
T.thermophila Msh4
T.borealis Msh4
Human Msh4
A.thaliana Msh4
T.thermophila Msh5
T.borealis Msh5
Human Msh5
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HIVAIIENH---ANQVGFAAFNVQTGQISISQIVD-RLTYLNTTSTIFAFYPLEIIFSNTQ----SSSYLVKILQQQ-------LPLTKFTSVKRNYFDETKGESILK- -YVALASLNALINHIEVTQELYLLKEQ------
HIVSIIENH---ANQVGFAAYNVQTGHISISQIVD-RLSYLNTISTINTFYPLEIIYSNTQ----TNSYLIKTLQQQ-------LHSTKFTPVKRNLFDETKGEAIFK- -YVSLASLNALVNYIEVSQDLFLLKEQ------
VIVAVVEGRGLARGEIGMASIDLKNPQIILSQFAD-NTTYAKVITKLKILSPLEIIMSNTACAVGNSTKLFTLITEN-------FKNVNFTTIQRKYFNETKGLEYIE- -YYCLAAVAALLKYVEFIQNSVYAPKS------
FVAGLIENR---AKEVGMAAFDLRSASLHLSQYIETSSSYQNTKTLLRFYDPSVIIVPPNKLAADGMVGVSELVDRC-------YSTVRKVVFARGCFDDTKGAVLIQ- -YLSLAAAAATIKWIEAEKGVIVTNHS------
QISIFQEQ-----NSLGVSYYDPKQNRIFCYQINILN-EEEHIQNLFLQFDNIYALIIPLN----FNENLVQSVIEK--YFLTQNRHLNIQRVLNCEYNFESCINKIL- -KNLIKSLGGLLCFLFNNQIINLNYSF------
IVSLLVDQ-----NTLGISIYIARQNLISCSQFAIIQNDRKEIVLILVNLDDIESLLVPQN----MNCKLLQYIRDE--YLAFKGIALCVQKVMSCEFTYDSSINKLL- -KTMVKSLGGLLCNLINSQRIDRKFNI------
HLCVLWNS-----GYLGIAYYDTSDSTIHFMPDAPDH-ESLKLLQRVLDEINPQSVVTSAK----QDENMTRFLGKLASQEHREPKRPEIIFLPSVDFGLEISKQRLL- -LLTVRALGGLLKFLGRRRIGVELEDYNV---S
YMACIQHG-----RRVGVSYYDCSVRQLHVLEFWEEDCSDFTLINMVKYQAKPSIIYASTK----SEESFVAALQQN----DGTDETTMVKLVKSSTFSYEQAWHRLV- -EVQVRVSGGLLAILESERIVETLEQNESGSAS

---LQIGFIQMDSILVMDHKTALDLELLIQQLSQ---------NEKGSLISLFK--IQTVAGKRLLRSNLLQPLNDLKSLQDRQSAVFEFTM--NQDSIVTFQNILKNF-KDFETSTVKFIQKIKYLE--------TNRIRQYLI
---LKIEFIQMDSVLVMDPKTALDLELLIQQQTQ---------SEDGSIISLFR--CSTIGGKRLLRSNFLQPINDLKVLKQRQNAVLEFTL--QKDCIINLQNILKDY-KELETCAVKFIQKVKELD--------FNRIRQLII
---LKICFQGSEQTAMIDSSSAQNLELLINNQDY---------RNNHTLFGVLNY-TKTPGGSRRLRSNILEPLVDIETINMRLDCVQELLQ--DEELFFGLQSVISRF-LDTEQLLSVLVQIPEQDT--------VNAAESKIT
---LTVTFNGSFDHMNIDATSVENLELIDPFHNA-LL---GTSNKKRSLFQMFKT-TKTAGGTRLLRANLLQPLKDIETINTRLDCLDELMS--NEQLFFGLSQVLRKFPKETDRVLCHFCFKPKKVTEAVIGFENTRKSQNMIS
--FDIVFLKNINNQIHYNQYTLSYLNIFKEDIHPSMIKGKGQAKEGFSLFLLFSKFVYTKLGLIKLKHLFLTPSFDLKTLQLRNQSIDFFYS-QSGESIKKIKLNLQKC-SNIKKVLSKLKQ-----------------VQMNFN
--QNIIFLKNMNGFVHYNEQTLSYLSIFKDDIHPSMIKGKGQTKEGFSLFMLFSKFIFTKQGLSKLKHLFLKPTFNLEILMKRNQAINFFYG-QSSESIKTIKQNLSKC-SNIVKLTSKLRE-----------------IQMRFN
VPILGFKKFMLTHLVNIDQDTYSVLQIFKSESHPSVYKVASGLKEGLSLFGILNR-CHCKWGEKLLRLWFTRPTHDLGELSSRLDVIQFFLLPQNLDMAQMLHRLLGHI-KNVPLILKRMKL-----------------SHTKVS
IAIDSVMEVPLNKFLKLDAAAHEALQIFQTDKHPSHM-GIGRAKEGFSVFGMMNK-CATPMGRRLLRSWFMRPILDLEVLDRRLNAISFFIS--SVELMASLRETLKSV-KDISHLLKKFNSP---------------TSLCTSN

