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Mitochondrial DNA Sequence Divergence among
Meloidogyne incognita, Romanomermis culicivorax,
Ascaris suum, and Caenorhabditis elegans’

T. O. Powers,? T. S. Harris,? anp B. C. Hyman®

Abstract: Mitochondrial DNA sequences were obtained from the NADH dehydrogenase subunit 3
(ND3), large rRNA, and cytochrome b genes from Meloidogyne incognita and Romanomermis culicivorax.
Both species show considerable genetic distance within these same genes when compared with
Caenorhabditis elegans or Ascaris suum, two species previously analyzed. Caenorhabditis, Ascaris, and
Meloidogyne were selected as representatives of three subclasses in the nematode class Secernentea:
Rhabditia, Spiruria, and Diplogasteria, respectively. Romanomermis served as a representative out-
group of the class Adenophorea. The divergence between the phytoparasitic lineage (represented by
Melodogyne) and the three other species is so great that virtually every variable position in these genes
appears to have accumulated multiple mutations, obscuring the phylogenetic information obtainable
from these comparisons. The 39 and 42% amino acid similarity between the M. incognita and C.
¢legans ND3 and cytochrome & coding sequences, respectively, are approximately the same as those
of C. elegans—mouse comparisons for the same genes (26 and 44%). This discovery calls into question
the feasibility of employing cloned C. elegans probes as reagents to isolate phytoparasitic nematode
genes. The genetic distance between the phytoparasitic nematode lineage and C. ¢legans markedly
contrasts with the 79% amino acid similarity between C. elegans and A. suum for the same sequences.
The molecular data suggest that Caenorhabditis and Ascaris belong to the same subclass.
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The alignment of amino acid and nucle-
otide sequence data permits an estimation
of relative levels of genetic divergence.
These comparisons can be conducted at
any taxonomic level, provided sufficient
evidence for homology exists among the
comparisons. Theoretically, because the
degree of genetic divergence is directly re-
lated to time of separation of two lineages,
the longer two nematode taxa have been
separated evolutionarily, the greater the
degree of divergence (37). This linear re-
lationship between time and nucleotide
substitution proceeds at variable rates in
different genes (34,37) until a plateau is
reached, beyond which little additional di-
vergence is possible because of the satura-
tion of particular loci with mutations
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(27,34). At this point, mutations upon mu-
tations confound the measurement of di-
vergence and often lead to convergent nu-
cleotide changes. Therefore, molecular
comparison of distantly related taxa may
require more slowly evolving genes.

In an evolutionarily old phylum like the
Nematoda, expected divergences of basic
lineages would likely extend hundreds of
millions of years into the past. Classifica-
tion of higher taxa in the Nematoda has
reflected the perceived fundamental dif-
ferences among these lineages (22-24,29).
Secernentea, one of the two classes in the
phylum, has been divided on the basis of
morphological and behavioral criteria into
three subclasses, Spiruria, Rhabditia, and
Diplogasteria (22—24).

Given the previously estimated age of
subclass separation within the Secernentea
(29), a molecular study of mitochondrial
DNA (mtDNA) surprisingly indicated a
relatively recent divergence of ca. 65 mil-
lion years ago for the separation of Ascaris
suum (28), a representative of the Spiruria
(23), and Caenorhabditis elegans, 2 member
of the Rhabditia. Although other classifi-
cation schemes have recognized a some-
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what closer relationship between the as-
carid and rhabditid nematodes (22,24), al-
ternative explanations, such as a slowdown
in the rate of mtDNA evolution in nema-
todes, could influence the interpretation
of the molecular data. In this study, we
expand molecular comparisons of mito-
chondrial genes to include Meloidogyne
incognita, a representative of the Diplogas-
teria, and Romanomermis culicivorax, a
member of the remaining class, the Ade-
nophorea.

MATERIALS AND METHODS

A 1.8-kilobase (kb) HindIII fragment
from M. incognita race 2, which contained
genes for the large (16S) ribosomal RNA,
NADH dehydrogenase subunit 3 (ND3),
and 360 base pairs (bp) of the cytochrome
b mitochondrial gene, was cloned into the
vector pUCI18. Sequence analysis was con-
ducted by dideoxynucleotide chain termi-
nation (31,32) from single-stranded and
double-stranded DNA templates (26). A
series of 11 primers (12) was used to obtain
the complete sequence from both DNA
strands using the reaction components of
Sequenase I1 Kit (United States Biochem-
ical, Cleveland, OH).

