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Gallagher, Amy, M.S., May 2017 Cellular, Microbial, and Molecular Biology

Abstract Title — CONTRIBUTIONS OF GENE COPY NUMBER VARIATION TO
GENOME EVOLUTION AND LOCAL ADAPTATION OF THE
CYANOBACTERIUM ACARYOCHLORIS

Chairperson: Dr. Scott Miller

Acaryochloris is a recently discovered genus of cyanobacteria, unique in its use of an
uncommon chlorophyll as its major photosynthetic pigment, and in its peculiar genome
dynamics. Members of this genus exhibit increased genic copy number variation (CNV),
which is thought to be primarily derived from gene duplications and horizontal gene
transfer (HGT). Acaryochloris provides an ideal system to explore mechanisms behind
maintenance of gene duplicates and the influence of CNV in local adaptation. Here, I
propose a mechanism for retention of gene duplicates of the bacterial recombinase, RecA,
in Acaryochloris genomes and provide preliminary evidence that these paralogs are
becoming functionally divergent. Ithen focus on idiosyncratic CNV between two strains
of Acaryochloris which were isolated from very different environments. I provide
evidence of local adaptation to iron limitation in one strain, associate it with
physiological differences between strains, and show that unique CNV drives changes in
gene dosage and is associated with variable fitness and physiology.

il
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Chapter 1
Abstract

Bacterial recombinase RecA is a multifunctional protein involved in homologous
recombination, DNA damage repair, activation and activities of error-prone DNA
polymerases, and the regulation of protein activity and gene expression through its
coprotease activity. It is apparent that tight regulation of this gene is necessary for
normal cell function, and most bacteria have a single copy of the gene. Members of the
recently discovered cyanobacterial clade, Acaryochloris, have been found to harbor
duplicates of the recA gene which are constitutively expressed. Overall, there has been
selection against protein change during Acaryochloris recA diversification. However,
certain codons at functionally important sites are predicted to have experienced bursts of
positive selection (dn/ds > 1), which is suggestive of functional divergence. I propose
a model of retention for Acaryochloris recA paralogs and test the hypothesis that they are
becoming functionally divergent. To do this, an in vivo E. coli model was developed by
cloning individual Acaryochloris recAs into a rhamnose-inducible plasmid and inserting
the resulting recombinant DNA into recA deficient E. coli. To determine phenotypic
consequences of Acaryochloris RecAs in this background, I (1) performed growth
experiments as an indirect assay of in vivo recombinase activity and (2) challenged the
ability of these proteins to complement wild-type E. coli RecA in regulating the SOS
response. | observed that Acaryochloris RecA paralogs differ in their ability to
complement the reduction in growth rate observed in recA deficient E. coli. RecA
paralogs do not appear to have the ability to perform the suite of functions needed for a
successful SOS response in E. coli. Results from the growth experiment support the
hypothesis that Acaryochloris recA paralogs are becoming functionally divergent in
respect to their recombinase activity.

Introduction

Homologous recombination (HR) by members of the Recombinase A family
(including RecA in bacteria, RadA in archaea and Rad51 in eukaryotes; Haldenby et al.,
2009) makes important creative, stabilizing, and destabilizing contributions to genome
structure and organismal fitness. Recombinase-mediated HR can assort standing genetic
variation into novel combinations (e.g., in meiosis) as well as lead to the innovation of
new gene functions or positive dosage effects by gene duplication (Andersson & Hughes,
2009; Bergthorsson et al., 2007; Kondrashov, 2012; Ohno, 1970). Recombinase activity

is also essential for maintaining genome integrity by repairing stalled or broken DNA
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replication forks (Cox et al., 2000). However, this activity may also be a source of
genetic instability through genomic rearrangements if not properly regulated (Holthausen
et al., 2010; Krejci et al., 2012). For example, increased recombinase activity due to
overexpression of recA in E. coli resulted in a ten-fold increase in duplication rate
(Dimpfl and Echols, 1989). In eukaryotes, Rad51 overexpression can result in the
disruption of the cell cycle, and in mammals has been found to be overexpressed in some
tumor cell lines (Klein, 2008).

The need for cells to tightly control recombinase activity may explain why the
vast majority of bacterial genomes have a single copy of the recA gene (de Groot et al.,
2009; Nahrstedt et al., 2005; Norioka et al., 1995). Exceptions include the genomes of
many insect endosymbionts, which lack a copy of recA (Moran et al., 2008). There are
also a few examples of bacteria with more than one copy of the gene. Bacillus
megaterium and Myxococcus xanthus both have two functional copies of recA (Nahrstedt
et al., 2005; Norioka et al., 1995). Three copies of the gene are present in radiation-
tolerant Deinococcus deserti (de Groot et al., 2009), and a strain of Vibrio cholerae has
been found to have a second copy of recA inserted on a genomic island (Rapa et al.,
2015). With the exception of two paralogous, plasmid-borne copies in D. deserti,
multiple copies of recA in bacterial genomes are the product of horizontal gene transfer
(HGT) rather than gene duplication (Nahrstedt et al., 2005; Norioka et al., 1995; de Groot
et al., 2009; Rapa et al., 2015).

Remarkable among these exceptions is recA copy number variation in
Acaryochloris, a recently discovered clade of unicellular cyanobacteria that is unique in

their use of Chlorophyll d as the principal pigment in photosynthesis (Kiihl et al., 2005;
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Miller et al., 2005; Miyashita et al., 1996). To date, two genomes have been sequenced
and are publicly available, Acaryochloris strain MBIC11017 and Acaryochloris strain
CCMEE 5410. These strains have seven and four copies of recA, respectively (Swingley
et al., 2008; Miller et al., 2011), that have arisen by gene duplication (Miller et al., 2011).
All Acaryochloris recA copies are constitutively expressed but are differentially regulated
in response to various environmental stresses (Sano and Miller, unpublished). Although
there has generally been selection against amino acid changes during the diversification
of Acaryochloris recA paralogs, certain codons at functionally important sites are
predicted to have experienced diversifying selection (dn/ds > 1; Miller et al., 2011).
Together, this suggests that some paralogs may have diverged in function. To explore
this possibility, below I discuss the multiple functions of RecA, with a focus on E. coli
RecA, which has been widely studied (M M Cox & Lehman, 1981; M M Cox & Lehman,
1982; Holthausen et al., 2010; Lusetti & Cox, 2002).

RecA is a jack of all trades. During HR, a RecA-ssDNA nucleoprotein filament
generated as a result of a DNA lesion or double stranded break recognizes homologous
dsDNA and promotes both complementary base pairing and strand exchange, resulting in
a heteroduplex complex with the undamaged dsDNA strand used as a template for repair
(M M Cox & Lehman, 1981; Harmon et al., 1996). In addition to these homology search
and strand exchange functions, E. coli RecA affects changes in gene expression and
protein activity through its co-protease activity. For example, the SOS response to DNA
damaging agents is made up of over forty proteins regulated by the transcriptional
repressor LexA (Indiani et al., 2013). DNA damage results in the formation of an active

RecA nucleoprotein filament which regulates the response by stimulating the
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autocleavage of LexA (Little, 1991). Cleavage of this repressor results in increased
transcription of genes involved in SOS response (Indiani et al., 2013; Little, 1991).
Among the genetic elements regulated by LexA are dinB, and the umuDC operon, which
encode components of error-prone TLS polymerases Pol IV and Pol V, respectively
(Indiani et al., 2013). Active Pol V requires proteolysis of UmuD, which is also
mediated by the coprotease activity of the RecA nucleoprotein filament (Bianco &
Kowalczykowski, 1998; Jiang et al., 2009; Nohmi et al., 1988). Finally, RecA
monomers themselves are active components of both Pol IV and Pol V (Gruber et al.,
2015; Jiang et al., 2009; Patel et al., 2010).

RecA is also a master of none, with improvement of one function often entailing a
cost for one or more other functions (McGrew and Knight, 2003; Harmon et al., 1996).
RecA mediated strand exchange during HR and its coprotease activity are competing
process that cannot occur simultaneously (Harmon et al., 1996). Adaptation of individual
sub-functions may therefore be constrained by its pleiotropic consequences, a
phenomenon referred to as “adaptive conflict” (Hughes, 1994; Lynch and Katju, 2004;
Des Marais and Rausher, 2008). Acaryochloris recA duplication may set the stage for the
escape from adaptive conflict (EAC) via potential specialization of paralogs on different
enzyme sub-functions.

