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Abstract

Halophilic organisms are extremophiles that grow optimally in environments with high salt
concentrations. They have representatives across all life domains showing considerable diversity in
metabolic strategies and physiological responses, especially among microbes. Their study goes back
decades and a considerable number of articles every year report new halophilic species. Research
on halophiles has mainly focused on the specific adaptations and molecular mechanisms that
enable them to maintain their osmotic balance under salt stress. A great deal of interest has also
been channeled towards the investigation of their diversity and phylogenetic relationships as
several representatives constitute ancient evolutionary lineages. On a different avenue,
biotechnology has recently delved into the survival kits of extremophiles in the hunt of biocatalysts
functioning in hostile environments. Hence, the interest on halophiles spans a wide range of topics,
from their exotic biology to industrial and medical applications.

Despite the intensity of research in the field and the subsequent gradual increase in the
reporting of new halophilic taxa every year, an extensive organized collection of these salt-loving
organisms does not exist. In addition, the large volumes of data produced by next-generation
sequencing have significantly enriched the molecular information of these lineages. In the first part
of this work, we have aimed at cataloging all documented halophilic species in an online database
repository, named “HaloDom”. More than 1250 halophilic species mentioned in scientific papers
were recorded. From these species, currently 22.3% belong to Archaea, 52.9% to Bacteria and
24.8% to Eukaryotes. Records contain basic information such as the salinity that a particular
organism was isolated from, its taxonomy and genomic information availability.

Archaea possess a complex evolutionary history. Determining phylogeny with the use of
single-marker phylogenies such as 16S rRNA has been proven sub-optimal, especially among
Archaea, which exhibit great genetic diversity and variability even on typically conserved genetic
sequences. Phylogenetic relationships between the class Halobacteria (Archaea) and other
halophiles, such as the recently discovered Nanohaloarchaea, and halophilic Bacteria have not been
fully established yet. A phylogenetic tree of 124 Halobacteria and 33 outgroup species including a
diverse set of halophiles was assembled with the use of 242 previously published core protein
archaeal markers. This multi-marker tree was used to gain more insight into the phylogenetic
relationships of halophilic species, serving as an update of the microbial halophilic tree of life and

providing evidence that salt adaptation has originated independently.
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It has been previously shown that thermophilic and halophilic microbes bear specific
signatures of amino acid compositions. In this dissertation, we took advantage of the large amount
of microbial sequence data to confirm prior research, and also investigate for new distinguishing
features that can potentially be uncovered by a large-scale protein sequence analysis. Hierarchical
clustering and principal components analysis revealed a detailed picture of the amino acid profiles
of several microbial taxonomic groups. In total 222 microbial species with available genome
sequences (complete or partial) on NCBI were included. Among these proteomes, 134 were
halophilic Archaea and 88 several other taxa including thermophilic, non-halophilic, acidophilic,
alkaliphilic, and psychrophilic Archaea and Bacteria. Regarding the amino acid composition of
halophiles, proteomic data revealed important differences between Halanaerobiales, Halobacteria,
Methanomicrobia and Nanohaloarchaea. Also, several taxa from Bacteroidetes, Rhodothermaeota
and Proteobacteria were observed to have similar amino acid profiles with the extremely halophilic
class of Halobacteria, suggesting either horizontal gene transfer or convergent evolution. Several
aspects of proteins and amino acids were investigated including protein function and family,
different protein sizes and compositionally biased proteins both from halophilic and non-halophilic
species. Our data dictate that different protein groups are subject to different levels of evolutionary
pressure, depending on their thermodynamic efficiency, localization, and, yet unknown factors.

As mentioned, these protein sequence adaptations are detectable and can be used to
distinguish adapted halophiles from other species. With the use of linear discriminant analysis of
halophilic and non-halophilic amino acid profiles, a web tool was designed. This tool, named
“HaloPredictor” can detect specific salinity adaptations based on protein sequences from the
archaeal class of Halobacteria. The observed adaptations are registered as an altered amino acid
profile in halophilic proteins, with certain amino acids like alanine (A) and aspartic acid (D) present
in higher percentages, compared with non-halophiles. HaloPredictor is available as an online tool in
HaloDom, but also as a local version for increased input capacity.

A pan-genome analysis of the archaeal class Halobacteria was conducted using complete
genome data from 76 species, present in NCBI. Results indicate an open pan-genome and the
existence of a plethora of novel genes to be discovered as new species of Halobacteria are isolated
and sequenced. We identified 814 genes as core, 13752 as accessory, and 9010 as cloud for a total
of 23576 identified gene clusters. From the 217783 protein sequences predicted from the 76
Halobacteria genomes, 182884 were annotated successfully and assigned to a functional category

while for 34899 sequences the annotation was unsuccessful. Genes annotated as "Function
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unknown" were present in all gene groups (core, accessory, cloud, and multi-copy genes).
Additionally, multi-copy genes were highly present in functional groups such as "Amino acid
transport and metabolism", "Post-translational modification”, “Protein turnover and chaperones",
and "Transcription". With the use of presence-absence matrices, phylogenetic profiles were created
for the halophile pan-genome, revealing novel genetic traits.

The present work builds on past sporadic findings and extends significantly current
knowledge on halophiles using large-scale data previously unavailable. Novel observations are
presented about the amino acid profiles of extremophiles and their pan-genome. It also highlights
the necessity for discovering and validating new protein families and the need for further research
on the mechanics of salinity adaptations and cellular functions of halophiles. It thus provides a wide
range of starting points for future analyses with a strong potential for advances in metagenomics,

medicine, and the bio-industry.
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EAANvikA mepiAnyn

H nAwkia tou mAavAtn pag eival mepimou 4.5 SloeKATOMPUPIWY €TwV. QOTOCO OL OPYLKEG
nieplBaANOVTIKEG ouvOnkeg bev guvonoav tnv avamtuén Iwng yla ekatoppvpla xpovia. Ta Lo
npoodata otolxeia Selyvouv otL oL mpwteg HopdEG Lwng epndaviotnkay 3.7 StoekatoppupLla xpovia
TpLy, mBavwg Kot vwpitepa. Av kal ev eival akpLBwWE YVWOTEC OL EMKPATOUOEC CUVONAKECG OTIWG oL
Bepuokpaoieg N ta Sadopa aépla otnv atpdéodalpa Tou TAAVATN, UMOpPel pe acddAsla va
Bewpnbel OtL TO meplBalov ekeivo Atav €€alpeTikA okpaio oUudwva HE TIC ONUEPLVES
npodiaypadeg g Lwrg.

MNapd Tt dUokoAeg ouvOnkeg, n Lwn eUdavioTNKE KOTA TNV MPWLUN OUTH €MOXN, EVW
0pYyOTEPA MO ATIO TIC TPWTEG OPYOVWHEVEG KOl TIOAUTIAOKEG HOPdEC LwNC, OL ULKPOOPYAVIOUOL,
ntav nén oe Béon va emnpedcouv to MepLBaAAov tou mAavntn. Ta UikpoBLla Bewpouvtal ano Tig
opxaLotepeC popdéc Lwng emotkilovtag MpakTikAd KABs meptBaiAov. MioteveTal OTL oL akpaltodilol
(extremophiles) pikpoopyaviopol epdaviotnkav Katd TNV SLAPKELA TNG TPWLUNG TIEPLOSOU TOU
mAavAtn. H mAswoPndia twv otolxeiwv yla ekeivn TNV TEPLOSO TPOEPXETAL QMO TO OKpaia
nepBAAOVTA TTOU CUVOVTAME ONUEPA, OMWCE €lval oL €pnuol, Ta ndaiotela, ol MAYETWVEG, OL
LVOpoBepuIKEG BLE€odOL (xepoaieg 1 LBATIVEG), oL QAHUPEG ALUVEC Kal Ol USOTOCUAAOYEG, UEPLKA
oo Ta omola eKTIMATAL OTL AmoTEAOVCOV XOPAKTNPLOTIKA OTOLXEL TOU MAQVATN OTNV TPWLUN
TIEPLOS0 KOl yLa EKATOUUUPLO XPOVLAL.

Kamole¢ OopAdEC UIKPOOPYOVIOUWY KOTAdEPAV VA TPOCAPUOCTOUV ota TepLBaAlovta
ekelva kal dtadopa €ibn akpalddl\wv opyaviopwyv edpatwbnkav otov mAavntn. MNa napddelyua,
To Bepuodha (thermophiles) €i6n, mou cuvavtwvrtal ota Baktrpla, Ta Apxaia kot Toug¢ MUKNTEG,
Kall Ta omola €ivatl Lkava va emBLwvouV Kol va avamtiooovtal o€ Bepuokpacieg péxpt kat 122°C.
Y10 @AAo Aakpo cuvavtoLpue ta Puxpodha (psychrophiles) €idn, kupiwg Baktripla kat Apxaia, mou
UMopoUV va emiBlwoouv ot eEALPETIKA XAUNAEG Bepuokpacieg kaBwg €xouv amopovwBel amod
mieplBaAlovta OMwC oL TAayolL TwV TOAWV Kal ol mayetwveg. Ot Puxpodpleg dLotnteg €xouv
napatnpnbel Kal o PWTOOUVOETIKOUG EUKAPUWTIKOUE opyaviopoUg onwe eival ta Aukn kat ta
Awdtopa.

AMec opdadeg akpaldplwv eivat ta ofeddlla (acidophiles) kat ta aAkaAodha
(alkaliphiles), €ién ta omola avamtuooovtal os eplBAA\ovta PE akpaleg TIMEC pH, eite o O&Lveg

eite oe Baowég ouvOnkec. Emiong ta melodha (piezophiles) €idn pmopolv va emiBlwoouv os
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OKpaLlEG UOPOOTATIKEG TILECELG TIOU UTIOPEL Vo PTACOUV PEXPL KAl Ta 18.855 psi. Zuvaviwvtal KoL o€
TIPOKAPUWTLKOUG OAAQ KOl EUKAPUWTLKOUG OPYOVLOUOUG.

H napouoa Slatplpr) EMKEVIPWVETAL O Ulat GAAN PEYAAN Opada opyaviopwy, ta aAodla
(halophiles), ta omoia emiBuwvouv oe mepBarlovta pe vPnAn aAatotnta, aAAd akOUn Kol OE
SloAvpata kopeopéva pe ahata. Tétola meptBarlovta eival ol AAPUPEG KAl UTIEPAAMUPEC ALUVEG,
OAUKEG Kal tedla AAATOC, AAHUPA TTOTAMLA, UTIEPAAUUPEG AlUVEG oToV TUBUEVA TG BAAaooag aAAd
kal Sladopa aApupd mpoiovia Siatpodnc. Ymapxel éva eupl daocua amd avopePOUEVES
aAatotnteg emBiwong oL omoieg Eekvouv amod 5% (w/v) kat ¢ptavouv péxpt kat 36%. OL alodilot
OPYOQVLOUOL TTOpaTNPOUVTAL KOL OTLG TPELG ETUKPATELEG TNG {wn G, Apxaia, Baktrpla kot EukapuwTeC.
Qotooco Sev emPBuwvouv OAa ta €idn oe e€atpetikd vPpnAd enimeda alatotnTag KoBwg HEXPL
OTLYUNG €xouv mapatnpnBel Vo Sladopetikol pnxaviopol mpooapuoyns. H mpwtn otpatnylkn
ETUTPEMEL OTA GAQTO VA ELOEPXOVIAL OTO KUTTOPOTMAAcpa (salt-in strategy) kot xpnoipomoteital
KUPLlWC amd avIumpoowmnou¢ tng kKAAdong Halobacteria (Apxaia). Xe autr) TNV oTpATNYLIK) Ol
TIPWTEIVEC €XOUV TIPOCOPUOOTEL WOTE va UMOPOUV va Aettoupyolv o€ UPNAEC OUYKEVIPWOELG
oAatwv. H dgUtepn otpatnytkn (salt-out) xpnolpomoleital Kupiwg anod opadeg Baktnpiwv Onwe tTa
Proteobacteria, Firmicutes kat Cyanobacteria kobwg emiong kot o OLaPopoug MUKNTEG
(Saccharomyces cerevisiae). MNpémnel va TovioTel OTL, TMépa amd T dUo mapamdvw PaoLKEG
OTPATNYLKEG, N TOWKIALO TWV TIPOCOPHOYWV OTNV aAatotnta €ival TMOAU PEYAAN KAl GUVEXWC
oVOKOAUTITOVTOL VEEC.

Jta aAOodl\a Tapatnpeital €MIoNg TEPAOTIA METABOALKN TOWKIAOTNTA OMWCG OEUYOVIKA,
avofuyova odwtotpoda, aepofla etepOTpoda, (UUWTEG, ATIOVITPOTIONTEG, UELWTEG BEUKWV Kal
puebavoyova. EmumAéov, €xouv amopovwBOel alodplol ofeldwtég Belou, HewTEG owdrpou Kot
oKeTOoyova €i6n. Emiong, moAAd alodpla Paktipla €xouv Ppebel oOTL ekteAouv TUpwon,
OKETOYEVEQDH, avaywyn Bellkwy Kal pebavoyéveaon.

Ol aAodlotl kal apketol aAAol akpaltodllol opyaviopol xpnolponolovvtol o mMAnBwpa
LOTPIKWY, PBLOUNXAVIKWY KAl €pyootnplakwyv edapuoywv. To XOPAKTNPELOTIKOTEPO TApASELyUa
amoteAel n Oéppo-otadepr) moAupepaon “Tag” and to Bepuddpilo Baktnplo Thermus aquaticus n
orola XpnoLUOTOLEITOL EUPEWC OTO TIPWTOKOAAO TNG aAuoldwTAG avtibpaong moAupepaong (PCR).
Ouolwg, aMa éviupa amd oakpaldPplloug opyaviopous £xouv PBpel edpappoyn oe Sladopoug
EPELVNTIKOUC TOUELS. H eKPETAAAEUON TWV EVIVHWY ATAV ATIO TIG TIPWTEG EPEVVNTLKEG KATEUBUVOELS

TIou oKoAouBnoav TNV avakaludn Twv OpyavioUWV auTwv. EmumAéov, pe tnv mMpoodo NG
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texvoloylag Kal NG enefepyaoiag Hokpopopiwy, autd ta éviupa UmopoUlV va Tpomornolnbouv
woTte va Talplalouv kaAutepa o KABe edappoyn.

H mapaywyn Blokauoipwv eivat aAAn plo epappoyn, omou Siddopa pebavoyova kat
Bepuodha oteAéxn PBaktnplwv XPNOLUOTOLOUVTAL Of HUEYAAEC TOCOTNTEG yla TNV Tapaywyn
BoutavoAng, uebaviou kat Blo-vtileA (biodiesel). O¢eddAoL opyaviouol xpnoLomnolouvTaL Mmiong
otnv €£6pugn LETAAAWYV YL TNV ATOUAKPUVON aSLAAUTWY 6oUAPLSLwY Kal ofelSiwv.

H mapaywyn kapotevoelbwv eival duvaty He tn xprnion okpatddplwv. Mapolo mou ta
TeEpLOOOTEPA KapPOoTeEVOELS &gV umopouv va mapaxbolv oe uPnAolg pubuolg, KATL TETOO lvat
duvatd pe tnv Baktnprododivn, tnv kavBafavOivn kat to B-kapotévio. H Paktnplropodoivn
oUM\éyeTal ano to alodho apyatofaktiplo Halobacterium salinarum ot XpnoLoMoLeiTal Og Eval
gupL paoua epapupoywv (oAoypadia, texvnrot apudiBAnotpocldeic, Badeg, avavéwaon BLOXNULKAG
evépyelag). H kavBagavBivn amno 1o eidog Haloferax alexandrinus xpnoulomnoleital wg Badr Kal wg
MPOoBeTo TPOodipwV. To B-KOPOTEVIO XPNOLUOTOLETAL ETONG WG TPOCOETIKO daynTol KAl Wg
oupmMAnpwpa Statpodnc. Mapdyetal amd tnv aAodn aAyn Dunaliella salina. Tnv teleutaia
Sekaetia n €peuva Tou adopd T XPron mpwrteacwv/Autacwyv Kat yAukoluA-uSpolaowv amo
oKpalOPIAOUG Opyaviopoug £xel evtobel. AUTEG oL OUGCIEG XPNOLUOTIOLOUVTIOL EUPEWC OF
QITOPPUTIAVTIKA poUXWYV, OTNV TIAPOOCKEUN TUplwV Kol otn {uBomotia. EmutAéov, pla onpavtiki
mubavn edappoyn eival n xprion aAddlwv otnv mapaywyn PLo-S1oomwpUeVWY TTAQCTIKWY LE OTOXO
TNV OALK QVTLKATAOTAON TWV CUUBATIKWY TTAAOTIKWY Ttou Bacilovtal oto metpélalo.

ATo TNV MAeUPA TWV LATPLKWY EPapUOYwWY, Ol aKPALOPLAOL OpYaVIOUOL XpnoLomolouvTal
otV Tapaywyrn OvTIBLOTIKWY, QaVILULUKNTIAOKWY KOL OVTIKAPKWIKWY Hopiwv. Ovtag otnv
mAsloPndia TOuG HIKPOOPYAVIOUOL, AUTA Ta €16 UmopoUV Kol mapAyouV OUGLEG TTOU aVaOTEAAOUV
BloAoyilkd cuotiuata aAAd Kal tnv avantuén AAAwv PikpoBiwv, yeyovog To Omolo pmopouv va
EKUETAAAEUTOUV OL EPEUVNTEC VLA VA ETILTUXOUV £VOL CUYKEKPLUEVO OTOXO N Beparmeia. Mia amnod Tig
Tubaveg epappoyEg elval n xprion kuotdiwv aepiov (gas vesicles), Ta omoia £xouv tpomomnolnOet
oto alodlo eibog Halobacterium NRC-1 yla tnv Xpnon Toug w¢ EVAAAAKTIKOU CUOTAUOTOC
xopnynonc euPBoAiwv. Autol tou eidoug ta KuoTidla €xel amodelytel OTL PoKAAoOUV E€mMOpPKA
0VOOOOUTOKPLON OTA TIOVTiKIA KOl Ta amoteAéopata eival evBappuvtikd. Ol OVTIKAPKLVIKEG
dLotntec petafoAtwy anod to Halobacterium salinarum €xouv mapatnpnBeil én in vitro xal in vivo
o€ movtikla. OL WL0TNTEG AUTEG TwV METAPBOAITWY Tapatnpndnkav mpoodata Kal EKTLUATAL OTL

TIEPLOCOTEPEC TETOLEC OUOCIEG Ba eviomIoToUV 0To HEAAOV QO TOUC EPEUVNTEG, KABWC oAoEva Kal
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TIEPLOCOTEPA AKPOLODIAQ €16 OVAKAAUTITOVTOL KOL ETLOTPOTEVOVTIOL OTNV €PEUVA KATA TOU
KapKivou.

TéAog, oL akpalodllol opyaviopol €xouv TOAU peyalo evdladépov yla to medlo tng
oaotpoBloAoylag OTou N HEAETN TWV CUVAPTIACTIKWY TIPOCAPHOYWY TOUC UMopEel va kaBodnynoel o
peyalo Babuo mpwtokoAa Stepevvnong tng mbavotntag {wrng og AAAOUC TTAOVHTEG.

ITnv mapoloa SLatpLPr) eMLXELPONKE LA CUVOALKN) GUYKPLTIKI YOVISLWUOTLKI) avAaAuon Twy
oAODIAWV OpYaVIOUWY, TWV (PUAOYEVETIKWV TOUG OXECEWV KOl TWV TPOCAPHOywv Ttoug. Ot
ETUUEPOUG OTOXOL NTaV oL €€N¢: 1) H kataypadn TwV AmooTACUATIKWY LEXPL OHEPA TTANPOdOopLWY
Twv aAoPpAwv eldwv amd OAeC TIC €eTUKPATELEC Tou Oévtpou NG lwng (Baktipia, Apxaia,
EukapuwTteg) Kal n opyavwon toug os pia Baon dedopévwy pe mAnpodopieg elpoug alatotntag,
Taflvokng Béong kat dedopévwyv akoAouBwwv f yoviStwpatwy, 2) H ¢duloyevwuiky avaiuon
oaAod\wv apyatofaktnpiwv t¢ kKAaong Halobacteria kat n SlaAeUKaAvVon TWV YEVEAAOYIKWY TOUG
ox€oewv, 3) H ouykpLtikn avaAuon tou mpodiA Twv apvofEéwyv oto MPWTEWHOTO AAOPIAWY Kal pn-
oAOPA\wv eldwV Kol n avixveuon poplakwv umoypadwv adodl\wv oe eupeia kAlpaka, 4) O
oXeSLAOUOG €VOG AOYLOULKOU €pyOoAEiOU yla TOV QUTOHOTO EVIOMIOUO HOPLOKWY UToypadwv
TIPOCAPUOYWV OTNV AAATOTNTA O MPWTEIVIKEC akoAouBieg, kal 5) H mav-yoviSiwpatiky avaiuon
™G kKAdong Halobacteria, n tepetivnon tng yovidlakng de€apevng Kal Twv XapakTnPLOTIKwY tTnG. OL

TIAPOTIAVW OTOXOL OPYOVWVOVTAL KoL tEpLlypadovtal o€ entd kedpalala:

e KeddaAaio 1: Elcaywyr otoug akpaltodiloug kot aAdPpiloug opyaviopoug.

e Kedalaio 2: HaloDom: Mia Baon Sedopévwv aAOPIAWV 0pYyOaVIoHWY OO KAOE EMIKPATELA.

o Kedalawo 3: Duloyevwuikn avaluon adodwv apxatofaktnpiwv.

o KeddaAaro 4: Avaluon tou podiA Twv apvosEwv aAodAwy eLdwv.

e Kedahawo 5: HaloPredictor: Eva epyaAeio yla TOV €EVIOMIOUO TIPOCOPUOYWV OTNV
oAatotnta.

e KeddAauo 6: Mav-yovidliwpatiky availuon tng kKAdong Halobacteria.

e KedaAalo 7: JUPMEPACUOTO KOL TIPOOTTTIKEG.
210 Kedalatwo 1 yivetal pia cUVIOUN €L0aywyr 0Toug akpalodlAoug opyaviopoUs Kal ota

Sladpopetika neptBarlovta ota onoia katadEpvouv va emiBlwoouy pe emtuyia. Katomw, divetal

Eudaon oe AEMTOUEPELEG KO LOLAUTEPOTNTEG TWV AAODIAWY OPYAVIOUWY TIOU VOl Kal TO KUPLO
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avTikelpevo ™G Slatplpng. Avadépovtal ol LOTPKEG Kal BLOUNXOAVIKEG £DOPUOYEG TIOAAWVY
0AODIAWV KoL AKPALODIAWY OPYAVIOUWY KOL YIVETAL ULOL EKTILNON VLA TIG LEANOVTIKEC TIPOOTITIKEC
aglomoinong Toug.

Jto Kepdhawo 2 mepiypadetrar n dnuioupyia plag Paong Sedopévwv alodlwv
opyaviopwy, He titho “HaloDom”. Mavw amd 1250 €ién aAodAwv 0pyavIoUWV Kataypadnkay amno
™ BBAoypadia. Ol eyypadeg tng Baong mepthapfavouv Baotkeég mAnpodopieg OMweg To eminedo
oAatotntag oto omoio PBpébnke o opyaviopdg, n tafvoplky Béon tou ald kot Sedopéva
akoAouBwwV Onwg n Umopén n oxt SlaBéciuou TANPOUG YOVISLWUATOC, TPWIEIVWY KATL
Meplypadovtatl avoAutika ot Sladlkacleg Kol Ta MPWTOKOAAQ TIOU XPNnOoLUomolnOnkav ylo Tov
oxebloopd ¢ Paong Oebopévwv KAl TNV OAOKANpwOoR NG OtnV  LOoTooeAiSa

http://www.halodom.bio.auth.gr.

Jto Kedpdalawo 3 mpaypotomoleital ¢uloyevwpik avaluon 124 pedwv ¢ KAAoNG
Halobacteria kat 33 e€wopddwv apyatofaktnpiwv kot Baktnpiwv pe Tn xprion 242 cuvinpnUeEVWY
MPWTelvwV. To PpuloyeveTiko §€vtpo péylotng mibavodavetlag (maximum likelihood) mou npoéku e
HE TN Xpnon tou mpoypdppato¢ IQ-TREE Swadwrtilel kal emikalpomolel MPOBANUOTIKEG MEXPL
ONUEPOA YEVEAAOYLKEG OXETELG SladopeTIKWY opadwv TnG kKAaong Halobacteria.

310 Kedpalato 4 yivetal ouykpLtiki avaluon tou mpodiA Twv apvoléwv Hetafld aAodAwy
Kal pn-aAodpwv edwv. Xpnowomowvtag pebodouc epapyxikng opadomoinong (hierarchical
clustering) kal avaAluong kupiwv cuviotwowv (principal components analysis) kat aglonowwvtag tnv
MANBwpa Twv SoBéoIlpwY TPWTEIVIKWY akoAouBwwv emituyydavetal n Stakpty opoadomoinon
oAODAWY Kal pN-aAod\wV avitupoownwyv MPe Eexwplot) ouvBeon OSladopeTikwy opdadwy
opwoEwv (m.x. ofwva, Baoika kA.). Ot dtadopég auTEG lval epdaveic KoL oTiG SLOpEUPPAVIKES
npwrteive¢ twv Halobacteria, efalpwvrtag¢ Opwg ta SlapeuPfpavikd TOUG TUAMOTO Ta omola
Slatnpouv un-aAodpiln cuvBeon apvolEwy.

Q¢ enéktaon tou Kedpahaiou 4, oto KepdaAawo 5 ta mpodil Twv apvoléwv twv aAopAwv
OPYOVIOUWY XPNOLLOTIOLOUVTOL YLOL TNV AVATTTUEN ULaG EPapoynG N omola avixveUEL TTPOCAPUOYEC
oAaToTNTOG (HOPLAKEG UToypadEC) Ot TPWTEIVIKEG akoAoubBiec. H edapuoyr) xpnolpomolet
ypapukn Siadopornolovoa avaluon (linear discriminant analysis) ywa tn oUykplon Twv
TIOOOOTLAlWY avVaAOYLWV TwV OULWVOEEWV ot TipwTeives. H edbapuoyn ovopdaotnke “HaloPredictor”
Kal €lval evowpatwpévn otnv wotooeAida tng Baong dedopévwv HaloDom. AvamtuxBnke emiong
outovoun £€kdoon yla XpHon O€ MTPOOWTILKO UTIOAOYLOTH, N omola d€xetal MOAAMAEC akoAouBieg

MPWTElVWY, auEAvovTag £TOL TNV XPNOTLKOTNTA TNG.
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210 KedpaAauwo 6 mpayUaTonoLelTaL Tav-yovISLwUATLKA avaluon tng kKAaong Halobacteria pe
™ Xpnon 76 yoviblwpdtwy. Ta amoteAéopata €6elfav €va avolytd mav-yovidiwpa, HE HLKPO
aplBud cuotatikwyv yovidiwv (core genes) KalL QPKETA HEYAAO 0plOUd omaviwv yovidiwv Tou
evrtornilovtal oe pepovwpEva €idn, yévn | okoyeveleq. MNa tig 23.576 nmpoPAedOeioeg yovISLOKEC
ouotadeg (gene clusters) kal TG 217.783 MPWTIEIVEG TTOU TLG ATOTEAOUV, €YLVE OXOALAOMOG E TO
npoypoppa EggNOG. Eva amo ta KUpLo EUPAUATA TTOU TTOPATNPABNKOV LETA TOV OXOALAOUO Elval N
umapén peyalou mocootol MpwTteivwy Pe ayvwotn Aettoupyia (“function unknown”). Katt tétolo
Oelyvel OtL otnv kAdon Halobacteria umdpyouv mBavotata VEEC MPWTEIVIKEG OLKOYEVELEG KOl
BloAoylkd cuoTripata PE AyVWOTEeC Asttoupyies. Emiong, evdladépov mapouaotlalel 0 EVTOTILOUOC
yoviSiwv Ta omola amavtwvtal Pe mopanavw anod tpia aviiypada oe kaBe yoviSiwua.

H mapovoa Sibaktopikr) dtatplBry oAokAnpwvetal oto KepdAaito 7 pe tnv mapouasiaon Twv
CUUTTEPACUATWY Kal pia TpoomdBela kataypadrng UEANOVIIKWY TIPOOTITIKWY OE OUTO TO TIOAU

evéladépov Kal cuvapmacTIKo Tedio £peuvag TwV AAOPIAWY OPYOVIOHWV.
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Chapter 1: Introduction to extremophiles and halophilic organisms

1.1 Extremophiles

Planet Earth is approximately 4.5 billion years old. However, the initial environmental conditions
did not favor the emergence of life for millions of years. The latest evidence suggests that the first
forms of life came to existence at 3.7 billion years ago and possibly earlier [1]. Although it is not yet
clear about the exact temperatures, gases, and conditions that were dominant in Earth’s
atmosphere [2, 3], the conditions of the planet before the great oxygenation event [4, 5] can be
considered extreme by today’s life standards.

Despite the harsh conditions, life emerged during these early years and one of the first
organized and complex life forms, microorganisms, were already influencing the planet’s
environment [6, 7]. Microbes are among the most ancient survivors on the planet, omnipresent,
and adapted to a variety of extreme conditions. It is believed that microbial extremophiles emerged
during that early period of the Earth. Most of the evidence of early life on Earth comes from
extreme environments such as hydrothermal vents, arid expansions, and salt lakes which exist
today and were more commonly present in the planet million years ago [8].

Several groups of microorganisms adapted to these early environments and many different
types of extremophiles emerged [9]. Thermophiles are microbial species able to grow in
temperatures of 45°C and survive at temperatures as high as 80-100°C. Most of the thermophiles
discovered belong to Archaea, with fewer representatives from Bacteria. Psychrophiles on the
other hand are able to survive in extremely low temperatures and have been isolated from places
like the Antarctic Sea ice. Photosynthetic eukarya like algae and diatoms but also bacteria have
been found bearing adaptations to low temperatures, although as more species are discovered,
psychrophilic Archaea could also be found. Another group of extremophiles are acidophiles and
alkaliphiles, which thrive in habitats with extremely low or high pH values. Piezophiles are
organisms able to survive hydrostatic pressure equal or above certain psi levels. There are reports
of piezophiles surviving and growing at 18,855 psi [10]. Piezophilic species can be found both in
prokaryotic and eukaryotic domains.