Romanomermis culicivorax strain 3B4 (2)
mitochondrial genes were isolated and
identified as follows. A cDNA library was
constructed from total nematode polyade-
nylated (poly A+) RNA. The poly (A+)
RNA (2) population was converted into
cDNA molecules and introduced into the A
ZAP cloning vector (31,33). The lambda
library was packaged in vitro into phage

particles with the Gigapack II Gold pack- .

aging extract (18; Stratagene, La Jolla, CA)
and amplified in the Escherichia coli strain
PLK-F’. MtDNA-specific cDNA clones
were identified by plaque hybridization
with highly purified R. culictvorax mtDNA
molecules that had been 32P-labeled in
vitro by random priming (31).

The DNA sequences of sequential exo-
nuclease III-generated deletions (14,31)
were obtained as described above. Nucle-
otide sequences were analyzed with a Ge-
netics Computer Group (GCG) software

package (11) operating on a VAX 8700
and by CLUSTAL (15), RDF (20), and
BLASTP (1) programs. Results in this
study with M. incognita and R. culicivorax
were compared with those obtained with
A. suum and C. elegans (28). Modifications
of the universal genetic code used in com-
puter-assisted translation of the mt-
nucleotide sequences were as follows:
AGA and AGG = serine; TGA = tryp-
tophan; ATA = methionine (28). Nema-
tode mitochondrial protein genes were
identified by alignment of predicted trans-
lations with amino acid sequences of
known mitochondrial protein genes and
by hydropathic profile comparisons (8,19,
20).

RESULTS AND DISCUSSION

Mitochondrial DNA can be used to ex-
amine a wide range of taxonomic ques-
tions (34). Although primarily known for
its rapid evolution relative to nuclear genes
(6), highly conserved genes in the mito-
chondrial genome have been used to ad-
dress ancient divergences. For example,
cytochrome oxidase subunit IT (COII) se-
quences have been applied to the relation-
ships among insect orders (21), the small
ribosomal RNA gene (128 rRNA) for the
monophyly of arthropods (3), and the cy-
tochrome b gene for the evolution of major
vertebrate groups (16,17). The striking
conservation in the 12S ribosomal gene in
the mitochondrial genome led to the con-
cept of “universal primers” widely applied
to both vertebrate and invertebrate taxa
(17).

Figures 1 and 2 present the nucleotide
sequence for the complete ND3 and the
large TRNA mitochondrial genes, and for
the 5’ 320 nucleotides of the cytochrome &
coding region derived from the four
nematode species. Gene length varies
among these nematodes. For ND3, C. ele-
gans and A. suum coding sequences are 333
bp long, whereas the M. incognita and R.
culicivorax genes are 24 and 15 bp shorter.

One large difference exists in the length
of the 168 rRNA genes. In C. elegans and
Ascaris, these genes are respectively 953
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ASU  mwmmmmmeoo mmeoeee ecisccoos mencceces meceeies heeenaeen -TAGTATTTT TTTTTTCATT
CEL  mmmmms-mmm smmmmmeoos ecmecin ceeoieeeoe e == -..AAT...A C..G..T.AA
L I R L DT
RCU -.TA..TGT. A.AT.TCCTT ...TTT.ACA AA.A...A.G CAACAA..C.
ASU TTTTAGTATT GTGTACTATT TAGGGAAAAT AACATTTGTT TATGTTAAAT AGAAAGAAAA GGTAGAAGAT TAATAAGTTT
CEL AoGe.... WCALLLL... ACAAT..... TToo=-co.. ALLUAALLL. oLlLCLes G ...... GT.A AT..T.....
MIN @ --meee-em e e e A. .T.T.ATTG. GATT. A.... CT.TTTG.C. AL TLT...
RCU «-..TTAC.. --A..T...A AGCTT...T. TTA.GA.TA. G.GTC.T.TG .CTTTTTT.G TC..A.CTTA A...T.TAAA

ASU ATTTGTTTCA CAAATAAAAT TATTTGTTTT GGTGTTGATA TGTCGACTTT TTTGTTATCT GTTTATTTTT TTTTATTAGA
CEL TA....oe, T.CTA. ... .. ATALL AAL..co. weennCon WGLWALALL LW TW AL LA
MIN T.-ALAL..T TTTT..TTG. .GAAAAAA.. AAAAACA.AT ...TTTT.AC AA.AA.TAAA A..... AALA .. TC.A.TTT
RCU CACLALLLAG TTTT.CTGG. GTA..TGAA. TT.A..TT.. .AAAACT..A ..AAAATAGA AA...AAA.. ..A....CT.

