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ABSTRACT

Photoheterotrophic microbes use proteorhodopsin (PR) and other types of microbial
rhodopsin photosystems to harness energy directly from sunlight. This thesis explores the
photophysiology of PR in the context of a natural marine isolate, Dokdonia sp. strain
MED 134, and by establishing Escherichia coli as a heterologous host to experimentally
determine conditions under which the PR photosystem is capable of enhancing growth
rate and yield. In Dokdonia sp. MED 134, PR and 11 other genes were discovered to be
significantly induced by light but the induction of these genes increased growth rate and
yield in an extremely carbon-limited environment; in richer media the induction of the
genes by light had an inhibitory effect on growth. In E. coli, various genetic backgrounds
were tested with PR expression, and one was discovered to exhibit slightly higher cell
yields presumably as a result of light-driven proton pumping by PR. This work illustrates
that PR is part of orchestrated response to light in a PR-containing isolate, but can also
influence the growth of a heterologous host on its own. Further refinement of the genetic
background of E. coli should unlock the full potential of PR as a cellular energy source
for biotechnological applications-at least within this organism.
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I. The Ecological and Physiological Significance of Proteorhodopsin

Biological light energy capture

Sunlight is-and always has been-an essential resource for life on Earth. The constant

bombardment of sunlight energized the abiotic Earth long before life existed, and along

with geothermal processes, catalyzed the formation of the reduced chemicals that served

as electron donors to the first life forms. Hundreds of millions of years later, evolved

versions of these early life forms gained the ability to directly harness the energy within

sunlight by converting it to useful cellular energy, and this capability set Earth and its

inhabitants on the trajectory that has given rise to the planet we experience today.

Photosynthesis

In its present form, life on Earth has invented and refined only two distinct systems for

light mediated biochemical energy capture (Bryant and Frigaard, 2006). Chlorophyll-

based photosynthesis is the better-known system, leveraged by organisms ranging from

microscopic cyanobacteria to large multicellular plants. The many different forms of

chlorophyll-based photosynthetic systems all work by exciting electrons to higher energy

states within reaction centers using energy captured from light. Chlorophylls,

bacteriochlorophylls, and other photosynthetic pigments (that can be structured in many

different ways within cells) directly capture the energy from light and transfer the energy

to the reaction centers. The electrons that become excited at the reaction centers come

from water in the case of oxygenic photosynthesis, or may originate from a number of
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different inorganic and organic compounds in anoxygenic photosynthesis. In either case,

the electrons that become excited at the reaction centers ultimately provide reducing

power and proton motive force (PMF) for ATP production.

The differences between photosynthetic systems are a result of evolution within discrete

lineages of organisms that each adapted to a unique environment. Photosynthetic

microbes, for example, are capable of using HO, HS, H-, or reduced carbon compounds

as electron donors for photosynthesis (Bryant and Frigaard, 2006); while water has the

advantage of always being available, it's thermodynamically less favorable as an electron

donor compared to more scarce compounds like hydrogen sulfide and biological

hydrogen that can only be found in abundance in particular environments. The

chlorophyll content within the reaction centers and antenna systems provides another

example of divergent evolution with environmental selection among photosynthetic

microbes. While photosynthetic microbes commonly employ bacteriochlorophylls a and

b, there are over 100 known chlorophyll types (Scheer, 2006), with the most recent

discovery of a chlorophyll (chlorophyll f) reported in 2010 (Chen et al., 2010). The

different types are primarily distinguished by their primary structure, either a

bacteriochlorin or phytochlorin ring, and the degree of saturation of the macrocycle,

which gives each chlorophyll its characteristic spectral features (Scheer, 2006). In

general, the absorption peaks of chlorophyll are between 400-500 nm and 600-700 nm.

Chlorophyll f was found to be unique structurally, but also because its second adsorption

peak extended beyond that of chlorophyll d into the infrared region (>700 nm) of the

light spectrum (Chen and Blankenship, 2011).
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Rhodopsin piotosystems

Rhodopsin photosystems encompass the only other known biological system for light

mediated biochemical energy capture. These photosystems are fundamentally different

than chlorophyll-based photosystems because the electron excitation that occurs upon

absorption of photons is confined to the retinal (or an accessory) chromophore embedded

within the rhodopsin photosystem protein. The energy captured from light is directly

absorbed by the chromophore, exciting electrons within the molecule in such a way that

its conformation with respect to the rhodopsin photosystem protein changes and begins a

photocycle that ultimately can result in the translocation of a proton through the

rhodopsin photosystem protein or signal transduction.

The types of rhodopsin photosystems capable of generating a chemiosmotic

electrochemical gradient across the cytoplasmic membrane of cells by light-mediated

proton pumping is analogous to the potential generated across the thylakoid membrane

during oxygenic photosynthesis, or the cytoplasmic and mitochondrial membranes that

contain respiratory chains. Perhaps the most interesting facet of this form of energy

conservation is that the process operates independent of complex electron transfer; thus,

while light-driven proton pumping generates PMF, it does not generate reduction

potential for cellular metabolism (Bryant and Frigaard, 2006).

The light-driven proton pumps are classified as microbial rhodopsin photosystems, or

type I rhodopsin photosystems, and are described in detail in the following sections. Type

II rhodopsins share a fundamentally conserved structure with the type I rhodopsins
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(Kouyama and Murakami, 2010), but are differentiated by primary sequence alignment

and by specific features of their secondary and tertiary structures (Spudich et al., 2000;

Kouyama and Murakami, 2010). The type 11 rhodopsins are exclusively found in animals

and other high level eukaryotes, where they serve as a photoreceptor in animal eyes

(including the rod and cone pigments of humans), as well as the hypothalamus, pineal

gland, and other tissues of non-mammalian vertebrates (Spudich et al., 2000; Kouyama

and Murakami, 2010).

All types of rhodopsin photosystems use a photoactive pigment derived from carotenoids

called retinal. Although retinal is bound in different confirmations within type I and type

II rhodopsin photosystems (Spudich et al., 2000; Kouyama and Murakami, 2010), all of

the natural rhodopsins that have been described absorb blue, green, and yellow light with

an absorption peak ranging from 437 nm to 590 nm (Govorunova et al., 2013; Klapoetke

et al., 2014; Engqvist et al., 2015). Peak absorbance for type I proton pumping microbial

rhodopsin photosystems vary from 490 nm to 568 nm (Engqvist et al., 2015). Recently,

the absorption range of a type I proton pumping microbial rhodopsin photosystem with

natural peak absorption at 538 nm was expanded by the directed evolution of residues

within the protein to shift the peak absorption hyposochromically to 458 nm and

bathochromically to 619 nm; however, only variants with peak absorbance within the

range of 490 nm to 560 nm retained the ability to pump protons (Engqvist et al., 2015).

Another group of researchers recently established that retinal analogues can be used to

shift the absorbance of proton-pumping rhodopsin photosystems as well, and their effect

adds to a mutation induced spectral shift (Ganapathy et al., 2015).
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Rhodopsin photosystems fill the gap in PAR

The microbes performing photosynthesis and leveraging rhodopsin photosystems are

found in the same environments, and sometimes even within the same cells (Tsunoda et

al., 2006; Slamovits et al., 2011). Considering a functional absorption range of 490 nm to

560 nm, the proton pumping rhodopsins capture light that is typically out of reach of

chlorophyll-based photosynthetic systems that efficiently harvest visible light of

wavelengths less than 500 nm and above 600 nm. As shown in Figure 1, the gap in

photosynthetically active radiation (PAR) ensures that an abundance of light is available

to the organisms that leverage proton pumping rhodopsin photosystems.
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400 nm 500 nm 600 nn 700 nm

Figure 1. Rhodopsin photosystems fill the gap in PAR.

Rhodopsin photosystems absorb different wavelengths of light than photosynthetic
systems, thus filling the gap in photosynthetic active radiation (PAR). The red and purple
lines represent the absorbance range of the microbial rhodopsin photosystems PR and
BR, respectfully. The green lines represent the absorption range of chlorophylls a, b, and
d (top to bottom), which represent the strongest areas of PAR on the visible spectrum.
Limitations associated with the different chromophores (chlorophyll and retinal) in the
context of the light harvesting system may explain why each system is adapted to capture
different wavelengths of light.

14



When considering the evolution of the two types of phototrophy, it is certainly more

plausible that the much simpler rhodopsin photosystems emerged first. Since the retinal-

based rhodopsin photosystens are limited in terms of their light harvesting capability, the

abundance of visible light of more extreme wavelengths (than can be captured with

retinal) may have favored the selection of chlorophyll pigments in the reaction centers

and antenna systems.

It's also possible that ancestors of the first photosynthetic organisms contained

chlorophyll for the purpose of reflecting green light. Assuming that photoheterotrophs

emerged before oxygenic photosynthetic autotrophs, perhaps autotrophic organisms

gained the ability to attract photoheterotrophs by reflecting green light because it

somehow increased their relative fitness by symbiotic or commensalistic cross-feeding

(Sarmento and Gasol, 2012; Sharma et al., 2014; Aylward et al., 2015). If proven to be

true, such a relationship would suggest cross-feeding between photosynthetic autotrophs

and photoheterotrophs is a long-term strategy for success in the marine environment, and

may help to explain why the two types of phototrophy rely on different wavelengths of

light.

Microbial rhodopsin photosystems

Microbial rhodopsin photosysterns are light absorbing integral membrane proteins found

within all three domains of life (Bejd and Lanyi, 2014). They are comprised of the
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chromophore retinal covalently bound by the fonnation of a Schiff base to the lysine

residue of a retinylidene protein, which is also referred to as a rhodopsin or an opsin

(Oesterhelt, 1976; Beja et al., 2000; Spudich et al., 2000). Absorbed light triggers a

conformational change in the retinal chromophore, inducing a cycle of conformational

changes that ultimately regenerate the original chromophore within milliseconds.

Depending on the type of microbial rhodopsin, conformational changes in the opsin

protein resulting from retinal isomeration events are leveraged either to pump ions across

a membrane (ion pumping rhodopsin), or to induce a linked protein to respond to the

conformational change within the opsin by initiating a cellular signal (sensory

rhodopsin).

Figure 2 shows a three-dimensional representation of the structure of proteorhodopsin

(PR), a proton pumping microbial rhodopsin, with retinal (in green) bound by a Schiff

base (in purple) at K231 along with the key proton donor E108 (in yellow) and proton

acceptor D97 (in magenta) (Dioumaev et al., 2002; Reckel et al., 2011). The two forms of

microbial (type 1) rhodopsins have similar topological features within membranes,

characterized by a seven transmembrane alpha helix that forms a binding pocket to

covalently link retinal deep within the protein. In both cases, the structure of the opsin

protein influences the wavelengths of light that can excite the retinal chromophore (Beja

et al., 2001; Bielawski et al., 2004; Engqvist et al., 2015). Both forms of rhodopsin can

also pump ions, but sensory rhodopsins are considerably slower. The best way to

distinguish between the two types is by measuring photocycle kinetics; pumping

rhodopsins are characterized by fast photocycle kinetics on the order of 10 to 20 ms,

compared to >300 ms for sensory rhodopsins (Oesterhelt, 1976).
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Figure 2. The structure of PR: a microbial proton pumping rhodopsin photosystem.

A three-dimensional representation of the structure of proteorhodopsin (PR) was created
in PyMOL v.1.3 based on the solution NMR of EBAC3IA08 available in the protein
database under PDB 2L6X (Reckel et al., 20 11). For structure a) the retinal in green
bound by Schiff base in purple at K23 1. For b) the same features are observed from
above the protein and looking down into the center. In c) the key proton donor E108 is
represented in yellow and proton acceptor D97 in magenta. The counterions in orange are
located in the retinal binding pocket and help to stabilize the Schiff base (Dioumaev et
al., 2002: Reckel et al., 2011).
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Discovery of ion pumping rhodopsin photosystems

The first ion-pumping rhodopsin was a proton pump discovered in the 1970s within

Halobacteria that are commonly found in saline lakes and evaporating lagoons. The

Halobacteria can reach high densities in these environments, and their membranes-

composed of 75% bacteriorhodopsin (BR)-give the saltwater a reddish tint (Oesterhelt,

1976). Early work focused on defining the structure of the purple membranes and the

functional properties of BR, with emphasis on probing photocycle kinetics, in vitro

functional assays, and determining how BR function contributes to energy generation in

vivo. To understand the effects of the photosystem in vivo, experiments were performed

to measure pH of the media and ATP levels in the presence of light relative to darkness,

with or without uncouplers and respiratory chain or ATPase inhibitors. In the presence of

light, a change in pH of the media could be observed that was subsequently abolished in

the absence of light (Oesterhelt, 1976). If ATP synthesis was uncoupled by addition of

dicyclohexylcarbodiimide, the effect of proton pumping was more pronounced

(Oesterhelt and Stoeckenius, 1971). When the uncoupler m-

chlorophenylhydrazonomalononitrile was added, protons could diffuse back into the cells

more quickly thus reducing the effect of proton pumping by BR (Blaurock and

Stoeckenius, 1971). With respect to cellular ATP levels, light-dark experiments were

conducted in the presence of cyanide to inhibit oxidative phosphorylation. Upon addition

of KCN in a dark environment, ATP levels were reduced 80%; but when illuminated,

ATP levels recovered to a level comparable to before the addition of KCN (Oesterhelt,

1976). Taken together, these experiments confirmed the proton pumping function

predicted by photocycle kinetics and observed in vitro, and further illustrated the
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functional significance of the BR photosystem in its ability to maintain ATP levels in the

absence of oxidative phosphorylation.

Proteorhodopsin (PR), the first proton pumping rhodopsin originating from bacteria, was

discovered by metagenomic analysis of a marine surface water sample at the turn of the

millennium (Beja et al., 2000). The gene was found on a 130-kb bacterial artificial

chromosome (BAC) that also encoded an rRNA operon from SAR86, an uncultivated

gammaproteobacterium. The PR amino acid sequence was most similar to the BR gene

from Halobacteria, but since no other genes from the BAC were similar to archaeal

genes, it was assumed that the PR originated from SAR86. Once the PR gene was cloned

into E. coli and over-expressed, functional assays confirmed that PR was in fact a light-

driven proton pump. The results from Beja et al. clearly established a peak absorbance at

520 nm in PR-containing cells that was not present in control cells. This peak was also

close to that of BR from purple membranes (560 nm), as was the rate of proton pumping.

Finally, laser flash-induced absorbance changes in the cell suspensions of PR revealed an

absorption difference spectrum characteristic of a type I ion pumping rhodopsin

photosystem (Beja et al., 2000).

Geography and Diversity of PR photosystems

Since the discovery of the SAR86 PR gene, the evolution of next generation sequencing

technology enabled the discovery of millions of novel PR-like microbial rhodopsin

sequences. In fact, a combination of meta- genomic, transcriptomic, and proteomic

surveys have established PR among the most abundant and highly expressed genes in
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marine surface waters (Sabehi et al., 2005; Rusch et al., 2007; Campbell et al., 2008;

Frias-Lopez et al., 2008; Poretsky et al., 2009; Morris et al., 2010; Wei, 2010). The PR

gene can be found within most lineages of marine Proteobacteria (McCarren and

DeLong, 2007), and PR-like genes are found in Actinobacteria (Sharma et al., 2008),

Bacteroidetes (Gomez-Consarnau et al., 2007; Yoshizawa et al., 2012), Cyanobacteria

(Sharma et al., 2006; McCarren and DeLong, 2007; Miranda et al., 2009), Plantomycetes

(McCarren and DeLong, 2007), Finnicutes (Sharma et al., 2006), planktonic Euryarchaea

(Frigaard et al., 2006) and eukaryotic dinoflagellates (Brown and Jung, 2006; Slamovits

et al., 2011) as well. Other environments containing rhodopsin genes include freshwater

(Atamna-Ismaeel et al., 2008; Sharma et al., 2009) and terrestrial (phyllosphere-

associated) habitats (Atamna-Ismaeel et al., 2012).

Estimates of PR-containing genomes range anywhere from as low as 10% in

Mediterranean Sea surface waters (Sabehi et al., 2005) to as high as 60% in the Sargasso

Sea (RUsch et al., 2007; Campbell et al., 2008). The surveys demonstrated that

abundance of most PR types (number of OTUs) was correlated with geographic location,

specifically between costal and oligotrophic waters (Campbell et al., 2008; Morris et al.,

2010; Wei, 2010). At any given site, a division was observed between widespread taxon-

specific PR types (such as SARI I -PR) and unique, location-specific PR types originating

from diverse lineages (Frigaard et al., 2006; McCarren and DeLong, 2007; Campbell et

aL., 2008; Cottrell and Kirchman, 2009; Morris et al., 2010; Wei, 2010). It is common to

find PR genes "spectrally tuned" to match available light (Beja et al., 2001; Bielawski et

al., 2004), but neither light intensity nor nutrient availability metadata explain why most
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PR genes were more closely related to the environment they originated from than the

organisms that possessed them (Campbell et al., 2008; Morris et al., 2010; Wei, 2010).

The existence of many unique and geographically distinct PR types originating from

diverse taxa is cited as evidence of horizontal gene transfer (HGT) and strong positive

selection for the phototrophy trait (Sabehi et al., 2005; Frigaard et al., 2006; McCarren

and DeLong, 2007). As observed for horizontally transferred genes associated with the

human microflora (Smillie et al., 2011), it is possible that local ecologies are shaping the

PR phylogeny by selecting for the transfer of specific advantageous PR alleles between

taxa. HGT is also expected to occur relatively frequently because the PR photosystem

contains a minimum of only six genes (Martinez et al., 2007) that are commonly

organized as an operon (McCarren and DeLong, 2007); or only a single gene in the case

of an organism that already makes retinal or is capable of scavenging retinal from its

environment. Regardless, it is apparent from the abundance of different organisms that

incorporate PR into their metabolic strategy that PR is advantageous to genotypically and

phenotypically different hosts from different ecologies, suggesting that energy from PR

phototrophy can be leveraged for different physiological purposes (Fuhrman et al., 2008).
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Physiological effects associated with PR photosystems

PR and other variations of proton pumping microbial rhodopsin photosystems directly

increase the PMF and acidify the periplasm. The secondary effects of proton pumping

come from the stimulation of cellular components that interact with the PMF. These

systems include-but are not limited to-the F-type ATP synthase, rotary flagellar

motor, electron transport chain (ETC)., active transport systems, and voltage-gated and

mechanosensitive ion channels. Stimulating any of these systems can be expected to

culminate in tertiary physiological effects such as lag times, growth rates, cell yields,

biomass yields, or cell survival in stationary phase.
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Figure 3. Representation of a PR-containing membrane with physiologically relevant PMF sources and sinks.

Various membrane components contribute to and draw from the PMF. The respiratory ETC (a-f) and proteorhodopsin (g) are the two major
PMF sources, but the A TP synthase (h) can contribute by hydrolyzing A TP produced by substrate-leveJ phosphorylation. The primary sinks
include the A TP synthase (h), rotary flagella motor (i), voltage-gated and mechanosensitive channels (k), and active transporters like Ton-B
(in), various symport and antiport proteins (n), and ATPases (o). The PMF can also be dissipated by chemical ionophores or by any
irechanismn that decreases the resistance of the membrane to protons. Protons are scattered across the membrane on both sides but will be
more concentrated on the periplasmic side and even more so at the sources of proton pumping (Mulkidjanian et al., 2006). Some other
cations are also included to illustrate transporter activities (divalent cations and other species are omitted for simplicity). The ETC is
grouped in the membrane based on common supramolecular organization, with NDH-I (a) and NDH-II (b) forming a complex, and
cytochrome ho3 (c), cytochrome bd-I (d), and formate dehydrogenase (e) forming another complex (Sousa et al., 201l1). Cytochrome bd-I1
(f) is left separate but performs a similar function as bd-I (Borisov et al., 2011). Q represents the quinone pool that is found within the
membrane, but is depicted above to show the actors involved in its oxidation-reduction reactions. As indicated, the RC circuit proposed by
Walter et at (2007) is represented on the diagram, with the respiration battery and its internal resistor RR, the PR battery and its internal
resister RPR, the sink resistor in parallel with the batteries, C' representing the membrane capacitance, and V representing the voltmeter.
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Natural isolates

In accordance with the conclusions of survey experiments, all laboratory experiments

conducted on marine isolates hosting PR photosystems suggest different uses of PR-

derived energy (Fuhrman et aL, 2008; Zubkov, 2009). Experimenting with marine

isolates has provided evidence of photophosphorylation in Pelagibacter SAR 1I

(Giovannoni et al., 2005; Steindler et al., 2011), improved nutrient transport, growth

rates, and cell yields in Flavobacteria (Gomez-Consarnau et al., 2007; Kimura et al.,

2011; G6mez-Consarnau et al., 2016), and increased survival during-and recovery

from-starvation conditions in Vibrio. In all cases, the effects linked to light utilization

are only observed when the concentration of dissolved organic carbon (DOC) was

extremely low and growth limiting.

While PR and other ion pumping rhodopsin photosystems are not known to be associated

with carbon fixation, some researchers have suggested that PR stimulates the uptake of

bicarbonate in Flavobacteria (Gonzalez et al., 2008; Gonzilez et al., 2011; Palovaara et

al., 2014). However, increased bicarbonate uptake in the presence of light could only be

demonstrated for one strain, MED152, which did not experience light enhanced growth

rates or cell yields (Gonzalez et al., 2008). Although light didn't seem to impact the

growth phenotype in laboratory experiments, increased bicarbonate uptake in the

presence of light does suggest that its PR photosystem impacts intracellular carbon

fluxes. For a strain that demonstrates improved growth rates and yields in the presence of

light, MED134, there is at least evidence that the bicA bicarbonate transporter gene is

transiently induced by light (Palovaara et al., 2014). Since these photoheterotrophs have
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the capacity to react bicarbonate and ATP with three carbon units (such as pyruvate and

PEP) in order to supplement the pools of TCA cycle intermediates, it is possible that

these Flavobacteria could fix a relatively small amount of inorganic carbon. And since

these reactions require ATP and bicarbonate, light-driven proton pumping rhodopsins

could accelerate the process of carbon fixation by raising the ratio of ATP to ADP and by

increasing the active transport of bicarbonate.

Heterologous hosts

The optimal model system to study the physiological effects of PR would be a genetically

tractable marine isolate that harbors a functional PR gene, expresses it constitutively or

induces it in the presence of light, and shows evidence of improved growth when the

cultures are exposed to light. As stated in the above section, increased growth rate and

yields have been observed in the light, relative to dark, using the flavobacterium

Dokdonia sp. MED 134 (Gomez-Consarnau et al., 2007; Kimura et al., 2011); but

attempts to establish a genetic system for this strain and other flavobacteria (Yoshizawa

et al., 2012) have not yet been successful. Another option to consider was the

Gammaproeteobacterium ibrio sp. AND4 (Gomez-Consarnau et al., 2010); this strain

has a functional PR and is genetically tractable, but (as stated in the section above) the

PR seems to only benefit growth under extreme survival conditions or when recovering

from survival conditions in media with an excessive amount of carbon and of higher

osmolarity. Preliminary growth experiments with Photobacterium angustum S14, a

phylogenetically similar strain (as AND4) that contains a functional PR, showed that the

strain is highly susceptible to light upon entering stationary phase (results not shown).
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The negative effect of the light on survival in stationary phase does not bode well for

subsequent experimental work. Taken together, finding the appropriate marine isolate to

serve as a model system has proven to be a substantial challenge, and there is no telling

how quickly progress could be made on this front.

In lieu of a suitable native isolate, heterologous hosts represent an attractive alternative as

a model system. Early experimental work has established that the PR photosystem is

functional when heterologously expressed in E. coli (Beja et al., 2000; Martinez et al.,

2007; Walter et al., 2007). Additionally, E. coli is well characterized with respect to its

physiology and genetics, is relatively easy to experimentally manipulate, and grows

extremely well in laboratory cultures. Finally, because PR is subject to extensive HGT in

nature,, using a heterologous system offers a unique opportunity to learn more about the

immediate physiological effects of acquiring a new function, and subsequently, how

evolutionary dynamics can be affected by acquisition of a new trait by HGT. For these

reasons and in order to circumvent the challenges posed by studying marine isolates, E.

coli should be further developed as a heterologous host.

Work in E. coli capable of heterologous PR expression has already confirmed some of

the effects seen with PR-containing marine isolates, namely that expression of PRs and

subsequent starvation of cells results in the ability to measure increases in proton

pumping and ATP concentration of E. coli cell suspensions exposed to light (Beja et al.,

2000; Wang et al., 2003; Martinez et al., 2007; Jung et al., 2008). Additional

physiological effects associated with PRs expressed in E. coli include increased flagella
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rotation in the presence of light (Walter et al., 2007) and increased hydrogen production

in the presence of light by a strain co-expressing hydrogenase with PR (Kim et al., 2012).

Despite these experiments demonstrating PR functionality and its apparent contribution

to cell bioenergetics in E. coli, increased growth rate or cell yield as a result of PR

activity have never been reported. One might have expected to observe faster growth if

the PR was capable of stimulating active nutrient transport, or perhaps higher cell or

biomass yield if the PR activity was capable of redirecting some amount of carbon from

catabolic to anabolic pathways. On the other hand, the experiments demonstrating PR

functionality in E. coli (stated above) were not conducted under physiological conditions.

For the proton pumping or ATP assay, cells had to be concentrated and placed at 4'C for

at least three days prior to conducting either assay (Martinez et al., 2007). Even before

the cold incubation, inducing the expression of PR during exponential phase abruptly

halted cell growth. To demonstrate proton pumping from a blue light absorbing PR in E.

coli, it was necessary to produce spheroplasts and treat them with potassium and

valinomycin to dissipate the potassium gradient (Wang et al., 2003). The reason this

treatment was required to observe proton pumping was likely due to the fact that the

photocycle was much slower than typical proton pumping PRs.

Experiments that measured the swimming speed and angular rotation rate of cells were

also performed after growth to exponential phase and induction of PR expression.

Additionally, PR-containing cells had to be treated with sodium azide or transferred to an

anaerobic environment to prevent simultaneous proton pumping from respiratory
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complexes in order to observe increased swimming speeds or increased rates of angular

rotation (Walter et al., 2007). Since flagella rotation is proportional to the PMF over a

range from near zero to -150 mV (Gabel and Berg, 2003), these experiments established

that PR contributes to PMF in the absence of respiration. The authors explained the

requirement for sodium azide (or the anaerobic environment) by adopting an RC circuit-

based model of PMF generation and consumption, stating that current is not produced

from PR proton pumping unless the voltage from respiratory activity falls below a

threshold level (Walter et al., 2007).

In this analogy, the PMF sources (respiration and PR) represent two batteries in parallel,

each capable of producing current and each with its own internal resistance (in series with

respect to each battery). The internal resistance is inversely related to the current

(outward proton flux) through the respiratory complexes or the PRs. For respiration, the

internal resistance depends on the number of active respiratory complexes. But for PR,

the internal resistance depends on the voltage across the protein (higher voltage, higher

resistance, smaller current, smaller outward flux of protons) and the light intensity

(higher intensity, lower internal resistance, higher outward flux of protons, thus higher

voltage), so the model incorporates a resistor for PR that varies depending on the light

intensity (Friedrich et al., 2002; Walter et al., 2007). The model also incorporates a

"sink" resistor (in parallel to the batteries and their resistors) to represent the cellular

systems that consume PMF (resulting in inward proton flow) such as the flagella motor,

active transporters, and ATP synthase. Finally, to account for the fact that membrane

capacitance determines how fast changes to the batteries' internal resistors are reflected
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as changes in PNtF, a capacitor is placed in parallel with the batteries, the sink resistor,

and the voltmeter (that measures the PMF). Figure 3 (above) provides a schematic of the

model circuit with respect to a PR-containing membrane.

Applying the circuit model, Walter et al (2007) were able to use their data (measurements

of PMF over time under different light conditions and azide concentrations) to predict

that proton flux through PR under peak light conditions is at least an order of magnitude

higher in the presence of azide; in the absence of azide under standard aerobic conditions

the proton flux would to be too small (between 102 and 10' protons per second) to

contribute to PMF (Walter et al., 2007). However, if the inward flux of protons

significantly increases, or the outward flux by respiration decreases PMF below the

threshold potential for PR pumping, then the model suggests that light-driven proton

pumping by PR will begin to contribute to the PMF and further increase its contribution

as the PMF declines.

The idea that PMF exerts a "back pressure" on charge transport reactions, such as proton

pumping, originated from research that sought to determine whether the phenomenon of

respiratory control applied to E. coli (Burstein et al., 1979). Burstein et al. confirmed

previous reports that respiration of aerobically cultured E. coli in the presence of an

exogenous carbon source was not affected by the addition of uncouplers such as CCCP,

indicating that respiration was already operating at maximum capacity. However, cells

that were starved for 10 minutes in substrate free media exhibited a (20 times) lower rate

of respiration, and the addition of CCCP stimulated respiration of these cells by as much
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as six-fold. After determining that the concentration of oxidizable substrate and electron

acceptor did not limit the respiratory rate, it became apparent that respiratory capacity

was being controlled by a mechanism that was sensitive to uncouplers (Burstein et al.,

1979). Some 20 years later, liposomes reconstituted with ATP synthase were found to

increase the rate of ATP hydrolysis (producing PMF) in the presence of uncouplers

(valinomycin and nigericin) due to the release of back pressure from the PMF (Fischer et

al., 2000). And in the following year, the notion that photosynthetic reaction centers

behave like "a simple 0.2V battery" was put forward to explain an observed current-

voltage relationship; regardless of light intensity, liposomes reconstituted with the

reaction centers could no longer pump protons when the electrical potential reached 0.2V

(van Rotterdam et al., 2002). The concept of back pressure was also illustrated by the

blue absorbing PR, studied by Wang et al, which only pumped protons when the

potassium gradient was abolished by valinomycin and excessive exogenous potassium

(Wang et al., 2003).

Underlying the notion of back pressure and certainly pivotal to the RC circuit model by

Walter et al is the fact the activity of PR depends on membrane potential, in addition to

light intensity and pH (Friedrich et al., 2002; Pfleger et al., 2009). Friedrich et al reported

that both acidic and alkaline forms of PR exist in a 2:1 ratio in liposomes at neutral pH,

with the acidic form requiring only a single photon to generate an inward flux of protons

while the basic form requires two photons to generate an outward flux of protons.

Moreover, the authors reconstituted PR in Xenopus ooctyes and showed that PR acts as

an outwardly directed proton pump at pH 7.5 at all potentials more positive than -260 mV
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(analogous to BR); but at pH 5.5, PR functions at an inwardly directed proton pump

when the membrane potential becomes more negative than -80 rnV (Friedrich et al.,

2002). In fact, PR activity is so dependent on the membrane potential that it was recently

engineered to become a highly accurate fluorescent PMF sensor in vivo (Kralj et al.,

2011).

Work within E. coli as a heterologous host for PR has also established that PR self

assembles into oligomeric structures within cell membranes (Klyszejko et al., 2008).

Moreover, recent evidence indicates that the assembly of PRs into oligomers alters their

function by causing a shift in the pKa of the key proton acceptor residue D97 by as much

as a full pH unit relative to the monomeric form (Hussain et al., 2015). Since the

assembly of PR into membranes affects its functionality, it is possible that reconstitution

of PR into liposomes impacts specific traits such as the reverse potentials at different pH

values and the ratio of acidic to alkaline forms. Additionally, PR-containing marine

bacteria have likely evolved mechanisms to optimize post-translational processing and

membrane insertion of PR, as well as its membrane environment with respect to lipid

length, head group/charge, and degree of saturation (Hussain et al., 2015; Lindholm et al.,

2015). While the membrane environment of E. coli is generally well suited for PR

(Lindholm et al., 2015), it is difficult to know a priori how deliberate modifications to the

membrane will impact light-driven proton pumping. Experimenting with the membrane

by adding or removing membrane complexes can directly affect its potential, as well as

the behavior of protons in the membrane environment (Mulkidjanian et al., 2006).
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Engineered SIstems

Renewable fuels and electricity can be produced from engineered biological systems. To

date, the most exciting progress toward the production of renewables has involved

genetically engineering and adapting photosynthetic microbes to produce reduced

chemicals for biodiesel, alcohols, and hydrogen (Vignais and Billoud, 2007; Johnson and

Schmidt-Dannert, 2008; Lubitz et al., 2008; Lubner et al.. 2010; Ducat et al., 2011). The

metabolic versatility of E. coli and other common genetically tractable and well-

understood heterologous hosts has also encouraged researchers to attempt to engineer

photosynthetic machinery into these heterotrophs. While considerable progress has been

made with regard to the functional assembly of reaction center subunits and antenna

complexes in E. coli membranes (Johnson and Schmidt-Dannert, 2008), enabling

functional photosynthetic light capture and energy conservation would require a

minimum of 30 novel genes whose products must self-assemble into a foreign membrane

environment (Bryant and Frigaard, 2006; Johnson and Schmidt-Dannert, 2008).

The capabilities of PR demonstrated thus far within natural isolates, heterologous hosts,

and synthetic membranes such as liposomes have encouraged its use toward the

engineering of heterotrophs into photoheterotrophs. While notably less efficient for

photons than photosynthetic systems (Bryant and Frigaard, 2006), PR photosystems self-

assemble into functional form in foreign membranes, and are better suited for schemes

that necessitate an anaerobic environment for reduced chemical production (Ghirardi et

al., 2005; Johnson and Schmidt-Dannert, 2008). As previously mentioned, PR or other

light-driven proton pumps have not been proven to enhance growth rate or yield in E.

32



coli; nevertheless, successful applications of PR in engineered systems have

demonstrated that PR can enhance the production of biohydrogen (Kim et al., 2012). But

in another heterologous host, Shewanella oneidensis strain MR-1, PR was shown to

enhance cell survival in culture, and the production of bioelectricity in an MFC setting

(Johnson et al., 2010). And, for the first time, enhancement of growth rate and yield was

demonstrated for an ATP synthase knockout mutant of MR-I under anaerobic conditions

(Hunt et al., 2010).

The enhancement of biohydrogen production in E. coli required the co-expression of PR

and an oxygen-tolerant [NiFe]-hydrogenase from Hydrogenovibrio marinus (Kim et al.,

2012). The native [NiFe]-hydrogenase of . coli is also capable of evolving hydrogen

under aerobic conditions but at rates inferior to that of H. marinus (Kim et al., 2010; Kim

et al., 2012). After adequate amounts of PR and hydrogenase were produced in the

membrane, cells were incubated with or without retinal, moved to production cultures,

exposed to green light, and the evolution of biohydrogen was measured over time by

sampling the headspace of sealed culture vials. The experiment showed that PR

enhanced hydrogen production by 1.3-fold (Kim et al., 2012). While the authors did not

discern how PR enhanced biohydrogen production, they speculated that an increased

concentration of protons in the periplasmic space enhanced the activity of the

hydrogenase. Certainly, it's also possible that consuming reduced electrons from the ETC

reduced respiratory proton pumping and enabled PRs to pump protons in the first place.

Follow up experiments to investigate the effects of hydrogenase activity on the PMF may
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establish that its activity is limited by electron supply from the ETC rather than the

proton supply from the periplasm.

The enhancement of cell survival and bioelectricity production was demonstrated in S.

oneidensis strain MR-I, a heterotroph witi amazing versatility with respect to respiratory

substrates (Johnson et al., 2010). After heterologous expression of PR under anaerobic

conditions with retinal, PR-containing cells were incubated in the dark without an

electron donor to deplete the membrane potential, and subsequently incubated in the

presence of green light or darkness, with or without lactate as the electron donor, and in

the presence of a voltage sensitive dye. Since energized (highly fluorescent) cells

occurred in the light without lactate but not in the dark cultures without lactate, the

authors concluded that PR was contributing to PMF under these experimental conditions

(Johnson et al., 2010). Additionally, PR was found to enhance the viability of starved

cells (incubated with green light relative to darkness) in anaerobic stationary phase

cultures containing lactate, fumarate, and retinal. After demonstrating physiological

effects of PR in the nascent photoheterotroph, PR-containing cells were transplanted into

a microbial fuel cell (MFC) setting, exposed to green light, and forced to respire by

shuttling electrons through cytochromes and structural proteins to a graphite electrode

(also known as the Mtr respiratory pathway). Current production was enhanced upon

illumination to a level that depended on the intensity of green light (Johnson et al., 2010),

indicating that membrane potential was sufficiently depleted to the point where lactate

oxidation did not restrict light-driven proton pumping by PR. In a subsequent experiment,

the presence of PR was shown to enhance growth rate and yield of an MR-I F-type ATP
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synthase knockout mutant that oxidized lactate and reduced fumarate (Hunt et at., 2010).

Since PMF generation by ATP synthase is beneficial under these experimental

conditions, it's likely that light-driven proton pumping partially compensated for the

mutation. Taken together these results certainly establish that PR can improve current

production of illuminated MFCs, but additionally the results prove PR can impact growth

rates and yields of an energy-limited heterologous host.

Other forms of ion pumping rhodopsin photosystems

Many other novel light-driven proton pumps have been discovered in marine and

freshwater environments since PR. The next variant discovered was another light-driven

proton pump called xanthorhodopsin (XR) within the halophilic bacterium Salinibacter

ruber (Balashov et al., 2005; Lanyi and Balashov, 2008). XR is differentiated from PR by

subtle differences in the primary sequence and secondary and tertiary structures (Luecke

et al., 2008), but most strikingly by the addition of a carotenoid antenna pigment called

salinixanthin (Balashov et al., 2005), which extends the absorption of XR into higher

energy wavelengths of visible light typically occupied by chlorophylls (Claassens et al.,

2013). A single salinixanthin is found per XR, similar to retinal, and there is significant

interaction between the salinixanthin and retinal molecules upon absorption of light due

to their close proximity deep within the protein (Balashov et al., 2006). To date

salinixanthin remains the only known accessory pigment associated with any microbial

rhodopsin photosystem (Bejni and Lanyi, 2014), unless reconstituting the proton-pumping
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rhodopsin photosystem from the cyanobacterium Gloeobacier violaceus with

salinixanthin counts (Imasheva et al., 2009). While a native accessory pigment was not

discovered for this rhodopsin, the authors did suggest that a novel pigment might exist in

nature based on the structure of the retinal binding pocket and ease of reconstitution of

salinixanthin.

Similar to the BR-containing Halobacteria, the response of XR-containing S. ruber to

light includes an inhibition of the respiratory rate (Oesterhelt and Krippahl, 1973;

Balashov et al., 2005). Thus, it appears that these salt-loving microbes have both realized

through evolution that their light-driven proton pumping mechanisms are most effective

in the absence of respiratory proton pumping. However, it remains unclear how fluxes of

carbon change, specifically between catabolic and anabolic pathways, with respect to

light, light-driven proton pumping, and photoinhibition of respiration.