The focus of this study however is on halophilic organisms. Halophiles live in saline
environments sometimes saturated with salts, such as salt lakes, hypersaline lakes, salt flats, brine

underwater pools, salt rivers, and even salty foods. There is a wide range of salinities reported
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starting from 5% (w/v) going up to 36% (seawater salinity is about 3.5%). Halophiles expand in all
three domains of life, Archaea, Bacteria, and Eukarya [11], however, not all species are conditioned
to survive in NaCl saturation as there are two different strategies for dealing with high salinity. The
first strategy referred to as “salt-in” is used mainly by the archaeal class of Halobacteria. Species
that use this strategy allow salt to enter the cytoplasm and contain salt-adapted proteins that can
deal and function under salt-stress. In the second strategy called “salt-out”, salts are prevented
from entering the cells, and instead compatible solutes are produced in the cytoplasm like glycine
betaine and ectoine in order to combat the osmotic pressure [12-18]. The salt-out strategy is
mostly used by several bacteria like Proteobacteria, Firmicutes, Cyanobacteria, and also fungi like
Saccharomyces cerevisiae. However, several species of bacteria from the phylum Rhodothermaeota
like Salinivenus iranica and Salinivenus lutea, but also Salinibacter ruber from Bacteroidetes, as it is
supported by this study, seem to have salt-adapted proteins, probably transferred from
Halobacteria [19-21]. Therefore, the diversity and dynamics of salt-adaptation appear to be high.
Halophilic metabolism is also very diverse, and halophiles are reported to include oxygenic
and anoxygenic phototrophs, aerobic heterotrophs, fermenters, denitrifiers, sulfate reducers, and
methanogens. Additionally, halophilic sulfide oxidizers, iron-reducers, and acetogens have also
been isolated [22, 23]. Also, several halophilic bacteria have been found to perform fermentation,

acetogenesis, sulfate reduction, phototrophy, and methanogenesis [24, 25].

1.2 Industrial and medical applications of extremophiles

Halophiles and many other extremophiles have a plethora of industrial, medical, and other
applications. First, the several adaptations inside the cells of extremophiles produce capable
enzymes for many different purposes. For example, the thermostable polymerase “Taq” from
Thermus aquaticus, a thermophilic bacterium, is widely used in the Polymerase Chain Reaction
(PCR) protocol. Other enzymes from extremophiles can be harvested and used in many research
areas. Mining for, so-called, extremozymes is the first biotechnological application since these
organisms were discovered. With recent advances in industrial enzyme technology, these enzymes
can be modified to best suit each application [9, 26]. Biofuel production is another application
where several methanogenic and thermophilic strains of bacteria are used in large quantities,
where they are able to take in substances like cellulose, sugar, and waste products to produce
butanol, methane, and biodiesel [27]. Additionally, some strains are engineered to handle higher

concentrations of substances. The algal Cyanidium caldarium is also reported as a promising target
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for biofuel production [27]. Another application is biomining, where acidophiles are used to remove
insoluble sulfides and oxides from various metals during mining [27]. Carotenoid production is
possible with extremophiles, even though most carotenoids cannot be synthesized at high rates. In
some species it is possible with the use of bacteriorhodopsin, canthaxanthin, and B-carotene [27,
28]. Bacteriorhodopsin can be acquired from Halobacterium salinarum and is broadly used from
holography and artificial retinas to dyes and renewal of biochemical energy [29]. Canthaxanthin is
used as a food dye and additive and is produced by halophilic Archaea and specifically Haloferax
alexandrinus [30]. B-carotene is used as an additive in baking and as a food supplement. It is
produced by the halophilic algal Dunaliella salina. In recent years, research on the use of
extremophilic proteases/lipases and glycosyl hydrolases has intensified. These substances are used
widely in laundry detergents, cheese making, brewing, and baking and are typically collected from
mesophilic species [27]. Additionally, an important application is the use of halophilic
extremophiles in the production of bio degradable plastics, in order to replace conventional oil-
based plastics which will have a huge positive impact on the environment [31].

Extremophiles, from a medical applications perspective, are also used in the production of
antibiotics, antifungals, and antitumor molecules. Extremophilic species are able to produce
substances to inhibit other microbial species and systems, which in turn can be exploited by
researchers for a specific purpose [27]. Another interesting application is the use of gas vesicles
engineered in Halobacterium NRC-1 as an alternative vaccine delivery system. These specific type
gas vesicles have been proven to elicit an adequate immune response in mice and show promising
results [32]. The antitumor capabilities of supernatant metabolites from Halobacterium salinarum
have also been demonstrated in-vitro and in-vivo in mice [33]. The antitumor effects of metabolites
from Halobacteria are a recent discovery and more effective substances are expected to be
discovered in the future, as more extremophilic species are utilized in cancer research.

Lastly, extremophiles are used as model organisms in the field of astrobiology. Relevant
research topics range from evolution of life and mass extinctions to the future of life on earth and
its expansion in outer space. Astrobiology could take advantage of these organisms to simulate

environments from other planets and explore their habitability potential [34-36].
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1.3 Research aims and objectives
From the above is it quite evident that the observation for the presence of life at the fringes of
physical and chemical space unarguably raises the issue of the boundaries of the biological
envelope. The investigation of the mechanisms and drivers of adaptive evolution in extreme
environments has seen a tremendous interest in the last couple of decades. Part of this attention is
related to fundamental questions as extremophiles seem to reframe the window of viability.
Another part concerns potential applications of these organisms that could prove invaluable in
biotechnology and medicine.

On this basis and with an emphasis on halophiles, the largest group of extremophiles, the aims

of the present PhD dissertation focused on four major areas:

1) To perform an exhaustive literature search on halophilic species from all three domains of
life, catalogue those with all relevant metadata, and design a database of halophiles.

2) Taking advantage of the plethora of available genomic sequences of halophilic taxa and non-
halophilic relatives, to detect potential molecular signatures of salinity adaptation in the
genomes and proteomes of halophiles.

3) To perform an extensive investigation of the phylogenetic relationships of halophiles with a
focus on Halobacteria and clarify the topological placement of several unstable groups.

4) To investigate the evolutionary characteristics of the pangenome of halophiles and the

diversity of protein families.
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Chapter 2: HaloDom, a new database of halophiles across all life domains

2.1 Introduction

Halophilic organisms may thrive in or tolerate high salt concentrations. They have been studied for
decades and a considerable number of papers reporting new halophilic species are being published
every year. Halophiles are categorized as slight, moderate, and extreme, depending on their
maximum salinity tolerance [24]. Halophilic species exist across all life domains [37, 38] showing
considerable diversity in metabolic strategies and physiological responses, especially among
microbes [24, 39-41]. Research on halophiles has mainly focused on the specific adaptations and
molecular mechanisms that enable them to maintain their osmotic balance under salt-stress. A
great deal of interest has also been channeled towards the investigation of their diversity and
phylogenetic relationships as the majority of them constitute ancient evolutionary lineages [42, 43].
On a different avenue, biotechnology has recently decided to delve into the survival kits of
extremophiles in the hunt for biocatalysts functioning in hostile environments. All this interest is
reflected in the plethora of papers reporting new halophilic species every year [44-46], a trend
which is expected to increase. Consequently, and due to the large quantities of data produced by
next-generation sequencing, there is a need for a database repository of extremophiles which will
be regularly updated.

So far, there are three halophilic databases available online: HaloWeb [47], HaloBase [48]
and HProtDB [49]. HaloWeb focuses on genome information and provides complete genome
sequences available for downloading. There are also features like blasting sequences against a
genome and genomic maps. In total, 19 haloarchaeal species are registered in HaloWeb. HaloBase
contains more general information in 23 halophilic archaeal and bacterial halophiles. GenBank
sequence numbers, number of chromosomes and plasmids, gene/protein content, and cellular
features are among the database entries. HaloBase provides user accounts, followed by the ability
to add a new organism as a registered member. In HProtDB, the priority is protein content. The
resource contains physical and biochemical properties of halophilic proteins for 21 strains of
Archaea and Bacteria. It also allows users to register as members and enter their own halophilic
data. All three databases are restricted to information about halophilic Archaea and Bacteria, their

number of entries is limited to an average of 18 and are irregularly updated.
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In this chapter, a new halophiles database covering more than 1250 halophilic species and
spanning all three domains of life is presented. This new resource was named “HaloDom” and is

available online at: http://halodom.bio.auth.gr.

2.2 Materials and Methods

An extensive literature search has been carried out through the Web of Science, Scopus, PubMed,
and Google Scholar using appropriate keywords (i.e. haloph*, salt, saline, hypersaline,
extremophile) as well as combinations of them. Ultimately, the Web of Science was chosen as the
primary source of literature as it provided a sophisticated search/query engine that suited our
methodology and was proven to contain most of the papers found in other literature databases.
The keyword combination that returned most papers in Web of Science was “sp nov haloph*” (on
title section), returning 610 papers reporting new halophilic species at the time of the search. The
same keyword combination returned many results in Google Scholar (2410), but not all of these
papers contained the desirable keywords in their titles making its search engine unsuitable for our
purposes. Scopus returned 615 results, but the interface of Web of Science offered a more flexible
environment. There was great overlap among all three literature databases. Google Scholar
however also returned several unrelated papers. Finally, a small number of books and reports
containing useful information about halophilic species (albeit with no salinity data) were also
included.

The methodology followed for data extraction was the same for papers, books, reports, or
other document types. Because of the query “sp nov haloph*” that was placed as a title search,
every document result from Web of Science contained reports on novel species. The text was
searched for salinity information about the new species, in particular minimum, maximum, and
optimal salinity range reported either as weight-to-volume (w/v), parts per thousand (ppt) or molar
concentration (M). All salinity information was converted to weight-to-volume scale for data
homogeneity. Finally, the halophilic species were categorized as “slight”, “moderate”, or “extreme”
according to Ollivier [24], and more information mentioned below were added to an excel
spreadsheet.

The obtained list was initially refined by topic and document type and potential errors on
the data were filtered out manually. The final dataset-spreadsheet was organized in several
columns (i.e. full taxonomy of each species, salinity record or range, halotolerance classification,

genome availability, bibliography, notes/other information). Several taxonomy databases were

25



used for registering the taxonomy of halophilic organisms (Table 2.1). “Salinity recorded or range”
column reports either a single salinity value or a range of salinities, or both depending on the
available information from the scientific source. “Halotolerance classification” included three
halophilic categories: “slight”, “moderate”, and “extreme”. We searched for full genomes for all our
entries in the NCBI genome database. The column “Genome availability” contained five possible
states: complete genome, shotgun, mitochondrial genome, chloroplast genome, and no (not
available). “Bibliography” contained the scientific article/s from which the information was

extracted. “Notes/other info” is a complementary column for any type of information or metadata

gauged as necessary to be documented.

Table 2.1. Taxonomy databases that were used to record taxonomic information about halophiles in
HaloDom.

Nivakag 2.1. Ow Baoelg Sedopévwv Tagvopiag mou xpnotuonotjonkav yia thv kataypodpn ninpodopLwv
otoug ahodpiloug opyaviopolg thg HaloDom.

Taxonomy Database Number of species

NCBI taxonomy browser 942
algaeBASE 49
World Register of Marine Species 32
Encyclopedia of Life 32
Integraded Taxonomic Information System 17
Atlas of Living Australia 11
Catalogue of Life 1
Global Biodiversity Information Facility 1
Global species 1
INPN - Inventaire National du Patrimoine 1

Naturel

Marine species identification portal 1

Sum 1088

The spreadsheet was converted to a comma separated values (csv) file, and uploaded to a
local database with the use of XAMPP and apache server [50]. PhpMyAdmin was also used [51] in
order to handle the administration of the MySQL database protocol locally or in a webpage.
Additionally, NetBeans 8.1 IDE (Integrated Development Environment) [52] was installed for
creating the website with the use of HTML (HyperText Markup Language) and the programming

languages PHP and Javascript. The user interface was created and modified using HTML and
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cascading style sheets (CSS) for the visual parts, and both PHP and Javascript for all functional parts
regarding interactions between users and the database.

After importing the spreadsheet to the database all data were converted from a csv file to a
table called “halodb”. The table was assigned with a primary key column called “Species_ID”. A
primary key in mySQL is a number for each individual row of a table and it is unique. In this case,
every halophilic species has a unique primary key. This primary key, or “Species_ID” column, always
contains an integer starting from 1 and set to “auto-increment”. As more species are added to the
database, this number is automatically increased providing every species with its distinctive ID
number.

The HaloDom data structure started as one table that contained all information. However,
as data volume increased it was necessary to break down the database into several tables. This
methodology improves the speed and efficiency of the database during user query. It is also a way
of organizing data, so that administrators can easily check the data integrity, make changes, and
reduce redundancy. The structure of the database was changed from the table called “halodb”,
containing all recorded information, to three tables. The first information separated from “halodb”
was the “Bibliography” column, which was moved to a table called “Bibliography”. “Bibliography”
table was assigned a primary key called “Biblio_id” and four columns: “pub_title” which contains
the title of the study, “authors” containing the study’s author/s, “journal” mentioning the name of
the journal, and “biblio_link” providing a direct link to the study. The third table is called “genomes”
and contains five columns: “Genome_id” which is the primary key, “Species_ID” which is a foreign
key from “halodb” table, “Species” which is the species name, “Genome_type” which declares the
type of genome, and the “ncbi_link” which contains the link to the genome details in the NCBI
genome database. A graph of the relationships between all three tables can be found in Figure 2.1.

The website project in NetBeans 8.1, written mostly on HTML, CSS, and PHP, was named
“HaloDB"”. Several .php files were created in order to design the user interface and its database
functions. Home page contains a welcoming text and a photo slide created with the use of a jQuery
script. Moreover, pie charts were created with Google Charts [53] and the use of JavaScript. These
charts were embedded to the webpage code and can be viewed through the user interface.
Halophilic entries are presented in a new page when clicked, where all available information is
listed. Additionally, if a full genome is available the user can be redirected to the corresponding

NCBI genome page. Also, users can perform a nucleotide or protein search.
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A short Perl script was written to utilize the ip counter incorporated into the website code.

III

The script was named “ip2location.pl” (Perl script A1) and created a list of locations derived from
the list of ip addresses of the website visitors. The script uses a Perl package from the
Comprehensive Perl Archive Network [54], called “Geo::IP2Location”. The list of locations was
saved in a .csv file format and inserted in Google maps [55] in order to visualize the website’s
visitors . Also, the traffic monitoring of HaloDom was assigned to Google analytics [56] for extensive

and more analytical information regarding the audience of the website.

halodb

,,,,, genomes
Species ID L
Species \_ : : :
: : Species_ID
Genus : -

SR x Species
Famlly A T N N N NN

Nasu/ahoks¥ea du kahdubadubadebidubadubidubadubdubadubadubadubadubadubadebadubach A Genome__type
order e .‘. .. ..........
= ncbi_link

Class .
Phylum
Kingdom
Domain bibliography
Taxonomy_DB Bibl_iofic_l
Genome_availability pub__title
Salinity_records_or_range ‘al‘Jt‘th"S ““““““
Halotolerance_classification journal
Biblio_id biblio_link
Notes

Figure 2.1. HaloDom consists of three tables shown in the picture. Foreign key relationships are shown
with blue lines. Beige cells are integer numbers while purple cells are varchar, meaning mixed characters
and numbers.

Ewova 2.1. H Halodom amoteAeitat anod tpelg nivakeg Sedopévwv oL onoiot dpaivovral otnv ekova. Ot
UIAE YPOAHUMEG SNAwVOUV TIG OXEOELS EEVOU KAELSLOU. Ta KEALA XPWHOATOG HMME] MEPLEXOUV OKEPOLOUG
apLOoUG VK T LW TEPLEXOLV XaPOKTAPEG AAAA Kat aplOuolg (aAdaplOuntika).
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2.3 Results

HaloDom is an online database containing more than 1200 halophilic species from all life domains.
Users can perform a keyword search in all columns of the “halodb” table and retrieve all matching
entries in numbered order. The homepage of HaloDom can be seen in Figure 2.2.

The main menu contains four options: “Home”, “Search”, “Contact”, and “About”. The
search page, apart from retrieving data entries, can also show all recorded data and several pie
charts created for a better visual interpretation of the listed halophilic data. The search page
prompts the user to choose a column and perform a keyword search. When displaying the results,
search always displays “Species_ID", “Species”, and “Domain” columns. The column that the user
has selected to perform the keyword search is shown in parentheses inside the “species” column.
Exact or partial keyword matches are highlighted as light-colored text. The results are displayed in
several pages, if necessary. Users can choose how many results per page should be displayed (10,
25, 50, 100). When a search is performed on “Bibliography” field, the results are shown on a
different table that contains paper title, authors, journal, and corresponding species. Figure 2.3
shows the search results page for all fields except “Bibliography” while Figure 2.4 shows the results
table for “Bibliography” searches. The species name is always clickable and leads to the
corresponding entry. The entry page contains all available information and can lead the user to
NCBI for more genomic information. Figure 2.5 displays an example entry page for Artemia

tibetiana.
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. T Archaea Bl
Bauen;i:i_e—l;s_ > Cyanol;aueria '_-F.i:r;li'wles Halfg.a;ciglza— ok *—r;e-th_aﬁé_q\.iuobia Anirﬁgli: Fungi x.;’.l-ainls
Rhodothermaceae Clostridia Hahbad_e};;l-e; Natri;lbales_ ;-;I;f;ra«:ala Methanonii;;;l;}ales \1et_|;;;t;§artinales Crustaceans Chlorophyta
Salinibacter Halanaerobiales Halobacteriaceae
Home Search Contact About
‘-
Additional info
Home page
Other halophilic databases
Welcome to HaloDom ! Tlus webpage 15 an effart to collect and orgamise all halophilic orgamsms recorded to date. So far we have . ]
collectad 1088 species across all life domams. We will melude amy mformation can be useful to researchers from genome and sequence : '%}?T?‘fi
data, to emiroumental details and metabolic pathways. Do not hesitate to contact us if you have published new halophilic species. We will§ « SIALOPH
add it to the database as soon as possible ! Hypersaline Environments

2015-2017 School of Biclogy, Aristotle University of Thessalomila

Figure 2.2. Homepage of HaloDom contains mainly a welcoming text, a small tree graph, and a photo slide.

Ewkova 2.2. H kevtpikr oeAida tng HaloDom mepléXel Kupiwg £va ELOAYWYLKO KEIMEVO, £val LLIKPO SEvTpo-
ypadnua Kot pLo oelpd ad oAloOaivouoeg ELKOVEG.
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Home Search Contact About

Search Database
[Phylum v | [Enter keyword | [ search |
Click here to show all halophilic entries

Click here to show halophilic data charts

Results for "arthropoda™ in Phylum (141)

Page 10f 15 results/page: [10 (25 |[50 [ 100 ]
12345  Next Last

Species ID Species Domain
158 Aeschnidae Anax (arthropoda) Eukarea
161 Artemia urmiana (arthropoda) Eukarea
162 Artemia tibetiana (arthropoda) Eukarea
163 Artemia franciscana (arthropoda) Eukarea
164 Artemia persimilis (arthropoda) Eukarea
165 Artemia parthenogenetica (arthropoda) Eukarea
166 Artemia monica (arthropoda) Eukarea
167 Artemia salina (arthropoda) Eukarea
168 Artemia sinica {arthropoda) Eukarea
200 Branchinecta orientalis (arthropoda) Eukarea

112 345 Next Last

Figure 2.3. The first ten results for keyword "arthropoda" in the "Phylum" column.

Ewkova 2.3. Ta npwta Séka anoteAéopata avalitnong yia tov 6po “arthropoda” oto nedio “©UAo”.
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Home Search Contact

Search Database

eyword || search

Click here to show all halophilic entries

[Bibliography.

Click here to show halophilic data charts

Results for "artemia™ in Bibliography (8)

Page 1 of 1 results/page: [10][25 ][50 ][ 100]

Title Authors Journal Corr. species
General Aspects of the Ecology and . 3 . y IZWO Coll. Rep. 11(1981). IZWO e
Biogeography of artemia Guido Petsoone, Patridk Sofeelogs Collected Reprints, 11: pp. chapter 17 Artemia franciscana
Bactenac:'ltc;nﬁcaal ffrl::i:g’a;h: ?rr::: ;hrlm Aquaculture Volume 118, Issues 3-4, 15
h 1—)_rsaline il SaRE st Ba David V. Straub, Beverly A. Dixon December 1993, Pages 309-313 Artemia franciscana
Dypersatine pendin -2 Franclsco say. doi:10.1016/0044-8486(93)90465-B
California
; - Joiid o e Biological Journal of the Linnean Society
Genetic characterization of artemia Abatzopoulos TJ, Kappas I, Bossier P > 2 goc i vy
tibetiana (Crustacea: Anostraca) Sorgeloos P, Beardmore JA Voluene 75, p333-344 1568 Number Artemia tibetiana
00244066
: : Artemia urmiana
Molecular phylogenetics and asexuality Baxevanis AD, Kappas I, Abatzopoulos TJ Mol Phylogenet Evol. 2006

in the brine shrimp artemia Sep;40(3):724-38. Epub 2006 Apr 28 Attomia borcimitis

A revision of artemia persimilis
Piccinelli & Prosdocimi, 1968 B P
(Crustacea: Anostraca) in Southern Patricio De los Rios-Escalante inteyational ookl of Actevia Blology Artemia persimilis
¥ s = = 3 Vol. 1, No. 1, 2011 p 54-56
Chilean saline lakes: a comparison with
their northern Chilean counterparts

Figure 2.4. The displaying format of “Bibliography” field results for the keyword “artemia”.

Ewova 2.4. O TpOMOG AMEIKOVIONG AMOTEAECUATWY avalntnong kataxwpnuévng BLpAtoypadiag yia tov
6po “artemia”.
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Home Search Contact About

Artemia tibetiana

Species ID: 162

Species name: Artenua tibetizna
Halotolerance: Moderate

Salinity recorded/range: 3.5%-6%

Genome availability: mitochondrial genome

Nebi - nuclectide search

Taxonomy: Artemia(Genus)==Artemudae(F amily)="- Anostraca(Order)="-Branchiopeda(Class)== Arthropoda(Phylum)==Anmalia(Kmgdom)==-Eukarea(Domam)
Taxonomy source: nchi taxonomy browser
Notes: nonotes vet

Bibliography:

o Title Genetic characterization of Artemia tibetiana (Crustacea: Anostraca)

Author's Abatzopoulos TJ. Kappas I. Bossier P. Sorgeloos P, Beardmore JA

Joumal Biological Journal of the Lmnean Society Volume 73, p 333-344 ISBN Number 00244066

2015-2016 School of Biology, Aristotie University of Thessaloniki

Figure 2.5. The entry page for Artemia tibetiana.

Ewkova 2.5. H ogAida e TNV Kataxwpnon tou eidoug Artemia tibetiana.

When showing all data from the search page, the user can select ascending or descending
order with respect to a certain column. The pie charts visualize basic information about the data.
For example, the first chart calculates the percentage of Archaea, Bacteria, and Eukarya in our
database. When the user’s mouse hovers above a certain piece, the frequency is shown first and
then the corresponding percentage enclosed in parentheses. The first two pie charts are shown in
Figure 2.6.

“Contact” section lists the administrators and contact information. “About” page shows the
date of creation of HaloDom, current number of registered halophilic species, and the database
version.

The results from traffic analysis of HaloDom show a wide range of visitors from across the

globe (Fig. 2.7). Google analytics [56] further confirmed the results and provided extensive
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information about users, demographics, and locations. An overview about users per country as of

March 2020 can be seen in Figure 2.8.

Home Search Contact About

HaloDom data

Eukaryotes
312 (28.7%)

Figure 2.6. Halophilic data pie charts. Left: Frequency and percentage of Archaea, Bacteria, and
Eukaryotes. Right: Frequency and percentage of Slight, Moderate, and Extreme halophiles in the database.

Ewova 2.6. Mpadruata mitag yia ta dedopéva aAodlAwv opyoaviopHwv. ITNV apLloTEPR MAEUPA oL
GUXVOTNTEG KOlL TOL TOCOOTA yLa Apxaia, Baktipla Kol EUKOpUMTEG. ZTNV LA MAEUPA OL CUXVOTNTEG Kall
TOL TOCOOTA YL EAadpwe, HETPLA KAt aKpaiwg aAodha €idn.
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Figure 2.7. Unique ip addresses and their locations, collected from HaloDom’s traffic monitor.

Ewova 2.7. Movadikég LleuBuvaoelg SIKTUOU LLE TLG avTioTolxeg TonoBecoieg Toug Tou cUAAEyovTal amo TG

kataypadég emokePewv tng HaloDom.

Country v + 4 Users
902 HaloDom users

100% of total
1 Germany 601
2 United States 51
3 India 46
4 Canada 36
5 China 31
6 Spain 14
7 United Kingdom 13
8 Greece 11

9 g::itz:e:fab 2 I -cenany B United States I nde

Canada I china B cren

10 Algeria 5 I - United Kingdom I G I  United Arab Emirates

Figure 2.8. Users of HaloDom per country as of March 2024.

Ewkova 2.8. Xproteg tng HaloDom avd ywpa tov Maptio tou 2024.
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2.4 Discussion

As a resource, HaloDom expands considerably compared with previous databases in terms of
coverage (representatives from all life domains) and number of entries. Periodical updates are
scheduled once every 2 months and as the database grows, additional metadata (e.g. geographic
distribution, biochemical properties etc.) and analytical tools are planned to be incorporated.

Occasionally, during data curation and annotation, species nomenclature proved to be a
challenge. This was especially true for Archaea and Bacteria given their notoriously difficult
taxonomy and the fast discovery of new strains [57]. Considerable efforts were invested into
resolving this issue by using several taxonomy databases (Table 2.1), but also user feedback is
encouraged. A grey picture also exists in the literature regarding threshold values in halophile
classification (slight/moderate/extreme). For example, in one study the copepod Cletocamptus
retrogressus was found in 2-7.4% (w/v) salinity, and thus categorized as slight to moderate
halophile, while in another study the recorded salinity range was 19.8-36% (w/v), characteristic of
extreme halophiles. This probably reflects the limited knowledge on the biology of many species
but as additional data are gathered more accurate annotations are expected. Also, in the light of
idiosyncratic molecular mechanisms and signatures in extreme halophilic Archaea [58, 59], criteria
for halophile classification could be refined.

As of January 2024, HaloDom contains 1268 entries of halophiles across all life domains.
Novel halophilic species continue to be published in a steady rate and new data are incorporated to
the database. Also, the simple ip address counter monitoring user traffic in HaloDom shows that
more than 4000 unique ip addresses have visited the website. Moreover, further analysis and
visualization dictates that users are visiting the website from several places across the globe (Fig.
2.7).

As of March 2020, HaloDom was registered in Google analytics, for better monitoring the
website’s user traffic. The first four countries that most users come from were United States,
Canada, India, and Greece (Fig. 2.8). These results are to some extent a reflection of the intensity of
research on halophiles in these countries (see also China included in the top 10 HaloDom visitors).
Additionally, there are several regular users present in HaloDom each month which is probably a
sign that HaloDom supports certain research projects in some locations.

The current database fills a gap in halophile research and can be used as a useful repository
and starting point for a wide range of investigations. Over the last few years, research has focused

on the mechanisms responsible for modulating survival in hypersaline settings [13, 38, 60, 61], on
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the biotechnological production of halophile macromolecules [9, 62], on the phylogenetic position
of halophiles in the tree of life [63], on climate change [64, 65], and even on astrobiology [66]. It is
therefore obvious that halophile research addresses appealing questions to several fields of
biology, especially in combination with the diverse spectrum of extremophile organisms. The
answer to the basic question whether sustaining life in physicochemical extremes is a matter of

entire adaptation or due to the action of a few genes is crucial, multidisciplinary, and influential

[67].
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Chapter 3: Phylogenomic analysis of halophilic Archaea

3.1 Introduction

Archaea possess a complex evolutionary history. Being a diverse taxonomic group, it was initially
categorized as Bacteria. However, the accumulation of gene sequences over the years has proven
this arrangement obsolete [68]. Archaeal phylogeny has puzzled researchers and the discovery of
new major phyla and species require a constant update on the phylogenetic status of the group
[69]. Determining phylogeny with the use of single-marker phylogenetic techniques such as 16S
rRNA has been proven sub-optimal, especially among Archaea which exhibit great genetic diversity
and variability even on typically conserved genetic sequences [70].

The archaeal class of Halobacteria and other halophilic taxa within Euryarchaeota are a good
example of such a diversity [71]. Importantly, with the constant growth of public sequence data,
more complicated, multi-marker approaches to phylogeny can be applied [72]. The phylogenetic
literature of Archaea as a whole or within certain clades is considerable, diverse, and broad.
Examples include studies on the DNA replication machinery [73], on the metabolic abilities of
Archaea [74, 75], but also on their evolutionary relationships with Eukarya [72, 76, 77].

All these studies show that the requirements in software tools, computational power, and
data handling methods for large-scale phylogenomic analyses are now met. Although papers have
investigated and kept track of the phylogenetic relationships of the major class of Halobacteria [78-
80], the relationships between Halobacteria and other halophilic species such as the recently
discovered Nanohaloarchaea or halophilic bacteria have not been fully established yet. In the
present chapter, a phylogenetic tree of 124 Halobacteria and 33 outgroup species was assembled
with the use of 242 previously published core protein archaeal markers [81, 82]. This multi-marker
tree was used in order to gain more insights into the phylogenetic relationships of halophilic
Archaea and, specifically, within the class of Halobacteria.

The topology of the tree partly confirmed existing placements but also provided extra
information about the core proteins shared by Halobacteria. It also demonstrated that adaptation
to salinity is not necessarily manifested by common ancestry but sharing a specific group of genetic

traits that remain elusive in their functions.

38



3.2 Materials and Methods

Phylogenetic tree reconstruction from 242 core archaeal markers

For the construction of the multi-marker phylogenetic tree of Halobacteria, several protein markers
were used in .hmm file format. The markers were extracted from the published PhyEco [81] group,
a set of genes selected with focus on universality across Archaea and Bacteria, the ability to be
used to produce robust phylogenetic trees that reflect as much as possible the evolution of the
species from which the genes come, and also low variation in copy number across taxa. Markers
were also collected from the Amphora2 package [82], which is an automated phylogenomic
inference tool. Amphora2 offers a greatly expanded phylogenetic marker database and can analyze
both Bacterial and Archaeal sequences. In total, 266 markers for Archaea and Bacteria were
extracted. The PhyEco markers were 106 and already individual .hmm files. The markers from
Amphora2 were 160, all in a single file. They were separated in individual files with a Perl script
created for our purposes, called “separate_hmms.pl” (Perl script A2). In total 266 .hmm files were
created and placed in a single folder.

With the help of HaloDom [11], 124 Halobacteria proteomes from complete genome
records were downloaded in fasta format from NCBI and also 33 outgroup proteomes from both
the archaeal and bacterial domains with completed genome records (Table Al). The outgroup
species were selected for their known phylogenetic position as close relatives of Halobacteria.
However additional species of interest like Nanohaloarchaea, thermophiles, and halophilic Bacteria
were included in order to examine their relationship with Halobacteria. All proteomes were also
placed in a single folder.

