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ABSTRACT

HPLC-UV QUANTITATION OF FOLATE SYNTHESIZED BY RICKETTSIA
ENDOSYMBIONT IXODES PACIFICUS (REIP)

Junyan Chen

Ticks are the most important vector of many infectious diseases in the United States.
Understanding the nature of the relationship between Rickettsia endosymbiont Ixodes
pacificus (REIP) and Exudes pacificus will help develop strategies for the control of tick-
borne diseases, such as Lyme disease, and Rocky Mountain spotted fever. Folate, also
known as vitamin B9, is a necessary vitamin for tick survival, and plays a central role in
one-carbon metabolism in cells. Folate exist as a large family of structurally related forms
that transfer one-carbon groups among biomolecules that are important to cell growth,
differentiation, and survival. In Dr. Zheng’s lab, REIP were cultured in Ixodes scapularis
embryonic tick cell line ISE6. Previous research has shown that REIP in Ixodes pacificus
carries all five de novo folate biosynthesis genes. Folate biosynthesis mRNAs were
detected and all recombinant rickettsial folate proteins were overexpressed. To determine
whether REIP synthesize folate, we sought to measure the folate concentration in REIP
using HPLC-UV quantification with a Diamond Hydride™ liquid chromatography
column. 5-methyltetrahydrofolate (5-MTHF), the active circulating form of folate in
bacteria was detected. The averaged folate level in the REIP-infected ISE6 pellet is

0.2514 mg/L/10° cells, which is 5-fold higher than the pellet sample from uninfected



ISE6 pellet sample. For the REIP-infected ISE6 supernatant sample, the measured
concentration is 0.0029 mg/L/10° cells. Statistical analysis using t-test determined there is
a statistical significance (p=0.05) in the folate concentrations between REIP-ISE6 pellets
and ISE6 pellets; REIP-ISE6 pellet and REIP-ISE6 supernatant. However, more analysis
is required to confirm the identity of the 5S-MTHF peak before we draw the conclusion
that REIP can synthesize folate. Additionally, we sought to knockout the fol4 gene in
REIP to confirm folate is synthesized by REIP. We used the TargeTron system to
construct the knockout, however, no successful mutant Rickettsia were obtained so far.
Furthermore, because REIP classification was not determined yet, we sought to construct
a phylogenetic tree of the species. Surprisingly, we identified that REIP was a new
subspecies with the following classification Rickettsia monacensis subsp. pacifica subsp
nov. To our knowledge, this is the first report of the present of R. monacensis in 1.

pacificus in North America.
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INTRODUCTION

Background Information

Vector-borne diseases are common human illnesses. They are normally caused by
parasites, viruses and bacteria transmitted by the bite of infected arthropod species, such
as mosquitoes, ticks, sandflies, and blackflies (Confalonieri, 2007; Brites-Neto, 2015).
Ticks are the most important vector of arthropod-borne infections and transmit a wide
variety of zoonotic pathogens (Hornok, 2017; Polo, 2017). Tick-borne rickettsial diseases
(TBRD) continue to cause severe illness and death among human beings. In the United
States, some TBRD are quite common. For example, Rocky Mountain spotted fever
(RMSF) and Lyme borreliosis. Researchers found that these TBRD could be easily cured
with antibiotics at their early clinical course; however, the greatest challenge to clinicians
is their accurate diagnosis early on. Because early signs and symptoms of these illnesses
are notoriously nonspecific or mimic those of benign viral illnesses, and the lack of a
gold standard for diagnosis makes producing accurate statistics difficult (Alice et al,
2006; Perronne, 2014). In trying to treat patients with TBRD, researchers realized that
TBRD is caused by bacteria. One of the pathogens that causes TBRD is Rickettsia
species, named after Howard Taylor Ricketts (1871-1910), who studied Rocky Mountain
spotted fever in the Bitterroot Valley of Montana and unfortunately died of typhus when
studying that disease. Investigations into the endosymbiotic behavior of non-pathogenic

species may prove more productive for the development of more effective treatment



methods, such as more specific anti-folate drugs, or the establishment of more efficient
eradication methods, such as creation of transgenic ticks, which would decrease the

incidence of all tick-borne diseases.

Bacterial Symbiosis

The etymology of the word “symbiosis” is Greek words ‘together’ and ‘living’,
which describes a partnership of different organisms living together. In a symbiotic
relationship, “host” and “symbiont” are using to describe the larger partner and smaller
partner, individually. If one of the partner cannot live individually, the relationship is
called “obligate”; otherwise, it is termed “facultative”. What’s more, the symbiosis can
be harmful, this is termed as parasitic; or can be beneficial, which is termed mutualistic
(Rymaszewska, 2007). When a symbiont lives within a host either intracellular or
extracellular, it is referred to as an endosymbiont (Silva, 2012), which theory was first
proposed in 1905 by the Russian botanist Konstantin Mereschkowsky (Mereschkowsky,
1905). Konstantin found the division of chloroplasts in green plants close related with
free-living cyanobacteria. Later in 1967, Lynn Sagan (later Lynn Margulis) advanced and

substantiated this symbiont theory with microbiological evidence (Margulis, 1967).



Primary and Secondary Endosymbiont of Insects

On earth, insects occupied more than 90% of known animal species, dominating a
variety of terrestrial habitats (Douglas, 2014). Even though it has been long known that
insects are symbiosis with bacteria, but only in the last few decades researchers start to
pay attention on the symbiont relationship between insects and bacteria. Traditionally,
symbiont bacteria are separate into two main groups: obligate (primary) symbionts and
facultative (secondary) symbionts (Baumann, 2005). Obligate symbionts are mutualists
that tend to have a nutritional function and typically occur in insects that feed on
unbalanced diets such as plant saps or cellulose (Moya, 2008). For example, Buchnera
widely distribute in most species of aphid can synthesis amino acids and other
compounds. Those nutrients are known lack in aphid’s phloem diet (Douglas, 2006).
Another example bacteria Wigglesworthia, feeds on vertebrate blood performs a similar
function for tsetse flies (Glossinia) (Aksoy, 1995; Moran, 2008).

Beside the obligate symbionts, some bacteria in insects are facultative (secondary)
symbionts. Unlike obligate symbiont bacteria, they are not essential for normal host
growth and development. However, they are also widely existing in nature. Then it raises
the question of how and why such symbionts are maintained. Research found some
bacteria can manipulate host production that allow it to spread through the population
(Werren, 1997). In most case, the secondary symbiont manipulates reproduction,
protecting against natural enemies or facilitating adaptation to changing environments.
For example, the insects infected with secondary endosymbiont of the genus

Rickettsiella, and then the insects’ body color can change from red to green in natural



populations to achieve the goal of avoiding the natural predators (Tsuchida, 2010).
Hamiltonella defensa endosymbionts strongly protects aphids against parasite induced
mortality by parasitic wasps (Rothacher, 2016). In addition, gut bacteria symbiont in
Plutella xylostella’s diamondback moth can produce detoxifying enzymes for
degradation of insecticides (Indiragandhi, 2007). What’s more, researchers also found
some bacteria symbionts that can increase arthropods reproductive success (Himler,
2011).

Endosymbiosis Leads to Genome Reduction in Bacteria

Endosymbiosis has played pivotal roles in biological, ecological, and evolutionary
diversification. The loss of DNA and genes is widespread in obligate symbionts.
Endosymbionts usually have smaller population sizes and a reduced number of essential
functions (Wernegreen, 2004; Mccutcheon, 2010). Compared to the free-living bacteria
with a size of 4-5 Mb (millions of base pairs) genomes, the genome sizes of these
bacterial mutualist genomes are commonly less than 1 Mb. In some extreme case, the
genome size of bacteria is reduced to 139 kb (kilobase), which is known as the smallest
bacterial genome so far (McClure, 2017). Such severe genome reducing very likely make
the bacteria irreversible live dependence with hosts’ intracellular environment. Then
another question is raised whether these bacteria should be considered as organisms
distinct from their host (Douglas, 2014). So far, researchers have noticed endosymbiotic
bacteria affect the biology of hosts in a number of ways, although endosymbiosis remains

rich with mysteries.



Introduction of Ixodes pacificus

Ticks are the primary vector of many important infectious diseases in the United
States; they are obligate hematophagous ectoparasites of mammals, birds and reptiles
distributed worldwide (Brites-Neto, 2015); they are of enormous medical and veterinary
relevance owing to the direct damage they cause to hosts and as vector of a large variety
of human and animal pathogens. Ticks are among the most competent and versatile
vector of pathogens, and are second only to mosquitoes as vectors of a number of human
pathogens (Socolovschi, 2013). Besides carry pathogens, ticks are also known for carry
non-pathogenic endosymbiotic bacteria, and those bacteria are transovarially transmitted
(Cowdry, 1925; Noda, 1997).

Ixodes pacificus, which belong to order Ixodida, family Ixodidae, genus Ixodes
species pacificus, also known as the western black-legged tick, is broadly distributed
along the western coast of the United States. Compared with other arthropods, Ixodes
pacificus has several unique features, such as a prolonged life span and complex
development, hematophagy in all post-embryonic life stages, long feeding periods, and
blood digestion within midgut cells (Sonenshine, 1993). All of the above contribute to
their success as vectors for bacteria and viruses (Nuttall and Labuda, 2003).

I. pacificus is an ectoparasite, the life cycle of 1. pacificus consists of four stages:
eggs, larva, nymph, and adult (Figure 1) (Taylor, 2012; CDC, 2015). Each active stage
seeks a host, feeds, and drops off to develop in the natural environment. The transition

from larva to nymph, from nymph to adult, and the ability of female adult to oviposit, is



dependent on the acquisition of a blood meal (Cheng et al., 2013; Williams-Newkirk et
al., 2014). The whole life cycle can take up to three years to complete and includes
multiple periods of starvation. Under these conditions, the tick enters a dormant state
known as diapause, which subjects its bacterial inhabitants to harsher, nutrient limited

conditions (Padgett and Lane, 2001).
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Figure 1. The life cycle of tick. The life cycle of tick includes egg, larva, nymph and
adult. At each active stage, they need a blood meal before they can move on to the next
stage (CDC, 2015).

1 pacificus increases people’s attention since it is a known primary tick vector of the

bacteria causing Lyme borreliosis (caused by bacteria Borrelia burgdorferi) and
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anaplasmosis (caused by bacteria Anaplasma phagocytophilum) (Clover and Lane, 1995;
Foley, 2008; Piesman, 1999). Each year more than 300,000 cases of Lyme disease are
diagnosed in American (Kuehn, 2013). Since 1995, there are at least 15,952 nationally
reported anaplasmosis cases, however, the incidence of anaplasmosis has increased 12-
fold between 2001 and 2011 (Bakken, 2015). The increasing incidences may have been
related with global warming and the expanding range of the tick vector (Dahlgren, 2016).
What’s more, I. pacificus also carries a species of Ricketssia currently known as
phylotype G021 (Phan, 2011) and is classified as nonpathogenic. Our research is aimed at

investigating the natural relationship between endosymbiont Rickettsia and I. pacificus.



Introduction of Rickettsia

Rickettsiae is a diverse collection include the genera Rickettsiae, Ehrlichia, Orientia,
and Coxiella. All Rickettsiae obligate intracellular gram-negative bacteria. They
distribute in a wide range of hosts, like tick, lice, fleas, mite, chigger, and mammal
(Walker, 1996).

Rickettsia 1s a genus of gram-negative, obligate intracellular bacteria with a size
range from 0.3 to 2.0 um. It replicates with binary fission in the cytoplasm of eukaryotic
host cells. Consequently, Rickettsia must be cultivated in host cells. So far, the common
methods culture Rickettsia in laboratory using tissue culture, guinea pigs, or embryonated
chicken eggs. In addition, Giemsa stain is widely used to observe the Rickettsia stains

(Ammerman, 2008).

Culture Rickettsia in Tick Cell Line

As mentioned above, Rickettsia is obligate intercellular bacteria, it cannot reproduce
outside the host cells. In our lab, we culture rickettsia in cell line ISE6 derived from
Ixodes scapularis embryos and cell line IRE11 derived from Ixodes ricinus embryos.
Both cell lines can grow in mammalian culture media supplemented with mammalian
serum, using incubation temperatures between 28°C to 34°C. For ISEG6 cells, the optimum
incubation temperature is 34 °C. Unlike IRE11 cells, ISE6 cells are able to grow adhering
the culture flask surface. Both cell lines divide relatively slowly and can be maintained at

high cell density (10° to 107 cells/mL).



Tick cell lines are cultures derived from tick embryos (eggs), molting larvae or
nymphs. Tick cells may grow as monolayers, in suspension, or a mixture of both. Tick
cells can survive for months or even years-without subculture; this characteristic is
particularly useful for attempted isolation ex vivo of slow-growing microorganisms
(Bekker et al., 2002).

Tick cell line has been a good tool for study tick-borne pathogens or symbionts due
to it allows the microorganisms to propagate without mammalian cell culture (Simser,
2002). All tick cell lines comprise two or more cell types (Yunker, 1987, Bell-Sakyi,
2007). Several types of cells have been described as round, long, bipolar, muscle,
epithelial or fibroblast-like (Munderloh, 1994). Since the first Ixodes (hard) tick cell lines
were established, tick cell lines were not only being used on propagation of tick-borne
pathogens, but also used for study tick biology, genomics, proteomics and genetic
manipulation (Bell-Sakyi, 2007).

