1999) (Wang et al. 2005); or it is exactly coordinated with replication status (Inoue et al.
2009). In B. subtilis, early stage of replication initiation and replisome assembly
potentiate Z-ring formation but it does not polymerize FtsZ until the replication
complete about 70% (Moriya et al. 2010; Wu et al. 1995). Some of these division arrests
are caused by SImA and Noc in E. coli and B. subtilis, respectively (Bernhardt and De
Boer 2005; Wu and Errington 2004), so called nucleoid occlusion (Mulder and
Woldringh 1989). They binds to specific DNA sequences disseminated on the genome
except for Ter region, and inhibit elongation of immature short FtsZ polymers, whereas
direct interaction of Noc and FtsZ protein is yet clearly certified (Tonthat et al. 2011,
Wau et al. 2009). Moreover, incompletely replicated nucleoid or unsegregated
chromosome inhibits Z-ring formation by SOS response and nucleoid occlusion
independent manner (Cambridge et al. 2014). Third, SOS-independent checkpoint
system is observed in E.coli and Caulobacter crescentus, coordinating cell division and
chromosome replication by transcriptional regulation of ftsZ (Liu et al. 2001; Wortinger
et al. 2000). C. crescentus is dimorphic o-proteobacteria and its response regulator CtrA
globally controls cell cycle dependent gene expression and transcripts cell division
genes, as well as ftsZ, in pre-divisional cells which correspond to the D phase (Kelly et
al. 1998; McAdams and Shapiro 2003). However, CtrAis only found in
o-proteobacteria which exhibit radically different lifestyles from each other, and E. coli
checkpoint factor which regulates ftsZ transcription have been unknown. Thus, studies
on bacterial checkpoint between chromosome replication and cell division have been
established in only a few species. As for the cyanobacterial, very little is known about
cell cycle (Holtzendorff et al. 2001; Sakr et al. 2006; Sandh et al. 2009; Wang and Xu

2005).
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Unicellular cyanobacteria Microcystis aeruginosa frequently form bloom at the
eutrophic fresh water throughout the world (Backer and McGillicuddy 2006; Guo 2007).
Because some strains produce potent hepatotoxins, called microcystins (MacKintosh et
al. 1990; Namikoshi et al. 1992; Nishiwaki-Matsushima et al. 1992; Yoshizawa et al.
1990), which is at risk for toxification or death of livestock (Oberholster et al. 2009;
Pouria et al. 1998) and humans (Codd et al. 2005), it is issues in maintaining safe water
supplies to control its toxic blooms (Backer and McGillicuddy 2006; Pearson and
Neilan 2008).Yoshida et al. demonstrated that cell division was arrested and
transcription of ftsZ was suppressed in M. aeruginosa when DNA replication was
blocked by either nalidixic acid or hydroxyurea treatment. These indicate that DNA
replication and cell division is coordinated by transcriptional regulation of ftsZ in
Microcystis (Yoshida et al. 2005). In this section, to search transcription factor which
regulates ftsZ transcription, | investigated upstream region of ftsZ gene using

electrophoresis gel mobility shift assay (EMSA) (Revzin 1989).

Materials and Methods
Strains, growth conditions, synchronization, replication blocking and sampling
Microcystis aeruginosa NIES-298 was obtained from the National Institute for
Environmental Studies (NIES), Environmental Agency. The cells were grown in CB
medium (Kasai et al. 2004) under a 12:12 light/dark (L/D) cycle with a light intensity of
40 pmol photons/m?/s at 30 °C and aeration with 0.5% CO, (v/v) (Yoshida et al. 2005).
Exponential growth cultures were synchronized by the block-release method (Yoshida
et al. 2005). Exponentially growing cells were inoculated into a 3 L glass flask

containing 1.8 L of the medium to initial cell density of 10* cells/mL and incubated
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under the above conditions. After the 4th L/D cycle, cultures were left in darkness for
36 h followed by continuous illumination (Yoshida et al. 2005).

To block DNA replication, nalidixic acid dissolved in 50 mM NaOH was added to
the synchronized culture to a final concentration of 3 pg/mL as previously described
(YYoshida et al. 2005). As a control, the same volume of 50 mM NaOH without nalidixic
acid was added (Yoshida et al. 2005).Twelve hour after addition of nalidixic acid , the
cells were collected on the 3 um TSTP membrane filter (MILLIPORE Billerica, MA,
USA) and washed with 20 mM Tris-HCI (pH 8.0). Collected cells were resuspended in
20 mM Tris-HCI (pH 8.0) and dispensed into 1.5 ml tubes. Resuspended cells were
centrifuged at 18,600 xg for 15 min at 4 °C, and stored at -80 °C. For cell counts,
cultures were collected and immediately fixed by adding 25% glutaraldehyde to a final
concentration of 1%. To measure the cell concentration and division index (dividing
cells/total cells), fixed cells were stained by 4°, 6-diamidino-2-phenylindole (DAPI) at a
final concentration of 1 ug/mL and observed with epifluorescent microscopy
(BHS-RFCA, Olympus, Tokyo, Japan).

Gel electrophoresis mobility sift assay (EMSA)

For preparation of crude protein extract from Microcystis cells, equal volumes of 20
mM Tris-HCI (pH 8.0) were added to the cell pellets and sonicated (Handy Sonic
UR-20P, Tomy Seiko, Tokyo, Japan) on ice. The resulting suspensions were centrifuged
at 18,600 xg for 15 min at 4 °C, and the supernatants collected as crude protein extracts.
Oligonucleotides corresponding to the upstream of ftsZ were synthesized as shown in
Fig. 1A. Sequence data of this region obtained from the DDBJ/EMBLE/GenBank DNA
data bases (accession no. AB205180). Oligonucleotide pairs were suspended in nuclease

free water, incubated at 95 °C for 10 min, and annealed by slowly cooling at room
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temperature. Annealed oligos were digoxigenin (DIG)-labeled using the DIG
Oligonucleotide 3’ - End Labeling Kit (Roche, Basel, Schweiz). Point four uM
DIG-labeled DNA fragments were mixed with Sug of crude extracted protein, binding
buffer [100 mM Tris-HCI (pH 8.0), 50m M dithiothreitol, 50m M EDTA, 100 mM KClI,
20 mM MgCl; and 30% glycerol] and Sug of poly (dI-dC)/(dI-dC) (Sigma-Aldrich, MO,
USA). After incubation for 15 min at 14 °C, the mixtures were applied to
non-denaturing PAGE with a 5% gel in 0.5xTBE. The probe signals were developed
with a chemiluminescent substrate according to manufacturer’s instructions and
exposed to X-ray film (RX-U, Fuji Photo Film, Tokyo, Japan) for 30 min at 25 °C.
Sequence comparison

The multiple alignment of nucleotide sequences were performed by using
CLUSTAL W (Thompson et al. 1994). Cyanobacterial nucleotide sequences used in
sequence comparison were obtained from CyanoBase

(http://genome.kazusa.or.jp/cyanobase).

