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Abstract

Trypanosomatids (Trypanosomatidae, Kinetoplastida) are flagellated protozoa containing

many parasites of medical or agricultural importance. Among those, Crithidia bombi and C.

expoeki, are common parasites in bumble bees around the world, and phylogenetically

close to Leishmania and Leptomonas. They have a simple and direct life cycle with one

host, and partially castrate the founding queens greatly reducing their fitness. Here, we

report the nuclear genome sequences of one clone of each species, extracted from a field-

collected infection. Using a combination of Roche 454 FLX Titanium, Pacific Biosciences

PacBio RS, and Illumina GA2 instruments for C. bombi, and PacBio for C. expoeki, we

could produce high-quality and well resolved sequences. We find that these genomes are

around 32 and 34 MB, with 7,808 and 7,851 annotated genes for C. bombi and C. expoeki,

respectivelyÐwh ich is somewhat less than reported from other trypanosomatids, with few

introns, and organized in polycistronic units. A large fraction of genes received plausible func-

tional support in comparison primarily with Leishmania and Trypanosoma. Comparing the

annotated genes of the two species with those of six other trypanosomatids (C. fasciculata,

L. pyrrhocoris, L. seymouri, B. ayalai, L. major, and T. brucei) shows similar gene repertoires

and many orthologs. Similar to other trypanosomatids, we also find signs of concerted evolu-

tion in genes putatively involved in the interaction with the host, a high degree of synteny

between C. bombi and C. expoeki, and considerable overlap with several other species in the

set. A total of 86 orthologous gene groups show signatures of positive selection in the branch

leading to the two Crithidia under study, mostly of unknown function. As an example, we

examined the initiating glycosylation pathway of surface components in C. bombi, finding it

deviates from most other eukaryotes and also from other kinetoplastids, which may indicate

rapid evolution in the extracellular matrix that is involved in interactions with the host. Bumble

bees are important pollinators and Crithidia-infections are suspected to cause substantial

selection pressure on their host populations. These newly sequenced genomes provide tools

that should help better understand host-parasite interactions in these pollinator pathogens.
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Introduction
TheOrderTrypanosomatida(ClassKinetoplastea)areadiversegroupof flagellatedprotozo-
answith manyspeciesof medicalor agriculturalimportance[1±3].Perhapsthebest-known
representativesarewithin thefamilyTrypanosomatidae(thetrypanosomatids),suchasthe
"AfricanTrypanosomes",like ���������	� 
���
� (causinghumansleepingsickness),�.
�����, or theNewWorld �. �����, theagentof Chagasdisease[4]. In addition to thesewell-
knownexamples,arangeof otherspeciesaresignificantparasitesof variousorganisms.For
instance,�
���	���� (suchas�. 	����) causeaspectrumof humandiseasescollectively
knownas'leishmaniasis'[5]. Most trypanosomatids,however,arepathogensof insects[6±9];
someinfectplants(e.g.�����	����, [10]).

Here,wereporton thenucleargenomicsequencesof two speciesfrom thegenus���������,
�. 
�	
� Lipa& Triggiani1988[11] and�. 
���
�� Schmid-Hempel& Tognazzo2010[12],
whichareimportant andcommonparasitesof bumblebees,��	
�� spp.[13]. Together,the
genus��������� asdefinedby thetypespecies�. ����������� ([14]) belongsto thenewlypro-
posedsubfamilyLeishmaniinaewithin theTrypanosomatidae[15,16].Thetwo taxastudied
herearephylogeneticallysomewhatmoredistantto �. �����������, but closeto thehoneybee-
infecting�. 	
�������
, atsomedistancefrom thehoneybeeparasite,���	���� �����	 [17],
whilstalsoin closeproximity of �
���	���� (e.g.�. �����������, �. �
�	����) [9,18±20]and
��������� ��
�	������ (formerly �. �������
 ��
�	������� ([14]). Bumblebees,on theotherhand,
aresocialinsectsthatestablishannualcoloniesof moderatesize(up to afewhundredwork-
ers).Asthecolonycyclecomesto anend,only thematedandinseminateddaughterqueens
hibernateandestablishtheir owncoloniesthenextyear.All othercolonymembers,including
themotherqueen,perishbeforeonsetof winter.Ecologically,bumblebeesarekeypollinators
in temperateandcoolclimates[21] andtheir servicesareof higheconomicvalue[22,23].Cur-
rently,bumblebeesaredecliningin abundanceanddiversityin manypartsof theworld [24±
28],andparasiteshavebeenimplicatedin theselosses[28,29].In fact,�. 
�	
� isknown to
castrateits hostandto stronglyreducethefitnessof foundingqueensin springto asubstantial
degree[30]; thismayalsobethecauseof therapidandspectaculardeclineof thenative�.
����
�	�� in SouthAmerica[28].

Manytrypanosomatidsaredixenous[18,31],that is,havetwo hosts,anddependon an
insectvectorfor transmission.���������	� 
���
�, for example,isvectoredby tsetseflies
(��������) and�
���	���� usessandflies(Phlebotominae).Theseparasitesmustthereforedeal
with thedefenceandimmunesystemsof at leasttwo groupsof verydifferentorganisms.By
contrast,�. 
�	
� and�. 
���
�� havealife cyclewith only onehost(i.e.,aremonoxenous
[8]) andarethusdirectlytransmittedwithout theneedof avector.Within thenestof its bum-
blebeehost,��������� is transmittedvia infectivecellson contaminatedsurfacesor byshared
food;andbetweencoloniesviaflowersthathavepreviouslybeenvisitedbyotherinfectedbees
[32]. Also,thelarvaewithin acolonycanserveasareservoirfrom which�. 
�	
� canbe
transmittedfurther [33]. Theinfectivedoseisverylow.Only afewdozenscellsarenecessary
to establishinfection,where,in thehind gutof thehostbee,it reachespeakintensitiesafter
aboutaweek[34]. As��������� cannotsurviveoutsidealiving hostfor long[35], thesepara-
sitesmustnot only find waysto rapidly infect individual hostsbut alsoto persistin ahostcol-
onyandto bepassedon to thecolony'sdaughterqueensfor overwintering,whichis theonly
wayto reachthenextyear'shosts[34]. Whilst residingin thehost,�. 
�	
� exhibitsremark-
ablyhighgeneticexchangeamongco-infectingstrains[36]Ðfar beyondwhathasbeen
describedin othertrypanosomatids,suchas�. 
���
� [37±39],�. ����� [40], �. 	���� [41], or
��������� ����������� [42].

Genomes of two Crithidia spp.
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Previousgenomicstudiesof trypanosomatidshavelargelyfocussedon thedixenoustaxa,
suchas���������	� [43,44]and�
���	���� [45,46].Only morerecentlymonoxenousrepre-
sentativeswereadded,e.g.���	���� �����	 (formerly,��������� 	
�������
) [17,47],or �
����
	���� ������������ [19]. Collectively,thesestudiesunderlinethat thegenomicorganizationof
trypanosomatidsisunusualin severalrespects[48]. Forexample,thecharacteristic,single
kinetoplast,locatedat thebaseof theflagellarpocket,containsthekinetoplastDNA (kDNA),
whichisorganizedasasetof circularDNAs.Theso-calledmaxi-circles(typically,afew
dozen)containfairly conservedregionscodingfor functionssimilar to mitochondrialgenesin
higherorganisms(e.g.in �. �����������, maxi-circlesare38kb in size),whereasthenumerous
(typically,manythousands),geneticallyheterogeneousmini-circles(2.5kb in size)carry
sequencesthatareinvolvedin RNA-editing[49±52].Moreover,genomicsequencesaretypi-
callyorganizedin polycistronicclusters(that is,thesamemRNA iscodingfor differentgenes),
thegene-codingregionsgenerallylackintrons,andpost-transcriptionalmechanismsrather
thanchangesin transcriptionrateareusedto regulategeneexpression[53±57],wherebygene
duplicationiscommonto increaseexpressionlevels.

Results

Sequencing and assembly of the genome
Thefinal genomeassemblysizeof ��������� 
�	
� is31.66Mb andiswell resolvedwith 206
scaffolds(Table1); theGC-contentis55.8%.Thescaffoldscontainatotalof 585contigswith a
N50-contigsizeof 124.6kb.Theaveragescaffoldandcontiglengthis155.5kb and54.1kb,
respectively;scaffoldN50is855kb long.Basedon theassemblysizeandthetotalamountof
cleanedsequencingreads,theaveragesequencingcoverageisestimatedat243-times.The
CEGMA-analysison thefinal assemblyresultedin 179complete(72.2%)andanadditional14
(5.6%)partialmatchesto coreeukaryoticgenes.

