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Molecular divergence rates between taxa can be estimated through two inde-

pendent methods, namely the relative-rate test and by using divergence dates

derived from the fossil record. These two approaches are employed here to

elucidate the existenced a regularly ticking ribosomal DNA clock in diatoms and

in the vertebrate clade composed o the Actinistiaand Tetrapoda. The results
obtained from the relative-rate test and the paleontological information are
contradictory. The former suggests that the vertebrates diverged at asignificantly

higher molecular rate than diatoms while the latter indicates that the diatom

lineages evolved at about a speed 4.5 fold higher than the ActinistiaTetrapoda
clade. Possible causes d this paradox are discussed. It is concluded that each o

these two approaches suffers from weaknesses d its own and that the absolute
divergencerates are more reliable than those derived from the relative-ratetest.
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| ntroduction

This study is dedicated to my mentor, Antoni Hoffman (formerly at the
Lamont-Doherty Geological Observatory) who suggested diatoms as an
interesting group for the study o ratesd evolution. Previous publications
(Sorhannus et al. 1988, 1991; Fenster et al. 1989, 1991; Sorhannus &
Fenster 1989; Sorhannus 1990a, b; Fenster & Sorhannus 1991) ad-
dressed morphological rates d evolution. The present analysis o molecu-
lar ratesisacontinuation of these studies.
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The existence d a universal molecular clock (e.g. Zuckerkandl &
Pauling 1965; Wilson et al. 1977; Ochman & Wilson 1987), which postu-
lates an approximately constant nucleotide substitution rate per unit time
in different groups o organisms, continues to be widely discussed (e.g.
Langley & Fitch 1974; Gillespie 1986; Scherer 1990). Evidence that has
accumulated for and against the rate constancy hypothesis (e.g. Wu & Li
1985; Britten 1986; Li et al. 1987; Easteal 1990; O’hUigin & Li 1992) is
based on two approaches to studying molecular rates d evolution, namely
the relative-rate test (Sarich & Wilson 1973; Wilson et al. 1977) and
divergence dates derived from the fossil record. Thelatter techniquerelies
on comparisons d the number o mutationsfixed invariouslineagessince
they diverged from the last common ancestor whereas the former is a
method that compares molecular distances between each o the ingroup
lineages to the outgroup. Therelative-rate test isthus independent o the
paleontological record. When both o the previoudy described approaches
are used, the results d the analyses should be confirmatory in order to be
reliable.

This study addresses the ribosomal DNA clock in two distantly related
taxa, namely the diatoms and the Actinistia-Tetrapoda clade (Maisey
1988). Conclusions derived from the two independent methods have been
compared. It turns out that the two approaches yielded contradictory
results. Possible causes o thisinconsistency are discussed.

Material and methods

Theentire nuclear small subunit ribosomal DNA gene (18srDNA) hasbeen
sequenced for representatives d a number o diatom and vertebrate taxa
which all have relatively well documented fossil records. All the diatom
seguences (Cylindrotheca closterium, Nitzschia apiculata, Rhizosolenia se-
tigera, and Sephanopyxis cf. broschi) used in this investigation are
obtained from Bhattacharya et al. (1992) and the nucleotide data o
Alligator mississippiens's, Heterodonplatyrhinos, Mus muscul us, Oryctola-
gus cuniculus and Latimeria chalumnae have been published by Hedges et
al. (1990), Hedges et al. (1990), Raynal et al. (1984), Rairkar et al. (1988)
and Stock et al. (1991), respectively. The Parameciumtetraurelia sequence
isfrom Sogin & Elwood (1986).

The alignment d the nucleotide sequences (see appendix) was per-
formed 'by eye on a personal computer, using a program written by Herve
Philippewho also wrotethe rest o the data management software (Version
1.00, 1991, Laboratoire de Biologie Cellulaire 4, Universite de Paris,
Orsay). Nucleotides that | considered ambiguously aligned or/and that
were characterized by unknown bases were eliminated from the analysis
(661 characters; see appendix). The previous software package was also
employed to calculate the corrected number o nucleotide differences
{Kimura 1980) from 1243 characters (seeTab. 1).The distance matrix was



ACTA PALAEONTOLOGICA POLONICA (38)(3/4)

201

Tab. 1. Number o substitutions per nucleotideestimated by Kimura’s (1980) two-parameter

method.

Oryctolagus H

Mus 0.00 T _
Heterodon 0.03 0.03

Alligator 0.03 | 0.03 |0.01

Latimeria 0.05 | 0.05 | 004 |003

Nitzschia 022 | 023 | 023 | 022 |022

Rhizosolenia | 0.24 | 024 | 024 | 023 | 023 |0.08 -

| Stephanopyxis | 024 | 024 024 | 023 | 023 | 007 | 008 | | )
| cylindrotheca | 0.22 | 022 | 0.23 | 022 | 022 | 0.01 | 0.08 | 008 |

| Paramecium 1027 1027 027 | 026 1027 | 020 023 |024 |0.19

Tab. 2. Absolute divergence rates within Bacillariophyceae and Actinistia-Tetrapoda. The
distance values represent number d nucleotide substitutions/ 100 nucleotides. Time (diver-
gence time) in millions d years. Rate in number o nucleotide substitutions/100 nucleo-
tides/million years. The divergencetimes are taken from the referencesindicated:

Taxa Distance | Time Rate Reference 1
Bacillariophyceae:
Nitzschia— Cylindrotheca 1.3 | 40 0.032 Simmonsen 1979 |
Rhizosolenia - Stephanopyxis | 7.8 180 0.043 Tappan 1980
Rhizosoknia- Nitzschia 8.0 200 0.040 Simmonsen 1972
Rhizosolenia- Cylindrotheca | 7.9 200 0.040 Simmonsen 1972
Stephanopyxis — Nitzschia 7.2 I 200 0.036 . Simmonsen 1972 ||
Stephanopyxis- Cylindrotheco;“; I 200 0.038 Simmonsen 1972 'I
Actinistia-T etrapoda:
Mus - Oryctolagus 02 | 60 { 0.003 | Benton 1990