Results

To explore any factors binding to upstream regions of the ftsZ gene of Microcystis
genome, we performed gel electrophoresis mobility shift assay (EMSA) analysis with
crude protein extract of M. aeruginosa NIES-298. Initially, we synthesized two
double-strand DNA probes corresponding to a region just upstream of ftsZ (98 bp,
fzRbs) and an intergenic spacer region of the ftsQ-Z (110 bp, fzPro), respectively (Fig.
3-1-1a). The first EMSA analysis revealed that band shift was caused by only fzRbs.
(data not shown). Then additional EMSA was performed using the following three DNA

probes: Fz83, the PftsZ1 region removed from fzRbs; Fz76, 35 bp immediately
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Fig. 3-1-1. Schematic representation of the promoter region of the ftsZ of M.
aeruginosa NIES-298 and searching of protein binding to ftsZ upstream by EMSA.
(@) The limits shown in below the physical map indicate double strand
oligonucleotide fragment used for the EMSA. Each fragment was labeled with DIG
and incubated with crude protein extract from M. aeruginosa NIES-298. fzRbs, fz164,
and fz83 were positive in the band retardation assay, whereas fzPro, 276, fz61, Fz35B
did not result in a band shift. The location of the transcription start points of ftsZ ,
PftsZ1 and PftsZ2, are indicated with bended arrows. Bold face indicates start codon.
(bLeft) Additional EMSA was performed using followed three DNA probes, Fz83:
PftsZ1 region was removed from fzRbs, Fz76: 35 bp immediately upstream of ftsZ
start codon was removed from fzRbs and Fz61: 35 bp immediately upstream of ftsZ
start codon was removed from Fz83. A full length of ftsQ-Z intergenic spacer (Fz164)
segment was used as a positive control. (bLight) Excess amount of non-labeled
fragment of fzZRbs were added to the reaction mixture containing Fz164 or Fz83.
Arrowheads indicate DNA-protein complexes. (¢) The retarded band disappeared
when non-labeled Fz35A , Fz35B or fzRbs was added reaction mixture containing
DIG-labeled Fz35A. Arrowheads indicate DNA-protein complexes.

upstream of ftsZ start codon removed from fzRbs; and Fz61, 35 bp immediately
upstream of ftsZ start codon removed from Fz83 .A full length of ftsQ-Z intergenic
spacer (Fz164) segment was used as a positive control. A retarded band was detected
when Fz164 or Fz83 was used as probe (Fig. 3-1-1b left). Addition of excess
non-labeled fzRbs to the reaction mixture containing Fz164 or Fz83 eliminated retarded
bands (Fig.1 3-1-1b right). Moreover, a sequential EMSA using a 35 bp sequence just
upstream from ftsZ start codon (Fz35A) resulted in band retardation. The retarded band
disappeared when non-labeled Fz35A or fzRbs was added (Fig. 3-1-1 left).

Fz35A was incubated with crude protein extract prepared from a culture having
DNA replication blocked by treatment with nalidixic acid (Nal+) or from a non-treated

culture (Nal-), followed by EMSA analysis. Band retardation was observed with crude
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protein from Nal- culture, but not with crude protein from Nal+ culture (Fig. 3-1-2).

w Fig. 3-1-2. EMSA performed with Fz35A and crude
ﬂ protein extract from cell division blocked cells by
Nal - + treated with nalidixic acid (+). Arrowhead indicates

probe-protein complex.

Discussion

Yoshida et al. (2005) showed ftsZ was transcribed from 58 and 92 bp upstream of
the initial codon of ftsZ located between ftsQ-Z spacer region (Yoshida et al. 2005).
EMSA analysis using upstream sequences of ftsZ as probe revealed a protein binding
35bp upstream (Fz35A) from start codon. Addition of excess unlabeled Fz35A caused
disappearance of the retarded band, clearly indicating that the protein binds to a site
35bp upstream of ftsZ. Almost half of 6'°-dependent operons are transcribed from more
than one promoter and each has an activation or repression sites (Collado-Vides et al.
1991). In general, activators bind to upstream of -35 element, while repressor site are
found between the -10 and -35 elements, just downstream from the -10 core element, or,
rarely, at remote upstream sites (Collado-Vides et al. 1991). However, our EMSA
analysis showed that BpFz bound to a just upstream of coding sequence, suggesting that

BpFz is not conical activator or repressor. These might suggest that BpFz is a
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CyAbrB-like protein homologue, CalA, recently identified by DNA affinity
chromatography using DNA fragments from the upstream region of ftsZ in
heterocyst-producing filamentous cyanobacteria Anabaena sp. PCC7120 may be
involved in the expression of ftsZ in vegetative cells rather than in differentiation to
heterocyst (He and Xu 2010; Ishii and Hihara 2008). As no DNA consensus sequence
recognized by AbrB was found upstream of the target genes, AbrB-DNA binding
interactions are hypothesized to entail the recognition of specific stretches of
three-dimensional DNA helix configurations (Bobay et al. 2004; Ishii and Hihara 2008).
Blocking DNA replication by nalidixic acid treatment causes inhibition of cell
division and repression of ftsZ expression in Microcystis cells. Thus we previously
showed DNA replication and cell division are coordinated, and some part of this
coordination is mediated by ftsZ transcription depending on DNA replication (Yoshida
et al. 2005). When DIG labeled Fz35A was incubated with crude protein extract from
Microcystis cells that had cell division blocked by treatment with nalidixic acid, band
shift was not observed. From these data we hypothesize that BpFz is involved in
coordination of DNA replication and cell division via transcription control of ftsZ. To
contribute to understanding regulation of cyanobacterial transcription involved in
coordination of DNA replication and cell division, further investigations concerning the