HIYKIFTFLKKLSQLQLQLQIIDMQ----------NSYI-KELKNLLCDQQLEQIKESIKQNLDLSYLEKIQNQQQHKSHDLIYFILKAEKDNLLEIERTKMVSIQKYANDIFCEYQNKLI-----GYASLELKENENRGYYLIA
HIYKLYCILKKFSQLQMQLKLLNLQ----------NEIV-ADLQQVLSEQQIEQIKESIRSHLDIEFIEKVSTQSLNKLSDMVFFILKSENNDLIEIERTKLLSIQQMAQNIYDEYRNKLT-----GYACLELKENDIRGYYLIA
NLIYLKHTLELVDPLKIAMKNCN------------TPLL-RAYYGSLEDKRFGIILEKIKTVINDDARYMKG---CLNMRTQKCYAVRSNINEFLDIARRTYTEIVDDIAGMISQLGEKY------SLP-LRTSLSSVRGFFIQM
SIILLKTALDALPILAKVLKDAK-----------CFLLA-NVYKSVCENDRYASIRKKIGEVIDDDVLHARV---PFVARTQQCFALKAGIDGFLDIARRTFCDTSEAIHNLASKYREEF------NLPNLKLPFNNRQGFFFRI
DWYSFKITLQSTLNIMQLFLIQNEI-----LKNRKLLVF-QNLSDYLF-QELQKLNSFLEKYLLFSPKDG-------------EIMIREGIVQELDDLLKIYDNLDEILSYYNSQEIIKLTNNNSNFNSQMMIQYFPQLGFFITI
DWYNLKTTLQSSLKLMSHILGQIEE-----LKSEASLIFCENLSQEIF-QKLSQLNSFLDTYLEFSLKEG-------------EITIRAGIVEELDELLKIYENLDEILDYFTGQELNRLQQHNSQFQSQMMLQYFPQLGFFITI
DWQVLYKTVYSALGLRDACRSLPQS----------IQLF-RDIAQEFS-DDLHHIASLIGKVVDFEGSLAE-----------NRFTVLPNIDPEIDEKKRRLMGLPSFLTEVARKELENLDSR----IPSCSVIYIPLIGFLLSI
DWTAFLKSISALLHVNKIFEVGVSESLREHMRRFNLDII-EKAGLCIS-TELDYVYELVIGVIDVTRSKER----------GYQTLVKEGFCAELDELRQIYEELPEFLQEVSAMELEHFPHLH-KEKLPPCIVYIQQIGYLMCI