A search was conducted locally with HMMER [83] for the presence of these 266 markers in
our downloaded proteomic fasta sequences. A Perl script was created (“hmmer_ex.pl”) in order to
execute HMMER multiple times for every marker in every genome (Perl script A3). The results were
saved in another folder in the form of .out text files. These results contain a list of matches (if any)
that HMMER found in our proteomes, along with statistical information like E-values and scores.
From this list, the best hit was selected in the form of its unique GenBank ID. To extract GenBank
IDs from more than 40,000 result files, a series of Perl scripts for text mining were developed in
order to determine whether the files in question contained an HMMER hit, or if there were no

matching sequences for each hmm profile. From this process 40,576 GenBank IDs were obtained.
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With the GenBank IDs, the corresponding fasta sequences were retrieved from NCBI and a
catalogue of our 157 species (124 Halobacteria and 33 outgroups) was created, along with their
corresponding marker match sequence in fasta format. The fasta files were titled as their species
name and the number of the corresponding marker (1-266), for example
“Halobacterium_salinarum_157.fasta”. From these fasta files, multiple alignments were created for
every marker. In total 266 alignments were created with the use of the Perl script
“create_alignments_w_mafft.pl” (Perl script A4) and the local, command line version of MAFFT
(84].

All fasta files containing markers were inserted as input in the annotation tool HAMAP [85].
An excel spreadsheet was created with the results of the annotation process. Additionally, visual
inspection of the 266 alignments also determined which markers consisted of highly conserved
sequences. From the annotation, 198 markers scored high in HAMAP with the label “trusted”.
However, another 44 markers were additionally included in the final analysis, because of their
highly conserved sequences after manual/visual inspection.

In total 242 alignments were concatenated with Geneious [86] into a single fasta file. This
file was used an input for IQ-TREE [87, 88], a powerful software tool used for efficient maximum
likelihood phylogenetic tree estimation, allowing for robust and accurate evolutionary analysis of
genomic data. The software was used in its own server, but was also installed in the HPC of
Aristotle University of Thessaloniki for testing purposes. Finally, the software ran with default

parameters and 1000 ultrafast bootstrap cycles for reconstruction of the final phylogenetic tree.

3.3 Results

Phylogenetic tree from 242 core archaeal markers

A phylogenetic tree (Fig. 3.1) from 242 core archaeal markers was created for 124 Halobacteria and
33 outgroup species (Table Al). The topology separates all Halobacteria from outgroups. The node
of Halobacteria contains all three known orders: Halobacteriales, Haloferacales, and Natrialbales.
Haloferacales form a monophyletic group and are separated in two large branches. The same is
true for Natrialbales which diverges from Halobacteriales. However, the order Halobacteriales is a

paraphyletic assemblage: the node leading to Halobacteriales includes the common ancestor to the
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exclusion of four other members of Halobacteriales: Halanaeroarchaeum sulfurireducens,
Halarchaeum acidiphilum, Halobacterium jilantaiense, and Halobacterium salinarum.

Outgroups are placed also in four monophyletic groups. The first group consists of 14
Archaea of class Methanomicrobia. The second group contains two members of class Archaeoglobi.
The third group contains three members of the order Thermoplasmata, one member of candidate
class Candidatus Poseidoniia, two members of proposed superphylum Asgardarchaeota, and five
members of TACK superphylum. The fourth group contains three members of class
Nanohaloarchaea and three species of bacteria. All species of the tree can be found in Table Al in
the appendix.

Throughout the tree, bootstrap values in the majority of nodes are higher than 90%. The
Halobacteria node is supported by 100%. Within Halobacteria, the three orders are also well
supported. In the outgroups, the clade of Thermoplasmata is at 66% while the clade of
Methanomicrobia is at 63%. The complete tree topology with bootstrap values included can be

seen in Figure 3.2.

Data assembly characteristics

Several datasets were created during reconstruction of Halobacteria phylogeny. First, a catalog of
all downloaded protein markers in hmm format was created. These markers are reported to be
abundant in Archaea and could be the starting point for further analyses. Also, 157 proteomes of
the used species were assembled in fasta format. Several Perl scripts were produced in order to get
the GenBank IDs of interest. These blocks of code can help in future projects regarding genomic
data handling. The results of HMMER in .out format are also of considerable size including more
than 40,000 lists of protein sequences that match a specific HMM protein model. The same is true
for the top matches (protein sequences) extracted from these lists. Then, there are the fasta files
containing all 242 protein markers for every species and the multiple alignment files derived from
these files. Finally, the concatenated multiple alignments were created in several versions with
different marker numbers included, for testing the runtimes of IQ-TREE on the HPC AUTh cluster of
“Aristotelis” (10, 100, 200, and 242 markers). All files and folders created for the phylogenetic

analysis alone occupied >2GB on hard drive, around 300,000 files, and 896 folders.
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Figure 3.1. Radial maximum likelihood phylogeny from 242 conserved archaeal protein markers, produced with 1Q-
TREE software. The tree consists of 124 members of Halobacteria and 33 outgroups. Green: Order Haloferacales. Red:

Order Natrialbales. Purple: Order Halobacteriales. Black: Outgroups.

Ewkova 3.1. Quloyevetikd Sévtpo pe tn HéEB0SO péylotng mbavodavelag and 242 cuvinpnHEVOUG PWTEIVIKOUG
Seikteg ApyaloBaktnpiwv, KATAOKEVAOUEVO e TO Aoyloptkod IQ-TREE. To 6évtpo amnetkovilel g oxéoelg 124 peAwv
™G kKAdong Halobacteria kat 33 e§wopddeg. Npdaowvo: Taén Haloferacales. Kdkkiwvo: Ta§n Natrialbales. Mwp: Taén

Halobacteriales. MaUpo: E§wopdadeg.
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Figure 3.2. The maximum likelihood phylogeny of figure 3.1 here shown in rectangular format. Green: Order
Haloferacales. Red: Order Natrialbales. Purple: Order Halobacteriales. Black: Outgroups.

Ewkova 3.2. H ¢puloyéveon péylotng mbavodavelag the ewkovag 3.1, edw oe opboywvia tpofolr. Npdowvo: Tagn
Haloferacales. Kokkwvo: Ta§n Natrialbales. Mwp: Tagn Halobacteriales. Mapo: EEwopnadeg.

3.4 Discussion

The maximum likelihood phylogenetic tree (Fig. 3.1) created for 124 Halobacteria and 33 outgroups
(Table A1), using 242 core archaeal protein markers, is mostly in accordance with the currently
accepted Halobacteria phylogeny [79]. Both Haloferacales and Natrialbales are retrieved as
monophyletic groups. In contrast to these two clades, the third order of Halobacteriales forms a
paraphyletic assemblage. This is caused by the exclusion of the distant members Halobacterium
salinarum and Halarchaeum acidiphilum, in line with previous research [79]. In the current
phylogeny, two more members, Halobacterium jilantaiense and Halanaeroarchaeum
sulfurireducens, are added to this distant group. The polyphyletic component of the inferred
paraphyly of Halobacteriales strongly suggests that halophilicity probably originated repeatedly
either through convergence or horizontal gene transfers. However, we should also take into
account the frequent occurrence of strains with multiple extreme requirements or tolerances (poly-
extremophiles, e.g. Halarchaeum acidiphilum). These situations may result in complex genome
architectures producing a blurred evolutionary signal during phylogenetic investigations.
Undoubtedly, this is a neglected topic in studies on extremophile taxa and more research is needed.

In previous phylogenies [78] using 80 genomes of Halobacteria and 40 PhyEco protein
markers, also used in this chapter [81], the tree topology is similar. Haloferacales and Natrialbales
are monophyletic, and Halobacteriales are separated in two distant groups. Bootstrap values are
significantly lower in previous phylogenies [78] but the overall topology still confirmed the key
phylogenetic relationships.

Outgroups (Table Al) are separated in four monophyletic clades. The first clade contains all
members of the class Methanomicrobia. It appears that this methanogenic and halophilic group
does differ significantly from Halobacteria in genetic traits. It is not yet clear exactly how
Methanomicrobia deal with salinity, even though they are reported to be able to survive in high salt
concentrations [89-91]. Another clade contains the recently discovered archaeal class
Nanohaloarchaea [92] whose members are using Halobacteria as hosts [93, 94], are also extremely

halophilic, even though without known mechanisms of adaptation. Nanohaloarchaea do
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not share most of the protein markers used here with the Halobacteria group. This clade also
includes three bacterial outgroups. Salinibacter ruber, Salinivenus iranica, and Salinivenus lutea
have been reported from saline environments, are extremely halophilic, and also closely related
[95-97]. Though genetically they are considered to be closest to the thermophilic genus
Rhodothermus, they are most comparable to the family Halobacteriaceae, because of similarity in
protein structure. The salinity adaptation mechanisms of these species are in part attributed to
gene sharing through lateral gene transfer from halophilic Archaea like Halobacteria [19], although
it does not seem to be the case with the conserved protein markers used for this analysis. It will be
interesting to compare genomic data between halophilic Archaea and Bacteria, to detect the core
genomic machinery required for survival in extreme salinity. The third and most diverse clade
contains members of class Thermoplasmata, Asgard Archaea, TACK group and one Marine Group Il
Euryarchaeota member which is reported as ubiquitous planktonic marine organism. The fact that
it is placed in proximity with the thermophilic clade is an interesting observation because so far it is
considered as “mesophilic”. The last outgroup clade is comprised by two members of class
Archaeoglobi, Archaeoglobus fulgidus and Archaeoglobus veneficus. The latter is reported to be a
polyextremophile. All outgroups are separated from the Halobacteria clade and the further
investigation of their interesting -and in many cases unresolved- phylogenetic relationships is

appropriate, however is not in the scope of this dissertation.
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Chapter 4: Amino acid profile analysis of halophilic species

4.1 Introduction

It has been previously shown that thermophilic and halophilic microbes can be distinguished from
the amino acid composition of their proteins [98]. In this chapter, we take advantage of the
significantly increased microbial sequence data to evaluate how broad this finding is and also
investigate for the presence of new traits that can potentially be uncovered by a large-scale
proteomic analysis.

Previous studies on the amino acid profile of extremophilic proteins have helped
researchers gain a better understanding of the molecular adaptations required for survival in
extreme conditions [99], with potentially important applications [101-103, 109, 110]. Analyses of
small-sized datasets have so far provided strong indications that the amino acid sequence alone is a
reliable indicator of thermophilic or halophilic lifestyle, with the observed amino acid compositions
aiming for better protein stabilization, correct folding, and thermodynamic stability under several
kinds of stress [59, 98, 104-106, 111-114]. Similar but limited research has been performed on
psychrophilic and piezophilic proteins [115-117]. Additionally, amino acid profile adaptations have
also been implemented in Al algorithms in an effort to increase efficiency and speed of machine
learning based predictions [116, 118, 119]. In spite of the extensive availability of genomic and
proteomic data in biological databases, large-scale analyses from extremophiles are limited.
Utilizing large datasets and through a systematic approach to amino acid profiles could yield a
clearer picture of these adaptations and help uncover new details about life in extreme
environments. Here, we have assembled, with the help of HaloDom [11], the largest dataset, up to
date, of proteomes from halophilic, thermophilic, and mesophilic Archaea and Bacteria in order to
investigate the generality of previous findings, detect additional signature traits of adaptation to
extreme conditions, and explore how these adaptations are distributed in various protein families
and sizes, a topic also overlooked by previous studies.

Hierarchical clustering and principal components analysis revealed a detailed picture of the
amino acid profiles of several microbial taxonomic groups such as halophilic and thermophilic
Archaea, halophilic Bacteria, Euryarchaeota and other major archaeal and bacterial lineages.

Regarding the amino acid composition of halophiles, proteomic data revealed important

differences between Halanaerobiales, Halobacteria, Methanomicrobia, and Nanohaloarchaea.
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Several protein characteristics, for the aforementioned groups and more, were investigated
including protein function and family, different protein sizes, and compositionally biased proteins
both from halophilic and non-halophilic species. Our data dictate that different protein groups are
subject to different levels of evolutionary pressure, depending on thermodynamic efficiency and

possibly yet unknown factors.

4.2 Materials and Methods

Data retrieval and organization

A large proteome dataset was assembled for the analysis. In total, 222 microbial species with
available complete or partial genome sequences on NCBI were included (Table A2). Genome
completeness does not affect the corresponding proteomic data, so we took advantage of as many
data in the protein sequence level as possible. Among these proteomes, 134 were from halophilic
Archaea and 88 from several other taxa including thermophilic, non-halophilic, acidophilic,
alkaliphilic, and psychrophilic Archaea and Bacteria. A wide range of extremophiles and other
species were included in the dataset in order to yield a better picture of the microbial world,
regarding the amino acid profile. For every species, its RefSeq proteome was downloaded from
NCBI in fasta format. Halophilic species were pinpointed from the database Halodom [11] and the

relevant literature.

Data formatting and preparation

In order to calculate amino acid frequencies from the downloaded proteomes,
ResidueFrequencySummarizer [120] was used which accepts fasta or text files with multiple protein
sequences as input. To run ResidueFrequencySummarizer multiple times for all 222 proteomes, a
Perl script was created (“residue_calculator.pl”) which would call ResidueFrequencySummarizer for
every proteome and create result files in csv format (Perl script A5). In these csv files, the first
column contained the raw frequencies of every amino acid for all sequences included in the fasta
file in question while the second column contained the corresponding percentages. This process
resulted in the creation of 222 csv files containing the amino acid statistics mentioned above. The
raw frequencies of every species were integrated to a single csv file which was used as a basis for

hierarchical clustering and principal components analysis (PCA), as described below.
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Hierarchical clustering and principal components analysis

Our excel data sheet containing all 222 species and their amino acid frequencies was converted to a
tab delimited text file, in order for hierarchical clustering to be performed with PermutMatrix [121].
Euclidean distance was used as dissimilarity measurement and McQuitty’s method (WPGMA),
complete linkage, and average linkage (UPGMA) for linkage rules. Rows (amino acid frequencies for
every species) were normalized with Z-scores from the PermutMatrix interface. Visual comparisons
were made between the different linkage rules. All methods delivered roughly the same data
clusters in different order in the cladogram. The WPGMA results of clustering with PermutMatrix
[121] are shown in Figures 4.1 and 4.2.

PCA was performed in RStudio with the R script “PCA_analysis.r”, using the same dataset
from hierarchical clustering, containing all species and amino acid frequencies (R script Al). Two
separate R scripts were created, one for PCA analysis (“PCA_analysis.r’) and one for plotting
eigenvectors (R script A2, “PCA_analysis_EIGEN.r”). Excel data were converted to a csv file and
normalized with z-scores before insertion in RStudio. The analysis produced several plots saved as
jpg files. The parameters of the scripts (such as colors and legends) were tweaked several times for
the desired plot to be created. Data refinement for obtaining protein sizes, protein functional
categories, and transmembrane proteins was conducted with the use of several Perl scripts
including the popular package BioPerl [122]. The protein length histogram (Fig. A2) was created by
an R script called “protein_length_historgam.r” (R script A3). GC content data were also included in
the analysis.

From the initial proteome dataset with 222 species, 34 Bacteria (halophilic and non-
halophilic) and 31 halophilic Archaea that had a complete genome sequence available were chosen
for GC content calculation and incorporation in hierarchical clustering and PCA. In total, 65
genomes were downloaded in fasta format from NCBI. A Perl script was used to calculate GC

I’I

contents in these fasta files as a percentage (“Fasta_GC_counter.pl”) of the total nucleotide count
(Perl script A6). Two separate csv files were created for GC content analysis, one containing only
the amino acid frequencies of the 65 species and another containing an extra column with the GC
percentages of the species. The WPGMA was used as linkage rule and Euclidean distance as
dissimilarity option. Data were normalized by rows (z-scores). The resulting topology can be seen in

Figure A5 in the appendix.
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A subgroup of the 65 species was selected for further investigation. The bacterial order
Halanaerobiales was chosen along with all halophilic Archaea to be included in a PCA analysis

conducted by the R script “PCA_GC_analysis.r” (R script A4).

4.3 Results

Hierarchical clustering distinguishes halophilic from non-halophilic protein groups

As mentioned, 222 archaeal and bacterial species were used for the analysis and the corresponding
proteomes were assembled (Table A2) in order to obtain amino acid profiles for every species. The
clustering algorithm placed all members of the class Halobacteria in the same large group with a
few exceptions. It appears that halophilic Nanohaloarchaea and halophiles from the class
Methanomicrobia have a different amino acid profile from their halophilic relatives in Halobacteria.
Nanohaloarchaea are placed outside the Halobacteria group. Methanomicrobia form a separate
group along with Methanococcoides burtonii (a psychrophile) and Candidatus methanoperedens
nitroreducens (Fig. 4.1). Methanohalobium evestigatum was placed in a separate group with
Candidatus nitrocosmicus oleophilus, closer to the cluster of Halanaerobiales. From
Nanohaloarchaea, the strains Candidatus haloredivivus sp. G17 and Candidatus nanosalina were
grouped with Halarsenatibacter silvermanii (Fig. 4.1). Candidatus nanosalinarum is placed in a
single group, next to the large cluster of Halobacteria (Fig. 4.2). The Halophilic Archaea Haloarcula
salaria and Haloarcula sp. CBA1115 are also placed on their own showing a slightly different amino
acid pattern from the majority of Halobacteria. The former is placed near the large halophilic
cluster and the latter is placed as a single group within Halobacteria (Fig. 4.2). The halophilic
Haloquadratum walsby is grouped outside the large halophilic cluster along with uncultured marine
group Il euryarchaeote. Most species from our Halanaerobiales dataset (11/12) are clustered in one
group (Fig. 4.1). The remaining Halanaerobiales member, Acetohalobium arabaticum, is placed
along with the halophilic, alkalithermophilic bacterium Natranaerobius thermophilus. All members

of halophilic Halanaerobiales are placed away from the large halophilic cluster of Halobacteria.
Halophilic Archaea of class Halobacteria and thermophiles form two separate clusters in PCA

Principal component analysis was used with the proteomic data described earlier to better visualize

a small fraction of amino acid adaptations of the microbial world. As seen in Figure 4.3, halophilic
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Archaea of the class Halobacteria form a very distinct cluster, suggesting a highly conserved amino
acid profile. Thermophiles form a much larger cluster with thermophilic species being more
scattered and sparser. Also, small subgroups seem to be forming within the thermophilic cluster as
data increase, for example five Methanocaldococcus species in the upper left part of the
thermophilic cluster (Figs 4.3 and 4.4). The blue colored eclipse marks the halophilic bacterial family
of Halanaerobiales. Within the eclipse are also six halophilic methanogenic Archaea, two
Nanohaloarchaea, two acidophilic species, one alkaliphilic, a psychrophilic Archaeon, a member of
the Asgard Archaea, several thermophiles, Firmicutes, and Euryarchaeota (Figs 4.3 and 4.4).
Therefore, this is the most diverse cluster in the analysis. On the contrary, the halophilic red
colored cluster located to the right (Fig. 4.3) solidly contains only Archaea from the class
Halobacteria. Haloquadratum walsby is the only member of Halobacteria placed away from their
halophilic cluster. The closest species to the amino acid profile of Halobacteria is Methanoculleus
marisnigri, a methanogenic archaeon [123, 124]. Several bacterial halophilic species are being
situated below and close to the cluster of Halobacteria (Fig. 4.3). Among these bacteria is the

extremely halophilic Salinibacter ruber [96].

PCA eigenvectors agree with previous estimations and reveal new traits of salinity adaptations

The eigenvalues calculated in our analysis are in agreement with previous studies [59, 111-113,
125]. As seen in Figure 4.5, the most positively contributing amino acids towards haloadaptation
are alanine, aspartic acid, arginine, proline, and histidine. In addition, valine, threonine, glycine,
tryptophan, and cysteine also have a moderate positive effect. On the contrary, the most negatively
contributing amino acids are lysine, isoleucine, asparagine, and leucine. Also, moderate negative
contribution is coming from tyrosine, phenylalanine, and serine. Glutamic acid, methionine, and
glutamine do not affect the amino acid profile directly as they account for variation in y axis (Fig.

4.5).

51



Rows : - Objective function : R=0.558
- Sum of all pairwise distances of neighboring rows (path length): S=112.354
- Linkage rule: McQuitty's criteria
Columns : - Objective function : R=0.173
- Sum of all pairwise distances of neighboring columns (path length): 5=378.826
Dissimilarity : - Euclidean distance
The colors scale:

0.00 Max =2.54

ACDEFGHIKLMNPQRSTVWY

ASG_Candidatus_Thorarchaeota_archaeon_AB_25
EA_Candidatus_Methanoperedens_nitroreducens
i burtonii

Methanohalophilus_halophil
HA_Methanohalophilus_mahii
HA_Methanohalophilus_portucalensis
H&_Methanosalsum_zhilinae

lethanobactenum_formicicum
EA_Methanobacterium_subterraneum

B_Lentibacillus_amyloliquefaciens
B_Oceanobacillus_iheyensis
B_Virgibacillus_halodenitrificans
_Salinicoccus_halodurans
B_Tetragenococcus_halophilus
B_Teribacilus_aidingensis
EA_Candidatus_Syntrophoarchaeum_butanivorans
EA_Candidatus_Syntrophoarchaeum_caldarius
TACK_Candidatus_Korarchaeum_cryptofilum
TACK_Candidatus_Bathyarchaeota_archaeon_BA2
TH_Archaeoglobus_fulgidus
TH_Archaeoglobus_veneficus
TH_Pyrococcus_abyssi
TH_Pyrococcus_furiosus
TH_Pyrococcus_horikoshii
TH_Thermotoga_maritima

TH_Thermoplasma_volcanium
TH_Sulfolobus_metallicus
TH_Sulfurisphaera_tokodaii
B_Halothermothrix_orenii
B_Halonatronum_saccharophilum
B_Halanaerobium_congolense
B_Halanaerobium_hydrogeniformans
B_Halanaerobium_saccharolyticum
B_Haloanaerobium_kushneri
B_Orenia_marismontui
B_Halobactercides_halobius
B_Selenihalanaerobacter_shriftii
B_Halanaerobium_praevalens
B_Halanaerobium_salsuginis
THA_Candidatus_Nitrosotenui
TH_Methanocald _b
TH_Methanocaldococcus_jannaschii
TH_Methanocaldococcus_wuleanius
TH_Methanocaldococcus_villosus
TH_Methanocaldococcus_infernus
TH_Methanothermus_fervidus
B_Salinibacter_ruber

B_Salinit i

B_Salinivenus_lutea
B_Salisaeta_longa
B_Celeribacter_indicus
E_Mantelella_endophytica
B_Chromohalobacter_salexigens
B_Halomonas_aestuarii
B_Halomonas_elongata
B_Spiribacter_curvatus
B_Spiribacter_salinus
B_Halothodospira_halophila
B_Haliangium_ochraceum
B_Desulfohalobium_retbaense
B_Nitrosococcus_halophilus
B_Ectothiothodospira_halochloris
B_Halomonas_huangheensis
B_Marinobacter_hydrocarbonaclasticus
B_Marinobacter_salinus
TH_Rhodothermus_marinus
TH_Methanocella_arvoryzae
TH_Methanocella_conradii
EA_Methanocella_paludicola
EA_Methanocorpusculum_labreanum
EA_Methanoregula_boonei
EA_Methanoculleus_marisnigri
TACK_Cenarchaeum_symbiosum
TH_Methermicoccus_shengliensis
TH_Hyperthermus_butylicus
TH_Thermoproteus_tenax
TH_Aeropyrum_pernix
TH_Thermofilum_pendens

I e—
AL S —

B_Aphanothece_halophytica

B_nodularia_spumigena

E B_Gynuella_sunshinyii

B_ldiomarina_loihiensis
Figure 4.1. Hierarchical clustering part 1. Halophilic Methanomicrobia and Nanohaloarchaea are noted in
red boxes. Halanaerobiales are in the branch noted by the blue circle and also Acetohalobium arabaticum

in the blue box. HA: Halophilic Archaea, TH: Thermophiles, EA: Euryarchaeota, B: Bacteria, TACK: TACK
superphylum Archaea, ASG: Asgard Archaea.

cloacae
d

Ewkova 4.1. lepapxiky opadomnoinon pépog 1. Ta aldodla Methanomicrobia kat Nanohaloarchaea
GNMUELWVOVTOL 6TO CXAMO HE KOKKWVa TtAdliowa. Ta Halanaerobiales sivat otov kAddo mou onpatodoteitat

52



oo tov UnAe KUKAO aAAd Kal oto UnAe koutdakt (Acetohalobium arabaticum). HA: AAodW\a Apxaia, TH:
Oepuoddida, EA: Euryarchaeota, B: Baktipia, TACK: TACK superphylum Archaea, ASG: Asgard Apyxaia.

|

|
|
T b b T L o el

=

sl o

Tl

EA_uncultured_marine_group_ll_euryarchaeote
HA_Haloquadratum_w alsbyi
HA_Haladaptatus_cibarius
HA_Haladaptatus_litoreus
HA_Halohasta_litchfieldiae
HA_Haladaptatus_paucihalophilus
HA_Haloferax_slongans
HA_Haloferax_larsenii
HA_Haloferax_mucosum
HA_Haloferax_mediterranei
HA_Halogeometricum_borinquense
HA_Halococcus_hamelinensis_
HA_Halogranum_amylolyticum
HA_Halogranum_rubrum
HA_Halogranum_salarium
HA_Halogranum_gelatinilyticum
HA_Halapricum_salinum
HA_Halorhabdus_utahensis
HA_Halobellus_clavatus
HA_Halobellus_rufus
HA_Halomicrobium_katesii
HA_Halomicrobium_mukohataei
HA_Halorientalis_regularis
HA_Halorientalis_persicus
HA_Halopiger_salifodinae
HA_Haloterrigena_jeotgali
HA_Haloterrigena_thermotolerans
HA_Haloterrigena_saccharevitans
HA_Natrinema_pellinubrum
HA_Natrinema_altunense
HA_Natrinema_pallidum
HA_Natrinema_gari
HA_Natrinema_salaciae
HA_Halorubrum_lacusprofundi
HA_Natronomonas_pharaonis
HA_Halopenitus_malekzadehii
HA_Halopenitus_persicus
HA_Halovivar_asiaticus_
HA_Halovivax_ruber
HA_Halococcus_morthuae
HA_Halococcus_sediminicola
HA_Halococcus_thailandensis
HA_Halococcus_agarilyticus
HA_Halococcus_saccharolytious
HA_Halococous_salifodinae
HA_Natronomonas_moolapensis
HA_Halolamina_pelagica
HA_Halolamina_rubra
HA_Halolamina_sediminis
HA_Halogeometricum_pallidum_
HA_Halopelagius_inordinatus
HA_Halopelagius_longus
HA_Halanaeroarchaeum_sulfurireducens
HA_Halovenus_aranensis
HA_Halopiger_xanaduensis
HA_Haloterrigena_salina
HA_Haloterrigena_turkmenica
HA_Natronolimnobius_innermongolicus
HA_Natrinema_versiforme
HA_Halorhabdus_tiamatea
HA_Haloterrigena_hispanica
HA_Haloterrigena_limicola
HA_Natronorubrum_bangense
HA_Natronorubrum_sulfidifaciens_
HA_Natrialba_aegyptia
HA_Natrialba_asiatica
HA_Natrialba_taiv anensis
HA_Halostagnicola_kamekurae
HA_Halostagnicola_larsenii
HA_Haloterrigena_dagingensis
HA_Natronorubrum_sediminis
HA_Natronorubrum_texcoconense
HA_Natronorubrum_tibetense
HA_Natrialba_chahannaoensis
HA_Natrialba_hulunbeirensis
HA_Natrialba_magadii
HA_Natronolimnobius_baerhuensis
HA_Haloarcula_amylolytica
HA_Haloarcula_vallismortis
HA_Haloarcula_argentinensis
HA_Haloarcula_japonica
HA_Haloarcula_hispanica
HA_Haloarcula_marismortui
HA_Halalkalicocous_jeotgali
HA_Halalkalicocous_paucihalophilus
HA_Halobiforma_haloterrestris
HA_Halobiforma_lacisalsi
HA_Halobiforma_nitratireducens
HA_Natronobacterium_gregoryi
HA_Natronobacterium_texcoconense
HA_Natronococcus_amylolyticus
HA_Natronococcus_occultus
HA_Natronococcus_jeotgali
HA_Haloarcula_sp._CBATIS
HA_Halarchaeum_acidiphilum
HA_Halobaculum_gomorrense
HA_Halorubrum_litoreum
HA_Halorubrum_sodomense
HA_Halorubrum_tebenquichense
HA_Halorubrum_aidingense
HA_Halorubrum_coriense
HA_Halorubrum_kocurii
HA_Halorubrum_lipolyticum
HA_Halorubrum_arcis_
HA_Halorubrum_distributum_
HA_Halorubrum_terrestre_
HA_Halorubrum_ezzemoulense
HA_Halorubrum_californiense
HA_Halorubrum_halophilum
HA_Halorubrum_saccharovorum
HA_Halosimplex_carlsbadense
HA_Haloarchaeobius_iranensis
HA_Halomicrobium_zhouii
HA_Halogeometricum_limi
HA_Halogeometricum_rufum
HA_Haloferax_denitificans
HA_Haloferax_sulfurifontis
HA_Haloferax_volcani_
HA_Haloferax_gibbonsii
HA_Haloferax_prahovense
HA_Haloferax_lucentense_
HA_Haloplanus_natans
HA_Haloplanus_vescus
HA_Halobacterium_ijilantaiense
HA_Halobacterium_salinarum
HA_Candidatus_Nanosalinarum
HA_Haloarcula_salaria

Figure 4.2. Hierarchical clustering part 2. The large cluster of Halobacteria is denoted with the red circle.
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Ewova 4.2. lepapyiky opadomnoinon pépog 2. H peyaAn opdda twv Halobacteria cupoAiletal pe tov

KOKKWO KUKAO.
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Figure 4.3. PCA analysis of amino acid profiles from 222 proteomes.

Ewdva 4.3. AvaAuon KUpiwv ocuvioTwowv TwV ItPodiA apvofEwy yio 222 TpwWTEWHUATO.
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Figure 4.4. Halophilic Methanomicrobia (red labels) and Nanohaloarchaea (beige labels) have a different
amino acid profile from the class Halobacteria (red cluster on the right).

Ewova 4.4. Ta aAodla Methanomicrobia (kokkwveg eTikéteg) kat Nanohaloarchaea (UnéT eTikéteg) £€xouv
Stadopetiko npodil apvofEwv and tnv kKAdon Halobacteria (kOkkivn opada ota S£€Ld Tou oxXAHOTOC).
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Dim1 (59%)

Figure 4.5. Eigenvectors of the PCA analysis shown in figure 4.3.

Ewdva 4.5. 16io8taviopata tng avaAuong KUpilwv CUVLCTWOWYV MOV amneLlkoviletal otnv ewova 4.3,

GC content, protein size, protein family, and composition bias in adapted halophiles

The incorporation of GC content in the analysis did not change the obtained topology for
hierarchical clustering performed with PermutMatrix [121]. The topology of the clustering
remained the same after the addition of GC data (Fig. Al).

A PCA analysis was conducted with data only from halophilic Archaea and Halanaerobiales,
in order to investigate the effects of including GC content. Two PCA graphs were created, one with
GC content included and one without. The resulting graphs do not have significant differences (Fig.
A2).