purification and characterization of BpFz are required.
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Chapter 3-2
Purification and characterization of the protein which binds to

upstream of ftsZ

Introduction

Cell proliferation proceeds accompanying cell cycle progression. Because cell
division, which is a final step of cell proliferation, requires complete chromosome
replication (Clark 1968), these two cell cycle events need to be well coordinated
(checkpoints) (Elledge 1996). Coordination of cell division and DNA replication has
been reported in some bacteria, i.e., Escherichia coli (Liu et al. 2001), Caulobacter
crescentus (Wortinger et al. 2000), Bacillus subtilis (Love and Yasbin 1984; Wu and
Errington 2004; Wu et al. 2009) and Mycobacterium smegmatis (Santi et al. 2013).
Studies on checkpoints in bacteria has been mostly focused on the coordination of
chromosome replication and Z-ring formation which is circular polymer of cell division
protein FtsZ and representative of cell division machinery (Bi and Lutkenhaus 1991).
Some checkpoints associated with the FtsZ (or ftsZ) have been reported. 1) In E. coli,
Z-ring formation is inhibited by SOS response which is induced by DNA damage or
replication error DNA (Kawai et al. 2003; Mukherjee et al. 1998; Trusca et al. 1998); 2)
In E. coli and C. crescentus, transcriptional regulation of ftsZ is downregulated when
DNA is damaged (Liu et al. 2001; Wortinger et al. 2000). In E. coli, cell division is
arrested and transcription of ftsZ is suppressed in SOS independent manner when DNA
replication is blocked. However, transcription factor of ftsZ is still unknown. In C.
crescentus, global response regulator CtrA controls cell cycle dependent gene

expression, and ftsZ is timely transcribed in late stage of the D period (Kelly et al. 1998;
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McAdams and Shapiro 2003; Wortinger et al. 2000). Although much of regulation
process of bacterial metabolism is controlled at the transcription level (Seshasayee et al.
2006), little is known about bacterial checkpoint system which mediated by
transcriptional control of cell division gene.

Microcystis aeruginosa produce potent hepatotoxins, called microcystins
(MacKintosh et al. 1990; Namikoshi et al. 1992; Nishiwaki-Matsushima et al. 1992;
Yoshizawa et al. 1990). In cyanobacteria Synechococcus elongates PCC7942, cell
division is controlled by circadian rhythm of which oscillator protein KaiC and the
response regulator RpaA (Dong et al. 2010; Markson et al. 2013), so that cyanobacterial
cell division is thought not to be coordinated with DNA replication (Mori et al. 1996).
In Microcystis, however, DNA replication and cell division is coupled by transcription
of ftsZ ('Yoshida et al. 2005). In the previous section, | found an unknown protein factor
which specifically binds ftsZ upstream, BpFz (Honda et al. 2012). The final destination
of this study is identification of maker genes for normal growing cells. In this section, |

purified and characterize BpFz to gain insight for checkpoint.

Materials and methods
Strain and growth conditions

Microcystis aeruginosa strain NIES-298 was obtained from the National Institute
for Environmental Studies (NIES), Environmental Agency. The cells were grown in CB
medium (Kasai et al. 2004) under a 12:12 light/dark (L/D) cycle with a light intensity of
40 pmol photons/m?/s at 30 °C and aeration with 0.5% CO, (v/v) (Yoshida et al. 2005).
Exponentially growing cells were collected on 3 um TSTP membrane filter (Millipore,

Billerica, USA) and washed with 20 mM Tris-HCI (pH 8.0). Obtained cells were
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resuspended in 20 mM Tris-HCI (pH 8.0) and dispensed into 50-mL tubes. Resuspended
cells were centrifuged at 18,600 g for 15 min at 4 °C. The resultant pellets were stored
at -80 °C until use.

Purification of BpFz

For preparation of crude protein from Microcystis cells, equal volume of 20 mM
Tris-HCI (pH 8.0) was added to the thawed pellets and sonicated (UD-211, Tomy Seiko,
Tokyo, Japan) on ice. The suspension was centrifuged at 18,600 xg for 15 min at 4 °C,
and the supernatant was collected as crude protein.

BpFz was enriched from crude protein using DNA affinity chromatography. For the
ligand DNA, the 5’ end of the Fz35A upper strand was biotinylated
(5’-biotin-AACAGAATCTTGTACTAAGAGTGTTCCAATTCCAA-3’) followed by
annealed with lower strand of Fz35A (5’-
TTGGAATTGGAACACTCTTAGTACAAGATTCTGTT-3’) for 10 min at 95 °C. The
double stranded ligand DNA (Bio-Fz35A) was mixed with crude protein in the binding
buffer [20 mM Tris-HCI (pH 8.0), 10m M dithiothreitol, 10m M EDTA, 20 mM KClI
and 4 mM MgCl;, final concentration ] and incubated for 30 min at 14 °C. The mixture
was applied to streptavidin column (HiTraqp streptavidin HP, GE Healthcare
Bio-Sciences, NJ, USA) equilibrated with 10 column volume (CV) of the binding buffer
at 4 °C. The column was washed with 10 CV of binding buffer to remove unbound
proteins. To remove proteins which non-specifically interact with Fz35A, column was
washed with the binding buffer containing 0.1 M KCI. Then, BpFz were successively
eluted with the binding buffer containing 1.0 M KCI.

To isolate BpFz, the elutant were dialyzed against 20 mM Tris-HCI (pH 8.0) and

subjected to gel electrophoresis mobility shift assay (EMSA) using Fz35A. Three
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reaction mixtures were prepared as previously described (see Chapter 3-2) and applied
to three wells. Of these, two reaction mixtures contain non-labelled Fz35A instead of
DIG-labelled Fz35A. After electrophoresis, each lane was subjected to different
treatment as follows. The signals of DIG-labelled Fz35A probe were detected with a
chemiluminescent substrate according to manufacturer’s instructions (Roche, Basel,
Schweiz) and exposed to X-ray film (RX-U, Fuji Photo Film, Tokyo, Japan) for 15-30
min at 25 °C. Protein signals of the gel containing non-labelled Fz35A were detected by
silver staining (Bio-Rad, MO, USA). The gel segment corresponding to the signal of
DIG probe-BpFz complex was sliced from non-treated gel. Then BpFz was electro
eluted from the gel segment using a Model 422 electro-eluter (Bio-Rad, MO, USA) in
20 mM Tris-HCI (pH 8.0) at 4 °C.