Table 1. Genome assembly statistics.

C. bombi 1 C. expoek i 2

Contigs Scaffolds Contigs

Assembly size (Mb) 31.66 31.66 34.08

Number 3) 585 206 222

Number �! 1 kb 568 206 222

N50 124'651 855'437 592'188

Average length (bp) 54'120 155'526 153'504

Maximum length (bp) 536'807 2'546'452 3'079'598

GC content (%) 55.8 �� same 54.4

GC content, coding (%) 61.3 59.9

Number of predicted genes (bp) 4) 7,808 7,851

Gene median length (nt) 1,352 1,352

Total coding sequence (nt) 14'130'019 (44.6%) 15'580'666 (45.7%)

Estimated coverage 243-times 62-times

1) Assembly metrics according to the Functional Genomic Centre Zurich (FGCZ)
2) for C. expoeki: no scaffolds, only contigs with no gaps.
3) for contigs: scaffolds split at regions with at least 3 N.
4) from: crithidia-bombi.GDC.2013.v1.all.maker.proteins.fasta; crithidia-expoeki.all.maker.proteins.fasta

https://doi.org/10.1371/journal.pone.0189738.t001
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Beingthesecondspeciesto besequenced,andwith thegenomeof �. 
�	
� alreadyat
hand,weonly usedPacBiofor �. 
���
��, which leadto alower,but still sufficientcoverage
(estimatedat62-times;Table1).Wethusmanagedto establishahigh-qualitygenomeof
��������� 
���
�� with 222contigsof 34.08Mb (Table1); theGC-contentis54.4%.Thecontigs
do not containanygaps,haveanaveragelengthof 153.5kb andaN50sizeof 592.2kb.The
longestcontighasasizeof 3,079,598bp.TheCEGMA-analysisresultedin 184complete
(74.2%)andanadditional11(4.4%)partialmatchesto coreeukaryoticgenes.

To checkthecompletenessof theassembly,wealsoran aBUSCOanalysis[58]. For �.

�	
�, thisshowed140completeandsingle-copy,1 fragmentedand74missingBUSCO
orthologs.For �. 
���
�� wefound148completeandsingle-copy,12completeandduplicated,
and67missingBUSCOorthologs.Thiscompareswell to the�. 	���� valuesof 175complete
andsingle-copy,10completeandduplicated,and40missingBUSCOorthologs.

Gene prediction and annotation
��������� �	
��� TheMAKER2-pipelinepredicted7,808genes,roughly90%of those

without introns (S1Table).Theannotatedgenesfor �. 
�	
� arelistedin S1File(Crithidia-
bombi.GDC.2013.v1.gff).In �. 
�	
� wedetected213polycistronicgeneclusterswith at least
two genes.On averagethegeneclustershave36genesandare142kb long.Fifty-four clusters
containmorethan50genes,14clustersmorethanonehundredgenes,andthelargestcluster
contains214genes.Functionalannotationwith Blast2GOresultedin 4,178fully annotated
proteinsequenceswith InterPro,geneontology(GO),andBLASTresults.A further 408
sequencesreceivedGOandBLASTresults,while2,850sequencesonly receivedBLASThits.
372proteinsequencesdid not obtainanyannotationatall.Of all the7,436top BLASThits,
7,086wereto �
���	���� species,137wereto ���������	� species,andafurther 106to other
published��������� species(excluding�. 
���
���. Thespecieswith themosttop BLASThits
in NCBI was�
���	���� 
������
���� with 1,750hits.ThereciprocalbestBLASThit analysis
againstthe�. 	���� proteinsresultedin 6,880hits,representing88.1%of all predictedpro-
teins.Of these,6,782hadaBLASTE-valuelessthan1 x 10�20 in bothdirections.

��������� �
�	���� TheMAKER2-pipelinepredicted7,851genes,82%of thosewithout
introns (S1Table).Thelist of annotatedgenesfor �. 
���
�� is in S2File(Crithidia-expoeki.
GDC.2016.v1.gff).In �. 
���
�� wecounted266polycistronicgeneclusters.On averagethe
clustershave29genesandare114kb long.51clusterscontainmorethanfifty genes,11clus-
tersmorethanonehundredgenes,andthelargestcontains224genes.While no systematic
analysisof conservation(synteny)of polycistronicgeneclustersbetween�. 
�	
� and�.

���
�� wasconducted,manualinspectionof afewclustersshowedaratherhighconservation
amongthetwo species.An exampleisshownin Fig1.

Functionalannotationof �. 
���
�� sequenceswith Blast2GOresultedin 4,973fully anno-
tatedproteinsequenceswith InterPro,geneontology(GO),andBLASTresults.A further 695
sequencesreceivedGOandBLASTresults,1,901sequencesonly receivedBLASThits.A total
of 282proteinsequencesdid not obtainanyannotationatall.Of all the7,566top BLASThits
in NCBI,6,701wereto �
���	���� species,81wereto ���������	� species,andafurther 299
to otherpublished��������� species(excluding�. 
�	
�). Thespecieswith themosttop
BLASThitswas�
���	���� 	
������ with 1,455hits.ThereciprocalbestBLASThit analysis
againstthe�
���	���� 	���� proteinsresultedin 6,179hits,representing78.7%of all pre-
dictedproteins.Of these,5,837hadaBLASTE-valuelessthan1x 10�20 in bothdirections.

Thus,thetwo genomeshadverysimilarnumberof predictedgeneswith similarsupport,
andsimilargenomicarchitecture.Forexample,wefound thatasimilarproportion of genesis
encodedbyasingleexon,andaverysimilardistribution of exonspergenealtogether.

Genomes of two Crithidia spp.
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Furthermore,thereisahighdegreeof syntenybetweenthetwo speciesasshownin Fig2.
Quantitatively,theSyMapsyntenyanalysisrevealed5,098anchorsin 99syntenicblockswith
conservedgeneorderamong�. 
�	
� and�. 
���
�� [59]. Of theseconservedblocks,18are
smallerthan100kbp,80blocksarebetween100kbpand1 Mbp, andoneblockis largerthan
oneMbp. Theaverageblocksizein �. 
�	
� is299kbp,thesmallestblockis32kbp,thelargest
1.596Mbp. Averageblocksizein �. 
���
�� is291kbp,thesmallestblockis27kbp,andthe
largest1.559Mbp (S2Table).Theanalysisfor �. 
�	
� andthesevenadditionalspecies
revealedbetween71syntenicblocks(with �. 
���
�) and280blocks(with �. �
�	����). The
analysiswith �. 
���
�� andtheadditionalspeciesrevealedbetween75syntenicblocks(with
�. 	����) and260blocks(with �. �
�	����). Thus,not surprisingly,�. 
�	
� and�. 
���
��
havelesserdegreesof syntenywith theothertaxain theset(S1andS2Figs),notablywith �.

���
�. Asexpectedfrom thephylogeneticdistances,ahighdegreeof syntenyisdetectedwith
�. �����������. A similardegreeof syntenyisexpectedwith �. �
�	����, however,theanalysis
ishamperedby thecomparablyfragmenteddraft assembly(e.g.,N50isonly 70kbp),resulting
in themajority of syntenicblocksbeingshorterthan100kbp.Surprisingly,thetwo species
understudyhereshowratherhighdegreesof syntenywith thephylogeneticallymoredistant
��
���	���� ������ (S1andS2Figs).

In addition,thedistribution of GO-termsamongtheannotatedproteinsare,asexpected,
verysimilar in thetwo speciesunderstudy(Fig3).Differenceswereneverthelessvisible,as
therearemoreproteinsin �. 
�	
� thathavebeenassignedto theprotein- or ATP-binding
categories,whereas�. 
���
�� seemsricher in othercategories,suchasin serinefamilymeta-
bolicprocesses,glycolysis,or proteinsassociatedwith microtubules.

