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Abstract: Taxonomic classification of whole eukaryotes using conserved proteins or nucleotide sequences that are used
as criteria looks convenient and easy. However, these methods may not be reliable to long evolutionary history if their
function is developed or degenerated in their life history. The sequence-based classification methods depending on the
functional conservation may cause unknown bias. In this study, we propose novel classification using intron positions in
a gene, which are not related to function. Intron positions of highly conserved ribosomal protein RPS13 gene were selected
as novel criteria for the classification of whole eukaryotes from lower unicellular amoeba, algae, and flagellates to plants
and animals. RPS13 gene encodes 151 amino acids and possesses 453 bp exon sequence in many eukaryotic organisms.
The intron positions are determined based on their coding exon sequences, in which all the introns are designated by the
positions from the first nucleotide of the start codon and the position numbers are attached with ‘i’ for intron indication.
For example, human RPS/3 gene contains introns at the positions of 241, 731, 152i, 322i, and 423i sites on the coding
sequence. Interestingly, all the Deuterostomia animals including starfish, leech, and octopus showed the same intron
positions to human. Similarly, all the land plants showed 241, 971, 236i, and 423i positions. In lower unicellular eukaryotes,
which showed non-intron or variety of positions, only amoeba Lenisia limosa has the intron position of 152i site and
Chlorophyta Pedinophyceae sp. has single 971 position, suggesting that they may be the ancestral organisms of animals
and plants, respectively. As a conclusion, intron positions of RPSI/3 gene can be used as a guide for the taxonomic
classification of eukaryotic organisms.

Key Words: Ribosomal protein gene, RPS13, intron position, classification, parasite, amoeba, algae, flagellates, fungi,
animals, plants
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Fig. 1. RPS13 intron positions in lower eukaryotes
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The phylogenetic tree is based on taxonomy browser of NCBI. The representative organisms of each clade were selected and searched

the intron positions. The right-side number means the intron position for each species. “None” indicate species with no intron in RPS13.
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Table 1. Comparison of ribosomal protein genes between
human and yeast

Gene name Amino acid Cover
H. sapiens  S. cerevisiae 1dentity (%) ratio (%)
RPSI3 RPSI3 78 993
RPL274 RPL28 62 100.0
RPL234 RPL25 62 89.7
RPL32 RPL32 61 96.9
RPL30 RPL30 60 87.8

H. sapiens DAR[F & o /3 7' L b L7z (Table 1),
Rps13723fx b i W H A 2 £F > TV 2D T, RPSI3
A a NNIEBRRICHNSZ L E L,

RPSI3 M4 > b O U IERBROF—MERETE
BERE S. cerevisiae & & N H. sapiens @ RPSI13 I[F]
—7 X VBB THERINTEBY, ZOREEREN
(Fig.2A), L7228 >C, RPSI3 13=2—F ¢ > 7%
DOIFFEES| DAL E % HHEIZ 5 Z & T DNA H oA
v bRy OHAMMLEEFT IR T LN TE HE
IGF72 &% 2 7=, S cerevisiae DAV bva v EE&TiE
faFHEE % Fig. 2B TR Lz, 2 —F 4 » ZEHI DR
o RORHIO A %+l 95 L, Exon 1 23+1 M
LRIMEETH Y, +22 54560 231 > b o L fid
ThHDH, BEIFINbp THDLHN, £ ba a2k
W a—F ¢ VUSRS, A v ke L E R
4L Fig. 2C DX 51, 2FHBICA > Fr VDB A
TWDERIBNTED, ThE 220 EERHTDH, =
DEHCa—T 4 v RSN ERECT L EE bO
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Yeast
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[LRTLESEGLA

B. joum
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Exon 1 Intron 1 Exon 2

C. 22i
S. cerevisiaeRPS13  +1H — +453

24i 73 _150i 329i 423i
H. sapiens RPSI3 —1--_—_- +453
Fig. 2. Yeast and human ribosomal protein RPSI3 gene
structures and the nomenclature of intron positions on the
coding sequences.