ASU AAGTTATATG GTTTGTTTGT ATGTTAGGAA GTTAAGATTT TGTAGTGTTC TTTTTTTGTG TTTTATAACG TTT-T-CTTT

CEL LAl A T.ALALAAT. L.T....... ALTLALAL. LLALGLLLLLT LAAALLAALL L. CovtA .- CLLAA
MIN T.A..T.TA. T...AAA.AA .AA...CA.. TA.G.A.AA. AAA.AAA..T .G..A.AAAT .AAAT...TT .A.-.TA.A.
RCU +.T..TAT.A TAAAAAALAA .. A...TTT. AA..TTCA.. ATA.AAAA.A AAA....AAT .A.ACCT.TT .A.A.T.C.C
ASU TITTTTAATT GGATGGTTTT GTTTTTATTA ATTTTTTAAT AAATTTATAA TTTTGAATTT AGTAGT--TT TGTTTAAATT
CEL <o ALTTAA TT.AA.... TAA....A.. .AG..... Te -ven AA.... ... GT..A.. ....AA--.. .TAA,.--.
MIN CAAAAAT. .. TTT.ATAA.. T..A..T..T T.A....TT. ...AAA.A.. .AA.TT.A.. .TA.T.--A. .TA..T..A.
RCU -A.AAGT.A AAT.ATAAG. AT.A..CA.. .A.A..C... ...AAATA.. ..A.AT.AAA .T....AAAA AAA..T..A.

ASU TTTGTTTTTT ATTTTAATTT TTTTGTGTGA ACTTGTCTTT TGGTCAAATG TTTTTTAAAG ACTTAGG-TC T---TTTTTG
CEL SAALLLALL LLLAALL AL AALLLAAGA. CT.GAAG.C. ..A....... see-ae C.T L-=-ALALLA
MIN -AALAAL LA LALALLLAAL LLLLTATLAL LTAAALT.AA LAALALLTGT .. CT..GA.G.T .TGA......
RCU ALAT...AAA ...A.TT.AA AAC.AAAGA. CTAA..A..A .AACTG.C.. ....C....A ..A.TTTT.T ATTAA...AA

N —— —— e p—
ASU AGACTGGCCT CTGCTCTATG TTTTTATAAA TG|GCAGTCTT AGCGTGA|GGA CATT|AAGGTA GCAAAAT AAT TTGTGCTTTT

CEL AG. ... T.o eoeuCouiaa T T e
MIN JITLTTG6T. TCTGCTC..T G..AA-AG.. AAv...C.T ......... 176G GTCA [ ¢ 4 ¢ TR P ....TT....
CCA .A.AT....A

RCU LATAL---T. LL.... AC.e veervennnn .Al .............. TT. .T.A

ASU AATGGGTTCT AGTATGAATG GGGTTAGTGG CTAATT-TTT TACTTTTATT TTTATGAATT AGTTTTGIGT TTAAGAAATA

CEL S [P VN N eeve AALLLLTol. T..GL.CLAL JTALG..T.A LG.T.oue. TAALLLTAL e
MIN TodAeee deeeele WA-LTTLT. TOUTLAAALA C.T.GALT.. AAALA..... TTAAA.T.A. ....A.....
RCU SALALL L TLAC. ... AL AAALALC..T TAT.A.T... .TTA...T.A A....TG.AA TTA.A.AAA. ..TGA.....