Similar to the marine PRs, actinorhodopsins (AR) are light-driven proton pumps found

predominately within freshwater and brackish environments (Atamna-Ismaeel et al.,

2008; Sharma et al., 2008; Sharma et al., 2009). Since their function and expected

physiological effects do not differ significantly from PR these variants will not be

discussed in more detail. However, it is important to note that their discovery solidifies

the importance of light-driven proton pumping across all sunlit aquatic environments.

To this point, only type I microbial rhodopsin photosystems that transduce a sensory

signal or pump protons have been discussed. However, recent evidence indicates that
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chloride pumping and sodium pumping rhodopsin photosystems are found within the

toolkit of marine bacteria as well (Bejd and Lanyi, 2014). Like the progression of thought

from the discovery of BR and then PR, the chloride-pumping halorhodopsin (HR) has

been known for decades but was thought to be restricted to a specific (salty) niche (Lanyi,

1986); when in reality, inwardly directed light-driven chloride pumps--denoted ClR-

are present in planktonic marine bacteria as well (B6jd and Lanyi, 2014; Yoshizawa et al.,

2014).

For the case of sodium pumping rhodopsins, the first direct evidence of light-driven

sodium pumping was reported in 2013 (Inoue et al., 2013). The rhodopsin was called

"KR2", which can be denoted NaR as well, and seemed to possess a duel H+/Na+

pumping activity, switching to proton pumping in the absence sodium ions (Inoue et al.,

2013; Inoue et al., 2015). This duel role has since been confirmed (Li et al., 2015), and a

handful of similar pumps have been described in other marine bacteria (Inoue et al.,

2015).

A common theme emerging from these recent discoveries of ion pumping rhodopsin

photosystems is that the light-driven translocation of any charged ion across the

membrane could theoretically be converted into useful cellular energy. Of course the

most common ion pools manipulated by bacteria for energy conservation are H+, Na+,

and Cl, but one cannot rule out the possibility of other monovalent cations such as K+ or

divalent cations or even other charged metabolites being leveraged for energy

conservation. Ultimately, however, active transporters and specifically antiporters link
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the ion gradients together so that energizing one gradient can increase the energy stored

in the other gradients. Interestingly, a marine Flavobacteria has recently been isolated and

proven to contain functional PR, NaR, and CIR -pumping rhodopsins (Yoshizawa et al.,

2014). It is possible that this bacterium is capable of inducing the expression of the

optimal light-driven ion pump based on the most energetically favorable ion gradient to

exploit in a particular environment. And it is equally as likely that all three are

constitutively expressed and their activities are coordinated at a higher level of

organization.

Photoheterotrophic metabolism and the carbon cycle

It is now clear that PR photoheterotrophs use various forms of light-driven microbial ion

pumps for energy generation, are abundant in nature, and are phylogenetically diverse

which suggests many different lifestyles and metabolic schemes are impacted by the

availability of light. This means that light can affect how a large fraction of heterotrophic

bacteria behave in ecosystems, and collectively, how these bacteria impact the global

carbon cycle.

The carbon cycle is driven by photo- or chemo-autotrophic organisms that convert

inorganic carbon into reduced organic molecules in a process known as carbon fixation.

The organic carbon created by carbon fixation can be stored in metabolically active

forms, such as sugars, or converted into biomass. From there the organic carbon can
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move through food chains in the form of biornass, but it will inevitably either be respired

back to carbon dioxide by autotrophs and heterotrophs, or exported to soils and

sediments. The inorganic carbon returned to the global carbon cycle in oxidized form

(CO- and HC03-) becomes available to enter ecosystems once again by way of

autotrophic organisms, while the sequestered carbon becomes isolated from the cycle,

potentially for hundreds of millions of years.

Organic carbon that is sequestered from the global carbon cycle is commonly referred to

as fossil fuels. Global reserves of fossil fuels in the forms of coal, crude oil and natural

gas are abundant, and advances in technology have improved the processes of harvesting

and oxidizing the fossil fuels for energy in the forms of electricity and heat. These

activities are increasing the concentration of carbon dioxide in the atmosphere, leading to

serious climate concerns, but the total flux of carbon from anthropogenic sources is

dwarfed by the natural fluxes of carbon.

Of course the carbon cycle does not operate independent from the global biogeochemical

cycles of other elements. The global oxygen cycle is closely linked to the carbon cycle, as

carbon fixation is typically associated with oxidative photosynthesis, and carbon

oxidation yields the highest energetic returns in the presence of oxygen, which is

subsequently reduced back to water during respiration. The surplus of oxygen in the

atmosphere, in addition to the natural reserves of fossil fuels, indicates that

photosynthesis has outpaced respiration in terrestrial and marine ecosystems over
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geological time scales. If this were not the case, heterotrophs with oxidative metabolisms

coUld not have emerged over a billion years ago.

The processes of photosynthesis (i) and respiration (ii) can be represented by the redox

reactions:

(i) CO2+ H2O 4 CH2O + 02

(ii) CH2O + 02 - CO-, + H2O

This redox couple is a simplified but fairly accurate representation of the global carbon

cycle, as well as how energy flows into and out of ecosystems. Photosynthetic autotrophs

drive the capture and transfonnation of energy from sunlight into chemical energy and

biomass (i), serving as primary producers for the majority of Earth's ecosystems. And

these same organisms-as well as all of the heterotrophs that live within the ecosystem-

are responsible for respiring the reduced carbon back to inorganic carbon while extracting

energy for cellular processes.

Although the physiological data from natural isolates containing rhodopsin photosystems

is limited, at the very least it is clear that most are photoheterotrophs, and that they are

abundant on a global scale and so are predicted to significantly influence the carbon

cycle. What remains unclear is the net effect that light has on catabolism under various

conditions, since it can both accelerate catabolism by increasing nutrient accessibility and

transport, or decelerate catabolism in favor increasing the flux of carbon toward

biosynthetic pathways. A better understanding of how rhodopsin photosystems influence
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the physiology of photoheterotrophic bacteria will lead to more accurate models of the

carbon cycle that account for the influence of sunlight on the growth and respiration of

heterotrophs, and ultimately on the net community production of ecosystems.

Thesis Overview

The objective of this thesis project was to explore how native PR-containing bacteria

leverage PR to improve growth rate and yield, and to subsequently apply lessons from

this research to successfully convert a heterotroph into a photoheterotroph capable of

faster growth and/or improved cell and biomass yields. Ultimately, demonstrating the

increased production of biomass (a carbon compound) from a heterologous host would

prove that energy derived from PR integrates into its metabolic systems. Once integrated,

renewable energy from PR could be applied in engineered systems to improve growth

efficiency in terms of carbon, which would certainly reduce the costs associated with

industrial-scale production of reduced chemicals.

Chapter 2 explores how light and carbon influences the growth phenotype of different

native PR-containing Flavobacteria. One of these bacteria, Dokdonia donghaensis strain

MEDI34, grows faster and to higher cell yields in the presence of light in media

containing trace amounts of dissolved organic carbon. This result was confirmed, and an

extensive RNA-seq experiment was performed to expose light induced genes in an

attempt to better understand what changes in gene expression produce the observed light-

enhanced growth phenotype.
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Chapter 3 explores the applicability of E. coli as a model heterologous host for PR.

Several knockout strains were tested as heterologous hosts in attempt to identify' a more

favorable genetic background for PR production and subsequent PR-derived energy

integration than the wild-type. Additionally, plasmid constructs complementing key

native genes or introducing novel genes were generated to further optimize the genetic

background for growth with PR. This work lead to the creation of several unique strains

with high potential to benefit energetically from PR, with one in particular evidenced by

higher cell yields. Culture conditions certainly impacted how effective the PR was in

terms of cell yield enhancement for this strain.

Chapter 4 summarizes the findings from Chapters 2 and 3, highlighting key data from the

RNA-seq experiment with MED 134 that motivated engineering efforts to improve the

genetic background of E. coli for light-driven proton pumping. Future prospects for PR in

engineered systems are also discussed with emphasis on applications that would create

renewable sources of important reduced chemicals.
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H. The Physiological Effects of Proteorhodopsin in Flavobacteria

ABSTRACT

To better resolve how the marine proteorhodopsin (PR)-containing bacterium Dokdonia
donghaensis strain MEDI 34 responds to light, an extensive RNA-seq experiment was
performed with triplicate light and dark cultures growing in low and high carbon complex
media. Genes with significant differential expression between light and dark treatments in
low and high carbon media were identified. These comparisons clearly showed that light
induces the PR gene, phytoene dehydrogenase, and I 1 other genes with unconfirmed or
unknown functions. Furthermore, the data indicated that PR might enhance growth by
specifically improving iron acquisition in low carbon media. Under high carbon
conditions, the data suggested that fatty acid metabolism might influence the contribution
of PR to cell energetics. Understanding the environmental conditions under which the
light response translates into faster and more efficient growth for MED 134-and other
Flavobacteria (Kim, 2013)-will help progress efforts to determine the impact of light
energy and PR activity on carbon and energy flows through marine ecosystems.
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Introduction

Marine environments host some of the largest and most diverse assemblages of life on

Earth. Bacteria concentrated within the sunlit surface waters encompass most of the

marine biomass and diversity, and in turn exert the greatest influence on Earth's

biogeochemical cycles. The proteorhodopsin (PR) gene is among the most distributed,

abundant and highly expressed genes found within surface-dwelling marine bacteria

(Sabehi et al., 2005; Rusch et al., 2007; Campbell et al., 2008; Frias-Lopez et al., 2008;

Poretsky et al., 2009; Morris et al., 2010; Wei, 2010), suggesting that PR and other

rhodopsin-based light-harvesting proteins represent a major pathway for energy flow into

ecosystems. Exactly how influential PR is to the metabolism of its large and diverse

collection of host bacteria, and how these bacteria influence life on Earth en masse, are

outstanding questions that must be addressed in order to fully understand marine

ecosystem dynamics.

Since the discovery of PR photosystems (Beja et al., 2000), a small sample of marine

bacteria with the PR gene have been isolated and studied. Of these, only three isolates of

flavobacteria (Gomez-Consarnau et al., 2007; Feng et al., 2015; G6mez-Consarnau et al.,

2016) have been reported to experience higher growth rates and cell yields as a result of

light-driven proton pumping by PRs. Others have been reported to better sustain biomass

and metabolic capacity during periods of starvation using energy derived from PR

(Fuhrman et al., 2008; Gomez-Consarnau et al., 2010). Recent evidence from studying

flavobacteria indicates that PR influences growth by improving nutrient acquisition
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(G6mez-Consarnau et al., 2016), in addition to photophosphorylation (Martinez et al..

2007; Palovaara et al., 2014).

In effort to improve upon our understanding of the ecological impact of PR, I was

interested in expanding the number of PR-containing isolates that demonstrated light-

enhanced growth phenotypes. More recently, four strains isolated by Yoshizawa et al

with enhanced growth rates and yields when grown in the presence of light (Yoshizawa et

al., 2012; Kim, 2013). However, growth was only enhanced when a small amount of

dissolved organic carbon (DOC) was used as growth substrates (Kim, 2013). At higher

DOC concentrations, growth rates and yields of cultures maintained in the dark were not

different or higher than cultures exposed to light (Kim, 2013).

In this work, I aimed to better resolve how a marine isolate that exhibits higher growth

rate and yields-the PR-containing bacterium Dokdonia donghaensis strain MEDi 34-

responds to light by conducting an extensive RNA-seq experiment with triplicate light

and dark cultures, in low and high DOC media, and with samples at two distinct points in

the growth curve. A comprehensive statistical software package, DESeq, was applied to

identify genes with significant differential expression between light and dark treatments

in low and high DOC media (Anders and Huber, 2010). These comparisons clearly

showed that the PR gene is induced by light in addition to the phytoene dehydrogenase

(involved in the synthesis of the chromophore retinal) and other genes of unknown

function. Furthermore, my results indicate that in low DOC media PR may enhance

growth by specifically improving iron acquisition. At high DOC, the data suggest that
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fatty acid metabolism might overshadow the contribution of PR to cell energetics. In this

chapter, I discuss these results and compare with previously published transcriptorne data

from MEDI 34 and other flavobacteria.

Methods

Growth experiments

Experiments were carried out to determine the optimal dissolved organic carbon (DOC)

concentration for light-enhanced growth of the PR-containing marine flavobacterium,

Dokdonia sp. MED134. The growth media was composed of artificial seawater (ASW),

35 practical salinity units (prepared from Sea Salts; Sigma), which was filtered through a

0.2p, pore size filter (Millipore), subsequently autoclaved, and then supplemented with

sterile solutions of NH 4 Cl and Na2HPO 4*12H2O (Sigma) to final concentrations of 225

1LM NH4 Cl and 44.7 [LM Na2HPO 4, as previously reported (Kimura et al., 2011).

To generate the starter cultures, a colony originating from a frozen stock was picked from

a Marine Broth Agar (BD) plate and inoculated into growth media that was further

amended with 5.65 mL of full strength media (FSM) per liter. The FSM is five grams

peptone and 1 gram yeast extract per liter of ASW, which reportedly contains about 242

mM of carbon (Gomez-Consarnau et al., 2007). After three days of growth to early

stationary phase at 23C without exposure to light or constant shaking, cells were diluted

with ASW to a concentration of 106 cells/mL and placed at 4'C for at least one week and
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up to three months before use. Transfer of the stationary phase cells to ASW and

subsequent incubation at 4'C was found to be an essential treatment in order to observe

light-enhanced growth in subsequent experiments.

To test different DOC concentrations, the growth media was amended with either 0 pL,

700 gl, 2 mL, 5.65 mL or 250 mL of FSM per liter, inoculated with cells at a final

concentration of 1000 cells/mL, split into triplicate 20mL cultures, and incubated with or

without exposure to cool white fluorescent light (at about 150 pmol photons/M 2/s; refer to

Appendix Figure Ia) for up to one week at 230 C without shaking. To determine the cell

concentrations, daily samples were taken from each culture, diluted if necessary, filtered

onto pre-blackened Isopore membrane filters (0.2p pore size; Millipore), stained with

SYBR Green 1 (1:100 dilution; Invitrogen) for at least 15 minutes, and then counted

using an epifluorescence microscope (Axioskop Zeiss).

To avoid DOC contamination all glassware used for growing bacteria or storing media

were new borosilicate bottles or tubes (VWR), and each was washed with 10% HCI prior

to use.

RNA -seq

RNA-seq was used to identify significant differences between the transcriptomes of

Dokdonia sp. MED134 cells incubated with and without light exposure in growth media

containing low (700 l of FSM per liter ASW) or high (250mL of FSM per liter ASW)

DOC concentrations. Cells for this experiment were produced exactly as described for
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growth experiments with MED 134, and were subsequently inoculated into 4 L of growth

media in 5 L bottles (VWR) amended with either low or high DOC at a final

concentration of 1000 cells/mL. The 4 L cultures were incubated at 26'C in complete

darkness for two days without shaking. After two days, each culture was well-mixed and

then split into six 1 L bottles, each containing 500 mL of culture. Half of the bottles from

each 4 L culture were then wrapped with aluminum foil, and all twelve bottles were

placed in a light incubator (Beckman) modified to produce about 18 prmol photons/m2 /sec

of green light (refer to Appendix Figure Ib). The 12 bottles were incubated without

shaking for an additional three and a half days. Samples for RNA-seq analysis were taken

at three points, denoted TO, T1, and T2 (indicated by the red arrows on Supplementary

Figure S3). Each sample was removed from its respective culture through sterilized and

acid-washed tubing (Masterflex) using a peristaltic pump. The tubing was connected to a

sterile long pipette at the sampling end and a 0.22-p. pore size Sterivex filter (Millipore)

at the other end. The volume of culture passed through the filter was 500 mL at TO

(sourced from the 4 L culture after 3 L was removed) and 200 mL at TI and T2. After

sampling, the Sterivex filters were bottom-sealed, filled to about 90% capacity with

RNAlater Solution (Ambion), capped, and then stored at -80'C until processing.

Total RNA was extracted from cells on the Sterivex filters using a previously described

protocol (Kimura et al., 2011). The filters were thawed on ice, the RNAlater was

decanted, and Lysis/Binding Buffer from the mirVana miRNA Isolation Kit (Ambion)

was injected to refill the Sterivex filter. After a short incubation with mixing, the lysate

was removed from the filters and subjected to Dnase treatment with the TURBO DNA-
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free Kit (Ambion). Total RNA was then concentrated and purified with the RNeasy

MinElute Cleanup Kit (Qiagen), and quantified with the RNA6000 Pico Total RNA Kit

(Agilent). Total RNA was then treated to remove 16s and 23s rRNA with probes that

were produced previously (Kimura et al., 2011). After hybridization and removal of the

rRNA-probe complexes, the rRNA-subtracted RNA was concentrated, purified and

quantified once again before proceeding to follow the manufacturer's instructions for the

Scriptseq RNA-Seq Library Preparation Kit (Illumina) and subsequent analysis on

Illumina's MiSeq platform.

The resulting libraries were subjected to Illumina's QC and demultiplexing software

before the libraries were imported as paired end reads into the Genomics Workbench

software package (CLCbio). The reads were trimmed and mapped to the MED 134

annotated reference genome with the built in application and the read counts were

exported as a .csv file. The read counts were normalized by importing the data into the R-

package DESeq software (Anders and Huber, 2010). DESeq was used to normalize the

read counts to account for library sizes and shot noise, and to subsequently identify

differentially expressed genes between light and dark treatments. Genes identified as

differentially expressed between light and dark treatments had an FDR-adjusted p-value

< 0.25, which was chosen as an appropriate cutoff value considering the conservative

nature of DESeq and that FDR-adjusted p-values increased significantly above this value

for every comparison tested. Most genes considered to be differentially expressed had

FDR adjusted p-values < 0.05. Phyre was used to analyze differentially expressed genes

that encoded for uncharacterized proteins (Kelley et al., 2015).
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Results

Growth of MED134 at low and high DOC concentrations

Figure 1 shows how light influenced the growth of MED134 at low and high DOC

concentrations. Increasing the concentration of DOC reduced the positive influence of

light on growth to a point where the presence of light negatively influenced growth rate

and yield. Because it has been previously shown that light enhanced growth of MED 134

depends on the PR and the presence of green light (Gomez-Consarnau et al., 2007), I was

interested in determining whether PR was responsible for the negative influence on

growth in high DOC media. In addition to the PR, other factors such as growth rate and

osmolarity of the media could influence the extent to which PR activity impacts growth.

51



IA(a)

12 -

10 -

) 0

0-

>X 6-

C
U 4

2

0 -0-- Light
--- Dark

Od 2d 3d 4d 5d 6d

Time (Day)

(b) 1701

60

E 50

O40

X5 30

C 20

4) 10

0 ar

Od 2d 3d 4d 5d 6d

Time (Day)

Figure 1. Growth of MED134 at low and high DOC concentrations.

MED134 exposed to light (open circles) or in darkness (filled circles) was grown in the

presence of 0.7 mL (a) or 250 mL (b) of FSM per liter. Error bars denote the standard

deviation for triplicate cultures. Sampling for the RNA-seq experiment took place at the

sample time points indicated on the figure with red arrows.
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Light induced gene expression in MED134

To better understand the influence of the DOC concentration on the growth physiology of

PR-containing marine flavobateria, a replicated RNA-seq experiment was designed to

identify differences in gene expression at low and high DOC concentrations in response

to light. Despite the apparent effect of the DOC concentration on the growth physiology

of MED134, I found that a similar set of genes was induced by light in both low and high

DOC treatments.

Table 1 highlights transcripts that were found to be significantly more abundant among

the light-exposed cultures relative to the dark-exposed cultures at the low DOC T2 and

high DOC TI sample time points. Remarkably, no transcripts were found to be

significantly more abundant in the dark at low DOC T2 or high DOC TI.
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Table 1. Average transcript abundances of the MED 134 light induced genes

Feature ID Annotation

MED134_07119

MED134_07089

MED34_10201

MED134_13081

MED134_14276

MEDI34_04999

MED134_01275

MED134_13076

MED134_03409

MED3403969

MIED134_03404

MIEDI 34_11080

MED134_14271

Proteorhodopsin

Putative uncharacterized protein

Probable bacterial cryptochromne

Transcriptional regulator, MerR family protein

Putative uncharacterized protein

Putative uncharacterized protein

Putative uncharacterized protein

Phytoene dehydrogenase

Molecular chaperone (DnaK)

Putative adhesion lipoprotein

ABC-1

Putative uncharacterized protein

Short chain dehydrogenase

Red numbers indicate that the difference in mean transcript abundance is not significant (FDR-adjusted p-value > 0.1).
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Low DOC T2

Light Dark

156 11

25 2

41 4

69 11

34 6

97 18

456 102

33 9

161 66

590 268

206 99

642 331

15 4

High DOC Ti

Light Dark

1197 84

73 9

337 45

366 60

198 40

836 107

2537 317

234 59

467 91

1368 139

1194 151

1587 472

149 25



The PR gene (N/lED 134 07119) was confirmed to be more abundant among light exposed

cultures, by a log2 fold change of 3.8, at both low DOC Ti and high DOC T2. This

finding validates the DESeq analysis and suggests that induction of PR by light is

independent of the DOC concentration. In addition, phytoene dehydrogenase

(MED134_13076) was induced by light and to a similar extent (log2 fold change of 2.9

and 3.0) in both low and high DOC treatments. The phytoene dehydrogenase plays an

essential role in the retinal synthesis pathway. The probable bacterial cyptochrome

(MEDI34_10201) and the BLUF-containing putative uncharacterized protein (MEDI 34_

07089) were also induced by light regardless of the DOC concentration in my study.

As indicated by the annotations in Table 1, most of the remaining genes induced by light

at low DOC T2 and high DOC T I encode proteins of unknown function. However, many

of these putative proteins were found to contain domains that suggest localization to the

membrane and/or involvement in adhesion to particles. The proteins likely involved in

adhesion include the putative adhesion lipoprotein (MED134_03969) and

MED] 34_04999, which both contain fasciclin (FAS 1) domains according to the Phyre

analysis (see methods). The ABC-I gene (MED 134_03404) is probably localized to the

membrane and shares 85% identity to a transferase whose function is linked to the

cytochrome bel complex. And finally, the MED134_14276 gene encoded a protein

similar (87%) to a nucleoside-diphosphate sugar epimerase.

Of the remaining light induced genes of unknown function, a putative uncharacterized

protein (MED134_01275) containing the DUF4199 domain (of unknown function) was
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identified as light induced at low DOC TI and high DOC T2. Analysis of the

corresponding protein sequence with the Phyre application revealed that the gene product

is most similar (31 %) to the transmembrane ionophore protein colicin la (low

condfidence). The MerR-like transcriptional regulator, DnaK-like chaperone, and the

putative uncharacterized protein (MED134_11080)-identified by Phyre as a small

DNA/RNA binding protein-were all identified as significantly induced by light

exclusively for low DOC T2, while the short chain dehydrogenase (MED 134_14271),

which is 70% identical to a 3-oxoacyl-ACP reductase, was only significantly induced by

light at high DOC Ti (as indicated with red type in Table 1). The log2 fold change and p-

values associated with the insignificant differences are 2.6/0.75, 2.4/1, 1.7/0.26, and

2.1/0.26, respectively (see Supplementary Table S2).

Differential gene expression during late exponential phase in low DOC media

We attempted to identify differences in transcript abundance between exponential phase

cultures of MED 134 exposed to light or darkness in low DOC media, but a library

representing one of the three samples from the light-exposed cultures failed to generate

an adequate amount of reads and was discarded (refer to Supplementary Table SI for the

total count of mapped reads per library). As a result of the reduced statistical power, only

three genes were identified as differentially expressed at low DOC TI (refer to red arrows

on Figure 1). Transcripts of two of the three differentially expressed genes

(MED134_06839 and MED134_06834) were found to be more abundant in light-exposed

cultures, and encoded proteins involved in iron assimilation. The first of these proteins

(MED 134_06839) had an average normalized transcript abundance of 107 among the
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light-exposed cultures compared to 27 among the dark cultures (log, fold change of 2 and

FDR adjusted p-value of .017) and likely encodes a HmuY heme transport protein; while

the second (MED 134_06834) had 1798 transcripts among light-exposed cultures relative

to 463 among the dark cultures (log2 fold change of 2 and FDR adjusted p-value of

1.95x10 5 ) and encodes a TonB-dependent outer membrane receptor that identified as a

HmUR heme receptor. The transcript of the third differently expressed gene at low DOC

TI (MED134 01225; hlyD) was more abundant in the dark-exposed cultures at 360 reads

relative to 109 in light-exposed cultures (log2 fold change of 1.7 and FDR-adjusted p-

value of 5x10-6). In Escherichia coli, HlyD has been reported to aid in the secretion of the

hemolysin protein HlyA (Pimenta et al., 2005).

Differential gene expression during stationaty phase in high DOC media

Light or dark-exposed cultures grown to stationary phase in high DOC media resulted in

the identification differentially expressed genes that were not found to be significantly

different in low DOC media (T 1 or T2) or during exponential/early stationary phase (TI)

in high DOC media. In fact, the only gene from high DOC T2 that was differentially

expressed at other time points was PR (MEDI 34_07719), which had an average

transcript abundance of 27 among light-exposed cultures compared to 8 among dark-

exposed cultures (log2 fold change of 1.7 and FDR adjusted p-value of 0.051). The only

other gene whose expression was induced by light in high DOC cultures at T2 was the

purine nucleoside phosphorylase (EC 2.4.2.1; MED134_00750), which had an average of

85 transcripts among light-exposed cultures compared to 46 among the dark-exposed

cultures (log2 fold change of 0.9 with FDR adjusted p-value of 0.075).
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In contrast to growth in the low DOC media or at Ti in the high DOC media, the

majority of differently expressed genes at high DOC T2 were more abundant among

cultures that were maintained in darkness, and were translated into proteins involved in p-

oxidation or the heat shock stress response (refer to Supplementary Table S3). The

transcripts associated with P-oxidation originated from etfA (MED_00125) and etfB

(MED134_00130), encoding an electron transport flavoprotein, as well as genes that

encode Enoyl-CoA hydratase (MED 134_06229), and a thiolase family protein

(MED 134_06234), with light to dark average transcript abundance of 407 to 694 (log2

fold change of 0.8 and FDR adjusted p-value of 5x10-3 ), 311 to 574 (log2 fold change of

0.9 and FDR adjusted p-value of 3.3x10~4), 409 to 779 (log2 fold change of 0.9 and FDR

adjusted p-value of 0.049), and 136 to 257 (log2 fold change of 0.9 and FDR adjusted p-

value of 0.09), respectively. The transcripts associated with heat shock originate from

cIpB (MEDI34_05174), grpE (MED134_13401), and a putative heat-shock related

protein (MED 134_04044), with light to dark average transcript abundance of 2604 to

4669 (log2 fold change of 0.8 and FDR adjusted p-value of 1.1 x 10-4), 737 to 1344 (log2

fold change of 0.9 and FDR adjusted p-value of I.lxl 0-4), and 1158 to 2381 (log2 fold

change of I and FDR adjusted p-value of 2x1 0-10), respectively. In addition to these two

general classes, two additional genes were up-regulated among dark cultures that encode

a putative recognition particle-docking protein (MED134_12996) with light to dark

transcript abundance of 333 to 545 (log2 fold change of 0.7 and FDR adjusted p-value of

4.8x10-5), and a putative uncharacterized protein (MED134 03499) with an average of
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189 transcripts among the illuminated cultures to 364 among cultures incubated in

darkness (1og fold change of 0.9 and FDR adjusted p-value of 0.063).

Discussion

I confirmed previous reports that growth rates and yields of MED134 are enhanced in the

presence of green light when the DOC concentration of the culture media is extremely

low (Gomez-Consarnau et al., 2007; Kimura et al., 2011). As the DOC concentration was

increased, I observed less of a difference in the growth phenotypes between cultures

maintained in the presence of light, relative to darkness; in fact, at relatively high DOC

concentrations cultures maintained in the dark experienced higher growth rates and yields

than the light-exposed cultures (Figure 1). This phenomenon was not restricted to

MED 134, as other flavobacteria have shown a similar light effect at DOC concentrations

(Kim, 2013). An RNA-seq experiment was performed to better understand how the DOC

concentration impacts the growth phenotypes.

Light induced gene expression in MED134

I identified a set of genes that are strongly induced when MED134 was grown in the

presence of green light (Table 1). Most of the genes that were significantly up-regulated

among the light exposed cultures at low DOC were found to be up-regulated under high

DOC conditions as well. The PR gene is among this set of light induced genes, and its

level of induction (log2 fold change of 3.8) is identical for the low and high DOC
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conditions, indicating that induction of PR by light is independent of the DOC

concentration. If induction of the PR gene is costly in the presence of high DOC, as the

growth phenotype in Figure 1 suggests, one may expect there to be a feedback

mechanism to reduce the level of induction under these conditions. However, it is also

possible that the high concentration of DOC used in my experiment is not encountered

frequently enough in nature to elicit the evolution of a more complex regulatory

mechanism.

In addition to the PR, MEDI 34 up-regulates the phytoene dehydrogenase among light

exposed cultures independent of the DOC concentration. The fact that this enzyme is the

only member of the retinal synthesis pathway identified as significantly induced by light

suggests that it could be responsible for the rate-limiting step in retinal production. In an

earlier transcriptome study of MED 134 by Kimura et. al. (2011 ), the authors also found

that PR and phytoene dehydrogenase were significantly induced by light, along with the

geranylgeranyl pyrophosphate synthase gene. The use of replicates in the study design,

coupled with the conservative nature of DESeq (Anders and Huber, 2010), supported

light induction of PR and phytoene dehydrogenase transcripts, but up-regulation of

geranylgeranyl pyrophosphate synthase was not statistically significant (Supplementary

Table S4). Light induction of the phytoene dehydrogenase appeared to be linked to a

MerR family transcriptional regulator protein that was significantly induced by light in

low DOC (Table 1), and that lies immediately upstream of the phytoene dehydrogenase

in the MED 134 genome.
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A set of light sensing proteins were also described by Kimura et aL. as being potentially

involved in the light response of MEDI 34. We confirmed that the probable bacterial

cryptochrome, DASH family (MED134_10201) was significantly induced by light. We

also observed significant light induction from an uncharacterized protein containing a

BLJF domain (MED134_07089). In contrast, I did not find significant light induction of

the putative DNA photolyase /cryptochrome (6-4) photolyase family genes

(MED134_10206, MEDI34_1021 1), but I did observe greater average transcript

abundances among cultures exposed to light (of at least log2 fold change of 1.5) relative

to dark for the high DOC Ti comparison (Supplementary Table S4). Additionally,

Kimura et al. and Gomez-Consarnau et al. (2016) reported significant light induction of a

histidine kinase gene (MEDI 34_10396). Although not statistically significant in my

experimental design, I also observed a higher abundance of this transcript among light

exposed cultures (log, fold change of 1.6) in low DOC media at late exponential phase,

but the average number of reads was low as compared with the number of reads reported

from these earlier transcriptome studies (Supplementary Table S4). Because the second

library from low DOC cultures during stationary phase contained even less reads

originating from the histidine kinase, it is possible that significant light induction

occurred during early or mid-exponential phase.

Most of the remaining light induced genes that I identified encode proteins with unknown

functions. But as previously noted (see Results), at least two of these proteins are likely

exported from the cytoplasm and involved in particle adhesion. A proteomics study on a

PR-containing flavobacteria isolated from sea ice also found higher abundances of
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proteins containing fasciclin repeat domains upon illumination, leading the authors to

suggest that these proteins are involved with adhesion to algal surfaces (Feng et al.,

2015). I commonly observed the fonnation of clumps of MED134 cells in cultures, and

these clumps tended to be larger among cultures exposed to light; this could be a result of

higher concentrations of cells in light-exposed cultures, or clumping may be accelerated

by increased production of adhesive proteins and exopolysaccharides. Future experiments

designed to observe how MED134 behaves in the presence of light with algal or other

types of particles may demonstrate a link between the presence of light and particle

adhesion.

Unlike previous RNA-seq experiments with MEDI34 and other flavobacteria, I did not

observe significant induction of any known metabolic genes in response to light. Many of

the genes identified as significantly differentially expressed between light and dark

treatments in prior transcriptome experiments are included in Supplementary Table S4

with gene abundance data from the experiment. Genes reported to be light induced in

experiments with MED134 and other flavobacteria grown under similar conditions are

involved with glycolysis and gluconeogenesis, the pentose phosphate pathway, the TCA

cycle and the glyoxylate shunt, and the respiratory chain (Kimura et al., 2011; Palovaara

et al., 2014; Feng et al., 2015; G6mez-Consarnau et al., 2016).

The glyoxylate shunt in particular has been suggested to be important for light-enhanced

growth of MED134 (Palovaara et al., 2014). I observed a log2 fold change of 1.2 at low

DOC TI for the isocitrate lyase gene (MED 134_01780), and found significantly less

62



reads, and less of a difference between light and dark abundance, associated with the

gene at T2. This result contradicts RT-PCR data from Palovaara el al. (2014) that

demonstrates higher expression levels and significant light induction of isocitrate lyase

during stationary phase in low DOC media. Otherwise, the RNA-seq data is similar to the

RT-PCR results from several other metabolic genes.

Samples for RNA-seq were not taken during the first 36 hours of growth, which is

unfortunate because the data from Palovaara et al. suggests that some light induced gene

expression only occurs within early to mid-exponential phase (prior to 36 hours of

growth). These authors identified significant light induction of the bicarbonate transporter

BicA (MED134_10061) and the carbonic anhydrase (MED134_10056) during the first 36

hours of growth when these genes were experiencing relatively high levels of induction,

but total expression and light induced expression significantly decreased between 36 and

45 hours of growth. In the low carbon condition I found that the average transcript

abundance of BicA and the carbonic anhydrase decreased by more than half between T I

and T2; however, in the high carbon condition the levels of these enzymes remained

constant between TI and T2 suggesting a higher requirement (relative to the low carbon

condition) for one-carbon units during stationary phase. The pyruvate carboxylase (pyc)

and PEP carboxylase (ppc) both affect the intracellular bicarbonate concentration, and

expression of these genes followed a similar pattern as BicA and the carbonic anhydrase;

expression ofpyc and ppc during stationary phase was less than exponential phase, with

insignificant (this study) or significant (Palovaara et al., 2014) light induced expression of

both genes occurring during stationary phase in the low carbon condition. Interestingly,
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my data from the high carbon condition shows that the expression ofpyc and ppc

increases by about 25% throughout stationary phase, in accordance with maintaining

higher expression of the genes responsible for importing or synthesizing bicarbonate. In

contrast, Kimura et al. reported significant down-regulation ofpvc and ppc in the light

treatment when MED 134 was grown in low carbon conditions. The available data

suggests both the level of DOC and the time of sampling likely explain the observed

differences in ppc and pyc expression between these experiments.

Transporter expression in low DOC cultures

Membrane-embedded transporter proteins that actively import or export compounds from

the cell require energy stored within ATP and the transmembrane ion gradients. Because

PR photosystems generate proton motive force (PMF), PR can directly stimulate

transporters energized by the proton gradient. Ton-B dependent transporters (TBDTs) are

energized by the PMF and have been implicated in the light response of MED134

(G6mez-Consarnau et al., 2016). While light induction or high expression of the vitamin-

B 1 TBDT gene was not observed, I confirmed that at least one susC-like TBDT

(MED134_05219) was among the most highly expressed genes in MED134 during

exponential growth in low DOC media (Supplementary Table S4 and S5). Additionally, I

found that a putative heme TBDT was significantly induced among light exposed cultures

(MED134_06834), along with an excreted HmuY-like protein (MED134_06839) that is

likely involved in iron acquisition. To my knowledge this is the first report of a PR-

stimulated increase in the expression of iron acquisition genes in MEDI 34. This finding

suggests that iron, rather than vitamin B 1, may be limiting growth when the low DOC
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cultures were sampled during exponential growth, thus expanding the general role of

TBDTs in the light-response of MED134.

Previous transcriptome experiments with MED 134 also suggested that sodium

transporters are integral to the light response. Kimura et al. reported significant light

induction of the Na+-translocating NQR respiratory complex, along with two Na+/alanine

symporters and a Na'/phosphate symporter. Significant differences in the expression of

these genes were not observed, but the average number of transcripts for two of the Na+

symporters was higher among the light cultures maintained in low DOC at Ti

(Supplementary Figure S4). It is possible that genes involved in sodium translocation

were only significantly induced in the light treatment while alanine was being used

preferentially as the carbon source during growth on the DOC. Previous growth

experiments using DL-alanine as the sole carbon source required sodium translocation

via NQR to observe a light-enhanced growth effect (Kimura et al., 2011). Several

metabolic genes such as the isocitrate lyase and malate synthase are also involved in the

light response of MEDI 34 growing on alanine (Palovaara et al., 2014).

I did not observe significant differential expression of any genes encoding known Nat-

ATPases or Na+/H+ antiporters, but a K+/H+ KefC-like antiporter (MED 13406844) was

among the statistically insignificant light induced genes with a log2 fold change >I at low

DOC TI (statistical comparison based on only two light exposed replicates). The kefC-

like transcripts were more abundant among light cultures relative to dark at TI and T2 in

low DOC media, and were equal or more abundant among the dark cultures in high DOC
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media at TI and T2 (Supplementary Table S2). KefC is gated by glutathione in E. coli,

and its purpose is to reduce the intracellular pH to protect the cell from toxic electrophiles

such as methylglyoxyl (Miller et al., 1997). Involvement of a KefC-like antiporter in the

MED 134 light response in low DOC media would suggest that K' efflux may be used to

prevent excessive alkalization of the cytoplasm during PR-driven proton pumping, which

would also effectively spill excess energy stored within the K+ and H+ gradients in order

to prevent hyperpolarization of the membrane. Such a system would presumably be more

effective in the low DOC media (relative to the high DOC media) where there is less

cytoplasmic water loss and thus a lower requirement for intracellular K' (Record et al.,

1998).

Indeed, experiments with the PR-containing flavobacteria isolated from sea ice showed

that the media osmolarity (adjusted by the NaCl concentration) exerted a strong influence

on the light response (Feng et al., 2015). The optimal osmolarity or salinity for PR

expression and light-enhanced growth has not been determined for MED134. Future

experiments comparing growth phenotypes at different DOC concentrations should be

designed to control for differences in media osmolarity, and should also be conducted at

the optimal experimentally determined osmolarity for light-enhanced growth. The effect

of osmoprotectants (K+ substitutes) such as glycine betaine should be explored as well.