A. Amino acid sequence comparison of Rps13 proteins between
yeast Saccharomyces cerevisiae and human Homo sapiens. The
same amino acids are enclosed. The identity percentages of the
amino acid and coding nucleotide sequences are 78% and 66%,
respectively. B. A schematic diagram of S. cerevisiae RPS13
gene structure. The intron was inserted at the +22 position (22i)
from the start codon in which the first A of ATG was determined
as +1 position. C. RPS13 coding sequences without introns were
used as a guide for the nomenclature. Human RPS/3 genomic
sequence contains five introns and the positions were expressed
under the 453 bp coding sequence positions, such as 24i, 731,
1521, 3221, and 4231, where introns were inserted.



Table 2. Intron position of RPS13 gene in lower eukaryotes*
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Intron position
Clade Division Species Japanese name [N =N oV Qe T e [N WO RS Ten T |00 [0 /o [N [ et [U0n [
R A e e S e e S S i
Dictyostelium discoideum HHRRIERE
Evosea Dictyostelium purpureum HHRRIERE
Tieghemostelium lacteum ik iae] N |
Amoebozoa Planoprotostelium fungivorum__73—){
Tubulinea Vermamoeba vermiformis TXA=)C
Discosca Acanthamoeba castellanii TA=) \
Cochliopodium minus TX=)C
Toxoplasma gondii FEMFRER l
Cardiosporidium cionae FEMFRER
Babesia bigemina Eo0Fs2Xv
Alveolata  Babesia bovis RELE
Cytauxzoon felis RELEY
Plasmodium falciparum YIU7IRE
Perkinsus olseni FEMFER H
Hyphochytrium catenoides RERE ! .
Phaeodactylum tricornutum AR
Chaetoceros muellerii £51
Cyclotella cryptica =5
Sar Thalassiosira oceanica £5:
Thalassiosira pseudonana =32
Sn‘amenopile<Albugo candida gﬁ )
" Lagenidium giganteum IXHE
Globisporangium splendens oNEa
Halophytophthora polymorphica 58
Pythium insidiosum i
Pythium oligandrum
Achlya hypogyna
Saprolegnia diclina
. Bigelowiella natans
Rhizaria Globobulimina sp.
Rhodophyta Cyanidioschyzon merolae
Apusozoa Thecamonas trahens
Breviatea Lenisia limosa TA—)$FER
Hemiselmis andersenii Xy
Cryptophyceae Goniomonas avonlea P2l
Chroomonas mesostigmatica VT NE
Monocercomonoides exilis HIER
Metamonada Carpediemonas membranifera #FFEHR
Trichomonas gallinae iR
Histomonas meleagridis HiER
Haptista Emiliania huxleyi o] '
Diacronema lutheri ]
Euglena gracilis KLY ] . {
Diplonema papillatum #IER n
Crithidia fasciculata HER
Crithidia bombi FHER
Crithidia expoeki FER
Leishmania arabica FHER
Discoba Leishmania braziliensis HER
Trypanosoma vivax HFER
Trypanosoma brucei HFER
Strigomonas culicis HFER
Perkinsela sp. CCAP 1560/4  #fE=R
Naegleria fowleri TA=)X
Naegleria lovaniensis THA=)X
Andalucia godoyi HFER L
Glaucocystophyceae Cyanophora paradoxa IR . . . ._

*Filled columns indicate the positions of introns. Gray columns indicate non-intron species in RPS13 gene.

RPSIZITHEA STV 55D A » b v OO EI
a—7 ¢ 7Y E TR 5 & 24i, 731, 152i, 3221,
423i L ERTZ LN TE D (Fig. 20),

ZOFRFLIEE A OWIUL, RPSI3 BiIn RO E
N ERI—DY A XTH D 453bp D2—F 1 > JELH
EMBFETDLZLETRIICA V hu U E % g T &
2

Bex REBAMDOA v b NEERE L, A
v ha o OAMET B S FRIERICEKEFL L, Table 2
L3TIE, BBV DO T LNFOFELEZ R LTINS,
FTRNTOMNE LKA TR UL, RPSIZERG