_Heterodon—AIIigator 12 | 260 -.}-.-0.005 ’ Benton 1990 a
Heterodon — Mus 1 3.-3 i310 - ‘ 0.011 _!_ Benton 1990
Heterodon - Oryctolagus B 3.2 - 310 I 0.010 Benton 1990
Alligator - Mus 2.6 I 310 . 0.008 -TBe-r;ton 1990
Alligator - Oryctolagus | 2.5 ] 310 _! 0.008 ‘ Benton 1990

_Lati meria- Mus __48 ’ 405 _1_0.012 '_B;n_ton 1990
Latimeria- Oryctolagus " 4.5 405 ‘ 0.011 i Benton 1990
Latimeria-Alligator 28 ! 405“ J 0.007 ‘ Benton 1990
Latmeria - Heterodon 3.6 405 I Benton 1990 _

0.009
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then used to construct an evolutionary tree through the neighbor joining
(NJ) method (Saitou & Na 1987) and also for the molecular rate analysis
(Li & Bousquet 1992). 1 calculated absolute divergence rates by dividing
the distance values between the compared taxa by the estimated time
period they have evolved as independent lineages (divergencetime) (see
Tab. 2.)

Results

Theanalyses o thedistance matrix by the neighbor joining method (Saitou
& Na 1987) yidded the tree shown in Fig. 1. Under the assumption that
the dendrograrn shown in Fig. 1 iscorrect, | tested the null hypothesis o
rate equality between the subclades including Bacillariophyceaeand the
Actinistia-Tetrapoda. For this purpose the extended relative-rate test o Li
& Bousquet (1992) was used. This procedure uses the standardized
normal distribution to test whether the number o nucleotide substitu-
tions (assumed to follow a Poisson process) are the same in the two
subclades (diatomsand Actinistia-Tetrapoda). The result indicates that
the small subunit ribosomal DNA gene evolved at a significantlyfaster rate
in the vertebrate clade than i n the diatoms since the null hypothesis o no
rate differenceswas rejected (test statisticswas 3.58; P= 0.001).

To obtain the absol ute divergencerates, the molecular distance values
were divided by the divergence times asindicated in Tab. 2. The average
divergence rate within diatoms is 0.038 nucleotide substitutions/100
nucleotides/ millionyears and within the Actinistia-Tetrapoda the corre-
sponding valueis0.008. Theresults d these cal culationsclearly showthat
thesmall subunit ribosomal DNA gene has changed at about 0.038/0.008
= 4.75 times faster in the diatom taxa than in the considered vertebrate

lineages.

Discussion

The results obtained from the relative-rate test and the calculations o
absolute rDNA divergence rates are contradictory. The former procedure
shows that the vertebrate taxa have diverged at a significantly faster rate
than diatomswhilethelatter approach indicates the opposite. Exactly the
same pattern has been observed in an earlier study where partial sequen-
ces of the large subunit rRNA were used (Philippe et al., unpublished
manuscript), suggesting that the results obtained here are not likely to be
a chance phenomenon.
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Therelative-rate test

A problem, which will confound the relative-rate analysis, isthefailure o
the proposed rel ative-rate test to differentiatesubstitution rate differences
‘caused' by the 'stems' leading to the monophyletic subtaxa from those
actually existing between the compared subgroups (i.e. Bacillariophyceae
and Actinistia-Tetrapoda subclades). This difficulty arises from the fact
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Paramecium tetraurelia

that the analytical technique compares the
mean substitution ratesin both lineages, thatis
by averaging the 'stem' and subcladerates (Fig.
1.). Consequently, in this investigation as wdll
as in other similar studies, it is difficult to
specify whether the significant rate discrepancy
observed between the two taxonomic groups is
a result d rate differences between the two
subclades or just the 'stems' or by both o these
factors.

From a taxonomic point o view, the 'stems'
o the phylogenetic tree are not part d the
monophyletic groups that are compared since
the diatoms and Actinisia-Tetrapoda are
defined by the nodes from which they radiated
and not by the node that unitesdl thelineages
within the entire monophyletic group (Fig. 1).
This reasoning form the foundation for splitting
up the evolutionary lineages into 'stems' and
subclades and also for their separate analysis.
Consequently, the result obtained using the
proposed test pertainsto variation i n nucleotide
substitution rates within the monophyletic
group comprising the diatoms and vertebrates
but not to potential discrepanciesthat may exist
between the two subtaxa (i.e. excluding the
'stems)).

Despite the inappropriateness o including
'stems, the extended relative-rate test should
perform rather well, particularly in situations
where the internodes leading to the subclades
are short in relation to the terminal branch
lengths. Astheseinternodesstart toincreasein

Fig. 1. A dendrogram derived through the neighbor joining
procedurefrom correctednucl eoti desubstituti ons estimated
by the two parameter method d Kimura (1980).Horizontal
distancesare proportional to evol utionarydi stanceswhereas
thevertical distancesare arbitrary. Subtaxon (&) represents
Bacillariophyceae and subtaxon (b)includesActnistia-Tetra-
poda. The'stems' are located between points (c)and (d).
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length relativeto the terminal branches, the test will becomeless sensitive
in discerning substitution rate differences between 'stems' from possible
rate variation between the compared subtaxa. This problem pertains to
any relative-rate test which compares distance values o several terminal
taxawithin two or more subgroupsto an outgroup. Relative-rate analyses
between two evolutionary lineages (only 2 terminal s are compared) within
a single monophyletic group does not suffer from this difficulty sincein
this situation the 2 lineages o the ingroup share the same immediate
'stem'. That is, however, not the case in this study.

In conclusion, the result obtained through the extended relative-rate
test (Li & Bousquet 1992) may be largely affected by evolutionary rate
differencesin thelong 'stems' that are connected to both Actinistia-Tetra-
poda and diatoms (Fig. 1) and not by potential speed discrepancies
between the two subclades. Since the ultimate goal o this study is to
elucidate possible rate variation between the subtaxa, the acquired result
is questionable.