ASU ATGGTTGATA TTACACAAAG ATAAGTCTTC GGAAATTTTT TTATTAAATA TTTTTTTATT TTTTTAATAT GTTTTCTAGG
CEL RAALATAT Lo Toiiiee cieiieaes ciaeees C.G C. AL.AAA..A. .G.G.....A A.........
MIN SJAAALALAL LAALLT... ALl T AL A, AT me--em mmeommmme mmmmee A T.LAAT. ...
RCU WAAT..TT.. ALTT.LTT.C. .G...A.CCT AAG.T..AA- . AA..A....A AC..A...TG .G...T..AA

———
ASU GTAGAATGTT TTGTAA-CTT TTTTTACTAA TTTTAATTTA TCG|GAGTTAA CAG|AAAGTCA TATCTGATTT

CEL CucaalAl. ALALLLTAG. A ..Co.. T AcLeieaun ouGens Covfeenanne wun|-v.AL.. L.C..ALLC.
MIN ALAT.AAA. {03 . G..TAA, ...TAAT..-
RCU T..AT.AA.. .TA|.G.A... ...|CTTAAA. .C..CTT.--

ASU AGTTCTTATA TTTAGTTCTT AAAGGGAGGA GAGGATTTTA GGTTTTAGAC
A

CEL - - .CAGA.AA.C T...A..... ..A.GC..AG TAG.......
MIN  ---ommmmme mmome- ..T. « «.ATT.AA.A TT.AAA.T.. ..AAC....G A..GAG....
RCU TA..G.GGT. A.A.G|..C.. ....... .ommms- AAAA LLLTAALTTT ALAALALL.T TAA....A..

AsU TGTTCTTCTA TTATTAAACT AAAC|GTGATA TTAGTTTAA|T TCATCGTGAG ATAGAATTGT TTATCTTGGT AATGTCTTAA

CEL  siiecennen aen L R o L I [ cenee arnenaeAL LoALALLT.
MIN ..., L B S O T 7 T O I S ¢ U L T
RCU  ...ai----- G.T..T..T. .TTTl....GC .G...unnn YA ALLCTLAALA G, TT.G.. ..C.A.AAAA _TA..A..G.

ASU TYTTAATTAC TGAA|AGTACG AAAGGA

AATT TGTTGGAGTT TGATAACTTT TTGAAAGTGT TAGTACTTTT T
CEL AGTALLL ATTT | eisee wveana | WCAL L. AAAL... .T.A.CT..A AA..TTT..A A.TCTT.--~ -
MIN A.AG.AAT AALT .overee cnwen-| WAl LALLTTLAA. LAATTT... AA-----oms moommccconn -
RCU [ < PR Rl B I I [P CT.A AAA.ACTT.G .TT..TAA.C ..A..TT.AA A.T.TA---- -

