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ABSTRACT

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

Junyan Chen
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INTRODUCTION

Background Information

Vectorborne diseasemrecommonhuman ilinesses hey are normally caused by
parasites, viruses and bacteria transmitted by the bite of infected arthropod species, such
as mosquitoes, ticks, sandflies, and blackflies (Confalonieri,; BXtés-Neto, 2015)

Ticks arethe most importantector of arthropodorne infections and tramit a wide
variety of zoonotic pathogens (Hornok, 2017; Polo, 2017).-barke rickettsial diseases
(TBRD) continue to cause severe illness and da=itbng human beingi the United
States, some TBRD are quite commibar exampleRocky Mountain spottkfever
(RMSF) and Lyme borreliosis. Researchers found that these T®RIDbe 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 sysnpitthese illnesses
are notoriously nonspecific or mimic those of benign viral ilinesses, 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 witfRDBresearchers realized that
TBRD is caused by bacteria. One of the pathogens that causes TBRD is Rickettsia
species, named after Howard Taylor Ricketts (18910), who studied Rocky Mountain
spotted fever in the Bitterroot Valley of Montana and unfately died of typhus when
studying that diseastvestigations into the endosymbiotic behavior of-pathogenic

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



2
methods, such as more specific dotate drugs, or the esblishment of more efficient
eradication methods, such as creation of transgenic ticks, which would decrease the

incidence of all tickborne diseases.

Bacterial Symbiosis

The etymology of the word Asymbiosi so i
which describes a partnership differentorganismdiving together. In a symbiotic
relationshipfho st 6 and f sy mhidesoibahelargerpartnar and smallert o
partner, individually. If one of the partner cannot live individually, the relatioriship
cal | ed ;othdwwisejgta t ies fatudativadeh ait 6 s mor e, t he sym
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 am endosymbiontSjlva, 2012), whichtheory was first
proposedn 1905 by the Russian botanist Konstantin Meln&swsky (Mereschkowsky,
1905). Konstantin found thdivision of chloroplasts in green plants clostated with
free-living cyanobacterialLater in1967,Lynn Sayan (later Lynn Margulis) advancedd

substantiatethis symbiont theoryith microbiological evidencéargulis, 1967)



Primary and Secondary Endosymbiont of Insects

On earth, insectsccupied more tha®0% of known animal speciedominating a
variety of terrestrial habitats (Douglas, 201Eyen though it has beemlg 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 battadiorally,
symbiont bacteria are separate into two main grooipiggate(primary) symbionts and
facultative(secondarysymbiontg(Baumann, 2006 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 cell(iMesga, 2008. For exampleBuchnera
widely distribute in most species of aphid cantegsis amino acids and other
compoundsThose nutrienta r e known | ack i(Douglas, 2008).6 s phl o€
AnotherexamplebacteriaWigglesworthiafeeds on vertebrate blogerforms asimilar
function for tsetse fliesGlossinig (Aksoy, 1995; Moran2008).

Beside the obligate symbionsmebacteriain insects aréacultative (secondary)
symbionts. Unlike obligate symbiont bacteria, tlaeg not essential for normal host
growth and developmenitowever, they are also widegxistingin nature. Theiit raises
the questiorof how and why such symbionts are maintairieglsearch found some
bactera canmanipulate host production that allow it to spread through the population
(Werren, 1997)In most casethe secondary symbiont manipulates reproduction,
protecting against natural enemies or facilitating adaptation to changing environments.
For examplethe insects infected witkecondargndosymbiont of the genus

Rickettsiellaand therthei n s e ¢ t s 6 cab chahgéoro ed to green in natural
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populations to achieve the goal of avoiding the natural predators (Tsuchida, 2010).
Hamiltonella defensandosymbionts strongly protects aphids against parasite induced
mortality by parasitic wasps (Rothacher, 2016). In addition, gut bacteria symbiont in

Pl ut el | a damnondback mdthlcan@reduce detoxifying enzymes for

degradation of insecticides (I ndiragandhi,

some bacteria symbionts that can increase arthropods reproductive success (Himler,
2011).

Endoymbiosis Leads to Genome Reduction in Bacteria

Endosymbiosis has played pivot al rol es

di versificati am.d Tgreemelsosds oni dzMAHAread in

I

ob

Endosymbi onts usual Isyi zheasv ea nsdmaal |reerd upcoepdu | nautn

funcf{ Wensegr e&Merc,ut zZh@aCoAMp a rtehde -ltfioveeng bact er

with a4bsiMbe (orfi |l |l i ons of base pairs) genome

bacteri al mu t a a mmel hel sgge niohnlkbs.s ame e xt r e me

genomefsibaeteria ickirledhbaee) t owhi3®h kibs kno
bacteri al N he E7)Swch aseere genome reduci

the bacteria irreveosti st eatevbeutiaperdehncen

another question is raised whether these

a ¢

di stinct f(rDoom gtl haesi,r 2Hadls4t) . So far, research

bacteria affect t hbeerbi ofl ogayy so,f alotshasughm enc

rich with mysteries.



Introduction ofixodes pacificus

Ticks are the primary vector of many important infectious diseases in the United

States; they are obligate hematophagous ectoparasites of mammals, biegsikesd
distributed worldwide (BritedNeto, 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 competeptsatde
vector of pathogens, and are second only to mosquitoes as vectors of a number of human
pathogens (Smwlovschi, 201R Besides carry pathogengks are also known for carry
nonpathogenic endosymbiotic bacteréand those bacterae transovaally transmitted
(Cowdry, 1925; Noda, 1997).

| xoplasi,f iwhuisch bel ong to orderl xloxdoedsi da, f
spepiaes Al sos known as-ltelyggewdst esnbbloadky di
along the western coast of the Unxiodeeds St at
pacifiasusever al uni que features, such as a
devel opment, he nreamborpyhocangiyc |li nn tpd fl & gpabgsa g, per i
bl ood digestionSandgamd@d@deAd juiofcelhles above ¢

their success as ved¢tNourtainadl olr2 hfakat,er i a and

|. pacificusis an ectoparasite t he | | f epagacrH ®icutss of four
eggs, | ar va, nymph, an;dDa&dul2t0 16Hi. g Erae hl)ac(t
seeks a host, feeds, and drops off to deve

from [ arva to nymph, from nymph to adul t,
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dependent on the acQhueinsg teitonalo.fNeal Kblr3ko M el
al ., Th@®l4awhole |Iife cycle can take up to th
mul tiple periods a«ofondtighwatsi,ok. ebbhdes awahds
known as diapause,r iwahli cihn hsaubbijteacnttss ittos hbaarcsth

condi(tPiaodgsett and Lane, 2001) .

" Riskof
hurman \

infection
greatestin
late spring
N and summer

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 mealét#fey can move on to the next
stage (CDC, 2015)

| . paicndriease sapeepilteoins sa nicreown pri mary

bacteria causing Lyme Bomrmrelliiajbuamdgddcarufserdi
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anapl asmosi s (Anaplasna phagbcytophilgi€Ci eviea angd Lane,
Fol ey, PizG0man, EA6GBr ¢eB8800gmM 00 cases of Lyme
di agn  Amed (ikae hn, 2013). Since 1995, there
reported anaplasmosis cases, however, the
fold between 2001 and 2011 (Bakken, 2015).
rel ated wimtimhgglamlalt hwarexpanding range of t
Wh @t ma. pagificusalso carries a speciesRicketssiaurrently known as
phylotype G021 (Phan, 2011) and is classified as nonpatho@euigesearch is aimed at

investigating the atural relationship between endosymbiBitkettsiaandl. pacificus



Introduction ofRickettsia

Ri cleetat a di ver se c ol |ReicctkiedEnh isilindelhuedaet itah e
anCoxi.Alll aRi mbeétitgaitaee i n-hegatil Vel Bmey e ama
di stribute in a twiltlkceanfgleeads, hmistt s,, ¢ hik@gg
(Wal ker , 1996)

Ri cketst @i @ enuesg aotfi wa,anobl i gawietdinzae acel | L
range foRrom I@mePpIswchbheary fission in the cyt
host cell s Ri C&muds@ ul ébret Ichud stti vcaetlelds .i nSo f ar ,
met hodsRicawHK d tutodetiady utsiisnsgue cul ture, guinea f

chickelnn eggdg@®i.é moa, st ain i s wWiRdelkysttuasends t o C

( Ammer man, 2008).