Paleontological information

In order to elucidate the previously discussed problem, the nodes from
which the lineages within Bacillariophyceae and Vertebrata radiated
should be dated using information from the fossil record. In this way
possible rate variations that may exist between the 'stems’ will be dimi-
nated. The problem with this approach is the well known fact that the
fossil record usually underestimates divergence dates between different
lineages which gives rise to overestimated nucleotide substitution rates.
In fact, the approximate 4.5 fold higher molecular divergence rate in
diatoms could 'be easily explained by the diatom dates being highly
underestimated, particularly due to the fact that most of the separation
eventsarefromthetime o first appearance d diatomsin thefossil record.
Thereis no firm agreement on the time o the origin of Bacillariophyceae
since this could have taken place anywhere between the Precambrian and
early Jurassic (e.g., Tappan & Loeblich 1971; Ross & Simms 1973;
Loeblich 1974; Simmonsen 1979; Round & Crawford 1981). The geologic
record o diatoms extends back to at |least the early Jurassic as indicated
by the recovery d Pyxidicula species in the Toarcian stage (Simmonsen
1979; Harwood & Gersonde 1990). These forms may, according to Sim-
monsen (1979), represent an ancestral stock from which the rest d the
diatoms radiated with an explosiveincreasein diversity and abundancein
Late Cretaceous and early Tertiary (Harwood & Gersonde 1990). The
abrupt appearance o diatoms in early Jurassic has led some workersto
believe that these organisms have a prolonged pre-Jurassic evolutionary
history as naked, siliceous scale-covered or weakly silicified cellsreferred
to as the 'pre-diatom' stage by Round and Crawford (1981). Although
evidence for such a stage is still lacking, it is a possible scenario o early
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diatom evolution. In spite o this, the divergence dates used in this study
are most likely underestimated.

The question is by how much are the dates underestimated and what
effectswill these underesti mations have on the analysis? If one considers
the C. closterium — N. apiculata split, which is'known' to be rather recent
( about 40 Myr [Simmonsen 19791) and assumes that these two lineages
evolved at thesame averagerate asthe considered vertebrates (amolecular
clock assumption), their divergence times would have been about
1.3/0.008 = 162.5 million years ago (seeTab. 2 for values). This calcula-
tion also presupposes that the paleontological record of vertebrates is
fairly accurate. Thus, the result o the estimation is that the divergence
date d 40 million yearsis underestimated by about 120 million years. In
addition, one would also have to assume that these two raphid pennate
generaoccurred at a time when, according to the fossil record, no repre-
sentatives d thisdiatom group existed (appeared about 65 Myr ago). Even
if the considered divergenceevent was underestimated by for instance 25
million years, the molecular rates between Actinistia-Tetrapoda and dia-
tomswould still differ by afactor of about 2.5. On the same assumptions,
the other observed diatom divergence dates (180 and 200 Myr) would be
pushed back to about 7.7 /0.008 = 962.5 million years ago (seeTab. 2 for
values), that is, an underestimation of about 700 million years. Thisisa
time when no diatoms existed according to the fossil record but it is still
conceivablethat these unicellular organisms occurred in the Precambrian
but failed to leave a fossil record.

How likdly is it that early diatoms left no fossil record? There are
taphonomic indications that this is an unlikely event since siliceous
unicellular organisms, such as radiolarians, are well preserved in pre-
Jurassic deposits. Since diatoms (thefocal group) and radiolarians (the
taphonomic control group) have similar siliceous shells and both taxa are
planktonic, the focal group should also have left a paleontol ogical record
if it was present at that time. According to Marshall (1990 and references
therein) the absence o the foca group but the presence o the control
group in the fossil record should be interpreted asif the focal group did
not exist at that time.

Concluson

The molecular divergencerates obtained from the pal eontol ogical informa-
tion are probably moreaccuratethan those acquired through the extended
relative-rate test. The reason is that the 'stems' leading to the compared
taxonomic groups are rather long, thus, making therelative-ratetest less
sensitive to detecting interclade rate variation. In addition, an underesti-
mation o the diatom divergence dates by as much as 120 millionand 700
millionyearsis rather unlikely.
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Appendix

Alignment d 1904 nucleotidesd the 18srRNA. Only sequences that differ from Oryctolagus
cuniculusare shown. A dot () signifiesa nucleotidethat isidentical to the one observedin O.
cuniculuswhile a dash (-) indicates a deletion and a question mark (?) is an unknown base.
The regions that were eliminated from both the phylogenetic and rate analyses due to
uncertain alignment are indicated by 'boxes. All the sites that show unknown bases (?) were
also excluded from the phylogeneticand rate analyses. The program packagePHYLIP Version
3.3 (Felsenstein 1990) was used to print out the aligned sequences.

Oryctol agus UACCUGGWG AUCCUGCCAG UAG CAUAUG CWGUCUCAA AGAUUAAGCC AUGCAUGUCU
MIS e e i e s sssasasaasasasasaasasssasaaaasasa ssssssssas seaaaaaans

Heterodon  __... P tieeesena R N T T
Al li gator TR 2 et iaieees mmmmsmasaa smassEasas
Latimeria 22 e anaa s s s s e E e ?.. “ieisecsse mEEsEENEss SEEsEEmsan
Ni tzschi a At i FR S 1 . I T
Rhizosolenia A::isssenssnsansnnsnnnns Ueveool.o o.C..iil. snsamsnsss soensens G
StephanopyXis Acesernnnnnannnasannsas UG...C. ..C.CA.UU. t.uirnnnnnn aeonncns G
Cylindrotheca Ace e v e i i innannnns 1 o
Par ameci um Sl O - N U, ssesenenes sscannsass