R- -LIEVNDNKIGKSSQITFVTQIFAELSNRIKETKYTLLLQTQKIIKQIIPIIQNSLGILFQINSLIAQIDVCICFADFYYSFSSEETPLCLPKLINEEINLLVLDEFYHPLL- -IQKNSICISD-LNNLQLFLGQQN
K- -LLEVEEKRINKKNQIIFITQIFGELSNRIKETKYSLLLYTSKSLKEIIPIIQNSLQILFKINSLISQIDICLSFSEFYYSFSSEETPLCMPKLIGSENNISILQDFYHPLL- -IQKNDIFISN-LNNLQLLIGYDN
T- -LPSEFIKISKVKNSYSFTSADLIKMNERCQESLREIYHMTYMIVCKLLSEIYEHIHCLYKLSDTVSMLDMLLSFA-----HACTLSDYVRPEFTDT----LAIKQGWHPIL- -PIANNTYVTE-GSNFLIITGPNM
P- -LPNKFTQVVKHGKNIHCSSLELASLNVRNKSAAGECFIRTETCLEALMDAIREDISALTLLAEVLCLLDMIVNSFA-HTISTKPVDRYSRPELTDS--GPLAIDAGRHPIL- -FVSNSIFMSE-ATNMLVVMGPNM
Q- -LTNDYSYCFTLQDALLFKNDLCNQLDLKYGDIQSRIIDIQRDIVREIEQQILLYSEEINAAQEFISDLDLFFCLY-----QAAEVYNLRKPKLTNDSS--LVFQEMRNILT- -IQTNNFLDSQFSNRFTFITGPNY
E- -LLEDYSFCFTLNDALLFKNNLCIDLDEKYGDIQSRIIDIQREILREIEQQIILCDQELIHSNQFIGDLDLYLCLY-----QAAEAYNLRKPILVQDSS--LICFEMRNILT- -IATKNILDNEYSNRFTIITGPNY
P- -EINGLDFMFLSEEKLHYRSARTKELDALLGDLHCEIRDQETLLMYQLQCQVLARAAVLTRVLDLASRLDVLLALA-----SAARDYGYSRPRYSPQVL-GVRIQNGRHPLM- -FVPNSTECGGDKGRVKVITGPNS
F- -EF-AFSDMDGETQRFFYHTSKTRELDNLLGDIYHKILDMERAIIRDLLSHTLLFSAHLLKAVNFVAELDCILSLA-----CVAHQNNYVRPVLTVESL--LDIRNGRHVLQ- -FIPNDTEIND-NGRIHIITGPNY

CGKSILIKSIAIIQIMAQVGCYVPAKNGVISLKNLILSKFYTTDSIEEKQSSFTSELQQLDFIIKS- -SKDKTIILIDEFCSSSQYEDNISISLAFLEEISI- -FLLCASKYYELVQMTQFYNN--FQYFFINQDY
SGKSLIIKSIAIIQIMAQIGCYVPAKNSILSLKNLILSKFYSTDSIEEKQSSFTSEIQQLDFILKS- -KKDSSIILIDELCSSSSFEDNISIGFTFLEEILI- -FIVCASKFQEYIEMGQPYHN--IHSYHISEDY
SGKSTYLKQIALCQIMAQIGSYVPAEYSSFRIAKQIFTRISTDDDIETNSSTFMKEMKEIAYILHN- -ANDKSLILIDELGRGTNTEEGIGICYAVCEYLLS- -FTLFATHFLELCHIDALYPN--VENMHFEVQH
SGKSTYLQQVCLVVILAQIGCYVPARFATIRVVDRIFTRMGTMDNLESNSSTFMTEMRETAFIMQN- -VTNRSLIVMDELGRATSSSDGLAMAWSCCEYLLS- -YTVFATHMDSLAELATIYPN--VKVLHFYVDI
AGKSVFLKSIGMITYLAHIGSFIPCRFARIGMIDNIFVNTCQHDSVLKFNGESAQQLQFINYILNQ- -ATNRTLILIDEFGKNFRLNDSLNLNYSLVKCLTE- -ITLMASHLSQLVNLCGLRENYIIRFAQMEVLI
SGKSVLLKSIGMVCYLAHIGSFVPCRFARIGMVDAIYVTTPQHDSVLKFSGETAQQFQTINHILHQ- -ATNKSLILIDELGKNLRLSDSLKINQSLIKCLTE- -ITLMATHLNQLLTISDLRENYLIRFTHMEVLI
SGKSIYLKQVGLITFMA VGSFVPAEEAEIGAVDAIFTRIHSCESISLGLSTFMIDLNQVAKAVNN- -ATAQSLVLIDEFGKGTNTVDGLALLAAVLRHWLA- -HIFVATNFLSLVQLQLLPQGPLVQYLTMETCE
SGKSIYVKQVALIVFLSHIGSFVPADAATVGLTDRIFCAMGSK-FMTAEQSTFMIDLHQVGMMLRQ- -ATSRSLCLLDEFGKGTLTEDGIGLLGGTISHFAT- -RVVVCTHLTELLNESCLPVSEKIKFYTMSVLR
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Figure S1   Multiple sequence alignment of human, Arabidopsis thaliana, Tetrahymena thermophila and Tetrahymena borealis
Msh4 and Msh5 sequences spanning their MutS_II, MutS_III, MutS_IV and most of MutS_V domain regions. Colored bars below
the alignment indicate the position of these domains according to PFAM domain analysis and are color-coded as explained in
Figure S2. The alignment was generated using MAFFT (KATOH, K., and D. M. STANDLEY, 2013 MAFFT multiple sequence alignment
software version 7: improvements in performance and usability. Mol.Biol.Evol. 30: 772-780) and visualized with the default Clustal
color scheme. Sequences extracted from the NCBI protein database can be found under the accessions NP_002431, NP_193469,
NP_002432, NP_188683.