Fig 1. Genome organis ation. Here we show sections of the genomes (kilobases, kb) of C. bombi and C. expoeki (top two panels; (scaffold3_4
and scf7180000000921, respectively) and the syntenic region in L. major (bottom panel) as an example of overall synteny among these
genomes. Green arrows are gene sequences coding for proteins, as based on annotations in L. major and as indicated at the bottom. Reversed
(left-facing) arrows indicate polycistronic regions. Note that, in this example, no introns are present. The red arrow refers to the amastin-like
protein (LmjF.34.0970 in L. major), which is an ortholog to gene Ce.1.39770 (C. expoeki) and Cb.1.06720 (C. bombi). Two further amastin-like
proteins are immediately up- and downstream from this location. The grey bars connect orthologs within the same orthologous group, as based
on the OA analysis, and demonstrate a high degree of synteny among the three species. The yellow zone represents a gap in the C. bombi
scaffold.

https://doi.org/10.1371/journal.pone.0189738.g001
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Orthologs
TheOMA browseridentifiedorthologoussequencesfrom thetwo genomesstudiedhererela-
tive to thesetof theothertrypanosomatidspeciesasavailablein theTriTryp database
(Table2),andusingtheproteinannotationsfor both ��������� spp.from MAKER2as
describedin theMaterialsandMethodsandfrom theENSEMBLProtistdatabase.OMA also
generatedgroupsof orthologsthataresharedbetweenaminimum of two andup to all (eight)
taxain thecomparison;theseOMA groupswereanalysedfurther below.

Fig 2. Synten y. Synteny graph between C. bombi and C. expoeki genomes generated with SyMap 4.2 [59,60]. The plot shows all syntenic blocks between
the scaffolds of C. expoeki (bottom half of the circle) mapping to scaffolds of C. bombi (upper half of the circle). Each coloured block indicates a scaffold of the
respective genome. Syntenic blocks are linked with lines in the colour of the C. expoeki scaffolds. For illustrative purposes, a few scaffolds (as named in this
study) are indicated at their approximate position in the circle.

https://doi.org/10.1371/journal.pone.0189738.g002
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Fig4showsthenumberof pairwiseorthologssharedby thefivespeciesof prime interest.
In all, thetwo ���������-species studiedherehavesubstantialoverlapwith �. ����������� (for
�. 
�	
�: atotalof 6,777orthologsoverlapping,�. 
���
��: 6,333),andmarginallyfewerwith

Fig 3. GO-categ ories in Crithidia. Pie diagrams of the GO-categories for the genes annotated here.(a) C.
bombi, (b) C. expoeki. The analysis was done with Blast2GO [61]. Only terms with more than 100 members are
shown here.

https://doi.org/10.1371/journal.pone.0189738.g003

Table 2. Number and types of orthol ogs.

Taxon Genes 1 C. bombi 2 C. expoe ki 2

C. bombi 7,808 - 5,448

this study 463

8

300

(6,219)

C. fasciculata 9,619 6,548 5,728

TriTrypDB-33_CfasciculataCfCl 281 197

8 346

280 2,182

(7,117) (8,453)

L. pyrrhocoris 10,148 6,550 5,822

TriTrypDB-33_LpyrrhocorisH10 566 206

14 353

293 3,644

(7,423) (10,025)

L. seymouri 8,595 6,577 5,734

TriTrypDB-33_LseymouriATCC30220 8 4

58 752

30 46

(6,673) (6,536)

B.ayalai 8,126 4,917 4,386

TriTrypDB-33_BayalaiB08-376 23 16

184 790

43 66

(5,167) (5,258)

L. major 9,378 6,038 5,326

TriTrypDB-33_LmajorFriedlin 493 299

35 423

300 1,880

(6,866) (7,928)

T. brucei 11,703 3,683 3,348

TriTrypDB-33_TbruceiTREU927 1,017 780

84 318

540 1,932

(5,324) (6,378)

1 Gene count taken from TriTryp data base, except for C. bombi and C. expoeki (this study).
2 Entries are number of pairwise orthologs for either C. bombi or C. expoeki with the taxa listed on the left (respective data files indicated), as identified by

OMA. Within each cell from top to bottom: number of orthologs of type '1:1', '1:many', 'many:1', 'many:many', and total orthologs (in parentheses).

https://doi.org/10.1371/journal.pone.0189738.t002
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thetypespecies,�. ����������� (�. 
�	
�: 6,599,�. 
���
��: 6,186).Thereisacoreof 4,879
orthologsthataresharedamongall taxa.�. 
�	
� hasasimilarnumberof privateproteinsas
�. 
���
��, i.e.proteinsthatonly arefound in this taxon.Thepairwiseorthologsfor thetwo
���������-species studiedherewith theothertaxaarelistedin S3File.

Trypanosomatidssharesomeof their physiologyandultrastructure,but, for example,sur-
facemoleculesshowlineage-specificelements[62,63].Theseareof greatinterest,sincethecell
surfacesof parasiticprotistsinteractwith thehostin manywaysandthuscandetermineessen-
tial properties,suchasinfectionsuccessor parasitevirulence.Becauseof thespecializedmech-
anismsfor polycistronicgeneexpressionin trypanosomatids, genescodingfor cellsurfacesare
organizedin groups,the'contingencygenefamilies'.It is thought[63] thataprocessof con-
certedevolution,alsoobservedin trypanosomatids,canleadto alossof orthologyin surface
moleculesbecausederivedsequences,originatingfrom geneduplicationasparalogs,gradually

Fig 4. Venn diagram of ortholo gs. The Venn diagrams show the number of orthologs that are shared among a set of five
species. Calculated with the OMA browser; matches of all types (1:1, many:1, 1:many, and many:many) are included.

https://doi.org/10.1371/journal.pone.0189738.g004
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replacetheancestralones,suchthat thederivedgeneswithin onespeciesaremoreclosely
relatedto oneanotherthanwith thehomologsin othertaxa.Whilst theparalogscanshift to
newgenomiclocationsandassumenewfunctions,theremainingorthologsoccupysimilar
genomicpositionsthroughouttheclade.

Severalsurfacegenefamiliesareof interestin thiscontext,suchastheMajor SurfaceProte-
ases(MSPs)thatarefoundacrossall trypanosomatids[63,64].Theseshowsignaturesof selec-
tion [65] anddivergenceamonglines[64]. Typically,MSPsencodemetalloproteasesthat
counteractthehost'simmunedefences;for example,in �
���	���� MSPsblockmacrophage
activity[66], amongothereffects[67]. MSPhomologuesandmetalloproteaseactivitiesare
knownfor severaltaxain thenarrowor moredistantvicinity of �. 
�	
� and�. 
���
��, e.g.
in �. �����������, �. �������
, �. �
��
�, �.  ����
�	
�, �
���	���� �
�	����, �������������� �����
��� [67], or �
���	���� ����������� [19]. In thefollowingcases,weextractedall orthologsthat
carriedaparticularannotation(suchas'gp63',or 'amastin')in theTriTryp databaseand
reconstructedthephylogenywithin thesetof theeightspecies.

����� AmongtheMSPs,glycoprotein63( �!") isoneof thebeststudied[67]. It is
involvedin adhesionto hostcellsin �
���	���� [68]. Weexploredtherelationshipsof  �!" in
thetwo ��������� speciesstudiedherewith thosereportedfrom theothertrypanosomatidsin
our setof eightspecies.A totalof four sequencesfor �. 
�	
� andeightfor �. 
���
��, which
metwith theannotation'gp63'in betterstudiedtaxa,wereidentified(seeS3Table).Theother
taxain thesethadatotalof 69sequences.Our phylogeneticanalysisfoundall sequencesof �.

���
� clusteredon aseparatebranch,whereasall othersequencesintermingledwith one
anotheracrossthetree(Fig5A).Exceptfor onecase(Ce.1.70950pairingwith Cb.1.37410),a
givensequencefor �. 
�	
� wasnevercloselyassociatedwith onefrom �. 
���
��, andvice
versa,whereasaconspicuousclusterof fivesequenceswasfound for �. 
���
�� only.