There are two major benefits to studying microorganisms using tick cell lines. First,
tick cells are easy and useful for microorganism isolation and molecular characterization
(Bell-Sakyi, 2007, 2012). What’s more, prolonged culture of some tick-borne pathogens
in tick cells facilitates adaptation to mammalian systems (Bekker, 2002; Munderloh,
2004), indicating that tick cell lines are better tools than mammalian cells for
microorganisms’ isolation. Second, tick cell lines have a great advantage in studying the
interaction between tick-borne microorganism and tick ex vivo. Tick cell lines can serve
as valuable tools to evaluate the pathogens’ ability in tick and also help with the study of

tick-borne microorganism survival mechanisms in ticks and transmission dynamics in
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nature (Bell-Sakyi, 2007). In short, tick cell lines provide wide potential applications for
researchers in tick and tick-borne disease research. So far, over 50 tick cell lines have

been generated and be developed as tools for ticks and tick-borne pathogens’ research

(Oliver, 2015).

Rickettsia Classification

The genus Rickettsia encompasses a large group of obligate intracellular, gram-
negative bacteria that fall under the family Rickettsiaceae, order Rickettsiales, class
Alphaproteobacteria, phylum Proteobacteria. The family Rickettsiceae consists of three
genera: Rickettsia, Orientia and Candidatus Cryptoprodotis, of which Rickettsia and
Orientia represent two closely related evolutionary lineages that once were considered as
belonging to the same genus. To determine the genus of Rickettsia, the most normal
methods is using sequences of genes coding for citrate synthase (g/¢4) and outer surface
proteins (ompA and ompB) and surface cell antigens (scal, sca2 and sca4) (Merhej,
2014). So far, there are 26 formally recognized species in the genus Rickettsia, which can
be classified into four groups: the typhus group (Rickettsia typhi and Rickettsia
prowazekii), the spotted fever group (22 Rickettsia species, like Rickettsia aeschlimannii,
Rickettsia africae, Rickettsia australis, Rickettsia conorii, Rickettsia heilongjiangensis,
Rickettsia Helvetica, Rickettsia honei, Rickettsia honei strain marmionii, Rickettsia
Jjaponica, Rickettsia massiliae, Rickettsia monacensis, Rickettsia parkeri, Rickettsia

philipii (364D), Rickettsia raoultii, Rickettsia rickettsia, Rickettsia sibirica , Rickettsia
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monteiroi , Rickettsia slovaca, Rickettsia tamurae, Rickettsia argasii, Rickettsia asiatica,

Rickettsia peacockii) Rickettsia bellii group, and the Rickettsia canadensis group.
Although many other isolates exist, they have not been characterized and validated

(Socolovschi, et al., 2013).

Intercellular Lifecycle of Rickettsia

The members of the order Rickettsiales (Alphaprotebacteria) are obligate
intracellular bacteria. All members of the order Rickettsiales can be considered metabolic
parasites, their genome size was found are reduced, so they are very likely metabolic
dependence on the host cell (Darby, 2007). Unlike other members, intracellular bacteria
in family Rickettsiaceae, Rickettsia and Orientia species have a unique character in
lysing host phagocytic vacuole and residing primarily in the host cytosol (Winkler, 1986;
Sahni, 2013). In order for the genus Rickettsia, which is coccoid to rod-shaped, to survive
freely in the cytosol of the host cell (Rizzoli, 2014), the doubling time is typically 8 to 12
hours (Winkler, 1990). The life cycle for Rickettsia consists of five steps displayed in
figure 2. The whole infection process causes host cell damage and death. (Sahni, 2013;

Driscool, 2017).
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Figure 2. Lifecycle of bacteria Rickettsia. The life cycles of members of the
Rickettsiaceae feature cytosolic replication. Members of the Rickettsiaceae induce their
uptake by host cells (step 1) and once internalized, they must escape the phagosome (step
2) before replication. Next, cytosolic bacteria replicate and redistribute themselves
intracellularly (step 3). To complete their life cycle, Rickettsia spp. lyse the host cell (step
4) or infect neighbors through intercellular spread (step 5) (Sahni, 2013).

Rickettsia in Ixodes pacificus

In the tick, Rickettsia are localized in the salivary glands and ovaries and can be
transmitted to human beings through tick salivary secretions after a tick attaches to the
host and takes a blood meal. If the rickettsia is pathogenic, the bitten individual may
become ill.

Previous research in Dr. Zhong’s lab discovered a novel species of Rickettsia
classified as Rickettsia species phylotype G021 was discovered by PCR and sequencing
(Phan, 2011). The median burden of phylotype G021 was 7.3 per tick cell (Cheng, 2013).
Previous research in Dr. Zhong’s lab also discovered the transmission routes of Rickettsia
species phylotype G021 is through transovarial (from parent to offspring) and transstadial

(from one life stage to the next life stage) passage with 100% efficiency. Even though
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phylotype G021 does not have effects on embryogenesis, oviposition, and egg hatching
(Kurlovs, 2014), the prevalence of phylotype G021 in I. pacificus ticks is 100% (Cheng,
2013). In comparisons with free-living bacteria, the data suggest that Rickettsia species
G021 is an endosymbiont of I. pacificus.

In March 2013, Dr. Timothy Kurtti from the University of Minnesota isolated
Rickettsiae from partially engorged I. pacificus females donated from the McKinleyville
Animal Care (McKinleyville, CA). The isolate was initially named Rickettsia
endosymbiont Ixodes pacificus (REIP) and cultured ex-vivo using Ixodes ricinus IRE11
and Ixodes scapularis ISE6 embryonic tick cell lines (Simser, 2002; Munderloh, 1994).
The optimum temperature for the growth of REIP in ISEG6 cells is 26 °C (Kurtti, personal

communications).
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Introduction of Folate

Folate, also known as vitamin B9 has long been recognized as a critical cofactor in
one-carbon metabolism (de Crecy-Lagard, 2007; Fenech, 2012). It represents various
derivatives, which are naturally occur in foods, mostly in vegetables and fruits. Mammals
cannot synthesize folate, but folate is required for one-carbon metabolism in nucleotide
synthesis and methylation of DNA, RNA, protein and phospholipoids (Sybesma, 2004;
Wheeler, 1992; Fenech. 2012). Because folate is essential for cell growth, a lack of folate
can lead to a number of disorders. In humans, a folate deficiency can lead to cancers (de
Crecy-Lagard, 2007; Pribat, 2009), heart disease (de Crecy-Lagard, 2007; Lucock, 2000)
and birth defects such as spina bifida and other neural defects (de Crecy-Lagard, 2007;
Wegkamp, 2007). In E. coli, the deletion of folate synthesis genes leads to the production
of non-viable phenotypes (Fermer, 1997; Pyne, 1992). What’s more, researchers found
more evidence that folate plays an essential role in the growth and development of
insects. For example, the folate produced by bacteria Wigglesworthia morsitans are
essential for glossina sexual maturation and reproduction (Snyder, 2015); Although the
diet of Drosophila. melanogaster is poor, some unknown symbiont bacteria in
Drosophila. melanogaster produce folate allowing the fruit fly to maintain growth and
development (Blatch, 2010).

Folic acid is a synthetic compound, which is structurally and functionally similar to

natural folate. Although folic acid is not active as a coenzyme, but folic acid can be
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converted into tetrahydrofolic acid (THF) before entering to the metabolic pathway

(Figure 3).
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Figure 3. Folate/ folic acid metabolic pathway in plasma. “MTHFR” short for
methylenetetrahydrofolate reductase, “DHFR” short for dihydrofolate reductase, “Hcy”
short for homocysteine, “DHF” short for dihydrofolate, “SAM” short for S-
adenosylmethionine, “Meth” short for methionine, “SHMT” short for serine
hydroxymethyl transferase. The 5-MthylTHF draw our attention because it is the main
physiological form in plasma (Obeid, 2013).

THE, the reduced form of the vitamin, normally synthesized in bacteria. The
chemical structure displayed in Figure 4. It consists of a pterin derivative, a p-
aminobenzoate, and glutamate moieties (Rossi, 2011; Spreadbury, 2013). THF known as
an important one-carbon unit carrier in a variety of biosynthetic reactions. So THF is one

active form of folate derivatives. From the inactive form of folate turn to the active form
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of THF, dihydrofolate reductase is required. The one-carbon group undergoing transfer in
any of three oxidation states. The most reduced form of the cofactor carries a methyl
group, a more oxidized form carries a methylene group, and the most oxidized forms
carry a methenyl, formyl, or formimino group. The primary source of one-carbon units
for tetrahydrofolate is the carbon removed in the conversion of serine to glycine,

producing N°, N'’-methylenetetrahydrofolate (Spreadbury, 2013).
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Figure 4. Chemical structure of tetrahydrofolate. THF consists of pterin derivative, p-
aminobenzoate, and glutamate moieties. The N5 and N10-nitrogen atoms that can carry
one-carbon functional groups circled by red color. (Spreadbury, 2013).

Different with THF, 5-methyl-5, 6, 7, 8-tetrahydrofolic acid (5-MTHF) is the major
active form of folate in plasma. It acts as a methyl donor for homocysteine remethylation.
The resulting tetrahydrofolate (THF) can be converted into 10-formyl-THF and then into
5, 10-Methenyl-THF then into 5,10-Methylen-THF (Figure 3). 5-MTHF occupied 95-
98% of folate in serum or red blood cells. It is also known as the most available folate

form in human plasma, and human whole blood (Kirsch, 2012; Obeid, 2013).
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Folate Biosynthetic Pathway in Rickettsia Species Phylotype G021

Little is known about the nutritional basis for the symbiotic relationship of
endosymbionts in ticks, though newly developed Rickettsia ex vivo culture systems
provide the ability allow use study the novel interactions. Because adult female ticks can
swell intensely during feeding (occasionally over 100 times than their unfed body body).
This mean tick, especially for engorged female tick, need to synthesize a new cuticle and
new cells to allow for body expansion. From a molecular-biological perspective, the tick
requires more folate at this special time, since folate plays an essential role in DNA,
RNA, and protein synthesis.

Previous research in Dr. Zhong’s laboratory has demonstrated that Rickettsia species
phylotype G021 contains all five genes necessary for de novo folate synthesis: folE, ptpS-
11, folk, folP folC, and folA. Guanosine-5'-triphosphate (GTP), from tick hosts or
bacterial sources, are catalyzed by a series of enzymatic actions by the, FolE, PtpS-IiI,
FolK, FolP, FolC and FolA proteins from phylotype G021 to synthesize tetrahydrofolate

(Figure 5).
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Figure 5. The proposed pathway of folate biosynthesis by Rickettsia species
phylotype G021 in Ixodes pacificus (Hunter et al., 2015). First, with the exist of FolE
protein (GTP-Cyclohydrolase 1), GTP transfer to 7,8-dihydroneopterin triphosphate,
which is a pterin-ring molecule (Hossain, 2004; El Yacoubi, 2006; Grochowski, 2007).
Then PTPS-III protein, encoded by the ptpS gene, cleaves the side chain of 7,8-
dihydroneopterin triphosphate to form 6-hydroxymethyl-7,8-dihydropterin diphosphate
(Dittrich, 2008; Pribat, 2009). Then the FolKP bifunctional enzyme (2-amino-4-hydroxy-
6-hydroxymethyldihydropteridine diphosphokinase and dihydropteroate synthase) will
synthesis 6-hydroxymethyl-7,8-dihydropteroate by binding with the pterin ring to para-
aminobenzoic acid (pABA) (Gengenbacher. 2008). A glutamate moiety is then added to
6-hydroxymethyl-7,8-dihydropteroate by FolC (dihydrofolate synthase) to synthesize 7,8-
dihydrofolate, which is then utilized by the FolA protein (dihydrofolate reductase) to
synthesize tetrahydrofolate (Wang, 2010).

Study the folate biosynthesis pathway might be an important first step to study the
nature relationship between /. pacificus and phylotype G021. It may also provide a
framework for identifying other potential symbiont bacteria relationship in tick. Based on
the literature searching, most Rickettsia species from the spotted fever group and
Rickettsia belli group have the genetic capacity to synthesize folate. However, all
sequenced Rickettisa species from the typhus group lack the folA, folK and folP genes.
This means those Rickettsia species are less likely de novo synthesis folate. Further

digging the research, typhus group Rickettsia is majority found in louse and fleas. In
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contrast, most of the spotted fever and Rickettsia belli group of Rickettsia are distributed
in hard ticks. While it could be explained by the louse and fleas have different enzymes
or other microbial symbionts in their body, which can convert 6-hydroxymethyl-7, 8-
dihydropterin to tetrahydrofolate (Sahni, 2013). However, the anthropoids like hard ticks,
need de nova symphysis folate. Back to my research project, to further confirm the

hypothesis that Rickettsia can synthesis folate then quantify folate level is necessary.

Using Agueous Normal Phase (ANP) to Separate Folate Derivatives

The median burden of phylotype G021 was 7.3 per tick cell (Cheng, 2013).
Which means measure the folate level in tick samples is very challenge. However, we
sought to use large number of Rickettsia infect tick cell line then quantify the folate
concentration in infected tick cell line by using HPLC (High-performance liquid
chromatography) or LC-MS (Liquid chromatography-mass spectrometry).

The aqueous normal phase (ANP) chromatography developed in Dr. Pesek’s lab
(San Jose State University) represents an important new technology for the separation of
endogenous metabolites in biological matrices. ANP chromatography has a unique silica-
hydride surface with a mixture of organic and aqueous solvents as mobile phases.
Hydrophilic and hydrophobic compounds mixture can be both retained and separated by
altering the mobile phase composition from high to low organic or vice versa. Compare
with the normal phase chromatography, which is incorporates a polar stationary phase
and a non-polar mobile phase in order to retain and separate polar compounds. Non-polar

compounds would elute first, followed by moderately non-polar and finally polar
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compounds (Hellmuth, 2011; Pesek, 2011). ANP utilizing silica-hydride-based stationary
phases provide unique selectivity's for the separation of polar and non-polar compounds

and offers new methods to solve difficult analytical separations (Pesek, 2007).