CultureRickettsiain Tick Cell Line

As ment i oRiedk eatbtowied i gate i ntecae@hlbal arephba
outside the host cells. In our | ab, we cul
| xodes scapahdrcsel embr ge dIxPHIlels edrebreiywesids f r o |
Both cell l i nes can grow i nd maimm@al mammaluil d
serum, using incubation tRorns&mlBgtcwrhdes olpd ti inau
i ncubtaetmpoenr atUWrel liRE1314 cel | s, | SE6 cell s ar
the culture fl| aski wiudd arded.valtBiovtadr dc esdaln |bien an:a

high cel I°t dd&led il tsy mLD)Q
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Tick celll |l ines are cultures derived fror
nymphs. Tick cells may grow as monol ayer s,
cells can survivewiohomoantshdbcald taaven ydarss

pairctcul arly useful efxorefatglreawitregl misorl cad ri goann i

(Bekker et al., 2002).

Tick cell l i ne has Dbleermnne paotoldo gemd drors ¥
tot all ows the microorgani smsulttéuSpemepagat e
20DRI'T tick celll |l i nes compri se-Stakoyior mor ¢
2007). Several types of cells have been de

epitheliaidl ikre f(iMumdBiraotm It AdA@Earrd)t ti ck cel
were estalklki €leédootnil ryeubsesvadnrgen pr ofpagatei on o0
pat hogens, but al so usedrfooreasnducdse nteit ¢k b i
mani pu(lBaeblaloni , 2007) .

There are t wioo mat odyibreagermiidsoor gani sms US

ti ck @alslys aafrderucred adi gaoniagsmon and mol ecul ar

(Beslalkyi , 2WWb @&t mdrier)o.l onged chbbrmeepat he gme
in tifct&cicleiiates adaptation to mammalian s
2004), indicatiammrg tbheatt etri ctko odesl It hlainn emsa mma |
mi croorégaol 8emeond, theaelgrcedit ddwastage i n

i nter awe e ro-bhtoib@ke mi cr oorexarwii¥mchndetl ckines
as valuabl e tool s daboi leivtayl ailart @t ithabke peprad thio gte m

t kleorne micswovyigaal smechani sms in ticks anc
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natuBelalkyi ,I 20 0h7grt, priovk deelwl dlei pes ent i al
researcher s-bonnei dk s aSaod ebtaredk eearcckh .cel | | i ne
been geamdar dtee dhesv dflowp eskl s -lanrdn & i ke ege g h

(Ol'iver, 2015) .

RickettsiaClassification

The dgemrckseitcoimpasses a | arge group of okt
negative bacteria that fal/l under the f ami
Al phaproteobacteria, phylum Proteobacteria

gen®i &k eGreistai@a@andi dat us Cr g p tRw g ik@dnadtsii s

Ori erngpraesent two closely related evolutior
bel onging to the same gRincukset tTeoe aned setr mM onrema
met hods | s1ceesi md gemees ¢ odglIntgAafnodr ocuitterra tseu r
protemmpdnampB and surf asestkcaldlkdcad{ Mgehej (

2014). So far, there are 26 RficrkmdIlwlby arhe caaq
be cl asei fobad gnoupsRi ctkheet tasgiRahatse pghrisoiug  (

prowazekihie spottRdckepesi iRskkpttz2 a, aeschl
Rickettsia afri cRieg k Rti tcdRedctkeatraosraias threa Il ios,g |
Rickettsia Helvetica, Btchent Max hieomei a2 Ri
j aponi ca, Rickettsia massiliae, Rickettsia

philli3pdRD)c,kettsia raowut sia, RickeRItcskaeat ts3 iloak



11
mont ei MRoickettsia sl oMaac&k,etRisdlae tatrgiaa i ti @ mRn

Ri ckett s )Ri c¢pkeeatctgstilbam pljeRtllcikiet t si gr capadensi s
Al t hough many other isolates exist, they h

(Socolovschi, et al., 2013).

Intercellular Lifecycle oRickettsia

The member sRot ketlspmdlerso) ebraetebli agat e
i ntracel | ul awb ebrasc toef Rit ahkee foltalddieabéee c onsi der ed
parashees, genomearseedecwas fSoumdey are very
dependemeestoncel | Umlaotbber 2@ébrearcsel | ul ar b
i n fRBIMCketatRs ickmmn@si anmpgda eeaanhgque character
|l ysing host phagocytic vacuol d WWMm&klreesi diorm8
Sahni, 2013) . | i cokredtetrb ifeohr itshsed eggeenali,sd t oo s o
freetlhye icnyt os ol of the host <celll (Rizzol i,
houWisniér, 1990). RIihcek &totlsii gt Wpfsfpdrayed 1 n
figulrheeh2ol e i nfection process causCIs3;host ¢

Driscool , 2017) .
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Figure 2. Lifecycle of bacteriaRickettsia 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 llaga replicate and redistribute themselves
intracellularly (step 3). To complete their life cydRickettsiaspp. lyse the host cell (step

4) or infect neighbors through intercellular spread (step 5) (Sahni, 2013).

Rickettsiain Ixodes pacificus

In thetick, Rickettsiaare localized in the salivary glands and ovariescamdbe
transmittedo human beingthrough 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. ZhRickeitdéis | ab di sc¢
classified aRickettsiaspecies phylotype G021 was discovered by PCR and sequencing
(Phan, 2011). The median burden of phylotype G021 was 7.3 per tick cell (CO28y, 2
Previous research in Dr. Zhongos Ritketteia al s o
species phylotype G021 is through transovarial (from parent to offspring) and transstadial

(from one life stage to the next life stage) passage with 100%eeffic Even though
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phylotype G021 does not have effects on embryogenesis, oviposition, and egg hatching
(Kurlovs, 2014), the prevalence of phylotype GO2L pacificusticks is 100% (Cheng,
2013). In comparisons with fréing bacteria, the data suggelkatRickettsiaspecies
G021 is an endosymbiont bfpacificus

In March 2013, Dr. Timothy Kurtti from the University of Minnesota isolated
Rickettsiadrom partially engorgedl pacificusfemales donated from the McKinleyville
Animal Care (McKinleyville, CA). The isolate was initially namRatkettsia
endosymbiontxodes pacificu¢REIP) and cultured exivo usinglxodes ricinudRE11
andIxodes scapulari$SE6 embryonic tick cell lines {®ser, 2002; Munderloh, 1994).

The optimum temperature for the growth of REIP in ISE6 cells is 26 °C (Kurtti, personal

communications).
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Introduction of Folate

Folatep known as vitamin B9 has | ong beer
onearmenabptde s@ragay d, 2007.]J]tFeepclksedds2)a
derivatives, which are naturall yMammalksin
cannot synbhesifnéatel asearyregui metdab @lri smei n
symdsi s and met INYAl api otnheioh ®DMNAS yhRosma,o | 2 P4
Wheel er, 1992Be dcaewnsee hf.o l2aDtle2 )i.s essenti al fc
can |l ead to a hnmhbhemams, da sfooldatres . defi ci en
Crelcygard, 2007; Pribat, -L2a@g&@9)d, RODI7t divse:
and birth defects such as spidshaghirdi,da2o8&dd
Wegkamp, BROOt7tlei denf et o b B geefnnetsh elseiaspp s oda ct i o
of mioabl e phenotypes ( Fermsmemor €l,9 9r7e; s ePayrnceh, e r.
more evidence that folate plays an essent.
insects. tFdeol axeamplre,d Wt gd | ke gmuorastidteamn sa
essential for gl onsds irneap rsoedxuycat|2 @hd tyoysr nagt bi eot nh ea
di eDbr @sophil a.i snep@amro,gasdme unknown symbi on
Drosophil a.pmedanelgfaciveetrg t he fr uiht afnldy t o
devel opBnmeanttc h, 2010) .

Folic acidcompaumdinthet scstructurally anc

nat ur aAlthough folec aogd.is not active as a coenzymejftol i ¢ aci d can |
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convemtedtetrahydroé¢oemntcemicng t(dHtFhe bmétoab
(Figure 3).