FCA L PR U RNTFE LR R LTV D,
TEEAEY) & Table 202, FEWRHE L B, BHER
¥t % Table 312 /R L7,

TEEREMDRPSII DA > FAVHE

Table 2 |2/~ L7c MEEREAEM DN, NCBI THls
L TCWDAFMHIcEbE CTRENLEEREL, £
D RPSI3 A v huArEEEKTL LT (Fig. 1), Kt
BT OEME RSN TWNTS, RPSIZ DA > b
oV EITRR D DONFEE L, B 2T,
Amoebozoa Tl%, Discosea, Evosea & Tubulinea @ 3
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Table 3. Intron position of RPS13 gene in plants, animals and fungi*

Intron posision
Clade Division Species Japanese name [N oS QT [\ Qs 1 fon [ [l RS Ten = (00 T (00 Ton [N [ [ien [y
R R R e S S e e e e e
Tetraselmis striata /007> ROV e
Chlamydomonas reinhardtii J3ZIREFR | |
Chlorophyta Ch'loropicon prin'ms 2EIDE:I)E§
SEAEY) Mzcrf)monas pusilla :?EI%TZ -
Prasinococcaceae sp. CCMP1430 JULEI1IV L%
Pedinophyceae sp. YPF-701 RT(J)E%
Cymbomonas tetramitiformis  E3ZEFRE l
- Streptophyta  Chlorokybus atmophyticus 700+ A
Z%g;g%me ANVTMEBYD Klebsormidium nitens ILTINZTAILTE | |
= o Mesostigma viride XNAT1IGE
Amborella trichopoda VZ %
Daucus carota > Y
Embryophyta G(ycine max ’9“:( X
B FiBY Pisum sativum > I:'j
= Populus trichocarpa Vv
Arabidopsis thaliana SO4XFAT
Oryza sativa 1%
Dermatophagoides farinae 4=
Varroa destructor 4=
Rhipicephalus microplus 4=
Eurytemora affinis TEERRREY) I
Lepeophtheirus salmonis srEeny s ] -
Penaeus vannamei NFXTE '__
Homarus americanus OJ 25—
Amphibalanus amphitrite TSYR
Daphnia pulex S|
Protostomia  Leguminivora glycinivorella
BICIEW)  Drosophila melanogaster NI
Anopheles gambiae LA'¢
Caenorhabditis elegans w>Fav
Brugia malayi L% L)
Helobdella robusta (=]
Crassostrea gigas fan]
Sepia pharaonis A
Octopus sinensis Y453
Candidula unifasciata hEYLY
Elysia chlorotica I
Branchiostoma belcheri FRIZIA
. Petromyzon marinus DI7YA
Opisthokonta Deuterostomia Homo s)(;piens Ek
#“O Desmodus rotundus a9EY
Geospiza fortis KU
Asterias forbesi EbT
Cnidaria Actinia equina AVF>FvY)
Placozoa Trichoplax adhaerens T EIESLS
Porifera Amphimedon queenslandica BiR
Aphelida Amoeboaphelidium occidentale 7 *—)\
Filasterea Capsaspora owczarzaki 734=)0
Rotosphaerida Fonticula alba HEREMEASE
Rhizopus oryzae JEJANE | B
fungal sp. No.11243 KEAEEHR
Saccharomyces cerevisiae HEFERE
Yarrowia lipolytica TV ELEEE
Fusarium graminearum P UDIN !
Fungi Neurospora crassa THhI>hE
Schizosaccharomyces pombe — 3YEEERF ‘
Marasmius oreades NI I
Coprinus cinereus NI =0
Cryptococcus neoformans BFE !
Ustilago maydis BFE |
incertae sedis _Corallochytrium limacisporum #3E35 L |

*Filled columns indicate the positions of introns. Gray columns indicate non-intron species in RPS13 gene.