I propose a model of retention for Acaryochloris recA paralogs involving
subfunctionalization, specifically duplication-degeneration-complementation (DDC)
(Force et al., 1999), specialization, or a combination of the two. These models are both
predicated upon an ancestral single copy gene with more than one function; the main

difference is that DDC does not require adaptive evolution, while specialization does
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(Hahn, 2009). According to the DDC model, duplicate genes can be retained when they
undergo loss-of-function or reduction of expression mutations (degeneration) affecting
different sub-functions (Force et al., 1999). This results in paralogs with complementary
functions that together perform the same task or suite of tasks as the progenitor gene.
These paralogs are “locked into” the genome, because together they are required to
perform the full function of the ancestral copy (Hahn, 2009; Lynch and Force, 2000).
The specialization model of duplicate retention proposes that once a multifunctional
progenitor gene is duplicated, duplicates are able to improve (specialize) on individual
ancestral sub-functions. This results in functionally specialized paralogs that often have
reduced ability to perform all functions of the progenitor as a consequence (Des Marais &
Rausher, 2008; Hahn, 2009; Nasvall ef al., 2012). Again, this would lock multiple
paralogs into the genome in order to provide full ancestral functionality. Specialization
can be especially important if the multifunctional progenitor gene is under adaptive
conflict before duplication, as duplication followed by specialization is a mechanism for
escape from adaptive conflict (EAC) (Des Marais and Rausher, 2008). While this model
may free Acaryochloris recAs from adaptive conflict, locking multiple recAs into a
genome may have deleterious effects, as over-expression of the gene is known to be
harmful.

As a first step in appraising the hypothesis of functional divergence of
Acaryochloris recA paralogs, I tested predictions of the retention model that paralogs
retain yet vary in their in vivo recombinase activity. To do this, I developed an E. coli
model by cloning individual paralogs into recA deficient E. coli. This mutant exhibits a

growth defect, since RecA-mediated recombination is used to bypass stalled replication
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forks (Capaldo et al., 1974). Comparing growth rates of the various constructs was used
to indirectly measure recombinase activity. I predicted that all paralogs would have some
recombinase activity, but would vary to the degree they could complement the growth
defect exhibited by the ArecA construct. In addition, I tested survival following SOS
induction in the E. coli model by exposing constructs to two DNA damaging agents, UV
radiation and mitomycin C (Janion, 2008). I predicted that Acaryochloris paralogs would
partially complement the sensitivity of the recA mutant. I did not expect any to fully
complement the defect based on previous experiments with cyanobacterial RecAs in E.
coli backgrounds (Domain et al., 2004; Owttrim and Coleman, 1987; Murphy et al.,
1987). By testing various RecA functions of Acaryochloris recA paralogs, I have taken a
first step toward addressing the nature of the individual activities of paralogs as well as
drawing preliminary conclusions regarding mechanisms maintaining paralogs in the
genome.

Methods

Preparing constructs

Four copies of recA from Acaryochloris marina strain MBIC 11017 (AM1_3550,
AM1_5031, AM1_5483, AM1_B0414) as well as E. coli strain TR6968 recA were
amplified via PCR, size selected on an agarose gel, and purified using the Omega bio-tek
E.Z.N.A Gel Extraction Kit. Purified DNA was then inserted into pUC19 cloning vector
(NEB) using restriction enzyme Smal (NEB). Ligated vectors containing a recA gene
were then cleaned using the Zymoclean Gel DNA Recovery Kit. Gel purified vectors
with inserted recA were transformed into DH5a competent E. coli cells plated on

lysogeny broth (LB) agar plates with ampicillin (amp) (100 pg/ml), IPTG (0.1 mM), and
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X-Gal (20 pg/ml). Individual colonies containing pUC19 with an inserted recA were
inoculated into 2 mL LB + 100 pg/ml amp and grown overnight at 37 °C with agitation.
Next, boiling lysis miniprep was used to isolate the plasmids. recAs were excised from
the purified plasmids, subcloned into pBLU vector, and again transformed into DH5a
competent E. coli cells. The vectors with recA inserts were purified using the Promega
mini-prep kit and digested using restriction enzymes Spel and Notl to isolate recA inserts.
Agarose gel electrophoresis was performed on the digest, and bands corresponding to the
recA genes were excised and purified using the Zymoclean Gel DNA Recovery Kit.
Multiple cloning sites were added to Addgene plasmid 40779, resulting in
plasmid pRHA. This plasmid was used because it carries the rhamnose inducible
promoter of the rhaB E. coli gene. Each recA gene was inserted into plasmid pRHA and
transformed into E. coli strain TR6968 ArecA and an empty plasmid was introduced to
wild type TR6968. This resulted in four experimental constructs containing
Acaryochloris recAs, a negative control completely lacking any recA gene, and two
positive controls containing a copy of native E. coli recA on either pPRHA or on the
chromosome. Constructs are referred to using the following notation: chromosome
recA/plasmid recA. Therefore, our constructs are denoted as -/3550, -/5031, -/5483, -
/B0414, -/+, -/-, and WT/- for AM1_3550, AM1_5031, AM1_5483, AM1_B0414, E. coli
recA, negative control, and WT strain with an empty pRHA respectively (Table 1.1).

Growth experiment

Growth was measured in four different conditions to either repress or induce
transcription of the recA containing plasmids, pPRHA. Rhamnose was supplemented to

induce expression, whereas glucose was supplemented to repress expression. Expression
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of the plasmid was manipulated both during the overnight pre-growth of cultures, and
during the time of measured growth. The four different growth conditions are as follows:
A) repressed during both pre-growth and measured growth; B) repressed during pre-
growth, induced during measured growth; C) induced during pre-growth, repressed
during measured growth; D) induced during both pre-growth and measured growth. A
summary of the conditions can be found in Table 1.2.

Overnight pre-growth was carried out at 37°C with aeration in 2 ml LB + 100
pug/ml ampicillin (amp) + 0.2% (w/v) glucose for repression and in 2 ml LB + 100 pg/ml
amp + 0.15% (w/v) glucose + 0.2% (w/v) rhamnose for induction. The growth
experiment was carried out by inoculating 20 ul of pre-growth culture into 180 ul of LB
+ 100 pg/ml amp + 0.2% (w/v) glucose for repression during measured growth
conditions or LB + 100 pg /ml amp + 0.2% (w/v) rhamnose for the induction during
measured growth conditions, resulting in a total volume of 200 ul per well in a 96 well
clear-bottom ThermoScientific assay plate. Absorbance at 600 nm was measured every
15 minutes with a Synergy HT plate reader (BioTek) for 4.5 hours with continual
agitation and at 37°C. This experiment was done in biological triplicate for each
construct.

Doubling time was estimated using the R package Growthcurver (Sprouffske and
Wagner, 2016) and averaged over replicates. For each growth condition, a one-way
ANOVA was carried out to determine if construct was a significant predictor of doubling
time, followed by post hoc multiple comparisons using Tukey’s HSD if the ANOVA

analysis was statistically significant at the o0 = 0.05 level.
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UV Resistance Assay

Constructs were grown overnight in LB + 100 pg/ml amp at 37°C with aeration,
then subcultured at a 1:100 dilution in LB + 100 pg/ml amp + 0.2% (w/v) rhamnose and
grown for 3 hours to induce pRHA expression. Samples were then serially diluted into
MO salts and 100 pl of the dilution plated onto LB + 100 pg/ml amp agar plates. All
control plates and UV exposed plates of WT/- and -/+ were plated at final dilutions of 10
%and 107. UV exposed plates of -/3550, -/5031, -/5483, -/B0414, and -/- were plated at
final dilutions of 10* and 107. Experimental plates were exposed to UVC (254nm) from
an 8W bulb for three seconds at a distance of 17 cm from the light source (Lamag
product number 022.9120) and then immediately placed in the dark. Experimental and
control plates were incubated overnight at 37 °C in the dark, colonies were counted the
next day and survival rates calculated. A one-way ANOVA was carried out to determine
if percent survival after UV exposure differed between constructs. Post hoc comparisons
were carried out using Tukey HSD as the ANOVA analysis was statistically significant at
the o0 = 0.05 level.