10-Formyl-THF
Methenyl-THFcyclohydrolase

5,10-Methenyl-THF

T l Methylene-THF-dehydrogenase

5.10-Methylen-THF

1 MTHFR/B2

Main physiological form
S-MethyITHF ' i

Glycine

SHMT/B6 SAM

Met
Hcy

Methionine synthase dUMP

Tetrahydrofolate

<

BI12 = <\
I'hymidylate synthase
DHFR /
dTMP

DHF <

DHFR

Figure 3. Folate/ folicacidme t ab o | i dnplasne iIMTaHyF R0 s hor for
ADH

t
methylenett r ahydr of ol ate reductase, 0 FRO shor
shortforho mocystei ne, ADHFO short fSor di hydrofo
adenosylmethioningi Me t h 0 mdthioniteA S BEMT O sserme t f or
hydroxymethyl transferas@éhe 5MthylTHF draw our attention because it is the main
physiological form in plasmg@beid,2013).

THF, the reduced form of the V¥heamin, nor
chemical structureodsisplayetl ampptregiuneddr i
aminobenzoate, and gl uS prnmad cb2utfddd9 tki neosw n( Raoss
ammport-aatboneunit carrier in a vasnety of

active form of folate derivatives. From t h
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of THRyddof ol atse r r&dei eoteaaksbeo n g roionmtgr anmsd earrg i r
any of three oxidation states. The most re
group, a more oxidized form carries a meth
carry a mgtithemyl f offonh emi prroi garoyupelobam ceniotf s o
for tetrahydrofolate is the carbon removed

produNg ilBiget hyl enet e(SpreadoyryPdld)f ol at e

2-amino-4-oxo-6-methylpteridine

glutamate

3 0 CO0
g Il l
* Q C—N—CH—C—C—CO00
» H H, H,

p-aminobenzoate

Figure 4. Chemical structure of tetrahydrofolate. THF consists of pterin derivative; p
aminobenzoate, and glutamate moieties. The N5 anenNiiyyen atoms that can carry
onecarbon functional groupsrcled by red color(Spreadbury2013).

Differentbmet B!l BHEZr alBycd @@fiT@llF)s t he maj or
active form of folate in plasma. It acts a
The resulting tetrahydrofdéloathedF( BHE) tdhaem b
5, -MeG hdmy¥!l t mé o-M&t HLPIHEN ( B) gMBHEBECccudpb ed
98% of folate i n ser ukmoowh hraestmosslitd ad | eelf lod .a

formuiman pl asma, and human whole bl ood ( Ki
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Folate Biosynthetic Pathway RickettsiaSpecies Phylotype G021

Little is known about the nutritional basis for the symbiotic relationship of
endosymbionts in ticks, though newly developadkettsia ex vivaulture systems
provide the ability allow use study thevel interactionsBecause adult female ticks can
swellintensely during feedinfpccasionally 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 expansidfrom a moleculabiological perspective, thick
requires more folate at this special time, since folate plays an essential role in DNA,
RNA, and protein synthesis

Previ ous r es e aabardioryihas ddnonstratéchtiatkestdiaspecies
phylotype G021 contains all five genes neceskargle novdolate synthesidolE, ptpS
I, folk, folP folC, andfolA. Guanosiné'-triphosphate (GTP), from tick hosts or
bacterial sources, are catalyzed by a series of enzymatic actions by Byd2tp8ll|l,
FolK, FolP, FolC and FolA proteins from phylotype G021 to synthesize tetrahydrofolate

(Figure 5.
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GTP

|
[GTPeyciohydrcinse | FolE EC 3.5.4.16| o | Dinydmpteroate synthase — FolP EC 2.5.1.15]
+ l pABA

7.8-dihydroneopterin triphosphate
| &-hydroxymethyl-7 8.dihydropteroate

Gpyruvoy! lelrabydroptenn
synthase PTPS-III EC4.23.12

|
[Otyarotoiate symthase FolC EC 6.3.2.12

+ l Jutamaie moely

6-hydroxymethyl- 7 8-dihydropterin diphosphate
| 7.8-dihydrofolate

2emiro-dhydonyShydo oo e

1
xymethyldihydrplending EC27.63|| [Dhydufolste reductase  FoOIA EC 1.5.1.3|
| pyrophosphokingse ¢ v

6-hydroxymethyt- 7,8-dihydropterin pyrophosphato 5,6.7,8-tetrahydrofolate

Figure 5. The proposed pathway of folate biosynthesis biRickettsiaspecies
phylotype G021 inIxodes pacificugHunter et al., 2015First, with the exist of FolE
protein (GTRPCyclohydrolase 1), GTP transfer to 7d#hydroneopterin triphosphate,
which is a pterirring molecule KHossain, 2004; El Yacoubi, 2006; Grochowski, 2007).
ThenPTPSIII protein, encoded by thptpSgene cleaves the side cimeof 7,8
dihydroneopterin triphosphate to forrrhgdroxymethyd7,8-dihydropterin diphosphate
(Dittrich, 2008; Pribat, 2009 Then the FolKP bifunctional enzyme#inc4-hydroxy
6-hydroxymethyldihydropteridine diphosphokinase and dihydropteroate syhthidse
synthesis éhydroxymethyi7,8-dihydropteroate by binding with theerin ring b para
aminobenzoic acid (pABA)Gengenbacher. 20R8A glutamate moiety is then added to
6-hydroxymethy7,8-dihydropteroate by FolC (dihydrofolate synthase) to syrekesid
dihydrofolate, which is then utilized by the FolA protein (dihydrofolate reductase) to
synthesize tetrahydrofolaté/@ng, 2010.

Study the folate biosynthesis pahbway mi ¢
natmueleat benwlpeapci anadupghyl ot ype m@dg2h!| so prov
framework for identifying other potenti al
the |literatuRieckspecsh&sgfrommst he spotted f
Ri ckettgsioal pbeahlagvaen etthi ¢ capacity to synthesi:
sequenccekdstpteics &8s from t hef dlyAih wfdo gogErnoeusp. | a c k
This MmMedRae kstptesii @s ade wend hleisk st tflodrat e .

di ggi ng tthyapsr ggRecakpe st sniag or i ty foulnmd in | ou
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contmastt hsegot t ed Ri eket tgg mdubpb ok édirdeisstar i but ed
i n harwhitlieckisexpd alitdhelenlmyd f | d B 6 fdmawme s
oot heobmiat¢r siymbti hoenitrs bodyy-eawtr 6 k y7o8a h h y |
di hydropt er i n (Saoni 20e3)Hroawrewcerr ¢ f o Ihl®ii lem thar d t i
needowy mphfyosliBsa ek t o my rtes efaurcthh @ og ercfti r n

hypot he&kdick ettalnstsg nt hesi s f ol ate then quant.

Using Aqgueous Normal Phase (ANP) to Separate FbBlatatives

The median burden of phylotype G021 was 7.3 per tick cell (Cheng, 2013).
Which means measure the folate level in tick sanmiplesry challenge. However, we
sought to use large numberRitkettsiainfect tick cell line then quantify the folate
concentration in infected tick cell line by usiAgLC (High-performance liquid
chramatography) or LEMS (Liquid chromatographynass spectrometry)

Theaqueous normal phase (ANP) chromatograpleyv e | oped i n Dr . P e
(San Jose Staténiversity) represents an important new technology for the separation of
endogenous metabolites in biological matriddsP chromatography has a unique sHica
hydride surface with a mixtuia organic and aqueous solvents as mobile phases.
Hydrophilic and hydrophobicompounds 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, whichncorporates polar stationary phase
and a norpolar mobile phasm order to retain and separate polar compounds:pxbter

compounds would elute first, followed by moderately-potar and finally polar
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compoundgHellmuth, 2011; Pesek, 201NP utilizing silicahydridebased stationary
phases provide unique seledijis for the separation of polar and rRpolarcompounds

and offers new methods solve difficult analytical separatiofBesek, 2007)

Silicarhydride HPLC Materialin Diamond HydridéM Liquid Chromatography Column

The key part in ANP column is théisa-hydride materialsSilicahydride materials
are highpurity silica. It is reported witlnability to retain both polar and nguolar
compounds due to its negpolar silicorhydride (StH) groups on surface, instead the

polarsilanol groups (SOH) are covered the surface (FigurgBgsek, 2011, Pesek,

2015)

! 7.9
—O—s5—aH —0—Si—O0—Si—H
Q 0 Q
— O3 —OH —O0—Si—0—Si—H
- Q Q
—0—or—on —O0—Si—0—Si—H
5 | |
o o

Figure 6. Compare surface structure between ordinary silica and silica hydrideThe
surface structure different between ordinary silica)(kfd silica hydride (right) (Pesek
et al., 2015).