In Figure 4.6 the amino acid profiles of small, medium, and large proteins were included in a
PCA analysis containing halophilic Archaea, thermophiles, and Halanaerobiales. Protein sizes were
chosen based on a protein length histogram of all halophilic proteins in our dataset (Fig. A3). Small
proteins are situated outside the halophilic cluster of Halobacteria. Large proteins are situated in
the lower section of the cluster, while medium-sized proteins are in the very center of the cluster.
Similar results are shown in Figure 4.7 where several archaeal halophilic protein families are

variably distributed. Translation factors and ribosomal proteins are situated outside and below the
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halophilic archaeal cluster, while other protein groups such as synthetases, polymerases, and many
hypothetical proteins are situated in the core of the cluster. Transmembrane halophilic proteins are
the most distant protein group from the halophilic cluster and present several differences in terms
of amino acid profile and amino acid usage preferences. Additionally, in Figure 4.8, transmembrane
proteins from different taxonomic groups, specifically from Halanaerobiales, thermophiles, and
mesophiles also have a different amino acid profile in comparison with transmembrane proteins
from halophilic Archaea of the class Halobacteria.

Finally, amino acid percentages from 123 proteomes of Halobacteria and 38 non-halophilic
species from our data were plotted in a bar chart visualizing the differences between halophilic and

non-halophilic amino acid profiles (Fig. 4.9).
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Figure 4.6. PCA analysis of amino acid profiles from proteins of various sizes. Small: 0-70 aa, medium: 71-
500 aa, large: >501aa.

Ewova 4.6. AvaAuon Kupiwv cuvicTwowv Twv Npodid apwvoéwv and npwrieiveg Stadpopwv LeyeOwv.
Muwpég: 0-70 apwvogéa, peoaieg: 71-500 apwvoééa, peyaleg: >501 apvoea.
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Figure 4.7. Distribution of amino acid profiles of various halophilic protein families. The graph includes all
halophilic archaeal species for comparison.

Ewova 4.7. Katavouny apwofikwv mpodid yiwa Swddopeg owkoyéveleg mpwrieivwv. To ypadnua
neplhapfavel 6Aa ta ahodha €idn Apxaiwv yla Adyoug cUyKpLong.
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Figure 4.8. PCA analysis of amino acid profiles of all transmembrane proteins from Halanaerobiales,
halophilic Archaea, thermophiles, and mesophilic species. TM: transmembrane proteins.

Ewkova 4.8. AvdAucoh Kupiwv ocuVIGTWOWV AULVOSLKWVY TIPOdIA OAWV TWV SLAUEUBPAVIKWV TIPWTEIVWV oo
Halanaerobiales, ahodpha Apxaia, Osppodpila kot pecddha €idn. TM: Stapepuppavikn TPWTEivn.
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4.4 Discussion

Both hierarchical clustering and PCA analyses group all Archaea from class Halobacteria in a single
cluster (Figs 4.2, 4.3), with the exception of Haloquadratum walsby and Haloarcula salaria. This
suggests that Halobacteria are using a very distinct amino acid profile as an adaptation strategy,
referred to as "salt-in". Part of the "salt-in" strategy is the influx of KCl ions inside the cytoplasm of
the adapted cells [112]. Our analysis confirms that the amino acid profile for the majority of
proteins within Halobacteria is different than the profile of mesophilic proteins and very specific, a
clear sign of adaptation and evolutionary pressure. Halophilic Archaea from the class
Methanomicrobia, but also recently discovered species from Nanohaloarchaea, have a different
amino acid profile from Halobacteria, suggesting a different adaptation strategy (Fig. 4.4). It has
recently been reported that Nanohaloarchaeota possibly use several taxa from Halobacteria as
hosts, so this could partially explain the absence of salinity-adapted proteins in Nanohaloarchaeota
[126]. Candidatus nanosalinarum appears to be in between a fully adapted amino acid profile and a
non-adapted profile (Fig. 4.4).

The difference of the amino acid composition between Nanohaloarchaea and Halobacteria
add to the recent discovery that these two taxonomic groups derive from two distinct methanogen
Class Il lineages [127]. The halophilic order Halanaerobiales is clustered away from Halobacteria in
Figure 4.3, suggesting also a different amino acid profile and a different adaptation strategy,
described as “salt-out”. In this strategy, salt is not entering the cells and compatible solutes are
accumulated in the cytoplasm for osmoregulation, providing stability to proteins [15]. Our findings
suggest that halophilic bacteria from Halanaerobiales do not possess adapted proteins to cope with
high salinities and use the salt-out method. It has been suggested however, that Haloanaerobium
praevalens and Halobacteroides halobius as well as several other species from Halanaerobiales do
not produce compatible solutes and accumulate sodium and potassium ions in their cytoplasm
[128-130]. There could be previously unknown and undetected molecular mechanisms for these
species that enable their proteins to function in high intracellular salinity, since our data clearly
place both species away from the adapted amino acid profile of Halobacteria (Fig. A4). More
research is needed to gain a better understanding of compatible solutes and KCl accumulation as
osmoregulation strategies.

Thermophiles can be distinguished from Halobacteria as they form a separate and
considerably larger cluster (Fig. 4.3). This observation suggests that adaptation in high

temperatures does not require a strict amino acid profile and can be achieved possibly with other
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molecular strategies, some of them already pinpointed [131]. Also, it can be observed that several
thermophilic sub-groups are clustering together, such as the five Methanocaldococcus species, in
the upper left part of the cluster and Pyrococcus species in the center of the thermophilic cluster
(Fig. 4.3). There could be a process where thermophilic adaptations are acquired by closely related
species through horizontal gene transfer or this clustering is attributed merely to close phylogenetic
relationships between these taxa. On another note, the closest species to the cluster of
Halobacteria is Methanoculleus marisnigri. The species was isolated from anoxic sediments of the
Black Sea, it is known as a thermophilic methanogen, and it is categorized as slightly halophilic [123,
124]. Our data, however, show that it has the same adaptation mechanism and amino acid profile
as Halobacteria. Interestingly, Methanoculleus marisnigri is the only methanogen from the class
Methanomicrobia that shares the amino acid profile of Halobacteria while the rest of
Methanomicrobia are clustering close to Halanaerobiales. There are three more thermophilic
species close to the cluster of Halobacteria: Methermicoccus shengliensis (Methanomicrobia),
Hyperthermus butylicus, and Aeropyrum pernix (both Thermoprotei). There may be more
methanogens and other taxa that share this adaptation but additional genomic and experimental
data are needed to clarify the picture and pinpoint the thresholds of halophilic adaptation.
Eigenvectors (Fig. 4.5) from PCA analysis in Figure 4.3 confirm previous studies regarding
which amino acids are over and under-represented in Halobacteria and drive salinity adaptations.
Additionally, the bar chart in Figure 4.9 is in accordance with previous research [59]. It is also worth
mentioning that amino acids that drive halophilic adaptation in Halobacteria are also common in
halophilic Bacteria situated in the bottom right corner of Figure 4.3. Several taxa from
Bacteroidetes, Rhodothermaeota, and Proteobacteria were observed to have similar amino acid
profiles with the extremely halophilic class of Halobacteria, suggesting either horizontal gene

transfer or convergent evolution. It appears that the amino acids in the lower right quadrant of
Figure 4.5 are preferred more for the bacterial species. Additional research is needed in order to
compare amino acid profiles of the archaeal class against halophilic Proteobacteria,
Rhodothermaeota, and Bacteroidetes. It has already been proposed that horizontal gene transfer
has occurred between some of the taxonomic groups in question [19].

GC content was investigated as a factor affecting our PCA analysis. In both datasets
containing only halophilic Archaea and Halanaerobiales (Fig. A2), no significant differences were
found. Although halophilic Archaea have a slightly increased GC content in their genomes

compared with Halanaerobiales, the results of PCA clustering are not affected. Several PCA analyses
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were conducted to determine how different groups of proteins are subject to evolutionary pressure
and if there are significant differences between these proteins in terms of amino acid profile. In
Figure 4.6, different protein sizes are not subject to the same evolutionary pressures. Smaller
proteins do not enter the cluster of Halobacteria. We suggest that small molecules can fold and
function correctly, requiring less compositional tunning. However, the amino acid profile of small
proteins is still closer to Halobacteria than to non-adapted species. Medium-sized proteins
correspond to the majority of proteins within Halobacteria. Their profile is situated in the center of
the cluster. In total, 127,680 hypothetical proteins were of medium size in our analysis. Large
proteins also have a different amino acid profile. It can be speculated that different residues and
polymorphisms are preferred so that large proteins can fold properly without compromising
thermodynamic efficiency.

A similar pattern can be observed in Figure 4.7, where 11 functional protein groups from
halophilic Archaea were incorporated in PCA. There are differences in the amino acid profiles of
these proteins. Ribosomal and translation factor proteins have amino acid profiles closer to
halophilic Bacteria and are situated below the cluster of Halobacteria. Other groups like
polymerases, nucleases, kinases, GTP-binding, and transcription factors are closer to the cluster but
still show different profiles. Synthetases, transferases, and hypothetical proteins are in the core of
Halobacteria, highlighting again the importance of isolation and characterization of several
hypothetical proteins that are part of halophilic mechanisms of adaptation. Transmembrane
proteins in halophilic Archaea are significantly different in terms of amino acid profile than the rest
of the protein groups (Fig. 4.7). This is mostly due to composition bias and the necessary
transmembrane regions of these molecules. However, the analysis in Figure 4.8 is demonstrating
that halophilic transmembrane proteins are still subject to adaptations as they have a different
profile in comparison with proteins from other taxa like Halanaerobiales, thermophiles, and
mesophiles. It can be suggested that this scenario applies in other protein groups with composition
bias and conserved regions, but also in extracellular proteins [132]. It has been shown in halophilic
Actinobacteria that membrane proteins play an important role in salinity adaptation. They are
responsible for the cell's primary reaction to hyperosmotic stress and trigger metabolic and possibly
cell cycle processes [133]. The membrane proteomic machinery of Halobacteria could reveal more
traits of haloadaptation in halophilic Archaea.

Our results shed light into the protein adaptation mechanisms used by extremophiles. It is

worth mentioning that evolution creates a variety of solutions for every environment, but also
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specifically in every protein type of halophilic species. Several questions arise from the analysis. For
example, why different molecules with the same adaptation mechanisms prefer slightly different
residues? What molecular and environmental factors cause differences in amino acid profiles
between Halobacteria and other adapted halophilic Bacteria from Bacteroidetes,
Rhodothermaeota, and Proteobacteria? Are there specialized proteins for adapted halophiles that
possibly assist compositionally biased proteins to fold, transport, and function correctly under
osmotic pressure? Why some species from Halanaerobiales do not possess adapted proteins, yet
KCl influx has been observed? Is there a common, baseline molecular signature among
extremophilic groups? In Halobacteria many protein groups like transferases will probably not align
correctly with mesophilic transferases and novel protein identification and annotation could be
challenging if the amino acid profile is altered significantly and there is no reference point.
Laboratory procedures may be necessary for proper functional characterization of certain proteins.

Looking closer at the cluster of Halanaerobiales in Figure 4.3, it is clear that Halanaerobiales,
Methanomicrobia, Nanohaloarchaea, the psychrophilic Methanococcoides burtonii, two acidophilic
species, one alkaliphilic, and several thermophiles share a rather similar, yet not so coherent amino
acid profile as that of Halobacteria. This may be a sign that these groups of extremophiles share a
range of adaptation mechanisms which manifests as a loose clustering in Figure 4.3. Methanogenic
Archaea, being some of the oldest life forms on the planet and also the group from where
halophilic Archaea originated from [134], could be a cradle group from where several extremophilic
species began to differentiate and specialize in other extreme environments [135-137], with
occasional lateral gene transfer contributions [67]. Detailed investigations on this issue are limited

and more research is needed in order to shed light in the mechanics of extremophilicity.
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Figure 4.9. Halophilic vs non-halophilic amino acid profiles. Halophilic data come from 123 species of
Halobacteria and non-halophilic data from 38 species from our dataset. Error bars: Standard deviations.

Ewova 4.9. AAodW\a évavtl pn-aAodpila tpodil apvofEéwv. Ta dedopéva aAodAwv PoEpXovTOL OO
123 £ién Halobacteria ko ta pn-aAopla and 38 €idn UN-aAOPIAWV KOTOYEYPOLUEVWV OPYOAVIGHWV.
Fpappég opdaAparog: TUMkEG anokAioELG.
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Chapter 5: HaloPredictor, a tool for detecting halophilic adaptations

5.1 Introduction

Protein sequence adaptations reflect changes in genomes during evolution, in order for living
organisms to adapt to certain environmental conditions [138-140]. The diversity of environments
on Earth have driven species to adapt in conditions like extreme cold, acidic, hot, extreme pressure,
but also increased salinity [116, 141, 142]. Protein adaptations have been detected sporadically in
archaeal halophiles but also in other extremophilic species [59, 99, 113]. The observed trend is that
changes in the amino acid sequence of proteins improve thermodynamic efficiency and help
maintain protein fold with changes in residues that occupy important places in the protein’s three-
dimensional structure. For the case of halophilic proteins, such places, so far, are the protein
surface and interior [111].

The significance of extremophile protein research has two parts. Firstly, extremophiles are
among the most ancient life forms on Earth and occupy a diverse range of extreme environments
with respect to salinity, acidity, temperature among others, and even polluted places due to
anthropogenic activities. Therefore, they can provide clues about life and conditions on Earth
millions of years ago, closer to the emergence of living organisms on the planet [100, 105, 134,
143]. Additionally, they are of ecological importance since their presence indicates environmental
phenomena and changes such as desertification [144]. Secondly, extremophiles have numerous
biotechnological and industrial uses, from thermostable proteins to stable membranes, compatible
solutes, biomolecule production, and bioremediation [103, 144, 145]. Also, there is a tremendous
unexplored diversity of extremophilic protein and enzyme families which could further enlighten
basic research questions and the industry.

It is therefore important to increase the focus on extremophilic proteins. As mentioned
above, protein adaptations have been observed in a plethora of extremophilic organisms, however
to our knowledge, no distinct tools for detecting protein adaptations in amino acid sequences exist
so far. As reported, adaptive changes in amino acid sequences include the over- or under-
representation of certain residues, or changes/modifications in a protein’s secondary structure.

In this chapter, we present a tool designed to detect salinity adaptations based on protein
sequences from the Archaeal class of Halobacteria. The observed adaptation is a changed amino

acid profile in halophilic proteins compared with that of non-halophilic relatives. The tool called
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“HaloPredictor” can predict if a protein sequence is fully adapted to salinity, using simple statistical
methods. HaloPredictor accepts a protein sequence as input and provides an indication about the
protein's haloadaptation level. To our knowledge, HaloPredictor is the first user interface platform
to help researchers determine the haloadaptation strategy of a new halophilic species. It is also the
first tool for predicting any kind of extremophilic adaptations in protein sequences, which opens

new possibilities and research opportunities on this exciting topic.

5.2 Materials and Methods

HaloPredictor development

HaloPredictor was designed with standard tools for website development such as PHP, HTML,
javascript, and apache server for local and online testing. One protein sequence at a time is
inserted to an online form (Fig. 5.1). From the sequence, basic amino acid statistics are calculated
with PHP. Code from Google gauges [146] is used to highlight halophilic traits while the amino acid
profile chart is written in java and is provided by ZingChart [147]. LDA analysis is performed with an
R script called “LDA_with_unknown.r” which refers to the unknown sequence input coming from
users (R script A5).

The script is executed to an external server and sends the results of LDA analysis back to the
webpage. The results of LDA provide a data graph and a prediction, where the query protein is
classified as halophilic or non-halophilic and its position is visualized among all the data. LDA
analysis uses a csv file with halophilic and non-halophilic amino acid compositions in order to
calculate a classification for the query protein. All results and graphs of HaloPredictor can be
downloaded in png format.

The local version of HaloPredictor is executed by a Perl script called
“halopredictor_local_V1.pl” (Perl script A7). The script is executed from the command line of
Windows or Unix operating systems and utilizes the following three R scripts:
“halopredictor_local _LDA.r” (R script A6) for performing the LDA analysis required for the
predictions, ”stats.r” (R script A7) for calculating basic statistics about the input sequences and
"halopredictor_local_visualize.r” (R script A8) for visualizing the results. The input sequences are
inserted in the form of a fasta file, containing the desired protein sequences. The file is named
“input.fasta” in order for the software to recognize it as input. The results of the analysis are saved

in a folder named “results” and contain a density plot (Fig. 5.2), a violin plot (Fig. 5.3) and two csv
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files, “halo_results.csv” and “statistics.csv”. In the latter file, the total number of inserted
sequences is shown as well as the percentage of halophilic sequences found. In “halo_results.csv”
all inserted sequences are presented along with their LDA scores and their classifications as either

“Halophilic” or “Non-halophilic”.
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e i R e P e S
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Rhodothermaceae Clostridia Halobacteriales Natrialbales Haloferacales Methanomicrobiales Methanosarcinales Crustaceans Chlorophyta
‘ | |
Salinibacter Halanaerobiales Halobacteriaceae
Home Search Contact About
Halopredictor V1

Halopredictor accepts a protein sequence in .fasta format (ncbi format, AAs in capital letters) and calculates halophilic traits already known from the literature, that reveal a halophilic
adaptation 1n protein sequences. It has been indicated by several papers that as salinity increases, the amino acid profiles of a halophilic organism change accordingly.

IMPORTANT: Recommended browsers : Chrome, Safart

| Halophilic sequence example ] | Non-halophilic sequence example |

Enter a protein sequence in fasta format (amino acids in
UPPERCASE) .
2
| Predict Haloadaptation

2016-2021 School of Biology, Aristotle University of Thessaloniki

Figure 5.1. Input form of the online version of HaloPredictor. The form accepts one protein sequence at a
time, in fasta format.

Ewova 5.1. Doppa elo6dou dedopévwv tng Stadiktuakig £ékdoong tou HaloPredictor. H ¢poppa déxetan
pLa TPWTEIVIKN akoAouBia tn ¢popd, os popdonoinon fasta.

5.3 Results

A new web-tool for detecting salinity adaptations in protein sequences

HaloPredictor is a web tool that accepts a protein sequence in fasta format and provides an
indication about the protein's adaptation to salinity, based on the amino acid composition. The
online version, given a query protein, calculates percentages for acidic, basic, and all residues. It

also determines the acidic/basic amino acid ratio. Results are presented in gauges showing if a
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certain protein trait is closer to a “halophilic” (red) or to a “normal” (green) percentage, on average.
In total, there are six haloadaptation traits for users to consider, the most reliable being the
acidic/basic ratio. There is also a graph (Fig. 5.4) showing percentage differences (+ std) in all amino
acids between halophilic and non-halophilic profiles along with the current query protein sequence.
A linear discriminant analysis (LDA) is also performed and viewed, in order to statistically classify
the query sequence as “Halophilic” or “Non-halophilic”. All the results from the online version are
displayed in Figure 5.4.

The results format of the local version of HaloPerdictor differs from the online version. The
input of the local version accepts multiple fasta sequences and so the results are in the form of a
list (Table 5.1). Also, descriptive graphs are produced. A density plot of LDA scores (Fig. 5.2) from
the input data and a violin plot (Fig. 5.3). Both graphs describe the distribution of LDA scores of all

inserted sequences.

Table 5.1. The first 10 results of 1972 protein sequences from Haloarcula salaria (RefSeq records from
NCBI), extracted from the “halo_results.csv” file containing HaloPredictor predictions.

Nivakag 5.1. Ta 10 npwta amoteAéopata and 1972 npwrteivikéG akoAouBisg tou Haloarcula salaria
(kataxwpnoelg RefSeq tou NCBI), mpoepxoueva and to apxeio «halo_results.csv» 1o omoio mepléxet Tig
npoPAEYPeLg Tou HaloPredictor.

Sequence Group Prediction LDA
WP_188853512.1 hydroxyphenylacetyl-CoA thioesterase Paal [Haloarcula salaria] 1 halophilic -34.4936
WP_188853511.1 phenylacetate-CoA oxygenase subunit PaaC [Haloarcula salaria] 1 halophilic -5.86227
WP_188851879.1 molecular chaperone DnaJ [Haloarcula salaria] 2 non-halophilic 5.672601
WP_050007479.1 hydroxyphenylacetyl-CoA thioesterase Paal [Haloarcula salaria] 1 halophilic -28.2375
WP_127015113.1 HIT domain-containing protein [Haloarcula salaria] 2 non-halophilic 18.48329
WP_206508226.1 hypothetical protein [Haloarcula salaria] 1 halophilic -2.81539
WP_206508224.1 hypothetical protein [Haloarcula salaria] 1 halophilic -21.1062
WP_206508222.1 S8 family serine peptidase [Haloarcula salaria] 1 halophilic -23.2354
WP_206508221.1 MFS transporter [Haloarcula salaria] 1 halophilic -7.79241
WP_206508218.1 SDR family oxidoreductase [Haloarcula salaria] 1 halophilic -1.57784
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Density plot of linear discriminants of input proteins
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Figure 5.2. Density plot of linear discriminants of 1972 input protein sequences from Haloarcula salaria
(RefSeq records from NCBI). The graph shows the distribution of halophilic and non-halophilic LDA scores.

Ewkova 5.2. AlQypOappol TIUKVOTATWY TWV YPOHUULKWY SLaYWPLoTWV TwV 1972 MpwIeiVIKWY akoAouBwv
anod 1o Haloarcula salaria (kataywpnoelg RefSeq tou NCBI). To ypadnua Seixvel tThv KoTavoun Twv
oAOPIAWV Kot UN-aAGPIAWV TIHWV TG AVAAUGNG YPOILLLKNG SLAKpLoNG.
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Figure 5.3. Violin plot of linear discriminants of 1972 input protein sequences from Haloarcula salaria
(RefSeq records from NCBI). The graph shows the distribution of halophilic and non-halophilic LDA scores.

Ewkova 5.3. Aldypappo TUTou BLoAlol TwV YPOHUULKWY StoXwpLlotwy arnd 1972 npwieivikeéG akoAouBisg
Tou Haloarcula salaria (kataxwpnoeig RefSeq tou NCBI). To ypadnua deixvel tnv katavou aAdpiAwv Ko
HN-aAOPIAWV TLHLWV TNG AVAAUONG YPOLLLKA G SLAKPLONG.

5.4 Discussion

Currently, the most distinctive trait for a truly adapted halophile is the amino acid profile of its
proteins. Most species that use the salt-in strategy do possess modified proteins in order to survive
hypersalinity and osmotic pressure [59, 112, 148]. However, to our knowledge there are no
computational tools to detect such adaptations, and when new halophilic species are isolated from
metagenomic samples for instance, the only method for adaptation detection is to analyze the
amino acid profile of their proteomes. HaloPredictor accepts a protein sequence in fasta format
and provides information and predictions about the protein’s haloadaptation level. Halophilic traits,
amino acid profile comparison, and LDA analysis (Fig. 5.4) can provide significant information about
salinity adaptations. Currently there are 122 proteomes of adapted Halobacteria and 60 proteomes

of non-halophilic control species in our LDA classification dataset. On this scale, the HaloPredictor
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analysis provides solid evidence for the universality of certain halophilic adaptations. Efficiency
estimation needs to be addressed and more proteomic data need to be included in the LDA analysis
for better prediction accuracy. Taking into account the position of acidic residues in a protein
(surface or interior) will arguably improve sensitivity [111]. Additionally, more adaptation
mechanisms, besides sequence composition, need to be explored. Salt-tolerant proteins also exist
in non-halophiles [111], a very interesting fact that raises new questions regarding the role and
evolutionary history of halophilic proteins. It is highly possible that lateral gene transfer of salt-
adapted proteins has occurred between certain microbial taxa [19, 112] and HaloPredictor can
assist in comparative genomic analyses trying to detect gene transfers between species.

Moreover, HaloPredictor can help researchers quickly determine the haloadaptation
strategy (salt-in) of a new species, discover new molecular mechanisms conducive to brine life, and
characterize paleoenvironments. Despite certain limitations of HaloPredictor it is worth noting that
adaptation clues from previous research [59, 112, 113] have been confirmed. The presented tool
could also provide a basis for uncovering novel protein and evolutionary traits in halophilic,
extremophilic, and mesophilic microbial species. The software can be further developed both
online and in its local version, in order to facilitate larger datasets and additional functions, thus

contributing to innovative research on extremophiles.
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Halopredictor Results
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Figure 5.4. HaloPredictor results for a query helicase from the halophilic archaeon Halorubrum
ezzemoulense, a clear case of a haloadapted protein. The amino acid composition of the query protein is
shown on the left tab. Right tab displays basic amino acid statistics, haloadaptation traits in gauges,
graphical representation of the query amino acid profile for comparison purposes, and the results of LDA
analysis for classification of the query protein as “halophilic” or “non-halophilic”.
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Ewova 5.4. AnoteAécpata tou HaloPredictor ywa pia €Aikaon amd 1o alodpilo apyatofaktrplo
Halorubrum ezzemoulense, pia §ekdBapn mepintwon MPOCAPUOOUEVNG 0TV aAATOTNTA TPWTEivnG. H
ouvBeon Twv apwoéwv TG MPwreivng daivetal otnv aplotepr] Kaptéda. Ztnv SefLd KaptéAa
TOPOUGLA{OVTOL OTUTIOTLKA OTOLYELO TWV AULVOEEWV TNG alkoAouBiag, XOPAKTNPLOTIKA TNG TPOCAPOYIG
otnv alatotnta (KukAwkoi HeTpntég), ypadikr avanapactoon tou npodil Twv apvofEwv Kol Twv
TOCOOTWV TOPOUGCILOG TOUG OAAG KoL T QmOTeAEOMATA TNG OVAAUONG YPOMUKAG SLaKpLong yla thv
KOTNYyopLOMoinon tng npwisivng oe aAodAn | un-aAodiin.

72



Chapter 6: Pangenome analysis of class Halobacteria

6.1 Introduction

The accumulation of public sequence data in the last few years, especially whole genome data, has
enabled researchers to conduct large scale genomic analyses [149]. Pangenomics have introduced
one more systemic approach for genetic research, by analyzing or predicting all genes in a
taxonomic group [150-153] using several bioinformatics tools and pipelines [154-162]. Separating
genes in categories as core, accessory, and cloud can provide useful information in terms of
population dynamics, taxonomy, the evolution of species, and more. The pangenome literature in
the last five years has increased considerably throughout Archaea, Bacteria, and Eukarya [163-167],
but also in viruses (including SARS-CoV-2) [168-170]. Most often, the scale of pangenome analyses
refers to the species or genus levels [151, 163, 164].

In this chapter, we use the pangenome approach for a wider taxonomic group, the archaeal
class of Halobacteria. To our knowledge, a systemic genetic approach for this taxonomic group is
not yet available. At the time of writing there were 76 complete genome sequences of Halobacteria
available in NCBI (Table 6.1). Halobacteria, among other halophiles across the tree of life, have
developed several cellular functions to cope with and thrive in high salinity settings [171]. Although
it has been established that many of their proteins carry a specific amino acid profile that allows
proper protein folding and function under osmotic stress [59, 111, 112], little is known about the
intracellular functions of their cells and the complete genetic architecture of life under these
conditions. Here, we aimed to explore the genetic potential of Halobacteria and investigate for the
presence of novel genes and protein families. We also constructed phylogenetic profiles of all
predicted protein clusters and made comparisons with the reconstructed phylogeny (see Chapter 3)
of 124 Halobacteria and 33 outgroups from 242 core archaeal markers [81, 82].

Our pangenome analysis revealed an increasing rarefaction curve after all 76 genomes were
accounted, indicative of an open pangenome and the existence of novel genes as new species of
Halobacteria are isolated and sequenced. We identified 814 genes as “core”, 13,752 as “accessory”,
and 9010 as “cloud” for a total of 23,576 identified gene clusters. The majority of 217,783 protein
sequences predicted from the 76 genomes of Halobacteria were annotated with the use of EggNOG
orthology database and assigned to a functional category. With the use of the presence-absence

pangenome matrices, phylogenetic profiles were created revealing new genetic traits. Finally, with
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the use of HaloPredictor, all proteins of Halobacteria and several proteomes of model organisms
were analyzed and novel proteomic patterns were found. Our analysis provides valuable
information on the genetic repertoire of halophilic Archaea and highlights the need for discovering

and validating new protein families relevant to salinity adaptation.

6.2 Materials and Methods

Data retrieval and pangenome construction
The 76 genome sequences (Table 6.1) of Halobacteria were obtained through a combination of
NCBI’s services and Micropan v2 [161], a tool written in R and executed locally. Micropan’s pipeline
offers a complete solution for pangenome analysis through a series of steps including downloading
genome data, finding coding regions with Prodigal [172], creating gene alignments using BLAST,
gene clustering, pan-matrix and dendrogram (both weighted or unweighted) construction.

The genome data were downloaded from NCBI’'s online genome repository

(https://www.ncbi.nlm.nih.gov/genome/browsett!/prokaryotes/). The keyword “Halobacteria” was

used as a search term and the results were further filtered. Only species with assembly level as
“complete” were chosen for the analysis. The data were downloaded in csv format and saved as a
txt file, in a specific folder in order to be recognized by Micropan v2 which downloads the
corresponding genome sequences.

For the identification of coding genes in the genome sequences, Micropan v2 uses Prodigal
[172] which is a popular software for prokaryotic gene finding. The pipeline prompts users to run
Prodigal on a randomly generated DNA sequence in order to decide on a reliable score cutoff
threshold for the predicted gene sequences.

The predicted genes are stored as fasta files and the pipeline proceeds with aligning all the
sequences using BLAST. A BLAST all-against-all step will compute distances between all protein
pairs. The all-against-all procedure was the most demanding in terms of CPU power and the
corresponding part of the code was executed in the HPC AUTh cluster “Aristotelis”.

Next, the distances between all protein sequences are computed by Micropan v2. Distance
values range between 0 and 1. A value closer to 1 denotes that the protein pair is very distant,
while the value of 0 means that the protein pair is identical. With the computed distances, a

distance threshold can be chosen for clustering the protein sequences. We used a distance
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threshold of 0.75. The calculation of pairwise distances between all protein sequences was also
executed in the HPC AUTh cluster.

The hierarchical clustering of our protein sequences was executed with the “complete
linkage” method and resulted in 23,576 gene clusters. To proceed with the pangenome analysis, a
pan-matrix is created, which is a matrix with all 76 complete genomes as rows and all 23,576 gene
clusters as columns. The contents of the matrix are the observed frequencies of every predicted
gene cluster in every genome.

With the use of the pan-matrix, several characteristics of the pangenome can be calculated
including the openness of the pangenome according to Heaps’ law and a power law, the
pangenome rarefaction curve, the distribution of gene clusters, and the detection probabilities of
gene families.