DT D03, FFICBN TR —ET 5 A
vhwu ANEDETN RN 0T, TOTFEEYT
DA v b rALENE, BISRARD EEEMO—ED
A haALE & ERTE LS SHEMEICE D,
—77,24i,2361 X° 4231 (THEIZHND Z LITMA,
INHDONE, RITRTEEFEEMIC S HET 51
YhrULETH T,

Evosea D 7~ A — /X Planoprotostelium fungivorum %
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Tubulinea® 7" A — /X Vermamoeba vermiformis & A
ko LB 23244, 2361, 423i & Al —THH-7=DT, =
NOHIFE—REIET DL bEALND, &b
2, SixbOoMIT, Swll B ENh DB EE
Hyphochytrium catenoides , Discoba ® X N U A
Euglena gracilis & Glaucocystophyceae @ JK t i
Cyanophora paradoxaT& V), FZAEHINZHENT-FETH
5 EAEST LTV DR, F—DA#EILA e
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Chlorophyta

Chloropicophyceae Chiorepiconprimus 700 12,35
Micromonas Micromonas pusilla =20F A
Chlorophyceae Chlamydomonas reinhardti 7 2= FEFR
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None
None
201, 721,2871.3521

Chlorodendrophyceae Tetraselmis striata 7007 > POV 5 3911
Pedinophyceae Pedinophyceaesp. /"7 1) 971
Palmophyllophyceae Prasinococcaceae sp. J\LEI(ILIE 244

241,971, 2361, 4231
241,971, 2361, 4231

FeElE . .. e [T . .
V’hﬁﬁ:i’gﬂe Pyramimonadophyceae Cymbomonas tetramitiformis U 2ZE€F 5% 971, 2361,3721
P Klebsormidiophyceae Klebsormidium nitens 2L TVIL=T4TI558 241, 2361, 3281, 4231
Chlorokybophyceae Chlorokybus atmophyticus 700F 7 2%
AFLTHHETD Mesostigmatophyceae Mesostigmaviride XY AT4{ IR
Streptophyta

Asterids Daucus carota subsp. sativus >
Fabids Pisum sativiem T2 F7)
Rosids Arabidopsis thaliana <04 A+ F
Liliopsida Orvza sativa {1

W _HAEYD
Embryophyta

Fig. 3. RPS13 intron position in green plants and algae

241,971,2361.4231
244,971, 2361,4231
241,971, 2361, 4231
241,971, 2361, 4231

The green plant kingdom is divided into green algae and streptophyta, which contain the current land plants.
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=OE < Homio sapiens & |~ 241,731, 1521,3221, 4231
EE*@%‘I\E)‘J% Deuterostomia Petromyzon marinus =17V 244, 731, 1521,3221, 4231
Bilateria ERARENT Mollusca —» Octopus sinensis ¥4 244, 731, 1521,3221, 4231
- . Penaeus varnmamei I\TXAIE 244, 731, 152i,322i. 423i
Prgltjos’romia Clﬁifgﬁ édmphiba?amw amphitrite 72U 244, 1521,318i
Daphniapulex =2~ 241, 1521
T E2H Insecta —» Drosophila meiano%as."er} \L 24% 15.2i . . o
Eumetazoa FIFBENYD Cnidaria —» Actinia equine 4> F v 244, 731, 1521,2361. 3221, 4231
” g&w FARENV] Placozoa —» Trichoplax adhaerens > €543 241, 731, 2361, 3221, 423i
1\1/Ietazoans ——»BIRENY Porifera —» Amphimedon queenslandica iB%a 241, 731, 1521,2361
, g Aphelida —» Amoeboaphelidium occidentale  24i
BAYEELT)

» Filasterea —» Capsasporaowczarzaki P X—JU 24

Opisthokonta \
Rotosphaerida —% Fonticula alba i MG 24i

Taphrinomycotina — Schizosaccharomyces pombe BEE} 203i,236i, 283i

FERM . ; Fusarium graminearum JH)77 [y 2031,236i, 2831,372i
Ascomycota Pezizomycotina <: Neurosporacrassa P71)UAE  203i,2361, 283i
) Yarrowia lipolvtica ). h>EEEE 2361
«. Saccharomycotina < Saccharomyces cerevisiae HHEER 221
%iﬁl Unclassified fungi —» Fungalsp. No.11243 BEE 203i,236i, 2831
Fungi incertae sedis —% Rhizopus oryvzae 7€ J2AHE 423i
Coprinus cinereus "33,V <344 351, 2361
38 775 /' Agaricomycotina Marasmius oreades 3/)\ 7451 _ 3:‘3i, 23.6i,37.2i
Basidiomycota Cryptococcus neaformans {8+ 91, 2361,339i
Ustilaginomycotina — Ustilago maydis {8F & 17i