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

(around 2%) chemically baied 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 asnditio
are especially useful in metabolomics appiaa (Pesek, 2009; Allahan 2008nce a
given metabolome often contains a variety of polar species, which are difficult to be

retained and separated by conventional reverse techniques.

RickettsiaGenetic Manipulation

A lack of asic understanding of arthropod transmiteeimbers of Rickettsiales in
areas such as vector physiology, immune response and microbial interactions have not
been addressedihe difficulty in studyingRickettsiaspp is due to their getic
i ntractabi | iitisyeportadtha gravth rata obtigate intracellular bacteria
is much slowethan facultative intracellularibat er i a ( O6 Conlage , et al
amount workare requiredo purify obligate intracdlilar bacteria from host cells and
prevent the bacteria get damage | ose its b
obligate bacteria aneeedingto be selected and propagated in host cells. Then manipulate
the cell invasion and survival genes are aanproblematic (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
RickettsiaA few examples of such methods are replicative pidsntransposons,

homologous recombination, fluorescent protentoding genes, and antibiotic selectable
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markersgetc.(Rachek 1998 Agaisse, 2013; Burkhardet al, 2011; Wood, 2012; Noriea,

2015; Driskel) 2016).

Genetic Transformation System fRickettsia

Genetic manipulatiomethodof rickettsiaeare notoriouslyhallenging and time
consuming process As of Nov. 2015, only 17 peeriewed reports have beguablished
in the past 17 years since the first successful genetic manipulattickettsa was
publishedRachek et al., 199®Riley et al., 2015). However, in the last two years, genetic
manipulation hasmerged asne of the hot topics iRickettsiastudes (Noriea, 2015;
Schroeder et al., 201Riley et al., 2015Sharma et al., 2017).

There are three major genetic manipulation methods for rickettsia@lbgous
recombination, Random mutagenesis, and tatdgatutagenesigMcClure, 2017)

Homologous recombination is thougtg one important evolutionary mechanisms in
bacterial evolution for its ability transfer a specific DNA fragment from one strain to
another homologoustrain(Fraser, 2007). First successful transformation experiments
with R. prowazekiandR. typhiutilized homologous recombitian (Rachek, 1998, 2000;
Radulovig 1999; Renesto, 2002). UsiRg prowazekjithese authors targetpttl gene
encoding phospholipase D, which is thought to enable rickettsial escape from the
phagosome early after uptakeara host cell. While highly significant, these early
transformants were difficult to obtain, unstable during &g culture and
maintenance, and not useful for functional gene analysis since insertion was not designed

to result in gene inactivation anétectable defective phenotype.



23

Random mutagenesisethods known asansposon insertion and chemical
mutagenesig-or detail A transposonalso known as mobile genetic material in bacteria,
is a DNA sequence that can move to new positions within the genome. The key
difference betweea plasmid(small, circular, doublstranded DNA molecu)eanda
transposon is thatplasmid is a nothromosomal DNA that replicates independently
within the kacterium while transposon is a segment of chromosomal DNA that
translocatevithin 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, 1998imser, 2005). Transposon mutagenesis does not require
knowledge of the genome sequence of an orgariemeversome transposons exhibit
preference for base composition of genomic DINAam thefly Haematobia irritans
researchers isolate a marinamngposonHimarl) which is a transposable element
(Lampe, 1996has beersuccessfully used to mueRickettsia spp(Reed et al., 2014;
Liu et al., 2007). Thélimarltransposase system encodes the transposase and the
transposon on one or two suicide pladsrthat are electroporated into host-¢edke
(semipurified) bacteria. Thenodified Himarl transposaseontain withantibiotic
resistance cassette and fluorescent marasiclomly integrates the transpostiveninto
AT dinucleotide sites in the bactarigenome through a cahdpaste mechanism
(Fel shei m, 2006) . Il n 2010, C Himarlkrénsposases e ar c
system to restore a functionmal A/spotgene copy to clegslague mutants dR. rickettsia

lowa andR. rickettsia(Both ridkettsial strais canform plaques).
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Targeted mutagenesssalso named sitdirected mutagenesi¥his mutatiorallows
deletion or insertiom single baser multiple base. Based on literature searchiatielic
exchange and mobile group Il intrarethods have been successfully useliakettisa
speciesAllelic exchange is routinely used to generate mutants in facultative intracellular
bacteria and extracellular bacterjad gene was suspected as a virulence factor. And it is
reportedresearchies havesuccessfully inactivate thEhospholipase D gengld) in
obligate intracellulaR. prowazeki{Driskell. et al.2009) They generated jgld mutant of
virulent R. prowazekistrainby using linear DNA for transformation

Then another targeted mutagenesis metkacsing nobile group Il intronsThis
method requirereversetranscribed from RNA into specific sites in the bacterial genome.
So far, a commercial systemane d @ Traongce i s easy for researc!
metod.Sofar, it is also reported genetic manipulation is available by using mobile
group Il intron method has been reported successiiu) ts genetically modify
RickettsiaSpp.Reseechers have successful knock@mpAgene, a suspected virulence
factorin R.rickettsii. And proveOmpA is not important for virulencéNoriea. et al.,
2015).

In my thesis projective useTargeTron systerto knockoutfolA gene inbacteria
Rickettsia which method belong to targeted mutagenddisflow chartof the
TargeTron gene knockout systeésshow inFigure 7 After decidingthe gene we want
study, a mobile group Il intropiece isdesigned and generated frammctococcus lactis
L1. Due to the sitespecific retroelement mechanism, this group Il intra@teican invade

its cognate introrminus gendFrazier, 2003)Through the retrohoming mechanism, the
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intron lariat RNAcan benserted into a DNA target site. Then it is reverse transcribed by
the associated intron encoded enzyme protein ((E&hbowitz,2004) The DNA target
site is recognized primarily by base pairing of easibdified intron RNA sequences,
following the intronpiece can bénserted intdhe specific oumterestingargetgene
(Chen, 2005), thus maltke target genenfunctional To dde, the TargeTron system has
been validated ik. coli (Perutka, 2004)5. aureugYao, 2006)C. perfringengChen,

2005),S. typhimuriun{Karberg, 201) andR. rickettsia(Noriea, 2015).
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EBS1d
Select DNA target site from —
TargeTron Design web site
and order 3 primersftarget site. I -
IBS EBS2
EB'S: Universal EBS1d
1-step assembly PCR 10 mutate ————————————————
{re-target) intron RNA (350 bp ———————
PCR product). i
185 EBS2
Clone mutated PCR fragment PACDAKL
into intron expression vector.
Intran lariat
RNA
RNP P
B form host and Formation | :
ransform host and express PACDAK-C ;
RMNA-protein complex (RNP). W% E }
mutated
EBS loops

Re-targeted RNP locates \ I Target Gene
genomic target.

RMP inserts RNA, reverse - "%7
transcribes cONA, and host

enzymes repair to create a l

permanent insertion. 5 3

Figure 7. The TargeTron systemusedto knockout bacterial genesFirst, the target

sites in genome is calculated tymputer algorithmin normal al kbsizegene can be
expected to contain 5 to 11 group Il intron insertion sites. Second, the computer
algorithm outputsll possibleprimersequencewith different percentage rate. The higher
percentage rate means a higher efficiency for bindilsgthe selected primeset

following with a PCR process will generat@%0 bp PCR fragmentThis PCR fragment

is ligated into the host followed Bxpression of the fe&argeted upon chromosomal

insertion. Using gene specific primers, kanamycin resistant colonies are PCR screened to
confirm insertion (TargeTrdhGene knockout system user guide, Sightdrich).
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Specific Aim

The nature of the r el .atp aagdsfhiinokrdoenmnwe eFno r R
graduate studenltab iam@PDIri.f iZdodnayl | f ol ate ger
the fol ate genkkstlhger gednamrcd i fbleat -i mdfteekds as
| SE@blysRACR ( HunAbkway i0,152015). Recombi nant
REI'P can also ke @gBédepapre88e&8)i nThe funct
recombinant Fol A and Fol Eimr etn&ziymsath av ea stsea
However, we have not obtained evidence that
Therefore, in my project, | have two main
synthesized by REfFBkASekonmd, muo andsstusuat

kockout system.