With the use of the pan-matrix, the Manhattan distances between Halobacteria species
were calculated and both simple and weighted dendrograms were created. Micropan v2 enables

III

the construction of a weighted dendrogram, placing the weights on either “shell” genes (which
include core and shell genes) or “cloud” genes, which places weights on the cloud genes of the
pangenome. In this study, two weighted dendrograms were created, with weights on “shell” genes.
One dendrogram was created with complete linkage clustering and one with average linkage
clustering. The visualization of the dendrograms was modified and is different than the default
dendrogram graphs of Micropan v2. An R script was created (“circular_weighted_tree.r”) that

changed the format of the dendrogram in a circular tree, also adding coloring in the branches and

the topology (R script A9).
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Table 6.1. Genome sequences used for creating the pangenome of Halobacteria. Every genome has a

unique genome ID (GID.tag) during the analysis. The assembly level of all genomes used is “complete”.

No Species Strain GID.tag GenBank ID
1 Halophilic archaeon DL31 DL31 GID1 GCA_000224475.1
2 Halovivax ruber XH-70 XH-70 GID2 GCA_000328525.1
3 Halorhabdus utahensis DSM 12940 DSM 12940 GID3 GCA_000023945.1
4 Halorhabdus tiamatea SARL4B SARL4B GID4 GCA_000470655.1
5 Halobiforma lacisalsi AJ5 AJ5 GID5 GCA_000226975.3
6 Natronomonas moolapensis 8.8.11 8.8.11 GID6 GCA_000591055.1
7 Natronobacterium gregoryi SP2 SP2 GID7 GCA_000230715.3
8 Halobacterium sp. DL1 DL1 GID8 GCA_000230955.3
9 Natrinema sp. J7-2 J7-2 GID9 GCA_000281695.1
10 Halorubrum sp. BOL3-1 BOL3-1 GID10 GCA_004114375.1
11 Natrinema pallidum BOL6-1 GID11 GCA_005890195.1
12 Halorubrum ezzemoulense Fb21 GID12 GCA _004126515.1
13 Salinarchaeum sp. Harcht-Bsk1 Harcht-Bsk1 GID13 GCA_000403645.1
14 Haloarchaeon sp. 3A1-DGR 3A1-DGR GID14 GCA_010092465.1
15 Halapricum salinum CBA1105 GID15 GCA_004799665.1
16 Halanaeroarchaeum sulfurireducens HSR2 HSR2 GID16 GCA _001011115.1
17 Halopenitus persicus CBA1233 GID17 GCA_002355635.1
18 Halohasta litchfieldiae tADL GID18 GCA_002788215.1
19 Halodesulfurarchaeum formicicum HSR6 HSR6 GID19 GCA _001886955.1
20 Haloterrigena dagingensis JX313 GID20 GCA_001971705.1
21 Halorientalis sp. IM1011 IM1011 GID21 GCA_001989615.1
22 Haloarcula taiwanensis Taiwanensis GID22 GCA_002844335.1
23 Halobellus limi CGMCC 1.10331 GID23 | GCA_004799685.1
24 Haloarculaceae archaeon HArcell HArcell GID24 GCA_003058365.1
25 Haloplanus sp. CBA1112 CBA1112 GID25 GCA_003342675.1
26 Halorussus sp. ZS-3 ZS-3 GID26 | GCA_008831545.1
27 Haloprofundus sp. MHR1 MHR1 GID27 GCA_005155585.1
28 Halalkaliarchaeum desulfuricum AArc-SI GID28 GCA_002952775.1
29 Natronolimnobius aegyptiacus JWINM-HA 15 GID29 GCA_002156705.1
30 Haloplanus aerogenes JCM 16430 GID30 GCA_003856835.1
31 Halomicrobium sp. LC1HmM LC1HmM GID31 GCA_009617995.1
32 Halorhabdus sp. CBA1104 CBA1104 GID32 | GCA_009690625.1
33 Salarchaeum sp. JOR-1 JOR-1 GID33 GCA_007833275.1
34 Natronolimnobius sulfurireducens AArcl AArcl GID34 GCA _003430825.1
35 Haloplanus rallus MBLAO0036 GID35 GCA_009762275.1
36 Halobacteriaceae archaeon HD8-45 HD8-45 GID36 GCA _009789175.1
37 Natronolimnobius sulfurireducens AArc-Mg AArc-Mg GID37 GCA_003430805.1
38 Halorussus sp. RC-68 RC-68 GID38 GCA_004087835.1
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39 Haloplanus sp. CBA1113 CBA1113 GID39 GCA _003342695.1
40 Halodesulfurarchaeum formicicum HTSR1 HTSR1 GID40 GCA _001767315.1
41 Halanaeroarchaeum sulfurireducens M27-SA2 | M27-SA2 GID41 GCA _001305655.1
42 Haloterrigena jeotgali A29 GID42 GCA _004799625.1
43 Haloferax alexandrinus wspl GID43 GCA _010692905.1
44 Halorubrum sp. PV6 PV6 GID44 GCA _003990725.1
45 Halomicrobium mukohataei ZPS1 ZPS1 GID45 GCA _009217585.1
46 Halogeometricum borinquense wsp4 wsp4 GID46 GCA _010692885.1
47 Haloquadratum walsbyi DSM 16790 HBSQ001 GID47 GCA _000009185.1
48 Halomicrobium mukohataei JP60 JP60 GID48 GCA_004803735.1
49 Haloferax volcanii DS2 DS2 GID49 GCA_000025685.1
50 Natronomonas pharaonis DSM 2160 Gabara GID50 GCA_000026045.1
51 Haloguadratum walsbyi C23 DSM 16854 GID51 GCA_000237865.1
52 Natrialba magadii ATCC 43099 ATCC 43099 GID52 | GCA_000025625.1
53 Haloarcula hispanica ATCC 33960 CGMCC 1.2049 GID53 | GCA_000223905.1
54 Halopiger xanaduensis SH-6 SH-6 GID54 GCA_000217715.1
55 Halogeometricum borinquense DSM 11551 PR 3 GID55 GCA_000172995.2
56 Halomicrobium mukohataei DSM 12286 DSM 12286 GID56 | GCA_000023965.1
57 Haloferax mediterranei ATCC 33500 CGMCC 1.2087 GID57 | GCA_000306765.2
58 Natrinema pellirubrum DSM 15624 DSM 15624 GID58 GCA_000230735.3
59 Halostagnicola larsenii XH-48 XH-48 GID59 GCA_000517625.1
60 Natrinema versiforme BOL5-4 GID60 GCA _005576615.1
61 Natronorubrum bangense JCM 10635 GID61 GCA_004799645.1
62 Haloferax gibbonsii ARA6 GID62 GCA_001190965.1
63 Haloarcula sp. CBA1115 CBA1115 GID63 GCA_000827835.1
64 Halobacterium hubeiense JI120-1 GID64 GCA _001488575.1
65 Halorubrum trapanicum CBA1232 GID65 GCA_002355655.1
66 Salinigranum rubrum GX10 GID66 GCA_002906575.1
67 Halostella pelagica DL-M4 GID67 GCA_005954745.1
68 Haloferax mediterranei ATCC 33500 ATCC 33500 GID68 GCA_005406325.1
69 Haloarcula hispanica N601 N601 GID69 GCA_000504565.2
70 Haloarcula marismortui ATCC 43049 _1 ATCC 43049 GID70 GCA_005310945.1
71 Haloarcula marismortui ATCC 43049 2 ATCC 43049 GID71 GCA_000011085.1
72 Haloterrigena turkmenica DSM 5511 DSM 5511 GID72 GCA_000025325.1
73 Halalkalicoccus jeotgali B3 B3 GID73 GCA_000196895.1
74 Halobacterium salinarum NRC-1 ATCC 700922 GID74 GCA_000006805.1
75 Halobacterium salinarum 91-R6 91-R6 GID75 GCA_004799605.1
76 Halobacterium salinarum R1 DSM 671 GID76 GCA_000069025.1
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Data extraction from R package Micropan v2

Micropan’s v2 pipeline is executed step by step in R. In this study, Rstudio [173] was used for the
editing of the code. All graphs produced by Micropan v2 were saved in png and tiff formats. In
order to handle fasta and csv files, create a catalogue of each gene cluster with its sequences, and

create fasta files that contain sequences for “all”, “core”, “accessory”, “cloud”, and “multicopy”

gene categories, several Perl [174] and BioPerl [122] scripts were used.

Functional annotation of predicted gene clusters

For the annotation of predicted genes the EggNOG database [175] and the eggnog-mapper v2 [176]
were used. A series of five fasta files were placed as input in eggnog-mapper v2, each file containing
one of the five gene categories: “core”, “accessory”, “cloud”, “multicopy”, and “all genes”. The
results were obtained in tsv format, from which annotation information were extracted with the
use of Perl scripts. An excel sheet was created containing the frequencies of every annotation and
gene category. A final graph was created with an R script (“category_bar_chart.r”, R script A10),

using the information from the excel sheets, showing the results of the annotation process.

Phylogenetic profiles created by the pangenome presence-absence matrices

During the pangenome analysis, Micropan v2 creates a presence-absence matrix called “the pan-
matrix”, which contains all predicted gene clusters and their presence in every genome used in the
analysis. Absence is declared with the number zero, while presence with 1. In case there are more
copies of the same gene present in the same genome, the number is larger than 1 and is the
number of copies for this marker. Two types of matrices were used for phylogenetic profiling. The
first is described above and we call it frequency pan-matrix. An example is shown in Table 6.2. The
second is the same matrix converted to a binary presence-absence matrix with the use of an R
script. We call it binary pan-matrix and an example is shown in Table 6.3.

Both the frequency pan-matrix and the binary pan-matrix were inserted into R, and with the
use of an R script, three heatmaps were created. In these heatmaps, columns contain the predicted
protein clusters and rows contain the 76 Halobacteria species of the analysis. With the use of
hierarchical clustering the heatmaps were clustered with the complete distance method for
columns (predicted protein clusters). Additionally, the same weighted tree calculated before with
Micropan v2 was applied to all three heatmap rows (species). The data from pan-matrices were not

normalized or scaled. In the case of the binary heatmap data are already scaled, while in the case of
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the frequency heatmaps scaling would hinder visualization of the presence of predicted multi-copy

protein clusters and their distribution in the Halobacteria pangenome.

Table 6.2. Example of a frequency pan-matrix. Every number greater than 0 represents the copy number
of a specific protein cluster in certain species.
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Table 6.3. Example of a binary pan-matrix. Number 0 declares absence of a protein cluster in a species,
while number 1 declares presence.
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Several color and visualization combinations from R were used to reduce the complexity of
the data and make the figures easily comprehensible. For the frequency heatmap, absence or zero
is declared with white color. Presence with one copy is declared with yellow color. Presence with
two copies is declared with red color. Three or more copies are declared with black color.

For the binary heatmap, absence is declared by dark yellow and presence with red color.
Row and column names are omitted, as the data scale is too large to have distinctive and readable
labels. All heatmaps are the same size which is 76 rows and 23,576 columns.

The third heatmap was created using the frequency heatmap. The data are the same as in
frequency heatmap, but the only color shown is black, highlighting all the predicted gene clusters

with more than two copies. The rest of the data are left with white color.

Protein sequence analysis with HaloPredictor
All predicted gene clusters such as core, accessory, cloud, and multi-copy genes of Halobacteria
pangenome, but also several proteomes of model organisms downloaded from UniProt [177] in
fasta format were uploaded into HaloPredictor. The details of the proteomes used can be found in
Table 6.4. Apart from the csv file containing the results and predictions for every individual protein
sequence, a density plot for all LDA scores was created. The plot highlights the distribution of LDA
scores both in halophilic and non-halophilic predicted protein sequences, for all input sequences.
Finally, in the group of multi-copy genes derived from the Halobacteria pangenome, two
sequences from the same genetic cluster (CL2172) were chosen and aligned with protein BLAST.
This was done in order to visualize at the sequence level the effect of salinity adaptation (residue

substitutions) on two homologous protein sequences.
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Table 6.4. List of proteomes of model organisms used in HaloPredictor salinity adaptation analysis.

Nivakag 6.4. AloTo TWV MPWTEWHATWY TWV OPYOAVICHUWV-LOVIEAWV IOV Xpnotonotdnkav otnv availuon
npocapuoywv alatotntag e to HaloPredictor.

No Species Protein count Domain UniProt Proteome ID
1 Synechococcus elongatus 2657 Bacteria UP000002717

2 Salinibacter ruber 2812 Bacteria UP000008674

3 Methanobacterium formicicum 2519 Archaea UP000007360

4 Lokiarchaeum GC14_75 5378 Archaea UP000034722

5 Helicobacter pylori 1552 Bacteria UP000000429

6 Candidatus haloredivivus sp. 2152 Archaea UP000003484

7 Halobacteroides halobius 2452 Bacteria UP000010880

8 Halanaerobium praevalens 2055 Bacteria UP000006866

9 Escherichia coli 5062 Bacteria UP000000558

10 All Artemia species 2687 Eukarya data from NCBI-protein
11 Atherina boyeri 435 Eukarya data from NCBI-protein
12 Caenorhabditis elegans 26625 Eukarya UP000001940

13 Danio rerio 46849 Eukarya UP000000437

14 Drosophila melanogaster 22114 Eukarya UP000000803

15 Homo sapiens 77027 Eukarya UP000005640

16 Mus musculus 55470 Eukarya UP000000589

17 Saccharomyces cerevisiae 6050 Eukarya UP000002311

18 Xenopus laevis 44571 Eukarya UP000186698

6.3 Results

The pangenome from 76 Halobacteria is open and diverse

The rarefaction curve of Figure 6.1 reveals an open pangenome with 23,576 unique genetic
clusters. Application of a power law analogue to Heaps’ law on our data yields an intercept of
2028.9962312 and an alpha of 0.6263267. The open property of a given pangenome can be
estimated by this model according to the formula An = kN'®, where An is the number of newly
added genes, N is the number of genomes used, and k and a are the fitting parameters. For a > 1,
the pangenome is closed, and for a < 1, the pangenome is open. Heaps’ law and power law are

mathematically similar.
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Figure 6.1. Rarefaction curve of the Halobacteria pangenome.

Ewkova 6.1. KapmUAn apaiwong yia to mav-yovidiwpa tng kAdong Halobacteria.

As expected, very few gene clusters are present in all 76 genomes. The distribution of gene

clusters among Halobacteria genomes reveals that 9391 out of 23,576 gene clusters are present in

only one genome, while 458 out of 23,576 gene clusters are present in all 76 genomes. The

remaining 13,727 clusters are ordered as shown in Fig. 6.2.
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Figure 6.2. Distribution of predicted gene clusters in Halobacteria genomes. 458 out of 23,576 predicted
genes are present in all 76 genomes.

Ewova 6.2. Katavoun twv npoPAedpOiviwv cuotadwv yovidiwv ota yovidiwpata twv Halobacteria. 458
yovidia ano ta 23.576 nov npoPAsdpOnkav evrtomnifovral og OAa Ta 76 yoviSiwparta.

The detection probability of predicted gene clusters in Halobacteria pangenome (Fig. 6.3a)
was also estimated. For comparison, probabilities of the pangenomes from Halobacterium
salinarium, Haloferax, and Halorubrum were also estimated (Fig. 6.3b, ¢, d). For Halobacterium
salinarium (Fig. 6.3b) gene clusters with very low detection probability are close to 12.5%. For
Haloferax (Fig. 6.3c) they are close to 40% and for Halorubrum (Fig. 6.3d) more than 50% of genes.
Regarding the whole pangenome of Halobacteria, more than 75% of gene clusters have low
detection probability. The pangenomes of Haloferax and Halorubrum are estimated as “closed” and
“nearly closed” with an alpha factor of 1.50 and 0.95, respectively. Weighted dendrograms were
also created considering all predicted gene clusters for our 76 genomes and giving more weight to
core and accessory genes and less to cloud and rare genes. The dendrograms were created with
both complete and average Manhattan distances and can be seen in Figure 6.4 and Supplementary

Figure A5, respectively.
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Pan-genomes-gene family distribution
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Figure 6.3. Detection probabilities of predicted gene clusters in pangenomes of Halobacteria (a),
Halobacterium salinarium (b), Haloferax (c), and Halorubrum (d).

Ewkova 6.3. MBavotnteg evtoniopol tTwv nPofAedOEVIWV cUOTASWVY YOVISiwV OTO TTOV-YOVLSLWHOTA TWV
Halobacteria (a), Halobacterium salinarium (b), Haloferax (c) kow Halorubrum (d).
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Figure 6.4. Complete distance weighted dendrogram of 76 Halobacteria. Order Haloferacales in green,
order Natrialbales in red, and order Halobacteriales in purple.

Ewova 6.4. ItaBuiopévo Sevdpoypappa pe T HEBO0SO complete distance ywa ta 76 péEAN TWV
Halobacteria. H ta¢n Haloferacales pe npdouwo, n taén Natrialbales pe kokkwo kat n ta¢n Halobacteriales

ME HWp.

Functional annotation of genes predicted from Halobacteria pangenome

The annotation of predicted genes provided a wide view of the genetic repertoire of Halobacteria
(Fig. 6.5). In the group of all predicted gene clusters, “Function unknown” is at 22%. “Amino acid
transport and metabolism” is at 10.6% and “Energy production and conversion” at 7%. Also,

“Inorganic ion transport and metabolism” functions are at 6.6%. In accessory clusters, “Inorganic

ion transport and metabolism” is at 7.7%.
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For cloud genes, “Function unknown” is at 30.8%. The next higher percentage categories for
cloud genes, unlike core and accessory genes, are “Signal transduction mechanisms” and
“Replication, recombination and repair”. Also, “Cell wall/membrane/envelope biogenesis” and
“Inorganic ion transport and metabolism” have high percentages.

For multi-copy genes, “Amino acid transport and metabolism” is the first category at 28%,
followed by “Post-translational modification, protein turnover, and chaperones” at 19%.
“Transcription” and “Function unknown” are at 13%. From the group of all genes, for the
annotation categories “Extracellular structures”, “General function prediction only”, and “Nuclear
structure” no gene clusters are found. The same applies to core genes and additionally
“Cytoskeleton” and “RNA processing and modification” also luck clusters. In accessory genes, no
clusters are found in the above categories as well as for “Chromatin structure and dynamics”.

During sequence analysis, 415 multi-copy genes were detected that were present in more
than one copy per genome, or several copies in some genomes. From those, the 14 genes with
most-copies were present with 2-5 copies per genome (Table 6.5). Multi-copy genes were more
present in the annotation categories “Amino acid transport and metabolism” (28.2%), “Post-
translational modification, protein turnover, and chaperones” (19.5%), “Transcription” (13.4%), and
“Function unknown” (13.3%). Multi-copy gene clusters could not be found in 16 annotation

categories as it can be seen in Figure 6.5.
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Figure 6.5. Functional annotation of Halobacteria pangenome for predicted gene clusters in 5 categories:
all genes, core genes, accessory genes, cloud genes, and multi-copy genes.

Ewlkova 6.5. NETOUPYLKOG OXOALAGHOG TOu mav-yoviSiwpoatog twv Halobacteria yia tig mpopAedOceioceg
YOVLOLOKEG OUOTASEG 0 5 KaTnyopieg: OAa Ta yovidla, CUOTATIKA Yovidia, CUMMANPWUATIKA yovidia,
omnavia yovidia kot yovidia pe moAAa avtiypada.

Table 6.5. The 14 most present multi-copy predicted gene clusters of Halobacteria pangenome.

Nivakag 6.5. Ot 14 npoPAedOeiceg cuoTadeg yoviSiwyv e T TEPLOGATEPA avTiypada oTo mav-yovidiwpa
twv Halobacteria.

Predicted Gene No of Total COG arCOG EggNOG annotation result
gene presence in % | sequences genomes
cluster of 76 genomes

1 CL2172 550% 418 76 COG1405 arC0G01981 DNA-templated transcriptional preinitiation
complex assembly

2 CL980 343% 261 76 COG1960 arCOG01707 Acyl-CoA dehydrogenases

3 CL5630 326% 248 76 COG0714 arCOG00434 ATPase associated with various cellular

activities

4 CL1002 312% 237 76 COG0464 arCOG01308 ATPases of the AAA class

5 CL3468 287% 218 76 COG0459 arCOG01257 Belongs to the TCP-1 chaperonin family

6 CL619 275% 209 76 COG1131 arCOG00194 ABC-type multidrug transport system,
ATPase component

7 CL2899 270% 205 76 COG3385 arCOG06160 FOG Transposase and inactivated derivatives

8 CL2181 254% 193 76 COG0334 arCOG01352 Belongs to the Glu Leu Phe Val

dehydrogenases family

9 CL612 241% 183 76 COG4608 arCOG00184 ABC-type oligopeptide transport system,
ATPase component

10 CL1443 218% 166 76 COG0656 arCOG01619 Aldo keto reductases, related to
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diketogulonate reductase

11 CL1718 217% 165 76 COG2309 arC0G01889 Leucyl aminopeptidase (Aminopeptidase T)
12 CL1353 205% 156 76 COG1013 arCOG01599 Pyruvate ferredoxin oxidoreductase and
related 2-oxoacid ferredoxin
oxidoreductases, beta subunit
13 CL613 201% 153 76 COG0444 arCOG00181 ABC-type dipeptide oligopeptide nickel
transport system ATPase component
14 CL1003 200% 152 76 COG1222 arCOG01306 ATPase

Phylogenetic profiles created from the pangenome analysis

In total, three phylogenetic profiles/heatmaps were created from the pangenome data (Figs 6.6,
6.7, 6.8). Clustering the columns containing the predicted protein clusters of the pangenome
reveals a core group of genes, present in most of our 76 species. The core group is present in all
three graphs. On the frequency heatmap (Fig. 6.6) some genes from the core cluster are present in
multiple copies, denoted with red and black color. This is also clear in Figure 6.8, where only genes
with high frequencies are shown in black color.

On the left side of the frequency heatmap (Fig. 6.6, red arrow), a gene group present
exclusively in the order Natrialbales (red colored branches) can be observed. Also, other distinctive
protein groups can be found in some members of Natrialbales, present in multiple copies as well.
The orders Halobacteriales and Haloferacales share a cluster of genes visible on the far-left edge of
the graph (Fig. 6.6). A large genetic cluster is present only in six Haloarcula species (Fig. 6.6, purple
arrow). Another cluster is present in both Haloarcula and Halomicrobium (Fig. 6.6, purple arrow).
Several other large protein clusters can be observed on the graph (Fig. 6.6, green arrow), but also
smaller and more specific to certain strains (Fig. 6.6, blue arrow).

Similar clustering can be observed in the binary heatmap (Fig. 6.7) which is expected since
most of the data in frequency and binary matrices are identical. In the binary heatmap, the core
cluster with genes present in all 76 species can be easily distinguished on the right side of the
graph.

In the multi-copy frequency heatmap (Fig. 6.8), a core cluster of multi-copy genes can be
seen on the right side of the graph. Several individual gene groups or single genes can be observed
in the graph, for individual species or a small group of species. Additionally, on the left side of the

graph, a cluster of multi-copy genes is present in all 76 Halobacteria species.
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Figure 6.6. Frequency heatmap of the pan-matrix. Absence of a protein cluster is declared with white
color. Presence with one copy in yellow, two copies in red, and more than two copies in black. Arrows
indicate gene clusters of interest. Clustering of rows is structured according to the dendrogram of figure
6.4.

Ewkova 6.6. OEpULKOG XAPTNG CUXVOTHTWV TNG tav-pRtpag. H anouvoia pog cuoctadag yovidiwv SnAwvetal
Me Aguko xpwua. H mapoucia pe éva avtiypago oe Kitpwvo, 600 avtiypada og KOKKLVO KO TOPOTAVe
anod Vo avtiypada os pavpo. Ta BEAn unodelkvuouv cuotadeg evdladEpovtog. H opadomnoinon twv
YPOAUMWV TG HATPOS YiveTan cUpdwva pe To SevépoypapLa tnG ELKOvag 6.4.
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Figure 6.7. Binary heatmap of the pan-matrix. Dark yellow declares absence and red declares presence of
predicted protein clusters. Clustering of rows is structured according to the dendrogram of figure 6.4.

Ewkova 6.7. Auadlkog BepLKOg XAPTNG TG TLav-prTpas. To okoUpo moptokali SnAwvVeL anouasia Kat To
KOKKWVO SnAwvel mapouoia twv tpoBAedOéviwv yoviSlakwyv cuotdadwv. H opadomnoinon twv ypoppwyv
™G HATPOG yivetan cUpdwva He To SeEVEPOYypOpLa TNG ELKOVOG 6.4.
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Figure 6.8. Frequency heatmap (same as figure 6.6) of protein clusters with more than two copies per
genome. Multi-copy clusters declared with black color. All other data in white. Clustering of rows is
structured according to the dendrogram of figure 6.4.

Ewkova 6.8. OgpULKOG XAPTNG OUXVOTATWY (OMOLOG LE TNV £KOVA 6.6) TWV MPWTIEIVIKWY CUCTASWY ME
napandvw and 8o avtiypada avd yovidiwpa. OL cuotddsg pe noAAanAd avtiypada dnAwvovtol pe
pHaUpo xpwpao. OAa Tta untddowna Sedopéva pe Asuko. H opadomnoinon tTwv ypappwy Tthe HATPOS yiveton
ocUpdwva LLE TO SEVEPOYpPAA TNG ELKOVAC 6.4.

Salinity adaptation analysis with HaloPredictor

The predicted protein sequences from the Halobacteria pangenome were tested for salinity
adaptations with HaloPredictor [11]. In total, 217,783 Halobacteria proteins were tested and 77.3%
were predicted as halophilic (Fig. 6.9.1). In a similar analysis, the proteomes of several model-
organisms revealed a consistent percentage of halophilic proteins (12.6%) present in species that

are non-halophilic (Fig. 6.10).
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1.Halobacteria 2.Candidatus Haloredivivus sp. G17

4.Lokiarchaeum sp. (GC14-75) 5.Salinibacter ruber
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7.Halanaerobium praevalens 8.Halobacteroides halobius

10.Helicobacter pylori

Prediction

B Halophilic
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3.Methanobacterium formicicum
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6.Synechococcus elongatus

9.Escherichia coli

Figure 6.9. Percentages of halophilic and non-halophilic proteins in the class Halobacteria and closely or

distantly related prokaryotic species as predicted by HaloPredictor.

Ewkova 6.9. Nocootd ahoPpilwv Kal pn-aAoPpilwv npwteivwv otnv kKAdon Halobacteria kot o€ cuyyevika

(kovtva | LOKPLVA) TTPOKOPUWTIKA €i8N omtw¢ npofAEépOnkav and to HaloPredictor.
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1.Saccharomyces cerevisiae 2.Caenorhabditis elegans 3.Artemia species
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4 Atherina boveri 5.Danio rerio 8.Xenopus laevis B Halophilic

' Nen-halophilic

7.Drosophila melanogaster 8.Mus musculus 9.Homo sapiens

000

Figure 6.10. Percentages of halophilic and non-halophilic proteins in proteomes of several eukaryotes as
predicted by HaloPredictor.

Prediction

Ewova 6.10. Moocootd oAOPIAwV Kot HN-OAOPIAWV TPWTIEIVWV OTO TPWTEWHATO EUKOPLWTIKWV
OpPYAVIOUWV-LOVTEAWV Ortw¢ tpoBAEdOnkav amnod to HaloPredictor.

All gene groups were also investigated individually (core, accessory, cloud, and multi-copy
genes) and the results are shown in Table 6.6. Additionally, the density plot of LDA scores of all
Halobacteria proteins (Fig. 6.11) revealed a normal distribution of halophilic LDA scores with an
average score of -9.44. Non-halophilic LDA scores are concentrated in a narrower range with an

average score of 10.49. The maximum LDA score in the graph is 71.75 and the minimum is -100.7.
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In the group of multi-copy genes, a specific trend was observed where, in the same gene
clusters with multiple homologs in the same genome, the majority of proteins are halophilic, but
there is also a non-halophilic homolog. A distinct example of this pattern can be found in the
genome of Halorubrum ezzemoulense with genome id: GID12. There are five protein members in
GID12 regarding predicted cluster 2172, which is the most abundant cluster in Halobacteria
pangenome (Table 6.5). Four members are predicted as halophilic, while one member as non-
halophilic (Table 6.7). As mentioned earlier, an alignment was performed between the most
halophilic member of Halorubrum ezzemoulense (GID12_seql1490 CL2172) and the only non-
halophilic member of CL2172 (GID12_seq1477_CL2172) according to their LDA scores (Table 6.7).
The results showed significant differences between the two proteins, but the alignment score is still
high (Fig. 6.12a). The amino acid profiles of the two proteins (Fig. 6.12b) have different percentages
of key residues: halophilic proteins possess increased V, D, R, G, T, A and decreased L, N, Y. This is

influencing adaptation in high salinity and increased osmotic pressure [59, 111, 112, 148].

Table 6.6. Percentages of halophilic sequences in several gene groups of Halobacteria, as predicted by
HaloPredictor.

Nivakag 6.6. Mocootd aAdpilwv akolouBwv oe Stadopeg opadeg yovidiwv twv Halobacteria, onwg
npoPA£dOnkav anod to HaloPredictor.

Group Total sequences Percentage of halophilic sequences
Core genes 68301 77.80%
Multi-copy genes 3115 76.90%
Accessory genes 140472 77.00%
Cloud genes 9010 78.20%
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Density plot of linear discriminants of input proteins
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Ewdva 6.11. ALQypOHELO TTUKVOTATWY TWV YPOHKLIKWV SLaXwpeLoTwV yia 0Aeg T npofAedBeiosg mpwrteiveg
¢ kAaong Halobacteria. To péyioto LDA okop givat 71.75 ko to eAdyioto -100.7.

Table 6.7. Predicted proteins of cluster 2172 from Halorubrum ezzemoulense (GID12) and their salinity

adaptation prediction.

Nivakag 6.7. MNpoPAedBeioeg npwteiveg Tng cuctadag 2172 ano to Halorubrum ezzemoulense (GID12) ko

oL avtiotowyeg poPAEYPELG TOUG Goov adpopa MPOCAPOYEG OTHV aAatotnTa.