Silica-hydride HPLC Materials in Diamond Hydride™ Liquid Chromatography Column

The key part in ANP column is the silica-hydride materials. Silica-hydride materials
are high-purity silica. It is reported with an ability to retain both polar and non-polar
compounds due to its non-polar silicon-hydride (Si-H) groups on surface, instead the

polar silanol groups (Si-OH) are covered the surface (Figure 6) (Pesek, 2011, Pesek,

2015).
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Figure 6. Compare surface structure between ordinary silica and silica hydride. The

surface structure different between ordinary silica (left) and silica hydride (right) (Pesek
etal., 2015).

Diamond Hydride™ materials are comprised of a small concentration of carbon

(around 2%) chemically bonded to a silica hydride support. The hydride surface allows
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for ANP retention while the hydrophobic attached carbon can be used in a reverse phase
mechanism. In this manner, the columns can be used for retention of both hydrophilic and
hydrophobic analyses depending on the mobile phase composition. The ANP conditions
are especially useful in metabolomics applications (Pesek, 2009; Allahan 2009) since a
given metabolome often contains a variety of polar species, which are difficult to be

retained and separated by conventional reverse technigues.

Rickettsia Genetic Manipulation

A lack of basic understanding of arthropod transmitted-members of Rickettsiales in
areas such as vector physiology, immune response and microbial interactions have not
been addressed. The difficulty in studying Rickettsia spp is due to their genetic
intractability. What’s more, it is reported the growth rate of obligate intracellular bacteria
is much slower than facultative intracellular bacteria (O’Connor, et al., 2011). Large
amount work are required to purify obligate intracellular bacteria from host cells and
prevent the bacteria get damage lose its biological function. What’s more, the mutant
obligate bacteria are needing to be selected and propagated in host cells. Then manipulate
the cell invasion and survival genes are remain problematic (McClure, 2017).

In the past decades, modern molecular cell biology technologies have been
developed to allow researchers to develop several methods of genetic tools to study
Rickettsia. A few examples of such methods are replicative plasmids, transposons,

homologous recombination, fluorescent protein-encoding genes, and antibiotic selectable
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markers, etc. (Rachek, 1998; Agaisse., 2013; Burkhardt et al., 2011; Wood, 2012; Noriea,

2015; Driskell, 2016).

Genetic Transformation System for Rickettsia

Genetic manipulation methods of rickettsiae are notoriously challenging and time-
consuming processes. As of Nov. 2015, only 17 peer-viewed reports have been published
in the past 17 years since the first successful genetic manipulation of Rickettsia was
published (Rachek et al., 1998; Riley et al., 2015). However, in the last two years, genetic
manipulation has emerged as one of the hot topics in Rickettsia studies (Noriea, 2015;
Schroeder et al., 2015; Riley et al., 2015; Sharma et al., 2017).

There are three major genetic manipulation methods for rickettsiae: homologous
recombination, Random mutagenesis, and targeted mutagenesis (McClure, 2017).

Homologous recombination is thought as one important evolutionary mechanisms in
bacterial evolution for its ability transfer a specific DNA fragment from one strain to
another homologous strain (Fraser, 2007). First successful transformation experiments
with R. prowazekii and R. typhi utilized homologous recombination (Rachek, 1998, 2000;
Radulovic, 1999; Renesto, 2002). Using R. prowazekii, these authors targeted pld gene,
encoding phospholipase D, which is thought to enable rickettsial escape from the
phagosome early after uptake into a host cell. While highly significant, these early
transformants were difficult to obtain, unstable during long-term culture and
maintenance, and not useful for functional gene analysis since insertion was not designed

to result in gene inactivation and detectable defective phenotype.
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Random mutagenesis methods known as transposon insertion and chemical
mutagenesis. For detail, A transposon, also known as mobile genetic material in bacteria,
is a DNA sequence that can move to new positions within the genome. The key
difference between a plasmid (small, circular, double-stranded DNA molecule) and a
transposon is that a plasmid is a non-chromosomal DNA that replicates independently
within the bacterium while transposon is a segment of chromosomal DNA that
translocate within the genome of bacteria and changes the genetic sequence of the
chromosome. Transposons are very likely present in all genomes, including those of
Rickettsiales (Shapiro, 1999; Simser, 2005). Transposon mutagenesis does not require
knowledge of the genome sequence of an organism, however, some transposons exhibit a
preference for base composition of genomic DNA. From the fly Haematobia irritans,
researchers isolate a mariner transposon (Himarl) which is a transposable element
(Lampe, 1996) has been successfully used to mutate Rickettsia spp. (Reed et al., 2014;
Liu et al., 2007). The Himarl transposase system encodes the transposase and the
transposon on one or two suicide plasmids that are electroporated into host cell-free
(semi-purified) bacteria. The modified Himarl transposase contain with antibiotic
resistance cassette and fluorescent markers randomly integrates the transposon, then into
AT dinucleotide sites in the bacterial genome through a cut-and-paste mechanism
(Felsheim, 2006). In 2010, Clark’s research group reported they used Himarl transposase
system to restore a functional relA/spot gene copy to clear-plaque mutants of R. rickettsia

lowa and R. rickettsia (Both rickettsial strains can form plaques).
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Targeted mutagenesis is also named site-directed mutagenesis. This mutation allows
deletion or insertion a single base or multiple bases. Based on literature searching allelic
exchange and mobile group Il intron methods have been successfully used in Rickettisa
species. Allelic exchange is routinely used to generate mutants in facultative intracellular
bacteria and extracellular bacteria. pld gene was suspected as a virulence factor. And it is
reported researchers have successfully inactivate the phospholipase D gene (pld) in
obligate intracellular R. prowazekii (Driskell. et al.2009). They generated a pld mutant of
virulent R. prowazekii strain by using linear DNA for transformation.

Then another targeted mutagenesis method is using mobile group Il introns. This
method requires reverse-transcribed from RNA into specific sites in the bacterial genome.
So far, a commercial system named “TargeTron” is easy for researchers to operate this
method. So far, it is also reported genetic manipulation is available by using mobile
group Il intron method has been reported successful using to genetically modify
Rickettsia Spp. Researchers have successful knockout OmpA gene, a suspected virulence
factor in R. rickettsii. And prove OmpA is not important for virulence (Noriea. et al.,
2015).

In my thesis project, we use TargeTron system to knockout folA gene in bacteria
Rickettsia, which method belong to targeted mutagenesis. The flow chart of the
TargeTron gene knockout system is show in Figure 7. After deciding the gene we want
study, a mobile group Il intron piece is designed and generated from Lactococcus lactis
L1. Due to the site-specific retroelement mechanism, this group Il intron piece can invade

its cognate intron-minus gene (Frazier, 2003). Through the retrohoming mechanism, the
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intron lariat RNA can be inserted into a DNA target site. Then it is reverse transcribed by
the associated intron encoded enzyme protein (IEP) (Lambowitz, 2004). The DNA target
site is recognized primarily by base pairing of easily modified intron RNA sequences,
following the intron piece can be inserted into the specific our interesting target gene
(Chen, 2005), thus make the target gene unfunctional. To date, the TargeTron system has
been validated in E. coli (Perutka, 2004), S. aureus (Yao, 2006), C. perfringens (Chen,

2005), S. typhimurium (Karberg, 2011) and R. rickettsia (Noriea, 2015).
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Figure 7. The TargeTron system used to knockout bacterial genes. First, the target
sites in genome is calculated by computer algorithm. In normal, a 1 kb size gene can be
expected to contain 5 to 11 group Il intron insertion sites. Second, the computer
algorithm outputs all possible primer sequences with different percentage rate. The higher
percentage rate means a higher efficiency for binding. Use the selected primer set
following with a PCR process will generate a 350 bp PCR fragment. This PCR fragment
is ligated into the host followed by expression of the re-targeted upon chromosomal
insertion. Using gene specific primers, kanamycin resistant colonies are PCR screened to
confirm insertion (TargeTron® Gene knockout system user guide, Sigma-Aldrich).
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Specific Aim

The nature of the relationship between REIP and 1. pacificus is unknown. Former
graduate students in Dr. Zhong’s lab amplified all folate genes by PCR and demonstrated
the folate genes are transcribed in both engorged and flat ticks as well as in REIP-infected
ISE6 cells by RT-qPCR (Hunter, 2015; Alowaysi, 2015). Recombinant folate proteins of
REIP can also be overexpressed in E. coli (Bodnar, 2015). The functions of the
recombinant FolA and FolE proteins have been determined by in vifro enzymatic assays.
However, we have not obtained evidence that the REIP synthesizes folate by quantitation.
Therefore, in my project, I have two main goals. First, to demonstrate that folate is
synthesized by REIP. Second, to construct fo/4 knockout mutants using TargeTron

knockout system.

To achieve the goals, three specific aims are listed:

1. Measure folate concentration in REIP infected ISE®6 tick cell line.
2. Knockout fol4 gene in REIP by TargeTron knockout system.

3. Classify REIP into species and subspecies by phylogenetic tree constructions.

Most gene manipulation studies in rickettsia research have consisted of non-essential
genes, such as parA, dnaA (encoding proteins important for plasmid replication,
maintenance and partitioning), rick4 (involved in rickettsial motility), ompA, and ompB
(encoding the abundant spotted fever group rickettsiae outer membrane proteins). In my

project, I aim to manipulate the essential gene fo/A. It has been found in E. coli and other
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bacteria that fol4 is an essential gene for bacterial growth and survival (Zywnovanginkel,
et al., 1997). Since folA is the last gene in the folate synthesis pathway in REIP (Hunter,
et al., 2015), deletion of the fol4 gene should directly inhibit the biosynthesis of
tetrahydrofolate. Since we hypothesis that REIP can synthesis folate. We hypothesize that
folate starvation can trigger REIP to synthesize more folate. If the fol4 gene can be
knocked out, the folate concentration produced by the mutant REIP should be decreased.
The results of this study may help in understanding the symbiotic relationship between
REIP and I. pacificus ticks. Last but not least, it is important to classify the species and

subspecies of the Rickettsia we used in Dr. Zhong’s lab.

Investigations into the endosymbiotic behavior of non-pathogenic species may also
prove more productive and more effective treatment methods to decrease the incidence of
tick-borne diseases such as more specific anti-folate drugs or even the creation of

transgenic ticks.
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MATERIALS AND METHODS

Maintain and Infect ISE6 Cell Line

Tick Cell Line ISE6

Ixodes scapularis ISE6 embryonic cell line was provided by Dr. Timothy Kurtti
from the University of Minnesota. The ISE6 cells were grown in complete L-15B300
medium, supplemented with 5% fetal bovine serum, 5% tryptose phosphate broth, and
0.1% bovine lipoprotein cholesterol concentrate (Munderloh and Kurtti, 1989). Cells
were cultured in 25 cm? monolayer flasks (Fisher Scientific, Pittsburgh, PA), incubated at
34°C, and fed on a weekly basis. Cell growth and development was monitored daily
using an inverted microscope (Leica, Buffalo Grove, IL). The percent confluency of ISE6
cells was determined by comparison between the amount of space taken up by the cells,
and the amount of space that was left unoccupied. ISE6 cells were counted using a
hemocytometer (Reichert, Buffalo, NY) and a light microscope (Scientific Instrument
Co, Sunnyvale, CA). Once the ISE6 cells reached 80% confluency, ISE6 cells were
subcultured with a 1:3 ratios with fresh L-15B300 complete medium. Subcultures
normally take 3 weeks to reach 80% confluency.

To generate cells from liquid nitrogen, an ampoule of frozen cells is rapidly
thawed in a 37°C water bath, the cell suspension in freezing medium is added to 5 ml
complete medium, and the flask is incubated over night at 34°C. The culture should be

fed the next day with a complete change of growth medium. During the first week after
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thawing cells, it may be desirable to include an antibiotic solution such as a mixture of
penicillin (50-100 1U/ml) and streptomycin (50-100 pg/ml). Continuous use of antibiotics

is not recommended, which may interfere with cell growth.

Infection of ISE6 Cells with REIP

The bacterial isolate REIP was also provided by Dr. Timothy Kurtti from the
University of Minnesota. Normally a ratio of 1:20 (250 uL of the REIP lysate added into
a total volume of 5 mL 80% confluency uninfected ISE6 cells) was used to infect ISE6
cells. Giemsa stain (KaryoMAX®, Thermo Fisher Scientific) was performed weekly to
monitor the infection status of the ISE6 cells. Normally it takes 3-5 weeks for 80% of
confluency ISE6 cells to establish a heavy infection. At this point rickettsiae could either

be harvested or used to infect fresh uninfected ISE6 cells.