The influence of beta-oxidation in high DOC media

Transcripts of three genes involved in fatty acid degradation (MED134_00130,

MED134_00125, and MEDI 34_06229) were found to be significantly more abundant
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among high DOC cultures maintained in the dark during stationary phase (see Results). I

found that the average transcript abundance of each of the genes increased from TI to T2

among dark cultures in high DOC media, while the average transcript abundance among

light cultures decreased over the same period. This pattern of gene expression was not

observed for cultures growing in low DOC media; in fact, the average transcript

abundances were higher in the light condition at both TI and T2 for all three of the genes.

Additionally, average transcript abundances of the three beta-oxidation genes decreased

from Ti to T2 for light and dark cultures grown in the low DOC media (Supplementary

Table S2). Taken together, MED134 grown in high DOC media and maintained in the

dark exhibited a higher capacity for beta-oxidation in stationary phase than cells

maintained in the light, or cells that were grown in lower DOC media.

A higher capacity for beta-oxidation at stationary phase may indicate that fatty acid pool

sizes were also relatively larger, likely resulting from increased fatty acid synthesis

during exponential growth. In addition to identifying and quantifying the fatty acids that

M ED] 34 synthesizes, stores, and subsequently metabolizes, future experiments should

seek to determine if less fatty acids are synthesized and/or metabolized from the media

among the cultures maintained in the light at high DOC, and if so, why. One possibility is

that fatty acid metabolism maybe down regulated in the light to enable PRs to contribute

to the proton motive force. MED134 may regulate the beta-oxidation genes differently in

the dark condition since light was not influencing the PMF. If similar levels of beta-

oxidation occurred in the light as observed in the dark it is possible growth would

become less efficient in terms of carbon and energy, since excessive membrane
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hyperpolarization can lead to the activation of energy spilling mechanisms like voltage-

gated and mechanosensitive channels or the induction of genes that encode ionophores

(as potentially observed-see MED134_01275). This hypothesis can also be addressed

by future experiments designed quantify the membrane potential and the associated

effects of hyperpolarization such as the realignment of membrane embedded proteins and

the activation of mechanosensitive channels (Kralj et al., 2011).

The ecopysiological impact of PR photosystems

Meta-genomic, -transcriptomic, and -proteomic surveys of marine bacteria inhabiting the

surface ocean environment establish PR as one of the most abundant genetic features,

highly transcribed genes, and most abundant proteins. However, very little is known

about how PR is integrated into the metabolism of marine bacteria and subsequently

leveraged to improve their fitness.

I aimed to discover how light influences the growth phenotype under low and high DOC

conditions using an RNA-seq approach. The data showed that PR was part of an

orchestrated response to light that was not influenced by the DOC concentration of the

media, yet the level of DOC dictated whether the light response enhanced or reduced

growth rates and yields.

While there were some obvious differences between cultures maintained in the light or

darkness in high DOC media, such as enhanced beta-oxidation among the dark cultures,

future experiments are required to explain how the light response negatively impacts
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growth in high DOC media while clearly enhancing growth in low DOC media.

Understanding the environmental conditions under which the light response translates

into faster and more efficient growth for MED 134-and other Flavobacteria (Kim,

2013)-will help progress efforts to determine the impact of light energy and PR activity

on carbon and energy flows through marine ecosystems.
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IfI. The Physiological Effects of Proteorhodopsin in Escherichia coli

ABSTRACT

The membrane potential produced by the process of respiration is suspected to limit the
impact of light-driven proton pumps. Engineering applications of proteorhodopsin (PR)
and other light-driven transmembrane ion pumps could be limited by the backpressure
from respiration. New genetic backgrounds of Escherichia coli were created as part of
this work to modify pools of NADH, ATP, and tricarboxylic acid cycle intermediates in
order to reduce the steady-state proton motive force (PMF) of the cells by lowering
respiration. Growth experiments to determine whether heterologous expression of PR
improved specific growth rate or cell yield showed that one of the engineered
backgrounds--afadR knockout mutant of . coli strain BW25113 with pRHA4 and
pMCL8-exhibited higher cell yields in rich complex media as a result of light-driven
proton pumping by PR. Based on this evidence, bioengineering applications that burden
cells by depleting PMF and reducing equivalents may actually be required to reveal the
full potential contribution of PR to cellular energetics in heterologous hosts.
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Introduction

Rhodopsin photosystems are a common trait among marine bacteria. As the simplest

known light-harvesting protein complexes in nature, these photosystems can power cells

by pumping a specific ion across the cytoplasmic membrane in a way that builds its

electrochemical gradient. The proteorhodopsin photosystem (PR) was the first light-

driven proton pump discovered within marine bacteria (Beja et al., 2000); and since then,

an astonishing abundance and diversity of proton pumping rhodopsin photosystems have

been found among heterotrophic bacteria that inhabit the photic zone of marine,

freshwater, and terrestrial ecosystems (Bryant and Frigaard, 2006; Zubkov, 2009). In fact,

there are now many examples of aUtotrophic and heterotrophic Bacteria, Archaea, and

Eukaryotes that leverage PR to directly harness energy from sunlight (Bdji and Lanyi,

2014).

But despite their apparent utility, how light-driven proton pumps influence the lifestyle of

the photoheterotrophs that deploy them is not well understood. They could be leveraged

to provide maintenance energy during periods of starvation and otherwise do not

influence cell energetics (Fuhrman et al., 2008; Gomez-Consamau et al., 2010). It is also

possible that photoheterotrophs utilize light-driven proton pumping to grow faster and

more efficiently (Gomez-Consarnau et al., 2007; GonzAlez et al., 2011), or to improve

their fitness by increasing motility and transporter activities (Walter et al., 2007; G6mez-

Consarnau et al., 2016). Ultimately the physiological effects of PR seemn to depend on the

metabolic capacity and lifestyle of its host.
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Escherichia coli as a heterologous host Jbr PR gene expression

So far PR-containing marine isolates that exhibit higher growth rates and cell yields in

light are not genetically tractable. While there is still much to learn by studying how they

operate (see Chapter 2), heterologous hosts offer well-known metabolic systems as a

testing ground for observing the physiological effects of light-driven proton pumping by

PR. Escherichia coli is a good host because its membrane environment is known to be

well suited for PR production and function (Klyszejko et al., 2008; Lindholm et al.,

2015), and because learning how PR can be leveraged in . coli should aid engineering

efforts to exploit PR for bioenergy production in other heterotrophs (Johnson and

Schmidt-Dannert, 2008; Walter et al., 2010).

Expression of PR in E. coli has resulted in measurable increases in proton pumping and

the concentration of ATP when cell suspensions were exposed to light (Beja et al., 2000;

Wang et al., 2003; Martinez et al., 2007; Jung et al., 2008). Additional physiological

effects associated with PR in F. coli include increased flagella rotation in the presence of

light (Walter et al., 2007), and increased hydrogen production in the presence of light by

a strain co-expressing hydrogenase with PR (Kim et al., 2012; Kuniyoshi et al., 2015).

But despite these experiments demonstrating PR functionality and its apparent

contribution to cell bioenergetics in F. coli, an increased growth rate or cell yield as a

result of PR activity has never been reported.

The inability of PR to affect the growth phenotype of F. coli under standard aerobic

conditions in minimal or complex media could be caused by respiratory inhibition of
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light-driven proton pumping in vivo (Walter et al., 2007). This theory predicts that proton

translocation by the respiratory complexes of the electron transport chain (ETC)

establishes a membrane potential high enough to inhibit light-driven proton pumping by

PR, which reportedly can only occur below a threshold potential that is never realized

while cells grow aerobically on reduced carbon substrates (Friedrich et al., 2002; Walter

et al., 2007). The back pressure from the membrane potential is also suspected to limit the

current conducted through the ETC enzymes, as well as the reaction centers of

photosynthetic cells (Burstein et al., 1979; van Rotterdam et al., 2002). Thus, it's likely

that the respiratory rate needs to be reduced under standard aerobic growth conditions in

order to observe the physiological effects of light-driven proton pumping by PR in .

coli. The following introductory sections will describe a number of practical approaches

to modify the respiratory rate and other key variables that may influence PR production

and function in . coli. In this work, I aimed to identify a genetic background that allows

light-driven proton pumping to positively influence the growth phenotype.

InJfluence of the genetic background on respiration

The respiratory rate can be assumed to be at its maximum capacity during aerobic growth

under standard conditions (Burstein et al., 1979). The genetic background can be altered

to reduce it, but any changes to existing genes or the addition of novel genes that have an

effect on respiratory rate likely also impact fluxes of carbon, ATP and cellular redox

ratios, and subsequently the activity of many other processes. Recombinant protein

production is certainly one of the processes affected by a lower respiratory rate, so most
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changes to the genetic background that reduce respiratory rate will also negatively impact

PR production.

One of my objectives was to determine whether knockouts of catabolic genes that reduce

NAD* or respiratory genes that oxidize NADH are suitable backgrounds for PR

production, and to subsequently determine if PR enhances growth rate and yield in the

mutants. The ApvkF, Aicd, AfadR and Alpd strains are single gene knockout mutants of

the pyruvate kinase, isocitrate dehydrogenase, fatty acid degradation repressor, and the

lpd subunit of several enzymes, respectively. The ApykF strain has been shown to reduce

carbon flux toward pyruvate (Siddiquee et al., 2004), while the Aicd and AfadR strains

reduce flux toward the TCA cycle enzymes that evolve CO2 and reduce NAD (Kabir and

Shimizu, 2004; Peng and Shimizu, 2006). In the case of Alpd, flux toward pyruvate

increases as a result of effectively knocking out three complexes that reduce NAD+:

pyruvate dehydrogenase, alpha-ketogluterate dehydrogenase, and the glycine cleavage

system (Li et al., 2006).

Another objective of this work was to construct plasmids to complement native genes

and/or heterologously express foreign genes that could potentially lower the

NADH/NAD+ ratio and subsequently reduce respiration. Two constructs expressing the

foreign nox (NADH oxidase) and pyc (pyruvate carboxylase) genes were used to lower

the NADH concentration, affecting respiration by competing with the ETC for NADH or

by restricting the production of reducing equivalents.
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Ifluence of/he genetic background on menbihrane properies

Various properties of E. coli membranes can be modified at the genomic level to

potentially create a membrane environment that enables PR to contribute to cellular

energetics in ways that increase the growth rate or yield. The overexpression of

membrane protein creates a bottleneck at Sec translocons (Wagner et al., 2007), which

may be problematic in expressing the PR transmembrane protein in heterologous hosts

like E. coli. All nascent membrane proteins and their associated ribosomes are directed to

the translocons for insertion into the membrane, where they are forced to compete for

available translocons. Flooding these systems with recombinant protein affects the

insertion of native proteins, and increases the amount of native and recombinant proteins

that become misfolded and subsequently degraded (Wagner et al., 2007).

A major downstream effect of the bottleneck is that respiratory enzymes become diluted

in the membrane causing the respiratory rate of cells to decrease. While this could be

viewed as a positive effect with respect to PR function, decreasing the respiratory rate in

this way results in a more reduced quinone pool that subsequently induces the expression

of arcA. And since ArcA represses the expression of most TCA cycle enzymes, the

ultimate effect of overexpressing recombinant membrane protein such as PR is the shut

down of the TCA cycle and the up-regulation of respirofermentive pathways that

generate ATP by substrate-level phosphorylation and produce acetate (Wagner et al.,

2007). If growth is limited by the highly reductive state of the cell and subsequent TCA

cycle shutdown, PR production will be negatively effected and growth may stop before
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cells become nutrient-limited or reach a growth state that is primed to benefit from light-

driven proton pumping.

Increasing the rate of membrane protein insertion via the Sec translocons would likely

delay the onset of the bottleneck upon induction of the recombinant protein and the

subsequent buildup of reducing equivalents (Wagner et al., 2007; Nannenga and Baneyx,

2011). It has previously been shown that complementing the native yidC gene using a

multicopy plasmid increased the production of recombinant membrane proteins, one of

which being the proton-pumping deltarhodopsin HtdR from the cyanobacterium

Gloeobacter violaceus (Nannenga and Baneyx, 2011). The increased production of HtdR

was accompanied by faster growth to higher yields with VidC complementation than

without it, indicating that YidC improved the insertion rate of HtdR and subsequently

relieved (or delayed the formation of) the bottleneck at the translocons. An additive

beneficial effect on HtdR production was observed when yidC was expressed within Atig

backgrounds, which seemed to delay the degradation rate of nascent HtdRs bound to

ribosomes essentially waiting for an available translocon (Nannenga and Baneyx, 2011).

Increasing the abundance of PR in the membranes should result in increased light-driven

proton pumping when the PMF falls below the inhibiting threshold potential. And since

proton pumping by PR is likely regulated by back pressure from the membrane potential

(Friedrich et al., 2002; Walter et al., 2007), the goal in terms of PR production should be

to maximize it so long as expression levels do not significantly interfere with the

insertion of native proteins.
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Iniutence of he genetic background on acetate production

Acetate production generates ATP by substrate-level phosphorylation and wastes carbon

that could otherwise be channeled into biosynthesis or engineered pathways. The Aicd

and AfadR backgrounds reduce the flux of carbon directed towards respiration by

inducing the expression of the glyoxylate shunt enzymes, which effectively redirect

carbon from the CO2 and NADH producing enzymes of central metabolism. Acetate

production is reportedly reduced in these backgrounds because acetyl-coA is consumed

as substrate in the glyoxylate shunt (Feng et al., 2015). The flux of carbon toward the

glyoxylate shunt can also be modified by creating and aceK mutant allele (aceK*) that

only functions as an isocitrate dehydrogenase kinase, knocking down the activity of

isocitrate dehydrogenases (Ikeda et al., 1992). Expressing the aceK* allele should not

have an effect in Aicd, but could certainly increase flux through the glyoxylate shunt in

the AfadR background.

Acetate production should also be reduced in a Apta background. In the case of Apta, the

ATP yielding step of acetate synthesis is prevented so most of the acetate produced is a

result of PoxB activity, which does not yield ATP but does produce CO 2 (Chang et al.,

1999). Finally, another strategy that has worked successfully in E. coli to prevent acetate

accumulation is the overexpression of acs (Lin et al., 2006; Valgepea et al., 2010). The

acetyl-CoA synthetase encoded by acs consumes ATP and regenerates acetyl-coA from

acetate. Thus, its introduction into backgrounds with an active glyoxylate shunt may

further enhance the flux of carbon toward biosynthesis.
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Methods

Bacterial strains and plasmids

Table I lists the bacterial strains and plasmids that have been acquired or created for this

project. Single gene knockout strains descended from BW25113 were acquired from the

Keio Collection and the Km marker was removed with pCp20 (Baba et al., 2006). The

ZK126 strains were a kind gift from R. Kolter (Zambrano et al., 1993), as was MB44

from K. Hellingwerf (Bekker et al., 2009), and ECOM4 from B. Palsson (Portnoy et al.,

2010).

The pRHA801 Rhamnex vector (provided by DNA 2.0) and pMCL200 cloning vector

(originally received from JGI) are compatible vectors that were used to host the various

constructs created to manipulate the genetic background of BW25113 and related mutant

strains. Table 2 lists the full collection of oligos (Invitrogen) designed for the

construction of plasmids listed in Table 1, and includes notes regarding how each oligo

was used. The synthetic promoter (SPI and 2) was identical to what was used by

Koebmann et al. to induce atpAGD for ATP hydrolysis from a multicopy plasmid

(Koebmann et al., 2002). The synthetic tenninator (STI and 2) B 1002 has been

previously characterized (Huang, 2008).

The Phusion PCR Kit (NEB) was used for all PCR reactions and the In Fusion Cloning

Kit (Clontech) was used for all cloning reactions--except for the insertion of the

constitute promoters to pMCL200, which was done by annealing two complementary
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oligos with overhangs designed for efficient ligation (NEB). All PCR products and

vectors linearized by restriction enzymes were gel-purified prior to cloning (Qiagen).

When a ribosome binding site was required-for ke/FC* in pRHA4 and for all genes

added to pMCL200 except for yidC-the De Novo DNA RBS calculator was used to

design a unique RBS sequence specifically for the downstream gene to maximize

translation initiation; this sequence could then be inserted by integration into the forward

primer upstream of the start codon (Salis et al., 2009; Espah Borujeni et al., 2014).

Every construct was confirmed to be correct at each stage of cloning by restriction

enzyme digests (NEB). with the exception of keIFC* and aceK* which were verified to

be correct by Sanger sequencing (Quintara Biosciences). Plasmid maps and sequences for

all constructs listed in Table 1 can be found in the Supplementary Materials.

Growth experiments

The cells for every growth experiment originated from a colony on a fresh agar plate

containing the appropriate antibiotic(s) and 0.2% glucose. I found that PR expression was

generally more reproducible using freshly transformed cells rather than cells that had

been stored in glycerol and revived from -80'C. Conditions such as media composition

and growth temperature of the starter culture were typically identical to media that would

be used for the subsequent growth experiment. After growth to stationary phase, starter

cultures were be diluted 1:50 into fresh media and grown to mid-exponential phase, at

which time 500 pM Rhamnose was added for induction of PR-containing RHA plasmids.
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Growth was allowed to continue to stationary phase before cells were used for

subsequent growth experiments.

Growth experiments were performed in a light incubator refrigerated shaker (Beckman)

modified to produce about 18 pmol photons/m 2/sec of green light (refer to Supplementary

Material Figure SI). Cultures were maintained in 50 mL long screw top culture tubes

(Pyrex) and were always angled at 450 to the light source. Rhamnose (typically 100-500

pM) was mixed into the fresh media with the antibiotics before 10 mL of media was

transferred into each of the culture tubes. All-trans retinal (5 pm) was always added at

t=0 just before cells from the induced pre-culture were inoculated into the media, and

then again after 24-48 hours of growth to prevent any effects of photodegradation on the

pool of all-trans retinal. An equal volume of ethanol (used to solubilize retinal) was

added to cultures without retinal. Cells from the induced pre-culture were also incubated

45 minutes with or without retinal, and then washed once with cold culture media before

resuspending and allocating equal volumes of each to the culture tubes. The exact culture

conditions for each reported experiment can be found in the figure legends or within the

text of the Results and Discussion section. Typically when 2xYT was used at pH 7.4, the

media was buffered with 50mM MOPS (Sigma) and 50 mM MOBS (Sigma),

supplemented with 100 ng/mL biotin for experiments with pyc (Gokam et al., 2001), and

the pH was adjusted with NaOH. When 2xYT was used at pH 7, 200mM of MOPS was

necessary to restrict the pH of the medium from increasing above the intracellular pH (of

about 7.6).

82



Samples taken during growth were immediately fixed with glutaraldehyde (5 pLL/mL of

25% Grade I; Sigma), and subsequently stored up to one week before analysis at 4'C. To

obtain cell counts, the fixed samples were diluted to a concentration within the range of

accurate detection by the flow cytometer (roughly 5x1 04 to 106 cells/mL) and stained

with Sybr Green (Invitrogen). Counting was performed using a Guava EasyCyte

(Millipore) flow cytometer with the Incyte software package, and the data compared

favorably with cfu counts plated at the time of sampling (see Supplementary Figure 2 and

Figure 3).

Results and Discussion

PR expression in wild-type backgrounds

PR expression from pRHA I and pRHA2 was tested in the Escherichia coli str. K-12

derivatives MG1666, ZK1142 and ZK 1143, and BW25113 (Table 1). For the RHA

vectors, the concentration of inducer (rhamnose) is correlated with the level of expression

at the level of individual cells (Giacalone et al., 2006), enabling strict control over PR

gene expression. Judging by pellet colors, PR expressed well in all wild-type genetic

backgrounds; and for at least BW25113 and ZK 1143, the flow cytometry data compared

as expected to cfu counts (Supplementary Figure S1 and Figure S2). I found that

expression of pRHA I imposed less of a burden on growth relative to RHA2 in ZKI 143

(Supplementary Figure S3), so RHAl was used for all future growth experiments.
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I measured the growth phenotype of BW25113 and ZKI 143 in complex media including

LB (Difco), 2xYT (Teknova), and Azure (Teknova), and minimal medias such as M9

(Sigma) and Medium KA (Ahmed and Booth, 1983a). LB and 2xYT were tested at full

strength and at various dilutions with water, and all medias were tested with a range of

carbon substrates at different concentrations, including various sugars and single amino

acids. I also tested different growth temperatures, pH, shaking speeds, and green light

intensities. Despite my efforts, I could not identify conditions that led to higher growth

rate or yield for cultures that were capable of light-driven proton pumping (Beja et al.,

2000; Martinez et al., 2007).

In case variable culture conditions between replicates were preventing the observation of

a physiological PR effect, I used ZK 1143 and the nearly isogenic strain ZKl 142 to

perform competition assays. The strains only differ by a neutral antibiotic marker

(Zambrano et al., 1993; Finkel and Kolter, 1999), so any difference in growth rate or

yield between the strains in co-culture should be a result of either PR expression or

function. Since PR expression impacts growth, ZK 1143+pRHA Iwith or without retinal

was compared to ZK 1142 carrying empty pRHA. The relative abundance of each strain

in co-culture was measured by cfu counts on LB plates with no antibiotic, with naladixic

acid or with streptomycin. Despite these efforts, I was unable to identify a condition

where PR clearly benefited the fitness of ZK 1143+pRHA I with retinal.

I did, however, identify one condition where the addition of retinal reduced growth rate

compared with cultures that did not contain retinal. Table 3 provides growth rates and
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generation times for BW25113+pRHAl growing in Medium KA at pH 6, with or without

the addition of retinal and lactose under constant illumination by green light. The data

showed that light-driven proton pumping by PR decreased growth rate, but not by as

much as the addition of lactose to cultures containing cells incapable of light-driven

proton pumping. When lactose was added to cells capable of light-driven proton pumping

by PR, its effect further amplified the negative influence that PR had on growth. These

experiments were originally performed to determine if light-driven proton pumping could

counteract the effect of lactose addition, which is known to decrease the rate of

respiration by as much as 64% by diffusing across the membrane and dissociating into

anions and protons in the cytoplasm (Ahmed and Booth, 1983a). Not only did PR fail to

partially counteract the negative effect of lactose, its function seemed to have enhanced it

at pH 6. The effect of light-driven proton pumping by PR on growth rate in KA medium

was not observed at pH 7 (data not shown). These data may indicate for the first time that

inward proton pumping by PR occurs at acidic pH in vivo. To date, inward proton

pumping by PR at acidic pH has only been observed in liposomes reconstituted with PR

(Friedrich et al., 2002; Pfleger et al., 2009).
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Table 1. Bacterial strains and plasmids

Strain or plasmid Genoty pe or description Hosted Genes Reference

Strains
BW25 113 Escherchia co/i str. K- 12 Baba et al.
MG 1655 Escherchia coli str. K- 12 Portnoy et a/.
ZK 1142 K-12 str. ZK

1
26 nalR Zambrano et a/.

ZK 1143 K-12 str. ZK126 strR Zambrano el a/.
i/adR JW 1176 (BW25113 A/adR. Km marker removed) Baba el at.

Aicd JW 1122 (BW25 13 Aicc, Km marker removed) Baba el al.
ApykF J W [666 (BW25 113 Apr/kF, Kin marker removed) Baba el a/.

iO/pd iwo112 (1B W251 13 A/pd, Kn marker removed) Baba et /.

J arcA4 JW4364 (BW25113 A arc I Km marker removed) Baba et at.
Itig JW0426 (13W25 I 13 A/ g, Km marker removed) Baba e at.

ipla J W2294 (B W25 113 Apia, Km marker removed) Baba el al.
JnmoB JeyoB iappB AcydB M B44 (BW25 113 Amnino AcYoB AappB AcYdS, Km marker removed) Bekker et at.

AygiN icvoA BCD Achd4B Acyd 43 ECOM4 (MG 1655 AygiN AcroABCD AchdAB AcydA B) Portnoy et at.

Plasmids
RHA801 Medium copy number Rharmnex vector; KmR Giacalone e a.

RHA I pRHA801+3 L aOS PR (green type) PR This study
RHA2 pRHA 801+19p I9 PR (blue type) This study
RHA3 RHA I -Ae/fC PR, ke/FC This study
RHA4 R H A 1+ke/FC* PR, ke/F('* This study

MCL200 Medium copy number general cloning vector; CmR Nakano et at
MCL I pMCL200+SPl This study

MCL2 pMCL200+yidCorf 17dC This study
MCL3 pMCL200+yidCorf+SPI This study
MCL4 pMCL200+yidCorf+SP2 This study
MCL5 pMCL4+nox This study

MCL6 pMCL5-+ST'2 YidC, nOx This study
MCL7 pMCL4+atpAGD+ST2 YidC, atpATG This study
MCL8 pMCL4+pyc+ST2 Y dC, pye This study
MCL9 pMCL3+acs This study

MCLIO pMCL9+STI YdC, acs This study
MCLII pMCL10+SP2+pt'c+ST2 YidC acs, pVc This study
MCL12 pNCL3+aceK*+STI+SP2+pyc-+S'2 Yid(C, aceK, pyc This study

* denotes allele with functionally significant point mutation

SP denotes synthetic promoter
ST denotes synthetic terminator
Bold type denotes expression plasmids (not cloning intermediates)
Parentheses denote plasm id alias
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Table 2. Oligonucleotides for plasmid engineering
Oligo a Giligo name Sequence (5'-3') Priner (Y/N) Purpose

1 3 aO8PR f TCAGGAGGTGGTCGACATGAAATTATTACTGATATTAGGTAGTGTTATTGCA Y In fusion cloning of green 3 1u08 PR w/ Sall & BamHl linearized pRHA801

2 31 aI8PR r GAGGGCGCGGGGATCCTTAAGCATTAGAAGATTCTTTAACAGCAACATT(CA Y

3 I9pl9PRf TCAGGAGGTGGTCGACATGTCAATAATTAAGTCTTTAAAGTCAGITCGCTAT Y In fision cloning of blue 19p19 PR w/ Salt & BamHI linearized pRHA801

4 l9pl9PR r GAGGGCGCGGGGATCC GCTGAATAAAGCGCAAGCACCCATT Y

5 keFTC_gDNA_f CCCCCTCGAGGTCGACACAAAAGAACACAAAATAGAGGAGGTACCCAATGATTCTTATAATTTATGCGCATC Y In fusion cloning of the BW25113 kefFC genes w/ SalI& HindIII linearized pMCL3

6 keITC eDNA r ATTCGATATCAAGCTTTTAGGATGAGGGTTTCGTTTC Y
7 kefFC imut f TACCGGAAGTTTACTGCTCTCCAG Y Introduce R416S mutation (C->A) at position 1246 of kefC & In fusion clone
8 kefFC mut r AGTAAACTTCCGGTAATCTGCCCAA Y
9 kefFC* nf TAATGCTTAAGGATCCACAAAAGAACACAAAATAGAG3GAGGT Y In fusion cloning of kefFC* w/ BamHl & Ndel linearized pRHA l
10 kefFTC* r ATTTCACACCGCATATGTTAGGATGAGGiGTTTCGTTTC Y
II SPI CCATCGGGTAGTTTATTCTTGACAATTAAGTAGAGCCTGATATAATACTTCAGTACIGTT GGGCC N Ligation of the Synthetic Promoter (SP) at position I w/ KpnI & Apal linearized pMCL200

12 SP Irc CAACAGTACTGAACTATTATATCAGGCTCTACTTAATTGTCAAGAATAAACTACCCGATGGGTAC N
I yidCorf f TATACACTCCGCTAGCGTTCAAGCTACGGAATTGAG Y In fusion cloning of the BW2513 yidC orfw/ NheI& KpnI Einearized pMCL200 & pMCL

14 yidCurf r TCGAGGGGGGGCCCGGTACCTCGCTCATGATGTTCCTGT Y

15 SP2 AGCTTCATCGGGTAGTTTATTCTTGACAATTAAGTAGAGCCTGATATAATAGTTCAG3TACTGTTA N Ligation of the Synthetic Promoter (SP) at position 2 wn HindIlIl & Spel linearized pMCL2

16 SP2re CTAGTAACAGTACTGAACTATTATATCAGGCTCTACTTAATTGTCAAGAATAAACTACCCGATGA N

17 noxsp2_f AGTTCTAGAGCGGCCCTCCACATACGGAGCGGGGTCGAGGA(iiTCAAATATGAGTAAAATCGTTGTAGTCGGT Y In fusion cloning of the S. pnesmoniae nox gene ws NodI & Sacl linearized pMCL4

55 nox sp2 r TATAGGGCGAATTGGAGCTCICCTGCAGG]CTATTTTTCAGCCGTAAGGGCA Y

19 ST2 GGCTGAAAAATAGCCTGCAGGICTTAAGJCCCCGCTTCGGCGGGGTTTTTTGAGCTCCAATTCGCCCTATA N In fusion cloning of the Synthetic Terminator (ST) at position 2 W/ SbfI & Sac

2f ST2rc TATAGGGCGAATTGGAGCTCAAAAAACCCCGCCGAAGCGGGG ICTTAAGICCTGCAGGCTATTTTTCAGCC N
I1 atpAGD_sp2_f AGTTCTAGAGCGGCCGCGGGCCGCGACGACTAAGGAGGTACTAAATGCAACTGAATTCCACCGAAATCAG Y In fusion cloning of the BW25113 atpAGD genes w NotLI & Sbfi linearized pMCL6

22 atpAGD sp2 r AGCGGGGCTTAAGCCTGCAGGTTAAAGTTTTTTGGCTTTTTCCACAGCT Y

23 pyc_sp2_f AGTTCTAGAGCGGCCGCTACAAGCCAATCAAAATCCCCTAAGGAGGTAATACATGAAAATTAAAAAAGTCCTCG Y In fusion cloning of the MED134 pyc gene w/ NotI & SbfI linearized pMCL6

24 pyc sp2_r AGCGGGGCTTAAGCCTGCAGGTTATTCAAGAGTACAACGAGATC Y

25 'cs_spl f TGGGCCCCCCCTCGAGTAATCAACTTCCAAACGTACTTAAGGGGGTACTACATGAGCCAAATTCACAAACACAi Y In fusion cloning of the BW25 113 acs gene w/ Xbtol & Sall linearized pMCL3

2 6 acs spl r TATCGATACCGTCGAC[ATGCATITTACGATGGCATCGCGATA Y
7 STI GTAAATGCATGTCGAC[CTTAAG] CCCCGCTTCGGCGGGGTLTTTTATCGATAAGCTTGATA N In fusion cloning of the Synthetic Terminator (ST) at position I w/ Sall & BspDI linearized pMCL9

28 STirc TATCAAGCTTATCGATAAAAAACCCCGCCGAAGCGGGG[CTTAAG]GTCGACATGCATTTAC N

29 aceBAKPDNA_ CCCCCTCGAGGTCGACAAACGGATAAGACACGAAiATAAGGAGGTACCAATGACTGAACAGGCAACAAC Y Its fuision cloning of the BW25113 aceBAK genes w/ Sall & HIndItI linearized pMCL3

30 aceBAKgDNAi ATTCGATATCAAGCTTTCAAAAAAGCATCTCCCCAT Y

31 aceK iut_f TGATTACAATGAAATTTGCTACATGACG Y Introduce D477N mutation (G->A) at position 1429 of aceK & In fusion clone

32 aceK muttr ATTTCATTGTAATCATAAAAAACCACACGC Y

33 aceK*_spl_f TGGGCCCCCCCTCGAGGATACTCATATCCCTAAATAAGGAGGTTTACATATGCCGCGTGGCCTGGAA Y In fusion cloning of the aceK* allele w/ Xaol & Sall linearized pMCL1l

34 aceK* sp ir GGCTTAAGGTCGACATGCATTCAAAAAAGCATCTCCCCATACCGTACGCTA Y

Bold type denotes regions of homology w/plasmid (not included in Tm)
Underlined type denotes synthetic rbs designed by DeNovo DNA

Brackets denote a novel restriction site added to ste oligo
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Table 3. Growth rates of BW25113+pRHAI in Medium KA at pH 6 exposed to light

Condition Specific Growth Rate Generation Time

-PR -lactose 0.111 6.2
+PR -lactose 0.085 8.2
-PR +lactose 0.062 11.2

+PR +lactose 0.047 14.7

Addition of lactose to cultures reduces the specific growth rate of BW251 13+pRHA I induced with I mM Rhamnose.
Reduction in growth rate by lactose is enhanced when retinal was added exogenously (+PR condition).
The growth rate is reported as hr- and the generation times are in hours.
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PR expression in gene knockout backgriounds

I tested several single gene knockout mutants derived from the Keio collection (Baba et

al., 2006). The mutants I tested are listed in Table 1, and rationale for choosing these

backgrounds has already been described (see Introduction). Unfortunately, I was not able

to identify any single gene knockout mutants that experienced higher growth rate or yield

as a result of PR activity.

I also investigated the effect of two mutant backgrounds with multiple gene deletions.

Rather than conduct anaerobic growth experiments, I acquired two strains-derived from

MG 1665 (ECOM4) or BW251 13 (MB44)-lacking all respiratory cytochromes that

behave like obligate anaerobes (Bekker et al., 2009; Portnoy et al., 2010). These strains

grew slowly, but I was able to transform pRHAI into both and perform growth

experiments with the extransformants. PR expression was not obvious from observing

pellet color suggesting that lacking the capacity for aerobic respiration significantly

reduced PR production. Thus, it was not surprising that I was unable to identify a

condition where PR benefited the growth rate or yield of either of these strains. It is

possible that the buildup of reducing equivalents restricted the growth (and PR

production) of these strains, especially since fumarate or other anaerobic electron

acceptors were not added to the growth media.

The eifects ofyidC, alpA GD, and nox on BW25113 and ApykF strains expressing PR

Since efforts to demonstrate a physiological effect of PR in wild-type and mutant genetic

backgrounds were unsuccessful, I created plasmids designed to modify the background in
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ways that would either reduce the ATP/ADP ratio by uncoupled ATP hydrolysis

(a/pA DG), or reduce the NADH/NAD+ ratio by uncoupled NADH oxidation (nox).

ATP hydrolysis by the membrane-embedded FI F0-ATP synthase typically does not occur

during aerobic respiration under standard conditions in rich media. Under these

conditions the PMF is usually near the maximum (~0.2V) that can be supported by the

membrane (Burstein et al., 1979; Walter et al., 2007). However, ATP hydrolysis can be

engineered to occur under these conditions by complementing and overexpressing

atpAGD-the F1 portion of the ATPase-using a multicopy plasmid (Koebmann et al.,

2002). This scheme results in the production of soluble F, ATPase in the cytoplasm,

which decouples ATP hydrolysis from the generation of PMF.

Overexpression of atpAGD in wild-type E. coli growing on glucose minimal media

increased glycolytic flux by as much as 70%, while reducing the growth rate by 24% and

biomass yield by 55% (Koebmann et al., 2002). Since respiration cannot be increased to

compensate for the reduction of ATP relative to ADP, the observed increase in glycolytic

flux likely occurred to regenerate ATP by substrate-level phosphorylation reactions. And

while the reduction in growth rate confirmed a reduced steady-state ATP/ADP ratio, the

reduction in biornass yield provided the most direct evidence for ATP hydrolysis in vivo

since biomass yield directly correlates to the amount of ATP produced (Russell and

Cook, 1995; Koebmann et al., 2002).
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While the effects of a/pAGD overexpression in rich complex media lacking glucose are

unknown, I reasoned that reducing the ATP/ADP ratio under standard aerobic conditions

might induce the expression or stimulate the activity (turnover) of the native F IF0-ATP

synthase (von Meyenburg et al., 1984; Jensen et al., 1993). In this case, the PMF could be

decreased below the threshold potential necessary to observe light-driven proton pumping

by PR despite respiration operating near full capacity.

Introducing nox from Streptococcus pneumoniae has been previously shown to directly

lower the ratio of NADH to NAD by uncoupled oxidation (Vemuri et al., 2006b). While

it may seem illogical to deplete cellular energy in this way, expression of nox in a AarcA

mutant has actually been shown to increase recombinant protein production by delaying

the ArcA-mediated induction of acetate production (Vernuri et al., 2006a).

Figure 1 shows how addition of these plasmids to the BW25113+pRHAI and

ApykF+pRHAI backgrounds influenced their growth phenotypes in the presence of green

light with or without exogenous retinal addition. The yidC plasmid (MCL2) was included

as a control since yidC is also present on the plasmids carrying nox (MCL6) and atpAGD

(MCL7). While neither the wild-type nor ApykF backgrounds containing pRHA I with

pMCL2, 6 or 7 resulted in significant differences with respect to the presence of retinal,

the data suggested that reducing the flux of carbon from PEP to pyruvate by deletion of

pykF enhanced the effect of the MCL6 plasmid (evidenced by lower growth rates). For

ApykF backgrounds, the enhanced effect of pMCL6 as well as pMCL7 results in larger
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but not statistically significant differences between cultures with and without retinal

relative to the BW25113 background.

Perhaps more surprising was the observation that addition of pMCL6 actually increased

cell yields relative to the control (pMCL2) in both BW25113 and ApykF backgrounds

containing pRHA 1. We did not expect that depleting cellular energy by uncoupled

NADH oxidation would increase cell yields, nor has this been observed in previous

experiments that involved the expression of nox in wild-type or mutant E. coli

backgrounds. In fact, previous reports of heterologous nox expression in Escherichia coli

and Pseudomonasputida have resulted in significantly lower growth rates and cell yields

(Vemuri et al., 2006b; Vemuri et al., 2006a; Ebert et al., 2011). We interpreted this as

evidence that the buildup of NADH upon induction of PR from pRHAI limited growth

yields in both backgrounds. Unfortunately, a constitutive promoter regulated nox

expression in my experiments, so I could not increase its effect experimentally by

increasing the concentration of inducer. I also could not generate extransfornmants of

AarcA or AfadR containing pMCL6, likely due to the immediate effects of nox

expression on colony formation (on selective agar plates). Thus, future growth

experiments that test a modified expression vector containing a tightly regulated

inducible promoter in the place of the constitutive promoter of pMCL6 should enable a

larger host range for the nox gene with the potential to optimize expression to balance the

NADH buildup originating from PR expression.
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Like the AarcA background, the use of nox to reduce the NADl-/NAD' ratio during PR

expression likely only delays the eventual cession of growth. From a biotechnological

perspective, excessive NADH is not a bad problem to have; the energy within NADI] can

be transferred uphill by reverse electron transfer to ferredoxin (Biegel et al., 2011), and

subsequently used by hydrogenases and nitrogenases (Jeong and Jouanneau, 2000), or it

could be directed to biosynthesis pathways by elevating conversion to NADPH via the

addition of genes such as nadK, pncB, gapA and pntAB (Berrios-Rivera et al., 2002; San

et al., 2002; Sauer and Eikmanns, 2005; Heuser et al., 2007; Ebert et al., 2011; Liang et

al., 2013; Wang et al., 2013; Cui et al., 2014).
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Figure 1. The effect of co-expressing pRHA I with NICL2, MCL6, or MCL7 on the
growth of BW2 5113 and ApvkF (JW 1666) with and without retinal

Constitutive expression of the iox gene (pMCL6) with PR (pRHA 1) enhanced growth
yields of BW25 1 13 (a) and ApvkF (b). Constitutive expression of a/pA GD (pMCL7)
reduced growth yields as expected during late exponential and early stationary phase.
Growth was conducted in 2xYT media, pH 7.4, at 23C. Error bars denote the standard
deviation between duplicate cultures grown with or without retinal.
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T he e//cts ofyvidC, pyc, and kefF2C * on AfadR s/rains expressing PR

The AfadR genetic background has modified TCA cycle activity due to the induction of

the glyoxylate shunt, as well as changes to fatty acid metabolism and ultimately the fatty

acid profile of the cytoplasmic membrane (Maloy et al., 1980; Campbell and Cronan,

2001; Peng and Shimizu, 2006; Chu et al., 2015).