The N-terminal sequence of the first 8 residues of the BpFz was determined with
the Edman degradation by APRO life Science Institute, Inc (Tokushima, Japan).
Determination of the binding sequence of BpFz

To determine the binding sequence of BpFz, EMSA analysis was performed using
crude protein and DIG-labelled mutant probes. The mutant probes were configured by
introducing transversion to some nucleotides of Fz35A (see Fig. 3-2-5b).

Prediction of the regulon and functional annotation of BpFz

To predict BpFz regulated genes, which contain DNA binding sequence of BpFz in
their transcription regulatory site (TRS) (-100 to +100 bp as start codon +1), | searched
for predicted binding sequence of BpFz in the genome sequence of M. aeruginosa strain
NIES-843 (GenBank accession no. NC_010296) using Regulatory Sequence Analysis
Tools (http://www.rsat.edu) (Thomas-Chollier et al. 2011). In addition, | searched their

downstream genes which were predicted to compose an operon (or transcription units,
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TUs). TUs were predicted using FGENESB (http://www.softberry.com/berry)
(Solovyev and Salamov 2011).

Functional annotation of the genes was according to their COGs (Clusters of
orthologous groups of proteins) obtained from The Kyoto Encyclopedia of Genes and
Genomes (KEGG) (http://www.kegg.jp/) (Nakaya et al. 2013).

Phylogenetic analysis

For species tree based on sequences of 16SrRNA and BpFz homologues, the
sequences of fully sequenced cyanobacteria (the status of NCBI genome sequencing
project is “Chromosomes”) were obtained from NCBI and were aligned using MEGAG6
(Kumar et al. 2008). A maximum likelihood tree was generated by PhyML
(http://www.atgc-montpellier.fr/) (Guindon and Gascuel 2003), using GTR model with
fixed gamma-distributed rate variation (four categories) and an estimation of proportion
of invariable sites for DNA sequence, and Dayhoff model (Schwartz and Dayhoff 1978)
for amino acid sequence. Five hundred of bootstrap sampling was performed for each

analysis.

Results
Isolation and identification of BpFz

In the DNA affinity chromatography, DNA binding activity was obtained in a
fraction of elution buffer containing 1.0 M KCI. (Fig. 3-2-1). To isolate BpFz, the active
fraction was applied to EMSA. BpFz activity was recovered from non-treated EMSA
gel according to DIG probe-BpFz signal (Fig. 3-2-2).The protein electro-eluted from the

gel segment was subjected to SDS-PAGE. | detected a single band (27 kDa) with CBB
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Fig. 3-2-1. EMSA analysis using Fz35A and BpFz partially purified from Microcystis
cells by the DNA affinity chromatography. Lanes: 1, Fz35A only; 2 and 5, crude
protein with Fz35A; 3, excess amounts of unlabeled Fz35A was added to the reaction
mixture of lane 2; 4, excess amounts of unlabeled unrelated sequence was added to
the reaction mixture of lane 2; 6, Fz35A with flow through fraction of DNA affinity
chromatography; 7, wash fraction; 8, 0.1 M KCI eluted fraction with Fz35A; 9, 1.0 M
KCI eluted fraction with Fz35A.

staining (Fig. 3-2-3a). The EMSA showed that this protein specifically bound toFz35A
(Fig. 3-2-3b).

N-terminus amino acid sequence analysis of BpFz revealed the first eight residues
as TNLESLTQ. This sequence identical to 2nd to 9th residues of the N-terminus of
transcription repressor LexA of M. aeruginosa strain NIES-843 (Fig. 3-2-4).

Analysis of LexA recognition sequence

Cyanobacterial LexA recognition sequence (LexA box) is reported in only two
organisms, Synechocystis sp. PCC6803 (CTANgCTA) (Patterson-Fortin and Owttrim
2008) and Anabaena sp. PCC7120 (RGTACN3DGTWCB) (Mazén et al. 2004). The

36



Fz35A partially matched those of Synechocystis sp. PCC6803 and Anabaena sp.
PCC7120, respectively (Fig. 3-2-5a). | predicted that potential Microcystis LexA box
was GTACTAN3;GTGTTC (Fig. 3-2-5¢). Then, EMSA analysis was performed using the
mutant probes and crude protein of Microcystis. For further definition of Microcystis
LexA box, the GTACTAN3;GTGTTC was compared with LexA box consensus
sequences of other bacterial phyla (Erill et al. 2007). Seventeen sequences from 12
bacterial phyla and Anabaena sp. PCC7120 were aligned (Fig. 3-2-6a). Of these, ten
sequences contained GTACN;GTTC (Fig. 3-2-6b). In the Anabaena sp. PCC7120 LexA
box, the last three nucleotides is TWC. In addition, Synechosystis sp. PCC6803 LexA
recognizes direct repeat motif (i.e., CTANgCTA) (Patterson-Fortin and Owttrim 2008).
Therefore, most probable Microcystis LexA box is predicted as GTWCN;GTWC. The
genes, lexA, recA, ssb encoding single strand-binding protein (Glassberg et al. 1979)
and uvrA encoding A subunit of DNA repair enzyme ABC excinuclease (Grossman et al.
1975) are shared among Anabaena sp. PCC7120 and Synechosystis sp. PCC6803 LexA
regulon (Mazén et al. 2004). | found complete or partial sequences of this predicted
LexA box in upstream regions of these genes in Microcystis, except for uvrA (Fig. 3-2-7
and summarized in Table3-2-1).
Prediction of Microcystis LexA regulon

To predict LexA regulon and its function in Microcystis, | searched for putative
LexA box GTWCN;GTWC in TRS of M. aeruginosa strain NIES-843 genome. |
detected 75 putative LexA box in 73 TUs in Microcystis, and 87 genes (here after | call
these LexA genes) were estimated to be included in Microcystis LexA regulon (Table

3-2-2). ftsZ and ssb were included in the predicted LexA regulon. However, lexA and
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Silver stain DIG Fig. 3-2-2. Purification of BpFz by
EMSA. BpFz partially purified by the
DNA affinity chromatography was
subjected to EMSA using Fz35A. The
signal of BpFz-probe was detected by
DIG detection system (right) and
— supershift  gjjver staining (left). Lanes: 1 and 3,
Fz35A only; 2 and 4, protein with
Fz35A. After the signal detection, the
gel segment corresponding to
Fz35A-BpFz signal was sliced from
non-treated third gel.