Giemsa Stain

Giemsa stain was used to confirm and track the infection of REIP in ISE6 cells.
This stain is a mixture of methylene blue and eosin. The function of eosin is to bind to
DNA phosphate groups, especially the areas with high levels of adenine-thymine (A-T)
(Ellison, 2007). Giemsa stain can be used to distinguish rickettsiae from the host cell,
because of the A-T rich regions of DNA. The rickettsiae are stained dark blue in contrast
to the light blue stain of the surrounding host cells. To perform the Giemsa stain, the
Giemsa stain (Gibco, NY, USA) was diluted with 1:20 ratio with Gurr buffer pH 6.8

(Gibco, NY, USA). Specimen were stained at room temperature for 7 mins.
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Classification of REIP

To confirm that there is only one genus or genotype in the REIP isolate, 16S
rRNA, gltA, ompA genes are used for multilocus sequence typing (MLST) to detect the
single nucleotide polymorphisms to distinguish Rickettsia species (Fournier et al., 2003;
Zhu et al., 2005). However, because coding DNA may not provide enough nucleotide
sequence variation to differentiate within some rickettsial species, we also used multi-
spacer sequence typing (MST). This method utilizes intergenic spacers such as dksA-
xerC, mppA-purC, and rpmE-tRNA™et and can differentiate at the intraspecies level
(Fournier et al., 2007; Zhu et al., 2005). Nucleotide sequences of complete open reading
frames of 16S rRNA (accession number NZ_LAOP01000001), gltA (accession number
KJW02430), ompA (accession nhumber KJW02278), ompB (accession humber
KJW03404), and sca4 (accession number KJW03052) of REIP obtained from NCBI are
used to confirm our 16S rRNA, gltA, ompA sequences as well as more compressive

classification of the REIP isolate.

DNA Extraction, PCE and Clone

The genomic DNA was extracted from 5x10° REIP-infected Ixodes ricinus IRE11
cells using DNeasy Blood & Tissue Kit for both MLST and MST (Qiagen). 16S rRNA,
gltA, ompA dksA-xerC, mppA-purC, and rpmE-tRNA™et were amplified via PCR using
primers specified in Appendix A (Simser et al., 2002; Fournier, 2007; Cheng et al.,

2013b). 2puL. genomic DNA (<50 ng/L), 1 uL 5 M forward and reverse primers, 10 pL.
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GoTaq® Green Master Mix (Promega), and 6 uLL PCR grade water were added in PCR
reactions. Negative controls contained all components with the exception of REIP
genomic DNA. The g-actin gene was amplified simultaneously to serve as a positive
control using B-actin primers and field collected I. pacificus (Cheng et al., 2013b). PCR
reactions were performed in an Applied Biosystems 2720 Thermal Cycler (Applied
Biosystems) with an initial denaturation at 95°C for 5 minutes; this was followed by 30-
45 cycles of denaturation at 95°C for 30 seconds, annealing at 50-60°C for 30 seconds,
and extension at 72°C for 30 seconds. The final extension was completed at 72°C for ten
minutes. Following amplification, PCR products were run on 2% agarose gel with 1X
TAE buffer and stained in 10 mg/mL ethidium bromide. Alphalmager® HP was used to
visualize and photograph gels (ProteinSimple). The PCR amplicon were then used in the
cloning procedure. PCR amplicons were ligated into StrataClone’s pSC-A-amp/kan
cloning vector (Agilent Technologies). Transformants were plated on LB agar containing
100 pg/mL ampicillin and 40 pl of 2% X-gal. White colonies were then restreaked on
LB/AMP/X-gal plates. Following restreaking, white colonies were grown in LB broth
containing 100 mg/mL ampicillin overnight at 37°C. Plasmids were purified by
E.Z.N.A.® Plasmid Mini Kit (Omega) and constructs were confirmed by running EcoRI
restriction enzyme digests (Promega) on 1% agarose gel with 1X TAE buffer and stained
in ethidium bromide. Sequencing of the PCR amplicons was conducted by Elim
Biopharmaceuticals, Inc (Hayward, CA, USA) using M 13 reverse primer (5°-
GGAAACAGCTATGACCATG-3’). Sequences from 30 clones of 16S rRNA, gltA,

ompA, dksA-xerC, mppA-purC, and rpmE-tRNA™et genes were aligned in ClustalX
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version 2.1. Sequencing data determined the insert size of clones for gltA, ompA, 16S
rRNA genes to be 382 bp, 530 bp, and 436 bp, respectively. Sequence alignments of
thirty clones for each of the three genes determined that the nucleotide sequences were

identical to one another in the amplified regions.

Phylogenetic Tree Constructions

To classify the REIP isolate to the genus and species levels, we took advantages
of the completed genome sequence of R. pacifica, which was sequenced by Dr. Timothy
Kurtti’s lab at the University of Minnesota. The genome sequence is available in NCBI
(accession number NZ_LAOP01000001). Homologous sequences of the whole open
reading frame of each of the five genes of REIP, 16S rRNA (accession number
NZ_LAOP01000001), gltA (accession number KJW02430), ompA (accession number
KJW02278), ompB (accession number KJW03404), and sca4 (accession number
KJW03052), were obtained by BLAST analysis. For phylogenetic reconstruction,
homologous sequences were aligned in ClustalX version 2.1. The concatenated
nucleotide sequences were translated to amino acid sequences, with the purpose of
aligning the nucleotide sequences to match the amino acid alignment in Mesquite.
Phylogeny of the concatenated sequence was constructed by SeaView (version 4.4.3)
(http://pbil.univlyonl.fr/software/seaview.html). Since the ompA gene is truncated or
lacking in some Rickettsia species, phylogeny of the ompA nucleotide sequence of REIP
and its homologous sequences was individually constructed by SeaView. Gouy and

Guindon S. & Gascuels’ method was used to determine evolutionary distance values,
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which were then used to construct phylograms by neighbor-joining method and maximal

parsimony method (Gouy, 2009).

Measurement Folate Concentration

The Starvation Test of ISE6 Cells

Once three ISE6 flasks have reached the desired confluence level of 80%, ISE6
cells were then gently scraped and aliquoted into a 24-well plate. Each well was given 0.5
mL cell suspension. Cell plates were then incubated at 34°C for two days to allow for cell
attachment to the cell plates. After two days of incubation, the old medium was removed,
and the pellet was rinsed with starvation medium (0% FBS L-15B300 medium) twice.
The wells were then incubated using the starvation medium.

Cell number and cell viability were determined after 0 h, 0.5-hour, 1-hour, 2-hour,
4-hour, 6-hour, 8-hour, 10-hour, and 12-hour incubation times. All analyses were run in

triplicate, and the respective data obtained in each case were averaged.

Sample Preparation

Rickettsia Growth

The ISEG6 cells were maintained at 34°C until an 80% cell confluency was
reached. Once 80% confluence was reached REIP strains were used to infect ISE6 cell

lines in L-15B300 culture medium at 26°C for two weeks. An uninfected ISE6 flask was
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also cultured at 26°C as a control. Giemsa stain was used to confirm infection of the ISE6

cell line.

Prepare Cell Supernatant and Cell Pellet Sample

Cell number and cell viability in each flask were counted individually by using a
hemocytometer and trypan blue staining method. Cells were gently scraped and aliquoted
into centrifuge tubes. The total cell pellet was harvested by centrifugation at 13,400 x g
for 10-min. Then the supernatant was transferred into a 15-mL conical tube, where a two-
fold volume of ice-cold 100% acetonitrile and 5uL of 100mg/L methotrexate standard
(Sigma-Aldrich) were added to the tube. The mixture was then incubated on ice for an
hour and then centrifuged at high speed (13,400 x g) for another 10-min in order to allow
the protein to precipitate from the solution. Afterwards the sample was filtered through
0.45 uM nylon HPLC membrane filter before being loaded into the HPLC machine.

The pellet was washed with 500uL of ice-cold PBS buffer twice to remove any
remaining media. After the last wash the pellet was re-suspended in a 500uL ice-cold
PBS buffer, then 5uL of 100mg/L of methotrexate sample was added to the suspension.
This cell suspension was then passed through a 27-gauge needle to lyse the cells, and
then sonicated for 3.5 minutes total time (4 passes at 30 seconds each and 30 seconds
rests in between). After sonication a two-fold volume of ice-cold 100% acetonitrile and
5uL of 100mg/L of methotrexate standard were added to the solution. The solution was

then placed on ice for 1 hour and then centrifuged at high speed (13,400 x g) for 10-min
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in order to allow the protein to precipitate. Afterwards the sample was filtered through a

0.45uM nylon HPLC membrane filter before being loaded into the HPLC machine.

The Starvation Assay with the REIP isolate

Same cell supernatant and pellet sample preparation methods were used to
measure the folate concentration by HPLC-UV. To achieve REIP starvation samples, old
L-15B300 complete were decant, then cell flasks were washed with 4 mL 0% FBS L-
15B300 medium. The samples were then washed twice and were incubated at 0% FBS L-

15B300 media for 2 hours. An uninfected ISE6 sample was used as a control.

HPLC-UV

For UV-based analyses, a Hewlett-Packard (Palo Alto, CA, USA) 1200 HPLC
system comprised of an auto sampler, degasser, gradient pump, and variable wavelength
UV detector set at 280 nm were used. The system was interfaced with Agilent
Chemstation (Santa Clara, CA, USA) software. The analytical column was 75 mm x 4.6
mm Diamond Hydride column (MicroSolv Technology Corp. Eatontown, NJ, USA) with
a diameter of 4.2 um in aqueous normal phase mode (ANP). Mobile phase A was
Deionized H,O (DI) + 10 mM formic acid buffer. Mobile phase B was 90:10 acetonitrile:
DI H20 + 10 mM formic acid buffer. All the solutions were filtered through a 0.45 pum
nylon filter. The appropriate calibration curve solution was analyzed with a method
consisting of an injection volume of 5 ul, a flow rate of 0.4 mL/min, and a gradient set as

shown in table 1. All analyses were run in triplicate, and the respective data obtained in



37
each case were averages. 5-MTHF and methotrexate were identified by comparing their
retention times in chromatograms of the calibration curve solutions with the appropriate

peaks in percent recovery or sample extract chromatograms.

Table 1. The gradient set for HPLC-UV to separate folate.

Time (min) % Mobile phase B
0 95
3 95
10 90
12 90
13 95
18 95

Gene Knockout by TargeTron Gene Knockout System

Plasmid Construction

The pARR plasmid vector, donated by Dr. Ted Hackstadt from Rocky Mountain
Laboratories, is a derivative of the TargeTron (Sigma Aldrich) vector pACDK4-C.
pACDKA4-C encodes for LtrA, a multifunctional protein containing reverse transcriptase,
DNA endonuclease and a DNA/RNA binding domain, allows the intronic RNA to be

inserted at a specific DNA target site. The modified pARR vector contains a rickettsial
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rpsL promotor right before multiple cloning sites that include Hind 111 and BsrG I sites.
PARR also contains rifampin and ampicillin resistance genes for antibiotic selections
after transformation (Noriea, 2015). The TargeTron software algorithm (www.sigma-
genosys.com/targetron/) (Sigma Aldrich, 2008), which predicts high-specificity group 1l
intron insertion sites in target DNA sequences, was used to design primers for appropriate
sites of intron insertion into the folA gene of phylotype G021. Two of the best candidates
chosen from the algorithm were primer sets of IBS1/2, EBS1/delta, EBS2, and EBS
Universal primers (table 2). The intron DNA fragments produced by PCR were cloned
into TA clone vector (Agilent Technologies, CA, USA). Then both the TA clone and the
PARR plasmid were double digested with Hind 111 and BsrG | enzymes (New England
BioLabs Inc. MA, USA). Sticky ends were generated and T4 DNA ligase (New England
BioLabs Inc, MA, USA) were used to ligate the intron DNA into the pARR plasmid.
Finally, the transformants were selected on LB plates with 100 ng/ml ampicillin.

To confirm the ligation, Hind 111 and BsrG | enzymes were used to digest the
clone DNA of the transformants. Elim Biopharmaceuticals, Inc (Hayward, CA, USA)

conducted sequencing of the PCR amplicons (Table 3).
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Table 2. The primers sequence for folA gene knockout. Two highest ranked design
primers were picked named 182 and 474, based on the TargeTron computer algorithm.

Primer Sequence (5’-3°) Tm (°C)
Name

182-IBS1 AAAAAAGCTTATAATTATCCTTAATGCACATA 65.5
CAAGTGCGCCCAGATAGGGTG

182- CAGATTGTACAAATGTGGTGATAACAGATAA 63.6
EBSI1d GTCATACAATTTAACTTACCTTTCTTTGT

182- TGAACGCAAGTTTCTAATTTCGGTTTGCATC  66.5
EBS2 CGATAGAGGAAAGTGTCT

474-1BS1 AAAAAAGCTTATAATTATCCTTAACAGACATA 66.7
GCGGTGCGCCCAGATAGGGTG

474- CAGATTGTACAAATGTGGTGATAACAGATAA 65.0
EBSI1d GTCATAGCGACTAACTTACCTTTCTTTGT

EBS- CGAAATTAGAAACTTGCGTTCAGTAAAC
Universal

Table 3. Primers Seg-F and Seg-R for sequence confirm plasmid construction. Additional
primers designed, which can amplify both plasmid and intron sequence to check the
plasmid constructed right.

Primer Name Sequence

Seq-F CAGATAAAATATTTCTAGCTAGATTTCAGT
GC

Seq-R CCAGTTAGTGTTAAGTCTTGGTAAATTCAG
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Purification of REIP from Infected ISE6 Cells

Once an infection rate was over 80%, the cell suspension of ISE6 cells was passed
through a 27-gauge needle to lyse the host cells” membrane, allowing the rickettsia to be
released from the ISEG6 cells. The lysate was then centrifuged at low speed (275 x g) for
10-min, the supernatant was further cleaned using a 5-um syringe-driven membrane filter
(Corning®, NY) and then centrifuged at high speed (13,400 x g) for another 10min. The
supernatant was discarded, and the pellet was re-suspended in 1mL of ice-cold 300mM
sucrose. The pellet was washed twice with 300mM sucrose and then filtered through a 2-
pum syringe-driven membrane filter. The filtered solution was then centrifuged at high

speed (13,400 x g) and re-suspended in 90 pL of ice cold 300mM sucrose

Transformation

A Gene Pulse® 1l machine (Bio Rad, Hercules, CA) was used for electroporation.
For electroporation, 3ug of intron folA clone DNA was mixed with 90 pL of semi-
purified REIP (total REIP number over 108) in a pre-chilled 0.1 cm gap cuvette. The
settings used for the electroporation machine were 1.8 kV, 200 Q and 25 pF.