Introducing a pyrUvate carboxylase gene to the AfrdR background should increase the

flux of carbon to oxaloacetate and further reduce ATP/ADP and NADH/NAD+ ratios.

The pyruvate carboxylase will compete with the pyruvate dehydrogenase for pyrUvate,

effectively redirecting carbon destined to become acetate-while producing NADH and

ATP-to oxaloacetate instead (Gokarn et al., 2000; Gokarn et al., 200 1). Modifying

carbon flux with the pyruvate carboxylase should increase other anabolic reactions that

support biosynthesis reactions as well (Sauer and Eikmanns, 2005). For example,

expressing pyc in a AfadR background could result in even more carbon directed to

malate and oxaloacetate for biosynthesis with a commensurate reduction in acetate (and

ATP) production, similar to the introduction ofppc on a multicopy plasmid (Farmer and

Liao, 1997). Since Dokdonia donghaensis strain MED134 was on-hand, its pyc gene was

used for heterologous expression experiments in . coli.

Figure 2 shows the results from introducingpyc (pMCL8) and PR (pRHA1) to AfrdR

strains and measuring growth with and without retinal. Although the average cell yields

of stationary phase cultures containing retinal were higher than without retinal, the



differences were not highly significant; but samples taken after 16-hours of growth in the

light exhibited student's t-test p-values < 0.15.

The yidC and pyc-modified AfadR genetic background was modified again by

introducing kefFC* to the pRHA I plasmid, subsequently creating pRHA4. With the

ultimate objective of reducing the back pressure from respiration in mind, the most

obvious approach was to use an antiporter to spill energy stored within a dominant ion

gradient. The native KefC K+/H+ antiporter is an attractive choice in this regard since its

function simultaneously reduces the gradients of protons and potassium, but its natural

gating prevents it from functioning under standard growth conditions (Ferguson et al.,

1995; Ferguson and Booth, 1998). To abolish gating and constitutively activate KefC, a

mutant allele (keJFC*) was introduced to the pRHAI vector (Miller et al., 1997). If

kefFC* expression ultimately results in a reduction in PMF by depleting the proton

gradient, co-expression of PR should be able to partially compensate for this negative

effect of kefFC* by light-driven proton extrusion.

In addition to its affect on energy stored in the ion gradients, the expression of keJFC*

likely impacts turgor pressure and osmoregulation in general (Epstein, 1986; Epstein,

2003). If turgor is reduced by KefC* activity, E. coli could stimulate activity of inwardly

directed K+ pumps, such as the Kdp ATPase, which would essentially introduce a futile

cycle of potassium ions when their concentration in the external media is low enough

(Malli and Epstein, 1998; Roe et al., 2000). And due to the similarity between the
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charges, sizes and behavior of K' and NH4, a futile cycle of ammonium ions can also be

induced by supplementation with 100mM NH4Cl (Buurman et al., 1991).

I also anticipated that spilling energy stored in the potassium gradient by way of KefC

would be more straightforward to interpret compared to the use of decoupling chemicals

that require pretreatment of cells or potentially have off target effects (Ahmed and Booth,

1983b).
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Figu re 2. The effect of co-expressing- pRH A I and pMCL8 on the growth of Afad(R
(J W 1 176) with and withou~t retinal

ConstitUtive expression ofpy~c (pMCL8) with PR (pRH A I ) increased cell yields on
average in the presence of retinal; but the d ifference was not h igh ly, sig-n ificant (p < 0. 15
after 16 hours of growth). Growth was condUcted in 2xYT media, PH 7.4, at 33'C. Error
bars denote the standard deviation between triplicate cultures grown with or withou~t
retinal.
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To confirm that KefC* was acting constitutively as a KefC K*/H antiporter, I tested

growth over a range of KCI additions to the 2xYT media. Figure 3 shows that without

supplementation of 2xYT with KCI, the AfadR genetic background with pRHA4 and

pMCL8 behaved similar as when pRHA l was used (Figure 2), except that the difference

between growth with and without retinal was determined to be significant for one sample

(that at peak growth around 10 hours had a p-value of 0.085). However, when the 2xYT

media was supplemented with 2 mM KCI, the cultures without retinal exhibited

significantly higher yields (p < 0.1) throughout stationary phase relative to cultures with

retinal. The same was true for cultures that were supplemented with 20 mM KCl (data not

shown).

Figure 3 also shows that addition of 2 mM KCI marginally increased the yields of

Cultures that did not contain retinal, while the growth rates and cell yields of cultures

containing retinal were inhibited (compare Figure 3a to 3b). Both this observation and the

observation of increased cell yield on average for cultures with retinal (relative to without

retinal) in the absence of KCI supplementation together suggested that KefC* constitutive

activity was impacting the growth phenotype in a manner that was dependent on the

presence of functional PR.
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Figure 3. Effect of the media KCI concentration on growth of a ke/TC* expressing strain
in the presence or absence of retinal with constant illumination

BW25 I 3+pRl-1A4+MCL8 strain grown (a) without addition of KCI or (b) with addition
of 2mM KCI. Growth was conducted in 2xYT media, p-1 7.4, at 330 C. Error bars denote
the standard deviation between duplicate cLiltUres grown with or without retinal.
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In line with my expectations. raising the extracellular potassium concentration likely

resulted in less traffic through KefC* and thus a reduction in its effect on growth.

Cytoplasmic acidification by KefC* may have reduced the contribution of the proton

gradient to the PMF, lowering it, and activating light-driven proton pumping by PR.

Alternatively, it is possible that KefC* reduced the concentration of intracellular

potassium-a major intracellular osmolyte (Epstein, 1986)-enough to alter the

properties of the cytoplasm and periplasm in a way that ultimately enhanced light-driven

proton pumping by PR (Stock et al., 1977; Cayley et al., 2000; Akopyan and Trchounian,

2006).

Future experiments designed to assess in vivo activity of KefC* are required to prove its

effect at different external KCI concentrations, optimally by incorporating a fluorescent

sensor such as pHluorin or modified TorA to measure cytoplasmic pH, as well as

measurements of cytoplasmic volumes (Cayley et al., 1991; Cayley et al., 2000; Wilks

and Slonczewski, 2007; Kralj et al., 2011). Future experiments could also be designed to

determine if common osmoprotectants such as glycine betaine and proline influence the

growth phenotype of strains carrying pRHA4 over the same range of KCl concentrations

(Record et al., 1998).
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Figure 4. The effect of co-expressing pRlHA4 and pMCL8 on the growth of AfAdR
(JWJ 176) with and without retinal in the presence of exogenous ammoniun

The addition of 100 mM N1 4 C to the growth media resulted in significant differences
between the stationary phase cell yields (p<O.l for samples after 34 hours) of
BW25l 13+pRI-1A4+pMCL8 cultures grown with and without retinal. Growth was
conducted in 2xYT media, pH 7.0, at 280 C. Error bars denote the standard deviation
between triplicate cultures grown with or without retinal.
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Figure 4 shows that moderately significant differences (p < 0.1) were observed between

the stationary phase cell yields ofBW25l 13+pR HA4+pMCL8 cultures grown with and

without retinal when 100 mM of ammonium chloride was added to the 2xTY media.

Compared to the experiment that generated the results shown in Figure 3, the pH of the

growth media used for this experiment was reduced from 7.4 to 7, and the growth

temperature was reduced from 33'C to 28'C (in addition to the exogenous NH 4Cl). The

excess of NH 4Cl was expected to introduce a futile cycle to reduce the PMF by the active

inward pumping of ammonium (via Kdp) and subsequent dissociation in the cytoplasm to

freely diffusible ammonia and protons (Buurman et al., 1991). Published data indicates

the influx of ammonium could take place under the growth conditions I used to serve as

an osmoprotectant (Buunnan et al., 1989).

Although introduction of kefFC* to the genetic background together with the ammonium

addition resulted in lower specific growth rates, as expected, these modifications actually

improved cell yields (compare Figure 4 to Figure 2). Furthermore, the cell yields in the

presence of ammonium were higher than without ammonium exclusively for cultures that

contained retinal. Similar to the results shown for nox in Figure 1, the results shown for

kefFC* with ammonium in Figure 4 suggest that decreasing the energy level of the cells

exposed the influence of light-driven proton pumping on growth physiology. However,

since retinal was not shown to be an adequate control under these growth conditions, the

experiment was repeated with the inclusion of cultures maintained in the dark.
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Figure 5 shows that final cell yields were slightly higher on average for cultures with

retinal than without retinal or that were maintained in the dark. Despite growing faster,

the cultures maintained in the dark exhibited significantly lower cell yields than those

maintained in the light (both containing retinal) with t-test p-values < 0.1 for the final two

stationary phase samples. The difference between cell yields of stationary phase cultures

grown in the light with and without retinal was less significant in this experiment (p<0.2)

compared with the results presented in Figure 4 (p<0.1). The less significant difference

between cultures grown with and without retinal in the light may have been a result of

lowering the pH of the media in this experiment from 7 to 6.8 since this was the only

difference between the growth conditions that produced the results for Figure 4.

In standard LB media the wild-type cultures expressing PR maintained in the dark had

lower growth rates and yields than light-exposed cultures growing at 37'C (see

Supplementary Figure 1 and Figure 2). But with the strain and growth conditions used to

produce the results presented in Figure 5, the specific growth rates of cultures maintained

in the dark were higher than those in the light. Published data suggests that the high

concentration of MOPS buffer used in this experiment could have resulted in the

production of enough hydrogen peroxide upon exposure to light to cause the observed

inhibition of growth among the light-exposed cultures (Morris and Zinser, 2013). Since

the light exposed cultures without retinal exhibited the same yields as the dark

maintained cultures with retinal, the influence of MOPS in the light condition did not

ultimately affect final yields, or by relation, the ratio of ATP/ADP of cells exposed to

light.
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Figure 5. The effect of co-expressing pRHA4 and pMCL8 on the growth of A/2idR
(JW I 176) in the presence of excess ammonium with and without retinal or light

Constitutive expression ofpy'c (pMCL8) with PR+ketFC* (pRlHA4) increased growth

yields of AJfdR in 2xYT in the presence of 100mM ammonium chloride with retinal

relative to without retinal or without green light. Faster growth rates of the dark

maintained cultures are likely the result of MOPS photoinhibition among the illuminated

cultures. Growth was conducted in 2xYT media, pH 6.8, at 280 C. Error bars denote the

standard deviation between triplicate cultures.
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Conclusion

Light-driven proton pumping contributes to cell energetics during aerobic growth in rich

complex media if the genetic background is modified to restrict NADH production.

Increased growth yield indicated that light-driven proton pumping elevated the ATP/ADP

ratio in the modified strain (Russell and Cook, 1995; Koebmann et al., 2002), and data

from nox gene expression in another modified strain suggested that cell yields (and thus

ATP production) can be increased by the uncoupled oxidation of NADH as well. Based

on this evidence, bioengineering applications-such as the introduction of hydrogenases

and nitrogenases that burden cells by drawing PMF and reducing equivalents-may

actually be required to reveal the frill potential contribution of PR to cellular energetics.

Unfortunately, the collection of plasmids I built to manipulate the genetic background

(MCL series) use constitutive promoters, with the exception of the native promoter used

for vidC. And furthermore, keJFC* cannot be induced separately from the PR because

they share the same rhamnose inducible promoter. A slightly different configuration of

these genetic elements is required to fully diagnose and improve upon the documented

influence of PR in the genetic background of the fadR+pRHA4+pMCL8 strain. Ideally,

PR would be moved to the chromosome by an established allele replacement method

(Metcalf et al., 1996), and two expression vectors with different origins of replication and

inducing agents would be used for kefFC* and pyc, with the yidC native sequence

following downstream of either gene. A light inducible promoter would be an intriguing

choice for keJFC* expression since its effects are only desired in the presence of light-
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driven proton pumping, although this would prevent use of dark maintained control

cultures (leaving only the without retinal control for relative functional comparisons).

Further consideration for engineering nwx into the genetic background with kefFC*

should also be considered.

Fuuire optimjzation experiments

Various properties of E. coli membranes can be modified at the genomic level to

potentially create a membrane environment that enables PR to contribute to cellular

energetics in ways that increase the growth rate or yield. While my focus for optimization

in this work was on the YidC chaperone protein, several other ways to modify the

membrane properties should be explored to investigate their effects on PR functionality

with the goal of optimizing the impact of PR on growth grates and yields.

Indole is a protonophore that directly reduces the resistance of the membrane to protons

(Chimerel et al., 2012; Chimerel et al., 2013) effectively short circuiting the

transmembrane proton gradient created by proton pumps like cytochromes and

rhodopsins. The production of indole occurs naturally in E. coli during batch cultures,

and its involved in the transition from exponential to stationary phase (Lelong et al.,

2007). Indole synthesis can also be naturally induced by plasmid dimers through a

regulatory RNA that upregulates tryptophanase activity, and in this case indole is

produced to high enough levels to halt cell division (Chant and Summers, 2007). Thus

complementing red, the regulatory RNA, on a multicopy plasmid offers a way to control

indole synthesis. Alternatively, the addition of exogenous indole to a final concentration
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of 3-5 mM can restrict cell division (Chimerel et al., 2012). In the case of hns mutants, 3-

5 mM of exogenous indole can render cells into a quiescent but metabolically active "Q-

Cell" state that is reportedly favorable for recombinant protein production and subsequent

chemical synthesis because resources are not channeled into unwanted biomass (Chen et

al., 2015).

The specific composition of fatty acids that forn the cytoplasmic membrane can also be

optimized for PR functionality. Membrane fatty acids directly impact PR assembly within

the membrane and its subsequent function (Hussain et al., 2015; Lindholm et al., 2015).

Although the membrane of E. coli is generally regarded as a favorable environment for

PR, it seems that reducing lipid chain lengths and increasing the degree of saturation may

improve membrane conditions for hosting PR (Lindholm et al., 2015). In addition to

affecting carbon flux through the TCA cycle (Maloy et al., 1980; Peng and Shimizu,

2006), the AfadR mutant also increases the degree of saturation of its membrane fatty

acids by inhibiting the expression offabB (Campbell and Cronan, 2001; Chu et al., 2015)

A significant finding by Linholm and colleagues was that the charge of lipid head groups

seems to be important for PR organization in the membrane (Lindholm et al., 2015).

Additionally, the amount and types of anions bound to the cytoplasmic membrane,

especially in the periplasmic space, have a significant role in creating the Donnan

potential (negative inside) that impacts osmoregulation and the association of free

monovalent and divalent cations with the membrane (Stock et al., 1977), which may

affect the function of PR (Hussain et al., 2015; Lindholm et al., 2015). While efforts were
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not focused particularly on modifying lipid charges or fixed periplasmic anions in this

project, these could be targets for further enhancement of any observed physiological

effects of PR in E. coli.

Introducing novel active transport systems or increasing the expression of native systems

by complementation on a multicopy plasmid could reduce cellular PMF or the ATP/ADP

ratio, creating an opportunity for light-driven proton pumping to influence cell growth

rates and yields. The active transport of sodium, alanine, and vitamins, among other

chemicals, seem to be involved in the natural growth response of Flavobacteria to light

(Kimura et al., 2011; G6mez-Consarnau et al., 2016), suggesting that light-driven proton

pumping can be leveraged to compensate for elevated transport functions.

The activation of passive channel proteins, mechanosensitive proteins, or voltage-gated

channels that enable protons and other ions to flow down their concentration gradients in

uncoupled fashion also represent potential strategies for depleting the membrane potential

and relieving the back pressure associated with it (DeCoursey and Hosler, 2014), but the

utility of these transporters was not explored as a part of this project.

In addition to optimizing membrane properties, future experiments that make use of a

small RNA knockdown library of metabolic enzymes could speed efforts to find

additional combinations of gene knockdowns that enhance the effect of light-driven

proton pumping on the growth phenotype of.E. coli (Nakashima et al., 2014).
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Future applications of PR and other ion pumping rhodopsin photosystems

Bioenergy-renewable energy produced by organisms-is an insignificant piece of the

industrial energy landscape in today's world (EIA, 2016). But the future potential of

technologies capable of leveraging bioenergy to produce chemical fuels and electricity is

extremely bright. A primary goal of current research efforts is to transition away from

technologies that harvest bioenergy by brute force methods, such as burning, to processes

that utilize design principles from biological systems to more efficiently extract

bioenergy from biomass sources (Stephanopoulos, 2007; Mawhood and Gazis, 2016).

While some sources of biomass come from waste products like wood chips and used

cooking oils, large-scale biomass production from crops like switchgrass is typically

required to obtain high yields of ethanol or other useful chemicals. In either case,

collecting the biomass and transporting it to production facilities increases per unit costs

and decreases economic feasibility relative to other energy sources.

Engineering organisms to directly produce renewable fuels and electricity from less

starting materials would avoid some problems associated with traditional biomass sources

(Lovley, 2006; Keasling, 2008; Mukhopadhyay et al., 2008; Carothers et al., 2009;

Lovley, 2012). Naturally., algae and photosynthetic bacteria are a good starting point

because they do not require expensive reduced carbon sources to grow (Ghirardi et al.,

2005; Hannon et al., 2010; Rosenbaum et al., 2010; Paul Abishek et al., 2014). However,

using algae and photosynthetic bacteria in engineered systems does limit the range of

chemicals that can be sustainably produced.
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The ability to convert heterotrophic bacteria to photoheterotrophs by the addition of PR

or other light-driven ion pumps would enable synthetic biologists to leverage the

extensive metabolic versatility of heterotrophic bacteria for the renewable production of

reduced chemicals and electricity (Johnson and Schmidt-Dannert, 2008; Johnson et al.,

2010; Kim et al., 2012). For example, oxygen-sensitive enzymes like [FeFe]-

hydrogenases and nitrogenases could be more easily incorporated into production

schemes since heterotrophs do not evolve oxygen and most are capable of growing

anaerobically or microaerobically. Ultimately, the utility of light-driven ion pumps will

depend on a better understanding of the conditions under which they are functional and

significantly contribute to cell energetics.
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IV. Conclusions and Future Directions for Research

The main findings of this thesis are

1) Confirmation that proteorhodopsin (PR) was induced by light in the PR-containing

marine isolate Dokdonia donghaensis strain MED134.

2) Induction of PR by light in MED134 occurred to a similar extent in complex media

supplemented with low and high amounts of dissolved organic carbon (DOC).

3) Most of the other genes induced by light in low DOC media were induced in high

DOC media as well, indicating that the genetic response of MED 134 to light is

largely independent of DOC concentration of its environment.

4) Most of the other genes involved in the MED 134 light response translate into

products with unconfirmed or unknown functions that might contribute to the

physiological influence of PR in the marine environment.

5) Heterologous expression of PR in Escherichia coli wild-type strains did not

measurably improve growth rates or yields of aerobically grown cells cultured under

my experimental conditions in minimal or complex medias with low or high amounts

of carbon and nutrients.

6) Heterologous PR expression caused reducing equivalents to accumulate to an extent

that ultimately limited cell yields in batch culture.

7) A modified genetic background of . coli exhibited slightly higher cell yields

presumably as a result of light-driven proton pumping by PR.
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Light enhanced growth in natural PR-containing bacteria

As a product of this thesis project, the effect of light on growth rates and yields of the

PR-containing flavobacterium MED 134 was confirmed in low and high DOC media. The

presence of light increased growth rates and yields in the low DOC media, but reduced

rates and yields in the high DOC media. I confirmed that expression of PR was induced

by light in low DOC media, and reported for the first time that it is also induced to a

similar extent in high DOC media. Along with the PR gene, light significantly induced

the expression of 10 other genes in low and high DOC media. These findings indicated

that the response of MED134 to light is independent of the DOC concentration (and

osmolarity) of the growth media.

Given that the response to light on the level of gene expression was the same in low and

high DOC media, it is interesting that growth was enhanced in the low DOC media but

inhibited in the high DOC media in the presence of light. Clearly, the induction of these

genes by light had different effects on the physiology of MED134 depending on the level

of DOC in the culture media. New experiments are required to determine the ftnction of

most of these genes, and subsequently how each may impact the growth phenotype in a

DOC-dependent fashion.

Some other genes were found to be differentially expressed either before or after the suite

of light-induced genes were discovered. At an earlier time point in low DOC media none

of the light-induced genes were differentially expressed; instead the light-exposed

cultures up regulated iron acquisition genes whose products depend on TonB transport.
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This finding expands the range of TonB-dependent transport processes that have been

implicated in the MEDI34 light response (G6mez-Consarnau et al., 2016). After the

observation of the light-induced genes in high DOC media, differential expression

analysis of light and dark cultures at a later time in stationary phase showed that cultures

maintained in the dark up regulated beta-oxidation and heat shock related genes, as

opposed to light-exposed cultures which up regulated only PR and the purine nucleoside

phosphorylase genes. While it is clear that light and dark cultures relied upon different

metabolic strategies to persist in stationary phase, exactly how the MEDI134 light

response resulted in the observation of divergent metabolic activities is unknown.

Repeating the RNA-seq experiment with MEDI34 in high DOC media with more

samples for RNA-seq analysis between TI and T2 might reveal the progression of

changes in gene expression that led to the differences I observed at T2. However, slower

growth rates and lower growth yields among light-exposed cultures in high DOC media

were observed even before the TI sample was taken Chapter II, Figure 1), so its likely

that the behavior of these cultures in stationary phase is simply a result of metabolic

differences between light and dark cultures that culminated within the first 24 hours of

growth.

It is also important to mention that the pre-culture for the RNA-seq experiment was

maintained in the dark, and that cells used in this experiment grew together for two days

(also in the dark) before being split into the light and dark treatments. Thus, it is possible

that growth inhibition by light in high DOC was simply the result of strong induction of

the light-indUced genes; and it just so happens that many of these genes contain domains

116



that are contained within known membrane-embedded or secreted proteins that require

translocons (similar to the observed effect on growth of PR overexpression E. coli; see

Chapter III). Perhaps exposing the pre-cultures to light would equalize the burden of

expression associated with the light-induced genes and result in less inhibition of growth

between the light and dark treatments in high DOC media.

If strong induction of the light-induced genes influenced the growth phenotype negatively

in high DOC, then in low DOC media the observed growth phenotype implies that any

burden associated with the expression of the light-induced genes was compensated for by

the effects deriving from those gene products, including the enhancement of light-driven

proton pumping by PR. But the energy state of the cell growing in low DOC media is

presumably less reduced than in the high DOC media, so the burden associated with the

expression of the light-induced genes in low DOC media may simply be lessened

(because reduced quinone and NADH never reach high enough concentrations to

stimulate arcA and reduce carbon flux through the TCA cycle). If MED134 were

genetically tractable, gene deletions or additions that reduce NADH production or

increase its oxidation could be tested to determine if a smaller NADH pool subsequently

lessened the effect of light (i.e. gene induction) on the growth phenotype in high DOC.

Along the same lines of reasoning, the importance of a cold incubation before starting a

growth experiment with MED 134-or other Flavobacteria (Kim, 2013) known to exhibit

light-enhanced growth in low DOC media-cannot be overstated. If cells are transferred

directly from the pre-culture in stationary phase to the experimental cultures (with or
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without washing) the light-enhanced effect on growth may not be observed. In fact, I

cultured several of the Flavobacteria from Yoshizawa el al. (2012) following the

established protocols (Gomez-Consarnau et al., 2007; Kimura et al., 2011; Kim, 2013)

and did not observe light-enhanced growth in low DOC media after a three-day cold

incubation between harvesting the cells from the pre-culture and subsequently using the

cells to begin a growth experiment. The growth curves obtained from these experiments

(not reported in this thesis) looked different relative to published experiments; a long lag

phase of at least 24 hours and subsequently slow growth was replaced by nearly

instantaneous exponential growth to peak yields (which were similar to those published

for a given carbon level) within the same 24 hour period.

The requirement for incubating the cells at 4'C in order to observe light-enhanced growth

may be related to potential depletion of endogenous stores of carbon and energy

stockpiled by cells during growth in the pre-culture. The influence of endogenous carbon

stores may even explain the observation that MED 134 and other flavobacteria grow in

ASW without carbon supplementation (Gomez-Consarnau et al., 2007; Kim, 2013). If the

depletion of endogenous carbon and energy is the underlying reason that a cold

incubation is required to observe light-enhanced growth in low DOC media, then future

experiments should consider replacing the cold incubation with several daily serial

transfers at the standard growth temperature (where cells are transferred into fresh ASW

supplemented with non-carbon nutrients at 24 hour increments) until the cells no longer

grow without exogenous carbon supplementation. Treating the cells in this way prior to
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their use in growth experiments could increase the consumption of endogenous energy

stores and dilute unconsUmed energy stores by cell division.

Engineering E. coli for light-enhanced growth with PR

Light-driven proton pumping only enhances growth of MED 134 in low DOC media; and

without genetic tools, it's difficult to determine how PR enhances growth and why it only

enhances growth in low DOC media. Switching from the natural system to heterologous

expression of PR in E. coli presents a unique opportunity to study PR in the context of a

genetic background that is easily manipulated. Of all possible heterologous hosts, E. coli

was the best choice since large amounts of functional PR can be produced, its metabolism

has been well characterized, and the physiological effects of thousands of physical and

genetic perturbations have been reported (see Chapter I).

From a reverse engineering perspective, E. coli offers a novice genetic background with

respect to the PR gene-and by this I mean evolution hasn't acted to regulate PR

expression or the membrane environment that its plugged into. Since PR is functional

when expressed (Martinez et al., 2007), engineering the membrane should be reserved for

optimizing a desired phenotype (once it's discovered). Focusing on PR expression led to

the realization that overexpression of PR (on its own, not considering any physiological

effects of the membrane-embedded protein) affects metabolism and can ultimately limit

cell growth through the activation of arcA (Wagner et al., 2007). Several single-gene
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knockout mutants were tested as genetic backgrounds for PR expression but many of

these seemed to only delay the eventual cession of growth caused by the induction of PR.

Obviously lower inducer concentrations were tested but since the effect of PR on growth

presumably depends on its abundance in the membrane, a middle ground had to be

discovered.

One of the most efficient approaches to reduce the apparent effect of PR overexpression

was to introduce the nox gene from Streptococcus pneumoniae on a multicopy plasmid

downstream of a constitutive promoter (pMCL6; see Chapter 3). This construct reduced

the specific growth rate of wild-type E. coli and the mutants I tested it within (Chapter 3,

Figure 1), but the yields of strains expressing PR with pMCL6 were significantly higher

than those without it. Since introducing the nox gene decouples NADH oxidation from

the ETC and reduces the NADH/NAD+ ratio, it has only been reported to significantly

reduce cell yields in E. coli (Vemuri et al., 2006b). Exactly how nox increases cell yield

when co-expressed with PR is unknown, but this finding supports the notion of growth

inhibition by acrA (Wagner et al., 2007).

While useful for modulating cellular levels of NADH, nox isn't likely to be useful in

engineered applications with PR because its product, NADH oxidase, essentially wastes

useful energy. On the other hand, if a strain was engineered to depend on PR and nox to

grow in a particular environment, nox could conceivably then be swapped out of the

background for another more useful NADH consuming enzyme. The RNF complex

(Biegel et al., 2011) uses the PMF to convert NADH to the more reduced electron carrier
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ferredoxin, which can serve as a source of electrons for a hydrogenase or nitrogenase

(Jeong and JoUanneau, 2000). Since PR has already been shown to enhance hydrogenase

activity in E. coli (Kim et al., 2012; Kuniyoshi et al., 2015), rnfcould be added to a

similar background and efficacy of the novel system could be easily detennined by

comparing hydrogenase activity in the presence and absence of green light and with or

without functional RNF.

Another strategy worth investigating is to introduce nox and PR to an NADH

dehydrogenase (NDH-l; nuo) mutant background. This approach could reduce proton

translocation by respiratory complexes without significantly affecting the NADH/NAD+

ratio. If PR influenced growth in this background, deleting one or two of the respiratory

cytochromes might further reduce coupled oxidation of NADH, so long as this

modification doesn't lead to arcA activation by the reduced quinone pool. Some or all of

these modifications could reduce the PMF enough to create a genetic background that

becomes dependent on light-driven proton pumping to maintain flux through the TCA

cycle; because without active PR, cells would be restricted to generating most of their

PMF from ATP produced (less efficiently) by substrate-level phosphorylation.

If the goal is to increase biomass yield with PR, other ways to modify the genome in

order to manipulate NADH levels should also be explored. As mentioned in Chapter Ill,

converting the NADH to NADPH could increase carbon flux to biosynthesis pathways

relative to catabolism. The aceK* allele could also be useful in this regard by redirecting

carbon from isocitrate directly toward malate and oxaloacetate if the glyoxylate shunt
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enzymes are also expressed. My attempts to test aceK* seemed to increase the biomass

content of AfadR cells (based on forward scatter measurements of single cells, data not

reported in this thesis) but did not result in differences in cell yields between cultures

with and without retinal. The same result was also found when alcs was overexpressed in

the AfadR background. However, co-expression ofpyc (from MEDI 34) and PR in AfadR

very slightly increased cell yields of cultures containing retinal relative to those without

retinal (Figure 2, Chapter III). Presumably the slight enhancement of cell yield by light-

driven proton pumping under these conditions was a result of lowering NADH

production by the pyruvate dehydrogenase by redirection of some portion of the pyruvate

to oxaloacetate via Pyc. In addition to reducing NADH production and enhancing carbon

flux to oxaloacetate, Pyc prevents subsequent substrate-level phosphorylation of acetyl-

coA from the Ack-Pta pathway and increases ATP consumption (since ATP is a substrate

for Pyc).

The addition of kefFC* to the genetic background enabled control over the potassium

content of cells, which showed that higher levels of intracellular potassium negatively

influenced cell yields with retinal relative to without it (when the potassium gradient was

abolished by kefFC*; Figure 3, Chapter III). The reason(s) that retinal (i.e. light-driven

proton pumping) increased cell yield relative to cultures without retinal when no

potassium was added to 2xYT, but the opposite was observed with 2mM or 20mM KCl

addition remains unclear. The result could be explained by the level of KefC* activity,

which is assumed to be highest at the lowest extracellular potassium concentration; since

K+ is concentrated in cells and KefC* enables it to flow down the concentration gradient,
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the flow will stop when the extracellular concentration of potassium is equal to the

intracellular. And since the flow of potassium out is opposed electronically by the inward

flow of protons, spilling energy concentrated in the potassium gradient with KefC* also

spills energy from the proton gradient. If the intracellular potassium concentration drops

low enough that the cells experience a reduction in turgor or general osmotic stress, a

futile cycle with potassium ions could be established by the activation of the potassium

ATPase (Kdp), which is inhibited by high -lmM extracellular KCI (Malli and Epstein,

1998; Roe et al., 2000); the futile cycle would consume ATP to actively transport

potassium inward just to have it subsequently flow out with inward proton pumping via

KefC*. The potassium content of the 2xYT media was not determined, but if the media

could be formulated with lower amounts of potassium (or free potassium can be bound by

a media additive) than the data suggests that the effect of KefC* on the growth phenotype

may be further enhanced. While I have not mentioned the role of PR in the system with

KefC*, it should be clear that its activity could reduce the acidification of the cytoplasm

and contribute to the membrane potential and proton gradient (i.e. PMF) by electrogenic

H+ transport across the membrane. Since respiration is likely operating at max capacity in

aerobic E. coli (Burstein et al., 1979; Walter et al., 2007)-and thus unable to be

increased in the absence of functional PR-the most likely way that cultures without

retinal compensate for KefC* activity is by coupling hydrolysis of ATP to proton

pumping.

Finally, the icing on the cake-so to speak--was the addition of ammonium chloride to

the culture media, which was expected to introduce another futile cycle. The basic
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concept is that NH 4 + is imported in response to osmotic stress (through dedicated

importers and Kdp) and subsequently dissociates to NH 3 and H+ in the more basic

cytoplasm followed by diffusion of the NH-3 out of the cell (Buunnan et al., 1991).

Together the additions of kefFC* to the genetic background and 100 mM NH4 CI to the

culture media resulted in moderately significant differences between cultures maintained

in the light with retinal compared to cultures maintained in the light without retinal and

maintained in the dark with retinal (Chapter III, Figure 4 and Figure 5). Ultimately, the

results presented in Chapter Ill and summarized within the above section indicate that PR

can positively affect growth yield in a strain that is depleted with respect to the pools of

ATP, NADH, and some TCA cycle intermediates.

Applying results from MED134 to engineer E. coli

MEDI 34 exhibited higher growth yields as a result of light-driven proton pumping but

only when the availability of carbon and energy was restricted. This discovery led to the

common hypothesis that light-driven proton pumping can only affect physiology when

the cell is energy-depleted (Fuhrman et al., 2008; Gomez-Consarnau et al., 2010; G6mez-

Consarnau et al., 2016). Sure enough, growing MED134 in high DOC media abolishes

any positive effect of proton pumping and even results in a negative affect on growth

(Kim, 2013).

While attempts to demonstrate light-enhanced growth as a result of light-driven proton

pumping by PR in E. coli failed in low DOC experiments, the results did not discourage
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me from pushing forward with engineering E. coli to heterologously express PR and

grow in rich media. My rationale for proceeding to use 2xYT media was simply that the

genetic background could be modified to produce cells in a variety of different energetic

states regardless of the carbon concentration of the media. This hypothesis led to the

creation of a genetic background that presumably influenced the pools of ATP, NADH,

and some TCA cycle intermediates enough (during cell growth or stationary phase

survival) to create an environment that enabled light-driven proton pumping to

energetically contribute to physiology, analogous to MED 134 in low DOC with respect

to these common metabolite pools.

But the goal of engineering . coli to a reduced energy state was not the only applied

lesson from work with MED 134. Introduction ofpyc to . coli was also inspired by

earlier reports about its potential utility in MEDI34 (Gonzilez et al., 2011) and MEDI52

(Gonzalez et al., 2008) flavobacteria. In addition, when DL-alanine was used as the sole

carbon substrate in place of DOC, pyc was induced by light (Palovaara et al., 2014). Of

course, previous experiments with pyc and other anabolic genes such as ppc also

established the functionality and utility of heterologous pyc expression in E. coli under

various growth conditions (Farmer and Liao, 1997; Gokarn et al., 2001).

Perhaps the most interesting and important lesson from MED 134 was to consider the

implications of the potassium gradient and function of KefC with respect to light-driven

proton pumping by PR. As started in Chapter II, the MED 134 kefC transcript was more

abundant in light cultures than dark cultures on average (nearly statistically significant) in
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the first RNA-seq samples from low DOC media. And investigating the potential effects

of inducing KefC in the light led to the realization that it could be used to regulate PMF

production as light-driven proton pumping activities commenced. I was also intrigued by

data from Feng el al. (Feng et al., 2015) that suggested osmolarity of the media impacted

the light-enhanced growth phenotype of a different flavobacteria, which prompted

consideration of how KefC activity also impacts turgor pressure and osmoregulation.

There is still much that can be learned by observing the behavior of natural flavobacteria

grown under different conditions with and without light. But without genetic systems, the

best way to fully realize the potential applications of PR in engineered systems is to

progress the development of model heterologous hosts.

Engineering the genetic background with serial transfer evolution

Several deliberate genetic manipulations to E. coli have been performed or described that

either have been observed or have the potential to increase the physiological effect of

light-driven proton pumping on cellular energetics. But perhaps the best engineering

approach-especially when it comes to improving an existing phenotype-is to use the

process of evolution to optimize the growth of a novel (engineered) photoheterotroph.

The growth phenotype is an integration of many different physiological processes, each

affected by different combinations of genetic elements that interact in complex ways.
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Evolution provides order to these interactions by constantly selecting for the most

optimally regulated system in a given environment. The process improves fitness-the

reproductive rate of the organism-by fixing beneficial spontaneous mutations in the

population (Elena and Lenski, 2003). Every mutation that establishes itself in the

population as a result of evolution improves the system by directly optimizing regulation

of at least one physiological process, which indirectly influences the effects of other

physiological processes. From the perspective of a single gene, this implies that any

change to the 'genetic background' has the potential to influence its effect on growth and

fitness (Phillips, 2008; Chou et al., 2009).

Experimental evolution could be used to generate genetic backgrounds that leverage PR

phototrophy to grow faster or more efficiently in terms of carbon. Of course novel

selective pressures resulting from the presence of the PR gene during growth would be

required to observe significant differences in the growth phenotype of lineages evolving

with PR, relative to the ancestor or to the lineages evolved without PR. To experience

positive selection, the PR gene would need to improve the fitness of its host; in the case

of cells in batch cultures, this means that the PR protein must contribute to cell growth by

shortening lag time, increasing the specific growth rate, or improving stationary phase

survival. Otherwise, evolving strains with PR would probably elicit strong negative

selection on the PR gene for reasons associated with the expression of a foreign genetic

sequence (Welch et al., 2009); for example, expressing foreign DNA can cause depletion

of amino acids, increased ribosome time, or protein folding problems. Additionally,
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foreign gene products can interact with other genes and proteins, crowd the membrane at

the sec translocons, or induce protein aggregation (Wagner et al., 2007).

Data from this thesis (Chapter 3) suggests that a fitness advantage is not conferred by PR

expression in the ZKI 143 background. Further work in BW251 13 suggested that PR does

not influence traits that could improve fitness in several mutant backgrounds either. PR

was only found to enhance growth yield of . coli when genetic tools were applied to

manipulate its metabolism in ways that presumably reduced cellular energy levels. Thus,

generating a strain suitable for serial transfer evolution with PR isn't amenable to a

simple plug-in and go approach. Instead, lessons learned from this thesis should be

applied to engineer the genome in a way that primes the strain to benefit from PR

phototrophy.