Sequence Group Prediction LDA
GID12_seql228 CL2172 1 halophilic -6.675695113
GID12_seql1477_CL2172 2 non-halophilic 6.726886536
GID12_seq1490_CL2172 1 halophilic -14.67131745

GID12_seq360_CL2172 1 halophilic -0.223510102
GID12_seq626_CL2172 1 halophilic -5.484858986

95



Alignment Scores <40 W40-50 [J50-80 [@80-200 [ ==200

Distribution of the top 2 Blast Hits on 1 subject sequences

a
I I I I I I
1 a0 120 180 240 300
Halophilic -

Ala (A): 40 (11.5%) 28 (8.8%)
GID12_seq1477 Arg (R): 40 (11.5%) 33 (10.4%)

Sequence ID: Query_60069 Length: 317 Number of Matches: 2 Asn (N): 11 (3.2%) 8 (2.5%)
o Asp (D): 23 (6.6%) 20(6.3%)

Range 1: 20 to 315 Graphics Cys (C): 4(1.1%) 6 (1.9%)
Score Expect Method Identities Positives Gaps Gln (Q): 8(2.3%) 20(6.3%)
374 bits(559) 2e-134 Compositional matrix adjust. 187/297(63%) 232/297(78%) 2/297(0%)  Glu (E) 33 (9.5%) 34 (10.7%)

Query 49  EPTTTCPECGGR-LATDTEHGETVCDDCGLVVEADSVDRGPEWRAFNSNERDSKSRVGAP 187 Gly (G):  26(7.5%) 16 (5%)

Sbjct 20  .S.VS....DSENIV..ADQ-.L..E.....LDERNI.......... [T T 78 His (H) 3(0.9%) 3(0.9%)
Query 108 TTHNMMHDKGLSTNIGWQDKDAYGKSLSGRQRRRMQRLRTWNERFRTRDSKERNLKQALGE 167 Tle (D): 8(2.3%) 17 (3.4%)
Sbjct 79 I.ET......T.T.D.K......R...SEK.SQ.H...K.Q..I..K.AG....QF..S. 138 Leu (L): 27 (7.8%) 22 (6.9%)

- - 7 Qo 1 (4 49
Query 168 IDRMASALGLPDNVRETASVIYRRALDEDLLPGRSIEGVATASLYAAARQVGNPRSLDEF 227 Lys (K): 10 ("9;") }J'(“;")

Sbjet 139 .........V.RS...V.........N...IR.......S..A....C..E.I......V 198 Met (M): 6 (1.7%) 5 (1.6%)

- A 0. 0/

Query 228 TTVSRVEKMELTRTYRYVIRELGLRVQPADPTSYVPRFVSRLGLSEETERRARELLDDAA 287 Phe (F): J'(l'l"‘;), 6(1'912)
Sbjet 199 AD....PQK.IG..... ISQ....ELK.V..KQF....A.A.Q....VQSK.T.II.VS. 258 Pro (P): 12 (3.4%) 11 (3.5%)
Ser (S): 30 (8.6%) 26 (8.2%)

Query 288 NAGITSGKSPVGLAAAAVYA&ALLSNEKVTQSQVSEVADISEVTIRNRYKELLDASG 344 . e o)
Sbjct 259 EQ.LL.....T.F....I...S5..C...K..RE.AD..QVT........ Q.QIE.M. 315 Thr (T): 29 (8.3%) 17 (5.4%)

Trp (W): 3(0.9%) 3(0.9%)

Tyr (Y): 9 (2.6%) 7(2.2%)
Range 2: 233 to 317 Graphics Val (V): 22 (6.3%) 21 (6.6%)

Score Expect Method Identities Positives Gaps
31.2 bits(6S) 2e-05 Compositional matrix adjust.  26/85(31%) 46/85(54%) 0/85(0%)

Query 168 IDRMASALGLPDNVRETASVIYRRALDEDLLPGRSIEGVATASLYAAARQVGNPRSLDEF 227
Sbjet 233 VP.F....Q.SEE.QSK.TE.IDVSAEQG..S.K.PT.F.A.AI.._SLLCNEKKTQR.V 292

Query 228 TTVSRVEKMELTRTYRYVIRELGLR 252
Sbjet 293 AD.AQ.TEVTIRNR.QEQ.EAM.F. 317

Figure 6.12. Alignment of two homologs from genetic cluster 2172. One is predicted as halophilic, while
the other as non-halophilic. a) Details about the alignment. b) Amino acid profile of both homologs in
frequency and percentage.

Ewova 6.12. Itoixion twv 6U0 OHOAOYWV TPWTIEIVWYV omd tn ovuctdada 2172. H uia akoAouBia
npoPAénctal wg aAOPIAn evw n AAAN w¢ un-aAodiAn. a) Aentopépeleg mouv adopolv Tn otoixion. b)
Npodil apvofEwv Twv U0 OLOAOYWV MPWTEIVWV GE CUXVOTNTEG KOl TOGOCTA.

6.4 Discussion

Pangenome analyses have revealed a great amount of genetic diversity in the microbial world, both
in Bacteria [164] and Archaea [166]. However, to our knowledge, the current analysis in
Halobacteria is the largest so far. The open pangenome of Halobacteria testifies to a genetic
potential including new molecular pathways, protein families, and adaptation mechanisms awaiting
exploration.

We organized the predicted gene clusters in three main groups, core, accessory, and cloud
genes. Core genes were present in more than 95% of species, accessory genes from 95% to more

than 1%, and cloud genes were present in 1% of the species. No strict standards exist for these

96



thresholds, so these groups can be slightly variable. For example, we could account cloud genes to
be present in 10% of species or less, which would increase the number of cloud genes and decrease
the accessory genome. We oriented cloud genes to be the group referred to as “strain-specific” or
“dispensable” in the literature, however the latter has been questioned because some of these
genes have been shown to be important for survival and adaptation [178]. Core genes that are
present in all 76 genomes amount to 660, including those with multiple copies per genome (415),
while core genes with exactly one copy per genome amount to 245. The rest of the core genes are
measured from 99 to above 95% presence (154). Therefore, there are 814 core genes, starting from
95% presence.

Detection probabilities shown in Figure 6.3 correspond to different groups of genes from
the pangenome. Genes with detection probability closer to 1 correspond to core genes, while genes
with low probability correspond to cloud and rare genes. At the species level, pangenomes of
Halomicrobium mukohataei (data not shown) and Halobacterium salinarium (Fig. 6.3b) have a
different distribution of low detection probability gene clusters. For the same number of three
strains in their pangenome, Halomicrobium mukohataei has low detection probability clusters at
3% while Halobacterium salinarium is closer to 12.5%, more than fourfold increase. The
pangenome of Halomicrobium mukohataei is closed with alpha factor 2.0 and the pangenome of
Halobacterium salinarium is nearly closed with alpha factor of 0.98. For Haloferax and Halorubrum,
using five and four genomes respectively, low detection probability clusters are close to 40%, while
for Halanaerobium (not shown) they are close to 68%. This is not the case for the pangenome of
Haloplanus, where strain-specific and rare genes are present in lower percentages [167]. These
data suggest that some taxonomic groups within Halobacteria could have more conserved
functions, while others may show large differences in terms of genetic composition and diversity.
Nevertheless, more genomes are needed to draw a clearer picture.

As mentioned above, the amount of genetic diversity revealed in microbial species has
occasionally been rather unexpected. Halobacteria survive and thrive in very specific environments,
which raises several questions. Is this diversity essential for survival? Are there more adaptation
strategies in salinity and extreme environments that we don't know about? It has been shown that
horizontal gene transfer may cross domains [19, 166]. So, is this relevant to Halobacteria?

The dendrogram of the 76 Halobacteria (Fig. 6.4) with complete distance placed most of the
species in their corresponding genera, on a monophyletic group when applicable. Many species like

Halostagnicola larsenii XH-48 without other representatives in the genus were placed on a single
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branch. Even though the dendrogram is not a complete phylogenetic method, the genome data in
our analysis confirm most previously known phylogenetic relationships. However, both on average
(Supplementary Figure A5) and complete linkage (Fig. 6.4) trees, Haloarchaeon 3A1-DGR which
according to NCBI taxonomy belongs to Halobacteriales was clustered within Haloferacales, and
Haloprofundus sp. MHR1 which belongs to Haloferacales was clustered with Halobacteriales.
Haloarchaeon 3A1-DGR is not yet phylogenetically resolved [179] and could share many core and
accessory genes with Haloferacales, hence being clustered with this group on our weighted
dendrogram. Haloprofundus sp. MHR1 may be clustering with Halobacteriales for the same reason.
Also, Salinarchaeum sp. Harcht-Bskl which belongs to Natrialbales [180] is grouped with
Haloferacales in the average distance graph (Supplementary Figure A5) while in the complete
linkage graph it is on the last clade of Natrialbales, next to Halobacteriales. A more extensive
analysis on how accessory genes are shared among Halobacteria may be required to explain the
clustering results as this is a weighted dendrogram. Extensive phylogenomic analyses in
Halobacteria are generally rare [78, 79] and information about these clades is still poor.

The functional annotation pinpointed interesting details about the genetic machinery of
Halobacteria (Fig 6.5). The first observation concerns the large number of predicted proteins with
unknown function. From a technical aspect, most of these predictions could be considered reliable
as they involve large amounts of data coming from blast alignments, validation, cut-offs, and
clustering. However, further analyses are needed to determine and experimentally validate the
existence of these proteins and their roles in Halobacteria, as it occurred previously with
bacteriorhodopsin [181-183] and carotenoids [184].

Amino acid transport, metabolism, and energy production-conversion is a large part of the
predicted pangenome. It is already known that many functions necessary for survival in osmotic
pressure require specific metabolic capacities and energy efficiency [185]. Having a large portion of
genes responsible for the functions described above is therefore expected and our data provide
strong confirmation for the case of Halobacteria.

Inorganic ion transport and metabolism takes up a considerable share of the pangenome.
Halophiles use several strategies that include membrane ion transports and biogenesis of several
compatible solutes to combat osmotic pressure [18, 78, 148, 186, 187]. It is not yet clear exactly
which taxa have the capacity to use one or both strategies and it would be interesting for future

studies to delve into this annotation category.
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Regarding cloud genes, the largest annotation group of predicted cloud clusters belongs to
unknown functions. The second group is “Signal transduction mechanisms”. There is plenty of
information in the literature about signal transduction in Halobacteria [188-191], however having
considerable percentage of signal transduction genes in the cloud group of the pangenome is
observed for the first time. Additionally, great functional diversity has been observed in the cell wall
and membrane composition of Halobacteria [192-194], which could be partially explained by the
presence of “Cell wall/membrane/envelope biogenesis” annotation category in cloud genes of our
pangenome. Annotation data from cloud genes mentioned above suggest there are many unknown
and highly specific genes of various functions in Halobacteria.

Multi-copy genes highlight the gene expression priorities of the cells of Halobacteria. The
most frequent gene cluster (CL2172) with five copies per genome is a transcription initiation factor
[IB protein which stabilizes TBP binding to the archaeal box-A promoter (Table 6.5). It is also
responsible for recruiting RNA polymerase Il to the pre-initiation complex (DNA-TBP-TFIIB -
arC0G01981) [175]. This result suggests the need for fast and efficient transcription. It has already
been proposed that archaeal transcription and translation can happen simultaneously on the same
mMRNA [195-197], which combined with the use of operons [198] and the fact that highly expressed
genes are already reported present in Archaea [199], points out faster gene expression in
Halobacteria as highly probable.

The second gene cluster (CL980) from Table 6.5, with three copies per genome, belongs to
Acyl-CoA dehydrogenases. These proteins are known to be involved in fatty acid metabolism [200].
Many processes within Halobacteria involve the cell wall, membrane proteins, and reading signals
from the external environment. It is therefore essential for these cells to organize the function of
their cell walls, lipid structure, and fatty acid processing. Although it was widely believed that
Archaea did not possess a fatty acid processing system, recent papers report otherwise [201, 202].
The presence of Acyl-CoA dehydrogenases further supports these claims. Cell walls of Archaea have
different structures and are diverse [192, 193, 203] so it could be likely for some extremophilic
Archaea to possess fatty acids in their cell wall structure, despite the “lipid divide” [204]. However,
more research on novel species of extremophilic Archaea is needed to confirm this hypothesis.

The next two gene clusters (CL5630, CL1002) from Table 6.5 are ATPases with three copies
per genome. The presence of ATPases in multiple copies is expected in Archaea, since ATP

synthases are highly present as part of an energy and mobility management mechanism [205, 206].
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The remaining gene clusters in Table 6.5 are present in two copies per genome and range from
chaperones to ATPases.

In total, 217,783 sequences were assigned as input for annotation with 182,884 returning an
annotation result. That means 34,899 sequences still contain unknown information from the
pangenome, hypothetical proteins, non-functional peptides, and disordered proteins. In other
words, a considerable fraction of 16% in the Halobacteria pangenome involves undetermined and
possibly novel functional elements. Also, despite the large number of proteins inserted into the
annotation process, many annotation categories from EggNOG did have an extremely low
percentage or no matches at all (Fig. 6.5). These categories for all predicted genes included
“General function prediction only”, “Extracellular structures”, “Nuclear structure”, “Cytoskeleton”,
“RNA processing and modification”, and “Chromatin structure and dynamics”.

The phylogenetic profiles created from the pangenome data matrices (Figs 6.6, 6.7, 6.8)
revealed interesting information about Halobacteria. The frequency pan-matrix contained several
predicted gene clusters with multiple copies per species. It is already known for some species of
Halobacteria that several genes are present in multiple copies [207-210], however the current
pangenome data show for the first time that this is a widespread phenomenon within the class.
From our data, the predicted gene cluster numbered 2899, for strain Haloferax volcanii DS2,
contains 37 copies of the archaeal orthologous group arCOG06160, which is predicted as a
transposase of the ISH3 family according to EggNOG annotation. The presence of transposable
elements in Halobacteria has not been studied in detail until now. A few papers exist [211-215] and
our data could provide a basis for more research on this topic.

In Figures 6.6 and 6.7, on the right side, a large cluster of genes can be seen (Fig. 6.6, black
arrow). During the pangenome analysis, we identified 814 core gene clusters, present in all 76
Halobacteria species. These clusters are visible in the graphs as a large solid colored block, both in
frequency (Fig. 6.6) and binary (Fig. 6.7) heatmaps. These 814 core genes along with the rest of the
gene clusters present in most species suggest the presence of about 1100 conserved genes that
most Halobacteria possess.

The order Natrialbales in Figures 6.6 and 6.7 have an exclusive set of genes, not present in
Halobacteriales or Haloferacales. To the best of our knowledge, apart from phylogenetic analyses
on Halobacteria [78, 79], this is the first time Natrialbales are separated from the rest of
Halobacteria by a specific trait. The presence of these genes indicates differences in several cellular

functions in Natrialbales. Halobacteria members are known for their metabolic diversity [216-218],
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so this gene cluster could be linked to metabolic functions. No other distinct characteristics have
been observed in Natrialbales [219] so far.

Additionally, there are two more distinct gene clusters in Figure 6.6. The first is present only
in Haloarcula and the second is present both in Haloarcula and Halomicrobium (Fig. 6.6, purple
arrow). Haloarcula species are known to differ from other Halobacteria by possessing the triglycosyl
glycolipid TGD-2 [220]. Halomicrobium and Haloarcula strains are closely related [221, 222] and are
reported having intraspecific polymorphisms in their 16S rRNA genes [223], as well as multiple
copies of the gene as also reported in other members of the class Halobacteria [70]. The cluster
with predicted genes belonging only to Haloarcula and Halomicrobium will hopefully reveal more
clues regarding the genetic potential, origin, and evolutionary history of these closely related
genera.

In comparison with the Halobacteria phylogeny in Chapter 3, the weighted dendrogram (Fig.
6.4) derived from the pangenome, successfully separated Haloferacales and Natrialbales.
Halobacteriales were also divided in two groups, however the distant small group contains only
Halanaeroarchaeum sulfurireducens. Halobacterium salinarum strains are placed in the main group,
but in a separate sub-cluster.

The majority (77%) of the 217,783 predicted protein sequences from the Halobacteria
pangenome were assigned by HaloPredictor as halophilic (Fig. 6.9.1). All gene categories follow a
constant percentage of halophilic proteins at 77.5% on average (Table 6.6). This suggests that most
Halobacteria require these adaptations to a great extent in order to survive in high salinity, and
even gene groups that are not highly conserved or abundant have to be adapted in their majority.
On a further reading, this indicates that, at least in Halobacteria, haloadaptation does not emerge
by the action of a handful of genes but requires an extensive genetic rewiring throughout the
genome. It would be interesting to see the distribution of the percentages of halophilic and non-
halophilic proteins in individual members of Halobacteria to determine whether there are some
species with higher proportions of adapted proteins than others, or the percentages are equally
distributed in the whole class. It is also very interesting to see what protein families are usually
predicted as non-halophilic and whether they are common in members of Halobacteria.

The non-halophilic proteins of Halobacteria account for a fraction of 22.5%. It is also very
interesting that even though Halobacteria use the salt-in strategy and salts are entering their
cytoplasm, it is unknown how the non-adapted proteins function. The non-halophilic predictions of

HaloPredictor contain mostly functional proteins. However, there are also proteins, both of
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halophilic and non-halophilic nature, with compositionally biased regions such as transmembrane
proteins. The conserved parts of these proteins do not allow for changes in the usage of amino
acids for haloadaptation. We have noticed, specifically in transmembrane proteins, that they do
carry an adaptation signature in their amino acid profile, when excluding the compositionally
biased regions (Chapter 4). It is still unknown what amino acid profile adaptations other
compositionally biased proteins or proteins with low complexity regions possess and what their
functions are.

Several other prokaryotes have a high percentage of halophilic proteins in their proteomes.
Our analysis confirms previous reports on high salinity tolerance for Candidatus haloredivivus sp.
G17, Salinibacter ruber, and Saccharomyces cerevisiae (Figs 6.9.2, 6.9.5, 6.10.1) [92, 96, 224, 225].
Nanohaloarchaea such as Candidatus haloredivivus sp. G17 are reported using Halobacteria as
hosts [93, 94]. It is possible that many of the adapted genes of Halobacteria have been transferred
to several species of Nanohaloarchaea, although convergent evolution could also be taking place
[93]. This is also the case for Salinibacter ruber regarding gene transfers [19]. Saccharomyces
cerevisiae has been reported having salt-tolerance abilities but mostly through the basic stress
response mechanisms, activation of biological pathways, and also compatible solute accumulation
[225]. To our knowledge, this is the first study that proteins with adapted amino acid profiles are
found in Fungi. Additionally, more species of Fungi are also reported with halophilic capabilities
[226, 227]. More research is needed to trace the origin of these adapted halophilic proteins.

Most model-organisms used in this study (Figs 6.9, 6.10) present a consistent pattern
regarding the presence of adapted halophilic proteins in their proteomes. It has been reported that
non-halophilic species do contain halophilic proteins, however this subject has not been thoroughly
studied [111]. From our proteome data it is suggested that most non-halophilic species have a
percentage of 12.6% in halophilic proteins (Figs 6.9, 6.10). It would be interesting to see what
protein families have conserved their amino acid profiles which gives them halophilic properties
even in higher eukaryotes such as Homo sapiens.

The alignment between the halophilic and non-halophilic homologs of CL2172 from
Halorubrum ezzemoulense confirmed the differences in their amino acid compositions. However,
these data raise the question of the presence of non-halophilic homologs in the multi-copy genes of
Halobacteria. Ancestral gene content reconstructions through phylogenetic profiling are needed to

resolve these questions.
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Regarding the density plot of LDA scores (Fig. 6.11), the typical LDA scores for a halophilic or
a non-halophilic protein are -9.44 and 10.49, respectively. However, there are also more extreme
values present in our data (min: -100.7, max: 71.75). Such outlier scores are caused either by short
proteins (<150 amino acids) or by proteins containing low complexity or compositionally biased
regions. Most of these proteins in Halobacteria are annotated as hypothetical and their functions
remain unknown.

The open pangenome of Halobacteria revealed a small core of about 1100 genes. Cloud
genes are present in more than % of the pangenome, revealing a large genetic reservoir consisting
of many unknown and possibly novel genes that need to be accounted for, validated, and
annotated. These data will hopefully lead to the discovery of new molecular pathways and
mechanisms in Archaea. Multi-copy genes will reveal more information regarding the genetic
mechanisms that require fast expression in cells adapted to high salinity. The novel genetic traits
discovered in Haloarcula and Halomicrobium along with the rest of the pangenome data call for
further and extensive research on Halobacteria. Additionally, the presence of halophilic proteins in

non-halophilic species across the tree of life raises new questions and research topics.
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Chapter 7: Conclusions and prospects

Over the last few years, research on halophiles, and extremophiles in general, has entered an
accelerating phase owing to an exciting combination of basic mechanisms for adaptation and
potential applications these organisms bear. Databases like HaloDom can serve as a useful resource
and starting point for researchers interested in studying the exotic biology of halophiles and their
adaptations. HaloDom can be further expanded to include other types of extremophiles and aid in
the devise of novel approaches and questions in this field. The accompanying online version of
HaloPredictor is the only software, by the time of writing, that can determine a protein’s halophilic
or non-halophilic nature. Future improvements of the tool may include the detection of additional
signatures of haloadaptation as well as appropriate adjustments for other extremophiles.

The lineage of Halobacteria forms a monophyletic group in phylogenetic trees constructed
with conserved archaeal markers. From the three separate Halobacteria orders distinguished so far,
Haloferacales and Natrialbales are also monophyletic while Halobacteriales have a more complex
topology (Figs 3.1, 3.2). Despite the extensive battery of markers used (242 in total), the
phylogenetic position of Halobacteriales remains largely unresolved. This is an indication that
additional events, like horizontal gene transfers, may have played a role in the evolutionary history
of certain groups and, consequently, advanced methods of topology estimation need to be
implemented.

The majority of proteins in Halobacteria (77%) have the distinct amino acid profile of salt
adaptation. It was shown that important and conserved regions in proteins are not affected by
amino acid changes during the adaptation process. This pattern was confirmed in transmembrane
proteins of Halobacteria but needs to be validated with the use of more data from other protein
families and experimental proof.

Protein family and size also affects the amino acid adaptations. Large and small proteins
have slightly less adaptations in their amino acids while hypothetical and known proteins of
medium size have the most observed adaptations. Other halophilic species from Bacteroidetes,
Proteobacteria, and Rhodothermaeota have a slightly different adapted amino acid profile.

The pangenome analysis of the class Halobacteria revealed an open pangenome with a
restricted core genome but large accessory and cloud genomes. Considering that the annotation
process revealed large numbers of proteins with “function unknown” in accessory and cloud

categories, the pangenome of Halobacteria can be a source of novel protein families and functions.
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It was also observed that pangenomes of different taxa within Halobacteria can diverge significantly
in terms of the fractions of the different gene categories and their pangenomes’ openness. For
example, the pangenome of Halomicrobium mukohataei has 3% of its genome as cloud genes,
while Halobacterium salinarium is closer to 12.5%. Additionally, for Haloferax its cloud genome is at
40%, while for Halanaerobium at 68%. More research is needed to determine which species have
less conserved pangenomes and are more likely to contain novel and rare genes.

As mentioned above, the majority of predicted proteins from Halobacteria show salinity
adaptations. In predicted genes with multiple copies per genome, there are also non-halophilic
homologues present. This has important implications regarding the exact genealogy and
evolutionary coalescence of these homologues.

The halophilic bacterium Salinibacter ruber has more than half of its proteome adapted to
salinity (53%) and it is possible that more halophilic Bacteria follow the same pattern. It is widely
believed that genes from Halobacteria have been horizontally transferred to bacterial lineages
although the extent of this transfer is not known. Interestingly, several model, non-halophilic
organisms that were examined in this work have a small percentage of their proteins adapted to
salinity, which currently defies explanation.

The pangenome analysis of the class Halobacteria opens the way for novel research and the
exploration of new genes, biological pathways, protein to protein interactions, metabolic systems,
and undiscovered biological mechanisms of adaptation. The current dissertation provides novel
data and tools regarding specific molecular signatures of haloadaptation and presents, for the first

time, an extended view of the genetic repertoire of halophilicity.
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Appendix

Table A1. List of the species and proteomes used for constructing the phylogenetic trees of Figures 3.1 and

3.2. Ingroups in bold.

Nivakag Al. Alota Twv £L6WV TWV OMOLWV TA MPWTEWHATA XPNOLLOTOLRONKAV yla TNV KATOOKEUN TWV
¢uloyevetikwv SEvtpwy twv Etkovwy 3.1 Kat 3.2. OL ecwopadeg divovtal e EVTovn YPOUHUOTOCELPA.

No | Species Kingdom | Phylum Class

1 Archaeoglobus fulgidus Archaea | Euryarchaeota Archaeoglobi

2 Archaeoglobus veneficus Archaea | Euryarchaeota Archaeoglobi

3 Candidatus Bathyarchaeota archaeon BA2 Archaea | Candidatus undetermined

Bathyarchaeota

4 Candidatus Caldiarchaeum subterraneum Archaea | Thaumarchaeota undetermined

5 Candidatus Haloredivivus sp. G17 Archaea | Euryarchaeota Nanohaloarchaea

6 Candidatus Korarchaeum cryptofilum Archaea | Candidatus Korarchaeota | undetermined

7 Candidatus Nanosalina sp. JO7AB43 Archaea | Euryarchaeota Nanohaloarchaea

8 Candidatus Nanosalinarum sp. JO7AB56 Archaea | Euryarchaeota Nanohaloarchaea

9 Candidatus Syntrophoarchaeum Archaea | Euryarchaeota Methanomicrobia
butanivorans

10 | Candidatus Syntrophoarchaeum caldarius Archaea | Euryarchaeota Methanomicrobia

11 | Candidatus Thorarchaeota archaeon AB 25 | Archaea | Candidatus Thorarchaeota | undetermined