- free probe

3 4

(a) (b)
CBB stain

—=g supershift
43 kDa

28 kDa ~= free probe

Fig. 3-2-3. SDS-PAGE of purified BpFz. Electro-eluted protein from active region
of EMSA gel was subjected to SDS-PAGE followed by CBB staining (a), and
EMSA(Db). An asterisk indicates single 27 kDa band of BpFz.
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(a)

Microcystis ftsZ upstream  TIGTACTARGAGTGTTCCRAL
Synechocystis consensus CTANNNNNNNNNC[TA
Anabaena consensus RGTACNNN---DGTWCB

(b)

50bp
PftsZ1(-92)  Pftsz2(-58) ATG(+1)

— S
ft > |—> N ftsZ

| I 1l vV \VARRV/ I
Fz35A AAACAGAATCTTGTACTAAGAGTGTTCCAATTCCAA
1 2 3 4 56 7 8

(c)
Probe Fz35A 1 11 1I1IVV VI Fz35A1 23 456 7 8
Unlabelled Fz35A - x100 - x100

LexA-probe »=—| % ~
complex .

Free probe »|

Fig. 3-2-5. Identification of core sequences of the LexA recognition site in
Microcystis. (a) The sequence of Microcystis ftsZ upstream was compared with LexA
box consensus sequence of Synechocystis sp. PCC6803 (Patterson-Fortin et al. 2008)
and Anabaena/Nostoc sp. PCC7120 (Mazon et al. 2004). Bold face indicates
conserved nucleotides. (b) Schematic representation of the upstream region of the
ftsZ in Microcystis. Fz35A was mutagenized by generating transversion in lined bases
(1-V1, 1-8), followed by probed with DIG. Promoters, PftsZ1 and PftsZ2, are
indicated with bent arrows. Small character indicates the first nucleotide of start
codon.(c) EMSA analysis using the mutant probes and crude protein extract from M.
aeruginosa. For the control of LexA binding signal, 100-fold excess amounts of
unlabelled Fz35A were added.
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(a)

M. aeruginosa - TTERENST ANNNG T [CERNSIC A —
Anabaenasp. PCC7120 . —R[elNe NN - — — DekdNeR — -
Firmicutes . ~CEAIXERINR - - - Y hlilelG - -
Thermotoga . TCEARN® NI - — — N{ENNN®IGC A —
Green non-sulfur bacteria . — —[@ARNGININIY - — — N[CHRING — — —
Fibrobacteres . —TENE®NINN - — — N€jzh e~ — —
Alphaproteobacteria : GTCNNNGTTC
Deltaproteobacteria_1 - CTIEIWIRYB———YCHWNGA G S
Deltaproteobacteria_2 - —GEPFTNINININNNNNNRA®C — -
Gammaproteobacteria_1 : CTEIMN-TAT--ATAIRAGAG-
Gammaproteobacteria_2 . — —[€HIAXGINININ— — — N[CHRR (@ — — —

(b)

4
3
0
a82
JrACNNN  nGTL
LT AS Vs
(Lv-'rimwrmmh-wmav—wmqm@hﬁm
FFFFFFFFFF c

Fig. 3-2-6. (a) An alignment of consensus sequences of LexA box in Cyanobactera
(Microcystis and Anabaena sp. PCC7120) and other bacterial phylum (Erill et al.
2007). Identity is indicated by shade: black, >80%; dark gray, >60%; light gray,
>40%. (b) Consensus sequence was generated using WebLogo
(www.weblogo.berkley.edu) (Crooks et al. 2004).

Table 3-2-1. Summaries of putative LexA box found in TRS of core gene of
cyanobacterial LexA regulon.

Matching 5 itiono

Locustag?  Name Sequence (5°-3’)  Direction” bases

- LexAbox GTWCNNNNNNNGTWC - - -
MAE_ 38110 lexA GTACATCTTAACTTC  Reverse 7 -62
MAE_16070 recA GTAGTACAGCAGTAT Reverse 6 -25
MAE_37950 ssh GTACTTTTTCAGTAC  Forward 8 -38

” \dentification number in CyanoBase (http://genome.microbedb.jp/cyanobase) is given.
b .. . . .
Direction with respect to coding strand is shown.
)
“ Position indicates upstream (-) or downstream (+) from start codon as +1.
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MAE_38110 lexA R -62
CWTGNNNNNNNCWTG

| 1] |11
TCTAATAACCAGTITGATTTAGTCAGCCGATGAAGTTAAGATGTACTAGG

-35 box -10 box TSP

TTAAACACAAATGAACTAAAGTACAAATTATCTTAACCCAAGGATAGGA

AAATAGATCaTGACTAACCT

MAE 16070 recA

AAAAAGTCTCTAACTTTTIGGTGATCAAGATTAAAACAGGCTACAATCT
R .25 -35box -10 box

CWTGNNNNNNNCWTG

L] ] L]
TTGCATACTGCTGTACTACTTAAGAAAACTGGGGAGAAAATTAATGGCG

TSP

MAE_37950 ssb F -38
GTWCNNNNNNNGTWC

| 1] 11
CCTAACCTCTACAGIGGTGATCCTTGTACTTTTTCAGTACAATGGTGCT

-35 box -10 box

ATTAGAAAAATTCAGACTAATTTTCGACCATGAACAGTTGCATTTTAAT
TSP

Fig. 3-2-7. Putative LexA boxes were searched in TRS of LexA core genes of
Microcystis. LexA box (F, forward; R, reverse) and its position is indicated upon the
sequences. Small character indicates the first nucleotide of start codon as +1. Under
bars indicate promoter sequence -35 or -10 box, and putative transcription start site
(TSP).
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100 63!