To achieve the goals, three specific ai ms

1. Measure fol at RER oinrcfeendtread iloShEG nt i ck cel |
2. Knoc kfoouygtdne i n REIP by TargeTron knockou:

3. Classify REIP into speciescamsit subisipemns ¢

Most gene mani pul ation studi es -esnsernitcikaelt t
genes, papénha(Aascodi ng proteins i mportant f ot
mai nt enance anddkppavoivedni mgiloimpllheadmsB al mo
(encoding the abundant spotted fever group

project, I aim to nmfamliAdul étaes Hleeanw d pamibde @ In
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bacterfioh &t hat essenti al genesuovilvact ¢ Ziyaino
et al ., flO9K)t.he&Silnaaxet gene in the folate s\
et al., 2015)yédnel sthioawn dofditreet | y 1 nhibi't
tetrahydrofolate. Siaceswethgpios hesl at ¢ h aWw
folate starvation can tri ggfeoy &Rkl Pc atno bsey nt
knocked out, the folate concentration prod
The results of thistandidryg malye hey mbii it iua drec
REI Plangatcidkss.wusLast but not | east, it is i

subspeciRées kaviet wis@rd iZsh al nagb

I nvestigations into t hpaedndiges yanpe witd £ rhaey
prove more productive and more effective t
ti-k&krne di seases s ufcdl atse mibmrieg s percidveaen atnh 4

transgenic ticks.
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MATERIALS AND METHODS

Maintain and InfectSE6 Cell Line

Tick Cell Line ISE6

Ixodes scapulari$SE6 embryonic cell line was provided by Dr. Timothy Kurtti
from the University of Minnesota’he ISE6 cells were grown in completedt 5B300
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 ciimonolayer flaskgFisher 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 pemrituencyof ISE6
cells was determined by comparisomvieen 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 cedtached 80% confluency, ISE6 cells were
subcultured with a 1:3 ratios with freshllbB300 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 3°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 cel§, it may be desirable to include an antibiotic solution such as a mixture of
penicillin (50100 1U/ml) and streptomycin (5000 pg/ml). Continuous use of antibiotics

is not recommended, which may interfere with cell growth.

Infection of ISE6 @llswith REIP

The bacterial isolate REIP was also provided by Dr. Timothy Kurtti from the
University of Minnesota. Normally a ratio of 1:20 (250 pL of the REIP lysate added into
a total volume of 5 mL 80% confluency uninfected ISE6 cells) was used to infect ISE6
cels. Giemsa stain (KaryoMAX®, Thermo Fisher Scientific) was performed weekly to
monitor the infection status of the ISE6 cells. Normally it tak&sageks for 80% of
confluency ISEG6 cells to establish a heavy infection. At this point rickettsiae cowdd eith

be harvested or used to infect fresh uninfected ISE®6 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 phosplate groups, especially the areas with high levels of adémymeine (AT)
(Ellison, 2007). Giemsa stain can be used to distinguish ricketfsiae the host cell,
because of the A rich regions of DNA. The rickettsiae are staimkaak blue in contrast
to the light blue stain of the surrounding host cells. To perform the Giemsa stain, the
Giemsa stain (Gibgd\Y, USA) wasdilutedwith 1:20 ratiowith Gurr bufferpH 6.8

(Gibco, NY, USA) Specimen were stained at room temperatur& foins.
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Classification of REIP

To confirm that there is only one genus or genotype in the REIP isb&ge,
rRNA gltA, ompAgenes are used farultiiocus sequence typing (MLST) to detect the
single nucleotide polymorphisms to distinguRickettsiaspeces (Fournieet al., 2003;
Zhu et al., 200p 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 intecggraicers such a&sA
xerC, mppApurC, andrpmEtRNAMe and can differentiate at the intraspecies level
(Fournieret al., 2007; Zhu et al., 20p9Nucleotide sequences of complete open reading
frames ofLl6S rRNAaccession number NZ_LAOP01000004JA (accession number
KJW02430),ompA(accession number KIW02278mpB(accession number
KJW03404) and sca4accession number KJW03052) of REIP obtained from NCBI are
used to confirm out6S rRNAQgItA, ompAsequences as well as more compressive

classificaton of the REIP isolate.

DNA Extraction, PCE and Clone

The genomic DNAwas extracted from>8.0° REIP-infectedixodes ricinudRE11
cells using DNeasy Blood & Tissue Kit for both MLST and MST (Qiageé®$ rRNA
gltA, ompA dksAerC, mppApurC, andrpmEtRNAVe were amplified via PCR using
primers specified in Appendix A (Simseratt, 2002; Fournie2007; Cheng et al.,

2013b) . 2¢eL genomic DNA (<50 ng/ L), 1
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GoTagE Green Master Mi xrade Rateowee gaglddjn PR d 6 ¢
reactions. Negative controls contained all components with the exception of REIP
genomic DNA. Theb-actin gene was amplified simultaneously to serve as a positive
control usingb-actin primers and field collecteld 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, annealage@°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. Alphales@yHP was used to
visualize and photograph gels (ProteinSimplé)e PCR amplicon were then used in the
cloning procedure CR ampl i cons wer e | i atnpkdn i nt o St 1
cloning vector (Agilent Technologies). Transformants were plated orghBantaining
100 pg/mL ampicillin and 40 pl of 2%-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 ruribaodr
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
Biopharmaceticals, Inc(Hayward, CA,USAusi ng M13 reverse pri me
GGAAACAGCTATGACCATG3 d6) . Sequencesl6SrRNAGItA, 30 ¢l ones

ompA dksAxerC, mppApurC, andrpmEtRNAMe genes were aligned in ClustalX
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version 2.1. Sequencing data determined the insert size of clorg\fampA 16S
rRNAgenes 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 sequenc®opacifica which was sequenced by Dr. Timothy
Kurtti s | ab at the University of Minnesot a.
(accession number NZ_LAOP01000001). Homologous sequences of the whole open
reading frame of each of the five genes of REES rRNAaccession number
NZ_LAOP01000001)gltA (accession number KIW0243@mpA(accession number
KJW02278),ompB(accession number KJIW03404), aswh4(accession number
KJW03052), were obtained by BLAST analysis. For phylogenetic reconstruction,
homologous sequences were aligned in ClustalX versioMBelconcatenated
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 @drSijpn
(http://pbil.univlyonl.fr/software/seaview.html). Since tirapAgene is truncated or
lacking in someRickettsiaspecies, phylogeny of tltmmpAnucleotide sequence of REIP
and its homologous sequences was individually constructed by SeaView. i&buy a

Guindon S. & Gascuel s method was used to
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which were then used to construct phylograms by neigjuiting method and marial

parsimony method (Gouy, 2009

Measurement Folate Concentration

The Starvation TestfdSE6 Cells

Once three ISE6 flasks have reached the desired confluence level dS&E®B/%
cells were then gently scraped and aliquoted intoad&#plate. Each well was given 0.5
mL cell suspension. Cell plates were then incubated°& 8% two daysa allow for cell
attachment to the cell plates. After two days of incubation, the old medium was removed,
and the pellet was rinsedttv starvation medium (0% FBS-15B300 medium) twice.
The wells were then incubated using the starvation medium.

Cell number and cell viability were determined after 0 hsHa6r, Xhour, 2hour,
4-hour, 6hour, 8hour, 16hour, and 1zhour incubation times. All analyses were run in

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

Sample Prparation

RickettsiaGrowth

The ISE6 cells were maintained3 C until an 80% cell confluencyas
reachedOnce 80% confluence was reached REIP strains were used to infect ISEG6 cell

lines in L-15B300 culture medium at 26 for two weeksAn uninfected &6 flask was
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also cultured a26°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
hemocytoneter 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-aflsonical tube, where a tw
fold volume of icecold 100% acetonitrile and 5uL of 100mg/L methotrexate standard
(SigmaAldrich) 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 anothaimlid order to dow
the protein to precipitate from the solution. Afterwards the sample was fitteacyh
0.45 uM nylon HPLC membrane filter before being loaded into the HPLC machine.