Fic. 1. DNA sequence of the LrtRNA gene from Ascaris suum (ASU) Caenorhabditis elegans (CEL), Meloid-
ogyne incognita (MIN), and Romanomermis culicivorax (RCU). Dots indicate nucleotide identity with ASU; dashes
are inferred deletions. Boxes identify regions of relatively high conservation among all species. Data for A.
suum and C. elegans are from another report (28). Alignments were conducted by the multiple alignment
program Pileup from the Genetics Computer Group Software package (11) using a gap weight of 5.0 and gap
length weight of 0.3.
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ND3
ASU  =memmrmmmm mmeemen naee TTGTTG GTTTTGGTTA TGGTTGTTTT ATTTACGTTA GTTTTGTTAT TTGTGTTTTA
CEL  —m--owemme mesmemnn meae A.T..A ..GC.AT.A. .A...T.AG. G..co.uCuu onnnn Buver ves P
MIN  —--vemmo== m-ree-oso- m-semmmoes mmss-s—sew emmeneec AL L. TTG.T A....T.CT. .A..A....T
RCU  —=wr-r-mo- memrmmmme meee A..ACA ...A.AA..T .AT.AA. AG. JALLLTT. .G ALCALAL.TA AAAT..AAT
ASU  TATTGGTAAT TTTGTTTTGA GATGTAAGGA TTTTTATAAG AATAAGATTT CTTCTTTTGA GTGTGGTTTT GTTAGGATTG
CEL JT.GAT.... ...T.A..A. ..AT. JALAGGA..A ..... A...A GAG.G..... - A..AG...
MIN JT...TALC, ... Toll.lT. ATAAA AA. AAA.A.GTTA .TG..A.A. AL..Coo AALALL.... AA.TATT.G.
RCU .T..AAAG.A ..CTA...T- ~-----=-~~ -..AA....A ..CC.AT... T..TA..... . JAGTCA...A
ASU GTAAAATTCA GAATTCTTTT TTTTTATTAT GATGCTTATG TTTGTTATTT TTGATTTGGA GGTGGTGATG
CEL  cAvenrenns Punenenes cuBunnnns revensnces wan AT.GevA veereernne creeees A.. AA.T..T...
MIN .A...T.A.T ATT AG..A. ..A . uiiees sevees Al TOUTTLALLT A..T.A. .....C.... AT.AT.TT.A
RCU JATGGTALTT T...AALAL. ... - AA TGGCA....T ...A...C.. ....C..A.. .T.AA..TAC
ASU  TTTCTTGGGA TTTTGGTTTC TGATTTAAAT TCTTTGATTA GATTTTTTAT GTTGTTAATA TTTATTTTTG GTGGTTTTTA
CEL CTA..Te vovAo Ao AveeeneaGe o GAT..C. .GowuvuAoo AALAL.C..C ..C..C..G. .A..A.....
MIN CUTLATTT. ...ATT..AA .TTAAATTTG AT..ATTGA. T.A.....T. A..AA.T..T ...... A. GA TAAC. ..AGT
RCU T.AT--- .C..TA...T .A......T. AA.A.A.AA. T.A...GGT. AA.T..T.AC ......... T T.ACA..A.T
ASU  TATGGAGTGG TGGTATGGTA AGTTGGTTTG GTTGATT---
CEL C..Ac.... AL Aceiainns A.AL.... AG.A...TA-
MIN LT....A..A AAALL.AT.. .AL.AA.... A..TT.GTAG
RCU .C.A..A.TT .TT.TAAA.. CAC..TC... AAAT..GTAG
CYTOCHROME B
ASU  mmemmmmmen ooe- ATTAA GTTGGATTTT GTTAATTCTA TGGTTGTTAG GTTACCGTCT AGTAAGGTTT TAACTTATGG
CEL TTGAAAATTA ATAAT.GATT A..AA..... ...... GG6G. ..T.G..G.C A..G..A... ..A..AAC.. ....A.TAA.
MIN ---ATTAATT TGATTT..GT AGAAA.A. T....AAAA. _AT.AAAGTT AAATGGAG.A GA.TTTA... .G.A....TT
RCU  mmmmmmcmmm mmmem T..TTTAA. A AA...G..AT .AAAAA...C A...TTT... CCC.TAAA.. ... AC...T.
ASU TTGGAATTTT GGTAGTATGT TGGGCATGGT TTIGGGTTTT CAGATTTTGA CTGGTACTTT TTTGGCTTTT TATTATTCTA
CEL eBereeer snenneniAr eae.To Au. .. AATC... . AeveeBee veiAeiBurs veeee ALGE
MIN  ..TTeen.. TT. CALIALLTAL LLTTT.ALG ..AG.AA. TT ..... TTA.. A..AAG...A .T....GAAT
RCU A..A...A.. A AT A. .AATT..AT. AA.ATT.A.. ..A. AT LW ATT.. . ALLLALALLA LT....G---
ASU ATGATGGTGC TTTGGCCTTT TTGAGTGTTC AATACATTAT ATATGAAGTT AATTTTGGTT GGATTTTTCG TGTTTTACAT
CEL CC...A.GTT AA.A..A... .CA.CA..G. [ ¢ T ¢ J . A. .AG.A..... AA....T...
MIN C.AGAA.AAA ...TT.T... GATTCAA... .... TT.A.. AT...G ...... AA..... ..T.AA.... .T.AA.T...
RCU ..A.CA.A.A AACCT.A... AAA..AT.AT G..TA..CCA TAT....... TTaveaas C. CA..A..A.A .TA.G.T...
ASU  TTTAATGGTG CTAGTTTGTT TTTTATTTTT TTGTATTTGC ATTTATTTAA GGGATTGTTT TTTATGAGTT AT---CGTTT
CEL ..G. .C..G..A. . ceee. AL LLALT, . ALGLALL. L. BT T e
MIN  eeens ATA. T.TC.nihun vennnn ALLA G TATA A . T A ALTLToAL Tom=mnnnnn
RCU LGALLUTTLT LLTCLL L TAL JT.ALLL ALT. Ao.... TG JALLATTCA. ... .AAA.,.
ASU GAAGAAGGTT TGGGTATCTG GTATTGTAAT TCTTCTTTTG GTTATAATGG AGGCT
CEL  A..A..A..A ..AA.G.... ..T.AAC... .TA.T.A..A ..A.....A. .A...
MIN A..A..A... ..AAATAT.. ..T.AT.... .T..T.GA.A T.A...T... .A.
RCU  A..ACTT... .. AA...TA. ..TGAT.... .T.AA....A C.A..... AR TCT.A