94 Synechococcus sp. PCC 7502 @
— Pseudanabaena sp. PCC 7367 (]
100 Cyanobacterium aponinum PCC 10605
Cyanobacterium stanieri PCC 7202
Synechocystis sp. PCC 6803 4
Synechococcus sp. PCC 7002
Leptolyngbya sp. PCC 7376
Stanieria cyanosphaera PCC 7437
99 | Cyanothece sp. PCC 8801
Cyanothece sp. PCC 8802
Cyanobacterium UCYN-A
Cyanothece sp. ATCC 51142 4

95 Pleurocapsa sp. PCC 7327
?yanolhece sp. PCC 7424
77 Cyanothece sp. PCC 7822

52 100 Dactylococcopsis salina PCC 8305 @
97 L Halothece sp. PCC 7418 ®

L Microcystis aeruginosa NIES843 4

67 70 Trichodesmium erythraeum IMS101 @
- Oscillatoria nigro-viridis PCC 7112 @
EOSCHI&OM acuminata PCC 6304 @
Arthrospira platensis NIES-39 [ ]

58 Rivularia sp. PCC 7116

Chamaesiphon minutus PCC 6605

Crinalium epipsammum PCC 9333
Gloeocapsa sp. PCC 7428

Chroococcidiopsis thermalis PCC 7203
Microcoleus sp. PCC 7113

Cylindrospermum stagnale PCC 7417

Nostoc sp. PCC 7524

Anabaena variabilis ATCC 29413

Nostoc sp. PCC 7107

Nostoc sp. PCC 7120 4

Nostoc azollae 0708

Calothrix sp. PCC 7507

Anabaena cylindrica PCC 7122

Calothrix sp. PCC 6303
Anabaena circinalis 90

Nostoc sp. PCC 73102

78

55

Geitlerinema sp. PCC 7407
90 Cyanothece sp. PCC 7425
89 Acaryochloris marina MBIC11017
Synechococcus sp. RCC307
98- Synechococcus sp. CC9902
79 Synechococcus sp. CC9605
1 53 Synechococcus sp. WH8102
64 Synechococcus sp. CC9311
— Synechococcus sp. WH 7803
Prochlorococcus marinus str. MIT 9215
751~ Prochlorococcus marinus str. MIT 9312
96 Prochlorococcus marinus str. MIT 9301
Prochlorococcus marinus str. AS9601
Prochlorococcus marinus str. MIT 9515
72% Prochlorococcus marinus str. CCMP 1986
Prochlorococcus marinus str. NATL1A
97| 99~ Prochlorococcus marinus str. NATL2A
Prochlorococcus marinus str. CCMP 1375
Prochlorococcus marinus str. MIT 9211
Prochlorococcus marinus str. MIT 9313
571 prochlorococcus marinus str. MIT 9303
L—— Synechococcus sp. RCC307
= 100, Synechococcus elongatus PCC 7942 @
Synechococcus elongatus PCC 6301 @
100 - Thermosynechococcus sp. NK55 [
Thermosynechococcus elongatus BP-1 @
Synechococcus sp. PCC 6312 [ ]
100 Synechococcus sp. JA-3-3Ab
Synechococcus sp. JA-2-3Ba @

98 hGIoeobacter kilaueensis JS1 @
Gloeobacter violaceus PCC 7421 @

0.2

100 it

98

100

Fig. 3-2-8. Maximum likelihood phylogenetic tree of cyanobacterial 16S rRNA gene
with bootstrap support. Agrobacterium sp. K-Ag-3 and Rhodospirillum rubrum
ATCC 11170 were used as outgroup. Bootstrap values of > 50 % for 500 replicates
are indicated at respective nodes. Dots indicate absence of LexA homologue.
Diamonds indicates the species whose LexA regulon were predicted in this study.
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Acaryochloris marina MBIC11017
Cyanothece sp. PCC 7425
Geitlerinema sp. PCC 7407
55 Chamaesiphon minutus PCC 6605
_|—7Crinalium epipsammum PCC 9333
Microcoleus sp. PCC 7113

59

100 Cyanothece sp. PCC 7424
Cyanothece sp. PCC 7425
Microcystis aeruginosa NIES-843
Pleurocapsa sp. PCC 7327
53 — Cyanothece sp. ATCC 51142

60

Cyanobacterium UCYN-A
100 | Cyanothece sp. PCC 8802

Cyanothece sp. PCC 8801

Synechocystis sp. PCC 6803
Stanieria cyanosphaera PCC 7437

_%|:Synechococcus sp. PCC 7002

Leptolyngbya sp. PCC 7376

—98|— Cyanobacterium stanieri PCC 7202

Cyanobacterium aponinum PCC 10605

54

Chroococcidiopsis thermalis PCC 7203
Gloeocapsa sp. PCC 7428

Rivularia sp. PCC 7116

Nostoc sp. PCC 7107

98

Cylindrospermum stagnale PCC 7417

Nostoc azollae 0708

Anabaena circinalis 90

Anabaena cylindrica PCC 7122

Nostoc sp. PCC 7524

Anabaena variabilis ATCC 29413

99 LAnabaena sp. PCC 7120

Nostoc sp. PCC 73102

Calothrix sp. PCC 7507

Calothrix sp. PCC 6303

Synechococcus sp. RCC307

Synechococcus sp. CC9902

s {E Synechococcus sp. CC9605

91| 93— Synechococcus sp. WH8102
Synechococcus sp. CC9311

Synechococcus sp. WH 7803
Prochlorococcus marinus str. MIT 9303

95L Prochlorococcus marinus str. MIT 9313
L—— Cyanobium gracile PCC 6307
Prochlorococcus marinus str. CCMP 1375

92 Prochlorococcus marinus str. MIT 9211

o7 Prochlorococcus marinus str. NATL1A
Prochlorococcus marinus str. NAT2A

Prochlorococcus marinus str. MIT 9312
97

Prochlorococcus marinus str. MIT 9301

Prochlorococcus marinus str. CCMP 1986
Prochlorococcus marinus str. AS9601
Prochlorococcus marinus str. MIT 9515
Prochlorococcus marinus str. MIT 9215

