Suppl. Figure 3. Bayesian phylogeny of the E-isoprenytransferases (IPPS). Tree is unrooted and
reconstructed using 208 sequences and 201 conserved sites. Multifurcations correspond to branches
with Bayesian posterior probabilities <0.5, whereas numbers at nodes indicate Bayesian posterior
probabilities higher than 0.5. The bootstrap values from the maximum likelihood analyses have been
reported on basal and major nodes. Colors on leaves represent the affiliation of sequences to their

respective domain of life: archaea (blue), bacteria (orange) and eukaryotes (purple).

IPPS are classified according to the size of their products into short-chain IPPS (up to ~5
isoprenoid units) and long-chain IPPS (>5 isoprenoid units). Short-chain and long-chain IPPS are
homologous to each other but the size of the molecules they produce is constrained by differences in
their substrate-binding pockets (Kellogg & Poulter, 1997). Point mutations may easily change the size
of these pockets (Ohnuma et al., 1996, 1998), so substrate specificity for particular genes cannot be
predicted from sequence analysis only and requires biochemical confirmation (Chen, Kroon & Poulter,
1994; Tachibana et al., 2000). Yet, previous phylogenetic analyses have shown that homologues of the
IPPS family actually split in two clades that roughly correspond to short-chain and long-chain IPPS
(Boucher, Kamekura & Doolittle, 2004; Lombard, Lopez-Garcia & Moreira, 2012). Both IPPS sub-
families were shown to be probably ancestral to archaea and bacteria and, therefore, it is likely that
they were present in the cenancestor (Lombard, Lépez-Garcia & Moreira, 2012). The evolution of the
short-chain IPPS—including the FPP synthase (FPPS) and the GGPP synthase (GGPPS)-was

reexamined here in order to also include the eukaryotes.

A preliminary phylogenetic tree was built to discriminate short- and long-chain IPPS (data not
shown). The subsequent phylogeny limited to the short-chain IPPS (this figure) has three parts: 1) a
large group containing most eukaryotic sequences (BPP = 0.68); 2) a mainly bacterial group at the
bottom of the figure (BPP = 0.53); and 3) several unresolved paraphyletic archaeal groups, also
containing a few bacterial sequences. Most bacterial and archaeal sequences group together according
to their taxonomic classification, but the lack of strong phylogenetic signal prevents from obtaining a
resolved phylogeny, especially among the archaeal section of the tree. A reason that may explain these
resolution issues is the noise introduced by the very divergent eukaryotic sequences, which was less
dominant in prokaryotic-only analyses published elsewhere (Lombard, Lopez-Garcia & Moreira,

2012).

Regarding the eukaryotic sequences, three groups are discernible: one group of plastid-bearing

eukaryotes related to cyanobacteria in the bacterial clade (BPP = 1)—and, therefore, probably acquired



from the cyanobacterial ancestor of plastids; and two divergent eukaryotic paralogues (BPP = 1 in both
cases). The eukaryotic paralogues can respectively be assigned to the FPPS and GGPPS functions.
Both paralogues are widespread and likely ancestral to eukaryotes. Both paralogues are also related to a
few prokaryotic basal sequences. The basal sequences related to the GGPPS are a small group of mixed
archaea, whereas the basal prokaryotic sequences related to FPPS are a mix of cyanobacteria and
Deinococcus-Thermus bacteria. The little number of basal prokaryotic sequences, their taxonomic
diversity and the strong divergence of the eukaryotic sequences with regard to the other prokaryotic
sequences suggest that the placement of these prokaryotic basal sequences could result from
reconstruction artifacts and can hardly be seen as significant. The fact that the two short-chain IPPS
paralogues are only widespread in eukaryotes argues in favor of the idea that short-IPPS were
duplicated in the eukaryotic lineage prior to LECA. This phylogeny does not allow to confidently
ascertain the origin of the eukaryotic short-chain IPPS, but it supports the monophyly of the eukaryotic
sequences. Since the presence of IPPS genes can be traced back to the last common ancestor of
eukaryotes (this work) and the respective common ancestors of bacteria and archaea (Lombard, Lopez-

Garcia & Moreira, 2012), an IPPS gene is likely to have existed in the cenancestor.