After electroporation, complete L-15B300 medium with folinic acid (50 ng/ml)
was added into the cuvette as soon as possible. Addition of folinic acid allows the mutant
REIP to survive without having to produce folate itself. The electroporated rickettsia was
then mixed with 1.5 mL of uninfected ISE6 cells. The mixture was then centrifuged at

700 x g for 2-min to pellet the ISE6 cells. The sample was then incubated at room
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temperature for 15-min, after which the mixture was transferred to a 25-cm? flask

containing 3.5 mL L-15B300 complete medium with ISE6 confluence cells.

Selection of folA Knockout REIP Mutant

In order to select for the folA knockout mutant, rifampicin was added to the cell
culture medium. In theory, if the electroporation is successful, the rifampicin resistant
gene on the pARR plasmid helps the mutant REIP to survive in the presence of
rifampicin. Rifampicin in the concentration of 100 ng/ml was used to select for the
mutated REIP during the nine-hour incubation after electroporation. An additional
50ng/ml folinic acid stock was also added to the L-15B300 medium.

The flask was then incubated at 26°C for 15-20 days, after which the infection could be
confirmed using Giemsa stain. If Giemsa stain results confirmed presence of infection,
then the DNA extraction and PCR amplification using designed fol A-mutant primers

(table 4) were carried out with the sample.

Table 4. folA-mutant primers for screening mutant Rickettsia

Primer Sequence Tm (°C)
Name

FolA-mutant- ATGAAAAATAGAAAAATCATCGGTATAATGG 59.35
F

FolA-mutant- TTACCTCCTTTTAGTAAATTTATAAATCTGATA 59.14
R ATTA
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RESULTS

ISE6 Cell Maintenance

Ixodes scapularis ISE6 embryonic cell line was successfully maintained in Dr.
Zhong’s lab. ISE6 cells replicate well in the complete L-15B300 medium at 34°C,
normally taking 3 weeks for a 30% confluency ISE6 cells to reach 80% confluency

(Figure 8). No contamination of the ISE6 cells by microbes occurred so far.

Figure 8. Observation of ISE6 cells using an inverted microscope, X40. Left) Cells at
around 30% confluency. Cells have long tails with a spindle shape. Right) after three to
four weeks’ incubation, cells reached around 80% confluency. At this point, more cells

are rounded shape

Infection of ISE6 Cells with REIP

ISEG cell line was successfully infected with REIP. After 3 weeks post infection,
morphology of REIP-infected ISE6 cells was different as that of uninfected cells. Some
Infected host cells are lysed and many REIP-infected cells were observed floating. The

infection status of the ISE6 cells was monitored by Giemsa stain. As shown in Figure 9,
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the big dark purple structure is the nucleus of ISEG6 cells and the rod-shaped bacteria

observed in the cytoplasm of ISE6 cells are REIP bacteria.

Figure 9. Giemsa stain of REIP-infected ISE®6 cells after two weeks post infection.
Rickettsia stained as dark purple rod shapes are present in the cytoplasm of ISE6 cells.

To confirm that the bacteria stained with Giemsa stain are REIP, genomic DNA
of REIP was extracted from REIP-infected ISE6 cells using DNeasy Tissue Kit (Qiagen,
Valencia, CA). The purified REIP DNA was used in PCR to amplify the ompA gene of
rickettsiae (encoding an outer membrane protein of REIP). Both DNA extracted from the
REIP-infected ISE6 cells and flat 1. pacificus generated a 530 bp fragment in PCR
(Figure 10), which is the expected size of the PCR amplicon of the ompA gene of
Rickettsia species. DNA sequencing of the ompA PCR amplicon confirmed that cultured
rickettsia in Dr. Zhong’s lab is indeed REIP (Figure 11). It shows a 99% identify to the

ompA of Rickettsia species phylotype G021 in I. pacificus based on the BLAST result.
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Figure 10. Gel electrophoresis of the PCR amplified ompA gene of REIP. Line #1.:
100 bp ladder. Lane #2: PCR amplification of the ompA gene using DNA extracted from
REIP-infected ISE6 cells. Lane #3: PCR amplification without DNA template (negative
control). Lane #4: PCR amplification of the ompA gene using DNA extracted from flat I.
pacificus.
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Uncultured Rickettsia sp. clone E07 1 outer membrane protein A (ompA) gene, partial cds
saquance 10: gh|GOA375161 1| Length: 444 Numbar of Matchas: 1

Range 1: 1 to 444 GenbDank Graphlcs

Score Expect Identities Gaps Strand
798 bits(432) 0.0 440/444(99%) 0/444(0%) Plus/Plus
unery 63 CACCACCTCAACCHUCAGCA T TAATGE T GAG A TAGUGH 125
III IIIIIIHI||HIIIIIIIIIIIIIIIIIIIIIIHIIIIIIIIIIIIIIIIIII
Shijer 1 CACTACCTCAALCHUAGUAT TAATGUTGAG TAG AL 50
Query 125 G A.L.L;LLAL;M.U.ALLLAL.LALle..u.Au_LLu_.u. CIGUCGGLAATTGGGATAR 185
| |IIIIHIIIH|III||II|II|I|II|I1|I| 1] LLLELLLL LLL]
Sbjct 61 TATTTCTAC ATTTACTCATCTTCCICCTCCCCGCTAATTCGCAATAN 120
Query 136 CATAACCCCTCCGACCAGCTACCTAATCCTACTCCTCTTCACCCTCCTCAACH 245
\I|||1IIIHIIIHIIIII|IIIIIIIIIIII]IIII\IIIIII[IIlIIIIIIII
Sbjct 121 TAACCCCTCCACCACTACCTAATCCTACTCCTCTTCACCCTCCTC. 180

Query 246 ATTTACTTACCCTCCTAATCATACTATCACTCCACATCAACTCCCTCCTATTATTACGCC 305

1IIIII\II]HIIIH||I|IIIIII|I|I||II11|||l||l|lI|I||I||II||||

Sbjot 131 ATTTACTTACGCT TATCACTCCACATCAACT ATTATTAC 210
Query 306 TAAATCTTCCCCCTACTAATCCTCCACCCCTAAATATTACTCAAAATACCACCCTCEE 365
. ‘IIIII\II]HH‘J:HIIIII||II||J:II|I||11IIIHIIIIIIIIlIIIIlIIII
Sbjot 211 TAAATCTTCCCCCTACTAATCCTCCACCCCTAAN! CCACCCTCCE 300
Query 356 TTCTATTGATACAGATGGTAACTTGTTGCCTGTTACTATTATTGCCGGCAAAAC 425
. HIIIIIIIIIIIIIHIIIIIIIIIIIIIIIIIIHIII[IIII[IIIIIlIIIIIIII
Ebjct 301 TTCTATTGATACAGATGGTAACTTGTTGCCTGTTACTATTATT GCAAAAG 360
Query 426 TAACCGGTACT CTGATACTTA 485
. IIIIII]IIlIIIIHllllllIIIIIIIIIIIII]]III[II[I[IIIII [ITELLL]
Sbict 351 TAACCGATACTCC TTTTGCCGATACTTA 420

Query 436 TACGCGGTTTAGGAAATATAACTTIT 509

PEL LELLLEEET il

Sbijct 421 TACACGTTTAGGAAATATAACTTT 444

Figure 11. Nucleotide BLAST result of the ompA PCR amplicon. Nucleotide
sequence alignment of the ompA gene between REIP and Rickettsia species phylotype
G021. It shows a 99% identify to the ompA of Rickettsia species phylotype G021 in I.
pacificus (accession number GQ375161).

Rickettsia Endosymbiont Ixodes pacificus (REIP) is Named as Rickettsia monacensis
subsp. pacifica subsp. nov.

Phylogenetic analysis was conducted by comparing the REIP isolate’s -concatenated
nucleotide sequences of gltA, ompB, sca4, and 16S rRNA genes (gene sequence displayed
in Appendix A) to homologous nucleotide sequences of rickettsiae available in GenBank.
Trees generated from the concatenated sequence of the four genes reflected those
previously generated by Dr. Zhong’s lab for Rickettsia species phylotype G021 (Phan et

al., 2011). The tree topology indicated that REIP formed a monophyletic group with R.
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buchneri strain ISO7, R. monacensis strain IrR/Munich, and R. tamurae strain AT1. This
monophyletic group forms a sister group to the rest of a clade that contains 16 spotted
fever group rickettsiae. The concatenated sequences of the four genes of the spotted fever
group rickettsiae are distant from the sequences of the typhus group and the Rickettsia
belli group rickettsiae (Figure 12). Since the ompA gene nucleotide sequence is lacking or
truncated in some Rickettsia species, we also constructed a phylogenetic analysis by
comparing the REIP’s ompA gene to the homologous nucleotide sequences of spotted
fever group rickettsiae available in GenBank. The phylogram of the ompA gene
confirmed that REIP was clustered in a clade with R. buchneri strain 1ISO7 and R.
monacensis strain IrR/Munich, and forms a monophyletic group with the above two
Rickettsia species as well as with R. akari strain Hartford and R. australis strain Cutlack
(Figure 13). Both neighbor joining trees indicated that the monophyletic groups, in which
REIP resides, were distinct from the rest of the spotted fever group rickettsiae. Trees
generated from a maximal parsimony method also exhibited similar branching, with the
exception of the gltA tree (data not shown). However, this discrepancy is possibly due to
differences between how the two methods organize multiple sequence alignments (Saitou
and Nei, 1987). We inferred that the REIP isolate shares similar evolutionary history with
R. buchneri and R. monacensis due to tree topology for the concatenated and ompA gene
sequences. As such, based on Fournier et al.’s classification scheme (Fournier et al.,
2003), and our phylogenetic analyses, we propose that the REIP isolate is a novel
Rickettsia species that is closely related to R. buchneri and R. monacensis. Therefore, we

propose the name Rickettsia monacensis subsp. pacifica subsp. nov.
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Previous studies have demonstrated the ability of MST to differentiate between
genotypes of some Rickettsia species by at least one nucleotide mutation (Fournier and
Raoult, 2007; Zhu et al., 2005; Znazen et al., 2013). As such, MST was used to determine
possible genotypic variation present within the R. monacensis pacifica isolate. PCR
amplification and cloning of intergenic spacers determined the insert size of dksa-xerC,
mppA-purC, and rpmE-tRNA™®t regions were 165 bp (accession number KX505844), 121
bp (accession number KX505842), and 368 bp (accession number KX505843),
respectively. Analysis of thirty clones for each of the three intergenic spacers determined
no variation in nucleotide sequences for the amplified regions. Considering R.
monacensis pacifica’s nucleotide homology among all thirty clones, we assumed the
isolate possessed one genotype and designated it IPO1 (Ixodes pacificus ovary tick 1).
The neighbor-joining tree shown in Figure 14 was based on the concatenated nucleotide
sequence of dksa-xerC, mppA-purC, and rpmE-tRNA™® regions and their homologous
sequences in GenBank. The strains on the phylogenetic trees based on the sequence of
gltA-ompB-sca4-16S and the three intergenic spacers are slightly different. This is
because some of Rickettsia species do not have the three intergenic spacer sequences and
some of Rickettsia species have two of the three spacer sequences in GenBank. These
Rickettsia species are not included on the phylogram based on the nucleotide sequences
of the three intergenic spacers. The phylogram of the three intergenic spacers supported
the phylogeny of the concatenated sequence of the of gltA, ompB, sca4, and 16S rRNA

genes as well as the phylogeny of the ompA gene sequence; R. monacensis pacifica strain



48

IPO1, R. monacensis strain IrR/Munich, and R. buchneri strain 1ISO7 forms a

monophyletic group that is distinct from the rest of the spotted fever group rickettsiae.
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Figure 12. Phylogenetic tree of concatenated gltA, ompB, sca4 and 16S rRNA gene
sequences of Rickettsia monacensis pacifica. Tree was generated using neighbor-joining
distance method and 1000 bootstrap replicates. Bootstra values >50 are shown at the
nodes. Bar, nucleotide distance. R. monacensis pacifica presented the top of the tree.
Other selected sequences on the tree include: R. aeshlimannii, R. africae, R. akari, R.
asiatica, R. australis, R. bellii, R. buchneri, R. conorii, R. felis, R. heilongjiangensis, R.
helvetica, R. honei, R. japonica, R. massiliae, R. monacensis, R. montanensis, R. parkeri,
R. peacockii, R. philipii, R. prowazekii, R. raoultii, R. rhipicephali, R. rickettsii, R.
sibirica, R. slovaca, R. tamurae, and R. typhi. The accession numbers of genes of all
Rickettsia species are listed in the Appendix B.
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Figure 13. Phylogenetic tree of ompA gene of Rickettsia monacensis pacifica. Tree
was generated using neighbor-joining distance method and 1000 bootstrap replicates.
Bootstrap values >50 are shown at the nodes. Bar, nucleotide distance. R. monacensis
pacifica (or Rickettsia endosymbiont Ixodes pacificus) is represented at the top of the
tree. Other selected sequences on the tree include: R. aeshlimannii, R. africae, R. akari,
R. australis, R. buchneri, R. conorii, R. felis, R. heilongjiangensis, R. honei, R. japonica,
R. massiliae, R. monacensis, R. montanensis, R. parkeri, R. peacockii, R. philipii, R.
raoultii, R. rhipicephali, R. rickettsii, R. sibirica, and R. slovaca. The accession nhumbers
of genes of all Rickettsia species are listed in the Appendix B.
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Figure 14. Phylogenetic tree of concatenated nucleotide sequence of dksa-xerC,
mppA-purC, and rpmE-tRNA™et regions of Rickettsia monacensis pacifica. Tree was
generated using neighbor-joining distance method and 1000 bootstrap replicates.
Bootstrap values >50 are shown at the nodes. Bar, nucleotide distance. R. monacensis
pacifica (or Rickettsia endosymbiont Ixodes pacificus) is represented at the top of the
tree. Other selected sequences on the tree include: R. aeshlimannii, R. africae, R. akari,
R. australis, R. buchneri, R. conorii, R. felis, R. heilongjiangensis, R. helvetica, R. honei,
R. japonica, R. massiliae, R. monacensis, R. montanensis, R. parkeri, R. prowazekii, R.
raoultii, R. rhipicephali, R. rickettsii, R. sibirica, R. slovaca, and R. typhi. The accession
numbers of genes of all Rickettsia species are listed in the Appendix B.
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The Starvation Test of ISE6 Cell line