In the case of E. coli, engineering attempts to improve yield should test AfadR strains

modified by replacement of the native kefC locus with kefC*, and genomic integration of

pyc and nox. It's important that these changes are introduced to the genome for evolution

experiments since plasmids can become unstable due to the burden they impose on

replication. If a higher fitness peak can be reached with PR in this engineered background

before the background evolves to reduce the effects of PR, pyc and kefC* and nox, then

these changes can become fixed as the lineages embark on a novel fitness landscape. In

this case novel mutations could occur directly to the PR gene, or to any other genetic

element underlying a physiological process that is influenced by the presence of the PR

gene, that enhance the impact of phototrophy on metabolism. Since engineering a strain
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with serial transfer evolution to improve phototrophic growth enables backtracking to

discover and characterize the mutations that improved it (Elena and Lenski, 2003), new

targets for engineering could be discovered from evolution experiments and subsequently

leveraged to convert E. coli and other heterotrophs into useful photoheterotrophs. Or

alternatively, the novel strains produced by the evolutionary process may be primed for

direct use in certain applications as well. Finally, it's also possible to use serial transfer to

effectively increase the metabolic dependency of a particular strain on a particular gene,

like nox, and then replace the nox gene with a more favorable gene of similar function,

like rnf, before using the evolved background in an application.

Future applications of PR and other ion-pumping rhodopsin photosystems

However the strain is created, engineered photoheterotrophs could be leveraged to

produce more biomass from a given input of exogenous carbon or even engineered to fix

carbon (Bryant and Frigaard, 2006), so that it can be recycled from the air or waste CO2

stream to regenerate industrially usefuil carbon-based compounds. The term "productive

biomass" usefully describes the notion that . coli or other heterologous hosts could be

cultured for energy applications that require the input of biomass, but they could also be

engineered to produce useful commodities (including electricity) while they grow (and

produce biomass-a carbon compound itself) to maximize outputs from engineered

systems.
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While using live cells certainly comes with its advantages (Bryant and Frigaard, 2006;

Johnson and Schmidt-Dannert, 2008; Walter et al., 2010; Claassens et al., 2013), the

disadvantages of using cells in applications can restrict the feasibility of engineered

systems. To leverage PR in a production environment, cells would need to be grown with

sunlight and their media would need to be sterile, set to an appropriate temperature, and

contain all of the necessary trace nutrients. The standard difficulties of self-shading and

light limitation would also need to be overcome. Obviously the economics of any

production process ultimately determine its practical utility.

Perhaps the best future applications of PR and other light-driven ion pumps involve

producing them with recombinant technology and reconstituting them into artificial

membranes. This has already been done with respect to small scale in vitro production of

ATP (Hara et al., 2011), and future applications can expand upon this principle to use

synthetic membranes containing PR to potentially drive the production of biohydrogen

and fixed nitrogen more efficiently than in a cell-based production strategy, and certainly

in a fashion that is less costly to the environment than currently utilized technologies.

In conclusion, biological applications leveraging PR have the future potential to replace

environmentally damaging and unsustainable processes that industries currently deploy

for the production of fuels, fertilizers, and many other useful organic chemicals.
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Supplementary Figure Legends

Figure Si. Spectrum and intensity of light for growth experiments
For RNA-seq experiments, green filters were placed over four full-spectrum fluorescent
lamps in a Beckman light incubator retrofitted with fans to improve air circulation.
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Supplementary Table Captions

Table SI. Overview of Library Sequencing Results
This table contains the total number of reads from each library that mapped to the
MED] 34 reference genome. The number in parentheses indicates the percent of total
reads that mapped to MED134. The percent of total reads that could be mapped to the
MEDI 34 genome is indicated in parentheses. Reads that did not map to MED134 genes
were found to map to rRNA genes, intergenic regions, or organisms that were confinned
to not be present in the cultures (data not shown). Every library was included with the
relevant DESeq comparison with the exception of one library that contained an
insufficient number of reads and was omitted from the analysis (Low DOC TI L3).

Table S2. Annotated transcript abundance data
Raw read counts were normalized and tested for differential expression using DESeq (see
Methods). The transcript abundance data from each comparison (low and high DOC, TI
and T2) is presented as a sortable Excel file. Genes identified as differentially expressed
or potentially differentially expressed are highlighted on sheets 1 and 2, followed by the
full gene annotations on sheet 3. Each of the remaining 4 sheets represents one of the 4
comparisons and is labeled accordingly. The table within each sheet can be sorted by the
mean transcript abundance "baseMean", average transcript abundance of 3 light-exposed
replicate cultures "light" or dark-exposed cultures "dark", the "fold change", the "log 2
fold change", the "p-value", and finally, by the "FDR adjusted p-value". The default
sorting is by the FDR-adjusted p-values, and transcripts with significant differences are
highlighted in green.

Table S3. Differentially expressed genes at High DOC T2
Most differentially expressed genes at High DOC T2 are more abundant in dark-exposed
cultures and are annotated as enzymes involved in P-oxidation or heat shock. This table
contains the differentially expressed genes and the average transcript abundance data
associated with each, as well as the gene annotations. All genes listed in this table have
FDR-adjusted p-values <0.25.

Table S4. Top 10 highly expressed genes
This table contains the top 10 most highly expressed genes for every comparison tested.
Most of these genes encode for proteins of unknown function and proteins involved in
heat shock, although some enzymes and membrane proteins of known function are highly
expressed as well. The average transcript abundance data is included with their associated
fold change values and p-values. Only I of the highly expressed genes for any
comparison is significant (highlighted in green, High DOC T2, MED05174) with an
FDR-adjusted p-value <0.1.
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Table Si. Overview of Library Sequencing Results

TO Low DOC T1 Low DOC T2 High DOC T1 High DOC T2

Low nutrient 672551 (82) 396472 (76) 434562 (75) 111 (76) 454587 (77) 316091 (75) 391343 (69) 408616 (63) 81880 (66) 152802 (62) 68029 (53) 431899 (70) 254788 (59)

High nutrient 381740 (69) 388883 (69) 400666 (75) 248805 (64) 364477 (65) 246919 (60) 102794 (42) 241879 (67) 363742 (74) 355208 (74) 394832 (71) 356372 (68) 437947 (73)

This table contains the total number of reads from each library that mapped to genes within the MED 134 reference genome. The
number in parentheses indicates the percent of total reads that mapped to genes. Reads that did not map to MED 134 genes were found
to map to rRNA genes, intergenic regions, or organisms that were confirmed to not be present in the cultures (data not shown). Every
library was included with the relevant DESeq comparison, with the exception of one library that contained an insufficient number of
reads and was omitted from the analysis (Low DOC Ti L3).
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Table S3. Differentially expressed genes at High DOC T2

Putative recognition particle-docking protein

Electron transfer flavoprotein alpha-subunit (etfA)

Putative heat shock CIpB protein

GrpE protein (Hsp-70 cofactor)

Electron transfer flavoprotein beta subunit (etfB)

Thiolase family protein

Enoyl-CoA hydratase

Putative uncharacterized protein

Putative heat-shock related protein

Bacteriorhodopsin

Purine nucleoside phosphorylase (EC 2.4.2.1)

High DOC T2

Lifght Dark

333 545

407 694

2604 4669

737 1344

311 574

136 257

409 779

189 364

1158 2381

27 8

85 46

Notes

electron transfer protein in 3-Oxidation. PHX gene

chaperonins and/or protein degradation

electron transfer protein in P-Oxidation

acetyl-CoA C-acyltransferase. Fatty acid and phospholipid
metabolism. PHX gene

acyl-CoA dehydrogenase in -Oxidation

putative cell adhesion protein, PHX gene, RpoN-linked

Most differentially expressed genes at High DOC T2 are more abundant in dark-exposed cultures and are annotated as enzymes
involved in p-oxidation or heat shock. This table contains the differentially expressed genes and the average transcript abundance data
associated with each, as well as the gene annotations. All genes listed in this table have FDR-adjusted p-values <0.1.
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Feature ID Annotation

MED134_12996

MED134_00125

MED134_05174

MED134_13401

MED134_00130

MED134_06234

MED134_06229

MED134_03499

MED134_04044

MED134_07119

MED134_00750



Table S4. Light induced genes from published experiments with MED134 or related flavobacteria

Locus ID Annotation Low DOC--Ti Low DOC--T2 High DOC--Tl High DOC--T2 Notes Reference(s)

ligt dak log2 FC l!ht dank log2 FC light lank log2 FC ligt dark 102 FC

MED134_07466 Geranylgeranyl pyrophosphate synthase crtE 153 162 0.1 6 7 0.1 62 62 0 144 141 0.1 Involved in retinal synthesis, not siginifcantly induced in our experiments

MED134_10161 Putatitve TBDT; vitamin 81 59 68 0.2 10 7 0.4 43 32 0.4 35 36 0 Possible role in light-enhanced growth transporting vitamin 81 I

ME1134 04464 ThiJ/Pfpl family; vitamin 81 206 162 0.4 25 27 0.1 71 67 0.1 544 399 0.4 Possible role in light-enhanced growth processing vitamin BI I

MED134_05424 ThiJ/Pfpl family; dimethylallytransferase 252 266 0.1 66 27 1.3 255 260 0 465 393 0.2 Possibly light-induced 1

MED134_12071 pyruvate dehydrogenase 238 290 0.3 12 10 0.3 137 154 0.2 244 219 0.2 High Expression in MED134; vitamin 61 dependent 1

MED134_10396 Sensory transduction histidine kinase 9 3 1.6 1 0 2.6 11 9 0.3 2 4 0.7 Differentally-expressed in MED134, D5W-1, and PRO95; PAS-Domain 1&2

MED134_042S4 Putative uncharacterized protein 65 63 0 23 13 0.9 1S6 98 0.7 143 161 0.2 Differentally-expressed in MED134, DOW-1, and PRO96; hypothetical protein 1
MED134_12381 Putatitve TBDT; starch 1516 1082 0.5 76 45 0.7 361 368 0 851 804 0.1 High Expression in MED134 1

MED13405219 Putatitve TBDT; starch 2941 3841 0.4 10 13 0.4 44 48 0.1 2222 1806 0.3 High Expression in MED134

MED134_07711 2-oxoglutarate dehydrogenase sucB 553 680 0.3 36 24 0.5 186 16S 0.2 678 666 0 High Expression in MED134; vitamin 81 dependent; central metabolism; induced by light in raorquis 1-4

MED134_10061 Bicarbonate transporter BlcA 48 50 0.1 18 16 0.1 39 44 0.1 33 39 0.2 Possible role in light-enhanced growth transporting bicarbonate 4

MED13410OS6 Carbonic Anhydrase 36 43 0.3 3 6 1 25 18 0.5 24 21 0.2 Possible role in light-enhanced growth; catalyzes carbon dioxide to bicarbonate 4

MED134 06244 Pyruvate carboxylase 67 39 0.8 11 5 1.1 48 S6 0.2 70 97 0.5 Anaplerotic; induced under suboptimal salinity in Ptorquis 2,4

MED134_10331 PEP carboxykinase 188 219 0.2 10 17 0.7 71 91 0.4 434 406 0.1 Anaplerotic; induced by light in P.torquis 2-4

MED134_06089 PEP carboxylase 282 254 0.1 40 34 0.3 177 198 0.2 241 244 0 Anaplerotic enzyme

MED134_11446 Malic enzyme 84 108 0.4 8 7 0.2 39 48 0.3 71 72 0 Anaplerotic enzyme 4

MED134_14141 Isocitrate dehydrogenase 352 399 0.2 15 8 0.9 70 64 0.1 237 265 0.2 Central metabolism4

MED134_01780 lsocitrate lyase 128 57 1.2 11 9 0.3 51 43 0.2 62 73 0.2 Glyoxylate Shunt 4

MED134 01770 Malate synthase 7 6 0.2 3 2 1 28 17 0.7 11 14 0.3 Glyoxylate Shunt 4

MED134_12971 Malate dehydrogenase 224 236 0.1 6 7 0.4 32 40 0.3 290 262 0.1 Anaplerotic; induced by light in P.torquis 3

MED134 04539 Adenylosuccinate nvase 27 46 0.8 12 14 0.2 22 17 0.3 37 35 0.1 Anaplerotic; induced by light in P.torquis 3

MED134 06329 Glyceraldehyde-3-phosphate dehydrogenase 1 73 88 0.3 26 30 0.2 198 163 0.3 81 61 0.4 Central glycolytic pathway 3
MED134_01405 Glyceraldehyde-3-phosphate dehydrogenase 11 42 48 0.2 26 19 0.1 19 15 0.4 45 61 0.4 Central glycolytic pathway

MED134 03314 Glyceraldehyde-3-phosphate dehydrogenase Ill 210 269 0.4 40 32 0.3 42 38 0.2 374 396 0.1 Central glycolytic pathway 3

MED134_13716 Triosephosphate isomerase 37 30 0.3 17 24 0.5 34 45 0.4 25 24 0.1 Interconverts dihydroxyacetone phosphate and D-glyceraldehyde 3-phosphate 3

MED134_09321 Phosphoglycerate kinase 181 187 0.1 13 12 0 91 83 0.1 200 182 0.2 Interconverts 1,3-BPG and ADP to 3-PG and ATP 3

MED134_08271 Fructose-bisphosphatase fbp 94 41 1 39 61 0.7 119 123 0.1 58 62 0.1 Central glycolytic pathway 2

MEdl34_14231 Glucose-6-phosphate dehydrogenase zwf 123 133 0.1 4 7 0.9 54 63 0.2 169 177 0.1 Pentose phosphate cycle 2
MED134_14226 Phosphogluconate dehydrogenase gnd 152 147 0.1 15 04 0.2 116 144 0.3 164 169 0 Pentose phosphate cycle 2

MED13411155 Succinate dehydrogenase sdhA 501 649 0.4 23 16 0.5 300 270 0.2 325 325 0 Central metabolism 2

MED134_11160 Succinate dehydrogenase sdhB 1116 1053 0.1 12 10 0.2 148 128 0.2 413 398 0.1 Central metabolism 2

MED13411150 Succinate dehydrogenase sdhC 48 59 0.3 6 5 0.2 31 30 0.1 42 42 0 Central metabolism 2
MED134_07134 Funarate hydratase fusC 364 429 0.2 10 7 0.5 97 80 0.3 313 377 0.3 Central metabolism 2&3
MED134 02355 Na+/alanine and glycine symporter 268 280 0.1 20 22 0.2 72 87 0.3 313 377 0.3 Transporter energized by the Na+ gradient 2

MED134 14567 Na+/alanine and glycine symporter 58 33 0.8 1 1 0 22 28 0.4 42 37 0.2 Transporter energized by the Na+ gradient 2

MED134_11180 Na+/phosphate symporter 212 193 0.1 59 75 0.4 37 47 0.4 112 107 0.1 Transporter energized by the Na+ gradient 2

MED134_00295 Na+translocating NADH quinone oxidoreductase nqrA 204 307 0.6 17 8 1 49 50 0 205 202 0 Na+ pumping repiratory enzyme 2

MED134_00300 Na+translocating NADH quinone oxidoreductase nqrB 294 449 0.6 7 9 0.4 44 54 0.3 230 261 0.2 Na+ pumping repiratory enzyme

MED134_00305 Na+translocating NADH quinone oxidoreductase nqrC 154 180 0.2 8 10 0.4 22 22 0 i11 133 0.3 Na+ pumping repiratory enzyme

MED134_00310 Na+translocating NADH quinone oxidoreductase nqrD 98 146 0.6 6 2 1.3 10 13 0.4 61 68 0.1 Na+ pumping repiratory enzyme 2

MED134_00320 Na+translocating NADH quinone oxidoreductase nqrF 745 981 0.4 7 9 0.3 37 50 0.4 379 373 0 Na+ pumping repiratory enzyme 2

MED134_10206 DNA photolase/cryptochrome, (6-4) photolyase family 14 14 0 20 10 1 149 39 1.9 13 8 0.7 Putative light sensing protein potentially involved in gene regulation 2

MED134_10211 DNA photolase/cryptochrone, (6-4) photolyase family 14 15 0.1 7 5 0.3 66 23 1.5 7 9 0.4 Putative light sensing protein potentially involved in gene regulation

MED134_01400 MUlti-sensor hybrid His kinase 203 235 0.2 19 15 0.3 53 50 0.1 170 192 0.2 Putative light sensing protein potentially involved in gene regulation

Light and dark transcript abundance data is the average of three independent replicates, with the exception of low DOC Ti-light for which 1 of 3 replicates was omitted

Reference 1: Gomez-Consarnau et al. (2007)
Reference 2: Kimura et al. (2011)
Reference 3: Feng etal. (2015)
Reference 4: Palovaara et al. (2014)

This table contains previously identified differentially expressed genes between light and dark conditions from earlier transcriptome
studies of MED 134 or related Flavobacteria, complete with gene abundance data from this study.
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Table S5. Top 10 highly expressed genes

3771.2
3682.0
3636.5
2895.6
2878.9
2541.2
2537.6
2485.2
2444.3

3253.2

3583.3
2603.7
2619.8
3051.1
2517.4
2066.0
2696.0
2573.7

4289.3
3780.6
4669.3
3171.5
2706.8
2565.0
3009.3
2274.4
2314.9

1.3 0.4 0.009
1.1 0.1 0.746

1.793 0.843 0.000
1.211 0.276 0.066
0.887 -0.173 0.369
1.019 0.027 0.791
1.457 0.543 0.001
0.8 -0.2 0.118
0.9 -0.2 0.418

0.594
1.000
0.000
1.000
1.000
1.000
0.123
1.000
1.000

DnaK protein
Putative uncharacterized protein
Putative heat shock ClpB protein
60 kDa chaperonin
Putative uncharacterized protein
Putative uncharacterized protein
Heat shock protein 90
Phosphoenolpyruvate carboxylase (EC 4.1.1.31)
OmpA/MotB

This table contains the top 10 most highly expressed genes for every comparison tested. Most of these genes encode for proteins of
unknown function and proteins involved in heat shock, although some enzymes and membrane proteins of known function are highly
expressed as well. The average transcript abundance data is included with their associated fold change values and p-values. Only 1 of
the highly expressed genes for any comparison is statistically significant (highlighted in green, High DOC T2. MED05174).
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MED134_03414
MED134_09446
MED134_05174
MED134_01135

MED134_0S704

MED13402925
MED134_03344
MED134 06084
MED134_04484

Low DOC T1
Locus ID Mean Read Abundance Mean Read Abundance--Light Mean Read Abuncance--Dark Fold Change Log2 Fold Change p-value FDR-adjusted p-value Annotation
MED134_02735 4009.8 4270.6 3835.9 0.9 -0.2 0.570 1.000 Probable iron-sulfur protein
MED134_05014 3959.6 5116.3 3186.9 0.6 -0.7 0.152 1.000 Putative uncharacterized protein
MED134_05219 3481.1 2940.6 3841.5 1.3 0.4 0.407 1.000 Putative outer membrane protein

MED134_04484 3433.9 2754.4 3887.0 1.4 0.5 0.320 1.000 OmpA/MotB
MED134_09446 3233.8 3163.3 3280.9 1.0 0.1 0.911 1.000 Putative uncharacterized protein
MED134_05084 3154.0 3678.8 2804.2 0.8 -0.4 0.221 1.000 Putative uncharacterized protein
MED134_14812 3126.0 2641.6 3448.9 1.3 0.4 0.258 1.000 VCBS (Fragment)
MED134_05369 2705.3 2917.1 2564.1 0.9 -0.2 0.567 1.000 TPR repeat protein

MED134_13996 2639.3 2542.3 2703.9 1.1 0.1 0.754 1.000 Putative uncharacterized protein

MED134_02925 2384.7 2135.9 2550.5 1.2 0.3 0.723 1.000 Putative uncharacterized protein

Low DOC T2
Locus ID Mean Read Abundance Mean Read Abundance--Light Mean Read Abuncance--Dark Fold Change Log2 Fold Change p-value FDR-adjusted p-value Annotation

MED134_01970 6128.9 5220.7 7037.2 1.3 0.4 0.179 1.000 Putative uncharacterized protein
MED134_10266 4958.3 4749.0 5167.5 1.1 0.1 0.792 1.000 Thioredoxin
MED134_10910 4482.0 3897.0 5066.9 1.3 0.4 0.177 1.000 Putative uncharacterized protein
MED134_03979 3600.9 2985.8 4216.0 1.4 0.5 0.113 1.000 TRNA (5-methylaminomethyl-2-thiouridylate)-methyltransferase
MED134_05174 3310.8 3548.9 3072.7 0.9 -0.2 0.916 1.000 Putative heat shock CIpB protein
MED134_04044 3058.6 3401.3 2715.9 0.8 -0.3 0.522 1.000 Putative heat-shock related protein
MED134_11726 2984.2 2889.6 3078.8 1.1 0.1 0.695 1.000 Putative uncharacterized protein
MED134_03319 2972.0 2338.0 3606.0 1.5 0.6 0.035 1.000 Serine protease
MED134_14812 2874.1 2723.3 3024.9 1.1 0.2 0.728 1.000 VCBS (Fragment)
MED134_00870 2742.7 2685.8 2799.7 1.0 0.1 0.804 1.000 Putative uncharacterized protein

High DOC TI
Locus ID Mean Read Abundance Mean Read Abundance--Light Mean Read Abuncance--Dark Fold Change Log2 Fold Change p-value FDR-adjusted p-value Annotation
MED134_03679 4248.4 4377.4 4119.5 0.9 -0.1 0.888 1.000 Leucine-rich-repeat protein
MED134_05174 3421.2 S217.8 1624.7 0.3 -1.7 0.009 1.000 Putative heat shock CIpB protein
MED134_03414 3140.7 4625.3 1656.1 0.4 -1.5 0.007 1.000 DnaK protein
MED134_12871 2887.6 3223.2 2552.0 0.8 -0.3 0.943 1.000 Putative sigma factor A
MED134_10266 2881.9 3373.0 2390.9 0.7 -0.5 0.778 1.000 Thioredoxin
MED134_10910 2873.8 3228.9 2518.6 0.8 -0.4 0.901 1.000 Putative uncharacterized protein
MED134_09821 2850.5 2609.7 3091.4 1.2 0.2 0.605 1.000 Putative uncharacterized protein
MED134_07421 2686.4 2180.5 3192.3 1.5 0.5 0.292 1.000 Putative uncharacterized protein
MED134_04044 2616.3 3914.2 1318.4 0.3 -1.6 0.013 1.000 Putative heat-shock related protein
MED134 13401 2515.3 3366.5 1664.1 0.5 -1.0 0.200 1.000 GrpE protein (Hsp-70 cofactor)

High DOC TZ
Locus ID Mean Read Abundance Mean Read Abundance--Light Mean Read Abuncance--Dark Fold Change Log2 Fold Change p-value FDR-adjusted p-value Annotation

MED134 02735 4152.2 3668.6 4635.8 1.3 0.3 0.278 1.000 Probable iron-sulfur protein
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Supplementary Figure Legends

Figure S1. Spectrum and intensity of light for growth experiments
For growth experiments, green filters were placed over four full-spectrum fluorescent
lamps in a Beckman refrigerated light incubator shaker retrofitted with fans to improve
air circulation.

Figure S2. Comparison of cell counts of BW25l 13+pRHA I cultures grown in LB media
at 37'C by efti and flow cytometry methods
Growth curves based on colony-forming units (a) on LB agar plates containing
Kanamycin (30 gg/mL) were compared to curves based on flow cytometry data (b) from
fixed cell samples. Despite generally higher yields from flow cytometry counts, the data
was otherwise identical. In both a and b, the data shows that growth of
BW25 113+pRHAI in LB at 37'C results in higher cell yields in the light relative to the
dark condition, but not compared to cultures maintained in the light without retinal. Thus,
the PR was not responsible in the difference observed between the light and dark cultures
with retinal. The same result was observed for ZK 1143.

Figure S3. Comparison of cell counts of ZKl 143+pRHAI cultures grown in LB media at
37'C by efu and flow cytometry methods
Growth curves based on colony-forming units (a) on LB agar plates containing
Kanamycin (30 gg/mL) were compared to curves based on flow cytometry data (b) from
fixed cell samples. Despite generally higher yields from flow cytometry counts, the data
was otherwise identical. In both a and b, the data shows that growth of ZK 1143+pRHAI
in LB at 37'C results in higher cell yields in the light relative to the dark condition, but
not compared to cultures maintained in the light without retinal. Thus, the PR was not
responsible in the difference observed between the light and dark cultures with retinal.
The same result was observed for BW25113.

Figure S4. Effect of induction of PR expression (1mM Rhamnose) from pRHA1 and
pRHA2 on the growth of ZK 1143 growing in LB at 37*C
ZK 143 grown with 1% glucose resulted in similar cell yields regardless of whether it
hosted pRHA I or pRHA2. However, replacing the glucose with 1mM Rhamnose resulted
in measurable differences between the effects of pRHAI and pRHA2 on growth. Since
pRHA2 imposed a more significant burden than pRHA I when induced, pRHAI was used
for all of the reported growth experiments (Figures 1-4 and Table 1).
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Figure Si. Spectrum and intensity of light for growth experiments

For growth experiments, green filters were placed over four full-spectrum fluorescent lamps in a Beckman refrigerated light incubator

shaker retrofitted with fans to improve air circulation.
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Figure S2. Comparison of cell counts of BW251 13+pRHA1 cultures grown in LB media
at 37'C by efu and flow cytometry methods

Growth curves based on colony-forming units (a) on LB agar plates containing
Kanamycin (30 tg/mL) were compared to curves based on flow cytometry data (b) from
fixed cell samples. Despite generally higher yields from flow cytometry counts, the data
was otherwise identical. In both a and b, the data shows that growth of
BW251 13+pRA I in LB at 370 C results in higher cell yields in the light relative to the
dark condition. but not compared to cultures maintained in the light without retinal. Thus,
the PR was not responsible in the difference observed between the light and dark cultures
with retinal. The same result was observed for ZKI 143.
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Figure S3. Comparison of cell counts offZKI 143+pRHA I cultures grown in LB media at
37'C by cfLi and flow cytometry methods

Growth curves based on colony-forming Units (a) on LB agar plates containing
Kanamycin (30 ptg/rnL) were compared to curves based on flow cytometry data (b) from
fixed cell samples. Despite generally higher yields from flow cytometry counts, the data
was otherwise identical. In both a and b, the data shows that growth of ZKl 143+pRfHAl
in LB at 37'C results in higher cell yields in the light relative to the dark condition, but
not compared to cultures maintained in the light without retinal. Thus, the PR was not
responsible in the difference observed between the light and dark cultures with retinal.
The same resLIlt was observed for BW25 113.
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Figure S4. Effect of induction of PR expression (1mM Rhamnose) from pRfH AI and
pRIA2 on the growth of ZK 1143 growing in LB at 37'C

ZK1 143 grown with 1% glucose resulted in similar cell yields regardless of whether it
hosted pRHA1 (31aO8PR) or pRHA2 (19pI9PR). However, replacing the glucose with
1 mM Rhamnose resulted in measurable differences between the effects of pRF AI and
pRHA 2 on growth. Since pRlHA2 imposed a more significant burden than pRHA l when
induced. pRIHA I was used for all of the reported growth experiments (Figures 1-4 and
Table 1).
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Table S1. DNA sequence of pRHA1 and pRHA2

Rha gromoterRS
GCCCATTTTCCTGTC GTAACGAGAAGGTCGCGAATTCAGGCGCTTTTTAGACTGGTCGTAATGAAATTCAGGAGG

MCS
TGGTCGACTCTAGAGGATCCCCGCGCCCTCATCCGAAAGGGCGTATTCATATGCGGTGTGAAATACCGCAC

Sol Xbo I om H I Nde I
*Sequence provided by manufacturer

RHA1: 31a08 green PR in pRHA801
GCCCATTTTCCTGTCAGTAACGAGAAGGTCGCGAATTCAGGCGCTTTTTAGACTGGTCGTAATGAAATTCAGGAGGTGGTCGACATGAAATTA
TTACTGATATTAGGTAGTGTTATTGCACTTCCTACATTTGCTGCAGGTGGTGGTGACCTTGATGCTAGTGATTACACTGGTGTTTCTTTTTGGTT
AGTTACTGCTGCTTTATTAGCATCTACTGTATTTTTCTTTGTTGAAAGAGATAGAGTTTCTGCAAAATGGAAAACATCATTAACTGTATCTGGTC
TTGTTACTGGTATTGCTTTCTGGCATTACATGTACATGAGAGGGGTATGGATTGAAACTGGTGATTCGCCAACTGTATTTAGATACATTGATTG
GTTACTAACAGTTCCTCTATTAATATGTGAATTCTACTTAATTCTTGCTGCTGCAACTAATGTTGCTGGATCATTATTTAAGAAATTACTAGTTGG
TTCTCTTGTTATGCTTGTGTTTGGTTACATGGGTGAAGCAGGAATCATGGCTGCATGGCCTGCATTCATTATTGGGTGTTTAGCTTGGGTATAC
ATGATTTATGAATTATGGGCTGGAGAAGGAAAATCTGCATGTAATACTGCAAGTCCTGCTGTGCAATCAGCTTACAACACAATGATGTATATT
ATCATCTTTGGTTGGGCGATTTATCCTGTAGGTTATTTCACAGGTTACCTGATGGGTGACGGTGGATCAGCTCTTAACTTAAACCTTATCTATA
ACCTTGCTGACTTTGTTAACAAGATTCTATTTGGTTTAATTATATGGAATGTTGCTGTTAAAGAATCTTCTAATGCTTAAGGATCCCCGCGCCCT
CATCCGAAAGGGCGTATTCATATGCGGTGTGAAATACCGCAC

RHA2: 19p19 blue PR in pRHA801
GCCCATTTTCCTGTCAGTAACGAGAAGGTCGCGAATTCAGGCGCTTTTTAGACTGGTCGTAATGAAATTCAGGAGGTGGTCGACATGTCAATA
ATTAAGTCTTTAAAGTCAGTCGCTATTGCATCACTGGCTATTCTCATTCCATCAATTGCATTAGCAGCTGGTGGAAACTTGGAGCCGAACGATC
CTGTCGGCATTACCTTTTGGTTGATATCGATCGCAATGGTCGCCGCTACCGTATTTTTCTTGATGGAATCATTGAGAGTTGACGGCAAGTGGA
GAACATCAATGATTGTGGGCGGACTTGTTACACTAGTAGCTGCGGTCCACTACTTTTATATGCGTGATGTTTGGGTTGCCACAGGTGCATCGC
CCACGGTCTTTCGTTATGTAGATTGGCTAATCACAGTGCCTCTGCAGATGATTGAATTCTACCTTATTTTAGCTGCTTGCACTGCCATTGCTGTC
GGCGTCTTCTGGCGCCTCATGATCGGCACAATGGTAATGTTAATTGGCGGATATCTAGGTGAGGCGGGCTTCATCAACGCTACGGTTGGTTTC
GTGATCGGAATGGCCGGTTGGGGATATATATTGTATGAAATCTTTGCTGGTGAAGCTGGCAAGGTTGCTGCAGAAGGTGCGCCCCCATCTGT
ACAATCAGCTTTCAACACAATGCGTCTGATTGTGACTATTGGTTGGGCTATTTATCCACTTGGATATTTCTTTGGCTACATGACCGGAGGAGTT
GACGCAAATTCGCTGAACCTGATCTACAACGTTGCTGACGTTGTTAACAAGATTGGTTTCTGTTTAGCAATTTGGGCTGCTGCTACTTCACAAT
CTGAAGCGGCAAAGTAAGGATCCCCGCGCCCTCATCCGAAAGGGCGTATTCATATGCGGTGTGAAATACCGCAC



Table S2. DNA sequence of pRHA4

G CCCATTTTCCTGTCAGTAACGAGAAGGTCG CGAATTCAG GCG CTTTTTAGACTG GTCGTAATGAAATTCAG GAG GTG GTCGACATGAAATTATTACTGATATTAG GTAGTGTTATTG CACTTCCTA

CATTTGCTGCAGGTGGTGGTGACCTTGATGCTAGTGATTACACTGGTGTTTCTTTTTGGTTAGTTACTGCTGCTTTATTAGCATCTACTGTATTTTTCTTTGTTGAAAGAGATAGAGTTTCTGCAAAAT
GGAAAACATCATTAACTGTATCTGGTCTTGTTACTGGTATTGCTTTCTGGCATTACATGTACATGAGAGGGGTATGGATTGAAACTGGTGATTCGCCAACTGTATTTAGATACATTGATTGGTTACT
AACAGTTCCTCTATTAATATGTGAATTCTACTTAATTCTTGCTGCTGCAACTAATGTTGCTGGATCATTATTTAAGAAATTACTAGTTGGTTCTCTTGTTATGCTTGTGTTTGGTTACATGGGTGAAGC
AGGAATCATGGCTGCATGGCCTGCATTCATTATTGGGTGTTTAGCTTGGGTATACATGATTTATGAATTATGGGCTGGAGAAGGAAAATCTGCATGTAATACTGCAAGTCCTGCTGTGCAATCAGC
TTACAACACAATGATGTATATTATCATCTTTGGTTGGGCGATTTATCCTGTAGGTTATTTCACAGGTTACCTGATGGGTGACGGTGGATCAGCTCTTAACTTAAACCTTATCTATAACCTTGCTGACTT
TGTTAACAAGATTCTATTTG GTTTAATTATATG GAATGTTG CTGTTAAAGAATCTTCTAATG CTTAAG GATCCACAAAAGAACACAAAATAGAG GAG GTACCCAATG ATTCTTATAATTTATG CG CAT

CCGTATCCGCATCATTCCCATGCGAATAAACGGATGCTTGAACAGGCAAGGACGCTGGAAGGCGTCGAAATTCGCTCTCTTTATCAACTCTATCCTGACTTCAATATCGATATTGCCGCCGAGCAGG
AGGCGCTGTCTCGCGCCGATCTGATCGTCTGGCAGCATCCGATGCAGTGGTACAGCATTCCTCCGCTCCTCAAACTTTGGATCGATAAAGTTTTCTCCCACGGCTGGGCTTACGGTCATGGCGGCAC
GGCGCTGCATGGCAAACATTTGCTGTGGGCGGTGACGACCGGCGGCGGGGAAAGCCATTTTGAAATTGGTGCGCATCCGGGCTTTGATGTGCTGTCGCAGCCGCTACAGGCGACGGCAATCTAC
TG CG G GCTGAACTG GCTG CCACCGTTTG CCATG CACTG CACCTTTATTTGTG ACGACGAAACCCTCGAAG G GCAG GCG CGTCACTATAAG CAACGTCTG CTG GAATG GCAG GAG GCCCATCATG G

ATAGCCATACGCTGATTCAGGCGCTGATTATCTCGGTTCGGCAGCGCTGATTGTACCCATTGCGGTACGTCTTGGTCTGGGATCGGTACTTGGCTACCTGATCGCCGGCTGCATTATTGGCCCGTG
GGGGCTGCGACTGGTGACCGATGCCGAATCTATTCTGCACTTTGCCGAGATTGGGGTGGTGCTGATGCTGTTTATTATCGGCCTCGAACTCGATCCACAAAGGCTGTGGAAGCTGCGTGCGGCAG
TGTTCGGCTGTGGCGCATTGCAGATGGTGATTGCGGCGGCCTGCTGGGGCTGTTCTGCATGTTACTTGGGCTGCGCTGGCAGGTCGCGGAATTGATCGGCATGACGCTGGCGCTCTCCTCTACG
GCGATTGCCATGCAGGCGATGAATGAACGCAATCTGATGGTGACGCAAATGGGTCGCAGTGCCTTTGCGGTGCTGCTGTTCCAGGATATCGCGGCGATCCCGCTGGTGGCGATGATTCCGCTACT
GGCAACGAGCAGTGCCTCGACGACGATGGGCGCATTTGCTCTCTCGGCGTTAAAAGTGGCGGGTGCGCTGGTGCTGGTGGTATTGCTGGGGCGCTATGTCACGCGTCCGGCGCTGCGTTTTGTA
GCCCGCTCTGGCTTGCGGGAAGTGTTTAGTGCCGTGGCGTTATTCCTCGTGTTTGGCTTTGGTTTGCTGCTGGAAGAGGTCGGCTTGTCGATGGCGATGGGCGCGTTTCTGGCGGGCGTACTGCTG
GCAAGCTCGGAATACCGTCATGCGCTGGAGAGCGATATCGAACCATTTAAAGGTTTGCTGTTGGGGCTGT T T TCATCGGTGTTGGCATGTCGATAGACTTTGGCACGCTGCTTGAAAACCCATTG
CGCATTGTCATTTTGCTGCTCGGTTTCCTCATCATCAAAATCGCCATGCTGTGGCTGATTGCCCGACCGTTGCAAGTGCCAAATAAACAGCGTCGTTGGTTTGCGGTGTTGTTAGGGCAGGGCAGTG
AGTTTG CCTTTGTGGTATTTG GCG CG GCGCAGATG GCGAATGTG CTG GAG CCG GAGTG G GCGAAATCG CTGACCCTG GCG GTG GCG CTGTCG ATG GCAG CAACG CCGATTCTG CTG GTGATCCT

CAATCGCCTTGAGCAATCTTCTACTGAGGAAGCGCGTGAAGCCGATGAGATCGACGAAGAACAGCCGCGCGTGATTATCGCCGGATTCGGTCGTTTTGGGCAGATTACCGGAAGTTTACTGCTCT
CCAGCGGGGTGAAAATGGTGGTACTCGATCACGATCCGGACCATATCGAAACCTTGCGTAAATTTGGTATGAAAGTGTTTTATGGCGATGCCACGCGGATGGATTTACTGGAATCTGCCGGAGCG
GCGAAAGCGGAAGTGCTGATTAACGCCATCGACGATCCGCAAACCAACCTGCAACTGACAGAGATGGTGAAAGAACATTTCCCGCATTTGCAGATTATTGCCCGCGCCCGCGATGTCGACCACTA
CATTCGTTTG CGTCAG GCAG GCGTTGAAAAG CCG GAG CGTGAAACCTTCGAAG GTG CG CTGAAAACCG G GCGTCTG GCACTG GAAAGTTTAG GTCTGG G GCCGTATGAAG CG CGAGAACG TGCC

GATGTGTTCCGCCGCTTTAATATTCAGATGGTGGAAGAGATGGCAATGGTTGAGAACGACACCAAAGCCCGCGCGGCGGTCTATAAACGCACCAGCGCGATGTTAAGTGAGATCATTACCGAGG
ACCGCGAACATCTGTCATTAATTCAACGACATGGCTGGCAGGGAACCGAAGAAGGTAAACATACCGGCAACATGGCGGATGAACCGGAAACGAAACCCTCATCCTAACATATGCGGTGTGAAAT
ACCGCAC
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Table S3. DNA sequence of pMCL200