Mitomycin C Resistance Assay

Sensitivity was tested at 0.5 and 1.0 ug/ml mitomycin C. 1.5% agar plates
containing LB + 100 pg/ml amp + 0.2% (w/v) rhamnose and either 0.0, 0.5, or 1.0 ug/ml
mitomycin C were prepared. Strains were grown overnight in LB + 100 pg/ml amp at
37°C with aeration. Overnight cultures were serially diluted into M9 salts and spot plated
(10 pl, 10 through 10®) onto the control and MMC agar plates. Plates were incubated at

37°C overnight, and results were recorded the following day.
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Results and discussion

To test the hypothesis of functional divergence between Acaryochloris recA
paralogs, I focused on four recAs from Acaryochloris marina strain MBIC 11017
(AM1_3550, AM1_5031, AM1_5483, AM1_B0414) for which there are orthologs in the
Acaryochloris strain CCMEE 5410 genome (Miller et al., 2011). The four A. marina and
native E. coli recA genes were cloned into plasmid pRHA carrying the rhamnose
inducible promoter of the rhaB E. coli gene (see Methods). These plasmids and an empty
plasmid control were introduced to ArecA E. coli. Additionally, I made a construct
consisting of an empty plasmid in a WT E. coli background, which was used to control
for effects the plasmid, independent of recA. This resulted in four experimental
constructs containing Acaryochloris recAs, a negative control lacking a copy of recA, and
two positive controls containing a copy of native E. coli recA on either pPRHA or on the
chromosome. Constructs are referred to using the following notation: chromosome
recA/plasmid recA (Table 1.1).

Growth experiment: Assaying in vivo recombinase activity

RecA mediated recombination is integral to rescuing stalled replication forks,
which occur commonly during DNA replication even under optimal growth conditions
(Cox et al., 2000). ArecA mutants tend to exhibit a slower growth phenotype compared
with wild type, likely due to the inability to repair stalled replication forks (Cox et al.,
2008; Capaldo et al., 1974). To investigate functional divergence in in vivo recombinase
activity of Acaryochloris RecA paralogs, I performed a growth experiment to determine
if Acaryochloris recAs have differential ability to complement the recA null construct’s

growth defect. If a construct exhibited significantly faster growth than the recA-null it
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was determined to have some ability to complement. Degree of complementation should
be positively correlated with recombinase activity. Observing significant differences
between paralogs would provide the most compelling evidence for differences in
recombinase activity and therefore functional divergence.

Growth was measured in four different conditions meant to either repress or
induce transcription of plasmid copies of recA. Induction or repression was
accomplished by taking advantage of the rhamnose inducible promoter inserted into the
pRHA plasmid. Rhamnose was supplemented to induce expression, while glucose was
supplemented to repress expression. Expression of the plasmid was manipulated both
during the overnight pre-growth of cultures and during the time of measured growth. The
four different growth conditions were as follows: A) repressed during pre-growth and
measured growth (repressed/ repressed); B) repressed during pre-growth, induced during
measured growth (repressed/ induced); C) induced during pre-growth, repressed during
measured growth (induced/ repressed); D) induced during both pre-growth and measured
growth (induced/ induced). A summary of the conditions can be found in Table 1.2.
Each growth condition was analyzed separately due to the expected differences in effects
of glucose and rhamnose supplementation on growth rate, independent of recA
expression. Glucose is known to be the preferred carbon source of E. coli, resulting in
faster growth (Monod, 1949).

In condition A, for which expression of the recA containing plasmid was
repressed during both pre-growth and measured growth periods, construct was a
significant predictor of generation time [F 14y = 18.00, P < 0.0001]. As expected, the

recA-deficient construct exhibited a slow growth phenotype. All constructs containing an
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Acaryochloris recA paralog performed better than -/-, but were variable in their ability to
complement the observed growth defect. Construct -/3550 did not significantly
complement -/-, whereas the three other constructs containing Acaryochloris paralogs did
complement the null, providing evidence for functional divergence (Fig. 1.1A; Table
1.3). This condition also resulted in generally faster generation time for all constructs, as
a consequence of glucose supplementation throughout the experiment (Fig. 1.1).

In condition B, for which expression of the recA containing plasmid was
repressed during pre-growth and induced during the period of measured growth, construct
was a significant predictor of generation time [Fs 14y = 17.73, P =0.021]. -/3550
performed significantly worse than -/B0414 and W'T/-, but no other comparisons were
significant (Fig. 1.1B, Table 1.4). As with condition A, -/3550 exhibited the worst
performance of all the constructs containing an Acaryochloris paralog. Additionally, all
constructs exhibited slower growth in this condition compared with condition A (Fig.
1.1).

In condition C, for which expression of the recA containing plasmid was induced
during pre-growth and repressed during the period of measured growth, construct was a
significant predictor of generation time [F 14) = 241.07, P < 0.0001]. Constructs -/3550
and -/+ exhibited slower growth than the other constructs at highly significant levels,
while -/5031 and -/B0414 had significantly slower growth rates than fastest growing
WT/- (Fig. 1.1C, Table 1.5). There exists striking difference in performance between the
two constructs containing native E. coli recA in this condition. Very poor performance of
-/+ points to the deleterious effects of recA overexpression, as its copy of the gene is on

the induced plasmid, while WT/- does not appear to be exhibiting any growth defect.
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Poor performance of -/+ is matched by -/3550, whose growth is again significantly slower
than the other paralog-containing constructs.

In condition D, for which expression of the recA containing plasmid was induced
during both pre-growth and measured growth periods, construct was a significant
predictor of generation time [F 14)=5.15, P =0.0054]. -/3550 and -/+ exhibited
significantly slower growth than W'T/-; none of the other comparisons were significant
(Fig. 1.1D, Table 1.6). Construct generation time tends to increase under pRHA
induction (rhamnose supplementation) conditions, with condition D resulting in slowest
generation times for all constructs. As with condition C, we see a striking difference in
generation time between the two constructs containing E. coli recA. Among the paralog-
containing constructs, -/3550 again exhibits the slowest growth.

As predicted, Acaryochloris recA paralogs varied in their ability to complement
the growth defect observed in the recA-deficient construct. Variable complementation
among Acaryochloris paralogs was clearly observed in condition A, pPRHA repression
during pre and measured growth. In this condition, all paralogs with the exception of -
/3550 complemented the null to some degree, indicating that AM1_5031, AM1_5483,
and AM1_B0414 have some in vivo recombinase activity. Across the remaining
experimental conditions, -/3550 was consistent in exhibiting the slowest growth of all the
paralogs, often to a statistically significant degree. Unpublished in vitro assays suggest
AM1_3550 may bind DNA very tightly and interfere with other aspects of DNA
metabolism, which may help to explain the poor performance of construct -/3550 in
conditions of recA induction (Sano, unpublished). Growth defect in the construct

containing E. coli recA on the inducible plasmid under conditions of induction is likely
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due to excessive recombination. With the exception of -/3550, constructs containing
Acaryochloris recAs exhibited a less severe growth defect than that with a plasmid copy
of E. coli recA, which may indicate that they have reduced recombinase activity. These
experiments provide preliminary evidence of functional divergence in Acaryochloris
recA paralogs, specifically in AM1_3550.

SOS response assays

In WT E. coli, DNA damage is commonly repaired by the SOS response and HR,
both of which are RecA mediated (Indiani et al., 2013; Cox et al., 2000). The E. coli
SOS response requires RecA to successfully perform all of its known functions, including
formation of a nucleoprotein filament, co-protease activities, and pol involvement
(Indiani et al., 2013; Little, 1991; Nohmi et al., 1988; Jiang et al., 2009). To address
whether Acaryochloris RecAs have the ability to perform these functions and repair DNA
damage from mutagens known to induce the SOS response (Schlacher and Goodman,
2007; Janion, 2008), I exposed constructs to UV radiation and a potent DNA crosslinker,
mitomycin C (MMC).

To determine ability to repair DNA damage caused by UV radiation, pPRHA
expression was induced, constructs were exposed to UVC radiation, and percent survival
was estimated. Construct was determined to be a significant predictor of survival rate
after UV exposure, as determined by a one-way ANOVA [F 14y = 541.30, P < 0.0001].
Acaryochloris recAs did not significantly differ in survival rate from the recA null. Only
constructs containing native E. coli recA, -/+ and WT/-, were able to complement the UV

sensitivity phenotype exhibited by the recA null (Fig. 1.2).
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A MMC resistance assay was performed by testing the ability of constructs to
grow on agar supplemented with 0.5 and 1.0 pg/ml MMC. All Acaryochloris recA
paralogs and the recA null construct exhibited 100% mortality when exposed to both
tested concentrations of MMC. Similar to the UV sensitivity assay, both constructs
containing E. coli recA were robust to the DNA damage caused by mitomycin C (Fig.
1.3).