F16.2. Nucleotide sequence of the NADH dehydrogenase subunit 3 gene and the 5’ end of the cytochrome
b gene from Ascaris suum (ASU) Caenorhabditis elegans (CEL), Meloidogyne incognita (MIN), and Romanomermis
culicivorax (RCU). Dots indicate nucleotide identity with ASU; dashes are inferred deletions. Data for A. suum
and C. elegans are from another report (28). Alignments were conducted by the multiple alignment program
Pileup from the Genetics Computer Group Software package (11) using a gap weight of 5.0 and gap length

weight of 0.3.

and 960 bp long and were previously the
shortest metazoan 16S genes reported
(28). The R. culicivorax 16S rRNA gene is
also 960 bp long. In contrast, the M. incog-
nita 168 rRNA gene appears to be 838 bp
in size. In this species, the exact start of the
gene was determined with difficulty be-
cause noncoding intergenic sequences of
varying length immediately precede this
gene in many obligatory mitotic partheno-
genetic species in the genus (30). However,

by sequencing across the junction of the
upstream COII gene into the 5’ portion of
the 16S rRNA in M. hapla and other
Meloidogyne species without this intergenic
mtDNA sequence, we tentatively identified
and assigned the beginning of the 168
rRNA gene. In M. hapla, M. chitwoodi, and
M. naasi, the TAG termination codon of
the COII gene is immediately followed by
a conserved region of 21-23 identical nu-
cleotides among the four Meloidogyne spe-
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cies (Powers, unpubl.), a region that we in-
terpret to be the beginning of the 168
rRNA gene.

Identification of the R. culicivorax 16S
rRNA gene was achieved by complete se-
quencing of an 1,123-bp region between
the genes for cytochrome oxidase subunit
I and NADH dehydrogenase subunit 5
(Azevedo and Hyman, unpubl.). Large
open reading frames were not found in
either strand. Computer-assisted align-
ments revealed this region to contain sev-
eral highly conserved domains (Fig. 1,
boxes A-F) characteristic for 16S RNA
genes from phylogenetically distant meta-
zoans (5,9).

In the 5’ region of the 16S rRNA gene,
there is little obvious sequence homology
among R. culicivorax, M. incogmita, C. ele-
gans, and A. suum. Only the 3’ half of the
gene contains blocks of sequence con-
served among all nematodes. At nucle-
otide 10,844 (by the numbering system of
Okimoto et al. (28) for the C. elegans mito-
chondrial genome), 13 of 15 nucleotides
are shared among the four taxa (Fig. 1,
box a), and seven nucleotides downstream
exists another shared region of 10 to 13
nucleotides. Several similarly conserved
blocks are located further into the 3’ re-
gion of the gene (Fig. 1, boxes c—f). The
extremely AT rich composition (87%) of
the gene is especially notable in M. incog-
nita. At 176 residues from the start of the

TABLE 1.

gene, there is a string of 154 uninter-
rupted A~Ts. However, each of the blocks
conserved among the four nematode
mtDNAs are high in G—C composition rel-
ative to the remainder of the gene.

The uncorrected (i.e., observed and
without considering gaps) nucleotide simi-
larity for the 16S rRNA gene is between 51
and 74% for the four nematode taxa (Ta-
ble 1). Reliability of these values as an es-
timator of evolutionary divergence is di-
minished because of the considerable A-T
nucleotide bias plus the uncertainty of the
alignments. Nonetheless, these values do
indicate that the relative similarity (74%)
between the 16S rRNA genes of A. suum
and C. elegans is far greater than that ob-
served among the other species.