Oryctol agus AAGUACGCAC GGCCGGUACA GUGAAACUGC GAAUGGCUCA UUAAAUCAGU  UAUGGEUUCCU
e LR

Het erodon ...... A.. uBG..UG... sssannnnnsssnnnns 227 Paaaasaaaaanaas ???..
Alligator ...... A i et e isbsiees teeeeseees EEEEEEsEEaEsEsEEaaas
Latimeria = ...... AA.. ..U ..., it neaneen T e cieansosee onn ...,
Nitzschia W ..... UAA.U AU.U--...UU.v.oiiinnnns C..... P U ...A...UA.
Rhizosolenia ..... UBA.U AUUU-=..TU. ..A tiiiitr triinennns saeennsnnn AU.AA..UAC
St ephanopyxis C...UUAA.A AUUU-A.UU- =~..G....U ... cu0ane aaULL ...A...UA,
Cylindrotheca ..... UAA.U AU.U--...U U......... .Gl I U B ...A...UA.
Paranmecium  ..... UAA.U A UAUA--.. .vuirenecre snseconnne soees A... ...A...UA.

Oryectolagus UUGGUCGCUC GCUCCUCUCC UACUUGG-AU AACUGUGGUA AUUCUAGAGC UAAUACAUGC
MUS  iilsaesass ssesssesia| saiassanes msssssssss smmmmssssmsEsssasmas

Het er odon (e T --C.A-.CGU ....C.... «eeeuuns T 221 irininne soooennans
Al li gator i, P =~ BA.COU ....ovvvve nannnnnnn T 2cennn Pote terreeenan
Latimeria LPPA .. SeSARSOEN ... cCii i msamamEas wawew e s e e
Ni tzschi a ceAA.--- -UC...-.A. i.i.iuunn A. N o
Rhizosolenia A..A.AA--- -UC-..-.BA. i.iviennsns o o N
St ephanopyxis ...A.A.--- -U...CU.A. .....c.... B T N ————
Cylindrotheca ...A.A.-== -UC...=.A. +tenecocans 2aCL Bl R SRR Sl se
Par ameci um R N S UGCAAAU ...A..... P T E e

O yctol agus CGACGG CGC UGACUCCC- U UUGUGUGEG - - AUGCGUGC AUUUAUCAGA UCAA--AACC
MUs 0 | ee.... G.. ....C...C. .CCC.G...0 CG..vucver ennnncanas snnassnsns
Heterodon  |..... AG.. ....CU...- === -- I ¢ € TR Cevrnenenn
Alligator  |..... AG.. ....CU?..- -------- G BG..Pe e ? senenaaaas Covnnnnnnn
Lat imeria @ |..... AA.. .... Uimam —====== B C T € C T Covrvnennn
Nitzschia GU~.AARUAC. CWCUG .- -------- .G G---UAGUA U..-..U... .UG.eeeenn.
Rhi zosol eni a | W AAAUGC. GA--CUG.U. ---GCA.AAG G.---.AGCA U..-..U... .AG....G..
St ephanopyxi s | AUCAA.G.C. GA--CUU..- ----.GAA.G G.--UU..AU U.A--.U... .U.CAA....
Cyl i ndrot heca|GU-.ARUAC. CUU-CUG .- -------- .G G---UAGA U..-..U... . UG....cv.-
Par ameci um --G.AAAUA. C.GACG.A,- ----- A.AAU GGUA..A.UU ...AGAUU .A.CC..U.A
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Oryctolagus AACCCGGUCA GCC--UCCCC GCCGGCCGGG GGGG----UG GGGCGGCGGC UUUGGUGACU

Mus  |aieaeaas Be . JCCCT .o EITIC.HECC 0o E0C0EF. CoCinveines B UL R
Heterodon SR - - AL R e e e e e e P CEE SR PR
Alligator ++.6G.C..G C.,.G6C. -~~~ —==m—=———— === fraam= mmmmmmmm . ik
Latimeria ..U.GC.GUC CG.C.CGGE.. ========== ==== feeam= mmm————— SRR R e
Nitzschia . OU.CU--=- --- Pammmmm e m—————— ———— teea== UC.G--GU.A .G...|.. .
Rhizosolenia |-.U..CU=-== -=-CU..GGA ,---=---=-=-- —==-= R et GUAD ..vwnhen A,
Stephanopyxis .U...U==== =—=c,  —c-ccoo —cmmmmoooo oo ..CU.U UA.A,..UAG .G...L.. A.
Cylindrotheca |..... CU=== ===, ===== smmmee—eee m—ea 20 oaUC. wm=== GT.A Giadhas U.
Paramecium C.om=ssites Sns, ymooss SmemsEREeE mmEEy T Smemeem—e == -} .GUG

Oryctolagus CUAGAUAACC UCGGECCG A UCGCA- GCCC UCCGUGGCGG CGACGACCCA WCGAACGUC

MIS e e e s e es e e O
Heterodon ... i i e e e Covriiies triana G. iiirnnnnn
Aligator  .......... e e R O G. ...... u..
Latimeria @ @ i iiiiiiie ieiaieeaee aaaen CUos cimeininns aeeean W.C ...... u..
N tzschi a LAUA....G. JU--..G... ..... U.G.U .U--GC- .U.GAU A.GUU
Rhizosolenia JAUA..... U .U--..G.un cuunn U.G.U CUACCC-... ....AGAU. ...A.GUU..
St ephanopyxis . AU ..... QU .U--..G... ..... U.G.U C.AUGC-... ....AGAU. .AUA.GUU..
Qylindrotheca .AUA....G. .U--..G... ..... U.G.U .U~--GC-... ...U.GAU.. ...A.GUU..

Par anmeci um AAUC...GUA A.UUA--.CU GAC.GC.UG- .AUA-C.U.. UA.--.U.AU .CA-.GUU..