Complete failure of Acaryochloris recAs to complement these SOS-related
defects may be the product of general evolutionary divergence rather than
subfunctionalization of Acaryochloris paralogs. Cyanobacteria and E. coli last shared a
common ancestor 2.5 billion years ago (Miller et al., 2005; Summons et al., 1999), and it
is known that cyanobacteria and E. coli regulate the SOS response through different
mechanisms (Domain et al., 2004). Similar assays performed on single-copy
cyanobacterial recAs from Anabaena variabilis and Synechococcus PCC 7002 in ArecA
E. coli backgrounds resulted in minimal UV resistance (Owttrim and Coleman, 1987;
Murphy et al., 1987). While some cyanobacterial recAs may have minimal ability to
elicit an SOS response, Acaryochloris RecAs may be too far diverged from E. coli to
effectively complement at all. This is supported by the failure of the single copy recA of
Cyanothece PCC 7425, a sister taxon to Acaryochloris, to complement the growth defect
caused by UV exposure in an experiment using the same methods (Sano &
Miller,unpublished).

Concluding remarks
Multiple copies of the multifunctional recA gene is an exceedingly rare

phenomenon in bacteria, making Acaryochloris anomalous. Here, I proposed a
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mechanism of retention for these paralogs and hypothesized that paralogs are becoming
functionally divergent. I have found preliminary evidence that supports my hypothesis of
functional divergence in Acaryochloris recA paralogs. This is most apparent in
significantly different growth rates among constructs containing paralogs, especially the
slow growth phenotype in -/3550. Future experiments should be focused on directly
measuring homologous recombination in Acaryochloris recA paralogs. Poor survival of
constructs containing Acaryochloris paralogs after exposure to DNA damaging agents
further support evidence that cyanobacterial SOS regulation is too far diverged from E.

coli SOS regulation for complementation (Domain et al., 2004).
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Tables

Table 1.1 Summary of constructs

recA on
E. coli strain pRHA Denoted

ArecA TR6968  AM1_3350  -/3550
ArecA TR6968  AMI1_5031  -/5031
ArecA TR6968  AM1_5483  -/5483
ArecA TR6968  AM1_B0414 -/B0414

ArecA TR6968 E.coli -1+
ArecA TR6968 - -/-
TR6968 - WT/-

Table 1.2 Summary of growth conditions indicating repression or induction of recA containing
plasmid. Overnight pre-growth manipulation was accomplished by supplementing 0.2% (w/v)
glucose to cultures for repression conditions, 0.15% (w/v) glucose + 0.2% (w/v) rhamnose to
cultures for induction. Measured growth manipulation was accomplished supplementing 0.2%
(w/v) glucose to cultures for repression and 0.2% (w/v) rhamnose to cultures for induction
conditions.

Treatment
A B C D
Overnight pre- Repressed Repressed Induced Induced
growth
Measured growth Repressed Induced Repressed Induced
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370

Table 1.3 Condition A (repressed/ repressed) growth experiment results. (A) Mean generation
time in minutes, std. error, and homogenous subset. (B) Post hoc comparisons of constructs,

absolute value of mean differences in minutes shown. P: < .001 "***' (] "**' (5 "*'

A

Construct Mean Std. Error Subset
-/B0414 26.27002 0.264953 d
WT/- 26.35411 0.605625 d
-/5483 26.73211 0.332897 cd
-/5031 26.83748 0.293371 cd
-1+ 28.68212 0.546738 bc
-/3550 30.37614 0.422189 ab
-/- 30.96604 0.645076 a
B

-/B0414 WT/- -/5483 -/5031 -/+ -/3550 -/-

-/B0414 0.00 0.08 0.46 0.57 2.41% 4. 11%%*  4770%**
WT/- 0.00 0.38 0.48 2.33% 4.02%*% 4 6]%**
-/5483 0.00 0.11 1.95 3.64%* 4.23%**
-/5031 0.00 1.84 3.54%* 4.13%%*
-/+ 0.00 1.69 2.28%
-/3550 0.00 0.59
-/- 0.00
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Table 1.4 Condition B (repressed/ induced) growth experiment results. (A) Mean generation
time in minutes, std. error, and homogenous subset. (B) Post hoc comparisons of constructs,
absolute value of mean differences in minutes shown. P: < .001 "***' (1 "**' (05 "*'

A
Construct Mean Std. Error Subset

WT/- 33.3644 1.1043968 b
-/B0414 33.77391 0.5418365 b
-/5483 35.49634 0.6018905 ab
-/- 36.65059 2.0845105 ab
-/5031 36.83823 1.1481173 ab
-1+ 38.75225 1.8206455 ab
-/3550 39.9693 0.6639814 a
B

WT/- -/B0414 -/5483 -/- -/5031 -/+ -/3550
WT/- 0.00 0.41 2.13 3.29 3.47 5.39 6.60*
-/B0414 0.00 1.72 2.88 3.06 4.98 6.20%*
-/5483 0.00 1.15 1.34 3.26 4.47
-/- 0.00 0.19 2.10 3.32
-/5031 0.00 1.91 3.13
-/+ 0.00 1.22
-/3550 0.00
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Table 1.5 Condition C (induced/ repressed) growth experiment results. (A) Mean generation
time in minutes, std. error, and homogenous subset. (B) Post hoc comparisons of constructs,

absolute value of mean differences in minutes shown. P: < .001 "***' (01 "**' (05 "*'

A
Construct Mean Std. Error Subset
WT/- 29.01193 0.742744 c
-/5483 34.80734 0.978227 bc
-/- 35.12383 1.505831 bc
-/B0414 37.02259 1.715167 b
-/5031 39.39755 0.718867 b
-1+ 49.21383 2.986592 a
-/3550 54.7175 1.371775 a
B

WT/- -/5483 -/- -/B0414 -/5031 -/+ -/3550
WT/- 0.00 5.80 6.11 8.01%* 10.39**  20.20%** 2571 %**
-/5483 0.00 0.32 2.22 4.59 14.41%** 199 ***
-/- 0.00 1.90 4.27 14.09*** 19 59***
-/B0414 0.00 2.37 12.19%*  17.69%**
-/5031 0.00 9.82%* 15.32%%*%*
-/+ 0.00 5.50
-/3550 0.00
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Table 1.6 Condition D (induced/ induced) growth experiment results. (A) Mean generation time
in minutes, std. error, and homogenous subset. (B) Post hoc comparisons of constructs, absolute
value of mean differences in minutes shown. P: < .001 "***' (01 "**' .05 '*'

A

Construct Mean Std. Error Subset
WT/- 37.78166 1.199528 b
-/5483 51.71957 3.029789 ab
-/B0414 53.74087 5.946096 ab
-/- 58.3682 10.95534 ab
-/5031 59.50297 2.331568 ab
-/3550 87.24069 2.019082 a
-1+ 95.01191 19.72382 a
B

WT/- -/5483 -/B0414 -/- -/5031 -/3550 -/+

WT/- 0.00 13.94 15.96 20.59 21.72 49.46* 57.23%*
-/5483 0.00 2.02 6.65 7.78 35.52 43.29
-/B0414 0.00 4.63 5.76 33.50 41.27
-/- 0.00 1.13 28.87 36.64
-/5031 0.00 27.74 35.51
-/3550 0.00 7.77
-/+ 0.00

21



375 Figures

A Repressed/ Repressed B Repressed/ Induced
125 125 1
100 100 1
@ 757 @ 75
= =0
= 504 S 50-
=
ab cd ed d 2 bc Construct
25 251 M 13550
B /5031
0- 0- M 5483
c Induced/ Repressed D Induced! Induced =“'BD£I'14
125 a -
M-+
100 B w-
w [12]
Z 2
3 =0
E =
= =
376
377 Fig. 1.1 Generation time in minutes of constructs grown in conditions of plasmid
378 expression repression during overnight pre-growth and measured growth (A),
379 repression during overnight pre-growth and induction during measured growth
380 (B), induction during overnight pre-growth and repression during measured
381 growth (C), and induction during overnight pre-growth and measured growth (D).
382 Detailed information regarding induction and repression conditions can be found
383 in Table 1.2. Letters above bars indicate statistically significant homogeneous
384 subsets.
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MMC: 0.5ug/ml MMC: 1pg/ml