Inferred amino acid alignments for
ND3 and the first 120 amino acids of cy-
tochrome & are presented in Figure 3.
These regions can be aligned with greater
certainty than the 16S rRNA gene because
of the presence of blocks of conserved
amino acids. In ND3, residues 38—42 rela-
tive to the C. elegans sequence are con-
served among all nematode taxa except for
a cysteine replaced by serine at site 40 in
M. incognita. Similarly, residues 55-57 and
66—69 are conserved among the four spe-
cies. These same regions are conserved
among ND3 polypeptides from other
widely separated taxa, including Piaster, an
echinoderm thought to have diverged in

Uncorrected (observed) amino acid and nucleotide sequence divergence for pairwise compar-

isons of Caenorhabditis elegans (Ce), Ascaris suum (As), Meloidogyne incognita (Mi), and Romanomermis

culicivorax (Rc).

ND3t Cyt B LrRNA

aa "nuc TiTv aa nuc Ty Tv nuc
Ce vs As 79 74 40/46 79 72 52/48 74
Ce vs Mi 39 57 35/99 42 59 88/113 (60)
Ce vs Re 27 54 44/100 39 55 37/116 (55)
Mi vs As 41 56 36/100 42 57 42/110 (57)
Mi vs Re 30 58 30/96 38 55 36/100 (53)
As vs Re T 27 55 49/94 41 56 30/96 b1)
Ce vs mouse} 26 44 44 53 49/94

+ Percentage amino acid (aa) and nucleotide (nuc) similarity are presented for the entire NADH dehydrogenase subunit 3
(ND3), the large ribosomal RNA gene (LrRN A}, and the initial 5’ 120 amino acids (360 nucleotides) of the cytochrome 5 (CytB)
gene. TI/Tv is the number of transitions (Ti) and transversions (Tv) in each comparison. Parentheses around the LrRNA

comparisons indicate uncertainty in alignment.
F Mouse data are from Bibb et al. (5)
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ND3
[ amun] —C—
ASU  ---msmene- o LLVLVMVV LFTLVLLFVF YIGNFVLSCK DFYKNKISS |F ECGF |VSIGKI QNSFSI (‘FFII MMLMFVI | FDL
CEL  -wrmm=vmmmes -- | GRS G R A. .LI..L..1. .MG..... Al . - V.. ces
MIN  ---eeerem - T...L..L M.IVIFSL.. FFVT.FFNK. KNKLM.N.Y|. . NYL L LF Y . M I I IL
RCU  -=memmc-ome o- MT.MILLM VII.IMFMNL IFKE.YF-~- -LN..QFFL {E..SWY F.NI. NL K IGII 1T|...
ASU E|VVMFLGILY SDLNSLISFF MLLMFIFGGF YMEWWYGKLV WLI
CEL [ T S.Y...L MFl..L .............. V.
MIN < |LFL..F.YF NLNLI.WMI. WMMTL VL. .K.T..T JFL
RCU .|L-.YFLFFI FN.INMKMIN L]FN...FTL FL.FFLNT.S NNM
CYTOCHROME 8
1
ASU  -meeee- IK LDFVNSMVVS LP-SSK-VLT YG|WNFGSMLG| MVLGFQILYG TFLAFYYSND GALAFLSVQY IMYEVNFGNI
CEL ---LKINNSL .N. B N T TP. SLM..ST... .........
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Fic. 3. Amino acid alignment of the NADH dehydrogenase subunit 3 gene and the 5’ portion of the
cytochrome & gene from Ascaris suum (ASU) Caenorhabditis elegans (CEL), Meloidogyne incognita (MIN), and
Romanomermis culicivorax (RCU). Dots indicate nucleotide identity with ASU; dashes are inferred deletions,
Boxes identify regions of relatively high conservation among all species. Data for A. suum and C. elegans are
from another report (28). Alignments were conducted by the multiple alignment program Pileup from the
Genetics Computer Group Software package (11) using a gap weight of 5.0 and gap length weight of 0.3.

the same evolutionary time frame as Secer-
nentean nematodes (35).

The first 120 amino acids of cytochrome
b display a slightly higher degree of con-
servation than the complete ND3 proteins.
Particularly notable is the region from res-
idues 28-35, which appears homologous
to the Q1 redox center functionally in-
volved in electron transport (Fig. 3, box d)
(16).