ISEG cells were initially incubated in the complete L-15B300 medium with 5%
FBS. Cells were then cultured in the L-15B300 culture medium without FBS. Total cell
number and ratio of cell death were determined at 0-hour, 0.5-hour, 1-hour, 2-hour, 4-
hour, 6-hour, 8-hour, 9-hour, and 12-hour incubation after the medium change. A control
group was set, ISE6 cells were incubate with complete L-15B300 medium and count cell
death ratio at same time point. Our data showed the death ratio increased significantly
with the incubation time from zero hour to four hours when the cells were cultured in L-
15B300 culture medium without FBS. The death ratio reached 50% after 2-hr incubation.
At 4-hr incubation, the cell death ratio was determined to be 60% (Figure 15, raw data are

show in Appendix C).
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Figure 15. Compare death ratio of the ISE6 cells growing in complete L-15B300
medium and L-15B300 medium without FBS. Blue color line shows the death ratio of
ISEG cells under starvation treatment and the green line show the death ratio of ISE6 cells
grow with complete L-15B300 medium. Cell death ratio were counted every two hours.
Note. The 10" hour were counted at 9™ hour by human error.

Measurement of the Folate Concentration by HPLC-UV

HPLC-UV Method Setup

Folic acid (Sigma- Aldrich), 5-formyltetetrahydrofolate acid (Sigma- Aldrich), 5-
methyltetetrahydrofolate acid (Sigma- Aldrich) were used as standards in HPLC, whiles
methotrexate was used as an internal-standard (Sigma- Aldrich). A good resolution was
achieved after using an Agilent 1200 series instrument detector with a 75 x 4.6 mm
Diamond Hydride column and 0.1% formic acid buffer as mobile phase. Each standard

showed a clear separation from the internal-standard (Figure 16). The gradient was
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performed in the aqueous normal phase mode (ANP) of separation where polar
compounds (both methotrexate and folic acid have polar moieties) were retained when
the mobile phase was highly organic and eluted when the gradient was changed to high
aqueous (low organic) percentages. We were able to improve retention and separation of
each compound within a reasonable time frame. 5-formyltetetrahydrofolate acid standard
peak appeared at 9.6-9.7 min. Folic acid standard appeared at 9.6-9.7 min. 5-
methyltetetrahydrofolate acid standard peak appeared at 12.2 min. Finally, the internal
standard methotrexate appeared at 12.0 min.

Since 5-methyltetrahydrofolate acid is the active form of folate in plasma, we
focused on measurement of 5-methyletrahydrofolate acid concentration in our specimen.
A standard curve was constructed (the linear range from 0.125 mg/L to 2 mg/L). The
HPLC-UV’s lowest limit detection of 5-methyletrahydrofolate acid was determined to be

0.125 mg/L (Figure 17).
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Figure 16. HPLC chromatograms of folic acid, 5-formyltetetrahydrofolate acid, 5-
methyltetetrahydrofolate acid, and methotrexate internal-standard. Top) 5-
formyltetetrahydrofolate (peak shown at 9.6-9.7 min) and methotrexate (12.0 min) are
separated by HPLC. Middle) Folic acid (9.6-9.7 min) is separated from methotrexate by
HPLC. Bottom) 5-methyltetetrahydrofolate acid (12.2 min) and the internal standard is
separated by HPLC.
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Figure 17. Quantitation of different concentrations of 5-methyltetrahydrofolate acid
by HPLC-UV. The lowest concentration of 5-methyltetrahydrofolate acid that showed a

peak was 0.125ppm.

Measurement of the Folate Concentration by HPLC-UV

Based on the folate standards, a standard curve was constructed. With the peak

surface area converted into folate level (mg/L), the simple linear regression equation was

built: Y=0.0708X-0.0678, R?>=0.9854. X means the peak area and Y for the concentration

(Figure 18).
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Figure 18. The standard curve for quantitation of 5-methyltetrahydrofolate acid by
HPLC-UV. The simple linear regression equation for 5-methyltetrahydrofolate acid
standard is shown in the figure.

Measurement of the Folate Concentration in L-15B300 medium

The folate concentrations of in 0% FBS and 5% FBS L-15B300 medium were
measured. In 5% FBS L-15B300 medium, there was a peak at 12.128 min with a peak
area of 5.01753, which was converted to the folate level of 0.287 mg/L. However, the

peak around 12min was not present in the 0% FBS L-15B300 medium (Figure 19).
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Figure 19. Comparison of HPLC chromatograms between 0% FBS L-15B300
medium and 5% FBS L-15B300 medium. A 12.128 min peak is only present in the 5%

FBS medium, which is equal to the concentration of 0.287 mg/L.

Cell Counting Before HPLC Detection
Each sample flask was gently scraped and pipetted well. 45 pL cell suspension

was mixed with 5 pL 0.5% Trypan blue. The total cell number and cell viability were

determined afterwards, as shown in the table 5 (Summary data shown in table 5, Raw

data shown in Appendix D).



Table 5. Cell number and cell viability were counted for each sample. All starvation
treated samples showed decreased cell viability after a two-hour starvation treatment,
especially for the uninfected ISE6 cell sample

Sample Total cell number Cell viability
ISE6-1 1.18*10° 96.61%
ISE6-2 1.78*10° 97.75%
ISE6-3 0.96*10° 97.92%
REIP-1 1.8*10° 97.78%
REIP-2 1.27*10° 96.54%
REIP-3 1.2*10° 98.33%
REIP-Starvation-1 1.97*10° 94.92%
REIP-Starvation-2 1.59*10° 94.24%
REIP-Starvation-3 1.92*10° 94.78%

ISE6-starvation 1.27*10° 89.62%
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Measurement of the Folate Level in Supernatant and Pellet of REIP-infected and

Uninfected ISE6 Cells

Based on the total cell numbers in each sample flask, folate level was converted to
mg per liter per 10° cells (mg/L/108 cells). There was no obvious peak of 5-
methyletetrahydrofolate acid (shown around 12.2 min) in both infected and uninfected

supernatant samples (Figure 20).
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Figure 20. Comparison of HPLC chromatograms of supernatant samples from
uninfected ISEBG cells, REIP-infected ISEG6 cells, and REIP-infected starvation
sample. 13-S stands for ISE6-3" replication-supernatant. R3-S stands for REIP-infected-
3" replication-supernatant. R1 Starvation-S stands for REIP-infected-starvation-
supernatant.

When pellets from uninfected ISE6 cells, REIP-infected ISE6 cells, and REIP-

infected starvation samples were detected by HPLC for measuring the folate
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concentration, the 5-methyltetrahydrofolate acid peak was present on all HPLC
chromatograms. All pellet samples had a peak around 12.2 min. The tallest peak of 5-
MTHF among all samples was detected in the REIP-starvation-pellet (2" replicate),
which was converted to the folate concentration of 0.6159 mg/L/108 cells. The folate
concentration in the uninfected ISE6 pellet was determined to be 0.0707 mg/L/10° cells,
whiles the folate concentration in the REIP infected ISE6 cell pellet was 0.1435 mg/L/10°
cells (Figure 21). All samples were averaged and compared, as shown in figure 22 (Raw

data shown in Appendix E).
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Figure 21. Comparison of HPLC chromatograms of pellet samples from uninfected
ISE®6 cells, REIP-infected ISE6 cells, and REIP-infected starvation sample. In ISE6
pellet sample, the 5-MTHF peak was showed at 12.223 min, which was converted to the
folate level of 0.0707 mg/L/108 cells. In REIP-infected pellet sample, the peak was
showed at 12.229 min, which was converted to the folate level of 0.1435 mg/L/10° cells.
The REIP-infected sample with a two-hour starvation treatment showed a peak at 12.145
min, which was converted to the folate level of 0.6159 mg/L/108 cells.
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Figure 22. Comparison of averaged folate concentrations in uninfected ISE6 cells,
REIP-infected ISE6 cells, and REIP-infected starvation samples. Samples included
were ISE6 uninfected cell supernatant, ISE6 uninfected cell pellet, REIP infected cell
supernatant, REIP infected cell pellet, REIP infected starvation treated supernatant, REIP
infected starvation treated pellet and ISEG6 starvation treated pellet. The p-value between
ISE6-P and REIP-P is 0.05; between ISE6-P and REIP-Starv-P is 0.5; between REIP-P
and REIP-Starv-P is 0.8; and between REIP-S and REIP-P is 0.05 (Raw data shown in
Appendix E).

To test if the different concentrations of folate in uninfected ISEG6 cells, REIP-
infected ISEG6 cells, and REIP-infected starvation samples had statistical significance, we
performed Wilcoxon-mann-whiteney test. The p-value between the ISE6 uninfected cell
pellet and REIP infected cell pellet was 0.05, meaning that the difference of the folate
concentrations between two samples was statistically significant. The p-value between

the ISE6 uninfected cell pellet and REIP-infected starvation was 0.5. However, the p-

value between the REIP infected pellet and REIP infected starvation treated pellet was
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0.8 (Figure 23). In addition, the p-value between the REIP infected supernatant samples
and REIP infected pellet samples was 0.05, meaning the difference was significant.
However, the p-value between the REIP infected starvation supernatant samples and
pellet samples was 0.2 (Figure 24). For all supernatant samples, the 5% FBS complete L-
15B300 medium showed a highest folate level. The Wilcoxon-mann-whiteney test
showed that the different concentrations of folate in supernatant of all samples were not

statistically significant (P>0.05) (Figure 25).
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Figure 23. The folate concentrations in pellets of uninfected ISEG6 cells, REIP-
infected ISE®G cells, and REIP-infected starvation samples. The P-value between
ISE6-P and REIP-P is 0.05; ISE6-P and REIP-Starv-P is 0.5; REIP-P and REIP-Starv-P
is 0.8.
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Figure 24. Comparison folate level between REIP infected supernatant and REIP

infected pellet samples. P-value between REIP-S and REIP-P is 0.05; REIP-Starv-S and
REIP-P is 0.2.
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Figure 25. The folate concentrations in supernatant of uninfected ISEG6 cells, REIP-
infected ISEG cells, and REIP-infected starvation samples. “0% FBS” stands for L-
15B300 medium without FBS. “5% FBS” stands for L-15B300 medium contain 5% FBS.
“ISE6-S” stands for ISE6 uninfected cell supernatant. “REIP-S” stands for REIP infected
cell supernatant. “REIP-starvation-S” stands for REIP infected cell with starvation
treatment supernatant.
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Construction of folA Gene Knockout Mutant of REIP

Plasmid Construction

First, TargeTron computer algorithm (http://www.sigmaaldrich.com/life-
science/functional-genomics-and-rnai/targetron.html) was used to identify target sites in
folA gene for inserting the group Il intron. The folA gene nucleotide sequence was copied
and pasted into the algorithm, the highest-ranking primers that met the company’s criteria
were picked. Based on the folA gene sequence, two folA mutant primer sets of 182 and
474 (IBS1/2, EBS1/delta, and EBS2) were designed by the TargeTron computer
algorithm. A 350 bp intron fragment was amplified after PCR with a total of four primers
(1BS1/2, EBS1/delta, EBS2 and EBS Universal primers) and the intron PCR template
(provided in TargeTron gene knockout kit). An E. coli lacZ gene control can be used to

test the kit performance, works as positive control here (Figure 26).

182 primer 474 primer LacZ control

Figure 26. Both “182” and “474” primer design amplified a 350 bp PCR fragment.
TargeTron primers of either 182 or 474 amplified a 350 bp DNA fragment by PCR. The
350 bp band was the expected intron base pair size. lacZ control works as a positive
control.


http://www.sigmaaldrich.com/china-mainland/zh/life-science/functional-genomics-and-rnai/targetron.html
http://www.sigmaaldrich.com/china-mainland/zh/life-science/functional-genomics-and-rnai/targetron.html
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Both 182 and 474 primer sets amplified the 350 bp PCR fragments. The 350 bp

intron from either 182 or 474 primer sets was successfully gel purified by Qiagen
QIAquick gel extraction kit (Qiagen) and ligated with 6536 bp pARR vector. The
constructions of the two intron clones were confirmed by restriction enzyme digestions
using Hind 111 and BsrG | enzymes (Figure 27). The two intron clones were further
confirmed by PCR using Seg-F and Seg-R primers. The size of the PCR fragments was
350 bp when either 474-1BS&EBS1d primer set or 1821BS&EBS1d primer set were used
in PCR. The size of the PCR fragment was 714 bp when either Seq-F&R primer set or
Seq-F&R primer sets were used in PCR (Figure 28). In addition, the nucleotide
sequences of the intron clones were confirmed by sequencing reactions performed in
Elim biopharma Inc (Hayward, CA). The nucleotide sequences obtained from Elim
Biopharma Inc. after BLAST we confirmed both 474 and 182 intron clones were
successfully constructed, all “N” nucleotide sequence in pARR plasma were replaced
with “474” or “182” specific nucleotide sequence (Appendix F, Primer sequence shown
in Table 2). Based on the BLAST search, the nucleotide sequence identity between the
“182”-folA intron clone and TargeTron expression vector pACD4K-C is 97% and the
“474”-folA intron clone and TargeTron expression vector pACDK4K-C is 96%. A

complete plasmid map of the pARR plasmid vector is shown in Figure 29.
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“474" 182" pARR

Figure 27. The restriction enzyme digestions of the clones using Hind 111 and BsrG |
enzymes. Lane 3 & 4 are “474” intron clones. Lane 5 & 6 are “182” intron clones. Lane
7 & 8 are empty pARR plasmid as a control.