�
������� Thesearetransmembraneglycoproteinspresentin thesurfaceof trypanosoma-
tidsandareexpressedparticularlyin dixenoustaxawhenenteringthemammalianhost.In
our set,wefoundatotalof 190sequencesthatmetthecriterion.Amastinshavediversifiedin
�
���	���� (�. ����������� and�. �
�	���� togetherhad63sequences),but orthologsarealso
found in themonoxenousspeciessuchas��������� [69], with �. ����������� alonecontributing
43sequencesin our study.Our annotationhadidentified18sequencesin �. 
�	
�, and24
sequencesin �. 
���
��. Thephylogeneticanalysis(Fig5B)showedthatamastinsof thetwo
speciesarefound in all partsof thetreeandgroupwith thoseof othertaxain aseeminglyarbi-
trary way.With fewexceptions(e.g.theclusterscontainingCe.1.77300,or Ce.1.28590;Fig5B),
�. 
�	
� and�. 
���
�� alwayshaverepresentativeseachwithin thesameneighbourhood
(clustersdefinedby thelongerbranchesfollowedbysmallradiations;Fig5B),suggestingthat
diversificationof amastinsin thetwo specieshappenedin parallelseveraltimesalongthedif-
ferentbranches.Also,amastinsof thetwo speciesareoftennearestto �
���	���� or �. ��������
���� (Fig5B).

��������	
�� and �����. Theseenzymesareuniquefor trypanosomatidsandessential
for their infectionsuccess,for example,qualifyingas'virulencefactor' in �
���	���� [71].
Their biologicalrole is thoughtto bein themitigation of hostdefencesbyoxidativestress
[72,73],but thisprocessmayactuallybeindependentof tryparedoxin,at leastin �. �������	
[74]. In our analysis,wefind atotalof 96������
�����-like sequencesin thesetof eightspecies,
with 11sequencesin �. 
�	
� and14in �. 
���
��. Thereconstructedphylogenysuggestsa
similarpatternasfound in theamastins,i.e.thetryparedoxinsof thetwo speciesarefoundat
differentplacesin thetree,andtheclusterscontainrepresentativesof each(exceptCe.1.65800
andCe.1.65740)(S3AFig)

�. 
�	
� showsfrequentgeneticexchangewhendifferentgenotypesco-infectthesame
host[36], andtherecombinationpatternisconsistentwith Mendeliansegregationasalso
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reportedin othertrypanosomatids[39]. #$%&', for example,ispartof therecombinationsys-
temthatunderliesthevariableexpressionof surfacemoleculesandwhichisbasedon an
archivesystemasbestdescribedfor the'African Trypanosomes'[75,76].In thisprocess,the
infectingparasitechangesits antigenicsurfaceby retrievingvariantsfrom thearchivein apro-
grammedwaysuchasto escapethedetectionby thehost'simmunesystem[77±79].In our
study,OMA identifiedat totalof 31sequencescarryinga'RAD51'-annotationin thesetof
eighttaxa,of whichfour eachwereassignedto �. 
�	
� and�. 
���
��, respectively.Again,
thesamepatternasaboveemerged,with thesequencesof thetwo speciesfound in pairs
aroundthetree(S3BFig).

Signatures of selection
For thisexploratoryanalysis,atotalof � = 2,934one-to-oneorthologygroupswith entriesfor
all eightspecieswasavailable.Acrossthewholephylogeny(testingmodelM8 vs.M7 from
PAML for strict trimming), atotalof 350orthologygroupsshowedsignsof significantselec-
tion andhadsomeannotationinformation,whereastheremaining119groupshadno annota-
tion (basedon annotationsfor �. 
�	
�). In theexampleof strict trimming (S4File),themost
commonmeaningfulannotationswere'dyneinheavychain'(� = 8 groups),'ATP-dependent
RNA helicase'(� = 6), 'protein kinase'(� = 4),or 'ABCtransporter'(� = 15),whereasun-infor-
mativegroups,suchas' hypotheticalprotein' (� = 32)and'missing'(� = 158)weremostfre-
quent.Weeventuallyfound380orthologousgroupsshowingevidenceof positiveselection
(afterBenjamini-Hochbergcorrection)for all trimming criteria;no trimming resultedin the
mostgroups(� = 919),followedby 'relaxed'(� = 685)and'strict' (� = 469)(S5File,S4Fig).

Wealsodetectedevidenceof significantpositiveselectionon thebranchleadingto �������
��� (BSmodelfrom PAML). A totalof 86groupstestedsignificantfor positiveselection(after
Benjamini-Hochbergcorrection)for all trimmings.Thelargestnumberof groupsshowedsig-
nificancewith no trimming (� = 522),followedby 'relaxed'(� = 316)and'strict' (� = 91)(S6
File,S5Fig).Thesignificantgroupsin theBS-modelcontainedverysimilarannotationsasfor
theM8-model,asshownwith theexampleof strict trimming (S4File).Amongthe91signifi-
cantgroups,themostfrequentcategorieswere'missing'(� = 33groups)and'hypotheticalpro-
tein' (� = 14),followedby 'dyneinheavychain'(� = 3),andmanyothersthatappearedonly
once.

To testwhethergenesareevolvingmorerapidly in ��������� thanin therestof our trypano-
somatidtree,wecomparedthesignatureof selectionfrom theM8-modelthatcoversthe
wholephylogenyto theresultsfrom thebranch-site(BS)modelthatcalculatestheselection
only on thebranchleadingto ���������. Only groupsthat testedsignificantat � < 0.05aftera
Benjamini-Hochbergcorrection,andthatweresignificantin bothmodels(M8 andBS)were
included;atotalof 23groupsmetthiscriterion.Yet,theBS-modelgeneratedveryhighvalues
of �, whicharebiologicallyunlikelyandmayresultwhentheproportion of sitesassignedto �
> 1 isverysmallor whenthereisnot enoughinformation in thedatato accuratelyinfer the

Fig 5. Phylogen etic relationship s of orthologo us proteins. Phylogenetic relationships of orthologous proteins in C. bombi
and C. exppoeki, and as identified by OMA. Unrooted trees visualized with FigTree v.1.4.2 [70]; sequences from C. bombi (in
red), and C. expoeki (in orange) shown in colour for clarity. Sequences of Bodo saltans (Kinetoplastida, Bodonidae; in bold black)
represent a distant, outgroup kinetoplastid. Labels are as in TriTryp data base, and as named here for the two species under
study. Branch values are posterior probabilities (PP), only values of PP �� 1 shown here, all other cases have reported PP = 1.
The horizontal bar is relative number of mutations per site. (a) gp63-like proteins. A total of 80 aligned, orthologous sequences
were subjected to MrBayes (default settings, with 11 Mio generations and 25% burn-in fraction; convergence, S.D. of split
frequencies �� 0.004) to construct the consensus tree shown here. (b) amastin-like proteins. Tree from aligned, orthologous
sequences submitted to MrBayes (default settings, 25% burn-in, with 12.6 Mio generations; convergence, S.D. of split
frequencies = 0.01).

https://doi.org/10.1371/journal.pone.0189738.g005
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valueof �. Only onegroup(ID 261,annotatedwith 'dyneinheavychain')waswithin reason-
ablelimits (i.e.in therange� < 10).

Metabolic pathways: Example of N-glycan
Asanexampleof themetabolicpathwaysfound in ���������, wecheckedthepathwaythat
leadsto N-glycansof �. 
�	
�, which,in eukaryotes,havemanyfunctionalroles.N-glycans
areassembledin theendoplasmicreticulum,transferredto selectedasparagineresidues
(N-X-S/T sequon)of polypeptidesthatenterthesecretorypathwayandarefurther modified
in theGolgi.In thisstudy,wecouldnot fully resolvethestructureof theN-glycans,but instead
focuson theevolutionaryanalysisof critical enzymesin thecascade,especiallyon ALGs
('asparagine-linkedglycosylation').Theseareenzymesthatcatalysetheadditionof sugarsto
conservedoligosaccharideprecursorsin theendoplasmicreticulum.

In our analysis,weblastedputativegenesfrom �. 
�	
� againstknownsequencesfrom
yeastin thedatabases.Wefound thatN-glycansynthesisin theendoplasmicreticulummust
bedifferentfrom othereukaryotes.Asis thecasefor otherparasitickinetoplastids[80], �.