Fig. 4. RPS13 intron position in animals and fungi

Starting from opisthokonta, metazoans and fungi are divided, and animal groups evolve from metazoans

FFOT IR e EOMMEITH D & TETE B,

RPS1I3A » bR VIEBIZK DEZREMR DA

INETORENS, RPSI3DA b o ALET,
2 FAEY 2R S 5 WITEHEE 2R E S Tk DB
T—HT 5 &0, KRERSGHERRIK L TOIH
—HERR I NT, — T FEEZAEMIZE VT,
IHNETHEDONFRBIARL Rigimi oD L 91T,
RPSI3A v hr U NiESSHMEEZ R LIz, L L, &
DR TE, 24i,2361°423iD L H 1, HwDOAL > b
EEREOL DB E, LIS T, RPSI3A » |k
o NEAFRERE L LI R AR E R~ 2 & n
TELOTIERVWNEEZBND, £ T, RPSI3A
v ha NLEDOIEFIH LIz ¥E %217 -7 (Fig. 5).
RPSIZ 124 > bV EREEBEWNE: A1 ha )
HEAL OB THIBRSND Z ERHDDONE I b
MHIRON, mEEIMIZIX, RPSISEIGFIZA v ho
VERRTEIRWAERN RSN D, A Vb
a7 NBEEICHIBR SN D 3B 22 < W, RPSI3IC
A > ha U BFFE L 72 Wl (Non-intron group) (0>
TNLTET, ERE M FERTHoTZ, 2D
NEEHOEFETHLEELEZEZ LD,
RPSISA » FOVEERLI=Z—Y THHFE: D
HZiX, 7 e a5 v Na i Tetraselmis striata<e 7 =
Vol. 73 No. 2 (2023)

X R F A Chlamydomonas reinhardtii ® & 95 (ZFH~
T DO B AW IIFE LIRVMLEICA > hr &
FEOAEMBFIE L Tz, ZiuD OHE(LRHE (Rare
position group) (%, MLOAEY L IFMSIL TWDH EH
2D EMTED,

RPSISA > bV 1 AMTHATEEREY : 1
HETDIHA b U BRERASNTWD TEEEAEY
(MFE ., 7 A— 3 BH) ZHE D7 (Group 24i),
Group 24il%, NCBIZ /R VTV 5 /3 FE TIXZ AR 72 5%
MICHFEELTNDA, FUALE 1 IFTOA > hey
EROLWVWH Z LE, F—ORFEEHER L TWD E
LEZBRZD,

RPS13A > + O 22361 /423 i D THEEREY !
EEEY LA v bR ANLEERFODOT, K
DAV hr U ERO T EEZAYTE 22361 F 7213
2373 b ERFEOINL—T L L TED-
(Group 236i/4231), 2361 4231 b B, EEHE, Y%
DEEAEYAFAET H DT, EEAEY~DOHE iR
WCHBOWHEE LD RB O LI EBZ LN,

EFEHEDRPSIIA ¥ OO EEEO NI,
RPSI3DA > ha NLENZIKIZHT- b DT, Zkk
RELDBIEN DT LB TE D, TOHTY,
203i L 283iH FFO BN —HITAFE L T\ 5 (Fungi
group 2031/2831), Z D203i L 283i% FEEM AW T



Eukaryota B4

Non-infron group

........................ »  Rare position group

» Group 24i

Lower eukaryote T FEZAY)

»Group 236i/423i

=3
ﬂ-| =
s _ Unclassified
fiok - fungi
b
e
% Euglena gracilis .
P A 51,2031, 4231 —>  Fungi
=S Emiliania huxleyi group
= AR 971, 1871,283i  2031/283i
2 Pedinopl Pl
5 edinophyceae sp. ant
g [TATSE 97 group 97
Lenisia limosa Animal

T A=) 244, 152i group 152i

25

Hemiselmis andersenii 258
Corallochyvtrium limacisporum #3765
Chloropiconprimus ¥k
Carpediemonas membranifera #E 4
Plasmodium falciparum < 27|78
Chaetoceros muellerii F£3%
Leishmania arabica B34 H
Cvanidioschyzon merolae {13