B '182" with
SeqF/R

*474" and "182"
with IBSBLEBS1d

Figure 28. PCR amplifications of the intron clones. Lane 1: 100bp ladder were loaded.
Lane 2: 474-IBS&EBS1d primer set. Lane 3: 182IBS&EBS1d primer set. Lane 4: “182”
plasmid with Seq-F&R primer set. Seq-F&R amplified a 714 bp DNA fragment.
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Figure 29. The plasmid vector map of pARR. The plasmid is 6886 bp. The red color
part is the intron insert site. The intron piece was cloned in a TA vector first, which was
double digested by Hind 111 and BsrG | enzyme. After gel purification, the intron DNA
was ligated with double digested and pre-dephosphorylated pARR vector. The vector and
intron DNA were ligated with T4 ligase enzyme. The 350bp intron sequence shown in

Appendix G.
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Screening of the fol A Knockout Mutant by PCR Amplification of the folA Gene

After electroporation of REIP with the intro clone, REIP were cultured in
complete L-15B300 medium containing rifampicin and folinic acid. The mutant REIP is
selected by rifampicin. After 21 days incubation, Giemsa stain was used to confirm the
presence of bacterial infection in ISE6 cells. Then DNA was extracted from REIP-
infected ISEG6 cells and used as the template to amplify the folA gene of REIP with folA-
mutant primer by PCR (Figure 30). The size of the folA amplicon amplified from wild
type REIP is 642 bp. If group Il intron is successful inserted, the size of the folA
amplicon is expected to be around 992 bp. However, as shown in figure 30, the sizes of
two amplified PCR amplicons are 642 bp and 1.2kb. The 1.2 kb band was gel purified by
Qiagen QIAquick. However, the band was not successfully gel purified due to the low
amount. When the solution containing gel purified DNA was used in another PCR using

folA-mutant primers, the 642 bp amplicon were amplified (data not shown).



L I IO S

DNA extracted after

Wildtype electroporation

Figure 30. PCR amplification of the folA gene of REIP using folA-mutant primer.
Lane 1, 100bp ladder. Lane 2, PCR amplification by using DNA extract from wild type
REIP. Lane 5 to 8, PCR amplifications using DNA extract from rickettsia after
electroporation.
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CONCLUSION AND DISCUSSION

Tick-borne diseases remain as a serious public health issue in the United States.
Evidence has shown that climate warming is changing the distribution of Ixodes ticks
(Dahlgren et al., 2016). The incidence of anaplasmosis has increased 12-fold in the last
decade (Bakken, 2015). Decreasing the prevalence of tick-borne diseases will be a
daunting challenge, which requires the development of new technologies to control tick
populations. The new developments of the tick control measures are only possible by
furthering our understanding of the physiology of ticks. Nonpathogenic bacterial
endosymbionts have been shown to contribute to their arthropod hosts’ fitness by
supplying them with essential vitamins and amino acids (Sakurai et al., 2005; Perlam et
al., 2006; Douglas. 2007). Little is known about the nutritional basis for the symbiotic
relationship of endosymbionts in ticks. Therefore, in this study, we are trying to gain a
better understanding of tick biology and physiology through its endosymbiont
relationship. Previous research in Dr. Zhong’s lab has demonstrated that all five folate
biosynthesis genes exist in the genome of REIP (Hunter, 2015), and folA, folE, folKP
gene expression levels were detected in vitro by RT-qPCR assay (Bondar, 2015).
Because of these findings, it is critical to quantify the folate levels to increase our
knowledge of the nutritional interaction between the tick host and endosymbiotic

bacteria.

70
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Rickettsia monacensis pacifica in Ixodes pacificus

The characterization of novel rickettsia species was carried out using nucleotide
sequences of a number of genes of Rickettsia species. For example, 16S rRNA, citrate
synthase gene (gltA), and surface-exposed antigenic protein genes (ompA, ompB, sca4,
17-kDa antigen) (Fournier, 2003; Ishikura, 2003; Simser, 2002). We successfully
propagated the REIP isolate using embryonic tick cell lines IRE11 and ISE6 (Simser,
2002; Munderlog, 1999), in complete L15B3100, a medium formulated for tick cell
culture. Analysis of nucleotide sequences from complete opening frames of five genes,
ompA, ompB, 16S rRNA, gltA and sca4, provided inference to the bacteria’s classification
among other Rickettsia species. The REIP isolate displayed 99.8%, 99.4%, 99.2%, 99.5%
and 99.6% nucleotide sequence identity for 16S rRNA, gltA, ompA, ompB and sca4 gene,
respectively, with genes of R. monacensis str. IrR/Munich, indicating the REIP isolate is
a member of the R. monacensis complex. Phylogenetic analysis implied the REIP isolate
is closely related to R. buchneri str. ISO7 and R. monacensis str. IrR/Munich, but is
distinct from the rest of the spotted fever group rickettsiae. We propose the bacterium be
named Rickettsia monacensis subsp. pacifica subsp. nov. To our knowledge, this is the
first reported presence of R. monacensis in I. pacificus in North America.

Rickettsia monacensis pacifica is named to commemorate the tick host from which
the bacterium was isolated, an obligate intracellular bacterium found within the western
black legged tick, I. pacificus. The bacterium can be cultivated in tick cell lines IRE11

and ISE6 in medium formulated for tick cell culture at 26°C. The bacterium exhibits
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morphology associated with the Rickettsia genus and the intracellular bacteria can be
observed residing in the cytoplasm of Giemsa stained infected cells. The bacterium is
susceptible to tetracycline and ciprofloxacin but is resistant to ampicillin (Walker, 1996;
Alowaysi, 2015). The bacterium is an endosymbiont based on its nearly 100% prevalence
in 1. pacificus (Cheng, 2013a; Kurlovs, 2014). The pathogenicity of the bacterium

remains to be determined.

Quantify Folate Concentration in Rickettsia infected tick cell lines

Folates are cofactors for biosynthetic enzymes in all eukaryotic and prokaryotic
cells. Folate in their reduced tetrahydrofolate (THF) form are required as enzymatic
cofactors in the folate cycle; a series of metabolic steps found in all cells (including both
bacteria and animals) that is required for cell biosynthesis (Bailey and Gregory, 1999;
Anderson, 2012). Most bacteria make folates de novo, previous research in Dr. Zhong’s
lab has demonstrated that all five folate biosynthesis genes exist in the genome of REIP
(Hunter, 2015). Folate in cells have many different forms, but 5-methyltetrahydrofolate
(5-MTHF) and 5-formyltetrahydrofolate (5-FTHF) are the active forms of folate (Kirsch,
2012; Obeid, 2013; Lakoff, 2014). So 5-MTHF and 5-FTHF were used as the standards
to quantify the total folate level using HPLC-UV.

When HPLC-UV was performed, we first used 10mM ammonium acetate buffer for
the mobile phase. Due to issues with clogging during our previous analysis (possibly due

to protein precipitant or salt crystallization), we attempted to switch the mobile phase to a
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0.1% formic acid buffer. The instrument called the Agilent 1050 Series was used in the
beginning, but was later replaced by the Agilent 1200 Series. As for the column, the 150
x 2.1 mm Diamond Hydride (DH) column was initially used, but was later replaced by
the 75 x 4.6 mm DH column. By adjusting the gradient method, we were able to improve
the retention and separation of each compound within a reasonable time frame. Since our
cooperators have had experience in detecting folate levels in food (Pesek, 2008, 2015),
we initially followed their protocol in detecting folic acid levels in ISE6 and REIP
infected cells. However, we were unable to find any folic acid peaks. Afterwards, we
looked at the biologically active form of the folate found within the cell (e.g. 5-MTHF
and 5-FTHF). We found that in all of the pellet samples there was an obvious peak within
the 12.2-minute retention time, which happens to match the 5-MTHF standard retention
time (Figure 21).

So far, we can only draw a conclusion that the folate concentration, specifically for
5-MTHEF is significantly higher in the REIP infected cell pellet than the supernatant (with
a p-value of 0.0043), and that the folate concentration in the REIP infected pellet is
significantly higher than the ISE6 uninfected pellet sample (with the p-value 0.05). Based
on the increased level of folate in the pellet sample, our data indicate that REIP is
involved in the folate biosynthesis. However, we still do not have enough data to prove
that Rickettsia is capable of de novo synthesis of folate, because the REIP infected
starvation pellet sample is not statistically significant than the ISE6 uninfected pellet
sample (with a p-value of 0.5). Analysis of the data revealed that the highest folate level

was measured in the REIP-starvation-pellet sample. With a measured folate level of
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0.6159 mg/L/108 cells in one of the three replicates. However, the second highest folate
level from all the samples is the REIP pellet sample without starvation; this sample has a
measured folate level of 0.4741 mg/L/108 cells. Compared with the supernatant samples,
they are around 0.05 mg/L/108 cells. We also noticed that the fresh 5% FBS culture
medium sample showed a high peak in supernatant sample comparison. Since the folate
sample, especially for the active folate form, 5- MTHF, is sensitive to degradation. We
believe the folate in the REIP-starvation pellet samples became degraded and pulled
down the value of the average number. If this is true, then the experiments need to be
repeated to prove our hypothesis. It is also difficult to measure peak area using HPLC
software because of the low folate concentration in tick cell line. That HPLC software we
use does not consider anything less than 5 mAUs/min (milli absorbance units) as
significant. Because of this we have to generate the peak area manually, which may
introduce human error. We have to generate the peak area by artificial, which will
involve more human errors. To avoid this situation, we might load more samples in to
HPLC machine, instead of using 10 uL. We sought to increase the initial sample amount,
there is a bigger peak are showing in the end. However, it may bring the concern that the
larger peak is not sharp enough, which indicate we need improve the methods to make
different peak separate well.

Based on previous research in Dr. Zhong’s lab, we only know REIP can produce
tetrahydrofolate by dihydrofolate reductase (FolA) (Bodnar, 2015). However, it requires
more steps to convert THF to 5-MTHF (Figure 3) (Rezk et al., 2003; Obeid et al., 2013).

We found that the folate level in the uninfected ISE6 cells is lower than fresh L-15B300



75

complete culture medium, which confirms that ISE6 cells need to consume folate for
their growth. This indicates that the excess folate level in the REIP infected sample
should be synthesized by REIP.

Even though there is no sufficient data from this study to demonstrate that 5-MTHF
is present within the samples, LC-MS/MS should be utilized to confirm its chemical
identity of the candidate peak. In addition, the folate sample is easy to be degraded,
especially for the active form 5-MTHF. Since Humboldt State University does not have
the appropriate HPLC-UV or LC-MS/MS to run the tests, we had to bring our samples to
San Jose State University and PHARMout Inc. (Sunnyvale, CA), where samples were
measured to determine the folate concentrations by HPLC-UV and LC-MS/MS.

In the future, another test may be set in which an increase in incubation temperature
will be used to inhibit REIP growth. This will allow us to compare the folate levels in
high temperature samples with samples grown in optimal temperatures. Previously
results have shown that REIP survives at 26 °C, but they cannot survive and replicate at
34 °C (data not shown). LC-MS/MS data is also required to confirm the identity of the
substance at the 12.2 min peak as 5- MTHF.

In the end, we found that there is an observable peak showing at around the 9-minute
mark in supernatant samples but is absent in the pellet samples, which may be caused by
other folate derivatives. For example, p-aminobenzoic acid (PABA), dihydrofolic acid,
etc. Knowing this we will include more folate derivatives as standards, this will allow us

to gain a better understanding of the metabolic relationship between Rickettsia and ticks.
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Mutant folA Gene in Rickettsia

To fill the knowledge gap of the nature symbiotic relationship between REIP and
ticks, we believe the construction of the folA gene knockout mutant of REIP will help.
Our lab has taken steps in constructing a folA gene knockout mutant of REIP. As we
know, the folA gene is the last gene in the folate biosynthesis pathway (Zywnovan et al.,
1997; Hunter, 2015). Bacteria can convert dihydrofolate to THF and release THF to the
cell (Podnecky, 2017). This leads us to believe that inhibition of the REIP folate synthesis
process can be done by manipulating the folA gene. We assume that if no THF produced
from mutant REIP, the 5-MTHF levels should decrease in the mutated REIP-infected
ISEG cells. pld, ompA sca4, rickA, rpoB genes were manipulated in Rickettsia (Driskell,
2009; Noriea, 2015; Oliver, 2013; Rebecca, 2015). However, the manipulated genes in
those studies were not essential genes for bacterial growth. We believe the construction
of a folA gene (an essential gene) knockout mutant, while challenging, will provide us
results that are more promising.