Oyctol agus  UGCCCUAUCA ACUUUCGAUG GUAGUCGCCG UGCCUACCAU GGUGACCACG GGUGACGEGG
MIS e e e i e e r s s s s s s EaaaaaEaEEE s eeeaeneaas maaaaamaa

Heterodon ~  ......iii. caaiiaia.. PR 0 10 18 o R L T e ALLLL
A'ligator 2 e ereean eeeees e 0 CLOULU. tiiiiiinnn wnnnnnn T, .. A2
Latimeria @ coceiereer tiiinanaes TR o « 1« 0 ¢ sedALLL
Ntzschia  .......... G....G.... ....GGUAWG..... /eweo «.CUUUA... ...A..... A
Rhi zosolenia ........ U GA...G.... .CU..GUAUU G.A.AG.... .UCUUUG.U. ...A....A.
St ephanopyxis .......... G....G.... ....GGUAWG........ ..CAUUA... ...A..... A
CQylindrotheca .......... G....G.... ....GGUAWG......... ..CUUUA... ...A..... A
Paranmecium  .......... Gevarvennnn vennn GUAWGA....... ..CAQJ... ...A....A.

oryctolagus AAUCAGGGW CGAUUCCGGA GAGGGAGCCU GAGAAACGGC UACCACAUCC AAGGAAGGCA
MIS s emssmassss wassaaaass sasssaasss EEsaasssas

Heterodon ... . i heaessasas seeeeeeeas eeeaaaaaes waaan [
Al l'i gat or P 2007 wennns Tane demessnans ssaaannnns [
Latimeria  .......... ..., P wessesmeas EasEaEEaEE saswesssss wwesssssas
N t zschi a LaUl uU..... ces earaaaaaan e
Rhizosolenia ...U..... C itinnirees sanananaan P
St ephanopyxis G....ov... U.ieCuvennr wnnnnnnnns G.ii. iiiiraaas saaaaaaas
CQylindrotheca ...U..... Ueoriiiiis iiininanas G....  teiiiisene ssssssanas
Par anmeci um el i i it e heiaieaeie seesesaen U vevennnnnn

O yct ol agus GCAGGCGCGC AAAVWACCCA CUCCCGACCC GGGGAGGUAG UGACGAAAAA  UAACAAUACA
MIS e e e e

Heterodon — ......... 2 22 e censeaan 2. i PP cPe Pt hirriaaaa
A'ligator N AT T T 2?7 aeaan PPo.. LP..P. ... Gl
Latinmeria @ .....0.... PP waaaaaas G ‘.v..n Peee waasssanss sesaeaenes
Ntzschia  ......... U.ooveinen,. A...U...A. A....oeu s AU G.C
Rhi zosolenia ......... U iiivinnnan A...U...A. Aol AT e G.C
StephanopyXiS eeesveeees wavennnenn A...U...AL AL el W . i G.C
CQylindrotheca ......... U.ioevennnn A...U...A. A........ AU L G.C
Paranecium  ......... U.ovviennnnn Ao, A VAY 2 ....AG.. ..G...CcU.G
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O yctol agus  GGACUCUUUC GAGGCCCUGU AAUUGGAAUG AGUCCACUW AAAUCCUUUA ACGAGGAUCC
Mus f e e e e EE s E s EaEEEEaEs EErsssaaas nea s aaaasaaaessaaas
Het er odon N 2 S TN
Aligator  ....... 227 i P eveenee. saAll.., e e eeseeaa?.?
Latimeria fer s aasaaaaaaaaaanannaanannnns sas AL i iies teeacaaes U
N tzschi a ..G.CU..G- U...U.UG.C ........ .. «.AA.,A .. ...C..C... U....U...A
Rhi zosol enia ..GUCUAC.- A..AU.UG.C ........ .. «WBAALLALL. L.....C.. UiiianlllA
St ephanopyxi s ..¢.cU...- C...U.UG.C ..... ee.e. ..AA.GA.G. ...CA.CC.. U. ....CA
Cylindrotheca ..G.cu..G- U...U.UG.C ..... weeeea .AA..A... ...C..C... U....U...A
Par armeci um U.CGGG.... --C.UUAC.G G....C.... ..AUA.G.CC ......GA ....UU.A.A

Oryctolagus AWGGAGGGC AAGUCUGGUC GCAGCAGCCG CGGUAAUUCC AGCUCCAAUA GCGUAUAWA
Mus I € O T R
Het er odon . ?..2222227 2P22PPPPP? PVP2PT.L.T. secansseanarsaanaraean
Aligator  ..... ce... PL..PPPPRRY PPPPPPP?2?P 2277772727 PPPPRPPRP 2?2?2222
Latineria et e GCoviinnnnn .. 2 G. iiiinannn
Ntzschia ~ .....cceen covinnn.. GC.... «.e. Geanaaass
Rhi zosolenia .......... e GCivinrnnre tiiinnnnnn
St ephanopyxis ..... cevee veeneeaeGCiuinnn e T
CQylindrotheca .........v coivnan.. GCivirunn v s W R
Paranmecium  ..... et seeeeaann G Covnnnnnn. Fawmsvians FS Y o ¢

Qyctol agus AAGWGCUGC AGWAAAAAG CUCGUAGWG | GAUCUUGUGG AGGGUGCGUA GCGGGCG---|
Mis P e T R .G .......CCC

Heterodon  .......... ... 2P e T2 I e - G 2..A..UGG.
Al ligator 22222277277 PPPRRRRRP. .9,.7..2%% L.P.P..omm —mmmme- .G. U..A..??%G.
Latimeria  .......... .... P e e 2| www e w ——— mmm—meo .G. U..A..UGGC
Ntzschia  ...... L wevesfunsTimiess OTUCUC= o4+ C.UGGU
Rhizosolenia ...... U.. . e renaeeas A..U.-C... U...A...A- U...U.CAUC
St ephanopyxis ......U.. ......... e eess|A..U.-C... C...A..AA- C,..U.CUUC
CQylindrotheca ......U.. .......... eaeeeen el ve U.=.... -U.UACUU-~- -.,.CG.CCC
Paranmecium  ...... Uit eevnassoes sanneanans A.AU.-C-.A -.UCA.UUAC UA.UUG.CUC