GCGATTCAGGTTCATCATGCCGTTTGTGATGGCTTCCATGTCGGCAGAATGCTTAATGAATTACAACAGTACTGCGATGAGTGGCAGGGCGGGGCGTAATTTTTTTI IAAGGCAGTT
ATTGGTGCCTAGAAATATTTTATCTGATTAATAAGATGATCTTCTTGAGATCGTTTTGGTCTGCGCGTAATCTCTTGCTCTGAAAACGAAAAAACCGCCTTGCAGGGCGGl 1 1 iCG
AAGGTTCTCTGAGCTACCAACTCTTTGAACCGAGGTAACTGGCTTGGAGGAGCGCAGTCACCAAAACTTGTCCTTTCAGTTTAGCCTTAA CCGGCGCATGACTTCAAGACTAACTC
CTCTAAATCAATTACCAGTGGCTGCTGCCAGTGGTGCTTTTGCATGTCTTTCCGGGTTGGACTCAAGACGATAGTTACCGGATAAGGCGCAGCGGTCGGACTGAACGGGGGGTTC
GTG CATACAGTCCAG CTTG GAG CGAACTG CCTACCCG GAACTGAGTGTCAGGCGTG GAATGAGACAAACG CGGCCATAACAGCG GAATGACACCG GTAAACCGAAAGG CAG GA

ACAGGAGAGCGCACGAGGGAGCCGCCAGGGGGAAACGCCTGGTATCTTTATAGTCCTGTCGGGTTTCGCCACCACTGATTTGAGCGTCAGATTTCGTGATGCTTGTCAGGGGGG
CGGAGCCTATGGAAAAACGGCTTTGCCGCGGCCCTCTCACTTCCCTGTTAAGTATCTTCCTGGCATCTTCCAGGAAATCTCCGCCCCGTTCGTAAGCCATTTCCGCTCGCCGCAGTC
GAACGACCGAGCGTAGCGAGTCAGTGAGCGAGGAAGCGGAATATATCCTGTATCACATATTCTGCTGACGCACCGGTGCAGCC I T1 1T TCTCCTGCCACATGAAGCACTTCACTG
ACACCCTCATCAGTGCCAACATAGTAAGCCAGTATACACTCCGCTAGCGCCCAATACGCAAACCGCCTCTCCCCGCGCGTTGGCCGATTCATTAATGCAGCTGGCACGACAGGTTT
CCCGACTGGAAAGCGGGCAGTGAGCGCAACGCAATTAATGTGAGTTAGCTCACTCATTAGGCACCCCAGGCTTTACACTTTATGCTTCCGGCTCGTATGTTGTGTGGAATTGTGA
GCGGATAACAATTTCACACAGGAAACAGCTATGACCATGATTACGCCAAGCTCGAAATTAACCCTCACTAAAGGGAACAAAAGCTGGTACCGGGCCCCCCCTCGAGGTCGACGG
TATCGATAAG CTTGATATCGAATTCCTG CAG CCCGG G GGATCCACTAGTTCTAGAGCG GCCGCCACCG CG GTG GAG CTCCAATTCG CCCTATAGTGAGTCGTATTACAATTCACTG
GCCGTCGTTTTACAACGTCGTGACTGGGAAAACCCTGGCGTTACCCAACTTAATCGCCTTGCAGCACATCCCCCTTTCGCCAGCTGGCGTAATAGCGAAGAGGCCCGCACCGATC
GCCCTTCCCAACAGTTGCGCAGCCTGAATGGCGAATGGGACGCGCCCTGTAGCGGCGCATTAAGCGCGGCGGGTGTGGTGGTTACGCGCAGCGTGACCGCTACACTTGCCAGC

G CTGATGTCCGGCGGTGCTTTTGCCGTTACG CACCACCCCGTCAGTAG CTGAACAG GAG GGACAGCTGATAGAAACAGAAG CCACTGGAG CACCTCAAAAACACCATCATACAC
TAAATCAGTAAGTTGGCAGCATCACCCGACGCACTTTGCGCCGAATAAATACCTGTGACGGAAGATCACTTCGCAGAATAAATAAATCCTGGTGTCCCTGTTGATACCGGGAAGC
CCTGGGCCAACTTTTGGCGAAAATGAGACGTFTGATCGGCACGTAAGAGGTTCCAACTTTCACCATAATGAAATAAGATCACTACCGGGCGTA T TT TT TGAGTTATCGAGATTTTCA
GGAGCTAAGGAAGCTAAAATGGAGAAAAAAATCACTGGATATACCACCGTTGATATATCCCAATGGCATCGTAAAGAACATTTTGAGGCATTTCAGTCAGTTGCTCAATGTACCT
ATAACCAGACCGTTCAGCTGGATATTACGGCCTTTTT1 AAAGACCGTAAAGAAAAATAAGCACAAGTTTTATCCGGCCTTTATTCACATTCTTGCCCGCCTGATGAATGCTCATCCGG
AATTTCGTATGGCAATGAAAGACGGTGAGCTGGTGATATGGGATAGTGTTCACCCTTGTTACACCGTTTTCCATGAGCAAACTGAAACGTTTTCATCGCTCTGGAGTGAATACCAC
GACGATTTCCGGCAGTTTCTACACATATATTCGCAAGATGTGGCGTGTTACGGTGAAAACCTGGCCTATTTCCCTAAAGGGTTTATTGAGAATATGTT11ICGTCTCAGCCAATCCC
TGGGTGAGTTTCACCAGTTTTGATTTAAACGTGGCCAATATGGACAACTTCTTCGCCCCCGTTTTCACCATGGGCAAATATTATACGCA AGGCGACAAGGTGCTGATGCCGCTG
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Table S4. DNA sequence of pMCL2

GCGATTCAGGTTCATCATGCCGTTTGTGATGGCTTCCATGTCGGCAGAATGCTTAATGAATTACAACAGTACTGCGATGAGTGGCAGGGCGGGGCGTAATTTTTTTAAGGCAGTT
ATTGGTGCCTAGAAATATTTTATCTGATTAATAAGATGATCTTCTTGAGATCGTTTTGGTCTGCGCGTAATCTCTTGCTCTGAAAACGAAAAAACCGCCTTGCAGGGCGGTTTTTCG
AAG GTTCTCTG AG CTACCAACTCTTTG AACCGAG GTAACTG GCTTG GAG GAG CG CAGTCACCAAAACTTGTCCTTTCAGTTAG CCTTAACCG GCG CATG ACTTCAAGACTAACTC
CTCTAAATCAATTACCAGTGGCTGCTGCCAGTGGTGCTTTTGCATGTCTTTCCGGGTTGGACTCAAGACGATAGTTACCGGATAAGGCGCAGCGGTCGGACTGAACGGGGGGTTC
GTG CATACAG TCCAG CTTG GAG CGAACTG CCTACCCG GAACTGAGTGTCAG GCGTG GAATGAGACAAACG CG GCCATAACAG CG GAATGACACCG GTAAACCGAAAG GCAG GA
ACAGGAGAGCGCACGAGGGAGCCGCCAGGGGGAAACGCCTGGTATCTTTATAGTCCTGTCGGGTTTCGCCACCACTGATTTGAGCGTCAGATTTCGTGATGCTTGTCAGGGGGG
CG GAG CCTATG GAAAAACG GCTTTG CCG CG GCCCTCTCACTTCCCTGTTAAG TATCTTCCTG GCATCTTCCAG GAAATCTCCG CCCCGTTCGTAAG CCATTTCCG CTCG CCG CAGTC
GAACGACCGAGCGTAGCGAGTCAGTGAGCGAGGAAGCGGAATATATCCTGTATCACATATTCTGCTGACGCACCGGTGCAGCCTTTTTTCTCCTGCCACATGAAGCACTTCACTG
ACACCCTCATCAGTGCCAACATAGTAAGCCAGTATACACTCCGCTAGCGTTCAAGCTACGGAATTGAGGCATTGCGCAGGTTTGGAGTGATAAAAGGCAGTTGGTTGACGGTGA
AACGCGTATTAAAATGCCACCCTTTACACCCTGGTGGTGACGATCCCGTCCCGCCCGGACCATTTGATACCAGAGAACACTAACGATGGATTCGCAACGCAATCTTTTAGTCATCG
CTTTG CTGTTCGTGTCTTTCATGATCTG GCAAG CCTG GGAG CAG GATAAAAACCCG CAACCTCAG GCCCAACAGACCACG CAGACAACGACCACCG CAG CG GGTAG CG CCG CCG
ACCAGGGCGTACCGGCCAGTGGCCAGGGGAAACTGATCTCGGTTAAGACCGACGTGCTTGATCTGACCATCAACACCCGTGGTGGTGATGTTGAGCAAGCTCTGCTGCCTGCTT
ACCCGAAAGAGCTGAACTCTACCCAGCCGTTCCAGCTGTTGGAAACTTCACCGCAGTTTATTTATCAGGCACAGAGCGGTCTGACCGGTCGTGATGGCCCGGATAACCCGGCTAA
CGGCCCGCGTCCGCTGTATAACGTTGAAAAAGACGCTTATGTGCTGGCTGAAGGTCAAAACGAACTGCAGGTGCCGATGACGTATACCGACGCGGCAGGCAACACGTTTACCAA
AACGTTTGTCCTGAAACGTGGTGATTACGCTGTCAACGTCAACTACAACGTGCAGAACGCTGGCGAGAAACCGCTGGAAATCTCCTCGTTTGGTCAGTTGAAGCAATCCATCACT
CTGCCACCGCATCTCGATACCGGAAGCAGCAACTTCGCACTGCACACCTCCGTGGCGCGGCGTACTCCACGCCTGACGAGAAGTATGAGAAATACAAGTTCGATACCATTGCCG
ATAACGAAAACCTGAACATCTCTTCGAAAGGTGGTTGGGTGGCGATGCTGCAACAGTATTTCGCGACGGCGTGGATCCCGCATAACGACGGTACCAACAACTTCTATACCGCTAA
TCTGGGTAACGGCATCGCCGCTATCGGCTATAAATCTCAGCCGGTACTGGTTCAGCCTGGTCAGACTGGCGCGATGAACAGCACCCTGTGGGTTGGCCCGGAAATCCAGGACAA
AATGGCAGCTGTTGCTCCGCACCTGGATCTGACCGTTGATTACGGTTGGTTGTGGTTCATCTCTCAGCCGCTGTTCAAACTGCTGAAATGGATCCATAGCTTTGTGGGTAACTGGG
GCTTCTCCATTATCATCATCACCTTTATCGTTCGTGGCATCATGTACCCGCTGACCAAAGCGCAGTACACCTCCATGGCGAAGATGCGTATGTTGCAGCCGAAGATTCAGGCAATG
CGTGAGCGTCTGGGCGATGACAAACAGCGTATCAGCCAGGAAATGATGGCGCTGTACAAAGCTGAGAAGGTTAACCCGCTGGGCGGCTGCTTCCCGCTGCTGATCCAGATGCCA
ATCTTCCTGGCGTTGTACTACATGCTGATGGGTTCCGTTGAACTGCGTCAGGCACCGTTTGCACTGTGGATCCACGACCTGTCGGCACAGGACCCGTACTACATCCTGCCGATCCT
GATGGGCGTAACGATGTTCTTCATTCAGAAGATGTCGCCGACCACAGTGACCGACCCGATGCAGCAGAAGATCATGACCTTTATGCCGGTCATCTTCACCGTGTTCTTCCTGTGGT
TCCCGTCAGGTCTGGTGCTGTACTATATCGTCAGCAACCTGGTAACCATTATTCAGCAGCAGCTGATTTACCGTGGTCTGGAAAAACGTGGCCTGCATAGCCGCGAGAAGAAAAA
ATCCTGATTCGGTGAGTTTCGCTAAAATAAGGGCGGTCAGTTGACCGCCTTTTTTCTTTTCGTAGGGCGGATAAGCACCGCGCATCCGCCACACAAAGCAACAGGAACATCATG
AG CG AGGTACCG G GCCCCCCCTCGAG GTCGACGGTATCGATAAG CTTG ATATCGAATTCCTG CAG CCCGG G GGATCCACTAGTTCTAGAG CG GCCG CCACCG CG GTG GAG CTCC

AATTCGCCCTATAGTGAGTCGTATTACAATTCACTGGCCGTCGTTTTACAACGTCGTGACTGGGAAAACCCTGGCGTTACCCAACTTAATCGCCTTGCAGCACATCCCCCTTCGCC
AGCTGGCGTAATAGCGAAGAGGCCCGCACCGATCGCCCTTCCCAACAGTTGCGCAGCCTGAATGGCGAATGGGACGCGCCCTGTAGCGGCGCATTAAGCGCGGCGGGTGTGGT
G GTTACG CG CAG CGTGACCGCTACACTTG CCAG CG CTGATGTCCG GCG GTG CTTTTG CCG TTACG CACCACCCCGTCAGTAG CTGAACAG GAG GGACAG CTGATAGAAACAGAA
GCCACTGGAGCACCTCAAAAACACCATCATACACTAAATCAGTAAGTTGGCAGCATCACCCGACGCACTTTGCGCCGAATAAATACCTGTGACGGAAGATCACTTCGCAGAATAA
ATAAATCCTGGTGTCCCTGTTGATACCGGGAAGCCCTGGGCCAACTTTGGCGAAAATGAGACGTTGATCGGCACGTAAGAGGTTCCAACTTTCACCATAATGAAATAAGATCAC
TACCG GG CGTA11T T T GAGTTATCGAGATTTTCAG GAG CTAAG GAAGCTAAAATG GAG AAAAAAATCACTG GATATACCACCGTTGATATATCCCAATG GCATCGTAAAG AACA
TTTTGAGGCATTCAGTCAGTTGCTCAATGTACCTATAACCAGACCGTTCAGCTGGATATTACGGCCTTTTTAAAGACCGTAAAGAAAAATAAGCACAAGTTTTATCCGGCCTTTAT
TCACATTCTTGCCCGCCTGATGAATGCTCATCCGGAATTCGTATGGCAATGAAAGACGGTGAGCTGGTGATATGGGATAGTGTTCACCCTTGTTACACCGTTTTCCATGAGCAAA
CTGAAACGTTTTCATCGCTCTGGAGTGAATACCACGACGATTTCCGGCAGTTTCTACACATATATTCGCAAGATGTGGCGTGTTACGGTGAAAACCTGGCCTATTTCCCTAAAGGG
TTTATTGAGAATATGTTTTTCGTCTCAGCCAATCCCTGGGTGAGTTTCACCAGTTTTGATTTAAACGTGGCCAATATGGACAACTTCTTCGCCCCCGTTTTCACCATGGGCAAATATT
ATACGCAAGGCGACAAGGTGCTGATGCCGCTG

174



Table S5. DNA sequence of pMCL6

GCGATTCAGGTTCATCATGCCGTTTGTGATGGCTTCCATGTCGGCAGAATGCTTAATGAATTACAACAGTACTGCGATGAGTGGCAGGGCGGGGCGTAATTTTTTTAAGGCAGTTATTGGTGCCTAGAAATATTTTATCTG
ATTAATAAGATGATCTTCTTGAGATCGTTTTGGTCTGCGCGTAATCTCTTGCTCTGAAAACGAAAAAACCG CCTTGCAGG GCGGT1 Ti MCGAAG GTTCTCTGAGCTACCAACTCTTTGAACCGAG GTAACTG GCTTG GAG G

AGCGCAGTCACCAAAACTTGTCCTTTCAGTTTAGCCTTAACCGGCGCATGACTTCAAGACTAACTCCTCTAAATCAATTACCAGTGGCTGCTGCCAGTGGTGCTTUTGCATGTCTTTCCGGGTTGGACTCAAGACGATAGTTF
ACCGGATAAG GCGCAG CGGTCG GACTGAACGGG GG GTTCGTGCATACAGTCCAG CTTG GAG CGAACTGCCTACCCGGAACTGAGTGTCAGGCGTGGAATGAGACAAACGCGGCCATAACAG CGGAATG ACACCGGTA

AACCGAAAGGCAGGAACAGGAGAGCGCACGAGGGAGCCGCCAGGGGGAAACGCCTGGTATCTTTATAGTCCTGTCGGGTTTCGCCACCACTGATTTGAGCGTCAGATTTCGTGATGCTTGTCAGGGGGGCGGAGCCTA
TGGAAAAACGGCTTTGCCGCGGCCCTCTCACTTCCCTGTTAAGTATCTTCCTGGCATCTTCCAGGAAATCTCCGCCCCGTTCGTAAGCCATTTCCGCTCGCCGCAGTCGAACGACCGAGCGTAGCGAGTCAGTGAGCGAG
GAAGCGGAATATATCCTGTATCACATATTCTGCTGACGCACCGGTGCAGCC r l7llCTCCTGCCACATGAAGCACTTCACTGACACCCTCATCAGTGCCAACATAGTAAGCCAGTATACACTCCGCTAGCGTTCAAGCTAC
GGAATTGAGGCATTGCGCAGGTTTGGAGTGATAAAAGGCAGTTGGTTGACGGTGAAACGCGTATTAAAATGCCACCCTTTACACCCTGGTGGTGACGATCCCGTCCCGCCCGGACCATTGATACCAGAGAACACTAAC
GATGGATTCGCAACGCAATCTTTTAGTCATCGCTTTG CTGTTCGTGTCTTTCATGATCTGGCAAG CCTG GGAG CAGGATAAAAACCCGCAACCTCAGG CCCAACAGACCACG CAGACAACGACCACCG CAG CGG GTAG CG

CCGCCGACCAGGGCGTACCGGCCAGTGGCCAGGGGAAACTGATCTCGGTTAAGACCGACGTGCTTGATCTGACCATCAACACCCGTGGTGGTGATGTTGAGCAAGCTCTGCTGCCTGCTTACCCGAAAGAGCTGAACTC
TACCCAGCCGTTCCAGCTGTTGGAAACTTCACCGCAGTTTATTTATCAGGCACAGAGCGGTCTGACCGGTCGTGATGGCCCGGATAACCCGGCTAACGGCCCGCGTCCGCTGTATAACGTTGAAAAAGACGCTTATGTGC
TGGCTGAAGGTCAAAACGAACTGCAGGTGCCGATGACGTATACCGACGCGGCAGGCAACACGTTTACCAAAACGTTTGTCCTGAAACGTGGTGATTACGCTGTCAACGTCAACTACAACGTGCAGAACGCTGGCGAGA
AACCGCTGGAAATCTCCTCGTTTGGTCAGTTGAAGCAATCCATCACTCTGCCACCGCATCTCGATACCGGAAGCAGCAACTTCGCACTGCACACCTTCCGTGGCGCGGCGTACTCCACGCCTGACGAGAAGTATGAGAAA
TACAAGTTCGATACCATTGCCGATAACGAAAACCTGAACATCTCTTCGAAAGGTGGTTGGGTGGCGATGCTGCAACAGTATTTCGCGACGGCGTGGATCCCGCATAACGACGGTACCAACAACTTCTATACCGCTAATCT
G GGTAACG GCATCGCCG CTATCGGCTATAAATCTCAGCCG GTACTGGTTCAGCCTG GTCAGACTG GCG CGATGAACAGCACCCTGTG GGTTGG CCCG GAAATCCAGGACAAAATGG CAG CTGTTGCTCCG CACCTG GAT

CTGACCGTTGATTACGGTTGGTTGTGGTTCATCTCTCAGCCGCTGTTCAAACTGCTGAAATGGATCCATAGCTTTGTGGGTAACTGGGGCTTCTCCATTATCATCATCACCTTTATCGTTCGTGGCATCATGTACCCGCTGA
CCAAAGCGCAGTACACCTCCATGGCGAAGATGCGTATGTTGCAGCCGAAGATTCAGGCAATGCGTGAGCGTCTGGGCGATGACAAACAGCGTATCAGCCAGGAAATGATGGCGCTGTACAAAGCTGAGAAGGTTAACC
CGCTGGGCGGCTGCTTCCCGCTGCTGATCCAGATGCCAATCTTCCTGGCGTTGTACTACATGCTGATGGGTTrCCGTTGAACTGCGTCAGGCACCGTTTGCACTGTGGATCCACGACCTGTCGGCACAGGACCCGTACTACA
TCCTGCCGATCCTGATGGGCGTAACGATGTTCTTCATTCAGAAGATGTCGCCGACCACAGTGACCGACCCGATGCAGCAGAAGATCATGACCTTTATGCCGGTCATCTTCACCGTGTTCTTCCTGTGGTTCCCGTCAGGTC
TGGTGCTGTACTATATCGTCAGCAACCTGGTAACCATTATTCAGCAGCAGCTGATTTACCGTGGTCTGGAAAAACGTGGCCTGCATAGCCGCGAGAAGAAAAAATCCTGATTCGGTGAGTTTTCGCTAAAATAAGGGCGG
TCAGTTGACCGCLC111 T TCTTTTCGTAGGGCGGATAAGCACCGCGCATCCGCCACACAAAGCAACAGGAACATCATGAGCGAGGTACCGGGCCCCCCCTCGAGGTCGACGGTATCGATAAGCTTCATCGGGTAGTTTAT
TCTTGACAATTAAGTAGAGCCTGATATAATAGTTCAGTACTGTTACTAGTTCTAGAGCGGCCGCTCCACATACGGAGCGGGGTCGAGGAGGTCAAATATGAGTAAAATCGTTGTAGTCGGTGCTAACCACGCTGGTACA
GCATGTATCAATACCATGTTGGATAATTTTGGAAATGAGAACGAAATTGTTGTATTTGACCAAAACTCTAACATCTCTTTCCTAGGATGTGGAATGGCTCTTTGGATTGGTGAACAAATTGACGGTGCTGAAGGCTTGTTC
TATTCTGATAAAGAAAAATTGGAAGCTAAAGGTGCTAAAGTTTACATGAACTCACCTGTTCTTTCAATCGACTATGATAACAAAGTAGTTACAGCGGAAGTTGA AGGAAAAGAGCACAAAGAATCATACGAAAAATTGAT

TTTCGCTACAGGTTCTACACCAATCTTGCCACCAATCGAAGGTGTTGAAATTGTTAAAGGAAACCGCGAATTTAAAGCAACTCTTGAAAACGTACAATTCGTGAA ATTGTACCAAAATGCTGAAGAAGTTATCAATAAACT

TTCTGACAAGAGCCAACACCTCGACCGTATCGCCGTTGTTGGTGGTGGTTACATCGGTGTTGAACTTGCTGAAGCCTTTGAACGTCTTGGAAAAGAAGTTGTCCTTGTTGATATCGTTGATACTGTCTTGAACGGTTACTA
TGACAAAGACTTCACACAAATGATGGCGAAGAACTTGGAAGATCACAACATCCGCTTGGCTCTAGGTCAAACTGTTAAAGCAATCGAAGGTGA CGGTAAAGTTGAACGCTTGATTACTGACAAAGAAAGCTTTGACGTG

GATATGGTTATCCTTGCAGTTGGTTTCCGTCCAAACACAGCCCTTGCAGATGGTAAGATCGAACTCTTCCGCAACGGTGCCI-CCTTGTAGACAAGAAACAAGAAACATCTATCCCAGGCGT1-ACGCTGTTGGTGACTGT
GCGACTGTTTATGACAATGCTCGTAAAGATACAAGCTATATCGCTCTTGCTTCAAATGCTGTTCGCACTGGTATCGTTGGTGCCTACAATGCTTGTGGACATGAATTGGAAGGAATCGGTGTTCAAGGTTCAAATGGTATC
TCAATCTACGGTCTTCACATGGTTTrCAACTGGTTGACTCTTGAAAAAGCGAAAGCTGCTGGTTACAACGCAACTGAAACAGGCTTAACGATCTTCAAAAACCAGAATTCATGAAACATGACAACCATGAAGTAGCAATT
AAGATTGTCTTTGACAAAGATAGCCGTGAAATTCTTGGTGCCCAAATGGTTTCACATGATATTGCAATTAGCATGGGAATCCACATGTTCTCACTTGCTATCCAAGAGCATGTGACAATTGATAAATTGGCATTGACAGAC
CTCTTCTTCTTGCCACACTTCAACAAACCATACAACTACATCACAATGGCTGCCCTTrACGGCTGAAAAATAGCCTGCAGGCTTAAGCCCCGCTTCGGCGGGGTTT11TGAGCTCCAATTCGCCCTATAGTGAGTCGTATTAC
AATTCACTGGCCGTCGTTTTACAACGTCGTGACTGGGAAAACCCTGGCGTTACCCAACTTAATCGCCTTGCAGCACATCCCCCTTTCGCCAGCTGGCGTAATAGCGAAGAGGCCCGCACCGATCGCCCTTCCCAACAGTTG
CGCAGCCTGAATGGCGAATGGGACGCGCCCTGTAGCGGCGCATTAAGCGCGGCGGGTGTGGTGGTTACGCGCAGCGTGACCGCTACACTTGCCAGCGCTGATGTCCGGCGGTGCTTTTGCCGTTACGCACCACCCCGT
CAGTAGCTGAACAGGAGGGACAGCTGATAGAAACAGAAGCCACTGGAGCACCTCAAAAACACCATCATACACTAAATCAGTAAGTTGGCAGCATCACCCGACGCACTTTGCGCCGAATAAATACCTGTGACGGAAGATC
ACTTCGCAGAATAAATAAATCCTGGTGTCCCTGTTGATACCGGGAAGCCCTGGGCCAACTTTGGCGAAAATGAGACGTTGATCGGCACGTAAGAGGTTCCAACTTTCACCATAATGAAATAAGATCACTACCGGGCGTA
TTTTTT 1 GAGTTATCGAGATTTTCAGGAGCTAAGGAAGCTAAAATGGAGAAAAAAATCACTGGATATACCACCGTTGATATATCCCAATGGCATCGTAAAGAACATTT-TGAGGCATTCAGTCAGTTGCTCAATGTACCTAT
AACCAGACCGTTCAGCTGGATATTACGGCCT 11 1AAAGACCGTAAAGAAAAATAAGCACAAGTTTTrATCCGGCCTTTATTCACATTCTTGCCCGCCTGATGAATGCTCATCCGGAATTTCGTATGGCAATGAAAGACGGT
GAG CTGGTGATATGGGATAGTGTTCACCCTTGTTACACCGTTTTCCATGAGCAAACTGAAACGTTTTCATCGCTCTGGAGTGAATACCACGACGATTTCCG GCAGTTTCTACACATATATTCGCAAGATGTG GCGTGTTAC

GGTGAAAACCTGGCCTATTTCCCTAAAGGGTTTATTGAGAATATGTTTTT 1CGTCTCAGCCAATCCCTGGGTGAGTTTCACCAGTTTTGATTTAAACGTGGCCAATATGGACAACTTCTTCGCCCCCGTTTTCACCATGGGCA
AATATTATACGCAAGGCGACAAGGTGCTGATGCCGCTG
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Table S6. DNA sequence of pMCL7

GCGATTCAGGTTCATCATGCCGTTTGTGATGGCTTCCATGTCGGCAGAATGCTTAATGAATTACAACAGTACTGCGATGAGTGGCAGGGCGGGGCGTAATll il lAAGGCAGTrTTGGTGCCTAGAAATATTATCTGATTrAATAAGATGATCTTCTTGAGATCGTI
TGGTCTGCGCGTAATCTCTTGCTCTGAAAACGAAAAAACCGCCTTGCAGGGCGGT1 1 1 CGAAGGTTCTCTGAGCTACCAACTCTTTGAACCGAGGTAACTGGCTTGGAGGAGCGCAGTCACCAAAACTTGTCCTTTCAGTTAGCCTTAACCGGCGCATGACTTCAAGA
CTAACTCCTCTAAATCAATTACCAGTGGCTGCTGCCAGTGGTGCTTTTGCATGTCTTTCCGGGTTGGACTCAAGACGATAGTTACCGGATAAGGCGCAGCGGTCGGACTGAACGGGGGGTTCGTGCATACAGTCCAGCTTGGAGCGAACTGCCTACCCGGAACTGAGT
GTCAGGCGTGGAATGAGACAAACGCGGCCATAACAGCGGAATGACACCGGTAAACCGAAAGGCAGGAACAGGAGAGCGCACGAGGGAGCCGCCAGGGGGAAACGCCTGGTATCTTTATAGTCCTGTCGGGTTTCGCCACCACTGATT-TGAGCGTCAGATTTCGTGA

TGCTTrGTCAGGGGGGCGGAGCCTATGGAAAAACGGCTTGCCGCGGCCCTCTCACTTCCCTGTTAAGTATCTTCCTGGCATCTTrCCAGGAAATCTCCGCCCCGTTrCGTAAGCCATTTCCGCTCGCCGCAGTCGAACGACCGAGCGTAGCGAGTCAGTGAGCGAGGAAGC

GGAATATATCCTGTATCACATATTCTGCTGACGCACCGGTGCAGCCL I I I i lCTCCTGCCACATGAAGCACTTCACTGACACCCTCATCAGTGCCAACATAGTAAGCCAGTATACACTCCGCTAGCGTTCAAGCTACGGAATTrGAGGCATTGCGCAGGTTTGGAGTGATAA
AAGGCAGTTrGGTTGACGGTGAAACGCGTATTAAAATGCCACCCTTACACCCTGGTGGTGACGATCCCGTCCCGCCCGGACCATTGATACCAGAGAACACTAACGATGGATTCGCAACGCAATCTTTTAGTCATCGCTTTGCTGTTCGTGTCTTTCATGATCTGGCAAG

CCTGGGAGCAGGATAAAAACCCGCAACCTCAGGCCCAACAGACCACGCAGACAACGACCACCGCAGCGGGTAGCGCCGCCGACCAGGGCGTACCGGCCAGTGGCCAGGGGAAACTGATCTCGGTTrAAGACCGACGTGCTTrGATCTGACCATCAACACCCGTGGTGG

TGATGTTGAGCAAGCTCTGCTGCCTGCTTACCCGAAAGAGCTGAACTCTACCCAGCCGTTCCAGCTGTTGGAAACTTCACCGCAGTTTATTATCAGGCACAGAGCGGTCTGACCGGTCGTGATGGCCCGGATAACCCGGCTAACGGCCCGCGTCCGCTGTATAACGTTr

GAAAAAGACGCTTATGTGCTGGCTGAAGGTCAAAACGAACTGCAGGTGCCGATGACGTATACCGACGCGGCAGGCAACACGTTTACCAAAACGTTTGTCCTGAAACGTGGTGATTACGCTGTCAACGTCAACTACAACGTGCAGAACGCTGGCGAGAAACCGCTGGA

AATCTCCTCGTTTGGTCAGTTGAAGCAATCCATCACTCTGCCACCGCATCTCGATACCGGAAGCAGCAACTTCGCACTGCACACCTTCCGTGGCGCGGCGTACTCCACGCCTGACGAGAAGTATGAGAAATACAAGTTCGATACCATTGCCGATAACGAAAACCTGAACA

TCTCTTCGAAAGGTGGTTGGGTGGCGATGCTGCAACAGTATTCGCGACGGCGTGGATCCCGCATAACGACGGTACCAACAACTTrCTATACCGCTAATCTGGGTAACGGCATCGCCGCTATCGGCTATAAATCTCAGCCGGTACTGGTTCAGCCTGGTCAGACTGGCGC

GATGAACAGCACCCTGTGGGTTGGCCCGGAAATCCAGGACAAAATGGCAGCTGTTGCTCCGCACCTGGATCTGACCGTTGATTACGGTTGGTTGTGGTTrCATCTCTCAGCCGCTGTTrCAAACTGCTGAAATGGATCCATAGCTTTGTGGGTAACTGGGGCTTCTCCATTA

TCATCATCACCTTTATCGTTrCGTGGCATCATGTACCCGCTGACCAAAGCGCAGTACACCTCCATGGCGAAGATGCGTATGTTGCAGCCGAAGATTrCAGGCAATGCGTGAGCGTCTGGGCGATGACAAACAGCGTATCAGCCAGGAAATGATGGCGCTGTACAAAGCTG

AGAAGGTTAACCCGCTGGGCGGCTGCTTCCCGCTGCTGATCCAGATGCCAATCTTCCTGGCGTTGTACTACATGCTGATGGGTTCCGTTGAACTGCGTCAGGCACCGTTTGCACTGTGGATCCACGACCTGTCGGCACAGGACCCGTACTACATCCTGCCGATCCTGATG

GGCGTAACGATGTTCTTrCATTCAGAAGATGTCGCCGACCACAGTGACCGACCCGATGCAGCAGAAGATCATGACCTTTATGCCGGTCATCTTCACCGTGTTrCTTCCTGTGGTTCCCGTCAGGTCTGGTGCTGTACTATATCGTCAGCAACCTGGTAACCATTrATTCAGCAG

CAGCTGATTTACCGTGGTCTGGAAAAACGTGGCCTGCATAGCCGCGAGAAGAAAAAATCCTGATTCGGTGAGTTTTCGCTAAAATAAGGGCGGTCAGTTGACCGCCTTT li MCTTTTrCGTAGGGCGGATAAGCACCGCGCATCCGCCACACAAAGCAACAGGAACATCA
TGAGCGAGGTACCGGGCCCCCCCTCGAGGTCGACGGTATCGATAAGCTTCATCGGGTAGTTTATTCTTGACAATTAAGTAGAGCCTGATATAATAGTTCAGTACTGTTrACTAGTTCTAGAGCGGCCGCGGGCCGCGACGACTAAGGAGGTACTAAATGCAACTGAATTC

CACCGAAATCAGCGAACTGATCAAGCAGCGCATTGCTCAGTTCAATGTTGTGAGTGAAGCTCACAACGAAGGTACTATTGTTCTGTAAGTGACGGTGTTATCCGCATTCACGGCCTGGCCGATTGTATGCAGGGTGAAATGATCTCCCTGCCGGGTAACCGTTACGCT

ATCGCACTGAACCTCGAGCGCGACTCTGTAGGTGCGGTTGTTATGGGTCCGTACGCTGACCTGCCGAAGGCATGAAAGTTAAGTGTACTGGCCGTATCCTGGAAGTTCCGGTTGGCCGTGGCCTGCTGGGCCGTGTGGTTAACACTCTGGGTGCACCAATCGACGGT

AAAGGTCCGCTGGATCACGACGGCTTCTCTGCTGTAGAAGCAATCGCTCCGGGCGTTATCGAACGTCAGTCCGTAGATCAGCCGGTACAGACCGGTTATAAAGCCGTTGACTCCATGATCCCAATCGGTCGTGGTCAGCGTGAATTGATCATCGGTGACCGTCAGACAG

GTAAAACCGCACTGGCTATCGATGCCATCATCAACCAGCGCGATTCCGGTATCAAATGTATCTATGTCGCTATCGGCCAGAAAGCGTCCACCATTTCTAACGTGGTACGTAAACTGGAAGAGCACGGCGCACTGGCTAACACCATCGTTGTGGTAGCAACCGCGTCTGA

ATCCGCTGCACTGCAATACCTGGCACCGTATGCCGGTTGCGCAATGGGCGAATACTTCCGTGACCGCGGTGAAGATGCGCTGATCATTACGATGACCTGTCTAAACAGGCTGTTGCTTACCGTCAGATCTCCCTGCTGCTCCGTCGTCCGCCAGGACGTGAAGCATTCC

CGGGCGACGTTTCTACCTCCACTCTCGTCTGCTGGAGCGTGCTGCACGTGTTAACGCCGAATACGTTGAAGCCTTCACCAAAGGTGAAGTGAAAGGGAAAACCGGTTCTCTGACCGCACTGCCGATTATCGAAACTCAGGCGGGTGACGTT'TCTGCGTTrCGTTCCGAC
CAACGTAATCTCCATTACCGATGGTCAGATCTTCCTGGAAACCAACCTGTTCAACGCCGGTATTCGTCCTGCGGTTAACCCGGGTATTTCCGTATCCCGTGTTGGTGGTGCAGCACAGACCAAGATCATGAAAAAACTGTCCGGTGGTATCCGTACCGCTCTGGCACAGT

ATCGTGAACTGGCAGCGTTCTCTCAGTTTGCATCCGACCTTGACGATGCAACACGTAAGCAGCTTrGACCACGGTCAGAAAGTGACCGAACTrGCTGAAACAGAAACAGTATGCGCCGATGTCCGTTGCGCAGCAGTCTCTGGTTCTGTTCGCAGCAGAACGTGGTTACCT

GGCGGATGTTGAACTGTCGAAAATTGGCAGCTTCGAAGCCGCTCTGCTGGCTTrACGTCGACCGTGATCACGCTCCGTTGATGCAAGAGATCAACCAGACCGGTGGCTACAACGACGAAATCGAAGGCAAGCTGAAAGGCATCCTCGATTCCTTCAAAGCAACCCAATC
CTGGTAACGTCTGGCGGCTTGCCTTAGGGCAGGCCGCAAGGCATTrGAGGAGAAGCTCATGGCCGGCGCAAAAGAGATACGTAGTAAGATCGCAAGCGTCCAGAACACGCAAAAGATCACTAAAGCGATGGAGATGGTCGCCGCTTCCAAAATGCGTAAATCGCAGG

ATCGCATGGCGGCCAGCCGTCCTTATGCAGAAACCATGCGCAAAGTGATTGGTCACCTTGCACACGGTAATCTGGAATATAAGCACCCTTACCTGGAAGACCGCGACGTTAAACGCGTGGGCTACCTGGTGGTGTCGACCGACCGTGGTTTGTGCGGTGGTTTGAACA

TTAACCTFGTTCAAAAAACTGCTGGCGGAAATGAAGACCTGGACCGACAAAGGCGTTCAATGCGACCTCGCAATGATCGGCTCGAAAGGCGTGTCGTTCTTCAACTCCGTGGGCGGCAATGTTGTTGCCCAGGTCACCGGCATGGGGGATAACCCTTCCCTGTCCGAACT

GATCGGTCCGGTAAAAGTGATGTTGCAGGCCTACGACGAAGGCCGTCTGGACAAGCTTTACATTGTCAGCAACAAATTTATTAACACCATGTCTCAGGTTCCGACCATCAGCCAGCTGCTGCCGTTACCGGCATCAGATGATGATGATCTrGAAACATAAATCCTGGGAT

TACCTGTACGAACCCGATCCGAAGGCGTTGCTGGATACCCTGCTGCGTCGTTATGTCGAATCTCAGGTTTATCAGGGCGTGGTTrGAAAACCTGGCCAGCGAGCAGGCCGCCCGTATGGTGGCGATGAAAGCCGCGACCGACAATGGCGGCAGCCTGATTAAAGAGCT

GCAGTTGGTATACAACAAAGCTCGTCAGGCCAGCATTACTCAGGAACTCACCGAGATCGTCTCGGGGGCCGCCGCGGTTTAAACAGGTTATTCGTAGAGGATTTAAGATGGCTACTGGAAAGATTGTCCAGGTAATCGGCGCCGTAGTTGACGTCGAATTCCCTCAG