-/3550
-/5031

/5483
-/B0414 |

Fig. 1.3 Constructs grown overnight, subcultured at 1:10 and allowed to grow for three
hours before being serially diluted 1:10 and spot plated on LB + 100 pg/ml amp + 0.2%
(w/v) thamnose and 0.5 or 1.0 pg/ml MMC. Media used for overnight and subcultured
growth was supplemented with rhamnose to induce expression of the recA containing
plasmid.
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Chapter 2
Abstract

Local adaptation of natural populations is thought to be a driver of microbial
genetic diversity. Within the cyanobacterial genus Acaryochloris are strains that have
been isolated from strikingly different environments and have unique gene content which
potentially contributes to adaptation in their local, native environments. One strain,
MBIC, was isolated from an iron-limited environment and contains increased copy
number variation (CNV) of genes involved in iron assimilation. Here, I establish better
adaptation to iron limitation in MBIC, as compared to Acaryochloris strain CCMEE,
which was isolated from a heavy-metal enriched environment. Adaptation is then
associated with physiological differences in strains’ ability to assimilate iron and finally
differences in iron assimilation gene dosage between strains.

Introduction

Local environments impose different selective pressures on natural populations.
Over time, this may result in the evolution of locally adaptive traits. A locally adapted
population exhibits higher relative fitness in its local environment than populations from
other habitats (Kawecki and Ebert, 2004). Microorganisms found in nature tend to be
incredibly genetically diverse, which is thought to be a result of local adaptation
(Kraemer and Boynton, 2017). An important mechanism by which local adaptation
occurs in microorganisms is through changes in gene dosage. Gene dosage, or the
amount of a particular gene product transcribed, is commonly affected by changes in
transcriptional regulation mechanisms, gene duplication events, and horizontal gene
transfer (HGT) (Andersson and Hughes, 2009). Gene duplication and HGT can result in
genic copy number variation (CNV), which is commonly associated with increased
dosage (Kondrashov, 2012).

Experimental evolution studies of microbial populations have shown that

increased gene dosage by duplication events can be an important mechanism for

adaptation to nutrient limitation (Brown et al., 1998; Cairns and Foster, 1991; Reams and
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Neidle, 2003; Riehle et al., 2001). However, there is limited evidence of duplication
driving adaptation in natural populations of microorganisms. By contrast, HGT has been
shown to be important in niche expansion and local adaptation; it a likely driver of
observed phenotypic variability within closely related taxa (Lawrence and Ochman,
1998; Ochman et al., 2000; Schénknecht et al., 2013).

Members of the recently discovered cyanobacterial genus Acaryochloris which
are unique in their use of the far-red (>700 nm) light absorbing Chlorophyll d (Chl d) as
the major pigment in photosynthesis (Miyashita et al., 1996; Swingley et al., 2008; Kiihl
et al., 2005), provide an excellent system to investigate the potential role of CNV in
adaptation. Acaryochloris has unusual genome evolutionary dynamics, with gene
duplication rates considerably higher than other bacteria (Miller et al., 2011). Although
this appears to be a generally non-adaptive process, with most duplicates purged from the
genome relatively quickly, retained gene duplicates are potentially beneficial in their
local, native environments. For example, the genome of Acaryochloris strain CCMEE
5410 (hereafter, CCMEE), which was isolated from the heavy metal enriched Salton Sea
(Miller et al., 2005), retains duplicate genes involved in copper tolerance (Miller et al.,
2011). Similarly, the genome of Acaryochloris strain MBIC 11017 (hereatter, MBIC)
has multiple duplicates for genes involved in iron assimilation. This strain was isolated
from a biofilm on the underside of Lissoclinum patella, a colonial ascidian found in the
western Pacific Ocean (Miyashita et al., 1997; Kiihl et al., 2005). This is thought to be a
severely iron-limited environment due to the low solubility of Fe (III) in circumneutral
water (Kranzler et al., 2013) and the ability of L. patella to accumulate high levels of iron

(Endean, 1954).
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In addition to their idiosyncratic retention of duplicated genes, Acaryochloris
genomes also harbor extensive, plasmid-encoded, novel gene content (Miller et al., 2011)
that may in some cases be selectively favored. For example, the MBIC genome exhibits
an increased copy number of novel, potentially horizontally-acquired genes involved in
iron assimilation compared with the CCMEE genome. These include a cluster of genes
responsible for the synthesis of secreted iron-binding molecules called siderophores that
appear to be most closely related to a known siderophore-producing cluster in the
distantly-related, multicellular cyanobacterium Anabaena sp. PCC 7120 (Jeanjean et al.,
2008; Fig. 2.1). Acaryochloris provides a system to investigate local adaptation by
associating fitness in, and physiological responses to particular environmental conditions
with idiosyncratic CNV in closely related genomes.

Here, I test whether MBIC has adapted to a low iron environment, and if so,
whether this is associated with both enhanced iron assimilation and increased dosage of
iron assimilation genes. If MBIC has adapted to low iron, I predict it will exhibit greater
fitness relative to CCMEE under iron limitation by growing at faster rate and to a greater
final yield. I also predict that MBIC will exhibit an enhanced ability to assimilate iron
during recovery from iron starvation. Finally, I expect that physiological performance
will be associated with increased dosage of iron assimilation genes in MBIC. Together;
this study will enable me to assess the potential contribution of CNV and gene dosage to

adaptation of MBIC to low iron conditions.
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Methods

Culture conditions

All cultures were grown at 30 °C with constant shaking at 100 rpm and constant
illumination of 13-18 pumol photons/mzs cool white fluorescent light. Cultures were
either grown as 100 ml media in 250 ml Erlenmeyer flasks or 600 ml mediain 1 L
Erlenmeyer flasks. Two types of media were used, one for the high iron condition and
one for the low iron condition (Swingley media and Swingleyy, respectively). Swingley
media was prepared as previously described, though referred to as FeMBG-11 (Swingley
et al., 2005). Swingley, was prepared in the same fashion as Swingley media, while
leaving out ferric ammonium citrate and EDTA iron(Ill) sodium salt. Ferric iron content
in Swingley media is 51 pM, and estimated 7.7 nM in Swingley,. In order to minimize
iron contamination, all media was prepared using MilliQ filtered water in polycarbonate
culture flasks that had been soaked overnight in 1N HCI.

Cell count and optical density regression

Culture turbidity was used to measure growth for both strains, this was done by
taking optical density readings at 750 nm (OD75¢) using a Beckman Coulter DU 530
spectrophotometer. A regression of optical density and cell count for both Acaryochloris
strains was produced in order to normalize results to cell count and ultimately cell
volume. MBIC cells are smaller than CCMEE; their approximate diameters are 1.75 ym
and 2.75 um, respectively. I prepared various dilutions or concentrations of cell cultures
while in mid-exponential phase, performed cell counts using a hemocytometer, and took
ODyso readings. To ensure accuracy, between twelve and fourteen counts at various

dilutions were used for each strain. Cell count was then plotted as a function of optical

28



494

495

496

497

498

499

500

501

502

503

504

505

506

507

508

509

510

511

density at 750 nm and a best fit line was applied in MS Excel. 1 used the following
equations to estimate cell count from optical density in future experiments. The

regressions had R?of 0.91 for MBIC and 0.97 for CCMEE.

cells

MBIC — =4 x 108 (OD;59) — 3 x 10°
cells

CCMEEW =2 %108 (0OD;s5,) + 3 x 10°

Growth Experiments

For each strain, triplicate independent cultures derived from the same inoculum
were grown in Swingley and Swingleyy media. Media were prepared as described above
using 250 ml polycarbonate flasks with a final volume of 100 ml, approximately 1x10°
stationary phase cells from stocks maintained in Swingley, medium were used to
inoculate each flask. Growth was measured by taking OD7sy readings every 24-48 hours.
Doubling, or generation, times (G) were estimated from the exponential growth phase of
the culture, as determined by plotting the growth data on a semi-log plot, finding time

intervals where cultures were exponentially growing and applying the following formula:

T, —T
G=—~T——
3310¢ (2
' 0g<0D0)

Ty and Tyare the first and last time points during which the cells are growing
exponentially. ODyand ODyare the OD75o readings corresponding to 7y and 77.
Iron step-up
Five 1 L flasks containing 600 ml Swingley, media were prepared for each strain
for an iron step-up experiment. Approximately 6x10° cells were inoculated into each

flask from stocks growing in Swingleyy, previously described growth conditions were
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applied. OD759 was recorded at regular intervals to measure growth. Once the cultures
had been in stationary phase for 7 days I harvested cells for RNA extraction, intracellular
iron analysis, chlorophyll d content, and took an OD75, reading; this is referred to as time
0 (t0). After collecting data for tO, I supplemented culture flasks with iron in the
following forms and concentrations: EDTA iron(IIl) sodium salt (28 uM) and ferric
ammonium citrate (23 uM). The types and concentrations of iron added were chosen to
equal the iron content in Swingley media (Swingley et al., 2005). At 12, 24, and 36
hours after iron supplement (t12, t24, t36), an OD75o reading was taken and samples were
collected for both intracellular iron and chlorophyll d content analyses. At 36 hours post
iron addition, cells were again collected for RNA isolation.