0.5

Fig. 3-2-9. Maximum likelihood phylogeny for cyanobacterial LexA. LexA proteins
of Rhodospirillum rubrum ATCC 11170 and E. coli str. K-12 substr. MG1655 were

used as outgroup. Bootstrap values of > 50 % for 500 replicates are indicated at
respective nodes.
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recA was not detected because this approach could not detect incomplete motif (Fig.
3-2-7). The 55 of 87 LexA genes were assigned to 13 COG categories. Eleven of these
genes (20.0%) were assigned to COG-R (general function prediction only) or COG-S
(function unknown) (Fig. 3-2-10). The most abundant category of the Microcystis LexA
regulon was COG-L (replication, recombination and repair) (5.0%, 27 genes). Almost
all COG-L genes were composed of transposase (92.6%, the 25 of 27 genes), and the
rest were uvrC encoding C subunit of DNA repair enzyme ABC excinuclease (Thomas
et al. 1985) and ssb (Table 3-2-2). The secondly abundant COG category was COG-P
(inorganic ion transport and its metabolism) (3.1%, 5 genes) (Fig. 3-2-10): MAE_09260
and MAE_09270 both encoding subunit of phosphate ABC transporter permease protein
(Pitt et al. 2010); NADPH production as the last electron receptor of PSI; petH encoding
ferredoxin-NADP oxidoreductase (FNR) (DeRuyter and Fromme 2008); MAE_59870
encoding potassium-transporting ATPase subunit C (Matsuda and Uozumi 2006),
MAE_38710 encoding probable chloride channel protein
(http://genome.microbedb.jp/cyanobase). The thirdly abundant was COG-D (cell cycle
control, cell division, chromosome partitioning) (1.7%, 1 gene) and COG-G
(carbohydrate transport and metabolism) (1.7%, 2 genes). In addition, as Li et al. (2010)
and Domain et al. (2004) reported that cyanobacterial LexA regulates some
photosynthetic genes. The putative Microcystis LexA regulon contained photosynthesis
related genes: MAE_02520 (nblA, phycobilisome degradation protein) (Bienert et al.

2006) and MAE_12570 (petH, FNR).
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) Identification number in CyanoBase (http://genome.microbedb.jp/cyanobase) is given.

b) TU was predicted using FgeneB (http://www.softberry.com/berry) (Kumar 2013 Proc Nat
Acad Sci USA). The number of front indicates number of TU. Tul indicates single
transcription unit. Op indicates operon. The number of the next to Op indicates the operon
compsition.

) - . . —

’ Description of function according to Cyanobase is given.

d) . . .
Upper case and small case indicates Lex box and franking bases, respectively.

)
“ Position indicates upstream (-) or downstream (+) from start codon as +1.
N . . . L

Direction with respect to coding strand is given.

Comparing Microcystis LexA regulon with other cyanobacteria

To verify whether the content of Microcystis LexA regulon is common in
cyanobacteria, | predicted LexA regulon in additional three cyanobacterial species:
Cyanothece sp. ATCC51142, Anabaena sp. PCC7120 and Synechocystis sp. PCC6803.
Cyanothece sp. ATCC51142 belongs to phylogenetically same clade to Microcystis (Fig.
3-2-8) and its LexA box is uncharacterized, Microcystis LexA box was used for the
prediction of the regulon.

The size of LexA regulon (LexA genes/genome-encoded total ORFs) was 1.4 % (87
genes) in M. aeruginosa NIES-843, 1.3 % (68 genes) in Cyanothece sp. ATCC51142,
13.8 % (494 genes) in Synechocystis sp. PCC6803 and 0.3 % (17 genes) in Anabaena sp.
PCC7120, indicating that the size of LexA regulon differed with species. Genes of LexA
regulon assigned to COGs, except for COGs-S and COG-R, were 80 % (44 genes) in M.
aeruginosa NIES-843, 75 % (33 genes) in Cyanothece sp. ATCC51142, 79 % (330
genes) in Synechocystis sp. PCC6803, and 90 % (9 genes) in Anabaena sp. PCC7120.
Distribution of COG contents was different among each organism (Fig. 3-2-11). Among
these species, COG-L and COG-P were frequently found. When compared with COG
content of M. aeruginosa NIES-843 and Cyanothece sp. ATCC51142, 10 of the 11

categories of Microcystis COGs were shared. However, COG-D was found only in
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Microcystis LexA regulon.

Table 3-2-2. Genetic character for each species.

Species 3 MIC843 CYA51142 SYNG6803 ANA7120
Genome size (bp) ® 5,842,796  5460,087 3,947,019 7,311,789
Number of TUs 73 60 355 11
Number of LexA genes 87 68 494 17
Legulon size (%) © 1.4 1.3 13.8 0.3
Number of genes assigned to COGs (%) 9 80 79 75 90

) MIC843: M. aeruginosa NIES-843; CYAbL1142: Cyanothece sp. ATCC51142; SYS6803:
Synechocystis sp. PCC6803; ANA7120: Anabaena sp. PCC7120.

b) . .
Including plasmids.

C

) The value was calculated as the number of LexA genes divided by the number of total ORFs.

d
) The value was calculated as the number of LexA genes which assigned to COGs except for
COG-S and COG-R divided by the number of LexA genes.

Discussion

BpFz was specifically bind to upstream sequence of ftsZ and this binding was
disappeared in the cells cultivated with addition of replication inhibitor nalidixic acid
(Fig. 3-1-2) (Honda et al. 2012). | revealed that purified BpFz was LexA. This is the
first report that LexA binds to upstream of ftsZ. LexA is a repressor of DNA damage-
inducible SOS genes. E. coli SOS response is the well characterized; global and
relatively large network (~40 genes) include DNA damage repair enzyme, translesion
synthesis polymerase and cell division inhibitors (Fernandez de Henestrosa et al. 2000;
Wade et al. 2005). These SOS genes are derepressed by RecA mediated LexA
self-cleavage when DNA damage or stalling of replication folk occur (Horii et al. 1981;
Slilaty and Little 1987). Microcystis LexA also possesses three important sites for
RecA-mediated self-cleavage (Ala-Gly dyad site, and Ser and Lys active sites).
However, Microcystis LexA binds to upstream of ftsZ when chromosome was normally

replicated as well as ftsZ was probably transcribed (Fig. 3-2-1). This implies that LexA
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may play a function as transcriptional activator of ftsZ in Microcystis (Fig. 3-2-4).
Although it is unclear that how the Microcystis LexA functions as an activator through
RecA-LexA system, LexA may function as an activator in Synechocystis sp.
PCC6803(Gutekunst et al. 2005).