12 | Cenarchaeum symbiosum Archaea | Thaumarchaeota undetermined

13 | Haladaptatus cibarius Archaea | Euryarchaeota Halobacteria

14 | Haladaptatus litoreus Archaea | Euryarchaeota Halobacteria

15 | Haladaptatus paucihalophilus Archaea | Euryarchaeota Halobacteria

16 | Halalkalicoccus jeotgali Archaea | Euryarchaeota Halobacteria

17 | Halalkalicoccus paucihalophilus Archaea | Euryarchaeota Halobacteria

18 | Halanaeroarchaeum sulfurireducens Archaea | Euryarchaeota Halobacteria

19 | Halapricum salinum Archaea | Euryarchaeota Halobacteria

20 | Halarchaeum acidiphilum Archaea | Euryarchaeota Halobacteria

21 | Haloarchaeobius iranensis Archaea | Euryarchaeota Halobacteria

22 | Haloarcula amylolytica Archaea | Euryarchaeota Halobacteria

23 | Haloarcula argentinensis Archaea | Euryarchaeota Halobacteria

24 | Haloarcula hispanica Archaea | Euryarchaeota Halobacteria

25 | Haloarcula japonica Archaea | Euryarchaeota Halobacteria

26 | Haloarcula marismortui Archaea | Euryarchaeota Halobacteria

27 | Haloarcula sp. CBA1115 Archaea | Euryarchaeota Halobacteria

28 | Haloarcula vallismortis Archaea | Euryarchaeota Halobacteria

29 | Halobacterium jilantaiense Archaea | Euryarchaeota Halobacteria

30 | Halobacterium salinarum Archaea | Euryarchaeota Halobacteria

31 | Halobaculum gomorrense Archaea | Euryarchaeota Halobacteria

32 | Halobellus clavatus Archaea | Euryarchaeota Halobacteria

33 | Halobellus rufus Archaea | Euryarchaeota Halobacteria

34 | Halobiforma haloterrestris Archaea | Euryarchaeota Halobacteria

35 | Halobiforma lacisalsi Archaea | Euryarchaeota Halobacteria
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36 | Halobiforma nitratireducens Archaea | Euryarchaeota Halobacteria
37 | Halococcus agarilyticus Archaea | Euryarchaeota Halobacteria
38 | Halococcus hamelinensis Archaea | Euryarchaeota Halobacteria
39 | Halococcus morrhuae Archaea | Euryarchaeota Halobacteria
40 | Halococcus saccharolyticus Archaea | Euryarchaeota Halobacteria
41 | Halococcus salifodinae Archaea | Euryarchaeota Halobacteria
42 | Halococcus sediminicola Archaea | Euryarchaeota Halobacteria
43 | Halococcus thailandensis Archaea | Euryarchaeota Halobacteria
44 | Haloferax denitrificans Archaea | Euryarchaeota Halobacteria
45 | Haloferax elongans Archaea | Euryarchaeota Halobacteria
46 | Haloferax gibbonsii Archaea | Euryarchaeota Halobacteria
47 | Haloferax larsenii Archaea | Euryarchaeota Halobacteria
48 | Haloferax lucentense Archaea | Euryarchaeota Halobacteria
49 | Haloferax mediterranei Archaea | Euryarchaeota Halobacteria
50 | Haloferax mucosum Archaea | Euryarchaeota Halobacteria
51 | Haloferax prahovense Archaea | Euryarchaeota Halobacteria
52 | Haloferax sulfurifontis Archaea | Euryarchaeota Halobacteria
53 | Haloferax volcanii Archaea | Euryarchaeota Halobacteria
54 | Halogeometricum borinquense Archaea | Euryarchaeota Halobacteria
55 | Halogeometricum limi Archaea | Euryarchaeota Halobacteria
56 | Halogeometricum pallidum Archaea | Euryarchaeota Halobacteria
57 | Halogeometricum rufum Archaea | Euryarchaeota Halobacteria
58 | Halogranum amylolyticum Archaea | Euryarchaeota Halobacteria
59 | Halogranum gelatinilyticum Archaea | Euryarchaeota Halobacteria
60 | Halogranum rubrum Archaea | Euryarchaeota Halobacteria
61 | Halogranum salarium Archaea | Euryarchaeota Halobacteria
62 | Halohasta litchfieldiae Archaea | Euryarchaeota Halobacteria
63 | Halolamina pelagica Archaea | Euryarchaeota Halobacteria
64 | Halolamina rubra Archaea | Euryarchaeota Halobacteria
65 | Halolamina sediminis Archaea | Euryarchaeota Halobacteria
66 | Halomicrobium katesii Archaea | Euryarchaeota Halobacteria
67 | Halomicrobium mukohataei Archaea | Euryarchaeota Halobacteria
68 | Halomicrobium zhouii Archaea | Euryarchaeota Halobacteria
69 | Halopelagius inordinatus Archaea | Euryarchaeota Halobacteria
70 | Halopelagius longus Archaea | Euryarchaeota Halobacteria
71 | Halopenitus malekzadehii Archaea | Euryarchaeota Halobacteria
72 | Halopenitus persicus Archaea | Euryarchaeota Halobacteria
73 | Halopiger salifodinae Archaea | Euryarchaeota Halobacteria
74 | Halopiger xanaduensis Archaea | Euryarchaeota Halobacteria
75 | Haloplanus natans Archaea | Euryarchaeota Halobacteria
76 | Haloplanus vescus Archaea | Euryarchaeota Halobacteria
77 | Haloguadratum walsbyi Archaea | Euryarchaeota Halobacteria
78 | Halorhabdus tiamatea Archaea | Euryarchaeota Halobacteria
79 | Halorhabdus utahensis Archaea | Euryarchaeota Halobacteria
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80 | Halorientalis persicus Archaea | Euryarchaeota Halobacteria
81 | Halorientalis regularis Archaea | Euryarchaeota Halobacteria
82 | Halorubrum aidingense Archaea | Euryarchaeota Halobacteria
83 | Halorubrum arcis Archaea | Euryarchaeota Halobacteria
84 | Halorubrum californiense Archaea | Euryarchaeota Halobacteria
85 | Halorubrum coriense Archaea | Euryarchaeota Halobacteria
86 | Halorubrum distributum Archaea | Euryarchaeota Halobacteria
87 | Halorubrum ezzemoulense Archaea | Euryarchaeota Halobacteria
88 | Halorubrum halophilum Archaea | Euryarchaeota Halobacteria
89 | Halorubrum kocurii Archaea | Euryarchaeota Halobacteria
90 | Halorubrum lacusprofundi Archaea | Euryarchaeota Halobacteria
91 | Halorubrum lipolyticum Archaea | Euryarchaeota Halobacteria
92 | Halorubrum litoreum Archaea | Euryarchaeota Halobacteria
93 | Halorubrum saccharovorum Archaea | Euryarchaeota Halobacteria
94 | Halorubrum sodomense Archaea | Euryarchaeota Halobacteria
95 | Halorubrum tebenquichense Archaea | Euryarchaeota Halobacteria
96 | Halorubrum terrestre Archaea | Euryarchaeota Halobacteria
97 | Halosimplex carlshadense Archaea | Euryarchaeota Halobacteria
98 | Halostagnicola kamekurae Archaea | Euryarchaeota Halobacteria
99 | Halostagnicola larsenii Archaea | Euryarchaeota Halobacteria
100 | Haloterrigena dagingensis Archaea | Euryarchaeota Halobacteria
101 | Haloterrigena hispanica Archaea | Euryarchaeota Halobacteria
102 | Haloterrigena jeotgali Archaea | Euryarchaeota Halobacteria
103 | Haloterrigena limicola Archaea | Euryarchaeota Halobacteria
104 | Haloterrigena saccharevitans Archaea | Euryarchaeota Halobacteria
105 | Haloterrigena salina Archaea | Euryarchaeota Halobacteria
106 | Haloterrigena thermotolerans Archaea | Euryarchaeota Halobacteria
107 | Haloterrigena turkmenica Archaea | Euryarchaeota Halobacteria
108 | Halovenus aranensis Archaea | Euryarchaeota Halobacteria
109 | Halovivax asiaticus Archaea | Euryarchaeota Halobacteria
110 | Halovivax ruber Archaea | Euryarchaeota Halobacteria
111 | Lokiarchaeum sp. GC14 75 Archaea | Candidatus Lokiarchaeota | undetermined
112 | Methanocella arvoryzae Archaea | Euryarchaeota Methanomicrobia
113 | Methanocella conradii Archaea | Euryarchaeota Methanomicrobia
114 | Methanocella paludicola Archaea | Euryarchaeota Methanomicrobia
115 | Methanocorpusculum labreanum Archaea | Euryarchaeota Methanomicrobia
116 | Methanoculleus marisnigri Archaea | Euryarchaeota Methanomicrobia
117 | Methanohalobium evestigatum Archaea | Euryarchaeota Methanomicrobia
118 | Methanohalophilus halophilus Archaea | Euryarchaeota Methanomicrobia
119 | Methanohalophilus mabhii Archaea | Euryarchaeota Methanomicrobia
120 | Methanohalophilus portucalensis Archaea | Euryarchaeota Methanomicrobia
121 | Methanoregula boonei Archaea | Euryarchaeota Methanomicrobia
122 | Methanosalsum zhilinae Archaea | Euryarchaeota Methanomicrobia
123 | Methanosarcina acetivorans Archaea | Euryarchaeota Methanomicrobia
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124 | Natrialba aegyptia Archaea | Euryarchaeota Halobacteria
125 | Natrialba asiatica Archaea | Euryarchaeota Halobacteria
126 | Natrialba chahannaoensis Archaea | Euryarchaeota Halobacteria
127 | Natrialba hulunbeirensis Archaea | Euryarchaeota Halobacteria
128 | Natrialba magadii Archaea | Euryarchaeota Halobacteria
129 | Natrialba taiwanensis Archaea | Euryarchaeota Halobacteria
130 | Natrinema altunense Archaea | Euryarchaeota Halobacteria
131 | Natrinema gari Archaea | Euryarchaeota Halobacteria
132 | Natrinema pallidum Archaea | Euryarchaeota Halobacteria
133 | Natrinema pellirubrum Archaea | Euryarchaeota Halobacteria
134 | Natrinema salaciae Archaea | Euryarchaeota Halobacteria
135 | Natrinema versiforme Archaea | Euryarchaeota Halobacteria
136 | Natronobacterium gregoryi Archaea | Euryarchaeota Halobacteria
137 | Natronobacterium texcoconense Archaea | Euryarchaeota Halobacteria
138 | Natronococcus amylolyticus Archaea | Euryarchaeota Halobacteria
139 | Natronococcus jeotgali Archaea | Euryarchaeota Halobacteria
140 | Natronococcus occultus Archaea | Euryarchaeota Halobacteria
141 | Natronolimnobius baerhuensis Archaea | Euryarchaeota Halobacteria
142 | Natronolimnobius innermongolicus Archaea | Euryarchaeota Halobacteria
143 | Natronomonas moolapensis Archaea | Euryarchaeota Halobacteria
144 | Natronomonas pharaonis Archaea | Euryarchaeota Halobacteria
145 | Natronorubrum bangense Archaea | Euryarchaeota Halobacteria
146 | Natronorubrum sediminis Archaea | Euryarchaeota Halobacteria
147 | Natronorubrum sulfidifaciens Archaea | Euryarchaeota Halobacteria
148 | Natronorubrum texcoconense Archaea | Euryarchaeota Halobacteria
149 | Natronorubrum tibetense Archaea | Euryarchaeota Halobacteria
150 | Salinibacter ruber Bacteria | Bacteroidetes Bacteroidia
151 | Salinivenus iranica Bacteria | Rhodothermaeota Rhodothermia
152 | Salinivenus lutea Bacteria | Rhodothermaeota Rhodothermia
153 | Sulfolobus metallicus Archaea | Crenarchaeota Thermoprotei
154 | Thermoplasma volcanium Archaea | Euryarchaeota Thermoplasmata
155 | Thermoplasmatales archaeon SG8-52-3 Archaea | Euryarchaeota Thermoplasmata
156 | Thermoplasmatales archaeon SG8-52-4 Archaea | Euryarchaeota Thermoplasmata
157 | uncultured marine group Il euryarchaeote Archaea | Euryarchaeota Candidatus
Poseidoniia
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Table A2. All 222 species whose proteomes were used in Chapter 4.

Nivakag A2. OAa ta 222 €i8n TWV OMOLWV T TPWTEWHATA XPnotponotndnkav oto KepdAato 4.

No Species Taxonomic group
1 Lokiarchaeum sp GC14 75 Asgard Archaea
2 Candidatus Thorarchaeota archaeon A25 Asgard Archaea
3 Salisaeta longa Bacteroidetes
4 Salinibacter ruber Bacteroidetes
5 nodularia spumigena Cyanobacteria
6 Aphanothece halophytica Cyanobacteria
7 Thermoplasmatales archaeon SG8-52-3 Euryarchaeota
8 Thermoplasmatales archaeon SG8-52-4 Euryarchaeota
9 Methanobacterium subterraneum Euryarchaeota

10 Methanobacterium formicicum Euryarchaeota

11 Methanococcoides burtonii Euryarchaeota

12 Candidatus Methanoperedens nitroreducens Euryarchaeota

13 Candidatus Syntrophoarchaeum caldarius Euryarchaeota

14 Methanocorpusculum labreanum Euryarchaeota

15 Candidatus Syntrophoarchaeum butanivorans Euryarchaeota

16 Methanoregula boonei Euryarchaeota

17 uncultured marine group Il euryarchaeote Euryarchaeota

18 Methanoculleus marisnigri Euryarchaeota

19 Tetragenococcus halophilus Firmicutes

20 Virgibacillus halodenitrificans Firmicutes

21 Oceanobacillus iheyensis Firmicutes

22 Halothermothrix orenii Firmicutes

23 Salinicoccus halodurans Firmicutes

24 Halobacillus halophilus Firmicutes

25 Lentibacillus amyloliquefaciens Firmicutes

26 Terribacilus aidingensis Firmicutes

27 Halanaerobium congolense Halanaerobiales

28 Halanaerobium praevalens Halanaerobiales

29 Haloanaerobium kushneri Halanaerobiales

30 Halanaerobium saccharolyticum Halanaerobiales

31 Halanaerobium salsuginis Halanaerobiales

32 Halanaerobium hydrogeniformans Halanaerobiales

33 Orenia marismortui Halanaerobiales

34 Halonatronum saccharophilum Halanaerobiales

35 Halobacteroides halobius Halanaerobiales

36 Selenihalanaerobacter shriftii Halanaerobiales

37 Acetohalobium arabaticum Halanaerobiales

38 Halarsenatibacter silvermanii Halanaerobiales

39 Methanohalobium evestigatum Halophilic Archaea

40 Methanosarcina acetivorans Halophilic Archaea
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41 Methanosalsum zhilinae Halophilic Archaea
42 Candidatus Haloredivivus sp. G17 Halophilic Archaea
43 Methanohalophilus portucalensis Halophilic Archaea
44 Candidatus Nanosalina Halophilic Archaea
45 Methanohalophilus halophilus Halophilic Archaea
46 Methanohalophilus mahii Halophilic Archaea
47 Candidatus Nanosalinarum Halophilic Archaea
48 Haloquadratum walsbyi Halophilic Archaea
49 Haladaptatus litoreus Halophilic Archaea
50 Haladaptatus cibarius Halophilic Archaea
51 Halohasta litchfieldiae Halophilic Archaea
52 Haloarcula salaria Halophilic Archaea
53 Haladaptatus paucihalophilus Halophilic Archaea
54 Halostagnicola larsenii Halophilic Archaea
55 Halostagnicola kamekurae Halophilic Archaea
56 Haloferax mediterranei Halophilic Archaea
57 Halogeometricum borinquense Halophilic Archaea
58 Halalkalicoccus paucihalophilus Halophilic Archaea
59 Haloterrigena dagingensis Halophilic Archaea
60 Natronorubrum sediminis Halophilic Archaea
61 Haloferax elongans Halophilic Archaea
62 Halococcus thailandensis Halophilic Archaea
63 Natronolimnobius baerhuensis Halophilic Archaea
64 Halalkalicoccus jeotgali Halophilic Archaea
65 Natronorubrum bangense Halophilic Archaea
66 Haloferax larsenii Halophilic Archaea
67 Haloarcula japonica Halophilic Archaea
68 Haloferax mucosum Halophilic Archaea
69 Haloarcula sp. CBA1115 Halophilic Archaea
70 Natronorubrum tibetense Halophilic Archaea
71 Halococcus sediminicola Halophilic Archaea
72 Natrialba chahannaoensis Halophilic Archaea
73 Haloterrigena hispanica Halophilic Archaea
74 Natronobacterium texcoconense Halophilic Archaea
75 Halovenus aranensis Halophilic Archaea
76 Haloarcula argentinensis Halophilic Archaea
77 Haloarcula vallismortis Halophilic Archaea
78 Natronorubrum sulfidifaciens Halophilic Archaea
79 Natrialba magadii Halophilic Archaea
80 Natrialba taiwanensis Halophilic Archaea
81 Halorhabdus tiamatea Halophilic Archaea
82 Halobellus rufus Halophilic Archaea
83 Natrialba hulunbeirensis Halophilic Archaea
84 Halogranum salarium Halophilic Archaea
85 Natronorubrum texcoconense Halophilic Archaea
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86 Halogranum rubrum Halophilic Archaea
87 Natrialba aegyptia Halophilic Archaea
88 Haloterrigena limicola Halophilic Archaea
89 Haloarcula amylolytica Halophilic Archaea
90 Natrinema versiforme Halophilic Archaea
91 Halapricum salinum Halophilic Archaea
92 Halopiger xanaduensis Halophilic Archaea
93 Natrialba asiatica Halophilic Archaea
94 Halanaeroarchaeum sulfurireducens Halophilic Archaea
95 Natronococcus amylolyticus Halophilic Archaea
96 Natronobacterium gregoryi Halophilic Archaea
97 Halococcus morrhuae Halophilic Archaea
98 Natronococcus jeotgali Halophilic Archaea
99 Halogranum amylolyticum Halophilic Archaea
100 Haloarcula marismortui Halophilic Archaea
101 Halobellus clavatus Halophilic Archaea
102 Halorhabdus utahensis Halophilic Archaea
103 Halopelagius longus Halophilic Archaea
104 Haloterrigena salina Halophilic Archaea
105 Haloterrigena turkmenica Halophilic Archaea
106 Haloferax volcanii Halophilic Archaea
107 Halogranum gelatinilyticum Halophilic Archaea
108 Natronococcus occultus Halophilic Archaea
109 Halorubrum lacusprofundi Halophilic Archaea
110 Natronolimnobius innermongolicus Halophilic Archaea
111 Halogeometricum pallidum Halophilic Archaea
112 Haloarcula hispanica Halophilic Archaea
113 Haloferax sulfurifontis Halophilic Archaea
114 Halorientalis persicus Halophilic Archaea
115 Halopelagius inordinatus Halophilic Archaea
116 Natrinema pellirubrum Halophilic Archaea
117 Halopiger salifodinae Halophilic Archaea
118 Haloferax denitrificans Halophilic Archaea
119 Haloferax gibbonsii Halophilic Archaea
120 Halococcus salifodinae Halophilic Archaea
121 Natronomonas pharaonis Halophilic Archaea
122 Halococcus hamelinensis Halophilic Archaea
123 Natrinema altunense Halophilic Archaea
124 Natrinema pallidum Halophilic Archaea
125 Natrinema gari Halophilic Archaea
126 Halobiforma lacisalsi Halophilic Archaea
127 Natrinema salaciae Halophilic Archaea
128 Haloterrigena saccharevitans Halophilic Archaea
129 Halobiforma haloterrestris Halophilic Archaea
130 Haloferax prahovense Halophilic Archaea
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131 Halogeometricum limi Halophilic Archaea
132 Halococcus saccharolyticus Halophilic Archaea
133 Natronomonas moolapensis Halophilic Archaea
134 Halobiforma nitratireducens Halophilic Archaea
135 Haloterrigena jeotgali Halophilic Archaea
136 Haloferax lucentense Halophilic Archaea
137 Halorientalis regularis Halophilic Archaea
138 Halolamina sediminis Halophilic Archaea
139 Haloplanus vescus Halophilic Archaea
140 Halomicrobium katesii Halophilic Archaea
141 Haloterrigena thermotolerans Halophilic Archaea
142 Halomicrobium zhouii Halophilic Archaea
143 Halovivax ruber Halophilic Archaea
144 Halolamina pelagica Halophilic Archaea
145 Halorubrum halophilum Halophilic Archaea
146 Halomicrobium mukohataei Halophilic Archaea
147 Halorubrum saccharovorum Halophilic Archaea
148 Halogeometricum rufum Halophilic Archaea
149 Halolamina rubra Halophilic Archaea
150 Halococcus agarilyticus Halophilic Archaea
151 Halovivax asiaticus Halophilic Archaea
152 Halopenitus malekzadehii Halophilic Archaea
153 Halopenitus persicus Halophilic Archaea
154 Haloplanus natans Halophilic Archaea
155 Halorubrum californiense Halophilic Archaea
156 Halorubrum kocurii Halophilic Archaea
157 Halarchaeum acidiphilum Halophilic Archaea
158 Haloarchaeobius iranensis Halophilic Archaea
159 Halorubrum coriense Halophilic Archaea
160 Halorubrum aidingense Halophilic Archaea
161 Halorubrum arcis Halophilic Archaea
162 Halobacterium jilantaiense Halophilic Archaea
163 Halorubrum lipolyticum Halophilic Archaea
164 Halobacterium salinarum Halophilic Archaea
165 Halorubrum ezzemoulense Halophilic Archaea
166 Halosimplex carlsbadense Halophilic Archaea
167 Halorubrum tebenquichense Halophilic Archaea
168 Halorubrum distributum Halophilic Archaea
169 Halorubrum sodomense Halophilic Archaea
170 Halobaculum gomorrense Halophilic Archaea
171 Halorubrum terrestre Halophilic Archaea
172 Halorubrum litoreum Halophilic Archaea
173 Idiomarina loihiensis Proteobacteria

174 Gynuella sunshinyii Proteobacteria

175 Nitrosococcus halophilus Proteobacteria
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176 Marinobacter salinus Proteobacteria
177 Marinobacter hydrocarbonoclasticus Proteobacteria
178 Desulfohalobium retbaense Proteobacteria
179 Martelella endophytica Proteobacteria
180 Ectothiorhodospira halochloris Proteobacteria
181 Halomonas huangheensis Proteobacteria
182 Halomonas elongata Proteobacteria
183 Chromohalobacter salexigens Proteobacteria
184 Celeribacter indicus Proteobacteria
185 Halomonas aestuarii Proteobacteria
186 Spiribacter salinus Proteobacteria
187 Spiribacter curvatus Proteobacteria
188 Haliangium ochraceum Proteobacteria
189 Halorhodospira halophila Proteobacteria
190 Salinivenus iranica Rhodothermaeota
191 Salinivenus lutea Rhodothermaeota
192 Candidatus Nitrocosmicus oleophilus TACK

193 Candidatus Nitrosotenuis cloacae TACK

194 Candidatus Korarchaeum cryptofilum TACK

195 Candidatus Bathyarchaeota archaeon BA2 TACK

196 Cenarchaeum symbijosum TACK

197 Sulfurisphaera tokodaii Thermophiles
198 Thermoplasma volcanium Thermophiles
199 Sulfolobus metallicus Thermophiles
200 Methanocaldococcus jannaschii Thermophiles
201 Methanocaldococcus villosus Thermophiles
202 Methanocaldococcus vulcanius Thermophiles
203 Methanocaldococcus bathoardescens Thermophiles
204 Methanocaldococcus infernus Thermophiles
205 Natranaerobius thermophilus Thermophiles
206 Methanothermus fervidus Thermophiles
207 Thermotoga maritima Thermophiles
208 Pyrococcus horikoshii Thermophiles
209 Pyrococcus furiosus Thermophiles
210 Pyrococcus abyssi Thermophiles
211 Vulcanisaeta moutnovskia Thermophiles
212 Archaeoglobus fulgidus Thermophiles
213 Archaeoglobus veneficus Thermophiles
214 Methanocella conradii Thermophiles
215 Methanocella paludicola Thermophiles
216 Methanocella arvoryzae Thermophiles
217 Thermoproteus tenax Thermophiles
218 Thermofilum pendens Thermophiles
219 Methermicoccus shengliensis Thermophiles
220 Hyperthermus butylicus Thermophiles
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221

Aeropyrum pernix

Thermophiles

222

Rhodothermus marinus

Thermophiles
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Rows : - Objective function : R=0.728

- Sum of all pairwise distances of neighboring rows (path length): $=39.786

- Linkage rule: McQuitty's criteria
Columns : - Objective function : R=0.227

- Sum of all pairwise distances of neighboring columns (path length): S=202.434
Dissimilarity : - Euclidean distance
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Figure Al. The topology of hierarchical clustering of 65 species from Bacteria (prefix B_) and halophilic
Archaea (prefix HA_). GC content (last column) does not influence the clustering.

Ewova Al. H tomoloyia tng LepapXlkng opadomoinong twv 65 edwv Paktnpiwv (mpdBepa B_) ko
oaAoplAwv apyaiwv (npdBepa HA_). To mnepieydopevo GC (teAeutaia otiAn) Sev emnpedlel tnv
opadonoinon.
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Figure A2. PCA analysis of Halanaerobiales and halophilic Archaea with GC included and GC excluded.
Results are almost identical.

Ewkova A2. Avdaluon kKupiwv ouviotwowv (PCA) twv Halanaerobiales kot twv aAdpwv

apyawofaktnpiwv, pe to MeplexOpevo GC va Aappavetor unoPpwv oaAAd kat va pn Aappdvetat. Ta
anoteAéopata ivat oxedov opola.
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Figure A3. Length histogram of all halophilic proteins from halophilic Archaea.

Ewova A3. IoTOYpaLLa HNKWV OAWV TWV MPWTEIVWV amnod ta aAodpila Apxaia.
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Figure A4. Haloanaerobium praevalens and Halobacteroides halobius are placed away from the halophilic

cluster of Halobacteria (on the right).

Ewova A4. Ta €idn Haloanaerobium praevalens kou Halobacteroides halobius tomoBetouvtal pokpLd ano

™V opada Twv aAoplwv Apyaiwv (ota e&La).
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Figure A5. Average distance, weighted dendrogram for 76 Halobacteria. Order Haloferacales in green,
order Natrialbales in red, and order Halobacteriales in purple.

Ewkova A5. ItaBuiopévo Sevépoypappa pe thv pEBodo average distance yia ta 76 péEAN tng KAAoNG
Halobacteria. H ta¢n Haloferacales pe npdowo, n taén Natrialbales pe kokkwvo kat n taén Halobacteriales

ME HWp.
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Perl script Al. “ip2location.pl”

use strict;
use warnings;

use Tie::File;

use Geo::IP2Location;

my Sobj = Geo::IP2Location->open('IPV6.BIN');

open my Sfh, '>', "ip_results.txt" or die "Cannot open ip_results.txt: $!";

tie my @ips, 'Tie::File', "ip_v6.txt";

foreach my Sips (@ips){

my $ip = $ips;

=pod

my Scountryshort = Sobj->get_country_short(Sip);
print Scountryshort,"\n";

my Scountrylong = Sobj->get_country_long(Sip);
my Sregion = Sobj->get_region(Sip);

print Sregion,"\n";

my Scity = Sobj->get_city(Sip);

print Scity,"\n";

my Slatitude = Sobj->get_latitude(Sip);

my Slongitude = Sobj->get_longitude(Sip);

my Sisp = Sobj->get_isp(Sip);

my Sdomain = Sobj->get_domain(Sip);

my Szipcode = Sobj->get_zipcode(Sip);

my Stimezone = Sobj->get_timezone(Sip);

my Snetspeed = Sobj->get_netspeed(Sip);
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my Siddcode = Sobj->get_iddcode(Sip);

my Sareacode = Sobj->get_areacode(Sip);

my Sweatherstationcode = Sobj->get_weatherstationcode(Sip);
my Sweatherstationname = Sobj->get_weatherstationname(Sip);
my Smcc = Sobj->get_mcc(Sip);

my Smnc = Sobj->get_mnc(Sip);

my Smobilebrand = Sobj->get_mobilebrand(Sip);

my Selevation = Sobj->get_elevation(Sip);

my Susagetype = Sobj->get_usagetype(Sip);

=cut

my (Scos, Scol, Sreg, Scit, Slat, Slon, Szip, Stmz, Sisp, Sdom, Sns, Sidd, Sarea, Swcode, Swname,

Smcc, Smnc, Sbrand, Selevation, Susagetype) = Sobj->get_all(Sip);

print $fh Scol.','.Sreg.',".Scit.','.Slat.",".Slon,"\n";
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Perl script A2. “separate_hmms.pl”

use strict;

use warnings;

my Scontent;
my Sfilename = "archaea_markers.hmm";

open(my Sfh, '<', Sfilename) or die "cannot open file Sfilename";

{
local $/;
Scontent = <Sfh>;

}
close(Sfh);

#print Scontent."\n";

my @values = split('//', Scontent);

my Scount=0;
my Sfilecode=1;
foreach my Sval (@values){
#print "Sval\n";
#writing values to separate hmm files START
my Sfilename2 = 'amphora_marker'.Sfilecode.'.hmm’;
print Sfilename2,"\n";
open(my Sfh, '>', Sfilename2) or die "Could not open file 'Sfilename2' S!";
print Sfh Sval;
print $fh "//";
close $fh;
#writing values to separate hmm files END

Scount++;
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Sfilecode++;
print Scount."\n";

}

exit 0;
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Perl script A3. “hmmer_ex.pl”

use strict;

use warnings;

my Sdir = '/home/loukalexis/Desktop/markers';

my $dir2 = '/home/loukalexis/Desktop/proteins';

opendir(DIR,Sdir);

my @markers = readdir(DIR);
closedir(DIR);
#foreach(@markers){

# printS_,"\n";

#}

opendir(DIR,Sdir2);

my @species = readdir(DIR);
closedir(DIR);
#foreach(@species){

# printS_,"\n";

#}

#print "Array size is ", scalar(@markers), "\n";

#print "Array size is ", scalar(@species), "\n";

#print "files array before: ",@markers,"\n";

#checking array for invalid files
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my Sinv_exists=1;

while (Sinv_exists) {

my Sindex=0;
my Socc=0;
foreach my Smarker (@markers) {
if (Smarker I~ m/.hmm/) {
#print "Will be deleted: ",$file,"\n\n";

splice(@markers,Sindex,1);

Socc++;
}
if (Socc==0) {
Sinv_exists=0;
}
Sindex++;
}
}

#checking array for invalid files
my Sinv_exists2=1;

while (Sinv_exists2) {

my Sindex2=0;
my Socc2=0;
foreach my Sspecie (@species) {
if (Sspecie !~ m/.fasta/) {
#print "Will be deleted: ",5file,"\n\n";
splice(@species,Sindex2,1);

Socc2++;
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if (Socc2==0) {
Sinv_exists2=0;
}

Sindex2++;

#save species names into an array

#print "files array after: ",@markers,"\n";
#print "Array size now is ", scalar(@markers), "\n";

#print "last element: ",Smarkers[265],"\n\n";

#print "files array after: ", @species,"\n";
#print "Array size now is ", scalar(@species), "\n";

#print "last element: ",Sspecies[133],"\n\n";

#hmmer search
my Snr=1;
for (my Si=0; Si<scalar(@markers); Si++){
for (my $j=0; Sj<scalar(@species); Sj++){
my Stmp_title=Sspecies[Sj];
Stmp_title="~ s/.fasta//;
print Stmp_title;
#system ("hmmsearch /home/loukalexis/Desktop/markers/'.Smarkers[Si].'
'/home/loukalexis/Desktop/proteins/'.Sspecies[Sj] >

/home/loukalexis/Desktop/results/results'.Snr.".out');
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print 'hmmsearch
/home/loukalexis/Desktop/markers/'.Smarkers[Si].'/home/loukalexis/Desktop/proteins/'.Sspecies|
Sjl.' > /home/loukalexis/Desktop/results/results'.Snr.".out’;

Snr++;

}

}
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Perl script A4. “create_alignments_w_mafft.pl”

use strict;

use warnings;

my Sdir = 'C:\Users\Alex\Desktop\Perl works\Phylogenomics\Unified data from Archaea,

Outgroups and Salinibacters\Halobacteria and some Methanogens

markers\concatenated_markers\corrected';

opendir(DIR,Sdir);

my @filenames = readdir(DIR);
closedir(DIR);
#foreach(@filenames){
#printS_,"\n";

#}

my Sinv_exists=1;

while (Sinv_exists) {

my Sindex=0;
my Socc=0;
foreach my Sfas (@filenames) {
if (Sfas =~/A.fasta$/) {
#print "Will be deleted: ",Sfile,"\n\n";
splice(@filenames,Sindex,1);
Socc++;
}
if (Socc==0) {

139



Sinv_exists=0;

}

Sindex++;

foreach my Sfile (@filenames){
print $file,"\n";
#Sinput =";
#Soutput=""

#system('mafft Sinput > Soutput');
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Perl script A5 “residue_calculator.pl”

use strict;

use warnings;

my Sdir = 'C:\Users\Alex\Desktop\Perl works\Phylogenomics\Amino acid compositions\complete

genomes tmp\proteomes';

opendir(DIR,Sdir);
my @files = readdir(DIR);
closedir(DIR);

my Sinv_exists=1;

while (Sinv_exists) {

my Sindex=0;
my Socc=0;
foreach my Sout (@files) {
if (Sout !~ m/.fasta/) {
#print "Will be deleted: ",Sfile,"\n\n";
splice(@files,Sindex,1);

Socc+Ht;
}
if (Socc==0) {
Sinv_exists=0;
}
Sindex++;
}
}
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my Sinput = ".fasta";

my Soutput = ".csv";

foreach my Sfiles (@files){
my $n = Sfiles;
Sn =~ s/fasta/csv/;

system('"C:\Users\Alex\Desktop\Perl works\Phylogenomics\Amino acid
compositions\ResidueFrequencySummarizer\ResidueFrequencySummarizer.exe"
"C:\Users\Alex\Desktop\Perl works\Phylogenomics\Amino acid compositions\complete genomes

mmn

tmp\proteomes\\'.Sfiles." "/0O:C:\Users\Alex\Desktop\Perl works\Phylogenomics\Amino acid

compositions\complete genomes tmp\proteomes\rest_csv\\'.5n."");

}
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Perl script A6. “Fasta_GC_counter.pl”

use strict;

use warnings;

my Sdir = 'C:\Users\Alex\Desktop\Perl works\Phylogenomics\Amino acid compositions\complete

genomes data\genomes’;

opendir(DIR,Sdir);
my @files = readdir(DIR);
closedir(DIR);

my Sinv_exists=1;

while (Sinv_exists) {

my Sindex=0;
my Socc=0;
foreach my Sout (@files) {
if (Sout !~ m/.fasta/) {
#print "Will be deleted: ",Sfile,"\n\n";
splice(@files,Sindex,1);

Socc+Ht;
}
if (Socc==0) {
Sinv_exists=0;
}
Sindex++;
}
}
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open (my Sgcs, '>>', 'C:\Users\Alex\Desktop\Perl works\Phylogenomics\Amino acid
compositions\complete genomes data\genomes\GC_contents\GC_conents.csv') | | die "Can't open

<file:S>1";

foreach my Sfastas (@files){

my Sfile = 'C:\Users\Alex\Desktop\Perl works\Phylogenomics\Amino acid compositions\complete
genomes data\genomes\\'.Sfastas;

open my Sinfo, Sfile or die "Could not open Sfile: $!";

my Scounter = 0;

my SGC_count=0;

while( my Sline = <Sinfo>) {

if (Sline I~ />/){

my $G = Sline;
my SC = Sline;
my SA = Sline;
my ST = Sline;
my Scount_G = () = $G =~ /G/g;
my $Scount_C = () = $C =~ /C/g;
my Scount_A = () = SA=~/A/g;
my Scount_T=() =ST="/T/g;
my Scount_final = Scount_G + Scount_C + Scount_A + Scount_T;
SGC_count = SGC_count + Scount_G + Scount_C;

Scounter = Scounter + Scount_final;

my SGC_content = SGC_count/Scounter;
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close Sinfo;

print Sgcs Sfastas.”,".SGC_content."\n";
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Perl script A7. “halopredictor_local_V1.pl”

#!/bin/perl -w

use strict;

use warnings;
use Bio::SeqlO;
use File::Path;

use File::Path qw(make_path);

my Sdir = 'results';

my Shalo_results = 'C:\Halopredictor_Local_V1\results\halo_results.csv';
my Shalo_un = "halo_un.csv";

my Sr_out ="r_out.csv";

my Slog = "logfile.txt";

#check if halo_results.csv exists
if (-e Shalo_results){
#print "The file exists\n";

unlink Shalo_results or warn "Could not unlink Shalo_results: $!";

t#check if folder "results" exists
if (-e Sdir and -d Sdir){

rmtree(Sdir);