Boucher Y, Kamekura M, Doolittle WF. 2004. Origins and evolution of isoprenoid lipid biosynthesis in
archaea. Molecular Microbiology. 52:515-27. DOI: 10.1111/j.1365-2958.2004.03992.x.

Chen A, Kroon PA, Poulter C. 1994. Isoprenyl diphosphate synthases: Protein sequences comparisons,
a phylogenetic tree and predictions of secondary structure. Protein Science. 3:600-607.

Kellogg BA, Poulter CD. 1997. Chain elongation in the isoprenoid biosynthetic pathway. Current
Opinion in Chemical Biology. 1:570-578.

Lombard J, Lopez-Garcia P, Moreira D. 2012. Phylogenomic investigation of phospholipid synthesis in
archaea. Archaea 2012:630910. DOI: 10.1155/2012/630910.

Ohnuma S, Hirooka K, Hemmi H, Ishida C, Ohto C, Nishino T. 1996. Conversion of product
specificity of archaebacterial geranylgeranyl-diphosphate synthase. Journal of Biological
Chemistry. 271:18831-18837.

Ohnuma S, Hirooka K, Tsuruoka N, Yano M, Ohto C, Nakane H, Nishino T. 1998. A pathway where
polyprenyl diphosphate elongates in prenyltransferase. Journal of Biological Chemistry.
273:26705-26713.

Tachibana A, Yano Y, Otani S, Nomura N, Sako Y, Taniguchi M. 2000. Novel prenyltransferase gene
encoding farnesylgeranyl diphosphate synthase from a hyperthermophilic archaeon, Aeropyrum
pernix. European Journal of Biochemistry. 267:321-328.



Suppl. Figure 3

0.68/31]

Oxytricha trifallax [GenBank: EJY78820.1 —_——
Paramecium tetraurelia [GenBank: XP. 0014417 9.1] Ciliates \
Tetrahymena thermophila [GenBank: XP_001015938..
lchCy hfhlrluscﬁlldgilfl/llﬁ [GenBank;P 00403124G ]E k WP 020863672.1]
andidatus larchaeum st ferraneum [Genl an
Candidatus Ko ! & J o Proteoarchaea
Natronomonas pharaonis Euryarchaea )
Blge/uwtella natans [JGI: 80013 Bhlzaﬂa
1/96 Symbiodinium m'é"“t”m[[glsg 040765 nSssass]] inophyceae
leanel [GenBanl
Leishmania major [GenBank: XP_001682599.1] Euglenozoa
omyces [KEGC: BT
Ustilago maydis [GenBank: XP_760606 5]’
Cryptococcus neoformans [GenBank: XP_572774.1]
onticula alba [GenBank: KCV72083.1]
Rhizophagus lrregu/ans&GenBank E'ing‘?;o (233 g&ma T
)ra OWCz: .
Trlch plax (Genbankc XP 002112074 1] Opisthokonta  |GGPPS
noslga brevrcollls GenEank XP_ 001743144 1
Salplrﬁoeca rosetta /[ ank: XP_004997186.1]
sophila mel anogaslerg@enaank AAF50574 1]
{Homo saplens KEGG: G
'Mus musculus [KEGG: GGl
‘hecamonas trahens LBroad AMSG_00206T0] Apusozoa
xg 005821197 1] Cryptophyta
m
0l s onaylium paflidum [SenBanic EFATEA moebozoa
P I h d I Ild Al b
ARl
muama uxleyi [GenBanl
Aur 9 XP_009034905.1] IR .
Phytophthora parasitica [GenBank ETi46205.1] Stramenopiles
Phaeodactylum tricornutum } enBank: XP_002181666.1]
Schizochytrium aggregatum [JGI: 80815] _
Acaryoc| /7/0//5 Sp: [enBanich ;
Art mwm/ S [C or Cyanobacteria
(
Deinococcus-Thermus »
YP_0043 1 —
. asmodium fal XP_001347966.2 iliates =
0.7 Plasmodium falcip Ciliat 2
g nalis E enBank: XP_001329081.1] Parabasalia o
Toxaplasma gun lii [Gen ank: XP_002366124.1 E‘
1/100 r Gia dalamb//a£ enBank: EFO63579.1] Diplomonad
0.79 s [GenBank: XP_002769627.1] ]
Eimeria brunem [GenBank CDJ45916.1] Al lat =
0.56 Babesia equi [GenBank: xp > 004833872.1] veolata El
o
0.79 Theileria annulata [GenBank: XP_955531.1] w
Bigelowiella natans [JGI: 33405 Rhi :
“Dictyostelium di -mulosmyga f,i"’)fp? [ﬁigggnr ETO12857.1] izaria
ictyostelium ISCDICEUm
Guillardi: ylh fa [GenBank: XI OOEB?QESE'}]XP 3043459015 i ém(zeb;)%oa
ulllardia theta [GenBan P (o] a
Fonticula alba [GenBank: KCV73224.1 Typiophy
T ?glena gruberi [GenBank: fooggﬁé;/:gJ E
richoplax i
Capsaspora owczarzaki [GenBank XP_004345458.1] Opisthokonta
apiens [KEGG: FPPS]
Mus musculus [KEGG: FPPS]
0.71 Try[)anosoma vivax GEHBaHk CCC48988.1]
1 eishmania megor[ Euglenozoa