Chlorophyll d extraction and concentration estimation

Chlorophyll d levels were monitored by harvesting 1.2 ml of culture by
centrifugation at 16,000 X g for 5 minutes. Supernatant was then aspirated and cell
pellets were resuspended in 1.2 ml ice cold 100% methanol by vortexing. Samples were
stored on ice in the dark for 12-15 minutes to extract pigments, after which they were
again centrifuged at 16,000 X g to pellet debris (Schliep et al., 2010). Absorbance was
measured at 696 nm on a Beckman Coulter DU 530 spectrophotometer and concentration
of chlorophyll d in pg/ml was determined using the published mass extinction coefficient
of chl d (77.62 L g' cm™; Li et al., 2012).

Intracellular iron collection, digestion, and analysis

To determine intracellular iron content, 10 ml of culture from each sample was
filtered onto 0.6 um pore size polycarbonate membrane filters (MILLIPORE product

DTTP02500). Filters were inserted into 2 ml screw-top microcentrifuge tubes and 1 ml
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of 5 mM EDTA pH 7.8 was added. Tubes with filters and EDTA were vortexed until
cells were resusupended in the solution and filters were removed with a toothpick.
Samples were then centrifuged for 10 minutes at 16,000 X g to pellet cells and
supernatant was aspirated. Next, 1 ml sterile SwingleyO media was added to the tubes
and pellets were resuspended by vortexing, samples were again centrifuged 10 minutes at
16,000 X g and supernatant was aspirated. Cell pellets were stored at -20 °C until
chemically digested for iron content analysis using optical emission spectroscopy.

A modified protocol of EPA method 3050B was used to digest cell pellets for iron
content analysis (Environmental Protection Agency). Millipore water and 70%
TraceMetal Grade nitric acid were added in 1:1 ratio to microcentrifuge tubes containing
cell pellets to a final volume of 1 ml, tubes were then vortexed to resuspend the pellet and
incubated at 85 °C for 4 hours. Samples were removed from heat and allowed to cool.
Once cool, 150 pl of a 30% solution of hydrogen peroxide was added to all samples and
they were incubated for 30 minutes at 60 - 70 °C. Digestions were then added to 19 ml of
a 2% nitric acid solution for a final acid concentration of approximately 4.4% and final
volume of approximately 20 ml. Once digested, optical emission spectroscopy was
performed on each sample by The University of Montana’s Environmental
Biogeochemistry Laboratory to determine the amount of iron per milliliter Acaryochloris
culture. Iron concentration could then be normalized to approximate Acaryochloris
biomass.

To account for any iron precipitation, I used blank controls. At t0, when cells
were collected before iron was added, there was no iron detected in the blank sample.

Iron concentrations in blanked samples after iron was supplemented were not negligible
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and varied approximately two fold. This variation was likely not meaningful, as it is
likely the result of accidentally aspirating some of the precipitated iron. Because of this,
I averaged the iron concentration in the blank samples and subtracted this number from
all iron concentrations taken from samples collected after iron addition (t12, t24, t36).

Cell collection for RNA-seq

RNA-seq was performed on both strains of Acaryochloris under three
environmental conditions: stationary phase while iron starved, during recovery from iron
starvation, and while growing exponentially in iron limited media. For all conditions,
there were 5 replicates for each strain. Stationary phase under iron starvation and during
recovery correspond to t0 and t36 of the iron step-up experiment, which is discussed
above. For the condition of exponential growth in iron limited media both strains were
grown to mid-exponential phase in Swingley, media. Experimental procedures were
identical to the beginning of the iron step-up experiment, but cells were collected at an
earlier phase in their growth and no iron was added. 200ml of cell culture from each
sample was collected for RNA isolation. Cell collection was carried out via vacuum
filtration onto 1.2 um pore size polycarbonate membrane filters (MILLIPORE product
RTTP04700). Using sterilized forceps, filters with cells were carefully inserted into 15
ml Falcon tubes. Tubes containing cells on filters were immediately flash frozen in
liquid nitrogen and stored at -80 °C until RNA extraction.

RNA extraction

A guanidium-thiocyanate-phenol-chloroform extraction with PGTX extraction
buffer was used to isolate RNA. PGTX buffer was prepared as described by Pinto et al.,

2009; the extraction protocol used is a combination of the “PGTX 95” protocol outlined
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in the publication, the Meeks Lab RNA isolation from Nostoc punctiforme (Meeks), and
the Qiagen RNeasy Mini Handbook with modifications. Falcon™ tubes containing cells
on polycarbonate filters were removed from the -80 °C freezer and 2 ml warmed PGTX
reagent was added. Samples were vortexed to resuspend cells and incubated for 5
minutes at 95 °C with occasional vortexing. Immediately, samples were incubated on ice
for 5 minutes. During this incubation period, filters were removed with sterile pipette
tips. Next, 400 pl chloroform was added and samples were incubated for 10 minutes at
room temperature with occasional vortexing. Phase separation was then facilitated by
centrifugation for 15 minutes at 4 °C and 12,000 X g. The aqueous layer was transferred
to a new tube and an equal volume of chloroform added. Again, extractions were
incubated at room temperature for 10 minutes with occasional vortexing and centrifuged
for 15 minutes at 4 °C and 12,000 X g. To precipitate RNA, the aqueous layer was
transferred to a new tube, 1/10 volume 3M sodium acetate at pH 5.2 and 2.5 volume
100% ice cold ethanol were added. Tubes were mixed by inversion and precipitated
overnight at -20 °C.

The following day, samples were briefly chilled to -80 °C and centrifuged 20
minutes at 4 °C and 12,000 X g to pellet RNA. Supernatant was aspirated and pellets
were washed by resuspension in 1 ml 75% ethanol and pelleted again by centrifugation
for 10 minutes at 4 °C and 12,000 X g. Supernatant was again aspirated and a 75%
ethanol wash was repeated. At this point I performed the Qiagen RNeasy Mini RNA
Cleanup protocol, including a DNase step. This protocol began with resuspending RNA
pellets in 100 ul RNase-free water and was followed to the end. Supplementing 10 pl p-

mercaptoethanol to 1 mL buffer RLT was taken to further inhibit RNases. Finally,
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samples were eluted twice with 35 ul fresh RNase-free water, for a total elution volume
of 70 ul for each sample and stored at -80 °C. PCR was used to check for genomic DNA
contamination, which was present, so a second DNase treatment was applied. Again, I
used Qiagen DNase and an RNeasy Mini column. A modified version of a protocol
found on the lab website of Christopher Mason, PhD was used (Zumbo, 2011). I eluted
samples twice with 25 ul fresh RNase-free water, for a total elution volume of 50 ul for
each sample. A small aliquot from each sample was taken for quality control and
quantification and was stored at -80 °C.

RNA OA/OC, quantification, sequencing, and data analysis

To check for genomic DNA contamination in RNA samples, I performed 25
rounds of PCR using isiA primers; there was no amplification in any of these RNA
samples. These primers were chosen because they were available and were known to
successfully amplify (Miller lab, unpublished data).

Fragment analysis of RNA was done on an Agilent Technologies TapeStation
using an RNA ScreenTape, RIN values for the samples ranged from 6.4 — 8.2. RNA was
quantified using a Qubit Fluorometer with the Broad Range RNA Assay Kit. High
quality RNA was sent to the Washington State University, Spokane Genomics Core for
library prep with TruSeq Stranded Total with Ribo-zero (Illumina) and 50-bp single read
sequencing on a HiSeq-2500.