GATGCCGTACCGCGCGTGTACGATGCTCTTGAGGTGCAAAATGGTAATGAGCGTCTGGTGCTGGAAGTTCAGCAGCAGCTCGGCGGCGGTATCGTACGTACCATCGCAATGGGTTCCTCCGACGGTCTGCGTCGCGGTCTGGATGTAAAAGACCTCGAACACCCGATT

GAAGTCCCGGTAGGTAAAGCGACTCTGGGCCGTATCATGAACGTACTGGGTGAACCGGTCGACATGAAAGGCGAGATCGGTGAAGAAGAGCGTTrGGGCGATTCACCGCGCAGCACCTTCCTACGAAGAGCTGTCAAACTCTCAGGAACTGCTGGAAACCGGTATCA

AAGTTrATCGACCTGATGTGTCCGTTCGCTAAGGGCGGTAAAGTTGGTCTGTTCGGTGGTGCGGGTGTAGGTAAAACCGTAAACATGATGGAGCTCATTCGTAACATCGCGATCGAGCACTCCGGTTACTCTGTGTTTGCGGGCGTAGGTGAACGTACTCGTGAGGGTA

ACGACTTrCTACCACGAAATGACCGACTrCCAACGTTrATCGACAAAGTATCCCTGGTGTATGGCCAGATGAACGAGCCGCCGGGAAACCGTCTGCGCGTTGCTCTGACCGGTCTGACCATGGCTGAGAAATTCCGTGACGAAGGTCGTGACGTTCTGCTGTTCGTTGACAA

CATCTATCGTTACACCCTGGCCGGTACGGAAGTATCCGCACTGCTGGGCCGTATGCCTTCAGCGGTAGGTTATCAGCCGACCCTGGCGGAAGAGATGGGCGTTCTGCAGGAACGTATCACCTCCACCAAAACTGGTTCTATCACCTCCGTACAGGCAGTATACGTACCT

GCGGATGACTTGACTGACCCGTCTCCGGCAACCACCTTTGCGCACCTTGACGCAACCGTGGTACTGAGCCGTCAGATCGCGTCTCTGGGTATCTACCCGGCCGTTGACCCGCTGGACTCCACCAGCCGTCAGCTGGACCCGCTGGTGGTTGGTCAGGAACACTACGACA

CCGCGCGTGGCGTTCAGTCCATCCTGCAACGTTATCAGGAACTGAAAGACATCATCGCCATCCTGGGTATGGATGAACTGTCTGAAGAAGACAAACTGGTGGTAGCGCGTGCTCGTAAGATCCAGCGCTTCCTGTCCCAGCCGTTCTTCGTGGCAGAAGTATTCACCGG

TTCTCCGGGTAAATACGTCTCCCTGAAAGACACCATCCGTGGCTTTAAAGGCATCATGGAAGGCGAATACGATCACCTGCCGGAGCAGGCGTTCTACATGGTCGGTTrCCATCGAAGAAGCTGTGGAAAAAGCCAAAAAACTTTAACCTGCAGGCTTAAGCCCCGCTTrCG

GCGGGGTTl TT l GAGCTCCAATTCGCCCTATAGTGAGTCGTAITACAATTCACTGGCCGTCGTTTACAACGTCGTGACTGGGAAAACCCTGGCGTTACCCAACTTAATCGCCTTGCAGCACATCCCCCTTTCGCCAGCTGGCGTAATAGCGAAGAGGCCCGCACCGATC
GCCCTTCCCAACAGTTGCGCAGCCTGAATGGCGAATGGGACGCGCCCTGTAGCGGCGCATTAAGCGCGGCGGGTGTGGTGGTTACGCGCAGCGTGACCGCTACACTTGCCAGCGCTGATGTCCGGCGGTGC T T TGCCGTTACGCACCACCCCGTCAGTAGCTGAACA
GGAGGGACAGCTGATAGAAACAGAAGCCACTGGAGCACCTCAAAAACACCATCATACACTAAATCAGTAAGTTGGCAGCATCACCCGACGCACTTGCGCCGAATAAATACCTGTGACGGAAGATCACTTCGCAGAATAAATAAATCCTGGTGTCCCTGTTGATACCG

GGAAGCCCTGGGCCAAL I I I I GGCGAAAATGAGACGTTGATCGGCACGTAAGAGGTTCCAACTTTCACCATAATGAAATAAGATCACTACCGGGCGTATTTTTT 1 GAGTTATCGAGATTTTCAGGAGCTrAAGGAAGCTAAAATGGAGAAAAAAATCACTGGATATACCAC
CGTTGATATATCCCAATGGCATCGTAAAGAACATTTGAGGCATTTCAGTCAGTTGCTCAATGTACCTATAACCAGACCGTTCAGCTGGATATTACGGCCTT11 1AAAGACCGTAAAGAAAAATAAGCACAAGTTTTATCCGGCCTTTATTCACATTCTTGCCCGCCTGATG
AATGCTCATCCGGAATTTCGTATGGCAATGAAAGACGGTGAGCTGGTGATATGGGATAGTGTTCACCCTTGTTrACACCGTTTTCCATGAGCAAACTGAAACGTTTTCATCGCTCTGGAGTGAATACCACGACGATTTCCGGCAGTTTrCTACACATATATTCGCAAGATGT

GGCGTGTTACGGTGAAAACCTGGCCTATTTCCCTAAAGGGTTTATTGAGAATATGillMCGTCTCAGCCAATCCCTGGGTGAGTTTCACCAGTTTTGATTTAAACGTGGCCAATATGGACAACTTCTTCGCCCCCGTTTTCACCATGGGCAAATATTATACGCAAGGCGA

CAAGGTGCTGATGCCGCTG
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Table S7. DNA sequence of pMCL8

GCGATTCAGGTTCATCATGCCGTTTGTGATGGCTTrCCATGTCGGCAGAATGCTTAATGAATTrACAACAGTACTGCGATGAGTGGCAGGGCGGGGCGTAATTTTTTT1 iAAGGCAGTTATTGGTGCCTAGAAATATTTTATCTGATTAATAAGATGATCTTCTTGAGATCGTTT
TGGTCTGCGCGTAATCTCTTGCTCTGAAAACGAAAAAACCGCCTTGCAGGGCGGTTTTT 1CGAAGGTTCTCTGAGCTACCAACTCTTTGAACCGAGGTAACTGGCTTGGAGGAGCGCAGTCACCAAAACTTGTCCTTTCAGTTTAGCCTTAACCGGCGCATGACTTCAAGA
CTAACTCCTCTAAATCAATTACCAGTGGCTGCTGCCAGTGGTGCTTTTGCATGTCTTTCCGGGTTGGACTCAAGACGATAGTTACCGGATAAGGCGCAGCGGTCGGACTGAACGGGGGGTTCGTGCATACAGTCCAGCTTGGAGCGAACTGCCTACCCGGAACTGAGT
GTCAGGCGTGGAATGAGACAAACGCGGCCATAACAGCGGAATGACACCGGTAAACCGAAAGGCAGGAACAGGAGAGCGCACGAGGGAGCCGCCAGGGGGAAACGCCTGGTATCTTTATAGTCCTGTCGGGTTTCGCCACCACTGATTGAGCGTCAGATTTCGTGA
TGCTTGTCAGGGGGGCGGAGCCTATGGAAAAACGGCTTTGCCGCGGCCCTCTCACTTCCCTGTTAAGTATCTTCCTGGCATCTTCCAGGAAATCTCCGCCCCGTTCGTAAGCCATTTCCGCTCGCCGCAGTCGAACGACCGAGCGTAGCGAGTCAGTGAGCGAGGAAGC
GGAATATATCCTGTATCACATATTCTGCTGACGCACCGGTGCAGCCT T TT T CTCCTGCCACATGAAGCACTTCACTGACACCCTCATCAGTGCCAACATAGTAAGCCAGTATACACTCCGCTAGCGTTCAAGCTACGGAATTGAGGCATTGCGCAGGTTTGGAGTGATAA
AAGGCAGTTGGTTGACGGTGAAACGCGTATTAAAATGCCACCCTTTACACCCTGGTGGTGACGATCCCGTCCCGCCCGGACCATTTGATACCAGAGAACACTAACGATGGATTCGCAACGCAATCTTTTAGTCATCGCTTTGCTGTTCGTGTCTTTCATGATCTGGCAAG
CCTGGGAGCAGGATAAAAACCCGCAACCTCAGGCCCAACAGACCACGCAGACAACGACCACCGCAGCGGGTAGCGCCGCCGACCAGGGCGTACCGGCCAGTGGCCAGGGGAAACTGATCTCGGTTAAGACCGACGTGCTTGATCTrGACCATCAACACCCGTGGTGG
TGATGTTGAGCAAGCTCTGCTGCCTGCTTACCCGAAAGAGCTGAACTCTACCCAGCCGTTCCAGCTGTTGGAAACTTCACCGCAGTTTATTTATCAGGCACAGAGCGGTCTGACCGGTCGTGATGGCCCGGATAACCCGGCTAACGGCCCGCGTCCGCTGTATAACGTTF
GAAAAAGACGCTTATGTGCTGGCTrGAAGGTCAAAACGAACTGCAGGTGCCGATGACGTATACCGACGCGGCAGGCAACACGTTTACCAAAACGTTTrGTCCTGAAACGTGGTGATTACGCTGTCAACGTCAACTACAACGTGCAGAACGCTGGCGAGAAACCGCTGGA
AATCTCCTCGTTGGTCAGTTGAAGCAATCCATCACTCTGCCACCGCATCTCGATACCGGAAGCAGCAACTTCGCACTGCACACCTTCCGTGGCGCGGCGTACTCCACGCCTGACGAGAAGTATGAGAAATACAAGTTCGATACCATTGCCGATAACGAAAACCTGAACA
TCTCTTCGAAAGGTGGTTGGGTGGCGATGCTGCAACAGTATTTCGCGACGGCGTGGATCCCGCATAACGACGGTACCAACAACTTCTATACCGCTAATCTGGGTAACGGCATCGCCGCTATCGGCTATAAATCTCAGCCGGTACTGGTTCAGCCTGGTCAGACTGGCGC
GATGAACAGCACCCTGTGGGTTGGCCCGGAAATCCAGGACAAAATGGCAGCTGTTGCTCCGCACCTGGATCTGACCGTTrGATTACGGTTGGTTrGTGGTTCATCTCTCAGCCGCTGTTCAAACTGCTGAAATGGATCCATAGCTTrTGTGGGTAACTGGGGCTTCTCCATTA
TCATCATCACCTTTATCGTTCGTGGCATCATGTACCCGCTGACCAAAGCGCAGTACACCTCCATGGCGAAGATGCGTATGTTGCAGCCGAAGATTCAGGCAATGCGTGAGCGTCTGGGCGATGACAAA CAGCGTATCAGCCAGGAAATGATGGCGCTGTA CAAAGCTG

AGAAGGTTAACCCGCTGGGCGGCTGCTTCCCGCTGCTGATCCAGATGCCAATCTTCCTGGCGTTGTACTACATGCTGATGGGTTCCGTTGAACTGCGTCAGGCACCGTTTGCACTGTGGATCCACGACCTGTCGGCACAGGACCCGTACTACATCCTGCCGATCCTGATG
GGCGTAACGATGTTCTTCATTCAGAAGATGTCGCCGACCACAGTGACCGACCCGATGCAGCAGAAGATCATGACCTTTATGCCGGTCATCTTCACCGTGTTCTTCCTGTGGTTCCCGTCAGGTCTGGTGCTGTACTATATCGTCAGCAACCTGGTAACCATTATTCAGCAG
CAGCTGATTTACCGTGGTCTGGAAAAACGTGGCCTGCATAGCCGCGAGAAGAAAAAATCCTGATTCGGTGAGTTTTCGCTAAAATAAGGGCGGTCAGTTGACCGCCTTTTTTrCTTTTCGTAGGGCGGATAAGCACCGCGCATCCGCCACACAAAGCAACAGGAACATCA
TGAGCGAGGTACCGGGCCCCCCCTCGAGGTCGACGGTATCGATAAGCTTCATCGGGTAGTTTrATTCTTrGACAATTAAGTAGAGCCTGATATAATAGTTCAGTACTGTTACTAGTTCTAGAGCGGCCGCTACAAGCCAATCAAAATCCCCTAAGGAGGTAATACATGAAA
ATTAAAAAAGTCCTCGTCGCAAATCGCGGGGAAATTGCTATTAGAGTACTACGTGCCTGTACAGAACTTAATATTGCAACCGTAGCTGTCTACACCTATGAAGATAGATACTCACAACATCGCAACAAAGCAGATGAGTCTTACCAGATAGGAGCAGATAATGAACCGC
TCAAACCCTATTTAGATATGGATCAAATCATTGATCTAGCAAAATCTAAAAATGTAGATGCCATTCACCCCGGCTACGGCTTCTTATCTGAAAACTCAGAATTTrGCAAGAAGATGTGCAAAAAATGGCATTrATATTTATTGGCCCTGAGCCAGAAGTAATGGATGCACTA
GGTGATAAAATCACCGCAAAAAAAGTAGCACAATCTTGTGGAGTACCTATAATAGAAAGTAATAAAAAAGCCTTAGATTCACTAGAAACGGCCCTAAGTGAAGCTGGAAAAATAGGATATCCAGTAATGCTCAAAGCTGCCTCTGGTGGAGGTGGTCGCGGTATGCGT
ATTATACGTAAGGAAGAAGATTTACAGCTTAGTTTGACTCTGCACGTAATGAGGCGCTCAACT(-I I IGGAGATGATACAATGTTTTTAGAAAAATATGTAGAAGATCCAAAACATATAGAAGTACAAATAGTAGCAGACACACACGGTAATATAAGACACCTTTATGA
ACGTGATTGCTCTGTACAACGCAGGCACCAGAAGGTGGTAGAAATGGCTCCTTCATATAACCTATCACAAACGCTACGCGATAACCTTTATAAGTATGCTGTAGCTATTGCTACAGAGGTAAATTATAACAACATAGGTACCGTAGAGTTTCTTrGTGGATGCAGATGATA
ATATTTACTTCATCGAGGTTrAACCCACGTATACAAGTAGAGCACACAGTAACCGAAATGGTTACAGGTATTGACCTTGTAAAAACACAAATCTTTGTGGCTGGCGGTTATAAACTATCAGATAAGCAGATAAAGATTTATGGCCAAGAGTCTATAGGTACTTACGGCTTT
GCCATACAGTGTAGACTTACCACAGAAGACCCTACTAATAAATTTACACCAGATTACGGAAAGATAACAACCTACCGTAGCGCCTCTGGTATGGGTATACGTCTAGATGCCGGTAGCATTTATCAAGGGTATAAAGTGAGTCCGTTTTTTGATTCGATGCTTGTAAAAGT
ATCTGCTCACGGTAGAACCCTGGATGGTGCAATACGTAAGATGGTGCGCGCCTTrAAAAGAATTTAGAATACGTGGTGTAGAGACCAACATTCATTTTCTTCAAAATGTCATACAGACAGACG T T1 AAAAATGGAGAGACCACAGTAAATTTCATTCAGAATACTCCTT

CCCTATTTAATATTAAACTCTCTCAAGATCGTACCTCTAAGGTTGTTCAGTTTCTGGCAGATGTGAGTGTAAATGGCAATAGTGATGTAAAAACAAAAGATCCAAAGAAGGTATTTACAAACCCTAAGGTGCCACTTTACAGCCTGTCTGATCCGTTTCCAAAAGGGACAA
AAGATATGCTTACAGAGCTAGGTCCGGAGGCATTTTGTAAGTGGTTATTAGAGGAGAAAAAAATACACTTrTACAGATACCACAATGCGTGACGCACACCAGTCTTTACTGGCAACGCGTATGCGCTCTTATGATATGCTCAAAGTAGCATCCAGTTTTGCAAAAAATCAC
CCTAACACCTTTAGTATGGAAGTATGGGGAGGTGCAACCTTTGATGTATGTATGCGATTCTTACACGAGAGCCCTTGGACACGTTACGAGAGTTACGCAAGGCAGTACCTAACATCTTGTTCCAGATGCTCCTTCGTGGTTCTAATGGCGTGGGTTACAAAGCATATCC
AGATAACCTTATAGAAAAGTTTGTAGAGAAGTCTTGGGAGAATGGTGTAGACCTrCTTCCGTA T 11 T GACTCTCTTAACTGGGTAAAAGCAATGGAACCTAGTATACAATACGTACGTAATCTTACAGGAGGAATAGCCGAAGGTGCCATAAGTTATACGGGAGATATT
CTAGATACTrAAGCAAACTAAGTACAACCTCAAGTACTACACACAACTTGCAAAAGATCTAGAAAATGCTGGGGCACATATGATTGCCATTrAAGGATATGGCAGGATTATTAAAACCATATGCAGCGACAGAACTTGTTACAGCACTTAAGGACACTGTAAATGTACCTA
TACACTTACACACACACGACACGTCTTCTTTACAAACAGCTACTTACCTCAAGGCCATTGAGGCAAATGTAGATGTGGTAGATGTAGCTCTAGGAGGACTTTCTGGATTAACTTCTCAACCTAACTTAATGCTGTAGTAGAGATGCTTAAGTATCAAGATAGAGAACACC
CATTTGAGATGGAAAAACTCAATCAGTTTTCTAATTATTGGGAAGATACGCGTGATCTCTACTACCu l T TGAGTCTGGACTTAAAGCCGGAACGGCAGAAGTATTTCAGCACGAGATACCAGGTGGGCAGTACTCAAACTTGCGCCCTCAGGCAACTGCTCTAGGTCTT
GCAGATAGATTTACAGAGGTAAAAAAGATGTATGCCGCTGTAAATAAAATGTTTGGCAACCTAGTAAAGGTTACGCCTAGCTCTAAGGTGGTAGGTGATATGGCCATT1111ATGGTGACCAATAACCTCACACCAGAAGATGTGATGGAGCGTGGTGATACCATTTCCT
TCCCAGAGTCTGTTATAAACTTCTT-TAAAGGAGATCTAGGTCAGCCAGTAGGTGGTTTCCCAAAAAAGCTACAAGCCATTATCTTAAAAAATAAAGAAGCTTATACAGATAGACCTAATGCACACCTAGCACCAGTAGATTTTGATAAGGAGTATAAAGTCTTTACAGAG
ACCTTCCAAAAAGGGTTTACCAGGCCACTAGAGATAGAAGATTTTrCTATCATATATGCTCTACCCAAAGGTFM IIGAGCAAGCACACGAAAACTATAAGAAATACGGTAACCTAGCGCTCGTACCTACTAAGAATTTCTTCTTTGGTATGAAACTAGGTGAAGAAACACTT
ATTGAGCTAGAACCTGGAAAAACGGTGATCATCAAGTTACTCTCTATTGGTATTCCTAATGATGAGGGAATGCGCACGGTATTCTTTAAAGTAAATGGAGAAAATCGCTTTGTAGAAGTACACGACACTTCCCTTAATATCAAAAAGGTTGAAAACGTAAAAATTGATCC
AGATAATGAAAACCACATAGGTGCTCCATTACAAGGCTCTCTTTACAAAGTGCTGGTCAAAAAAGGGCAAGAAGTCAAAGAAAATGACCCACTTTTTATAATAGAAGCTATGAAAATGGAAACTACCGTTGTTrGCCTTTAAAGATGGTACAGTACAATCTATAATCGTG
ACAGATGGAACAATGGTGTCTCAAGATGATCTCGTTGTAACTCTTGAATAACCTGCAGGCTTAAGCCCCGCTTCGGCGGGGTT1T1TGAGCTCCAATTCGCCCTATAGTGAGTCGTATTACAATTCACTGGCCGTCGTTTTACAACGTCGTGACTGGGAAAACCCTGGCG
TTACCCAACTTAATCGCCTTGCAGCACATCCCCCTTTCGCCAGCTGGCGTAATAGCGAAGAGGCCCGCACCGATCGCCCTTCCCAACAGTTGCGCAGCCTGAATGGCGAATGGGACGCGCCCTGTAGCGGCGCAT-TAAGCGCGGCGGGTGTGGTGGTTACGCGCAGCG
TGACCGCTACACTTrGCCAGCGCTGATGTCCGGCGGTGCTl Tl GCCGTTACGCACCACCCCGTCAGTAGCTGAACAGGAGGGACAGCTGATAGAAACAGAAGCCACTGGAGCACCTCAAAAACACCATCATACACTAAATCAGTAAGTTGGCAGCATCACCCGACGCACT
TTGCGCCGAATAAATACCTGTGACGGAAGATCACTTrCGCAGAATAAATAAATCCTGGTGTCCCTGTTGATACCGGGAAGCCCTGGGCCAACTTTTGGCGAAAATGAGACGTTGATCGGCACGTAAGAGGTTCCAACTTTCACCATAATGAAATAAGATCACTACCGGGC
GTATTTTTTGAGTTATCGAGATTTTrCAGGAGCTAAGGAAGCTAAAATGGAGAAAAAAATCACTGGATATACCACCGTTGATATATCCCAATGGCATCGTAAAGAACATTTTGAGGCATTTCAGTCAGTTGCTCAATGTACCTATAACCAGACCGTTCAGCTGGATATTFAC
GGCCTT111AAAGACCGTAAAGAAAAATAAGCACAAGTTTTATCCGGCCTTTATTrCACATTCTTGCCCGCCTGATGAATGCTCATCCGGAATTTCGTATGGCAATGAAAGACGGTGAGCTGGTGATATGGGATAGTGTTCACCCTTGTTACACCGTTTTCCATGAGCAAAC
TGAAACGTTTTrCATCGCTCTGGAGTGAATACCACGACGATTTCCGGCAGTTTCTACACATATATTCGCAAGATGTGGCGTGTTACGGTGAAAACCTGGCCTATTTCCCTAAAGGGTTTATTGAGAATATGTTTTrTCGTCTCAGCCAATCCCTGGGTGAGTTTCACCAGTTTT
GATTTAAACGTGGCCAATATGGACAACTTCTTCGCCCCCGTTTTCACCATGGGCAAATATTATACGCAAGGCGACAAGGTGCTGATGCCGCTG

177



Table S8. DNA sequence of pMCL 10

GCGATTCAGGTTCATCATGCCGTTTGTGATGGCTTCCATGTCGGCAGAATGCTTAATGAATTACAACAGTACTGCGATGAGTGGCAGGGCGGGGCGTAATTTTi i AAGGCAGTTATTGGTGCCTAGAAATATTTTATCTGATTAATAAG
ATGATCTTCTTGAGATCGTTTG GTCTGCGCGTAATCTCTTGCTCTGAAAACGAAAAAACCG CCTTG CAG G GCG GTT111CGAAGGTTCTCTGAG CTACCAACTCTTTGAACCGAG GTAACTG GCTTG GAG GAG CG CAGTCACCAAAACT

TGTCCTTTCAGTTTAGCCTTAACCGGCGCATGACTTCAAGACTAACTCCTCTAAATCAATTACCAGTGGCTGCTGCCAGTGGTGCTTTTGCATGTCTTTCCGGGTTGGACTCAAGACGATAGTTACCGGATAAGGCGCAGCGGTCGGACT
GAACGGGGGGTTCGTGCATACAGTCCAGCTTGGAGCGAACTGCCTACCCGGAACTGAGTGTCAGGCGTGGAATGAGACAAACGCGGCCATAACAGCGGAATGACACCGGTAAACCGAAAGGCAGGAACAGGAGAGCGCACGAGGG
AG CCG CCAG GGG GAAACG CCTGGTATCTTTATAGTCCTGTCG GGTTTCGCCACCACTGATTTGAG CGTCAGATTCGTGATG CTTGTCAG G GGG GCG GAG CCTATG GAAAAACG GCTTTG CCG CG GCCCTCTCACTTCCCTGTTAAGTA

TCTTCCTGGCATCTTCCAGGAAATCTCCGCCCCGTTCGTAAGCCATTCCGCTCGCCGCAGTCGAACGACCGAGCGTAGCGAGTCAGTGAGCGAGGAAGCGGAATATATCCTGTATCACATATTCTGCTGACGCACCGGTGCAGCCTTTT
TTCTCCTGCCACATGAAGCACTTCACTGACACCCTCATCAGTGCCAACATAGTAAGCCAGTATACACTCCGCTAGCGTTCAAGCTACGGAATTGAGGCATTGCGCAG3GTTTGGAGTGATAAAAGGCAGTTGGTTGACGGTGAAACGCGT
ATTAAAATGCCACCCTTTACACCCTG GTGGTGACGATCCCGTCCCG CCCG GACCATTTGATACCAGAGAACACTAACGATG GATTCG CAACGCAATCTTTAGTCATCG CTTTGCTGTTCGTGTCTTTCATGATCTG GCAAG CCTGG GAG C

AGGATAAAAACCCGCAACCTCAGGCCCAACAGACCACGCAGACAACGACCACCGCAGCGGGTAGCGCCGCCGACCAGGGCGTACCGGCCAGTGGCCAGGGGAAACTGATCTCGGTTAAGACCGACGTGCTTGATCTGACCATCAACA
CCCGTGGTGGTGATGTTGAGCAAGCTCTGCTGCCTGCTTACCCGAAAGAGCTGAACTCTACCCAGCCGTTCCAGCTGTTGGAAACTTCACCGCAGTTTATTATCAGGCACAGAGCGGTCTGACCGGTCGTGATGGCCCGGATAACCCG
GCTAACGGCCCGCGTCCGCTGTATAACGTTGAAAAAGACGCTTATGTGCTGGCTGAAGGTCAAAACGAACTGCAGGTGCCGATGACGTATACCGACGCGGCAGGCAACACGTTTACCAAAACGUrTGTCCTGAAACGTGGTGATTACG

CTGTCAACGTCAACTACAACGTGCAGAACGCTGGCGAGAAACCGCTG3GAAATCTCCTCGTTTGGTCAGTTGAAGCAATCCATCACTCTGCCACCGCATCTCGATACCGGAAGCAGCAACTTCGCACTGCACACCTTCCGTGGCGCGGCG
TACTCCACGCCTGACGAGAAGTATGAGAAATACAAGTTCGATACCATTGCCGATAACGAAAACCTGAACATCTCTTCGAAAGGTGGTTGGGTGGCGATGCTGCAACAGTATTTCGCGACGGCGTGGATCCCGCATAACGACGGTACCA
ACAACTTCTATACCGCTAATCTGGGTAACGGCATCGCCGCTATCGGCTATAAATCTCAGCCGGTACTGGTTCAGCCTGGTCAGACTGGCGCGATGAACAGCACCCTGTGGGTTGGCCCGGAAATCCAGGACAAAATGGCAGCTGTTGCT
CCGCACCTGGATCTGACCGTTGATTACGGTTGGTTGTGGTTCATCTCTCAGCCGCTGTTCAAACTGCTGAAATGGATCCATAGCTTTGTGGGTAACTGGGGCTTCTCCATTATCATCATCACCTTTATCGTTCGTGGCATCATGTACCCGCT
GACCAAAGCGCAGTACACCTCCATGGCGAAGATGCGTATGTTGCAGCCGAAGATTCAGGCAATGCGTGAGCGTCTGGGCGATGACAAACAGCGTATCAGCCAGGAAATGATGGCGCTGTACAAAGCTGAGAAGGTTAACCCGCTGG

GCGGCTGCTTCCCGCTGCTGATCCAGATGCCAATCTTCCTGGCGTTGTACTACATGCTGATGGGTTCCGTTGAACTGCGTCAGGCACCGTTTGCACTGTGGATCCACGACCTGTCGGCACAGGACCCGTACTACATCCTGCCGATCCTGA
TGGGCGTAACGATGTTCTTCATTCAGAAGATGTCGCCGACCACAGTGACCGACCCGATGCAGCAGAAGATCATGACCTTTATGCCGGTCATCTTCACCGTGTTCTTCCTGTGGTTCCCGTCAGGTCTGGTGCTGTACTATATCGTCAGCA
ACCTGGTAACCATTATTCAGCAGCAGCTGATTTACCGTGGTCTGGAAAAACGTGGCCTGCATAGCCGCGAGAAGAAAAAATCCTGATTCGGTGAGTTTTCGCTAAAATAAGGGCGGTCAGTTGACCGCCTTTM11CTTTTCGTAGGGCG
GATAAGCACCGCGCATCCGCCACACAAAGCAACAGGAACATCATGAGCGAGGTACCCATCGGGTAGTTTATTCTTGACAATTAAGTAGAGCCTGATATAATAGTTCAGTACTGTTGGGCCCCCCCTCGAGTAATCAACTTCCAAACGTAC

TTAAGGGGGTACTACATGAGCCAAATTCACAAACACACCATTCCTGCCAACATCGCAGACCGTTGCCTGATAAACCCTCAGCAGTACGAGGCGATGTATCAACAATCTATTAACGTACCTGATACCTTCTGGGGCGAACAGGGAAAAAT

TCTTrGACTGGATCAAACCTTACCAGAAGGTGAAAAACACCTCCTTTGCCCCCGGTAATGTGTCCATTAAATGGTACGAGGACGGCACGCTGAATCTGGCGGCAAACTGCCTTrGACCGCCATCTGCAAGAAAACGGCGATCGTACCGCCA
TCATCTGGGAAGGCGACGACGCCAGCCAGAGCAAACATATCAGCTATAAAGAGCTGCACCGCGACGTCTGCCGCTTCGCCAATACCCTGCTCGAGCTGGGCATTAAAAAAGGTGATGTGGTGGCGATTTATATGCCGATGGTGCCGGA
AGCCGCGGTTGCGATGCTGGCCTGCGCCCGCATTGGCGCGGTGCATTCGGTGATTTTCGGCGGCTTCTCGCCGGAAGCCGTTGCCGGGCGCATTATTGATTCCAACTCACGACTGGTGATCACTTCCGACGAAGGTGTGCGTGCCGGG
CGCAGTATTCCGCTGAAGAAAAACGTTGATGACGCGCTGAAAAACCCGAACGTCACCAGCGTAGAGCATGTGGTGGTACTGAAGCGTACTGGCGGGAAAAT-TGACTGGCAGGAAGGGCGCGACCTGTGGTGGCACGACCTGGTTGA
GCAAGCGAGCGATCAGCACCAGGCGGAAGAGATGAACGCCGAAGATCCGCTGTTATTCTCTACACCTCCGGTTCTACCGGTAAGCCAAAAGGTGTGCTGCATACTACCGGCGGTTATCTGGTGTACGCGGCGCTGACCTTTAAATATG

TCTTTGATTATCATCCGGGTGATATCTACTGGTGCACCGCCGATGTGGGCTGGGTGACCGGACACAGTTACTTGCTGTACGGCCCGCTGGCCTGCGGTGCGACCACGCTGATGTTTGAAGGCGTACCCAACTGGCCGACGCCTGCCCGT
ATGGCGCAGGTGGTGGACAAGCATCAGGTCAATATTCTCTATACCGCACCCACGGCGATCCGCGCGCTGATGGCGGAAGGCGATAAAGCGATCGAAGGCACCGACCGTTCGTCGCTGCGCATTCTCGGTTCCGTGGGCGAGCCAATTA
ACCCGGAAGCGTGGGAGTGGTACTGGAAAAAAATCGGCAACGAGAAATGTCCGGTGGTCGATACCTGGTGGCAGACCGAAACCGGCGGTTTCATGATCACCCCGCTGCCTGGCGCTACCGAGCTGAAAGCCGGTTCGGCAACACGTC
CGTTCTTCGGCGTGCAACCGGCGCTGGTCGATAACGAAGGTAACCCGCTGGAGGGGGCCACCGAAGGTAGCCTGGTAATCACCGACTCCTGGCCGGGTCAGGCGCGTACGCTGTTTGGCGATCACGAACGTT-TTGAACAGACCTACTT

CTCCACCTTCAAAAATATGTATTCAGCGGCGACGGCGCGCGTCGCGATGAAGATGGCTATTACTGGATAACCGGGCGTGTGGACGACGTGCTGAACGTCTCCGGTCACCGTCTGGGGACGGCAGAGATTGAGTCGGCGCTGGTGGC
G CATCCGAAGATTGCCGAAG CCGCCGTAGTAGGTATTCCG CACAATATTAAAGGTCAG GCGATCTACG CCTACGTCACGCTTAATCACGG GGAG GAACCGTCACCAGAACTGTACG CAGAAGTCCGCAACTG GGTGCGTAAAGAGATT

GGCCCGCTGGCGACGCCAGACGTGCTGCACTGGACCGACTCCCTGCCTAAAACCCGCTCCGGCAAAATTATGCGCCGTATTCTGCGCAAAATTGCGGCGGGCGATACCAGCAACCTGGGCGATACCTCGACGCTTGCCGATCCTGGCG
TAGTCGAGAAGCTGCTTGAAGAGAAGCAGGCTATCGCGATGCCATCGTAAATGCATGTCGACCTTAAGCCCCGCTTCGGCGGGGT11111ATCGATAAGCTTGATATCGAATTCCTGCAGCCCGGGGGATCCACTAGTTCTAGAGCGGC
CGCCACCG CGGTG GAG CTCCAATTCGCCCTATAGTGAGTCGTATTACAATTCACTGGCCGTCGTTTTACAACGTCGTGACTGG GAAAACCCTG GCGTTACCCAACTTAATCGCCTTGCAGCACATCCCCCTTTCG CCAG CTG GCGTAATA

GCGAAGAGGCCCGCACCGATCGCCCTTCCCAACAGTTGCGCAGCCTGAATGGCGAATGGGACGCGCCCTGTAGCGGCGCATTAAGCGCGGCGGGTGTGGTGGTTACGCGCAGCGTGACCGCTACACTTGCCAGCGCTGATGTCCGGC
GGTGCTTTTGCCGTTACGCACCACCCCGTCAGTAGCTGAACAGGAGGGACAGCTGATAGAAACAGAAGCCACTGGAGCACCTCAAAAACACCATCATACACTAAATCAGTAAGTTGGCAGCATCACCCGACGCACTTTGCGCCGAATA
AATACCTGTGACGGAAGATCACTTCGCAGAATAAATAAATCCTGGTGTCCCTGTTGATACCGGGAAGCCCTGGGCCAACTTTTGGCGAAAATGAGACGTTGATCGGCACGTAAGAGGTTCCAACTTTCACCATAATGAAATAAGATCAC
TACCGGGCGTATTTTTTGAGTTATCGAGATTTCAGGAGCTAAGGAAGCTAAAATGGAGAAAAAAATCACTGGATATACCACCGTTGATATATCCCAATGGCATCGTAAAGAACATTTTGAGGCATTUCAGTCAGTTGCTCAATGTACCT
ATAACCAGACCGTTCAGCTGGATATTACGGCCTTTTTAAAGACCGTAAAGAAAAATAAGCACAAGTTTTATCCGGCCTTTATTCACATTCTTGCCCGCCTGATGAATGCTCATCCGGAATTTCGTATGGCAATGAAAGACGGTGAGCTGG
TGATATGGGATAGTGTTCACCCTTGTTACACCGTTTTCCATGAGCAAACTGAAACGTTTTCATCGCTCTGGAGTGAATACCACGACGATT'TCCGGCAGTTTCTACACATATATTCGCAAGATGTGGCGTGTTFACGGTGAAAACCTGGCCTA
TTTCCCTAAAGGGTTTATTGAGAATATGTTTT7CGTCTCAGCCAATCCCTGGGTGAGTTTCACCAGTTTTGATTTAAACGTGGCCAATATGGACAACTTCTTCGCCCCCGTTTCACCATGGGCAAATATTATACGCAAGGCGACAAGGTG
CTGATGCCGCTG

178



Table S9. DNA sequence of pMCLI I

GCGATTCAGGTTCATCATGCCGTTTGTGATGGCTTCCATGTCGGCAGAATGCTTAATGAATTACAACAGTACTGCGATGAGTGGCAGGGCGGGGCGTAATTT-TTTAAGGCAGTTATTGGTGCCTAGAAATATTTTATCTGATTAATAAGATGATCTTCTTGAGATCGTTTTGGTCTGCGCGT
AATCTCTTGCTCTGAAAACGAAAAAACCGCCTTGCAGGGCGGTT'TTTCGAAGGTTCTCTGAGCTACCAACTrCTTTGAACCGAGGTAACTGGCTTGGAGGAGCGCAGTCACCAAAACTTGTCCTTTCAGTTTAGCCTTAACCGGCGCATGACTTCAAGACTAACTCCTCTAAATCAATTACCAG
TGGCTGCTGCCAGTGGTGCTTTTGCATGTCTTTCCGGGTTGGACTCAAGACGATAGTTACCGGATAAGGCGCAGCGGTCGGACTGAACGGGGGGTTCGTGCATACAGTCCAGCTTGGAGCGAACTGCCTACCCGGAACTGAGTGTCAGGCGTGGAATGAGACAAACGCGGCCATAACAG

CGGAATGACACCG GTAAACCGAAAGGCAG GAACAGGAGAGCG CACGAGGGAGCCG CCAGG GGGAAACGCCTGGTATCTTATAGTCCTGTCGG GTTCGCCACCACTGATTTGAG CGTCAGATTTCGTGATGCTTGTCAG GGG GGCG GAG CCTATGGAAAAACGG CTTTG CCGCG GCC

CTCTCACTTCCCTGTTAAGTATCTTCCTGGCATCTTCCAGGAAATCTCCGCCCCGTTCGTAAGCCATTTCCGCTCGCCGCAGTCGAACGACCGAGCGTAGCGAGTCAGTGAGCGAGGAAGCGGAATATATCCTGTATCACATATTCTGCTGACGCACCGGTGCAGCCT11111CTCCTGCCACA
TGAAGCACTTCACTGACACCCTCATCAGTGCCAACATAGTAAGCCAGTATACACTCCGCTAGCGTTCAAGCTACGGAATTGAGGCATTrGCGCAGGTTTGGAGTGATAAAAGGCAGTTrGGTTGACGGTGAAACGCGTATTrAAAATGCCACCCTTTrACACCCTGGTGGTGACGATCCCGTCCC
GCCCGGACCATTTGATACCAGAGAACACTAACGATGGATTCGCAACGCAATCTT1r1AGTCATCGCTTGCTGTTCGTGTCTTTrCATGATCTGGCAAGCCTGGGAGCAGGATAAAAACCCGCAACCTCAGGCCCAACAGACCACGCAGACAACGACCACCGCAGCGGGTAGCGCCGCCGACC
AGGGCGTACCGGCCAGTGGCCAGGGGAAACTGATCTCGGTTAAGACCGACGTGCTTrGATCTGACCATCAACACCCGTGGTGGTGATGTTGAGCAAGCTCTGCTrGCCTGCTTrACCCGAAAGAGCTGAACTCTACCCAGCCGTTCCAGCTGTTGGAAACTTCACCGCAGTTTrATTTATCAGGC
ACAGAGCGGTCTGACCGGTCGTGATGGCCCGGATAACCCGGCTAACGGCCCGCGTCCGCTGTATAACGTTGAAAAAGACGCTTATGTGCTGGCTGAAGGTCAAAACGAACTGCAGGTGCCGATGACGTATACCGACGCGGCAGGCAACACGTTTACCAAAACGTTTGTCCTGAAACGTG
GTGATTACGCTGTCAACGTCAACTACAACGTGCAGAACGCTGGCGAGAAACCGCTGGAAATCTCCTCGTTTGGTCAGTTGAAGCAATCCATCACTCTGCCACCGCATCTCGATACCGGAAGCAGCAACTTCGCACTGCACACCTTCCGTGGCGCGGCGTACTCCACGCCTGACGAGAAGTA