[GenBank EPY29838.1]

N,
Monosiga brewco/hs [Ge%Bank XP_001743857.1
—| 0.89 0

Chlamydiae

psilon
proteobacteria

e [
k. 004
Kosmotoga olearia | c: YP_ 002941
P = - f’f([‘so[ugt{l‘p'/l!%d} Bank: YP_0 Z
hermotoga maritima [pdb: 2F
0.53/70 0.91 Petrotoga mobilis [GenBank: YP_001567.
nitoga p/(,zo;)h//d G rmBmvk YP.
Simkania m,u, P_004671
o6  — GenBank. YP0
k: Kl
'—&E_E—J_Nm,u/,dpm/l,m
Sulfurimona. Gitotophica [Gh
Natranaerobius mw/rmp/uh IC Bank \ 91785€
Hglobacleroides hajobius [Gen

an 0073
Bathycogcus S[GenBank' XP 00751 s 17
e Senbankc XP 005536487.1]

annoc 2 GonBank EWM25774 1]
Physcomltrella patens [t enBank P_001752313.1 ]
rabidopsis thaliana [GenBark: NP_188069.1]
Prunus pers/ca &(\SenBank XP. 007204373 1]
Sypechoce AL ‘w 285.1]
cary

Firmicutes

aptophyta
Strgmgn(};})iles Archaeplastida

Cyanobacteria

a
vamuomy[ 5
Biastopireiiul

Planctomycetes

Catlobac
Sphingobium
Alcanivorax

ntus
/mmpm noli
mHm\\

170,
Pe ure //d /m//mz
OfL animon.