�	
� lacksgenesinvolvedin theglucosylationof LLOs(lipid-linked oligosaccharides)in the
luminal sideof theendoplasmicreticulum,that is,$�� &,!,(,'). In addition,theabsenceof
the$��'* locus(encodingaDol-P-Man-dependent��-1,6mannosyltransferase)suggeststhe
transferof aMan7GlcNAc2oligosaccharidesbyoligosaccharyltransferase(OST;Fig6,S6Fig),
whichissimilar to ��������� and�
���	���� but differentfrom othertrypanosomatids.$��'"
and$��'+ encodeglycosyltransferasesubunits,responsiblefor thesecondGlcNAc-addition
(,-acetylglucosamine)to theLLO.Thecatalyticactivityiswith Alg13,but this isnot activated
unlesswhenboundto Alg14Ðat leastbasedon whatisknown from yeast[81]. In �. 
�	
�,
thelinker sequencein thefusedAlg13/Alg14doesnot seemto takepart in thefolding of the
activeprotein,althoughwecannotconclusivelyconfirm this,astheproteinstructurecould
not befully analysed.Alg13/Alg14areencodedasafusedgeneon ascaffoldof the�. 
�	
�
genome(Fig6B).

Furthermore,�. 
�	
� doesnot encodeanynon-catalyticsubunitsof oligosaccharyltrans-
ferase(OST;Fig6),but threeparalogsof catalyticsubunitStt3(S7Fig) locatedon scaffold3/
64.Oneof themhasalargeinsertionsequenceandthusmight beavestigialgene.Wecloned
theremainingtwo paralogs(�
-��"$, �
-��"�) for functionaltests.It appearsfrom these
teststhat �
-��"$ but not �
-��"� canfunctionallycomplementthemutant ���" from yeast
(S8Fig).�
-��"� hasamutation in theDxEmotif (correspondingto aDxD motif involved
in binding adivalentcation[82,83]).It hasbeensuggestedthat theALG-glycosyltransferase
setissecondarilylost[84]. Alternatively,theeukaryoticALG pathwaymight haveevolvedby
theadditionof endoplasmicreticulumlumen-orientedglycosyltransferases[85]. Irrespective
of themodelapplied,thesystemsin ��������� and�
���	���� wereprobablybranchingfrom a
commonancestorthat itselfbranchedfrom ���������	�. Because�
���	���� speciesencode
threeactive-��" genes[86], theinactivationof �
-��"s mayhavehappenedearlyastheline-
agesplit from thecommonancestor.

Discussion
Thebiologyof thegenus��������� and,in particular,�. 
�	
� hasbeenthefocusof anumber
of ecological,evolutionarystudiesoverthelasttwo decades.Takentogether,thesehave
exploredandanalysedthewide-spreadoccurrenceof thisparasite,e.g.[87±90],its effectson
thehost[30,91,92],thegeneticstructureof populations[36,88,89],thedynamicsof multiple
infections[93], or scrutinizedthehostgenesandtheir expressionwhendefendingagainstthis
pathogen[94±96].At thesametime, thetoolboxto studysuchquestionshadexpandedover
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theyears.Forexample,polymorphicmicrosatellitesandSNPsarenowavailablefor �. 
�	
�
[36]. Both,�. 
�	
� and�. 
���
��, canbeextractedfrom infectedwild bees,andclonesfrom
singlecellsestablished,multiplied andmaintainedin pureculture[97]. The��	
������������
systemis thereforeveryaccessiblefor field work andlaboratorystudies.

Sequencingandannotationof thefull genomesof �. 
�	
� and�. 
���
�� nowaddsfurther
important elementsto thetoolboxandaddsasubstantialamountof detailedinformation on
theseparasites.For �. 
�	
�, thetwo-stepassemblyprocedureresultedin anestimated
genomeof 31.66Mb size,similar to the34.08Mb of �. 
���
�� (Table1).Thesenumbersare
alsosimilar to theestimatedgenomesizesof otherkinetoplastids,suchas�
���	���� 	����
Friedlin (32.8Mb [45,48]),���������	� 
���
� (25±26Mb [43]), but somewhatsmallerthan
�. ����� (55Mb [48]). Furthermore,our analysissuggeststhatboth,�. 
�	
� and�. 
���
��,
havearound7,800protein-codinggenes(Table2).Thesenumbersarequitecomparablewith
estimatesfor �. �
�	���� (8,595genes),and�. ������ (8,126),but somewhatsmallerthanthose
in theotherspeciesof theset(�.�. Table2).Someof thisdifferencecanbeaccountedfor by the
muchmoredetailedstudythatsomeof theotherspecies,such�. 	����, �. 
���
�, or �. ��������
����, havereceived.Alternatively,it couldreflectevolutionarychangethat,for example,can

Fig 6. Putative N-glycan synthesis in C. bombi. (a) The complete N-glycan precursor synthesized in most eukaryotes (surrounded by
dashed line) is composed of two N-acetylglucosamines (black squares), nine mannoses (white circles), and three glucoses (black circles).
However, because C. bombi lacks ALG6, ALG8, ALG10, and ALG12 genes, it was assumed that C. bombi synthesizes biantennary
DolPP-GlcNAc2Man7 (grey box, surrounded by solid line). Genes encoding ALG glycosyltransferases responsible for the addition of each
carbohydrate are shown in italics together with linkage information. (b) Alignment of yeast Alg13 and Alg14 to a scaffold in the C. bombi
genome, showing that these two enzymes are encoded by a fused gene on this scaffold 3/59. (c) Alignments of Leishmania braziliensis
STT3 to a scaffold in C. bombi (scaffold 3/64).

https://doi.org/10.1371/journal.pone.0189738.g006
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leadto lineage-specificgenelossasaresultof adaptationto parasitismandspecifichostgroups
(e.g.[9,46,80].Theaveragepolycistronicgeneclusterlengthof 142kb in �. 
�	
� and114kb
in �. 
���
�� areslightlyshorterthanthesizespredictedfor pol II clustersin �. 
���
� (153kb)
and�. 	���� (180kb) [98].

Takentogether,wecanseethat thetwo genomesreportedherearequitetypicalfor thetry-
panosomatids,andthekinetoplastidsmoregenerally,in manyof their aspects,suchasgeno-
mic organisation(Figs1 and2) or thegenerepertoire(Fig3).Justlike othertrypanosomatid
parasites[48,99],thetwo ��������� speciesstudiedherealsoshowpolycistronicgeneorganisa-
tion andrelativelyfewintrons (S1Table).At thesametime, thephylogeneticreconstructionof
genetreesshowsapatternconsistentwith concertedevolution,alsosimilar to othertrypanoso-
matids.Thesequencesof �. 
�	
� and�. 
���
�� occurin 'pairs'(with 'pairs'sometimes
meaningmorethantwo sequences)within thesameclustersandthese'pairscanbelocatedin
differentpartsof thetree(Fig5,S3Fig).In otherwords,these�. 
�	
� and�. 
���
�� genes
areeachcloselyrelatedto oneanotherandto homologoussequencesin theothertrypanoso-
matids,but moredistantfrom further, functionallysimilargenes(basedon currentannota-
tions)within thesameorganism.An interestingslightdeviationisvisiblefor our
reconstructionof  �!" (Fig5A) becausethesequencesfrom �. 
���
� areconspicuouslysepa-
ratedfrom all others,whilst �. 
���
�� showsanexpansionto fivesequencesandseemsmore
separatedfrom �. 
�	
� thanobservedin theothergenesstudied.

Becauseof theunusuallyhigh ratesof geneticexchangeobservedin �. 
�	
� [36], genes
associatedwith therecombinationmachineryareparticularlyinteresting.Asanexample,
#$%&' isaconservedpartof therecombinationsystemthatotherwiseunderliesthevariable
expressionof surfacemoleculesin the'African Trypanosomes'[75,76].Weidentifiedseveral
orthologsof #$%&' in thetwo ��������� speciesstudiedhere,and,again,indicationsof con-
certedevolution,whichcanleadto theobservedpairingof sequencesfrom �. 
�	
� and�.

���
�� in differentpartsof thetree(S3BFig).Thefunction of #$%&' in the��������� species
studiedhere,andwhethertheir recombinationsystemmaybedifferent,mustremainunclear
for thetime being.