O yct ol agus -GUCCGCCGC GAGGCGAGCC ACCGCCCEUC CCCGCC---- - - CCUUGCCU cucaaeaece
Het er odon e ataaaee e -.G.unnn P2 A ittt ciieameees saaaaULLUL
Aligator  |.......... U SR o | SR R T R T T Cc-.U.. .--..... ?.
Latimeria Givtinnnar annnnns CGU vvvnn Ul AL fheeameaes 1aU....W UL
N tzschi a AC.UA.UGC. .GU..UU..A G.G..G.C-- -—---- ... AU..... == =-=-..U.GAA
Rhi zosol eni a |CU. .ACUG.U UG.AACCUGA UUGU.U.CCG ..----.... AU..A..--- ——- .AGAGARA
St ephanopyxi f 3| . ---ACUU.G UGUUG.UA.U UGU.UUGUCU .UG....... Ad.... -=-=- ---..GAGAG
Qyl indrotheca|GUCA.UAU.U ..U.GAGCUU G.U.AAGUCG .=~=""" ...CAl.... --- ---..U.GAU
Par armeci um UUCGUCAGUU AGUUAAUUGA UU.U..GUCU ------ ACAA UC....UUG- =========-

O yct ol agus 2CUCGAUGCU CUUAGCUGAG UGUCCCGCGG GGCCCGAAGC| GWUACUWG AAAAAAWAG
Mus B E o oEoEoE R R R E N E N E R R R EEEE R E R R EE N EEE R E RN EEEEEEEEEE sasss s s s
Het er odon PR O A WU ¢ D « T S T A [ —
Al ligator PV e e AP0 e UG? U.imeeeen] toanononns vuuusunnnnn
Latimeria R U celdA L Ll [ « S -
N tzschia ...GUG..GC A....G.UGU C..G.A.G.. AUG..C.-U.|A......G.. .......
Rhi zosolenia |.U.AUC..GC A...AG.UGU C.GGUU.GCA AU.UUC.-U.|U......G.v .iiuvunnnn
Stephanopyxis|...GUG..GC A...AG.UGU C.GG.G.G.. AU...C.-U.|.......G.. ..Guuu.nnn
Cylindrothecal...GUG..GC A...AG.UGU C..G.A.G.. AUG..C.-U.|.......Guv oininnnnn
Par ameci um | ------- CGC U....G-.UU GCAG.U.G.C .AGUA..C-A/A.....C... .....ounns
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Oyctol agus  AGUGWCAAA GCAGGCCCGA GCCGCCUGGA UACCGCAGCU AGGAAUAAUG GAAUAGGACC
MUS e e e e e e

Heterodon .......... (... --CG .U....G.A. ...UC.... tiiinrrnnnnnnnnnnns U
Alligator  ....ciiiie el --UG .U....G.A. ...LC.... titinnrrrsnnnnnnnns u
Latimeria @ ... iiiiin o veeaen ==CG .U...U.vve veaVW L L aiit s esnaassannnns U
Ntzschia  ......o... .o... WAU ....-U..A UGUU...A U....oonn. AAG. ..oenn.
Rhizosolenia ....veeees sevnos UUAU ....-U..A UAUU AU....... AAG....... U
St ephanopyxis .......... ...... UUAU ....-...A LAUU...A U.evvnn.. AAG .eennn.
Cylindrotheca .......... ...... WAU ....-U..A UAUU...A U....oenn A.G....vntn
Paramecium  ....... CG ..... U.UUC ..---.G.A AUU...A Ueittrvreen snnnennns U

O yct ol agus GCGGWCUAU UUUGUUGGUU UUCGGAACUG AGGCCAUGAU UAAGAGGGAC GGCCGEEEEC
MUsS == i emasaseead sEsssseeed seseEsaEes sarsisates sesessensea

Het er odon Lo I —— 5 B s s R T .~7.7.7777
Al ligator Coennnnnn. G ek Guidia sl s Wi et A S R
Lat imeria Cottttiits titeeaates esaaaaens Gttt st s s ?
N t zschi a TUU. e Bivin teveenanns .G..C.C.-A UA.. ... A A.UU.U...U
Rhizosolenia AU...A.... ......c... GU.C.C.-A U..UA..... ... U..... A.UU..... U
St ephanopyXi s UU...A. ... civeenenn. .G..C.U.-A ...LA. ... I U PR A.UU..... U
Cylindrotheca Uu...A.... .......... .G..C.C.-2 A u..... A.UU..... U
Par armeci um UG...m==C. tinvennane . A...CU.. .."WA u..... AAU......

O yct ol agus AWCGUAWG CGCCGCUAGA GGUGAAAUUC WGGACCGGC GCAAGACGGA CCAGAGCGAA
Mus

Het er odon

Al ligator
Latimeria

N tzschi a

Rhi zosol eni a
St ephanopyxi s 1 i .
Cylindrotheca ......... U AUUUCw s jmswwswsaes »onne uuwJ .A...... A .U.CU.....
Par ameci um el U AADT. U0 v savvsasssm «ovan UUUAU UA..... UA .UUAU.....

O yct ol agus AGCAUUUGCC AAGAAUGUW UCAUUAARUCA AGAACGAAAG UCGGAGGUUC GAAGACGAUC
MIS L seeesssmse EEEEEEEENIE s ssssses smsssemmsssmmessaman

Heterodon  .......... «(..... R P
Alligator . i iiaeas ciiaaeaias eea Pt aann 22 iie aaeeaeaans
Lati MBri@ i eemsmsmsns steeennneas massssssns ssssasssssssasnsanns
N tzschia ~ ....... A, .Gl AEEEEEREEN essssansss LUA.G. Aue wanns U...U
Rhi zosolenia ....... A, ce:G..... B FUASELS esernaanan LUAAG. .A.. ..... U...U
St ephanopyXi s saueess A.. caaGiiil. GRS sesassesss S ¢ SO c P U...U
Cylindrotheca ....... A, ..G..... GG esaneraens JUALGLLAL. ... U...U
Paramecium  ..... ... ceeGliil. RS AESE ssassesnas LUALG. AL, Acviaians