SOS response governed by RecA-LexA system had been thought to be an universal
system in bacteria (Erill et al. 2007), although there are some exception in
Epsilonproteobacteriasea , Bacteroidetes-Green sulfur bacteria group and Firmicutes
Streptococcus pneumoniae (Prudhomme et al. 2006). In these organisms, DNA damage
response system is thought to be able to substituted by other stress response (Erill et al.
2007). Cyanobacterial LexA does not regulate classical SOS genes. In Synechocystis sp.
PCC6803, LexA regulates inorganic carbon dependent expression of carbon
assimilation gene (Domain et al. 2004), the redox-sensitive RNA helicase
(Patterson-Fortin et al. 2006) and bidirectional Ni-Fe-hydrogenase operon hoxEFUYH
(Gutekunst et al. 2005).

LexA box of Microcystis (GTACN;GTTC) was similar to that of Anabaena sp.
PCC7120 (10 of 11 nucleotides were shared) (Fig. 3-2-5a). However, Microcystis LexA
box was not similar to that of Synechocystis sp. PCC6803, even if they are
phylogenetically closely related (Fig. 2-2-8). Synechocystis sp. PCC6803 LexA protein
lacks two of the three residues which are required for RecA mediated self-cleavage
activity in E. coli (Ala of the Ala-Glya self-cleavage site and Ser of Ser-Lys active site)
(Slilaty and Little 1987). Therefore, its activity as well as the regulation system is
incompatible with RecA-LexA system (Patterson-Fortin et al. 2006). When | compared

COG content of the LexA regulon, COG-L, COG-P and COG-H were shared among
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cyanobacteria, which is comparable to previous reports (Domain et al. 2004; Gutekunst
et al. 2005; Patterson-Fortin et al. 2006).

When | focused on the genes involved in cell division, only Microcystis LexA
regulon contained ftsZ. However, Synechocystis sp. PCC6803 LexA regulon contained
minD, E which are components of minCDE system determining correct division site (de
Boer et al. 1989). Therefore, this regulatory pathway may be unique to Microcystis,
suggesting that expression monitoring of lexA gene may be applicable to evaluation of
proliferation of Microcystis.

It is assumed that diversity of LexA regulon and LexA box may be derived from
evolutional process that enable the regulatory circuits of inhabiting organisms to suit
environmental niches (Patterson-Fortin et al. 2006). In photosynthetic cyanobacteria,
LexA regulates genes which function as maintenance of photosynthetic activity
(Domain et al. 2004; Patterson-Fortin et al. 2006). Microcystis floats near the surface
water using a gas vacuole (Mlouka et al. 2004). In this environment, Microcystis is
exposed to more intensively and frequently light than non-floating organisms, which
may rapidly lead the cells to oxidative condition as well as photoinhibition. In addition,
presence of photosynthesis related genes nblA and petH in Microcystis LexA regulon
supported the idea that function of cyanobacterial LexA is to maintain maximal

photosynthetic abilities respond to cellular redox status (Patterson-Fortin et al. 2006).
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Chapter 4

Integration and outlook

Forecasting of occurrence and termination of Microcystis bloom is an important
issue for water quality management throughout the world. However, how environmental
factors (e.g., nutrient supply, light and temperature) effect on the dynamics of
cyanobacterial blooms have not been elucidated. Therefore, none of strategy which
perfectly and definitively forecast the toxic cyanobacterial blooms is available.
Alternatively, | attempted to identify genes related with bloom formation and
termination of Microcystis to predict its blooms by monitoring those genes. Therefore, |
investigated Microcystis gene expression during phage infection, because phage
infection is estimated to be major cause of death in natural environment. For the
prediction of bloom formation, | searched for a gene marker of normally growing
Microcystis, checkpoint factor which coordinates chromosome replication and cell
division throughout the transcriptional regulation of major cell division gene, ftsZ.

In Chapter 2, | revealed that stress response genes involved in protection of
photosystem Il (PSII) are highly transcribed during phage infection. In addition,
alternative sigma factor, sigB, which is induced under various stress conditions and may
regulate transcription of some of stress response genes, was highly induced. These
suggest that phage infection directly or indirectly induces protection of PSII via
transcriptional regulation of stress response genes, and this regulation, at least partially,
may be mediated by SigB.

In Chapter 3, | explored DNA binding protein bond to upstream sequence of cell

division gene ftsZ using electrophoresis mobility shift assay (EMSA), and showed that
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the DNA binding protein was the bacterial universal repressor LexA. To estimate
regulatory system, the recognition sequence GTWCN;GTWC determined by EMSA
using mutant probes were scanned on the whole Microcystis genome. This analysis
revealed that Microcystis LexA regulon does not contain classical SOS genes. When
compared with predicted LexA regulon among four cyanobacterial species, the regulon
composition was different among each organism. In addition, ftsZ was found only in
Microcystis. These data support the idea that cyanobacterial LexA regulons are
diversified within the phyla and thus, bring fitness advantage for inhabitant in various
environments. Considering that Microcystis lives in the water surface floating with gas
vesicle, this organism frequently exposed to oxidized conditions (i.e., UV,
photooxidation and oxygen supersaturation) than non-floating cyanobacteria. Therefore,
coordination of chromosome replication and cell division via transcriptional regulation
of ftsZ, which is meditated by DNA damage-inducible LexA, may be beneficial to arrest
sterile division sequence when DNA is damaged.

As described above, this study provided fundamental knowledge about gene
regulation during termination and formation of Microcystis bloom. Further experiments,
i.e., long-term expression monitoring, studies on linkage of gene expression and
termination or formation of Microcystis bloom in natural environment, may enable to

apply expression monitoring of marker genes for bloom forecasting.
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