Our currentanalysisisstill ratherpreliminarybut for somegenomicaspects,�. 
�	
� and
�. 
���
�� arecloserto �
���	���� (especially,�. ������������[19]) than,for example,to �.
�����������Ðthe 'type'speciesÐor�. 	
�������
 (���	���� �����	)Ða parasiteof thehoneybee
[17]. On theotherhand,�. 
�	
� and�. 
���
�� aredistinct in manyaspectsfrom therest.
For instance,anumberof genesappearto beunderpositiveselectionin thebranchleadingto
��������� (S6File),manyof thosewith unknownfunction,yet,'dyneinheavychain'appearing
prominently(S4File).Theseproteinsaretypicallyassociatedwith microtubulesandinvolved
in flagellarmovement,e.g.[100].Lookingat theexampleof theinitiating glycosylationpath-
wayof surfacecomponents,wealsofound that thetwo ��������� studiedheredeviatefrom
mostothereukaryotesandarealsosomewhatdifferentfrom otherkinetoplastids.Forexample,
thetwo specieslackvariousALG glycosyltransferases,andall of themlacknon-catalyticOST
subunitsthataretypicalfor theeukaryoticpathway(Fig6,S6±S8Figs).Theobserveddiffer-
encesin canonicalkinetoplastidN-glycosylationpathwayscouldbetheresultof arapidevolu-
tion of theglycancomponentsof theextracellularmatrix in kinetoplastids,possiblydrivenby
astrongselectionpressureexertedby thedefencesystemof thehost.Hence,wefind many
similaritiesto othertrypanosomatidsandafewdifferences.In this first study,however,there
areno conspicuous,uniquegenomicfeaturesthatcouldreadilybeassociatedwith thesimple,
direct life cycleof thetwo speciesstudiedhereandwhichwouldcontrastwith thosegenomic
characteristicsof speciesthathavemorethanonehostsand/oravector.

�. 
�	
�, andverylikely �. 
���
�� too,areimportant pathogensof bumblebeesandargu-
ablyrepresentaconsiderablethreatfor theprovisionof pollination servicesby thesebees.For
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example,infectedspringqueensloosenearlyhalfof their reproductivesuccess,thusexerting
considerableselectionon hostpopulations[30]. Thesenewlysequencedgenomesrepresent
anothermajorstepto betterunderstandingthesehost-parasiteinteractions.Clearly,these
genomesneedto beanalysedin moredetailand,in particular,morefunctionaltestsare
neededto developadeeperinsightinto thegeneticunderpinningsof theinfectionandviru-
lenceprocesses.

Materials and methods

Origin of samples and DNA extraction
Weisolatedour referencestrainof �. 
�	
� from aspringqueenof ��	
�� �
��
����� L.,col-
lectedon April 10,2008,in NortheasternSwitzerland(site:'Neunforn').Weseparatedanindi-
vidualcellandgrewit clonallyaccordingto themethodsdescribedin [97] (designatedasclone
#08.076in our projectarchives).WethenextractedgenomicDNA with theBlood& CellCul-
tureDNA Midi Kit (Qiagen,cat.no.13343)accordingto thesmanufacturer'sinstructions.We
similarly isolatedandextractedgenomicDNA for astrainof �. 
���
�� from a�. ������	
workercollectedin theJuramountains(site'RoÈschenz',on June9,2008)(clone#BJ08.175).

Genome sequencing
Wesequencedthefull genomeof ��������� 
�	
� usingacombinationof sequencingrunson
theRoche454FLXTitanium,PacificBiosciencesPacBioRS(startingin 2009;bothat the
FunctionalGenomicsCenterZurich,FGCZ;http://www.fgcz.ch),andIllumina GA2at
GATC-Biotech(Konstanz,Germany).Weusedatotalof 11fragmentlibrariesconstructedfor
the454-platform(9 paired-endlibrariesand2single-endlibraries;S3Table).In total,wegen-
erated7,127,289sequencereadswith ameanlengthof 446bpon this454-platform.Wepro-
ducedonesingle-moleculereal-time(SMRT)library for thePacBioplatformaccordingto the
manufacturer'srecommendations(PacificBioscience;but slightlymodified,aswehadto start
with 10±20�g, ratherthan5 �g assuggested,shearedwith g-tubesfrom Covaris,pn 520079),
andthensequencedthelibrary at theFGCZon sixSMRTcellsandaccordingto FGCZ'sproto-
cols.Our PacBiosequencinggenerated270,958sequenceswith meanlengthof 2,517bp.For
theIllumina, weconstructedandsequencedfour fragmentlibraries,producing65,082,902sin-
gle-endreadsof 76bp length.Readscontainingadaptersweretrimmed with cutadapt[101].
Quality-filteringandtrimming wasdonewith condetri.pl[102].WeusedtheIllumina readsto
error-correctthePacBioreadswith thepacBioToCAmoduleof theWGS-Assemblerversion7.

Wesequencedthefull genomeof ��������� 
���
�� with thePacificBiosciencesPacBioRS
platformat theFGCZ.OneSMRTlibrary wasconstructedandsequencedon 9 SMRTcells,
generating381,293sequenceswith ameanlengthof 7,181bp;trimming wasdonewithin a
localinstallationof thePacificBioscienceSMRTportalversion2.3.0.

Genome assembly
Weassembledthe��������� 
�	
� genomein two steps.First,weassembledall Roche454
sequencereadsusingtherunAssemblycommandline interfaceof the454GSdenovoassem-
blerversion2.7with defaultsettings,exceptfor minimum overlaplength(setto 40bp),mini-
mum overlapidentity (setto 95%)andminimum contiglength(setto 100bp).Theresulting
assemblycontained265scaffolds,ascaffoldN50of 658kbp,andatotal sizeof 32.1Mb. In a
secondstep,weerror-correctedthePacBiosequencereadswith pacBioToCA[103] from the
WGS-Assemblerversion7 [104]usingtheIllumina sequencereads.Theresultingcorrected
readswerethenusedto improveandextendthe454/Rochecontigsfrom thefirst stepusing
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thesoftwarePBjellyversion12.9.14[105].In orderto optimizeparametersof theassembly
toolsandto assessthequalityof thefinal assemblyweusedtheCEGMAtool [106] to count
thecoreeukaryoticgenes.Highernumbersof completeproteinsareanindicationof amore
completeandaccurateassembly.

For ��������� 
���
��, weassembledthePacBio readswith alocalinstallationof thePacBio
SMRTPortalusingthe'RS_HGAP_Assembly.2'assemblyprotocolafterfiltering subreadsto
aminimum lengthof 500bp,minimum qualityof 0.75,andaseedreadlengthof 8,000bp.A
totalof 367,242readswith meanlength7,446bp remainedafterfiltering. Wethenusedthe
CeleraAssemblerusingthefollowingsettings:genomesize= 35Mb, targetcoverage= 25,
overlappererror rate= 0.07,overlappermin length= 50,overlapperk-mer = 16.Finally,we
usedQuiver[107] in thepolishingstepusingonly theunambiguouslymappedreads.Weman-
uallyinspectedtheassemblyandremoved73scaffoldswith lessthan10xcoverage.

In orderto assessthecompletenessof theassemblyweranBUSCOv2.0.1with theprotist
ensembledatabasedownloadedfrom theBUSCOwebsite.Theoption ªÐlongº wassetto turn
on theAugustusoptimizationmode.BUSCOwasrun on thefinal genomeassembliesof �.

�	
� and�. 
���
�� andfor comparisonalsoon thegenomeof �. 	����.

All readsaredepositedin theEuropeanNucleotideArchive(ENA) underaccessionnum-
bersPRJEB21108(�. 
�	
�) andPRJEB21109(�. 
���
��).

Transcriptome sequencing and assembly
WeisolatedRNA from theclonesof both ��������� speciesusingtheRNEasyMini Kit (Qiagen
cat.no 74104)accordingto manufacturer'sinstructions.WethensenttheextractedRNA to BGI
(BeijingGenomicsInstitute) for sequencingon theIllumina platform,resultingin 53,695,762
paired-endsequencingreadsof 100bp lengthand300bp insertsize.Weremovedreaddupli-
cateswith filterPCRdupl.pl(condetri:PCRdupl_v1.01.pl)andtrimmed adapterswith cutadapt
[101].Finally,weusedcondetri.pl[102]toquality-filterandtrim thereadsusingthedefaultset-
tings,exceptfor parameterslq (setat15),lfrac(setat0.05),ml (setat1) andminlen (setat40).
Weassembledtheresultingreadsinto transcriptswith thesoftwareTrinity (r2012-05-18[108])
using'pathreinforcementdistance'setat45and'grouppairsdistance'at600.