The pellet was washed with 500uL of4{celd PBS buffer twice to remove any
remainingmedia. After the last wash the pellet wasuspended in a 500uL iemld
PBS buffer, then 5uL of 1200mg/L of methotrexate sample was added to the suspension.
This cell suspension was then passed throughgage needle to lyse the celsd
thensonicated for 3.5 minutes total time (4 passes at 30 seconds each and 30 seconds
rests in between). After sonication a téodd volume of icecold 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 gjfor 10
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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 HPUE. To achieveREIP starvation samples, old
L-15B300 complete were decant, then cell flasks werghed withd 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 Hewd@tickard (Palo Alto, CA, USA)200 HPLC
systemcomprised 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 HO (DI) + 10 mM formic acid buffer. Mobile phase B was 90:10 acetonitrile:
DI H20 + 10 mM brmic 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 pl, a flow rate of 0.4 mL/min, and a gradient set as

shown in tale 1. All analyses were run in triplicate, and the respective data obtained in
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each case were averagesMBbHF and methotrexate were identified by comparing their
retention times in chromatograms of the calibration curve solutions with the appropriate

pe&s in percent recovery or sample extract chromatograms.

Tablel. The gradient set for HPL-OV to separate folate.

Ti me ( mi % Mobil e |
0 95
3 95
10 90
12 90
13 95
18 95

Gene Knockout by TargeTron Gene Knock8ystem

Plasmid Construction

The pARR plasmid vector, donated by Dr. Ted Hackstadt from Rocky Mountain
Laboratories, is a derivative of the TargeTron (Sigma Aldrich) vector pAGOK4
pPACDK4-C encodes foLtrA, a multifunctional protein containing reversarscriptase,
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 incliitiad 11l and BG | sites.
PARR also contains rifampin and ampicillin resistance genes for antibiotic selections
after transformation (brieg 2015). The TargeTron software algorithm (www.sigma
genosys.com/targetron/) (Sigma Aldrich, 2008), which predicts$pgiaificity group Il
intron insertion sites in target DNA sequences, was used to design primers for appropriate
sites of intron insertion into tHelA gene of phylotype G021. Two of the best candidates
chosen from the algorithm were primer sets of IBS1/2, EBS&/deBS2, 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 wiind 11l andBsrG| enzymes (Neviengland
BioLabsInc. 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 corfirm the ligation,Hind 1l andBsrG| 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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Table2. The primers sequence fimlA gene knockout. Two highest ranked design
primers were picked named 182 and 474, based on the TargeTron computer algorithm.

Prim Sequ € re3die) Tm(U C’
Na me

182BSAAAAAAGCTTATAATTATCCTT.65. 5
CAAGTGCGCCCAGATAGGGTG

18-2 CAGATTGTACAAATGTGGTGAT 63. 6
EBS1dGTCATACAATTTAACTTACCTT

18-2 TGAACGCAAGTTTCTAATTTCGG66. 5
EBS2 CGATAGAGGAAAGTGTCT

4 7-BS AAAAAAGCTTATAATTATCCTT.66. 7
GCGGTGCGCCCAGATAGGGTG

4 7-4 CAGATTGTACAAATGTGGTGAT 65. 0
EBS1dGTCATAGCGACTAACTTACCTT

EBS CGAAATTAGAAACTTGCGTTCA
Uni ve

Table3. PrimersSegF andSegR for sequence confirm plasmid construction. Additional
primers designed, which can amplify both plasmid and intron sequence to check the
plasmid constructed right.

Pri mer Nai Sequence

S el CAGATAAAATATTTCTAGCTAC
GC

SeR CCAGTTAGTGTTAAGTCTTGG
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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
througha2®@auge needle to |lyse the host cell sbé
released from the ISE6 cells. The lysate was then centrifuged at low speed (275 x g) for
10-min, the supernatant was further cleaned usingian Syringedriven memibane filter
(Corning®, NY) and then centrifuged at high speed (13,400 x g) for another 10min. The
supernatant wadiscardedand the pellet was 1®uspended in 1mL of ieeold 300mM
sucrose. The pellet was washed twice with 300mM sucrose and then fitteregh a 2
pum syringedriven membrane filter. The filtered solution was then centrifuged at high

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

Transformation

A Gene Pulsg Il machine (Bio Rad, Hercules, CA) was used for electraipan.
For electroporation, 3ug of intrdolA clone DNA was mixed with 90 pL afemi
purified REIP(total REIP number over £pin a prechilled 0.1 cm gap cuvett&he
settings used for the electroporation mach
After electroporation, complete-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 2min to pellet the ISEG6 cells. The sample was then incubated at room
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temperature for 1Bnin, after which the mixture was transferred to ac@% flask

containing3.5 mL L-15B300 complete medium with ISE6 confluence cells.

Selection offolA Knockout REIPMutant

In order to select for thi®lA knockout mutant, rifampicin was added to the cell
culture medium. In theory, if the electroporation is successful, thapitan 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 niff@ur incubation after electroporation. An additb
50ng/ml folinic acid stock was also added to th£5B300 medium.
The flask was then incubated at 26°C for2Ibdays, after which the infection could be
confirmed using Giemsa stain. If Giemsa stain results confirmed presence of infection,
then the INA extraction and PCR amplification using desigf@é-mutant primers

(table 4) were carried out with the sample.

Table4. folA-mutant primers for screening mutdritkettsia

Pri me Seqguence Tm(UC)
Na me

Folmauta ATGAAAAATAGAAAAATCATCG 59. 3
F

Folmuit a TTACCTCCTTTTAGTAAATTTA 59. 1
R ATTA
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RESULTS

ISE6 Cell Maintenance

Ixodes scapulari$SE6 embryonic cell line was successfully maintaineDrin
Z h o nlapOISEG cells replicate well in the completd 8B300 medium at 34°C,
normally taking 3 weeks for a 30% confluency ISE6 celleeich 80% confluency

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

Figure 8. Observation of ISE6 cells using an inverted microscope, X40eft) Cells at
around 30% confluency. Cells have long tails with a spindle shape. Right) after three to
four weeks®6 incubation, cel | oint, m@eccblled ar ou

are rounded shape

Infection of ISE6 Cells with REIP

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

infection status of the ISE6 cells was monitored by Giemsa stain. As shown in%igure
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the big dark purple structure is the nucleus of ISE6 cells and thshequbd bacteria

observedn the cytoplasm of ISE6 cells are REIP bacteria.

Figure 9. Giemsa stain of REIRinfected ISEG6 cells after two weeks post infection.
Rickettsiastained as dark purple rod shapes are present in the cytoplasm of ISEG6 cells.

To confirm that the bacteria stained with Giemsa stain are REIP, genomic DNA
of REIP was extracted from REIRfected ISE6 cells using DNeasy Tissue Kit (Qiagen,
Valencia, CA). The purified REIP DNA was used in PCR to amplifyotinpAgene of
rickettsiae éncoding an outer membrane protein of REEdth DNA extracted from the
REIP-infected ISEG6 cells and flat pacificusgenerated a 530 bp fragment in PCR
(Figure 10, which is the expected size of the PCR amplicon obthpAgene of
Rickettsiaspecies. DIA sequencing of thempAPCR amplicon confirmed that cultured
rickettsiainDr .  Z h oisirgdéesl REIPKiQure 1). It shows a 99% identify to the

ompAof Rickettsiaspecies phylotype G021 Inpacificusbased on the BLAST result
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Figure 10. Gel electrophoresis of the PCR amplifiempAgene of REIP.Line #1.:

100 bp ladder. Lane #2: PCR amplification of éimepAgene using DNA extracted from
REIP-infected ISEG6 cells. Lane #3: PCR amplification without DNA template (negative
control). Lane #4: PCR amplification of tbenpAgene using DNA extracted from flat
pacificus
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Figure 11. Nucleotide BLAST result of the ompAPCR amplicon. Nucleotide
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‘IIIIHIIlHIIIHIIIII|IIIIIIII|IIIHIIIHI[I[IIIIIIIIIIIIII

TAACCCCTCCACCACTACCTAATCCTACTCCTCTTCACCCTCCTC. ARTAACCC

ATTTACTTACCCTCCTAATCATACTATCACTCCACATCAACTCCCTCCTATTATTACCCC

lIIII!\IIIHIII\‘IIIIIIIIIIIIIII IIIJl|I|\fIII\I|I|lI|||[||||

ATTTACTTACCCT TATCACTCCACATCAAC TATTATTAC
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|IIII\IIIJ\I]I\JIIIIIIII‘II |1 III\\III\IIII[IIIIIIIIIIIIII

TCTTCCCCCTACTAATCCTCCACCCCT. ACCACCCTC

TTCTATTGATACAGATGCTAACT TCTTGCCTGT TACTATTATTGCCGGCARAAC
|I||l]IIIHIIIHIIIIIIIIIIIIIIIIIIHIIHIIIIIIIIIIlIII[IIII

TTCTATTGATACAGATGGTAACTTCTTGCCTGTTACTATTATT GCAAAAG
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\IIIII]|||H|l|HII|l||I|IIIIIII|||HIIHIIII[llII[ [ITELLL]
TAACCGGTACTEC TTATTGCACATCATEGTTTIGGTGCTTTTACCGATACTTA
T, 2%
| |
TACAGGTTTAGGAAATATAACTTT 444

pacificus(accession number GQ375161).