The TargeTron Gene Knockout system was used in constructing the folA gene
knockout mutant, however throughout our efforts we have had to troubleshoot various
problems. First, we tried different methods to avoid arcing during electroporation in order
to improve transformation efficiency. Not only did we desalted the DNA sample, but also
thoroughly washed the rickettsia with sucrose medium. We believe this will help in
removing any leftover salts from the culture medium. Second, purification of REIP is

needed prior to electroporation. The use of a 27-gauge needle combined with different
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speeds centrifugation is not enough to purify REIP. As the 27-gauge needle lyses the host

cell pellets, cell debris are formed. With a low speed centrifuge (275 x g), many bacteria
are trapped and pelleted down with those cellular debris. Due to the small size of REIP,
the cellular debris are easily recognized as real bacterium by mistake. The presence of
cellular debris may be one of the reasons that the total number of REIP for
electroporation cannot be reached. In addition, we do not recommend the use of more
than 5 mL fully infected REIP-infected ISE6 cells, since too many cells can cause arcing
during electroporation. Third, since the folA gene is an essential gene for the growth of
bacteria, we added folinic acid to the complete L-15B300 medium as quick as possible
after the electroporation. We were wondering if we could successfully get the folA
knockout mutants of REIP, the mutant rickettsia may be dead or no growing. Compared
with the wild type REIP, the folA knockout mutants cannot synthesize folate by
themselves. They may not be able to compete with wild type in getting the low amount of
folate present in the culture medium.

Therefore, instead of knocking out the folate gene, we will knock down the folate
gene using Peptide Nucleic Acids (PNASs). PNAs are DNA mimics possessing a
pseudopeptide backbone with conventional purine and pyrimidine bases (Nielsen et al.,
1991). Antisense PNA molecules complementary to the Shine-Dalgarno or start codon
region of MRNA effectively reduce translation (Good et al., 1998; Good et al., 1999).
PNAs are designed to be complimentary with essential components such as ribosomal
RNA demonstrating their use as effective microbial in a concentration dependent manner

(Good et al., 1998), while offering the possibility of using PNA to study essential protein
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function where a true knockout would preclude recovery of viable mutants. The ability of
PNA to limit growth of facultative intracellular bacterium Brucella suis (Rajasekaran et
al., 2013), implies the feasibility of using this strategy for reducing protein expression in
obligate intracellular Rickettsia Spp. Designed PNA targeting mRNA for rOmpB from R.
typhi and rickA from R. montanesis reduced the bacteria’s ability to infect host cells
(Pelc, et al., 2015).

The manipulation of the folate gene is challenging since folate is an essential for the
bacterial growth. The results of this study may help in understanding the symbiotic
relationship between REIP and I. pacificus ticks. Investigations into the endosymbiotic
behavior of non-pathogenic species may lead to design more effective treatment methods
to decrease the incidence of tick-borne diseases such as more specific anti-folate drugs or

even the creation of transgenic ticks.

Measure Folate Level in Tick Sample

After measuring the folate level in REIP-infected ISEG6 cells ex vivo, it is important to
measure the folate level in tick samples. It may be difficult to detect the folate levels in
ticks by using HPLC-UV because the number of rickettsiae in ticks is very low.

However, we plan to measure the folate concentrations in ticks using LC-MS/MS, which
has a higher sensitivity than the HPLC. Since the number of REIP is dramatically
increased after the blood meal (Cheng, et. al. 2013a), we expect the engorged tick

samples to have a higher concentration of folate than that in the flat ticks.
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APPENDIX A

Appendix A: PCR reaction primers, annealing temperatures, and amplicon sizes for
identify Rickettsia species. 16S rRNA, gltA, ompA dksA-xerC, mppA-purC, and rpmE-
tRNA™et B_actin were used.

Gene Primer (5°-3”) Annealing Amplicon Reference
name Temperature  size (bp)

16S F-AGAGTTTGATCCTGGCTCAG 58°C 436 Simser et al., 2002
rRNA

R-AACGTCATTATCTTCCTTGC

gltA F-GGGGGCCTGCTCACGGCGG 50°C 382 Simser et al., 2002

R-ATTGCAAAAAGTACAGTGAACA

ompA F-ATGGCGAATATTTCTCCAAAAA 60 °C 530 Simser et al., 2002

R-AGTGCAGCATTCGCTCCCCCT

dksA- F-TTTTCATGACGCTCTTGAGC 58°C 165 Fournier and Raoult,
xerC 2007
R-
GTAAAGAAAGAATAATTCCGTGGT
T
mppA-  F-GCATATGCRGTRGGTAGTTAT 59 °C 1000 Raoult, 2007
purC

R-CACACGCCCAAATTCTAATT

rpmE-  F- 57°C 368 Raoult,
(RNAM  TTCCGGAAATGTAGTAAATCAATC 2007

R-TCAGGTTATGAG CCTGACGA

B-actin  F-TTGTCCGCGACATCAAGGA 57 °C 110 Cheng et al., 2013

R-CGGGAAGCTCGTAGGACTTCT




Appendix B: Gene names and GenBank sequence accession numbers used in this study

APPENDIX B

Strains for MLST 16S rRNA gltA ompA ompB sca4

R. aeschlimannii NZ_CCER01000003 HM050276 U83446 HM050278 HMO050275
R. africae str. ESF-5 CP001612 CP001612 CP001612 CP001612 CP001612
R. akari str. Hartford CP000847 CP000847 CP000847 CP000847 CP000847
R. asiatica str. 101 NR041840 AB297811 NA DQ110870 DQ110869
R. australis str. Cutlack ~ CP003338 CP003338 CP003338 CP003338 CP003338
R. bellii str. RML369 C CP000087 CP000087 NA CP000087 CP000087
R. buchneri str. ISO7 JFKF01000109 JFKF01000076 JFKF01000169 JFKF01000150 JFKF01000160
R. conorii str. Malish 7 AE006914 AE006914 AE006914 AE006914 AE006914
R. felis str. URRWXCal2 CP000053 CP000053 CP000053 CP000053 CP000053
R. heilongjiangensis str.

054 CP002912 CP002912 CP002912 CP002912 CP002912
R. helvetica str. C9P9 L36212 KP866150 NA KP866151 AF163009
R. honei str. RB NR025967 U59726 AF018076 AF123711 DQ309095
R. japonica str. YH AP011533 AP011533 AP011533 AP011533 AP011533
R. massiliae str. MTU5 CP000683 CP000683 CP000683 CP000683 CP000683
R. monacensis  str.

IrR/Munich LN794217 LN794217 LN794217 LN794217 LN794217
R. montanensis subsp.

pacifica IPO1 NZ_LAOP01000001 KJW02430 KJW02278 KJW03404 KJW03052
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Strains for MLST 16S rRNA gltA ompA ompB sca4

R. montanensis  str.

OSU 85-930 CP003340 CP003340 CP003340 CP003340 CP003340

R. parkeri str.

Portsmouth CP003341 CP003341 CP003341 CP003341 CP003341

R. peacockii str. Rustic CP001227 CP001227 CP001227 CP001227 CP001227

R. philipii str. 364D CP003308 CP003308 CP003308 CP003308 CP003308

R. prowazekii  str.

BuV67-CWPP CP003393 CP003393 NA CP003393 CP003393

R. raoultii str.

Khabarovsk CP010969 CP010969 CP010969 CP010969 CP010969

R. rhipicephali str. 3-7-

female6-CWPP CP003342 CP003342 CP003342 CP003342 CP003342

R. rickettsii str. Hlp2 CP003311 CP003311 CP003311 CP003311 CP003311

R. sibirica  subsp.

mongolitimonae NZ AHZB01000018 NZ_AABW01000001 U83439 DQ097083 DQ097084

R. slovaca str. D-CWPP  CP003375 CP003375 CP003375 CP003375 CP003375

R. tamurae str. AT1 NRO042727 NZ_CCMG01000011 NA DQ113910 DQ113911

R. typhi str.

B9991CWPP CP003398 CP003398 NA CP003398 CP003398
romE-tRNA-fMet intergenic

Strains for MST dksA-xerC intergenic spacer mppA-purC intergenic spacer spacer

R. aeschlimanniistr. MC16T DQ008272 DQ008293 DQ008255

R. africae str. ESF-5 AY820037 DQ008301 DQ008246

R. akari str. MK AY820045 DQ008291 DQ008260

R. asiatica EF123265 NA EF123269

R. australis str. Phillips DQ008273 DQ008294 DQ008259
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romE-tRNA-fMet

intergenic

Strains for MST dksA-xerC intergenic spacer mppA-purC intergenic spacer spacer

R. bellii DQ008282 NA DQ852359
R. buchneri str. ISO7 CMO000770 CMO000770 CMO000770
R. conorii subsp. israelensis KF539825 KF539832 KF539829
R. felis str. URRWXCal2 DQ008281 DQ008302 DQ008258
R. heilongjiangensis str. 054 EF123264 EF123267 EF123268
R. helvetica str. COP9 DQ008275 DQ008296 DQ648586
R. honei str. TT118 DQ008276 DQ008297 DQ008252
R. japonica str. YM DQ008277 DQ008298 DQ008253
R. massiliae str. Mtut1T DQ008267 DQ008288 DQ008256
R. monacensis str. IrR/Munich LN794217 LN794217 LN794217
R. montanensis subsp. pacifica IPO1 KX505844 KX505842 KX505843
R. montanensis str. M/5-6 AY820021 DQ008300 DQ008254
R. parkeri str. Portsmouth DQ008266 DQ008287 DQ008249
R. peacockii NA NA NA

R. philipii NA NA NA

R. prowazekii str. Madrid E DQ008269 DQ008290 AY695447
R. raoultii str. Khabarovsk EF140690 EF140692 EF140694
R. rhipicephali str. 3-7-female6-CWPP AY820044 DQ008289 DQ008257
R. rickettsii str. R AY820038 DQ008286 DQ008250
R. sibirica subsp. mongolitimonae DQ008263 DQ008284 DQ008248
R. slovaca str. 13B DQ008278 DQ008299 DQ008251
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romE-tRNA-fMet

intergenic

Strains for MST dksA-xerC intergenic spacer mppA-purC intergenic spacer spacer
R. tamurae EF123266 NA EF123270
R. typhi str. Wilmington DQ008271 DQ008292 DQ008261
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APPENDIX C

Appendix C. Cell death ratio of ISE6 cell line after starvation treatment.

Hours Alive Dead Total Cell count Death ration
0 386 147 533 0.27579
1 285 192 477 0.40252
2 333 320 653 0.49005
4 275 318 593 0.53626
6 196 241 437 0.55149
8 184 307 491 0.62525
9 187 364 551 0.66062
12 154 309 463 0.66739
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APPENDIX D

Appendix D. Cell counting and cell death ratio for ISE6 uninfected cells, REIP cell and
REIP starvation cell before HPLC sample pre-treatment.

Sample Total Dead Cell viability
ISE6-1 14 0

45 1 0.966101695
ISE6-2 59 2

30 1 0.97752809
ISE6-3 31 1

24 0 0.979166667
REIP-1 31 0

59 2 0.977777778
REIP-2 156 )

162 6 0.965408805
REIP-3 146 3

154 2 0.983333333
REIP-1-

_ 218 7
starvation

274 18 0.949186992
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Sample Total Dead Cell viability
REIP-2-
175 9
starvarvation
224 14 0.94235589
REIP-3-
308 17
starvation
171 8 0.947807933
ISE6-
164 18 0.896226415

starvation
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Appendix E. Averaged folate level and standard deviation for each sample. 0% and 5%
FBS means L-15B300 medium with added 0% FBS and 5% FBS. ISE6-starvation-pellet
sample, 0% FBS and 5% FBS only detect once, no Standard deviation data available.

Sample Name Averaged SD

ISE6-S 0.039321229 0.068105146
ISE6-P 0.058023338 0.052833988
REIP-S 0.002877681 0.004982887
REIP-P 0.251395265 0.19292144
REIP-Starv-S 0.042227762 0.073139634
REIP-Starv-P 0.22547137 0.338749423
ISE6-Starv-P 0.0219761

0% FBS 0.062853757

5% FBS 0.285981899




96
APPENDIX F

Appendix F. Nucleotide sequences obtained from Elim biopharma Inc were aligned by
Codoncode Aligner. The random nucleotide sequences labeled as “N” in the pARR

plasmid intron are aligned with the folA specific primer sequences in the intron clones of
182 and 474.

K S 15045=502 162 182 B0l [AACTTTTTTGGAGTGTTTTARGCTTATAATTATCCTTAAJGCACATACAAGTGL
< 17 S15045-504, 474 474-SeqR, DO TCETT, ARABEGGTo

1821851

4741851

intron sequence
K2 S15045=502 182 182-SEqR BOL AAGTTTTTTGGAGTGTTTTAAGCTTATAATTATCCTTAAJGCACATACAAGTGL
<< J2_S15045-504 474 474-Seq® DO
1821851

4741851

intron sequence
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APPENDIX G

Appendix G. Original intron sequence. The “N” sites underline are replaced with
designed primer sequence nucleotide.

AGCTTATAATTATCCTTANNNNNCNNNNNNGTGCGCCCAGATAGGGTGTTAA
GTCAAGTAGTTTAAGGTACTACTCTGTAAGATAACACAGAAAACAGCCAACC
TAACCGAAAAGCGAAAGCTGATACGGGAACAGAGCACGGTTGGAAAGCGAT
GAGTTACCTAAAGACAATCGGGTACGACTGAGTCGCAATGTTAATCAGATAT
AAGGTATAAGTTGTGTTTACTGAACGCAAGTTTCTAATTTCGNTTNNNNNNCG
ATAGAGGAAAGTGTCTGAAACCTCTAGTACAAAGAAAGGTAAGTTANNNNN
NNNGACTTATCTGTTATCACCACATTTGTACAATCTG
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