A. Shodhan et. al. 2SI



Figure	   S2	   	   	   	   Comparison	   of	   	  MutS	   domain	   organizations.	   Pfam	   domains	  MutS_I	   to	   V	   are	  
colored	  blue,	  green,	  yellow,	  orange,	  and	  red,	  respectively.	  Full	  opacity	  indicates	  a	  significant	  
match	  in	  Pfam	  search,	  while	  reduced	  opacity	  indicates	  that	  HHpred	  search	  against	  Pfam	  was	  
used	   to	   identify	   the	   domain.	   Compositionally	   biased	   regions	   as	   detected	   using	   CAST	  
(Promponas	  et	  al.	  2000,	  Bioinformatics	  16:	  915-‐922)	  are	  indicated	  in	  grey.	  
(A)	  E.	  coli	  MutS1	  protein,	  which	  is	  composed	  of	  5	  structural	  domains-‐	  Muts_I-‐V	  (Obmolova	  
et	  al.	   2000,	  Nature	  407:	  703-‐710),	   is	   the	   likely	  ortholog	  of	   the	  eukaryotic	  mismatch	   repair	  
(MMR)	   	  proteins	  MSH1,	  MSH2,	  MSH3,	  MSH6,	  as	  well	  as	   the	  non-‐MMR	  proteins	  MSH4	  and	  
MSH5	  (Lin	  et	  al.	  2007,	  Nucl.	  Acids	  Res.	  35:	  7591-‐7603).	  While	  MSH4	  and	  MSH5	  proteins	  lack	  
a	   N-‐terminal	   MutS_I	   domain,	   which	   has	   been	   implicated	   in	   mismatch	   recognition,	   the	  
remaining	  structural	  domains	  are	  retained	  with	  highest	  conservation	  in	  the	  MutS_V	  ATPase	  
and	  HTH	  domain.	  
(B)	  Probable	  Tetrahymena	  MSH4	  homolog,	   identified	  using	  Reciprocal	  Best	  Blast	  Searches,	  
after	   excluding	   the	   C-‐terminal	   region	   of	   highest	   conservation	   among	   MutS	   homologs.	  
Searches	  were	  performed	  against	  the	  human	  and	  Arabidopsis	  thaliana	  proteomes	  obtained	  
from	   the	   NCBI	   non-‐redundant	   database.	   The	   T.	   thermophila	   proteome	   was	   derived	   by	  
predicting	   all	   open	   reading	   frames	   longer	   than	   300	   bp	   from	   the	   TetraFGD	   RNAseq	  
transcriptome.	   Regions	   used	   for	   BLAST	   are	   indicated	   by	   horizontal	   bars	   and	   E	   values	   are	  
indicated.	  
(C)	  Probable	  Tetrahymena	  MSH5	  homolog,	  identified	  using	  Reciprocal	  Best	  Blast	  Searches	  as	  
above.	  
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Figure	  S3	  	  	  Demonstra+on	  of	  the	  efficiency	  of	  RNAi	  in	  msh4Δ	  sgs1(RNAi)	  meiosis.	  
	  (A)	  RNAi	  (induced	  by	  the	  addi+on	  of	  Cd2+	  to	  the	  medium	  -‐	  see	  Materials	  and	  methods)	  depletes	  Sgs1	  not	  
only	   in	   the	   cell	   carrying	   the	   RNAi	   hairpin	   (hp)	   construct	   but	   also	   par+ally	   in	   the	   wild-‐type	   partner	   aFer	  
conjuga+on.	   For	   the	   purpose	   of	   demonstra+on	   by	  Western	   detec+on,	   a	   wild-‐type	   partner	   encoding	   HA-‐
tagged	  Sgs1	  is	  used.	  
(B)	  Western	  detec+on	  shows	  that	  Sgs1-‐HA	  expression	  is	  reduced	  to	  17%	  and	  20%	  as	  compared	  to	  the	  non-‐
RNAi-‐induced	  control	  (corrected	  for	  the	  amount	  of	  protein	  loaded).	  Residual	  expression	  of	  Sgs1-‐HA	  is	  due	  to	  
Sgs1-‐HA	  that	  was	  translated	  prior	  to	  conjuga+on	  and/or	  incomplete	  transmission	  of	  the	  RNAi	  to	  the	  partner	  
cell.	  
(C)	  In	  the	  experiment	  shown	  in	  Figure	  5,	  both	  partners	  carry	  the	  inducible	  RNAi	  construct	  (msh4Δ	  sgs1(hp)),	  
and	  RNAi	   is	  expected	   to	  be	  complete.	  Addi+onal	  evidence	   for	  RNAi	  efficiency	   is	   the	  complete	  anaphase	   I	  
collapse	  that	  has	  been	  shown	  previously	  to	  be	  characteris+c	  of	  sgs1Δ	  meiosis.
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File	  S1     Evidence for the dispensability of the Tetrahymena MLH3 homolog, 
TTHERM_01044360, for meiotic bivalent formation and separation	  