Proteobacteria

Zoarcus s|
Kitrosomonas el J
Ricisseris gonorhos

hoanc

Aureococcus anophagefferens [GenBank: XP_009038976.1 tramenopill
Smbiodin ; [OIST: 018339 11511459] B.n%pﬁyé’e"ag FPPS
O Shangshiors paradoss foigers: Cypars 22 oy
Phaeodactylum Iicornuitur [GenBank: XP _'?uigsgégg X Stramenopiles
enBanl
ondrus crispus [GenBank: XP_005713327.1]
1 Chond ) i 77 !
Cyanidioschyzon merolae [GenBank: XP_005537135.1]
Rhizonh Pyropl7 ez[gengls NEI S9 gcgntug 36715_g8702]
iZophagus irrequiaris [GenBani
b osgacchargm ces p GenBank: EAA13767 1 . .
Saccharomyces erevisl K GG ER Fungi Archaeplastida
Ustila, omaydl [Ge enBank X ;(
cus neofo &GsnEank P. 5711371]
Haptophyta
—_—
Actinobaculum massiliae
= Acidimicrobium ferrooxidan.
Frankia alni [Genl
.99 1 wrum /u/c nica [C
Acmupla/ﬁub ///u//( r;a/s [/chnBu nk .
'mosipho africanus 3
T o lobgcterium m‘chH m [Genk 2 1409838 Thermotogae
k: YP_008142164.1] Euryarchaea
Staphy/olhermus marinus [ﬁe;‘ Ian P 001040513 11006363303 1
cellulol ICU.
Desulﬂfrococcus kamchatkensis [GenBank: YP_002429148. J] Crenarchaea
ermasphaera g E ns [GenBank: YP_003650291.1]
———————————— archaeon Lokiarchaeota [Gel KKK43939.1] Proteoarchaea
T Pyrococcus abySSl [GenBank: NP_126597.1 —
I Mothanoealooooous. fervens }GenBank YP. 003123430 1] ] Euryarchaea
Methanococcus maripaludis [GenBank: YP_001098146.1
3 /u/k&,;om L(b//[l/?/”llt)}ﬂ/?//ub [Gel n[[w\kx F\'!;’
hodopirellula baltica [GenBank: N ahe \tes
1 oo e Planctomycetes
PUL//L// staleyi
roides fragi Sank: E
o )
1 Chiorold Jfophaga ! Bacteroidetes/
1 Prosthecachloris aestua Chlorobi
Chlorobium luteolum [GenBa
Methanopyrus kand/en GenBank WP701101914 ]
rvidus [GenBank: YP_004004459.1
m [GenBank: EKF85907.1]
Ferrog/obus F/acldlls [GenBank: YP_003435928.1
‘haeoglobus fulgldus [GenBank: NP_071111.1] Euryarchaea
Me thanosarcina mazei [GenBank: YP_ 007490458.1]
illeu: 001047724.1
Natronomonas pharaonls [GenBank: YP_327492.1
I —— C dg tus Nt h (Gend YkVOPAogg§§277lts1
an I BUS itrososphaera gargensis [Gen an
1 S thent gard Y% ] ! Thaumarchaea
Cenarchaium %/mbmsum [Gengank P7 6’ 1
fasafospora sp éuanmm Actinobacteria
Caldilinea aerophila [GenBank: YI
Anaerolinea t ru/rro{)/r//u
Nitrolancea hollandica [G: Chloroflexi
‘edonobacter
Chloroflexus auranti nB:
Ign/coc;cus hosp/ta s[GenBank YP_001434928.1
/S [GenBank: YP 00717557 1]
,’ ) butylicus GenBank YP_001012240.1
|— Pyrolobus fgmaru &GenE‘ank YP_004781806.1]
m
Vulcanisaeta dist GenBank: YP_00390: %
Caldivirga maqumn ensis [GenBank: YP. 015404 7.1]
Thermoprot ‘(fGenB nk: YP_004893742.1]
e Do X o
enBan
Ignicoccus hospllahsy [GenBank: YP_00 43575 ! Crenarchaea
ggrega E oaabeost 1
Sulfolobus solfataricus [GenBank: NP 34' 1633.1
- Metallosphaera sedula [GenBank: YP_001192198.1]
AR 0ses fonts (Senank V5. 008841868 1
I en .
POt B e i o T e ot
il :
2 ero DL pernix onBan NP 2.2] short-chain
Acidilobus saccharovorans enBank YP_003815770.1] IPPS
aldisphaera Iaﬁ ens| enBank: VP ﬁo71745na 1]
. — Persephonella Hmwm[ enB: Aquificae
Alicyclobacillus acidocaldarit
_pﬂ_&w% e Centr S Firmicutes
Staphylo k: E;
7 //y/él/uy/wr/v/r}/! p. [C nk: WP
e quiifex aedlicus [Ge /WE’/ ki NP 2135 Aquificae
Hydr ngum pater
{o.91 595 Chiamydophila foll \(}hlamyd\ae' N
10. imkania nege e ‘errucomicrobia
1 Waddiia ci /mjyummm G ©
Thermotogae