#creating the folder results again

mkdir 'results’;

if ((-e Shalo_un) || (-e Sr_out)|| (-e Slog) ) {

unlink Shalo_un,Sr_out,;
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my Sseqio_obj = Bio::SeqlO->new(-file => "input.fasta",

-format => "fasta" );

my @amino_acids = (‘A','C','D",'E",'F",'G",'H","l','K",'L",'M",'N",'P",'Q’,'R",'S",'T",'V",'W","Y");
my Stmp_prof;

my Sfirstline = 'type,A,C,D,E,F,G,H,|,K,L,M,N,P,Q,R,S,T,V,W,Y';

my Scmd = 'Rscript.exe C:/halopredictor_Local_v1/halopredictor_local_LDA.r';

my Sprediction="";

my Shal_counter=0;

my Snonhal_counter=0;

#inserting title to the results csv file

make_path("results");

my Sres_t = 'results/halo_results.csv';
open my Sth, '>>', Sres_t or die "Could not open file 'Sres_t' S!";
print Sth "Sequence,Group,Prediction,LDA\n";

close Sth;

#loop for finding the number of sequences
my Sseq_nr=0;
while ( my Sseq_obj = Sseqio_obj->next_seq ) {

Sseq_nr++;
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my $seqio_obj2 = Bio::SeqlO->new(-file => "input.fasta",

-format => "fasta" );

my Sprogress=0;
print "\n\n";

while ( my Sseq_obj2 = Sseqgio_obj2->next_seq ) {

#empty the temp amino acid profile array

Stmp_prof=",";

#measuring the amino acid percentages and creating CSV file for R input

#print " \n";
#print Sseq_obj2->display_id." ".Sseq_obj2->desc,"\n";
my Sstring = Sseq_obj2->seq;

foreach my Saa (@amino_acids){

#print Sseq_obj->seq,"\n";

my $c = () = Sstring =~ /Saa/g;
#print "The number of Saa in this sequence is :", Sc,"\n";
my Slength = length(Sstring);
#print "The length of the sequence is :", Slength,"\n";
my Sprc = (Sc/Slength)*100;
my Sprc_r = sprintf("%.1f", Sprc);
#print "The percentage of Saais: ", Sprc_r,"\n";
Stmp_prof = Stmp_prof.Sprc_r.",";
}
Sprogress++;
print " " Sprogress."/".Sseq_nr," sequences completed\r";
chop(Stmp_prof);
#print "The temp profile from variable is : ",Stmp_prof,"\n";
#now the amino acid profile of the sequence is writen to a csv file for the R script input
my Sfilename = 'halo_un.csv';
open(my Sfh, '>', Sfilename) or die "Could not open file 'Sfilename' S!";
print Sfh Sfirstline,"\n";
print Sth Stmp_prof,"\n";
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close Sfh;
#call the R script with system
system(qg{cd C:/Program Files/R/R-3.6.1/bin && Scmd}[[12gPhyIPhyP);
#get results of the R script from csv
open my Sfile, '<', "r_out.csv";
my Scsv = <Sfile>;
close Sfile;
my @csv_element = split /,/, Scsv;
#print Scsv_element[0],"\n";
#now writing results of LDA in a file
my Sres = 'results/halo_results.csv';
open(my Sfh2, '>>', Sres) or die "Could not open file 'Sres' $!";
my Sdesc_correct = Sseq_obj2->desc;
Sdesc_correct =~s/,//g;
if (Scsv_element[0] == 1){
Sprediction = "halophilic";

Shal_counter++;

}

else{
Sprediction = "non-halophilic";
Snonhal_counter++;

}

print Sth2 Sseq_obj2->display_id."
".Sdesc_correct.",".Scsv_element[0].",".Sprediction.",".Scsv_element[1];
close Sfh2;
}

print "\n\n\n -Process completed-\n";

#print "Halophilic counter: ",Shal_counter,"\n";

#print "Non-halophilic counter: ",Snonhal_counter,"\n";
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#calculate some simple statistics about inserted sequences
my Scmd_stats = 'Rscript.exe C:/halopredictor_Local_v1/stats.r';
system(qg{cd C:/Program Files/R/R-3.6.1/bin && Scmd_stats}7171[);
#now asking the user if the script should proceed with visualizing the results
my Scontrol=0;
while (Scontrol==0){
print "\n\nWould you like to visualize results? [type \"yes\" or \"no\"]";
my Schoice = <STDIN>;
chomp Schoice;
if ((Schoice eq "yes")| | (Schoice eq "no")){
Scontrol=1;
}
if (Schoice eq "no"){
print "\n\nResults can be found in halo_results.csv in \"results\" folder\n";
print "\n\nThank you for using Halopredictor_Local_V1\n\n";
}
if(Schoice eq "yes"){
if ((Shal_counter>=2)&&(Snonhal_counter>=2)){
my Scmd2 = 'Rscript.exe C:/halopredictor_Local _vi1/halopredictor_local_visualize.r';
system(qg{cd C:/Program Files/R/R-3.6.1/bin && Scmd2});
print "\nThe results can be found in \"results\" folder\n";
print "\nThank you for using Halopredictor_Local_V1\n";
lelse{
print "Sorry there must be minimum 2 halophilic and 2 non-halophilic sequences in
order to visualise results, check halo_results.csv\n";
print "\nThank you for using Halopredictor_Local_V1\n";

Scontrol=1;
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R script Al. “PCA_analysis.r”

#PCA analysis for amino acid profiles of all data

HaloDom = read.csv("C:\\Users\\Alex\\Desktop\\Perl works\\Phylogenomics\\Amino acid
compositions\\Clustering of all Halophiles\\PCA\\PCA_norm.csv", header = TRUE)
data(HaloDom)

head(HaloDom)

summary(HaloDom)

#View(HaloDom)

myPr <- prcomp(HaloDom([3:22], scale=TRUE)

summary(myPr)

plot(myPr)

plot(myPr, type='l')

biplot(myPr, scale=0)

str(myPr)

myPrSx

HaloDom2 <- cbind(HaloDom, myPrS$x[,1:2])

head(HaloDom?2)

library(ggplot2)

require("ggrepel")

ggplot(HaloDom2, aes(PC1, PC2, label=Residue, fill=category))+
guides(fill=guide_legend(title="Taxonomic Groups", title.theme = element_text(colour = "black",
size = 12, angle = 0, face = "bold"), title.hjust = -3))+

n nm n

scale_fill_manual(values=c("#CBE315","grey", "pink", "yellow",
"HADFFE1","black","blue","lightskyblue","red","darkgreen","white","green", "purple","orange"))+
stat_ellipse(data = subset(HaloDom?2, category=="Halanaerobiales"), geom="polygon", col="black",
alpha="0.5")+

stat_ellipse(data = subset(HaloDom2, category=="Halophilic Archaea"), geom="polygon",
col="black", alpha="0.5")+

stat_ellipse(data = subset(HaloDom?2, category=="Thermophiles"), geom="polygon", col="black",
alpha="0.5")+

geom_point(shape=21,color="black",size=4)+
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#geom_label_repel(data = subset(HaloDom2, Residue=="HA_Haloarcula_argentinensis"),
show.legend = FALSE, inherit.aes = TRUE, colour="black", ylim =(-5.7), xlim = (-2) , force=10,
fontface="italic")+

#geom_label repel(data = subset(HaloDom2, Residue=="HA_Haloarcula_hispanica"), show.legend
= FALSE, inherit.aes = TRUE, colour="black", ylim =(-5.7), xlim=10, force=10, fontface="italic")+
#geom_label_repel(data = subset(HaloDom2, Residue=="Haloarcula sp. CBA1115"), show.legend =
FALSE, inherit.aes = TRUE, colour="black", ylim =(-5.7), xlim=(-8.9), force=10, fontface="italic")+
#geom_label_repel(data = subset(HaloDom2, Residue=="Candidatus Nanosalinarum"), show.legend
= FALSE, inherit.aes = TRUE, colour="black", ylim =(-6), xlim=(-7), force=10, fontface="italic")+
#geom_label_repel(data = subset(HaloDom2, Residue=="Candidatus Haloredivivus sp. G17"),
show.legend = FALSE, inherit.aes = TRUE, colour="black", ylim =5, xlim=(-5), force=10,
fontface="italic")+

#geom_label_repel(data = subset(HaloDom2, Residue=="Candidatus Nanosalina"), show.legend =
FALSE, inherit.aes = TRUE, colour="black", ylim=(-4.5) ,xlim=(-5), force=10, fontface="italic")+
#geom_label repel(data = subset(HaloDom2, Residue=="Haloarcula salaria"), show.legend = FALSE,
inherit.aes = TRUE, colour="black", ylim=3 ,xlim=0, force=10, fontface="italic")
#geom_label_repel(data = subset(HaloDom2, Residue=="Halobacteroides halobius"), show.legend
= FALSE, inherit.aes = TRUE, colour="black", ylim=3 ,xlim=(-4), force=10, fontface="italic")+
#geom_label_repel(data = subset(HaloDom2, Residue=="Methanosalsum zhilinae"), show.legend =
FALSE, inherit.aes = TRUE, colour="black", ylim=(3.5) ,xlim=(-9.5), force=10, fontface="italic")+
#geom_label_repel(data = subset(HaloDom2, Residue=="Methanohalophilus portucalensis"),
show.legend = FALSE, inherit.aes = TRUE, colour="black", ylim=3 ,xlim=(-2.5), force=10,
fontface="italic")+

#geom_label repel(data = subset(HaloDom2, Residue=="Methanohalophilus halophilus"),
show.legend = FALSE, inherit.aes = TRUE, colour="black", ylim=(-4) ,xlim=(-9.9), force=10,
fontface="italic")+

#geom_label repel(data = subset(HaloDom2, Residue=="Methanohalobium evestigatum"),
show.legend = FALSE, inherit.aes = TRUE, colour="black", ylim=(-6) ,xlim=(0), force=10,
fontface="italic")+

#geom_label_repel(data = subset(HaloDom2, Residue=="Methanosarcina acetivorans"),
show.legend = FALSE, inherit.aes = TRUE, colour="black", ylim=(2) ,xlim=(0), force=10,

fontface="italic")+
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#geom_label_repel(data = subset(HaloDom2, Residue=="Methanohalophilus mahii"), show.legend
= FALSE, inherit.aes = TRUE, colour="black", ylim=(-5) ,xlim=(0), force=10, fontface="italic")
#geom_label_repel(data = subset(HaloDom2, Residue=="Halanaerobium praevalens"), show.legend
= FALSE, inherit.aes = TRUE, colour="black", ylim=(-4) ,xlim=(-8), force=10, fontface="italic")
#geom_label_repel(data = subset(HaloDom2, Residue=="HA_Haloarcula_salaria"), show.legend =
FALSE, inherit.aes = TRUE, colour="black", ylim=(5.7) ,xlim=(-6), force=10, fontface="italic")+
#geom_label repel(data = subset(HaloDom2, Residue=="Halococcus hamelinensis"), show.legend =
FALSE, inherit.aes = TRUE, colour="black", ylim=(-4) ,xlim=(-6), force=10, fontface="italic")
#geom_label_repel(data = subset(HaloDom2, Residue=="Rhodothermus marinus"), show.legend =
FALSE, inherit.aes = TRUE, colour="black", ylim=(-5.8) ,xlim=0, force=10, fontface="italic")+
#geom_label repel(data = subset(HaloDom2, Residue=="Salinibacter ruber"), show.legend = FALSE,
inherit.aes = TRUE, colour="black", ylim=(-5) ,xlim=2, force=10, fontface="italic")+

#geom_label repel(data = subset(HaloDom2, Residue=="Salisaeta longa"), show.legend = FALSE,
inherit.aes = TRUE, colour="black", ylim=(-5.5) ,xlim=(-2), force=10, fontface="italic")+

#geom_label repel(data = subset(HaloDom2, Residue=="Salinivenus iranica"), show.legend =
FALSE, inherit.aes = TRUE, colour="black", ylim=(-5) ,xlim=(-8), force=10, fontface="italic")+
#geom_label_repel(data = subset(HaloDom2, Residue=="Salinivenus lutea"), show.legend = FALSE,
inherit.aes = TRUE, colour="black", ylim=(-4) ,xlim=(-9.5), force=10, fontface="italic")+
#geom_label_repel(data = subset(HaloDom2, Residue=="Halorhodospira halophila"), show.legend =
FALSE, inherit.aes = TRUE, ylim=(3.5) ,xlim=(0), force=10, fontface="italic", colour="white",
segment.colour = "black")+

#geom_label repel(data = subset(HaloDom2, Residue=="Haliangium ochraceum"), show.legend =
FALSE, inherit.aes = TRUE, ylim=(3.5) ,xlim=(-3), force=10, fontface="italic", colour="white",
segment.colour = "black")+

#geom_label repel(data = subset(HaloDom2, Residue=="Haloquadratum walsbyi"), show.legend =
FALSE, inherit.aes = TRUE, ylim=(3.5) ,xlim=(-9.5), force=10, fontface="italic", colour="black")+
#geom_label repel(data = subset(HaloDom2, Residue=="Martelella endophytica"), show.legend =
FALSE, inherit.aes = TRUE, ylim=(2.5) ,xlim=(-9.5), force=10, fontface="italic", colour="white",
segment.colour = "black")

#geom_label_repel(data = subset(HaloDom2, Residue=="Spiribacter salinus"), show.legend =
FALSE, inherit.aes = TRUE, ylim=(-4) ,xlim=(2.3), force=10, fontface="italic", colour="white",

segment.colour = "black")+
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#geom_label_repel(data = subset(HaloDom2, Residue=="Spiribacter curvatus"), show.legend =
FALSE, inherit.aes = TRUE, ylim=(-5.5) ,xlim=(-2), force=10, fontface="italic", colour="white",
segment.colour = "black")+

#geom_label repel(data = subset(HaloDom2, Residue=="Halomonas aestuarii"), show.legend =
FALSE, inherit.aes = TRUE, ylim=(-5) ,xlim=(1), force=10, fontface="italic", colour="white",
segment.colour = "black")+

#geom_label repel(data = subset(HaloDom2, Residue=="Celeribacter indicus"), show.legend =
FALSE, inherit.aes = TRUE, ylim=(3.5) ,xlim=(2), force=10, fontface="italic", colour="white",
segment.colour = "black")+

#geom_label_repel(data = subset(HaloDom2, Residue=="Chromohalobacter salexigens"),
show.legend = FALSE, inherit.aes = TRUE, ylim=(-3) ,xlim=(-4), force=10, fontface="italic",
colour="white", segment.colour = "black")+

#geom_label repel(data = subset(HaloDom2, Residue=="Halomonas elongata"), show.legend =
FALSE, inherit.aes = TRUE, ylim=3 ,xlim=(-1), force=10, fontface="italic", colour="white",
segment.colour = "black")

#geom_label_repel(data = subset(HaloDom2, Residue=="Methanoculleus marisnigri"), show.legend
= FALSE, inherit.aes = TRUE, ylim=3 ,xlim=(-1), force=10, fontface="italic", colour="white",
segment.colour = "black")+

#geom_label_repel(data = subset(HaloDom2, Residue=="Thermofilum pendens"), show.legend =
FALSE, inherit.aes = TRUE, ylim=4 ,xlim=(-3.5), force=10, fontface="italic", colour="white",

segment.colour = "black")
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R script A2. “PCA_analysis_EIGEN.r”

#PCA analysis for amino acid profiles of all data

HaloDom = read.csv("C:\\Users\\Alex\\Desktop\\Perl works\\Phylogenomics\\Amino acid

compositions\\Clustering of all Halophiles\\PCA\\GC content
test\\PCA_wGC_HAvsHalanerobiales.csv", header = TRUE)
data(HaloDom)

head(HaloDom)

summary(HaloDom)

View(HaloDom)

Haloactive <- HaloDom[1:35, 3:23]

head(Haloactive[, 1:6])

library(factoextra)

res.pca <- prcomp(Haloactive, scale = TRUE)

fviz_eig(res.pca)

fviz_pca_var(res.pca,
col.var = "contrib", # Color by contributions to the PC

gradient.cols = c("green", "orange", "purple", "red"),
repel = TRUE, # Avoid text overlapping
arrowsize =1,

labelsize = 6
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R script A3. “protein_length_historgam.r”

lengths = read.csv("C:\\Users\\Alex\\Desktop\\Perl works\\Phylogenomics\\Amino acid
compositions\\Protein location,function,size and AA residues\\protein
lengths\\all_halo_lengths.csv", header = TRUE)

x<-lengthsSLength

max(x)

y=seq(0,14000,by=1000)

# histogram with added parameters
hist(x,
main="Halophilic protein lengths",
xlab = "Length (AA)",
ylab = "Frequency",
font.lab = 2,

n_n

Xaxt="n",
yaxt="n",
col="red",
breaks = 1000,
xlim=c(0,1500),
ylim=c(0,14000),
freq=TRUE
)
axis(1,at=seq(0,1500,by=100),font=2)

axis(2,at=y,font=2)

#newdata <- x[(x > 5000)]

#View(newdata)
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R script A4. “PCA_GC_analysis.r”

#PCA analysis for amino acid profiles of data with GC content added

PCA_GC = read.csv("C:\\Users\\Alex\\Desktop\\Perl works\\Phylogenomics\\Amino acid
compositions\\Clustering of all Halophiles\\PCA\\GC content
test\\PCA_wGC_HAvsHalanerobiales_test.csv", header = TRUE)

data(PCA_GC)

head(PCA_GC)

summary(PCA_GC)

View(PCA_GC)

PCA <- prcomp(PCA_GC[3:22])

summary(PCA)

plot(PCA)

plot(PCA, type='l")

biplot(PCA, scale=0)

str(PCA)

PCASX

PCA_GC2 <- chind(PCA_GC, PCA$x[,1:2])

head(PCA_GC2)

library(ggplot2)

require("ggrepel")

ggplot(PCA_GC2, aes(PC1, PC2, label=Residue, fill=category))+
guides(fill=guide_legend(title="Taxonomic Groups", title.theme = element_text(colour = "black",
size =12, angle = 0, face = "bold"), title.hjust = -3))+
scale_fill_manual(values=c("darkgreen", "red"))+

#stat_ellipse(data = subset(PCA_GC2, category=="Halophilic_Archaea"), geom="polygon",
col="black", alpha="0.5")+

#stat_ellipse(data = subset(HaloDom?2, category=="Halophilic_Archaea"), geom="polygon",
col="black", alpha="0.5")+

geom_point(shape=21,color="black",size=4)

#geom_label repel(data = subset(HaloDom2, category=="Bacteroidetes"), show.legend = FALSE,

inherit.aes = TRUE, colour="black", ylim =y_limits, xlim=x_limits, force=10)+
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#geom_label_repel(data = subset(HaloDom2, Residue=="B_Salinivenus_lutea"), show.legend =
FALSE, inherit.aes = TRUE, colour="black", ylim =(-5.7), xlim = (1) , force=10)+
#geom_label_repel(data = subset(HaloDom2, Residue=="B_Salinivenus_iranica"), show.legend =
FALSE, inherit.aes = TRUE, colour="black", ylim =(-5.7), xlim = (-3) , force=10)+
#geom_label_repel(data = subset(HaloDom2, Residue=="B_Haliangium_ochraceum"), show.legend
= FALSE, inherit.aes = TRUE, colour="black", ylim =(-5.7), xlim=10, force=10)+
#geom_label_repel(data = subset(HaloDom2, Residue=="B_Halorhodospira_halophila"),
show.legend = FALSE, inherit.aes = TRUE, colour="black", ylim =(-5.7), xlim=(-8.9), force=10)
#geom_label repel(data = subset(HaloDom2, Residue=="HA_Halorubrum_ezzemoulense"),
show.legend = FALSE, inherit.aes = TRUE, colour="black",xlim = x_limits5, ylim = y_limits5,
force=10)+

#geom_label_repel(data = subset(PCA_GC2, Residue=="Methanosarcina acetivorans"),
show.legend = FALSE, inherit.aes = TRUE, colour="black", ylim =(1.2), xlim=(-2.8), force=10)+
#geom_label_repel(data = subset(PCA_GC2, Residue=="Methanosalsum zhilinae"), show.legend =
FALSE, inherit.aes = TRUE, colour="black", ylim=(0.5) ,xlim=(-2.8), force=10, fontface="italic")+
#geom_label repel(data = subset(PCA_GC2, Residue=="Methanohalophilus halophilus"),
show.legend = FALSE, inherit.aes = TRUE, colour="black", ylim=(0.25) ,xlim=(-1), force=10,
fontface="italic")+

#geom_label_repel(data = subset(PCA_GC2, Residue=="Methanohalobium evestigatum"),
show.legend = FALSE, inherit.aes = TRUE, colour="black", ylim=(-0.95) ,xlim=(-2), force=10,
fontface="italic")+

#geom_label repel(data = subset(PCA_GC2, Residue=="Methanohalophilus mahii"), show.legend =
FALSE, inherit.aes = TRUE, colour="black", ylim=(0) ,xlim=(-1), force=10, fontface="italic")

PCA_GC2$PC1
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R script A5. “LDA_with_unknown.r”

#LDA

datal(iris)

View(iris)

fix(iris)

attach(iris)

library(MASS)
outl=Ilda(Species™., iris)
scores=predict(outl, iris)Sx

plot(scores, col=rainbow(3)[irisSSpecies], asp=1)

#LDA : Classifying new observations
unknown=read.csv("C:\\Users\\Alex\\Documents\\R\\iris_un.csv")
fix(unknown)

predict(outl, unknown)Sclass

#add LDA prediction to the plot

outlp=predict(outl, unknown)

scores_unknown=out1pSx

points(scores_unknown, pch=19)

159



R script A6. “halopredictor_local_LDA.r”

#LDA
halo=read.csv("C:/Halopredictor_Local_V1/LDA_data.csv")
#View(halo)

#fix(halo)

#attach(halo)

library(MASS)

outl=Ilda(type™., halo)

#outl

scores=predict(out1, halo)Sx
predictions <- predict(outl, halo)
#predictions

#mean(scores)

#LDA : Classifying new observations
unknown=read.csv("C:/Halopredictor_Local_V1/halo_un.csv")
#fix(unknown)

pred = predict(outl, unknown)Sclass

pred_for_plot = predict(outl, unknown)
query_seq=pred_for_plotSx

y<-query_seq[1,1]

vector <- c(pred,y)

write.table(rbind(vector), file = "C:/Halopredictor_Local_V1/r_out.csv", row.names =FALSE,

col.names = FALSE,sep =",")
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R script A7. "stats.r”

library(scales)

data <- read.csv("C:/Halopredictor_Local_V1/results/halo_results.csv")

total <- nrow(data) #get the number of rows for data.frame "data".

LDA_groups <- split(data, dataSGroup) #split the data frame according to halophilic prediction

LDA_halo <- as.data.frame(LDA_groups[1]$°1'SLDA) #keep only halophilic rows

perc_halo <- (nrow(LDA_halo))/total #calculate percentage of halophilic predictions

perc_halo_formated <- percent_format(big.mark =",", suffix =" %")(perc_halo) #use function for

formating the percentage

LDA_nonhalo <- as.data.frame(LDA_groups[2]S'2'SLDA) #keep only non-halophilic rows

perc_nonhalo <- (nrow(LDA_nonhalo))/total #calculate percentage of halophilic predictions

halo_stats <- data.frame(total,perc_halo_formated) #create data frame with values

names(halo_stats) <- c('Total sequences', 'Percentage of halophilic sequences') #change the name

of columns

write.csv(halo_stats, 'C:/Halopredictor_Local_V1/results/statistics.csv', row.names = FALSE)
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R script A8. "halopredictor_local_visualize.r”

# Multiple plot function

#

# ggplot objects can be passed in ..., or to plotlist (as a list of ggplot objects)
# - cols: Number of columns in layout

# - layout: A matrix specifying the layout. If present, 'cols' is ignored.

#

# If the layout is something like matrix(c(1,2,3,3), nrow=2, byrow=TRUE),
# then plot 1 will go in the upper left, 2 will go in the upper right, and

# 3 will go all the way across the bottom.

#

sink("C:/Halopredictor_Local_V1/logfile.txt")

multiplot <- function(..., plotlist=NULL, file, cols=1, layout=NULL) {

require(grid)

# Make a list from the ... arguments and plotlist

plots <- c(list(...), plotlist)

numPlots = length(plots)

# If layout is NULL, then use 'cols' to determine layout
if (is.null(layout)) {
# Make the panel
# ncol: Number of columns of plots
# nrow: Number of rows needed, calculated from # of cols
layout <- matrix(seq(1, cols * ceiling(numPlots/cols)),

ncol = cols, nrow = ceiling(numPlots/cols))

if (numPlots==1) {

print(plots[[1]])
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}else {
# Set up the page
grid.newpage()

pushViewport(viewport(layout = grid.layout(nrow(layout), ncol(layout))))

# Make each plot, in the correct location
for (i in 1:numPlots) {
# Get the i,j matrix positions of the regions that contain this subplot

matchidx <- as.data.frame(which(layout == i, arr.ind = TRUE))

print(plots[[i]], vp = viewport(layout.pos.row = matchidxSrow,
layout.pos.col = matchidxS$col))
}
}

}
#library ("Hmisc")

#LDA : Classifying results from halo_results.csv
results=read.csv("C:/Halopredictor_Local_V1/results/halo_results.csv")

LDAs<-resultsSLDA

#Data frames editing for ggplot

#checking if both groups are present

new_type <- resultsSGroup

#supress any error messages

try(Proteins <- factor(new_type, labels = c("Halophilic", "Non-halophilic")), silent = TRUE)
try(df <- data.frame(LDAs,Proteins, stringsAsFactors = FALSE), silent = TRUE)

#setting limits for LDA density graph

min<-min(resultsSLDA)

min_final<-min+(min*0.5)

max<-max(resultsSLDA)

max_final<-max+(max*0.5)
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#trying to plot separate densities - did it !

library(ggplot2)

myplot<-ggplot(df,aes(x=LDAs,fill=Proteins))+geom_density(alpha=0.5)+
scale_fill_manual( values = c("red","green"))+
labs(title="Density plot of linear discriminants of input proteins")+xlab('Linear discriminants')+
ylab('Density')+xlim(min_final,max_final)

#now plot to a file

ggsave("C:\\Halopredictor_Local_V1\\results\\density plot.png", width = 28, height = 8, units =

llcmll

#Violin plot

p <- ggplot(results, aes(x=Prediction, y=LDA, fill=Prediction)) +
geom_violin(trim=FALSE)+stat_summary(fun.data="mean_sd!", mult=1,geom="pointrange",
color="black")+
scale_fill_manual(values=c("red", "green"))
#now plot to a file
ggsave("C:\\Halopredictor_Local _V1\\results\\violin_plot.png", width = 17, height = 12, units =

"Cm"

pdf("C:/Halopredictor_Local _V1/results/graphs.pdf")
multiplot(myplot,p)
dev.off()
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R script A9

library(micropan)

library(R.utils) # for de-compressing files
library(ggdendro) # plotting dendrogram tree
library(ggplot2)

library(tidyr)

library(readr)

library(purrr)

library(tibble)

library(stringr)

library(forcats)

library(ape)

library(cluster)

library(dendextend)

library(circlize)

setwd('C:\\Users\\Alex\\Desktop\\test_my_data')

#The genome table
suppressMessages(read_delim("rawdata/halobacteria_complete_genomes.txt", delim =",")) %>%

select(Name = "#Organism Name’, Strain, Level, GenBank_FTP = ‘GenBank FTP’, Taxonomy =
'my_taxonomy') %>%

mutate(GID.tag = str_c("GID", 1:n())) %>%

mutate(GenBank_ID = str_remove(GenBank_FTP, "A.+/")) %>%

slice(1:80) -> gnm.tbl

gnm.tblSTaxonomy <- as.factor(gnm.tblSTaxonomy)
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df <- data.frame(gnm.tbl)

#Pan-matrix creation
panmat.blast<-read.csv('C:\\Users\\Alex\\Desktop\\test_my_data\\nr_panmat.csv', header =

TRUE, row.names = 1)

#Relation between genomes
#weighted dendrogram for core-cloud genes

pm <- panmat.blast # make a copy

#sort the pan-matrix without GID-tags, only numbers as rownames
ordered_pm <- pm[order(as.numeric(as.character(rownames(pm)))), ]

#add GID prefix from csv file
prefix<-read.csv('C:\\Users\\Alex\\Desktop\\test._my data\\GID codes.csv')
prefix <- as.matrix(prefix)

row.names(ordered_pm) <- prefix

rownames(ordered_pm) <- dfSName[match(rownames(ordered _pm), dfSGID.tag)] # new
rownames

#replace the original pan-matrix with the ordered one

pm<-ordered_pm

weights <- geneWeights(pm, type = "shell")

#my ultimate circular dendrogram

dist_circ<-distManhattan(pm, weights = weights)
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fitest<-
c«21,1,111,111,1,121,1,1,14,1,1,2,1,1,21,2,4,12,1,1,1,2,2,1,1,2,1,1,1,2,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1
Ill 1I 1I 111I1I1111 11111I1I111I 1I 1I 1I11111I 1I 112)

#test<-as.numeric(dfSTaxonomy)

colors<-as.numeric(df[,5])
#colors<-c(2,3,1,1,3,1,3,1,3,2,3,2,3,1,1,1,2,2,1,3,1,1,2,1,2,1,2,2,3,2,1,1,1,3,2,1,
3,1,2,1,1,3,2,2,1,2,2,1,2,1,2,3,1,3,2,1,2,3,3,3,3,2,1,1,2,2,1,2,1,1,1,3,1,1,1, 1)

#changing the colors to my preferrence

library(plyr) #PROBLEMA -> must be called here, not on the top.
colors<-mapvalues(colors, 1, "slatebluel")
colors<-mapvalues(colors, 2, "turquoise4")

colors<-mapvalues(colors, 3, "violetred2")

hc <- hclust(dist_circ, method = "average") #methods used complete in default and average
dend <- as.dendrogram(hc)%>%

set("branches_k_color", colors, order_value = TRUE) %>%

set("branches_Ilwd", 1.9) %>%

set("labels_colors", colors, order_value = TRUE) %>%

set("labels_cex", 0.8)

#set("nodes_pch", 19) %>%

#set("nodes_col", c("black","red","orange"))

figl<-circlize_dendrogram(dend,dend_track_height = 0.3,labels = TRUE,labels_track_height = 0.6)
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R script A10

library(ggplot2)

mydata<-read.csv('C:\\Users\\Alex\\Documents\\R\\Pan-genome

graphs\\full_pangenome_stats.csv')

ggplot(mydata, aes(factor(Annotation), Percentage, fill = Category)) +
geom_bar(stat="identity", position = "dodge")+
theme(axis.text.x = element_text(angle = 90, hjust = 1,face = "plain",size=13))+
labs(title = "Functional annotation of Halobacteria pan-genome", x = "Functional group", y =
"Percentage(%)", fill= "Gene category")

#scale_fill_manual(values = c("yellow", "red"))
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