Gene prediction and annotation
WeproducedautomatedgenepredictionsandstructuralannotationsusingMAKER2[109]
with thegenepredictiontoolsSNAP[110],Augustus[111],andGeneMark-ES[112].A �

���� repeatlibrary wasconstructedusingRepeatModelerversion1.0.5(http://www.
repeatmasker.org/RepeatModeler.htmlh).Wecombinedtheproteinsfrom theUniProt Swiss-
Protproteindatabase[113]andall RefSeqproteinsof �
���	���� 	����, �. 	
������, ������
����	� 
���
�, and�. ����� availableat theNationalCenterfor BiotechnologyInformation
(NCBI) asevidencefor proteinhomology.AsESTevidence,weusedtheTrinity assembled
transcripts.Two iterativeMAKER2-runsweremadeto produceafinal setof genepredictions
andstructuralannotations.In afirst run, MAKER2wassetto useESTevidencefor predicting
genemodels(option: 
��* 
��	
 = 1) but not usethegenepredictiontools.Theresultinggene
models(gff andfastafiles)werecollected.Thecorrespondingprotein translationswhere
searchedagainstaproteindatabasecontainingall Swiss-Protproteinsandall RefSeqproteins
of �
���	���� 	����, �. 	
������, ���������	� 
���
�, and�. ����� with BLAST+v2.2.23
[114]usingthealgorithmblastp(numbering8,316hitsat thetime).Proteinswith anE-value
smaller1 x 10�8 andaqueryandtargetsequencecoverageof at least50%werecollected.500of
theseproteinswererandomlyselectedandthecorrespondinggenesusedasinput for training
theAugustusgenepredictiontool accordingto theAugustustraining tutorial (http://bioinf.
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uni-greifswald.de/augustus/binaries/tutorial/training.html)providedby theAugustusauthors.
Briefly,aninitial training wasrun with the
������� command,thenthegenemodelswere
optimizedwith theoptimize_augustus.plscriptandfinally another
������� commandwas
run.

Thesame500geneswereusedto train SNAPaccordingto thetool'sauthorsworkflow.
Briefly,thegff-file wasconvertedwith 	��
�*��� (aMAKER2accessoryscript),thenthe500
geneswerecategorizedandexportedwith the�����	 commandandmodelparametersesti-
matedwith ��� 
. Finally,newhmm modelswerecreatedwith the�		����
	
�
�.�� script.
Theself-traininggenepredictorGeneMark-ESwasrun with thedefaultsettingson thegeno-
mic sequences,producingaGeneMarkhmm-file.TheresultingAugustus,SNAPandGene-
Mark-ESgenemodelswerenowusedin aseconditerationof MAKER2,this time with the
option 
��* 
��	
 setto 0.

To annotateour predictedgenes,wedeployedreciprocalbesthit BLASTusingtheprotein
predictionsderivedfrom theMAKER2analysisandall RefSeqproteinsof �
���	���� 	����
(numbering8,316hitsat thetime) downloadedfrom NCBI,usingcustomPerlscriptsand
BLAST+v2.2.23[114]with acut-off of E � 1 x 10�8 . Wesearchedfor �. 	���� homologsto all
MAKER2-derivedproteinsand���
 �
���. Weinferredfurther functionalannotationsfrom
geneontologytermsusingBlast2GOversion2.7.0[61], whichusedtheresultsof BLAST
searchesagainstthent-databasewith BLAST+v2.2.23,usingaE-valuethresholdof of E � 1 x
10�8 . WeranBLASTlocallyandimportedtheseresultsinto Blast2GO.Wesupplementedthe
BLASTannotationswith resultsfrom Interproscan,version5RC7,whichwealsorun locally
andimportedtheseresultsin Blast2GO.Themapping,annotationaugmentation(ANNEX)
andanalysisstepswerethenperformedusingthegraphicaluserinterfaceof Blast2GOusing
thedefaultsettings.Theresultingannotationswereexportedastext files.Weassessedthe
over-representationof geneontologytermswith topGO[115].Thelengthsof polycistronic
geneclusterscontainingat leasttwo genesandtheir genenumberswasextractedfrom the
MAKER2-createdannotationfilesusingcustomPerlscripts.

Orthologs and synteny
To find proteinorthologsin thetwo ��������� genomesto othersequencedtrypansosomatids,
weusedastandaloneversionof theOrthologousMatrix (OMA.1.0.5)[116,117].For thecom-
parativeanalysesweusedeighttaxa.In addition to theannotatedproteinsof �. 
�	
� and�.

���
�� (thisstudy),theseweretheprotein libraries(annotatedproteins)of thefollowingtaxa,
generouslymadeavailablein theTriTryp database[118]:��������� ����������� (TriTrypDB-
33_CfasciculataCfCl_AnnotatedProteins;provider:BeverleyLab,bypermission),�
���	����
����������� (TriTrypDB-29_LpyrrhocorisH10_AnnotatedProteins;provider:LukesLab),�
����
	���� �
�	���� (TriTrypDB33_LseymouriATCC30220_AnnotatedProteins;provider:Yurch-
enkoLab),��
���	���� ������ (TriTrypDB-33_BayalaiB08-376_AnnotatedProteins;provider:
YurchenkoLab)�
���	���� 	���� Friedlin (TriTrypDB-29_LmajorFriedlin_AnnotateProteins
provider:GeneDB),and���������	� 
���
� (TriTrypDB-29_TbruceiTREU927_Annotated-
Proteinsprovider:GeneDB).Thechoicewasguidedbyhavingrepresentativesof closerand
moredistanttaxawithin theTrypanosomatidae[20,119],andwaslimited by thecomputing
time neededto run thetheidentificationof orthologswith OMA, andtheanalysisof signatures
of selection,respectively.To confirm thevalidityof orthologs,weusedreciprocalbesthit
BLASTsearches.In our comparativestudy,wecouldnot include��������� 	
�������
/���	����
�����	 ([17,47],astheproteindatabaseisnot available.

Syntenyanalysiswasdonewith SyMap,version4.2[59]. Thegenomeassemblyof eachspe-
cieswasloadedinto SyMapusingaminimum contiglengththresholdof 2000bp.Alignment
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andsyntenyanalysisof �. 
�	
� and�. 
���
�� versusall otherspecieswasdoneusingthe
defaultparameters,with theexceptionof activatingthe"mergeblocks"option.

Phylogenetics
We� ������ selectedanumberof interestinggenesÐbasedon thebiologyof trypanosomatid
genesdiscussedin theliteratureandasindicatedfor eachcasebelowÐandextractedthepro-
tein sequencesfor bothspeciesof ���������, basedon orthologyto �. 	����. For thephyloge-
neticreconstructionof genetrees,westartedwith theorthologsidentifiedbyOMA, within the
setof eightspecies,asdefinedabove.After identificationof all orthologoussequencesin this
set,weextractedall genesthatcarriedaparticularannotation(suchas'gp63',or 'amastin')in
at leastoneof theannotationsof thegeneslistedin theOMA groups.Typically,thiswasfound
to betheannotationsfor �. 	����, arguablythebestcharacterizedgenomein theset.After
identificationof all orthologoussequences,wefirst checkedfor outlierswith asimpleneigh-
bour-joining treeof thealignedsequences.Outliers,if any,werecheckedbysubmittingthe
proteinsequenceto HMMSCAN (biosequenceanalysisusingprofile hiddenMarkovmodels;
availablewebservice:https://www.ebi.ac.uk/Tools/hmmer/search/phmmer).Outlierswere
removedif thesoidentifieddomainswereof doubtfulsupport(eventually,only afewcases
wereremoved).Finalalignmentwassubsequentlydonewith MAFFT aswebtool (http://www.
ebi.ac.uk/Tools/msa/mafft),andthealignedsequencessubmittedto MrBayes[120] (v3.2.6s)
to producephylogenetictrees,with defaultsettingsof four chains,two randomstarttrees,a
burn-in periodof 25%of trees,andatotalof, typically,10Mio generations.Weusedthecon-
sensustreefor further visualisationin FigTreev.1.4.2.[70].