TGAGAAATACAAGTTCGATACCATTGCCGATAACGAAAACCTGAACATCTCTTCGAAAGGTGGTTGGGTGGCGATGCTGCAACAGTATTTCGCGACGGCGTGGATCCCGCATAACGACGGTACCAACAACTTCTATACCGCTAATCTGGGTAACGGCATCGCCGCTATCGGCTATAAATCT
CAGCCGGTACTGGTTCAGCCTGGTCAGACTGGCGCGATGAACAGCACCCTGTGGGTTGGCCCGGAAATCCAGGACAAAATGGCAGCTGTTGCTCCGCACCTGGATCTGACCGTTGATTACGGTTGGTTGTGGTTCATCTCTCAGCCGCTGTTCAAACTGCTGAAATGGATCCATAGCTTTG
TGGGTAACTGGGGCTTCTCCATTATCATCATCACCTrTTATCGTTCGTGGCATCATGTACCCGCTGACCAAAGCGCAGTACACCTCCATGGCGAAGATGCGTATGTTGCAGCCGAAGATTCAGGCAATGCGTGAGCGTCTGGGCGATGACAAACAGCGTATCAGCCAGGAAATGATGGCGCT
GTACAAAGCTGAGAAGGTTAACCCGCTGGGCGGCTGCTTCCCGCTGCTGATCCAGATGCCAATCTTCCTGGCGTTGTACTACATGCTGATGGGTTCCGTTGAACTGCGTCAGGCACCGTTTGCACTGTGGATCCACGACCTGTCGGCACAGGACCCGTACTACATCCTGCCGATCCTGATGG
GCGTAACGATGT'TCTTCATTCAGAAGATGTCGCCGACCACAGTGACCGACCCGATGCAGCAGAAGATCATGACCTTTATGCCGGTCATCTTCACCGTGTTCTTCCTGTGGTTCCCGTCAGGTCTGGTGCTGTACTATATCGTCAGCAACCTGGTAACCATTATTCAGCAGCAGCTGATTTACC
GTGGTCTGGAAAAACGTGGCCTGCATAGCCGCGAGAAGAAAAAATCCTGATTCGGTGAGTTTTrCGCTAAAATAAGGGCGGTCAGTTGACCGCC~TTT-MiCTTT'TCGTAGGGCGGATAAGCACCGCGCATCCGCCACACAAAGCAACAGGAACATCATGAGCGAGGTACCCATCGGGTAGT
TTATTCTTGACAATTrAAGTAGAGCCTGATATAATAGTTCAGTACTGTTrGGGCCCCCCCTCGAGTAATCAACTTrCCAAACGTACTTrAAGGGGGTACTACATGAGCCAAATTCACAAACACACCATTCCTGCCAACATCGCAGACCGTTGCCTGATAAACCCTCAGCAGTACGAGGCGATGTATC
AACAATCTATTAACGTACCTGATACCTTCTGGGGCGAACAGGGAAAAATTCTTrGACTGGATCAAACCTTrACCAGAAGGTGAAAAACACCTCCTTTGCCCCCGGTAATGTGTCCATTAAATGGTACGAGGACGGCACGCTGAATCTGGCGGCAAACTGCCT-TGACCGCCATCTGCAAGAAAA
CGGCGATCGTACCGCCATCATCTGGGAAGGCGACGACGCCAGCCAGAGCAAACATATCAGCTATAAAGAGCTGCACCGCGACGTCTGCCGCTTCGCCAATACCCTGCTCGAGCTGGGCATTAAAAAAGGTGATGTGGTGGCGATTTATATGCCGATGGTGCCGGAAGCCGCGGTTGCGA
TGCTGGCCTGCGCCCGCATTGGCGCGGTGCATTCGGTGATTTTCGGCGGCTTCTCGCCGGAAGCCGTTGCCGGGCGCATTATTrGATTCCAACTCACGACTGGTGATCACTTCCGACGAAGGTGTGCGTGCCGGGCGCAGTATTCCGCTGAAGAAAAACGTTGATGACGCGCTGAAAAACC
CGAACGTCACCAGCGTAGAGCATGTGGTGGTACTrGAAGCGTACTGGCGGGAAAATTGACTGGCAGGAAGGGCGCGACCTGTGGTGGCACGACCTGGTTGAGCAAGCGAGCGATCAGCACCAGGCGGAAGAGATGAACGCCGAAGATCCGCTGTTTrATTCTCTACACCTCCGGTTCTAC
CGGTAAGCCAAAAGGTGTGCTGCATACTACCGGCGGTTATCTGGTGTACGCGGCGCTGACCTTTAAATATGTCTTTGATTATCATCCGGGTGATATCTACTGGTGCACCGCCGATGTGGGCTGGGTGACCGGACACAGTTACTTGCTGTACGGCCCGCTGGCCTGCGGTGCGACCACGCTG
ATGTTTGAAGGCGTACCCAACTGGCCGACGCCTGCCCGTATGGCGCAGGTGGTGGACAAGCATCAGGTCAATATTCTCTATACCGCACCCACGGCGATCCGCGCGCTGATGGCGGAAGGCGATAAAGCGATCGAAGGCACCGACCGTTrCGTCGCTGCGCATTCTCGGTTCCGTGGGCGA
GCCAATTAACCCGGAAGCGTGGGAGTGGTACTGGAAAAAAATCGGCAACGAGAAATGTCCGGTGGTCGATACCTGGTGGCAGACCGAAACCGGCGGTTCATGATCACCCCGCTGCCTGGCGCTACCGAGCTGAAAGCCGGTTCGGCAACACGTCCGTTCTTCGGCGTGCAACCGGCGC
TGGTCGATAACGAAGGTAACCCGCTGGAGGGGGCCACCGAAGGTAGCCTGGTAATCACCGACTCCTGGCCGGGTCAGGCGCGTACGCTGTTTGGCGATCACGAACGTTTTGAACAGACCTACTTCTCCACCTTCAAAAATATGTATTTCAGCGGCGACGGCGCGCGTCGCGATGAAGATG
GCTATTACTGGATAACCGGGCGTGTGGACGACGTGCTGAACGTCTCCGGTCACCGTCTGGGGACGGCAGAGATTGAGTCGGCGCTGGTGGCGCATCCGAAGATTGCCGAAGCCGCCGTAGTAGGTATTCCGCACAATATTAAAGGTCAGGCGATCTACGCCTACGTCACGCTTAATCACG
GGGAGGAACCGTCACCAGAACTGTACGCAGAAGTCCGCAACTGGGTGCGTAAAGAGATTGGCCCGCTGGCGACGCCAGACGTGCTGCACTGGACCGACTCCCTGCCTAAAACCCGCTCCGGCAAAATTATGCGCCGTATTCTGCGCAAAATTGCGGCGGGCGATACCAGCAACCTGGGC
GATACCTCGACGCTTGCCGATCCTGGCGTAGTCGAGAAGCTGCT'TGAAGAGAAGCAGGCTATCGCGATGCCATCGTAAATGCATGTCGACCTTAAGCCCCGCTTCGGCGGGGl ll MlATCGATAAGCTTCATCGGGTAGTTTATTCTTGACAATTA AGTAGAGCCTGATATAATAGTTCAG
TACTGTTACTAGTTCTAGAGCGGCCGCTACAAGCCAATCAAAATCCCCTAAGGAGGTAATACATGAAAATTAAAAAAGTCCTCGTCGCAAATCGCGGGGAAATTGCTATTAGAGTACTACGTGCCTGTACAGAACTTAATATTGCAACCGTAGCTGTCTACACCTATGAAGATAGATACTCA
CAACATCGCAACAAAGCAGATGAGTCTTrACCAGATAGGAGCAGATAATGAACCGCTCAAACCCTATTTAGATATGGATCAAATCATTrGATCTAGCAAAATCTAAAAATGTAGATGCCATTCACCCCGGCTrACGGCTTCTTATCTGAAAACTCAGAATTTGCAAGAAGATGTGCAAAAAATGG
CATTATATTTrATTGGCCCTrGAGCCAGAAGTAATGGATGCACTAGGTGATAAAATCACCGCAAAAAAAGTAGCACAATCTTrGTGGAGTACCTATAATAGAAAGTAATAAAAAAGCCTTAGATTCACTAGAAACGGCCCTAAGTGAAGCTGGAAAAATAGGATATCCAGTAATGCTCAAAGCT

GCCTCTGGTGGAGGTGGTCGCGGTATGCGTATTATACGTAAGGAAGAAGATTACAGCTTAGTTTTGACTCTGCACGTAATGAGGCGCTCAACTCTTTGGAGATGATACAATGI l1AGAAAAATATGTAGAAGATCCAAAACATATAGAAGTACAAATAGTAGCAGACACACACGGTA
ATATAAGACACCTTATGAACGTGATTGCTCTGTACAACGCAGGCACCAGAAGGTGGTAGAAATGGCTCCTTCATATAACCTATCACAAACGCTACGCGATAACCTTTATAAGTATGCTGTAGCTATTGCTACAGAGGTAAATTATAACAACATAGGTACCGTAGAGTTCTTGTGGATGCA

GATGATAATATTTACTTCATCGAGGTTAACCCACGTATACAAGTAGAGCACACAGTAACCGAAATGGTTACAGGTATTGACCTTGTAAAAACACAAATCTTTGTGGCTGGCGGTTATAAACTATCAGATAAGCAGATAAAGATTTATGGCCAAGAGTCTATAGGTACTTACGGCTTTGCCAT
ACAGTGTAGACTTACCACAGAAGACCCTACTAATAAATTTACACCAGATTACGGAAAGATAACAACCTACCGTAGCGCCTCTGGTATGGGTATACGTCTAGATGCCGGTAGCATTTATCAAGGGTATAAAGTGAGTCCGTTTTTTGATTCGATGCTTGTAAAAGTATCTGCTCACGGTAGAA
CCCTGGATGGTGCAATACGTAAGATGGTGCGCGCCTTrAAAAGAATTTAGAATACGTGGTGTAGAGACCAACATTCATTTTCTTCAAAATGTCATACAGACAGACGTTTTTAAAAATGGAGAGACCACAGTAAATTTCATTCAGAATACTCCTTCCCTATTTAATATTAAACTCTCTCAAGATC
GTACCTCTAAGGTTGTTCAGTTTCTGGCAGATGTGAGTGTAAATGGCAATAGTGATGTAAAAACAAAAGATCCAAAGAAGGTATTACAAACCCTA AGGTGCCACTTACAGCCTGTCTGATCCGTTTCCAAAAGGGACAAAAGATATGCTTACAGAGCTAGGTCCGGAGGCATTTTGTAA

GTGGTTATTAGAG GAG AAA AAAATACACTTTACAGATACCACAATGCGTG ACGCACACCAGTCTTTACTG GCAACG CGTATGCG CTCTTATGATATGCTCAAAGTAG CATCCAGTTTTGCAAAAAATCACCCTAACACCTTTAGTATGGAAGTATGG GGAGGTGCAACCTTTGATGTATGTA

TGCGATTrCTTrACACGAGAGCCCTTrGGACACGTTTrACGAGAGTTACGCAAGGCAGTACCTAACATCTTrGTTrCCAGATGCTCCTTCGTGGTTrCTAATGGCGTGGGTTACAAAGCATATCCAGATAACCTTATAGAAAAGTTTGTAGAGAAGTCTTrGGGAGAATGGTGTAGACCTCTTCCGTATT
TTTrGACTrCTCTTAACTGGGTAAAAGCAATGGAACCTAGTATACAATACGTACGTAATCTTACAGGAGGAATAGCCGAAGGTGCCATAAGTTATACGGGAGATATTCTAGATACTAAGCAAACTAAGTACAACCTCAAGTACTACACACAACTTrGCAAAAGATCTAGAAAATGCTGGGGCAC
ATATGATTGCCATTAAGGATATGGCAGGATTATTAAAACCATATGCAGCGACAGAACTTrGTTACAGCACTTAAGGACACTGTAAATGTACCTATACACTTACACACACACGACACGTCTTrCTTTACAAACAGCTACTTACCTCAAGGCCATTGAGGCAAATGTAGATGTGGTAGATGTAGCT
CTAG GAG GACTTCTGGATTAACTTCTCAACCTAACTTTAATG CTGTAGTAGAGATG CTTAAGTATCAAG ATAGAGAACACCCATTGAGATG GAAAAACTCAATCAGTTTTCTAATTATTG GGAAGATACG CGTGATCTCTACTACCCTTTGAGTCTG GACTTAAAG CCG GAACG GCAG AA

GTATTTCAGCACGAGATACCAGGTGGGCAGTACTCAAACTTGCGCCCTCAGGCAACTGCTCTAGGTCTTGCAGATAGATTTACAGAGGTAAAAAAGATGTATGCCGCTGTAAATAAAATGTTGGCAACCTAGTAAAGGTTACGCCTAGCTCTAAGGTGGTAGGTGATATGGCCATTTTA
TGGTGACCAATAACCTCACACCAGAAGATGTGATGGAGCGTGGTGATACCATTTCCTTCCCAGAGTCTGTTATAAACTTCTTTAAAGGAGATCTAGGTCAGCCAGTAGGTGGTTTCCCAAAAAAGCTACAAGCCATTATCTTAAAAAATAAAGAAGCTTATACAGATAGACCTAATGCACAC
CTAGCACCAGTAGATTTTGATAAGGAGTATAAAGTCTTTACAGAGACCTTCCAAAAAGGGTTTACCAGGCCACTAGAGATAGAAGATTTTCTATCATATATGCTCTACCCAAAGGTTTTTGAGCAAGCACACGAAAACTATAAGAAATACGGTAACCTAGCGCTCGTACCTACTAAGAATTT
CTTCTTTGGTATGAAACTrAGGTGAAGAAACACTTATTGAGCTAGAACCTGGAAAAACGGTGATCATCAAGTTACTCTCTATTGGTATTCCTAATGATGAGGGAATGCGCACGGTATTCTTTAAAGTAAATGGAGAAAATCGCTTTGTAGAAGTACACGACACTTCCCTTAATATCAAAAAGG
TTGAAAACGTAAAAATTGATCCAGATAATGAAAACCACATAGGTGCTCCATTACAAGGCTCTCTTTACAAAGTGCTGGTCAAAA AAGGGCAAGAAGTCAAAGAAAATGACCCAC= 1 ATAATAGAAGCTATGAAAATGGAAACTACCGTTGTTGCCTTAAAGATGGTACAGTACAATCT

ATAATCGTGACAGATGGAACAATGGTGTCTCAAGATGATCTCGTTGTAACTCTTGAATAACCTGCAGGCTTAAGCCCCGCTTCGGCGGGGT'ii1GAGCTCCAATTCGCCCTATAGTGAGTCGTATTACAATTCACTGGCCGTCGTTTTACAACGTCGTGACTGGGAAAACCCTGGCGTTAC
CCAACTTAATCGCCTTrGCAGCACATCCCCCTTTCGCCAGCTGGCGTAATAGCGAAGAGGCCCGCACCGATCGCCCTTrCCCAACAGTTGCGCAGCCTGAATGGCGAATGGGACGCGCCCTGTAGCGGCGCATTrAAGCGCGGCGGGTGTGGTGGTTACGCGCAGCGTGACCGCTACACTTGC
CAGCGCTGATGTCCGGCGGTGCTTTTGCCGTTACGCACCACCCCGTCAGTAGCTGAACAGGAGGGACAGCTGATAGAAACAGAAGCCACTGGAGCACCTCAAAAACACCATCATACACTAAATCAGTAAGTTGGCAGCATCACCCGACGCACTTGCGCCGAATAAATACCTGTGACGGA
AGATCACTTCGCAGAATAAATAAATCCTGGTGTCCCTGTTGATACCGGGAAGCCCTGGGCCAACTTTTGGCGAAAATGAGACGTTGATCGGCACGTAAGAGGTTCCAACTTCACCATAATGAAATAAGATCACTACCGGGCGTATTTTTT1 GAGTTATCGAGATTTTCAGGAGCTAAGGAA
GCTAAAATGGAGAAAAAAATCACTGGATATACCACCGTTGATATATCCCAATGGCATCGTAAAGAACATTTTGAGGCATTTCAGTCAGTTGCTCAATGTACCTATAACCAGACCGTTCAGCTGGATATTACGGCCTTM1AAAGACCGTAAAGAAAAATAAGCACAAGTTTTATCCGGCCTTT
ATTCACATTCTTGCCCGCCTGATGAATGCTCATCCGGAATTTCGTATGGCAATGAAAGACGGTGAGCTGGTGATATGGGATAGTGTTCACCCTTGTTACACCGTTTTCCATGAGCAAACTGAAACGTTTTCATCGCTCTGGAGTGAATACCACGACGATTTCCGGCAGTTTCTACACATATAT

TCGCAAGATGTGGCGTGTTACGGTGAAAACCTGGCCTATTTCCCTAAAGGGTTTATTGAGAATATGTTTTTCGTCTCAGCCAATCCCTGGGTGAGTTTCACCAGTTTTGATTTAAACGTGGCCAATATGGACAACTTCTTCGCCCCCGTTTTCACCATGGGCAAATATTATACGCAAGGCGAC
AAGGTGCTGATGCCGCTG
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Table S10. DNA sequence of pMCL12

GCGATTCAGGTTrCATCATGCCGTTTGTGATGGCTTrCCATGTCGGCAGAATGCTTrAATGAATTACAACAGTACTGCGATGAGTGGCAGGGCGGGGCGTAATTTTTT ii rAAGGCAGTTrATTrGGTGCCTAGAAATATATCTGATTAATAAGATGATCTTrCTTrGAGATCGTTTTGGTCTGCGCGT
AATCTCTTGCTCTGAAAACGAAAAAACCGCCTTGCAGGGCGGTFM1CGAAGGTTrCTCTGAGCTACCAACTCTTTGAACCGAGGTAACTGGCTTrGGAGGAGCGCAGTCACCAAAACT-GTCCTTTCAGTTTAGCCT-TAACCGGCGCATGACTTCAAGACTAACTCCTCTAAATCAATTACCAG
TGGCTrGCTGCCAGTGGTGC1T1MGCATGTCTTTCCGGGTTrGGACTCAAGACGATAGTTrACCGGATAAGGCGCAGCGGTCGGACTGAACGGGGGGTTCGTGCATACAGTCCAGCTTGGAGCGAACTGCCTACCCGGAACTGAGTGTCAGGCGTGGAATGAGACAAACGCGGCCATAACAG
CGGAATGACACCGGTAAACCGAAAGGCAGGAACAGGAGAGCGCACGAGGGAGCCGCCAGGGGGAAACGCCTGGTATCTTTATAGTCCTGTCGGGTTTCGCCACCACTGATTTGAGCGTCAGATTTCGTGATGCTTGTCAGGGGGGCGGAGCCTATGGAAAAACGGCTTTGCCGCGGCC
CTCTrCACTTCCCTGTTAAGTATCTTCCTGGCATCTTCCAGGAAATCTCCGCCCCGTTCGTAAGCCATTTCCGCTCGCCGCAGTCGAACGACCGAGCGTAGCGAGTCAGTGAGCGAGGAAGCGGAATATATCCTGTATCACATATTCTGCTGACGCACCGGTGCAGCCTTTTTTCTCCTGCCACA

TGAAGCACTTrCACTGACACCCTCATCAGTGCCAACATAGTAAGCCAGTATACACTCCGCTAGCGTTCAAGCTACGGAATTrGAGGCATTrGCGCAGGTTTGGAGTGATAAAAGGCAGTTGGTTGACGGTGAAACGCGTATTAAAATGCCACCCTTTACACCCTGGTGGTGACGATCCCGTCCC
GCCCGGACCATTTGATACCAGAGAACACTAACGATGGATTCGCAACGCAATCTTTTAGTCATCGCTTTGCTGTTCGTGTCT-TTCATGATCTGGCAAGCCTGGGAGCAGGATAAAAACCCGCAACCTCAGGCCCAACAGACCACGCAGACAACGACCACCGCAGCGGGTAGCGCCGCCGACC
AGGGCGTACCGGCCAGTGGCCAGGGGAAACTrGATCTCGGTTAAGACCGACGTGCTTrGATCTGACCATCAACACCCGTGGTGGTGATGTTGAGCAAGCTCTGCTrGCCTGCTTrACCCGAAAGAGCTGAACTCTACCCAGCCGTTCCAGCTGTTGGAAACTTCACCGCAGTTTATTTATCAGGC

ACAGAGCGGTCTGACCGGTCGTGATGGCCCGGATAACCCGGCTrAACGGCCCGCGTCCGCTGTATAACGTTGAAAAAGACGCTTrATGTGCTGGCTGAAGGTCAAAACGAACTGCAGGTGCCGATGACGTATACCGACGCGGCAGGCAACACGTTTACCAAAACGTTTGTCCTGAAACGTG
GTGATTACGCTGTCAACGTCAACTrACAACGTGCAGAACGCTGGCGAGAAACCGCTrGGAAATCTCCTCGTTTGGTCAGTTGAAGCAATCCATCACTCTGCCACCGCATCTCGATACCGGAAGCAGCAACTTCGCACTGCACACCTTCCGTGGCGCGGCGTACTCCACGCCTGACGAGAAGTA

TGAGAAATACAAGTTCGATACCATTrGCCGATAACGAAAACCTrGAACATCTCTTrCGAAAGGTGGTTGGGTGGCGATGCTGCAACAGTATTTCGCGACGGCGTGGATCCCGCATAACGACGGTACCAACAACTTrCTATACCGCTAATCTGGGTAACGGCATCGCCGCTATCGGCTATAAATCT
CAGCCGGTACTGGTTCAGCCTGGTCAGACTGGCGCGATGAACAGCACCCTGTGGGTTGGCCCGGAAATCCAGGACAAAATGGCAGCTGTTGCTCCGCACCTGGATCTGACCGTTrGATTACGGTTGGTTGTGGTTCATCTCTCAGCCGCTGTTrCAAACTGCTGAAATGGATCCATAGCTTTG
TGGGTAACTrGGGGCTTCTCCATTATCATCATCACCTTTATCGTTrCGTGGCATCATGTACCCGCTGACCAAAGCGCAGTACACCTCCATGGCGAAGATGCGTATGTTGCAGCCGAAGATTCAGGCAATGCGTGAGCGTCTGGGCGATGACAAACAGCGTATCAGCCAGGAAATGATGGCGCT

GTACAAAGCTGAGAAGGTTAACCCGCTGGGCGGCTGCTTrCCCGCTGCTGATCCAGATGCCAATCTTrCCTGGCGTTGTACTACATGCTGATGGGTTCCGTTGAACTGCGTCAGGCACCGTTTGCACTGTGGATCCACGACCTrGTCGGCACAGGACCCGTACTACATCCTGCCGATCCTGATGG
GCGTAACGATGTTCTTCATTCAGAAGATGTCGCCGACCACAGTGACCGACCCGATGCAGCAGAAGATCATGACCTTTrATGCCGGTCATCT-TCACCGTGTTCTTrCCTrGTGGTTCCCGTCAGGTCTGGTGCTGTACTATATCGTCAGCAACCTGGTAACCATTATTCAGCAGCAGCTGATTTACC

GTGGTCTGGAAAAACGTGGCCTGCATAGCCGCGAGAAGAAAAAATCCTGATTCGGTGAGTTTTCGCTAAAATAAGGGCGGTCAGTTGACCGCCT11 11CTTTTCGTAGGGCGGATAAGCACCGCGCATCCGCCACACAAAGCAACAGGAACATCATGAGCGAGGTACCCATCGGGTAGT

TTrAT-rTGACAATTAAGTAGAGCCTGATATAATAGTTrCAGTACTGTTGGGCCCCCCCTCGAGATGCCGCGTGGCCTGGAATTATTGATTGCTCAAACCATTTGCAAGGCTTCGATGCTCAGTATGGTCGATTrCCTCGAAGTGACCTCCGGTGCGCAGCAGCGTTTCGAACAGGCCGACTG
GCATGCTGTCCAGCAGGCGATGAAAAACCGTATCCATCTTTACGATCATCACGTTGGTCTGGTCGTGGAGCAACTGCGCTGCATTACTAACGGCCAAAGTACGGACGCGGCATTTTT lACTACGTGTTrAAAGAGCATTACACCCGGCTGTTGCCGGATTACCCGCGCTTrCGAGATTGCGGAG
AGCTTTTTT1 1AACTCCGTGTACTGTCGGTTrATTGACCACCGCTCGCTTACTCCCGAGCGGC T 1 MATCTTAGCTCTCAGCCAGAGCGCCGCTTTCGTACCATTrCCCCGCCCGCTGGCGAAAGACTTTCACCCCGATCACGGCTGGGAATCTCTACTGATGCGCGTTATCAGCGACCTACCGCT
GCGCCTGCGCTGGCAGAATAA AAGCCGTGACATCCATTrACATTrATTrCGCCATCTGACGGA AACGCTGGGGACAGACAACCTCGCGGAAAGTCATTTACAGGTGGCGA ACGAACTGTTTTrACCGCAATA AAGCCGCCTGGCTGGTAGGCA AACTGATCACACCTTCCGGCACATTGCCATTT

TTGCTrGCCGATCCACCAGACGGACGACGGCGAGTTATTTATTrGATACCTGCCTGACGACGACCGCCGAAGCGAGCATTG T I I TGGCTTTGCGCGTTrCTTATTTATGGTTTATGCGCCGCTGCCCGCAGCGCTGGTCGAGTGGCTACGGGAAATTrCTGCCAGGTAAAACCACCGCTGAATT

GTATATGGCTATCGGCTGCCAGAAGCACGCCAAAACCGAAAGCTACCGCGAATATCTCGTTTATCTACAGGGCTGTAATGAGCAGTTCATTGAAGCGCCGGGTATTCGTGGAATGGTGATGTTrGGTGTTTACGCTGCCGGGCTTGATCGGGTATTCAAAGTCATCAAAGACAGGTTCGCG
CCGCAGAAAGAGATGTCTGCCGCTCACGTTCGTGCCTGCTrATCAACTGGTGAAAGAGCACGATCGCGTGGGCCGAATGGCGGACACCCAGGAGTTTGAAA ACTTGTGCTGGAGA AGCGGCATATTTCCCCGGCATTrAATGGAATTACTGCTTCA GGAAGCAGCGGAA AAAAT CACCGAT

CTCGGCGAACAAATTrGTGATTrCGCCATCTTTATATTGAGCGGCGGATGGTGCCGCTCAATATCTGGCTGGAACAAGTGGAAGGTCAGCAGTTrGCGCGACGCCATTGAAGAATACGGTAACGCTATTrCGCCAGCTTGCCGCTGCTAACATTTTCCCTGGCGACATGCTGTTTA AAAACTTCG

GTGTCACCCGTCACGGGCGTGTGGTl11-1ATGATTrACAATGAAATTUGCTACATGACGGAAGTGAATTTCCGCGACATCCCGCCGCCGCGCTATCCGGAAGACGAACTTrGCCAGCGAACCGTGGTACAGCGTCTCGCCGGGCGATGTTTrTCCCGGAAGAGTTTrCGCCACTGGCTATGCGC
CGACCCGCGTATTrGGTCCGCTGTTTrGA AGAGATGCACGCCGACCTGTTrCCGCGCTGATTAC7TGGCGCGCACTACAAAACCGCATACGTGAAGGGCATGTGGAAGATGTTTA TGCGTATCGGCGCAGGCA AAGATTTrAGCGTACGGT ATGGGGAGATGCTT l1 1GAA TGCATGTCGA CCTT

AAGCCCCGCTrTCGGCGGGGT17111ATCGATAAGCTTrCATCGGGTAGTTTA TTCTTrGACAATTrAAGTAGAGCCTrGATATAATA GTTCAGTACTGTT ACTAGTTCTA GAGCGGCCGCTACAAGCCAATCAA AATCCCCTAAGGAGGTA ATACATGA AAA TTAA A AAAGTCCTCGTCGCAAATCG

CGGGGAAATTGCTATTAGAGTACTrACGTGCCTGTACAGAACTTrAATATTGCAACCGTAGCTGTCTrACACCTATGAAGATAGATACTCACAACATCGCAACAAAGCAGATGAGTCTTACCAGATAGGAGCAGATAATGAACCGCTCAAACCCTATTTAGATATGGATCAAATCATTrGATCTAG

CAAAATCTrAAAAATGTAGATGCCATTrCACCCCGGCTrACGGCTTCTTATCTGAAAACTrCAGAATT-TGCAAGAAGATGTGCAAAAAATGGCATTrATATTTATTGGCCCTGAGCCAGAAGTAATGGATGCACTAGGTGATAAAATCACCGCAAAAAAAGTAGCACAATCTTGTGGAGTACCTATA
ATAGAAAGTAATAAAAAAGCCTITAGATTCACTAGAAACGGCCCTAAGTGA AGCTGGAAAAATAGGATATCCAGTAATGCTCAAAGCTGCCTCTGGTGGAGGTGGTCGCGGTATGCGTATTrATACGTAAGGAAGAAGATTTACAGCTTAGTTTGACTCTGCACGTA ATGAGGCGCTCAAC

TCrTTGGAGATGATACAATG11T il7AGAAAAATATGTAGAAGATCCAAAACATATAGAAGTACAAATAGTAGCAGACACACACGGTAATATAAGACACCTTTATGAACGTGATTGCTCTGTACAACGCAGGCACCAGAAGGTGGTAGAAATGGCTrCCTTCATATAACCTATCACAAACGCT
ACGCGATAACCTTTrATAAGTATGCTGTAGCTATTrGCTACAGAGGTAAATTATAACAACATAGGTACCGTAGAGTTTCTTGTGGATGCAGATGATAATATTTACTTrCATCGAGGTTAACCCACGTATACAAGTAGAGCACACAGTAACCGAAATGGTTACAGGTATTGACCTTrGTAAAA ACAC

AAATCTTTrGTGGCTGGCGGTTATA AACTATCAGATAAGCAGATAAAGATTTATGGCCAAGAGTCT ATAGGTACTTACGGCTTTGCCATACAGTGTAGACTTrACCACA GAAGACCCTACTAATAA ATTTACACCAGATTACGGAA AGAT AA CAACCTACCGTAGCGCCTCTGGTATGGGTATA

CGTCTAGATGCCGGTAGCATTTATCAAGGGTA TAA AGTGAGTCCGT 11 T1 GATTCGATGCTTrGT AAAA GTATCTGCTCA CGGTAGAACCCTGGATGGTGCAATACGTA AGATGGTGCGCGCCTTAAAAGA ATTTAGA AT ACGTGGTGTAGA GACCAACATTCATTTTCTTCAA AATGTCAT
ACAGACAGACGTT-M iAAAAATGGAGAGACCACAGTAAATTTCATTCAGAATACTCCTTrCCCTATTrTAATATTrAAACTCTCTCAAGATCGTACCTCTAAGGTTGTTCAGTTTCTGGCAGATGTGAGTGTAAATGGCAATAGTGATGTAAAAACAAAAGATCCAAAGAAGGTATTTACAAACCC
TA AGGTGCCACTTTACAGCCTGTCTrGATCCGTTTCCAAAAGGGACAAAAGATATGCTTrACAGAGCTAGGTCCGGAGGCATTTTGTAAGTGGTTATTrAGAGGA GAAAAAAATACACTTTACAGATACCACAATGCGTGACGCACACCAGTCTTTACTGGCAACGCGTATGCGCTCTTATGATA

TGCTCAAA GTAGCATCCAGTTTTGCAAAA AATCACCCTAACACCTTTAGTATGGAAGTATGGGGAGGTGCAACCTTTGATGTATGTATGCGATTrCTTACACGAGAGCCCTTGGACACGTTTACGAGAGTTACGCAAGGCAGTACCTAACATCTTrGTTCCAGA TGCTCCTTCGTGGTTCTAA TG

GCGTGGGTT ACAAAGCATATCCAGATAACCTTrATAGAAAAGTTTGTAGAGAAGTCTTGGGAGAATGGTGTAGACCTCTTCCGTATFM llGACTCTCTTrAACTGGGTAAAAGCAATGGAACCTAGTATACAATACGTACGT AATCTTACAGGAGGAATAGCCGAAGGTGCCATAAGTTATAC

GGGAGATATTCTAGATACTAAGCAAACTAAGTACAACCTCAAGTACTACACACAACTTGCAAAAGATCTAGAAAATGCTrGGGGCACATATGATTrGCCATT AAGGATATGGCAGGATTATTAAAACCATATGCAGCGACAGA ACTTGTTACAGCACTTAAGGACACTGTAAATGTACCTA TA

CACTTACACACACACGACACGTCTTCTTTA CAAACAGCTACTTACCTCA AGGCCA TTGAGGCAAATGTAGATGTGGTAGA TGTAGCTCTAGGAGGACTTTrCTGGATTAACTTCTCAACCTAACTTTAATGCTGTAGTAGAGATGCTTA AGTATCAAGA TAGAGAACACCCATTTGAGATGGA A

AAACTCAATCAGTTTTCTAATTATTGGGAAGATACGCGTGATCTCTACTACCCTTTGAGTCTGGACTTAAAGCCGGAACGGCAGAAGTATTTCAGCACGAGATACCAGGTGGGCAGTACTCAAACTTGCGCCCTCAGGCAACTGCTCTAGGTCTTrGCAGATAGATTTACAGAGGTAAAAAA

GATGTATGCCGCTGTAAATAAAATGTTTGGCAACCTAGTAAAGGTTACGCCTAGCTCTAAGGTGGTAGGTGATATGGCCATT1TTATGGTGACCAATAACCTrCACACCAGAAGATGTGATGGAGCGTGGTGATACCATTTCCTTCCCAGAGTCTGTTATAAACTTrCTTTAAAGGAGATCTAG
GTCAGCCAGTAGGTGGTTTCCCAAAAAAGCTACAAGCCATTATCTTAAAAAATA AAGAAGCTTATACAGATAGA CCTAATGCACACCTAGCACCAGTAGATTTTGATAAGGAGTATAAAGTCTTTA CAGAGACCTTCCAAAAAGGGI-TACCAGGCCACTAGAGATAGA AGATTTTCTATCA

TATATGCTCTACCCAAAGGT1111GAGCAAGCACACGAAAACTATAAGAAATACGGTAACCTrAGCGCTCGTACCTACTAAGAATTTCTTCTTTGGTATGAAACTAGGTGAAGAAACACTTrATTGAGCTAGAACCTGGAAAAACGGTGATCATCAAGTTACTrCTCTAT-TGGTATTrCCTAATGAT
GAGGGAATGCGCACGGT ATTCTTTAAAGTAAATGGAGAAAATCGCT1GTAGAAGTACACGACACTTCCCTTAAT ATCAAAAAGGTTGAAAACGTAAAAATTGATCCAGATAATGAAAACCACATAGGTGCTCCATTACAAGGCTrCTCT1ACAAAGTGCTGGTCAAAAA AGGGCAAGAAG

TCAAAGAAAATGACCCACTT-MiATAATAGAAGCTATGAAAATGGAAACTACCGTTrGTTGCCTTTAAAGATGGTACAGTACAATCTATAATCGTGACAGATGGAACAATGGTGTCTCAAGATGATCTrCGTTrGTAACTCTTGAATAACCTGCAGGCTTAAGCCCCGCTTCGGCGGGGTTTT11TG
AGCTCCAATTCGCCCTATAGTGAGTCGTATT ACA ATTCACTGGCCGTCGTTTTACAACGTCGTGACTGGGAA AACCCTGGCGTTACCCAACTTAATCGCCTTGCAGCACATCCCCCTTCGCCAGCTGGCGT AATAGCGAA GAGGCCCGCA CCGATCGCCCTTrCCCAA CAGTTGCGCA GCCTG

AATGGCGAATGGGACGCGCCCTGTAGCGGCGCATTAAGCGCGGCGGGTGTGGTGGTTACGCGCAGCGTGACCGCTrACACTTrGCCAGCGCTGATGTCCGGCGGTGCilTTTTGCCGTTrACGCACCACCCCGTCAGTAGCTGAACAGGAGGGACAGCTGATAGAAACAGAAGCCACTGGAGC

ACCTCAAAAACACCATCATACACTAAATCAGTAAGTTrGGCAGCATCACCCGACGCACTTTGCGCCGAATAAATACCTGTGACGGAAGATCACTTCGCAGAATAAATAAATCCTGGTGTCCCTrGTTGATACCGGGAAGCCCTGGGCCAACT11MGGCGAAAATGAGACGTTGATCGGCACGT
AAGAGGTTCCAACTTTCACCATAATGAAATAAGATCACTACCGGGCGTATTT111GAGTTATCGAGAT-MCAGGAGCTAAGGAAGCTAAAATGGAGAAAAAAATCACTGGATATACCACCGTTrGATATATCCCAATGGCATCGTAAAGAACATT-TTGAGGCATTTrCAGTCAGTTGCTCAAT
GTACCTATAACCAGACCGTTCAGCTGGATATTrACGGCCTTTTTAAAGACCGTAAAGAAAAATAAGCACAAGTTTTATCCGGCCTTrTATTrCACATTrCTTrGCCCGCCTGATGAATGCTCATCCGGAATTTCGTATGGCAATGAAAGACGGTGAGCTGGTGATATGGGATAGTGTTCACCCTTGTTr
ACACCGTTTTCCATGAGCAAACTGAAACGTTT-TCATCGCTCTGGAGTGAATACCACGACGATT-rCCGGCAGTTTrCTACACATATATTCGCAAGATGTGGCGTGTTACGGTGAAAACCTGGCCTATTTCCCTAAAGGGTTTATTGAGAATATGTTT11CGTCTCAGCCAATCCCTGGGTGAGTTT
CACCAGTTTTrGATTTAAACGTGGCCAATATGGACAACTTCTTCGCCCCCGTTTCACCATGGGCAAATATTATACGCAAGGCGACAAGGTGCTGATGCCGCTrG
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