[llumina reads were received with adapters trimmed, analysis was performed
using a Galaxy server maintained by the University of Montana (Afgan et al., 2016).
FASTQC (Andrews, 2010) was used to verify sequence quality. Both Acaryochloris

species, CCMEE 5410 (NBIC taxon ID 310037; assembly GCA_000238775.2) and
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MBIC 11017 (NBIC taxon ID 329726; assembly GCA_000018105.1) were mapped to
their respective genome assemblies using Bowtie2 (Langmead and Salzberg, 2012).
Resulting sorted BAM files were analyzed using the Cufflinks suite (Trapnell et al.,
2010). Mapped reads were assembled into transcripts with Cufflinks, using reference
GFF annotations found on NCBI. Cuffmerge was used to merge all Cufflinks output of a
single strain to create an annotation file used for differential expression analysis using
Cuffdiff. Cuffdiff output was further analyzed using CummeRbund in R programming
language (Trapnell et al., 2012).

Results and discussion

Acaryochloris MBIC has higher fitness under low iron condition

Acaryochloris MBIC was isolated from an environment thought to be severely
iron limited (Miyashita et al., 1997; Kiihl et al., 2005; Boyd et al., 2007; Endean, 1954).
Conversely, there is no evidence suggesting iron limitation in the environment from
which Acaryochloris CCMEE was isolated (Miller et al., 2005). To test the hypothesis
that MBIC is better adapted to low iron environments, I assayed generation times and
final yield for both strains in media containing either low (7.7 nM) or high (51 uM)
concentrations of iron. I expected the Acaryochloris strains to exhibit differential fitness
with MBIC exhibiting a faster generation time and a greater final yield in both iron
conditions.

A two-way ANOVA was carried out to determine the main effects of strain and
iron condition on growth rate. Both strain [F(; 3y = 203.01, P < 0.0001] and iron condition
[Fs)=347.52, P < 0.0001] were significant predictors of growth rate; additionally, there

was a significant interaction of the two variables [F(; gy =5.912, P = 0.04]. MBIC grew
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significantly faster than CCMEE under both iron replete (0.63 + 0.003 vs. 0.45 £ 0.012
days per generation, P < 0.0001 by Tukey’s HSD) and iron-limited conditions (0.41 +
0.013 vs. 0.28 £ 0.012 days per generation, P = 0.0001). My observation that the main
effect of iron condition was a significant predictor of generation time is not surprising, as
the low iron condition was intended to induce iron starvation and therefore retard culture
growth. The significant effect of strain is likely due to the difference in cell size between
the strains. MBIC is smaller than CCMEE and therefore has a larger surface area to
volume ratio (SA:V); SA:V is positively correlated with bacterial growth rate (Foy, 1980;
Banse, 1976). However, the significant strain x iron interaction indicates that differences
in growth rate cannot be solely explained by differences in cell size. MBIC responded
more positively to higher iron availability, with growth rate increasing on average 0.23
generations/day between low and high iron conditions, compared with 0.17
generations/day for CCMEE (Fig. 2.2). Analysis of growth rate showed that MBIC has
an even higher relative fitness advantage in high iron conditions compared with CCMEE,
suggesting it may be better able to assimilate available iron.

CCMEE grew to a much lower final yield under iron limitation relative to MBIC,
which suggests that CCMEE is significantly worse at scavenging iron (Fig 2.3). A two-
way ANOVA was carried out to determine the main effects of strain and iron condition
on final yield. Final yield was inverse transformed to conform to the assumptions of the
model. Strain [F(; 3y = 24.08, P = 0.001], iron condition [F(; gy = 24.52, P = 0.001], and
their interaction [F(; 3y = 19.68, P = 0.002] were all significant predictors of final yield.
Post hoc analysis using Tukey HSD revealed that CCMEE in the iron-limited condition

grew to a significantly lower yield than CCMEE in high iron condition and MBIC in both
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iron conditions. Significant differences in final yield for CCMEE grown in the two iron
conditions, along with the absence of these differences in final yield of MBIC support the
hypothesis that MBIC is better adapted to low iron conditions. As with the differences in
growth rate, a significant interaction effect between strain and iron condition indicate
strain-dependent physiological responses.

Acaryochloris strains differ in physiology of iron assimilation

In order to assess differences between Acaryochloris strains in recovery from iron
starvation, an iron step-up experiment was performed. Cultures of both Acaryochloris
strains were grown to stationary phase in low iron media and then maintained for seven
additional days to ensure iron starvation. A final concentration of 51 uM Fe (III) was
added to culture flasks and I monitored the early stages of recovery from iron starvation
by measuring cell density (approximated by OD7sp), rate of iron assimilation, and chl d
concentration.

Measurements were taken immediately prior to iron supplementation (t0) as well
as 12, 24, and 36 hours after iron addition (t12, t24, t36). I expected MBIC to exhibit
physiological changes indicative of recovery from iron starvation after the nutrient was
supplemented. I predicted that MBIC will assimilate iron and synthesize chl d more
quickly than CCMEE as it begins recovery and prepares to resume growth.

There was a significant increase in intracellular iron content and chl d (ug/volume
one cell) for both strains over the time series. MBIC assimilated iron significantly more
rapidly than CCMEE during the recovery period (Fig. 2.4A). According to two-way
ANOVA, while time after iron addition and strain were both significant predictors of

intracellular iron levels ([F(; 36y =61.40, P < 0.0001] and [F(; 36) =38.17, P < 0.0001],
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696  respectively), there was also a significant strain x time after iron addition interaction
697  [Faz6 =13.89, P=0.0007]. This points to physiological differences between

698  Acaryochloris strains in their ability to assimilate iron during recovery from starvation.
699  Chlorophyll d content was predicted by main effects of strain [F(; 36y = 161.17, P <

700  0.0001], and time after iron addition [F(; 36y = 11.6, P = 0.002], however there was no
701  significant interaction effect of the two predictor variables [F(j 36 = 0.11, P = 0.74].
702 MBIC produced more chl d than CCMEE at all time points, but both strains increased
703  production of the pigment at the same rate during recovery (Fig. 2.4B).

704  Acaryochloris strains differ in iron assimilation gene dosage

705 The MBIC genome has a greater number of genes involved in iron assimilation
706  compared with the CCMEE genome as a consequence of both gene duplication and the
707  acquisition of novel gene content by horizontal transfer (Miller et al., 2011). RNA-seq
708  was performed under a variety of conditions to determine if differences in fitness and iron
709  recovery observed between strains are correlated with increased dosage of iron

710  assimilation gene transcripts in MBIC. Iron assimilation genes broadly fall into three
711  categories based on known mechanisms of bacterial iron acquisition: siderophore

712 synthesizing genes, siderophore transporters, and fur transcription regulators. A brief
713  summary of bacterial iron assimilation is discussed below.

714 Bacteria assimilate iron from the extra-cellular environment through the use of
715  low molecular weight compounds called siderophores that have a high affinity for iron.
716  These compounds are synthesized by non-ribosomal peptide synthetases (NRPSs) and
717  polyketide synthetases (PKSs) (Kranzler ef al., 2013). They are then transported out of

718  the cell, a process mediated by ATP-binding cassette (ABC) superfamily proteins, where
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they chelate iron and are finally shuttled back inside the cell, which is mediated by TonB-
dependent transporters (Kranzler ef al., 2013). Transcription of many siderophore
synthesis and transport genes are regulated by Fur transcriptional regulators, which
exhibit metal-dependent repression (Escolar et al., 1999). When intracellular iron is high,
transcription of genes under Fur regulation is repressed and when intracellular iron is low
their transcription is derepressed (Andrews et al., 2003).

Conditions tested in the RNA-seq experiment were iron starved cells in stationary
phase (t0 from the iron step-up experiment described above), cells beginning recovery
from iron starvation (t36 from the iron step-up experiment), and cells during active
growth under low iron (sw0). I predicted that the observed differences between strains in
fitness under iron limitation and in physiological response to recovery from iron
starvation will be associated with more transcripts of iron assimilation genes in MBIC
compared to CCMEE. To assess potential contributors to increased dosage, I divided
iron assimilation genes in MBIC into three groups. These groups were (1) single copy
genes present in both genomes, (2) genes with paralogs in MBIC and an ortholog in
CCMEE, and (3) genes that are novel to the MBIC genome. To compare gene expression
between strains I used normalized gene counts, generated by Cufflinks (Trapnell ez al.,
2010).