Tetraselmis striatd 338 3911
{ Chlamydomonas reinhardti 555 291, 721,2871,352i ]
Chroomonas mesostigmatica 7V T 2 24i
Amoeboaphelidium occidentale 24i
Capsasporaowezarzaki 7 X—)\ 24i
Fonticula alba #I3MERSE 24i
Prasinococcaceae sp. ¥k 24i
Dictyostelium purpureum A2 EAEE 24i
Cochliopodim minus 7 % —)\ 24i
Thecamonas trahens $EH 24i
Acanthamoeba castellanii 7 X— )\ 236i

~

Lagenidium giganteum 7K ) 236i
Hyphochytrium catenoides 3R 51, 236i
Monocercomonoides exilis Hi5H 241, 236i
Cardiosporidium cionae &4 %A 1481,236i
Tieghemostelium lacteum FRRE A 41, 423i
Cvamophoraparadoxa [R5 51, 244, 2361, 423i
Planoprotostelium fumgivorum 7 X —J\ 241, 236i, 423i
Vermamoebavermiformis 7 X—)\ 244,236i, 423i
lebsormidium nitens JLIVIV=T4IL5Z 24i, 236i. 328i. 423i

/" Yarrowia lipolytica V)L N> & EEE 236i
Coprinus cinereus J3/) ) 3547 35i,2361
Marasmius oreades >/J\ 31 35i,236i,372i
Cryptococcus neoformans 1B1T= 9i, 2361,339i
Ustilago mavdis 18F&E 17i
Saccharomyces cerevisice T EFE 22i

\ Rhizopus orvzae 7€ JAHE 423i

(— Schizosaccharomyces pombe 1) 2o le 203i, 2361, 283i
Fusarium graminearum 7 AE 203i,2361, 2831, 3721]

\_ Neurosporacrassa 1)\ > hE 203i. 2361. 283i
Cymbomonas tetramitiformis Fx= 97i,2361,3721
Chlorokybus atmophyticus 7O0F T AE 244, 97i, 236i,423i
Mesostigmaviride AN AT 1T 7% 24i, 97i, 2361, 423i

Embryophyta [ &)
[ Amphimedon queenslandica 114 X
Homo sapiens - b~

241,97i, 2361,4231
241,731,152i,2361 J
24i. 731, 152§ 322i.423i

Fig. 5. Grouping of eukaryotic kingdoms by RPS13 intron positions

Eukaryotic organisms are grouped by the RPS!3 intron positions. The solid line indicates the higher eukaryote groups. The dashed line
indicates the lower eukaryote groups. These arrow point show the group separated by same intron position in RPSI3. The species in
each group are representative in Table 2 and 3. Bold indicates the intron position used for each grouping.
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Number  Number of

Parasitic/ of genes  genes with % of genes

Free-living examined intron with intron
Strigomonas culicis #8EH Parasitic 32 0 0.0
—: Leishmania braziliensis B14EH  Parasitic 359 4 1.1
Perkinsela sp. #iEHR Parasitic 483 0 0.0
{ Andalucia godoyi H#EER Free-living 33 4 12.1
Naegleria lovaniensis 7 X—)\ Free-living 530 235 443
{ Naegleria fowleri 7 x—){ Free-living 582 260 447
Trypanosomavivax #ER Parasitic 939 0 0.0
Trypanosoma brucei HiER Parasitic 1538 0 0.0

Fig. 6. Phylogenetic tree created from the nucleotide sequence homology of RPS13 exons in parasitic and free-living lower

eukaryotes and their percentages of genes with intron

Eight species of the flagellar protist Discoba, all of which have no intron in RPS/3 but three are free-living and four are parasitic, were
compared with respect to the RPS13 exon similarity and intron-containing gene ratio. Phylogenetic tree was created by the NJ method
of Genetyx software using the nucleotide sequence of the exons of RPS/3 genes. Using more than 500,000 bp of contigs of their
genomic sequences in NCBI database, the percentages of genes with introns are calculated.
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