O yct ol agus AGAUACCGUC GUAGWCCGA CCAUAAACGA UGCCGACUGG CGAUGCGGECG GCGUUAUUCC
MIS i RGN ATRGREAT e s asamesmsmsasnasn ssEmasEmas

=8 =Y 0T o T o A ..C.. P
T = o A LGl e ??
Latimeria @ .oceeeeine pilbasibiads imnisessess Ll ALLWAC LL..Cllll iaee e u.
Ntzschia  ....... A e CUDR:: seiseaiss Bi ceveree AA. G...UG.CG. -A...UCAUU
Rhi zosolenia ....... N CUUA. +vnnnnnn U. ....A...A. A...CG.CA. ---..G . AA
St ephanopyxis ....... A, semam OO A suiamais U. ....A...A. G...UA.CG. -UCG.U.AUU
Cylindrotheca ....... AL ..., CUUA. ........ U. eeunnnn AA. G...UG.UG. -A...UCGUU

Paramecium  ....... ... ... COUA. U.esssn U. .A...... C. A...CG.AA. .CGUAAUA.AU
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O yct ol agus
Mis

Molecular evolution rate: SORHANNUS

CGGGCAGCUU CCGGGAAACC AAAGUCUUUG GGUUCCGGGG GGAGUAUGGU

Heterodon  .......... . 2 e e eaeee taeaaasass waassaaaas s Peienn
Al l'i gat or P27 % 2 P et e e e e e 2. waaaaaaaas
Latimeria @ ..iiiiiiee oan - 2
N tzschi a WGUCU. ... .A.CACCU.A UGA.A..U.A C....oivvr vrannnnnne sanssnnnnn
Rhizosolenia U..... AUG UC....U... AU.A....U. (iiiteees nnnnnnnnss sanannnnns
St ephanopyxi s aAG. U.CG UUA...C... AU.A....U. ..tunurnne snnmnnnnns sansnnnnns
Cyl i ndrot heca AUGUCU. .AU .A.CACCU.A UGA.A..U.A C...vvvnnr srsnnnnnnn sssssnnnnn
Par ameci um U.GUC..UUU ...CAUCG.A AGA.A..U.A -...ivvver onnnn U... sessnnnnns

Oryctolagus UGCAAAGCUG AAACWAAAG GAAWGACGG AAGGGCACCA CCAGGAGUGG AGCcUGCeeC
MusS === 4 e e s s w s s s s e s s me s E s s EEaaEEEaEEEsEEEEEEEEEau AR EEEEEEEE]
Het er odon RPPPPPPPP?? aanaaaaaaaasanaaaaaaaanaas 2 -=.AG ..
Aligator  ......... 2 i e iaieet seeeeeeaes eeveereeee eesearaaas LA??2. L
Lat imeri@ @ @ cii i iiiie e taieieens ceebessrss sseseneees cesenansan -CAUG.....
N tzschi a [ A ettt e eeiarees seesesaees sseeseeeas
Rhizosolenia C....G.... sinerneens Attt tete i ceeeenrea —ereen
Stephanopyxis C..oeGevve vevnnnnnns Attt et e L
CQylindrotheca C....G...h vivvvnnn.. Attt teaaaeeees teeseeaaa teeeaaaaan
Par anmeci um [ N
O yct ol agus UUAAUWGAC UCAACACGGG AAACCUCACC CGGCCCGGAC ACGGACAGGA UUGACAGAW
Mis L AR B SRR e e e e e e e SR
Het er odon e PPPP? BRamemeie SEERETERE G RS s s e e A.. 4 S, C
Al l'i gat or U....?7? SR vt sbaes ToGus sroes A.. b SR,
Latimeria  ........ ?? PRrwwemsE IWCEREHEEN ERWENCEENE - s - A ... eeweswwees
N tzschia @ ... ... .. ciieeeannn SRy § O A, o GRS VA UGseer wuuevunnns
Rhizosolenia .......... ... ... coBisoUass AL U..A.. UA.UG.eee vuvevnnnns
Stephanopyxis .......... c..ceiinann S VI o SRR G s () TR UA.UG.eur 2vvvnnnnnn
CQylindrotheca .......... .. ..cvuunn SRR e o Iy U ; Ry UEN UA.UG.vove cvvnnnnnns
Paranecium  ...... ... .ieeiiennn G..A..U... A..U.RAA, U...UG... lwsssaswses

O yct ol agus
Mus

Het er odon

Al l'i gat or
Latimeria

N t zschi a

Rhi zosol eni a

St ephanopyxi s .
Cylindrotheca .

Par anmeci um

O yct ol agus
Mus

Het er odon

Al l'i gat or
Latimeria

N t zschi a

Rhi zosol eni a

St ephanopyxi s
Cyl i ndr ot heca

Par anmeci um

GAUAGCUCW UCUCGAWCU GUGGGUGGUG GUGCAUGGCC GWCUUAGW GGUGGAGCGA

...... ?..7
...... 22?7
llllllllll 7
Ao,
Ao
Ao,
Acceeens
Accoeoannn

UWGUCUGGU UAAUUCCGAU AACGA?CGAG ACUCUGGCAU GCUAACUAGU | TJACGCGACCC

..... A...

.UGCAU.GUG

.|C...U..AUG

CCU.U. .AUG
.UGC.U.GUG
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O yct ol agus
Mis

Het er odon

Al ligator
Latinmeria

N tzschia

Rhi zosol eni a
St ephanopyxi s
Cyl i ndr ot heca
Par ameci um

Oryctolagus
Mus

Het er odon

Al ligator
Latimeria

N tzschi a
Rhizosolenia
Stephanopyxis
Cylindrotheca
Paramecium

O yct ol agus
Mus

Het er odon

Al ligator
Latimeria

N tzschia
Rhizosolenia
St ephanopyxi s
Cylindrotheca
Par ameci um

O yct ol agus
Mus

Het er odon

Al ligator
Latimeria

N tzschia

Rhi zosol eni a
St ephanopyxi s

Cyl i ndrot heca ..