First, I considered genes with a single copy in each Acaryochloris genome. If
these genes contribute to increased dosage of iron assimilation genes in MBIC, I would
expect them to be much more highly transcribed than their orthologs in CCMEE.
Seventeen genes fell into this category, ten of which exhibited greater estimated

expression in CCMEE in all three conditions. To focus on genes that were highly
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differentially expressed between strains, I calculated log2-fold difference in expression of
genes between strains for each growth condition. Six genes in this group had a log2-fold
differences in expression between strains with an absolute value of at least 2 in one or
more condition. Four highly differentially expressed genes were transporters, with three
exhibiting greater expression in CCMEE in at least one condition and one exhibiting
greater expression in MBIC in at least one condition. One siderophore synthesizing gene
was highly differentially expressed, with more transcripts in CCMEE. Finally, one Fur
transcriptional regulator was highly differentially expressed, with MBIC exhibiting a
greater number of transcripts. Genes present as single copies in both strains do not
appear to contribute to increased dosage in MBIC (Fig. 2.5).

The second group of genes I considered were genes with at least one duplicate, or
paralogous copy, in the MBIC genome and an ortholog in the CCMEE genome. When
genes are duplicated, dosage often increases because of the additional gene copy, which
can be adaptive (Kondrashov, 2012). However, increased gene dosage as a result of gene
duplication can have deleterious effects, a result of maladaptive stoichiometry (Hooper
and Berg, 2003). In some cases paralog expression decreases, and ultimately there is no
change in gene dosage pre and post duplication (Qian et al., 2010). If genes in this group
are contributing to increased dosage in MBIC, I would expect the total number of
transcripts for paralogs to be greater than the number of transcripts for the single copy
ortholog in CCMEE. Nine genes fell into this category, six of which had higher
expression in CCMEE in at least one condition. However, when I focused on highly
differentially expressed genes, as defined in the previous paragraph, there was only one

with greater expression in CCMEE under at least one condition; this gene coded for
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proteins involved in siderophore transport. Two Fur transcriptional regulators in this
group exhibited significantly greater expression in MBIC under at least one condition
(Fig. 2.6).

Finally, I considered novel gene content in MBIC. Twenty-five genes fell into
this category, three of which have paralogs in the genome. Included in this group was a
plasmid-encoded cluster of nine genes that is homologous to a known siderophore
producing gene cluster in the filamentous cyanobacterium Anabaena (Jeanjean et al.,
2008). These are likely the result of HGT (Fig. 2.1). While the other genes in this group
have not undergone phylogenetic analysis to determine their origin, up to eleven
additional genes in this group may be the result of HGT. This is due to their presence on
plasmids without a paralogous copy on the chromosome, novel gene content in
Acaryochloris genomes tends to cluster on plasmid DNA (Fig. 2.7; Miller et al., 2011).
Certain genes in this group have much greater expression than their homologs in the other
two groups discussed. For example, a gene involved in siderophore transport found as a
single copy on a plasmid in MBIC is one of the most highly expressed genes overall in
the strain. Furthermore this novel transporter, exhibits nearly 3-fold greater expression
than the next most highly expressed siderophore transport gene in MBIC, which also
happens to be unique to that genome. Additionally, the cluster that shares homology with
the siderophore producing cluster in Anabaena accounts for the majority of transcripts
mapping to siderophore producing genes (Fig 2.8).

The final two groups, which include genes in MBIC with at least one paralog,
allow us to analyze differential expression levels for genes related by duplication. In

studies on the role of gene regulation in mammalian speciation, it has been shown that

41



788

789

790

791

792

793

794

795

796

797

798

799

800

801

802

803

804

805

806

807

808

809

810

gene regulatory elements can result in allele-specific expression in hybrids, specifically
when an allele is in a novel regulatory background (Mack et al., 2016). Paralogs in
MBIC are effectively alleles of the same gene, and appear to exhibit allele-specific
differences in expression. Paralogs most commonly had one gene located on the
chromosome and its paralog(s) on plasmid(s). Of those genes with duplicates, four stood
out as having differential expression levels between copies. Three of these genes, two
involved in siderophore transport and a Fur transcriptional regulator, exhibited greater
expression of the paralog located on the chromosome. One Fur transcriptional regulator
exhibited greater expression of paralogs located on plasmids compared with the
chromosomal copy (Fig. 2.6).

The iron step-up experiment afforded an opportunity to link differences in gene
content among Acaryochloris strains with expression levels and ultimately fitness.
Transcriptomic data were tightly associated with observed physiological differences
between MBIC and CCMEE as they recovered from iron starvation. The observed faster
rate of iron assimilation in MBIC after supplementation likely reflects enrichment for
siderophore-producing and transport genes in this strain as compared to CCMEE (Fig.
2.8). Ultimately, this experiment shows that novel gene content in MBIC may account
for the majority of observed increased gene dosage in iron assimilation genes between
Acaryochloris strains. MBIC has both a large number of novel iron-assimilation genes,
and greater dosage of iron-assimilation gene transcripts.

Concluding remarks
In this chapter of my thesis, I showed that Acaryochloris MBIC is adapted to low

iron conditions. I associated this with increased ability to assimilate iron and ultimately
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with positive gene dosage for iron assimilation genes in MBIC (Fig. 2.8). MBIC, which
was isolated from an iron-poor environment, has increased copy number of genes
involved in iron assimilation compared to CCMEE (Miller et al., 2011). Results of
experiments performed in this chapter show that MBIC exhibits greater fitness under
low-iron conditions and is better able to recover after iron starvation. Furthermore,
RNA-seq showed that MBIC is enriched in transcripts of novel iron assimilation genes
compared to CCMEE, supporting the hypothesis that gene copy number variation can
give rise to increased gene dosage and ultimately have a positive effect on fitness under

certain conditions.
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Fig. 2.1 (A) Bayesian phylogeny of cyanobacteria, built using 16s sequences showing
presence or absence of genes with homology to 10 known siderophore producing genes
in Anabaena sp. PCC 7120. (B) Representation of Acaryochloris MBIC genome, the
large outer circle is the chromosome and smaller inner circles are plasmids. This shows
the location of some iron assimilation genes with CNV, represented by the small colored
circles. The large plasmid-born cluster of siderophore producing genes shares homology
with the Anabaena sp. PCC 7120 siderophore cluster. Genes connected by lines indicate
genes related by duplication
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Fig. 2.2 Generations per day in Acaryochloris strains under low and high iron conditions,
error bars indicating standard error. MBIC increased doubling time by 0.23 days
between low and high iron conditions, CCMEE increased doubling time by 0.17 days
between the two conditions.
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Fig. 2.3 Final yield in cells/ml for Acaryochloris strains grown in low and high iron
conditions, error bars indicating standard error. Final yield of CCMEE in low iron is
significantly lower than the final yield of MBIC in both conditions and CCMEE in high
iron.

46



846
847

848
849

A Iron B Chl d

8e-091

1 56-09 . .
L
L ]
& ] N
L ]
_nod .
- 1.06-09- o 600974 s
|E E L] )
c = . Strain
® o ~+ CCMEE
LL S — MBIC
[ ] _ 4
@ 50e-10] o 1e09
- = * .
* s »
* H
0.0e+00- 2e-091¢
.
0 10 20 30 0 10 20 30
Time (hours) Time (hours)
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cell volume after iron addition. Linear model with 95% CI shown. Rate at which iron is
assimilated differs between MBIC and CCMEE.
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852  single copy in both MBIC and CCMEE genomes.
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Fig. 2.6 Heatmap of log2 transformed normalized gene counts for genes with at least one
paralog in MBIC and an ortholog in CCMEE. Within each group of columns
representing a condition, MBIC Chr corresponds to genes located on the MBIC
chromosome; MBIC P1 and MBIC P2 correspond to paralogs located on plasmids.
Summed expression for MBIC paralogs corresponds to MBIC total, and expression of
single copy ortholog in CCMEE is given in columns labeled CCMEE.
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Fig. 2.8 For each strain and condition, normalized gene counts for all genes involved in a
given aspect of iron assimilation were added and log2 transformed. HGT siderophore
corresponds to genes in MBIC with evidence of horizontal origin (Fig. 2.1).
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