RickettsiaEndosymbiontxodes pacificu$REIP)is Named aRickettsia monacensis

Phyl ogenetic anal ysis was conancatenaed by
nucleotide sequences gitA, onpB, sca4 and16S rRNAgeneggene sequence displayed
in AppendixA) to homologous nucleotide sequences of rickettsiae available in GenBank.
Trees generated from the concatenated sequence of the four genes reflected those
previously generated by DZ h o slapdorRickettsiaspecies phylotype G021 (Phan

al., 2011). The tree topology indicated that REIP formed a monophyletic grouRwith

subsp pacificasubspnov.
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buchneristrain ISO7R. monacensistrain IrR/Munich and R. tamurastrain AT1. This
monophyletic group forms a & 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 &icketesia

belli group ricketsiae(Figure 12). Sincethe ompAgene nucleotide sequence is lacking or
truncated in somRickettsiaspecies, we also constructed a phylogenetic analysis by
compar i ng ommphgeneRBEHe Roinelogous nucleotide sequences of spotted
fever group rickettsiae available in GenBank. The phylogram aifrtiAgene

confirmed that REIP was clustered in a clade WRitlbuchnerstrain ISO7 andr.
monacensistrain IrR/Munich and forms anonophyletic group with the above two
Rickettsiaspecies as well as wit. akaristrain Hartford andR. australisstrain Cutlack
(Figure 13). Both neighbor joining trees indicated that the monophyletic groups, in which
REIP resides, were distinct from thest of the spotted fever group rickettsiae. Trees
generated from a maximal parsimony method also exhibited similar branching, with the
exception of th@ltA tree (data not shown). However, this discrepancy is possibly due to
differences between how th@d methods organize multiple sequence alignments (Saitou
and Nei, 1987). We inferred that the REIP isolate shares similar evolutionary history with
R. buchnerandR. monacensidue to tree topology for the concatenated @amgAgene
sequences. As such,deal on Fournieetal 6 s cl assi fi catetialpn scheme
2003), and our phylogenetic analyses, we propose that the REIP isolate is a novel
Rickettsiaspecies that is closely relatedRobuchnerandR. monacensis herefore, we

propose the naneickettsia monacens®subsp pacificasubsp. nov.



47

Previous studies have demonstrated the ability of MST to differentiate between
genotypes of somRickettsiaspecies by at least one nucleotide mutation (Fournier and
Raoult, 2007; Zhet al, 2005 Znazeretal., 2013). As such, MST was used to determine
possible genotypic variation present within Bxemonacensigacificaisolate. PCR
amplification and cloning of intergenic spacers determined the insert siksaterC,
mppApurC, andrpmEtRNAMe regions were 165 bp (accession number KX505844), 121
bp (accession number KX505842), and 368 bp (accession number KX505843),
respectivelyAnalysis of thirty clones for each of the three intergenic spacers determined
no variation in nucleotide sequences the amplified regiongonsideringR.
monacensipacificdds nucl eoti de homol ogy among al l
isolate possessed one genotype and designated it befd&g pacificugvary tick 1).

The neighbojjoining tree shown in Figur&4 was based on the concatenated nucleotide
sequence adksaxerC, mppApurC, andrpmEtRNAMe regions and their homologous
sequences in GenBank. The strains on the phylogenetic trees based on the sequence of
gltA-ompBsca416S and the three intergenic spacate slightly different. This is

because some &ickettsiaspecies do not have the three intergenic spacer sequences and
some ofRickettsiaspecies have two of the three spacer sequences in GenBank. These
Rickettsiaspecies are not included on the phylog 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 thieAgfompB sca4 and16S rRNA

genes as well as the phylogeny of timepAgene sequencd?. monacensigacificastrain
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IPO1,R. monacensistrain IrR/Munich, andR. buchnerstrain ISO7 forms a
monophyletic group that is distinct from the rest of thetted fever group rickettsiae
i R. monacensis subsp. pacifica str. IPO1

R. buchneri str. ISO7
100

_0024 R. monacensis str. IrR/Munich

10

R. tamurae str. AT1
R. slovaca str. D-CWPP
82L R conorii str.Malish 7
Tk R. africae str. ESF-5
- gﬂl[ R. parkeri str. Portsmouth
o R. sibirica subsp. mongolitimonae
o 8R’, peacockii str. Rustic
i[R, philipii str. 364D
R. rickettsii str. HIp2
— R. honei str. RB
R. heilongjiangensis str. 054

1

100]

S

10

100} R. japonica str. YH

— R. montanensis str. OSU 85-930
— R. raoultii str. Khabarovsk

76

68
x r R. aeschlimannii

- 100! { R. massiliae str. MTUS

R. rhipicephali str. 3-7-female 6-CWPP
100[ R. asiatica str. 101
R. helvetica str. COP9

100 R. akari str. Hartford

100 R. australis str. Cutlack
—— R. felis str. URRWXcal2
mor—————R prowazekii str. Buv67-CWPP
R. typhi str. BO991CWPP
R. bellii str. RML369 C

Figure 12. Phylogenetic tree of concatenatedItA, ompB, scasand 16S rRNAgene
sequences oRickettsia monacensis pacificdree was generated using neighfmmning
distance method and 1000 bootstrap replicates. Bootstra values >50 are shown at the
nodes. Bar, nuebtide distanceR. monacensis pacifigaesented the top of the tree.
Other selected sequences on the tree incRdaeshlimannjiR. africag R. akari R.
asiaticg R. australisR. bellii, R. buchneriR. conorii R. felis R. heilongjiangensj<R.
hdvetica R. honeiR. japonicaR. massiliagR. monacensisR. montanensjR. parkerj

R. peacockjiR. philipii, R. prowazekjiR. raoultii, R. rhipicephalj R. rickettsij R.

sibirica, R. slovaca, R. tamuraandR. typhi The accession numbers of gercé all
Rickettsia species are listed in thppendix B
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R. monacensis subsp. pacifica str. IPO1
100
la{' ) 0.010
100 |—— R. monacensis str. IrR/Munich -

—— R. buchneri str. 1ISO7

— R. akari str. Hartford

e R, @USHIANIS str. Cutlack
R. felis str. URRWXCal2
R. japonica str. YH
{‘R heilongjiangensis str. 054

R. conorii str. Malish 7

75| - R. slovaca sir. D-CWPP
R. parken str Portsmouth
R. sibirica subsp. mongolitimonae
R. africae str. ESF-6
R. honei str. RB

R. peacockii str. Rustic

100 ‘[{Thmph str. 364D
R. nickettsii str. HIp2

R. montanensis str. OSU 85-930

R. raoultii str. Khabarovsk
R. massiliae str. MTUS
R. rhipicephali str. 3-7-female6-CWPP

R. aeschiimannii

Figure 13. Phylogenetic tree oiompAgene ofRickettsia monacensis pacificdree

was generatedsing neighbaojoining distance method and 1000 bootstrap replicates.
Bootstrap values >50 are shown at the nodes. Bar, nucleotide diftanoenacensis
pacifica(or Rickettsiaendosymbiontxodes pacificusis represented at the top of the
tree. Otheselected sequences on the tree inclidaeshlimannjiR. africag R. akari