Signatures of selection
Weanalyzedthesignaturesof selectionandestimatedratesof evolutionusingeighttaxa,
resultingin testsof 2,934one-to-oneorthologygroups,i.e.thesetcontainingasequencefor
eachof thetaxa,asidentifiedbyOMA. Alignmentsweredonewith prank,andeitherleft un-
trimmed,or trimmed with Gblockswith two trimming options,eitherthestringent('strict
trimming') or relaxedcriteria('relaxedtrimming') [121].WesubsequentlyusedthePAML
v4.9package[122],whichimplementslikelihood-basedcodonmodels,for calculatingthe
respectivestatistics.Weidentifiedthebestmodelusinglikelihoodratiosfor thebestfitting
modelamongpairsof nestedmodels.Thesedifferedsolelyin ., theratio of non-synonymous
to synonymoussubstitutions(. = �,/�-). Wetook . > 1 to indicatepositive(diversifying)
selection,while . < 1 and. = 1 indicatesnegative(purifying) andneutralselection,respec-
tively.Functionalandstructuralconstraintsmeanthatmostsitesin functionalgenesare
conserved,hence,theaverage. isnot agoodindicator for positiveselection[123,124].We
insteadusedtheM7- andM8-modelsfrom PAML to testfor thepresenceof positivelyselected
sites[123].In bothmodels,canvaryfrom site-to-site,basedon aBeta-distributionin theinter-
val(0,1),dividedinto 11discretecategories,with thelastcategory(.10) allowedto be� 1.
Themodelalsocalculatestheproportion of sites,�, associatedwith .10, i.e.theproportion of
genesunderpositiveselection,whichisalsotheaverage�,/�--ratio for thosesites.

Weusedthebranch-sitemodel(BS)[125,126]to identify episodesof positiveselectionon
theconnectingbranchesbetweenclades.In our case,we� ������ assignedthebranchto the
genus��������� to theforeground,whichallowstestingfor selectionon thebranchconnecting
��������� to theotherspecies,suchthat foregroundsitesareconstrained,whilstbackground
branchesareeitherconstrainedor evolvingneutrally.Wethencomparedthebranch-sitemodel
for eachorthologygroupto its correspondingnull model,whichassumesno differencebetween
foregroundandbackgroundbranches,to identify orthologygroupswherethebranch-site
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modelbetterdescribestheevolutionof thesegenesthanthenull model.In theBS-model,. is
dividedinto threecategorieswith (0 < . < 1),neutral(. = 1),andpositivelyselected(.2 > 1;
constrainedto foregroundbranches);it returnstheproportion of sites,�, associatedwith .2,
i.e.theproportion of genesunderpositiveselection.Weusedthreedifferentinitial estimatesfor
. andinitializedbranchlengthsto valuesderivedfrom maximum-likelihoodtreesconstructed
in PhyML[127] (usingtheLGsubstitutionmatrix,optimizingonly branch-lengths,sincethe
correcttopologyisknown),suchthatPAML wasnot caughtin localoptima.Multiple testing
wasaccountedfor with themethodof Benjamini-Hochberg[128].

Supporting information
S1Fig.Syntenyof �. �	
�� with other taxa.Syntenygraphbetween�. 
�	
� andother
genomescreatedwith Symap4.2[59,60].Theplot showsall syntenicblocksbetweenthescaf-
foldsof �. 
�	
� (upperhalfof thecircle)mappingto scaffoldsof theotherspeciesin theset
(bottomhalfof thecircle;speciesindicatedbelow).Eachcolouredblockindicatesascaffoldof
therespectivegenome.Syntenicblocksarelinkedwith linesin thecolourof the�. 
�	
� scaf-
fold.
(TIF)

S2Fig.Syntenyof �. �
�	��� with other taxa.Syntenygraphbetween�. 
���
�� andother
genomescreatedwith Symap4.2.For further information,seelegendto S1Fig.
(TIF)

S3Fig.Orthologs of �. �	
��� and �. �
�	��� in relation to other taxa.Shownareunrooted
treesvisualizedwith FigTreev.1.4.2[70]; sequencesfrom �. 
�	
� (in red),and�. 
���
�� (in
orange)shownin colourfor clarity.Sequencesof ���� ������� (Kinetoplastida,Bodonidae;in
boldblack)representadistant,outgroupkinetoplastid.Sequencelabelsasin TriTryp data
base,andasnamedherefor thetwo speciesunderstudy.Branchvaluesareposteriorprobabili-
ties(PP),only valuesof PP< 1 showhere,all othercaseshavereportedPP= 1.(a) ��������
�	
��. A totalof 96aligned,orthologoussequencesweresubjectedto MrBayes(default
settings,with 10Mio generationsand25%burn-in fraction;convergence:S.D.of split frequen-
cies= 0.01)to constructtheconsensustreeshownhere.(b) �����. A totalof 31aligned,
orthologoussequencesweresubjectedto MrBayes(defaultsettings,with 10Mio generations
and25%burn-in fraction;convergence:S.D.of split frequencies= 0.005)to constructthecon-
sensustreeshownhere.
(TIF)

S4Fig.M8-model.Numberof orthologousgroups(among8 taxa)that testedsignificantfor
positiveselectionacrossthewholephylogeny(M8 ��. M7 model).380groupswerecommonto
all trimming strategiesusedin Gblocks(strategieswere'none','relaxed','strict'). CompareS5
File(M8 vsM7 model).
(TIF)

S5Fig.BS-model.Numberof orthologousgroups(among8 taxa)that testedsignificantfor
positiveselectionon thebranchleadingto ��������� (BS-model).86groupswerecommonto
all trimming strategiesusedin Gblocks(strategieswere'none','relaxed','strict'). CompareS6
File(BSmodel).
(TIF)

S6Fig.ALG-genes.(a)Thecanonicalpathwayfor thesynthesisof glycanbywayof additions
catalysedbyALG glycosyltransferases.(b) Alignmentof genesinvolvedin N-glycanprecursor
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synthesisto scaffoldsin the�. 
�	
� genome.
(TIF)

S7Fig.STT3.Alignmentof Stt3proteinsfrom yeastandkinetoplastidsto ascaffoldin the�.

�	
� genome(scaffold3/64).
(TIF)

S8Fig.Functional testof ����-substitutes. �. 
�	
�-derived �
-��"$, but presumablynot
�
-��"�, cancomplementthedefectivemutant ���"�ï from yeast(-�������	��
� �
�
�����
) as
shownby theappearanceof aproduct.Thebackgroundwas���"�ï, harbouringtwo plasmids,
expressing�. 
�	
�-derived -��" (�01* marker)andyeast-��" (1#$" marker);incubation
at30ÊC and4days.Theconditionswerewith andwithout 5-FOA(5-fluorooroticacid),
which,in yeastgenetics,isusedto selectfor theabsenceof the1#$"-plasmids.
(TIFF)

S1Table.Distribution of exons.
(DOCX)

S2Table.Statisticsof synteny.
(DOCX)

S3Table.���� orthologs (fastafile) (text format).
(TXT)

S4Table.Libraries.
(DOCX)

S1File. Crithidia-bombi.GDC.2013.v1.gff.Thefile containsthegenelist for �. 
�	
� (text
format).
(TXT)

S2File. Crithidia-expoeki.GDC.2015.v1.gff.Thefile containsthegenelist for �. 
���
�� (text
format).
(TXT)

S3File. Pairwiseorthologs.List of pairwiseorthologsfoundbyOMA. Eachspeciespair in a
separatesheet.Legendin first sheet(Excel.xlsxformat).
(XLSX)

S4File. SignificantGroups.Sheet'M8.strict.sig':significantgroupsidentifiedwith the
M8-modelunderstrict trimming; sheet'BS.strict.sig':thesamefor theBS-model.Legendin
first sheet.EntriesaretheGroupIDs (numberassignedbyOMA) of orthologousgroupstested
for evidenceof positiveselection.Within agroup,genenamesassignedin �. 
�	
�, �. 
���
��
asdefiendin thisstudy,andfor theothertaxaasdefinedin TriTrypDB. Only groupstesting
positivelyafterBH-correctionincludedhere.Functionalannotationsfor thegenesin anortho-
logousgroupreferto �. 
�	
�-annotations, andaregivenbyaHit Description,theGO-term,
andageneralfunction term (Excel.xlsxformat).
(XLSX)

S5File. M8 model.EntriesaretheGroupIDs (numberassignedbyOMA) of orthologous
grouptestedfor evidenceof positiveselectionafterBH-correction.Thethreesheetsreferto
differenttrimmingsstrategies(none,relaxed,strict) whenusingGblocks(Excel.xlsxformat).
Legendin first sheet.
(XLSX)
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S6File. BSmodel.EntriesaretheEntriesaretheGroupIDs (numberassignedbyOMA) of
orthologousgrouptestedfor evidenceof positiveselectionafterBH-correction.ShoThethree
sheetsreferto differenttrimmingsstrategies(none,relaxed,strict) whenusingGblocks(Excel.
xlsxformat).Legendin first sheet.
(XLSX)
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