The	   protein	   sequence	   of	   Tetrahymena	   Mlh3	   shows	   the	   conserved	   metalh binding	   motif	   
DQHA(2X)E(4X)E	    that	    is	    found	    in	    a	    subset	    of	    MLH	    proteins	    predicted	    to	    have	  
endonuclease	   activities	   (Kadyrov	   F.A.,	   Dzantiev	   L.,	   Constantin	   N.,	   Modrich	   P.	   2006.	  
Endonucleolytic	  function	  of	  MutLα	  in	  human	  mismatch	  repair.	  Cell	  126:297h 30).	  

MISDYVFNQTYATIRSSKNSDNQKKRTSYIQTLSLKNDFKQKILENDYQDISLADRNQNFNQQIQIFSKQSNEE
VQQISQVSKLDRTIFEDIEIFGNCNNKVIICFNQQKGMLFGLDQHAIHERIRYEYFCNQFKASAFCLQYKQSRNE
IDSKCINLSQRNKDKQFPSILWFDQTRTNCLELDAYIFQRLQKNVDKLSQFKIQVVKIQNINQNKFEVYLWPQL
YILNKPITYDLKFIDSILNSELGHIPNTIDEIIMSKACKGAIKFNEELNQNQMDMLIKNIKLCEFPFYCVHGRSSIHP
FFSLEIQDVCQIQKNYQI	  

Of	   the	   50	   diakinesish metaphase	   I	   nuclei	   scored,	   48	   had	   only	   5	   bivalents	   or	   4	   bivalents	   
plus	   a	   single	  univalent	  (bivalents:	  red	  arrows,	  univalent:	  blue	  arrow).	  The	   latter	   is	  due	  to	  the	  
fact	   that	   one	   of	   the	   two	   parental	   strains	   from	   which	   knockout	   strains	   were	   derived	   is	  
monosomic	   for	   one	   chromosome.	   Only	   two	   nuclei	   displayed	   an	   unclear	   situation	   with	   
possibly	   one	   chromosome	   (univalent)	  too	  much.	  Hovever,	  all	  bivalents	   in	  all	  nuclei	  had	  both	  
arms	   bound,	   thus	   it	   is	   unlikely	   that	   chiasmata	   are	   reduced	   in	   mlh3.	  
Moreover,	  of	  100	  telophases	  I/interkineses/prophases	  II,	  0	  showed	  anaphase	  bridges	  or	  lagging	  
chromosomes,	   or	   any	   other	   sign	   of	   a	   chromosome	   segregation	   defect.	   Likewise,	   all	   of	   
50	   anaphases	  II	  scored	  looked	  normal.	  

	   Knockout	   lines	   were	   produced	   by	   deleting	   bp	  
h 37	  	  from	  the	  translation	  start	  to	  bp	  526	  from	  
the	   	  open	   reading	   frame	  of	   the	  960	  bph gene.	  
PCR	   	   with	   primers	   flanking	   the	  
TTHERM_01044360	   	   gene	   showed	   that	  
knockout	  in	  both	  mating	  types	  	  was	  complete.	  
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