R. australisR. buchneriR. conorii R. felis R. heilongjiangensjRR. honeiR. japonica
R. massiliagR. monacensisRk. montanensjfR. parkerj R. peacockjiR. philipii, R.
raoultii, R. rhipicephalj R. rickettsij R. sibirica andR. slovacaThe accession numbers
of genes of all Rickettsia species are listed inAppendix B
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R. monacensis subsp. pacifica str IPO1

95
@ R. monacensis str. I'R/Munich
2
R. buchneri str. ISO7 0.065

L R. massiliae str. Mtut1T

R. conerii subsp. israslensis

R. africae str. ESF-5

R dckettsii sir. R

R. sibirica subsp. mongolitimonae
R honeistr TT118

a4l R. parkeri str. Portsmouth

R. sfovaca str. 13B

R. heflongjiangensis str. 054

E{R. Jjaponica str. YM

| R, raoultii str. Khabarovsk

59

R. montanensis str. MIS-8

R. rhipicephali str. 3-7-female 6-CWPP

R aeschliimanii str. MC16T
R. akari str. MK

K. australis sir. Phillips

190
R. felis str. URRWXCal2

R. helvetica str. COP9Q

92

R. prowazekii str. Madrid E

88

iR typhi str. Wilmington

Figure 14. Phylogenetic tree of concatenated nucleotide sequendedasaxerC,
mppA-purC, and rpmE-tRNA™et regions ofRickettsia monacensis pacificaree was
generated using neighbmmining distance method and 1000 bootstrap replicates.
Bootstrap values >50 are shown at the nodes. Bar, nucleotide diftanoenacens
pacifica(or Rickettsiaendosymbiontxodes pacificusis represented at the top of the
tree. Other selected sequences on the tree indudeshlimannjiR. africag R. akari

R. australisR. buchneriR. conorii R. felis R. heilongjiangensjsR. helvetica R. honel
R. japonicaR. massiliagR. monacensisR. montanensjR. parkerj R. prowazekjiR.
raoultii, R. rhipicephalj R. rickettsij R. sibiricg R. slovacaandR. typhi The accession
numbers of genes of all Rickettsia species arallistéheAppendix B
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The Starvation Test of ISE6 Cell line

ISE6 cellswere initially incubated in the completell5B300 medium with 5%
FBS. Cellswerethencultured in the E15B300 culture medium without FBS. Total cell
number and ratio of cell death veeteterminedat 0-hour,0.5-hour, thour, 2hour, 4
hour, 6hour, 8hour, 3hour, and 1zhour incubation after the mediuchangeA control
group was set, ISE6 cells were incubate with complet®B300 medium and count cell
death ratio at same time poiftur data shoedthe death ratio increassaynificantly
with the incubation time from zero hour to four howtgen the cells were cultured lin
15B300 culture medium without FBShe death ratio reached 50% aftdmrdncubation.
At 4-hr incubation, theall death ratio wadeterminedo be 60% (Figure3, raw data are

show inAppendixC).
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Figure 15. Compare death ratio of the ISE6 cells growing incomplete L-15B300
medium and L-15B300 medium without FBSBlue color lineshowsthe death raticmof
ISE6 cells under starvatidreatmentnd the green lingshowthedeath ratio ofSE6 cells
grow with complete E15B300 mediumCell death ratio were counted every thaurs
Note. The 1t hour were counted at"%our by human error.

Measurement of the Folate Concentration by HRINC

HPLC-UV Method Setup

Folic acid (SigmaAldrich), 5-formyltetetrahydrofolate acid (SigmAldrich), 5
methyltetetrahydrofolate acid (Sigmaldrich) were used as standards in HPLC, whiles
methotrexatevasused as amternatstandardSigma 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 plizseh standard

showeda clear sepati@n from the internastandard (Figure@). The gradientvas
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performed in the aqueous normal phase mode (ANP) of separation where polar
compounds (both methotrexate and folic acid have polar moietesyetained when

the mobile phaseashighly organicand elutd when the gradienvaschange to high
agueous (low organic) percentages. We were abiegmveretention and separation of
each compound within a reasonable time frarfermmyltetetrahydrofolate acid standard
peak appeared at 9%7 min. Fdic acid standard appeared%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 bmethyltetrahydrofolate acid is the active form of folate in plasma, we
focused on measurement ofrtethyletrahydrofolate acicbncentrationn our specimen.
A standard curvevasconstructedtbie linearange from 0.125 mg/L to 2 mg/L). The
HPLCUVO6s | owest | imethyletradydrofadate nddasrdeterminedto be

0.125 mg/L (Figure T).
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Figure 16 HPLC chromatograms of folic acid, 5formyltetetrahydrofolate acid, 5-
methyltetetrahydrofolate acid, and methotrexate internalstandard. Top) 5
formyltetetrahydrofolate (peak shown at-9.6 min) and methotrexate (12.0 min) are
separated by HPLC. Middle) Folic acid (2& min) is separated from methotrexiaye
HPLC. Bottom) 5methyltetetrahydrofolate acid (12.2 min) and the internaldsted is
separated by HPLC.
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Figure 17. Quantitation of different concentrations of 5methyltetrahydrofolate acid
by HPLC-UV. The lowest concentratiasf 5-methyltetrahydrofolate acithat shoveda

peakwas0.125ppm.

Measuremenof the Folate Concentration by HPHOV

Based on the folate standards, a standard curve was constructed. With the peak
surface area converted into folate level (mgthgsimple linear regression equation was

built: Y=0.0708<-0.0678, R=0.9854 X means th@eak area and Y for the concentration

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

Measurement of the Folate Concentration4h9B300 medium

The folate concentrations of in 0% FBS and 5% FBEB300 medium were
measured. In 5% FBS-15B300 medium, thenasa peak at 12.128 min with a peak
area of 5.01753, whiclwasconveredto thefolate levelof 0.287 mg/L. However, the

peak around 12miwasnot present in the 0% FBS15B300 medium (Figur#&9).
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Figure 19. Comparison of HPLC chromatograms between 0% FBS £15B300
medium and 5% FBSL-15B300 mediumA 12.128 min peak is only present in the 5%
FBS medum, whichis equal tothe concentration d.287 mg/L.

Cell Counting Before HPLC Detection

Each sample flask was gently scraped and pipetted well. 45 uL cell suspension

wasmixedwith 5 puL 0.5% Trypan blueThetotal cell number and cell viabilitywere

determined afterwards, as shown in the tal{f@nmary data shown in tableBaw

data shown in Appendi®).
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Table5. Cell number and cell viability were coudtéor each sampl&ll starvation
treated samples sheddecreasedell viability after a twehour starvation treatment,
especially for the uninfected ISE6 cell sample

Sample Total cell number Cell viability
ISEG-1 1.18*1¢ 96.61%
ISEG-2 1.78*1¢F 97.75%
ISEG-3 0.96*1¢ 97.92%
REIP-1 1.8*10° 97.78%
REIP-2 1.27*10¢ 96.54%
REIP-3 1.2*10° 98.33%
REIP-Starvationl 1.97*1¢F 94.92%
REIP-Starvation2 1.59*1CF 94.24%
REIP-Starvation3 1.92*1¢ 94.78%

ISE6-starvation 1.27*1¢ 89.62%




59

Measurement of thEolate Level in Supernatant and Pellet of Riifécted and

Uninfected ISE6 Cells

Based on the total cell numbers in each sample flask, folatede@gebnverted to
mg per liter per 19cells (mg/L/16 cells). Therewasno obviouspeak of5-
methyletetrahydrofolate acid (showround 12.2 min) in both infected and uninfected

supernatant samples (Figu@).

Figure 20. Comparison of HPLC chromatograms of supernatant samples from
uninfected ISEG6 cells, REIRiInfected ISE6 cells, and REIRinfected starvation
sample.|3-S stands for ISE@" replicationsupernatant. RS stands for RE Hinfected
3 replicationsupernatant. R1 Starvati®istands for REHhfectedstarvation

supernatant.

When pellets from uninfected E6 cells, REIFnfected ISE6 cells, and REIP

infected starvation samples were detected by HPLC for measuring the folate





















































































