Par ameci um

O yct ol agus
Mus

Het er odon

Al ligator
Latimeria

N tzschia

Rhi zosol eni a

St ephanopyxi s ....
Cylindrotheca ....

Par ameci um

CCGAGCGRUC GBCGUCCCCC AACUUCU JAG AGGGA AAGU GGCGWCAGC CACCCG - - -
N 2P nnmm oW PPPP. b .7 dewdenial SRRSO R e
N A SR S D P
S = itesssslan sesewalaes LALLLLU. P
AAUU-UUCA. U, -UGUGAAG —=«vevlor wannns |gU.C AUU--CU.-- -UUAGAUGCA
AAUU- AUCAU U.AUGA-UGG U-=.sruher vununn UUU. ..U.ACU.A- -C.AA-...A
AAW UUCAU U.ACAA--GG U=..cuufoe annnss UWC ..U.ACU.A- -C.GA-...A
AAU--UUCA. U.-.GUGAAU —=....ufeu «ccn-- GU.C AUU~-CU.-- -UUAGAUGCA
G.UU.U.AA. AA.AGGUAUA .-.....fee sasuns U.U- -.UA.GU.A- -GUG.AUGGA
---AGA-UUG AGCAAUAACA GGUCUGUGAU GCCCUUAGAU GUCGGG- GCU GCACGCGCGC
....................................... B
e e S 2l....... 2. Paanann 2 e eieeaeae eae 2?20 waen- 2.
.................... - O I PP
.................... 2 e eeeeaaaans I Y
GGA...UBAG. [Guvvnvunne seosanaans soncassons it P c T o S
GOA. .UUGG. [Guvreanuns sossascces saaosennns UCU.G..C vurnnnnnn
GGA. .UUGG. [Guvunensas sosssssaas sonsacsons CU.GeeG cevnnvnennn
GEE. . OAG. [G......... SR e eee e CU.G..C unernnnn
AGUUU-.-AR G..ueveucne sovvnnonns c....C CU.G..C eenvnnnnns
UACACUGACU GGCUCAGCGU GUGCCUACCC UACGCCGGCA GGCGCGGGUA ACCCGWGAA
.............................. G s s s s s s s s s s s s s
e e P 2 ¢ A, caUiennn. ? u.....
....................... u..... R
........ A AL ... olULLL L. B N
........ UG UAU...A..A ..UU--UA UG....AG. .CU...C. .U.UU.....
........ UG CAU...A..A .CUUA..A.. .UG....AG. ...UG..CA. -U.UU..A
........ UG CAU...A.AA .CAUA..A.. .UG....AG. .ad.... U.UU.GA
........ UG caU...A..A ..U.--UA.. .UG....AG. ...UG..-C. .U.UU.....
......... ACU......A .CUUA.UUA. CUGU..C.A. A.G..AC.GG .AAUC...UU
CCCCAU- - UC GUGAUGGGGA UCGGGGAWG CAAWAWCC CCAUGAACGA GGAAUUCCCA
........................................ B ¢
.............. - A - AP S S N
............... A.. st i e ernsseesll wuGuiiicaas saeerasans
JGUGCA. ... ..... A BALAUU..oh eeeeenns AA U.Useerrnnnnnnnnns U
L.GUGCA.... ..... A.. BLAUU.. v eeenenne AA U.Ueeeennnnnnnnnns U.
L.GUGCA.... ..... A.. BLAUU.. .t eeeeennn AAUU . e rrrnnnnnnnns u.
UCA ... ..... A.. BLAUU.. v eeceennn AA T.Uevvnnrnnnnnnnns u.
AGGACGUG. . .C..... AAUCU. oo ewennnn AGAUU...oven cevnnnns vU
GUAAGUGCGG GUCAUAAGCU UGCGWGAW AAGUCCCUGC CCUUUGUACA CACCGCCCGU
.................... 2 e 22 e en? 220 U2227
.................... Coveennnnees 22.2....2.0 222....2.7 0aa.a??22?.
,,,,,,,,,,,,,,,,,,,, C....
..AC..A. A....C.AUC ...A..... B o e
.AC..A. A....C.AUC ...A..... B o e
AC..A. A....C.AUC ...A. R L S P
AC..A. A....C.AUC ...A..... k. O Py
..... CALAL eens oo il cuU.CuoLA. allvvivaineinn eidiv viedibarse oainue s s
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oryctolagus OEOUACUACC GAWGGAUGG UUUAGUGAGG OOCUCG GAU | OEE0000E0C. GEE3UCECC

MUS =00 i e eesees maaaaEsasasasassssEsasasarsEsa ["TTEEEEsEEEEEEEaEEas
Het er odon 2 e eeeere i e e U?..U..... Panaan U2, cuunn u....
Alligator ceeeeviine e e e U......... Peeea?Pui wan ?.?..-7
Lat imeria @ @ ..iceeieie v i e e U......... cesA L e u. .
Ni t zschi a LWJAC L A ... .CCG....A. -..... G.. |U------ .UG .C.AGUUC..
Rhi zosol eni a AC.... ... A ... .CCG...... LT ¢ I o EEE TR .UG .UCUGGUUG.
St ephanopyxis ««.BC....u ... . A...U .CCG...... -A....G... |U-—--~~ .AU .UUAG.UU..
Cylindrotheca ...AC.... ..... A ... .CCG....A. -.,.. .. G...|U-=m=-=- .UG .C.AGUUC..
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Streszczenie

Srednie tempo substytucji nukleotydow w mniejszej podjednostce ryboso-
malnego DNA wynosi 0.038 substytucji na sto nukleotydow namilion |at
wsrod okrzemek i odpowiednio 0.008w grupie obejmujacej ryby trzonople-
twe | czworonogi. Tempo ewolucji molekularngj okrzemek bylo wiec w tym
przypadku 4,5 raza wicksze niz kregowcow.