Uncorrected divergence estimates for
the ND3 and cytochrome & genes and their
encoded polypeptides from the four
nematode taxa are presented in Table 1.
In both genes, C. elegans and A. suum share
nearly twice as many amino acids than any
other pairwise comparison. The ND3
amino acid similarity of 79% between these
two species is dramatically higher than the
next highest value, 41% for M. incognita vs
A, suum. Cytochrome &, which evolves at a
slower rate than ND3 (6), also displays ex-
ceptionally low amino acid similarity for all
comparisons involving M. incognita and R.
culictvorax.

The transition/tranversion ratio (Ti/Tv)
is another means for evaluating the extent
of mutational saturation between two taxa
(34). Typically for mitochondrial DNA se-

quences, transitions initially accumulate at
an approximately 10-fold higher rate than
transversions (6,34). As the age of diver-
gence increases, the percentage of tranver-
sions gradually increases until they pre-
dominate as the major class of substitution.
For the sequence comparisons presented
here, only the C. elegans—A. suum compari-
sons display transition/transversion ratios
within a range indicating that divergence
times can be calculated realistically.

For the two protein coding genes, there
were 45 invariant and 172 polymorphic
amino acid sites, excluding positions where
there were missing data due to gaps and
unequal gene lengths. Only 21 of the poly-
morphic positions were “phylogenetically
informative” (34), i.e., the amino acids
were shared by two taxa but differed from
a common amino acid shared by the other
two taxa. Each of the phylogenetically in-
formative sites supported a C. elegans—A.
suum clade. Not a single site supported a C.
elegans—M. incognita or a C. elegans—R. cul-
civorax grouping, consistant with affinities
perviously generated using mitochondrial
tRNA and codon usage analysis (38).

Comparative sequence data from the
two protein coding genes and the 16S
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rRNA genes indicate extremely ancient
roots for the separation of basic nematode
lineages. Conversely, a relatively recent di-
vergence is supported for the ascarid—
rhabditid lineages compared to the lineage
leading to the tylenchid plant parasites.
The ascarid—rhabditid split is estimated to
have occurred approximately 65 million
years ago, assuming the rate of nematode
mitochondrial evolution is equivalent to
mammals (28). However, a slow rate of ev-
olution could also explain the genetic sim-
ilarity between C. elegans and A. suum. We
consider this possibility unlikely in light of
the extreme level of divergence observed
when mitochondrial genes from these two
nematodes are compared with those de-
rived from M. incognita and R. culicivorax.
These alignments argue against rate decel-
eration among the Nematoda as the sole
explanation for the “close” phylogenetic
relationship of C. elegans and A. suum as
assessed by mtDNA analysis. Furthermore,
an examination of the mitochondrial COII
gene in C. elegans and other Caenorhabditis
species has demonstrated high rates of mi-
tochondrial evolution relative to nuclear
rates, as observed in other animal systems
(6,7,36,37).

The mitochondrial genomes of A. suum
and C. elegans exhibit A + T compositions
of 70.4 and 75.5%, respectively (28). Con-
vergent evolution of nucleotide bias can
artifactually support certain phylogenetic
affinities, a situation that has confounded
the apparent relationship between birds
and mammals (13,25). However, several
independent lines of evidence argue that
A. suum and C. elegans are the most closely
related among the nematode genera char-
acterized in this study. Amino acid align-
ment of two different mitochondrial genes
reveals levels of similarity significantly ele-
vated over any other pairwise comparison
(Table 1); nucleotide frequencies in codon
positions one and two are nearly identical
only among A. suum and C. elegans mito-
chondrial protein coding genes (28; Aze-
vedo and Hyman, unpubl.); T¥/Tv ratios
are informative only in A. suum—C. elegans
comparisons (Table 1); and R. culicivorax

and M. incognita both exhibit m(DNA A +
T contents of over 80%, but otherwise are
dissimilar in amino acid similarity and
codon composition.

The three Secernentean subclasses con-
sidered here have previously been classi-
fied based upon behavorial and anatomical
definitions. Spiruria is characterized, in
part, as a wholly parasitic group possessing
an esophagus without valves. The most
distinctive character of Rhabditia is the
uniquely valved esophagus or its derivities
indicative of an ancestry involving bacte-
rial feeding. Members of Diplogasteria are
generally distinguished by a three-part
esophagus, which is often associated with
movable stomatal armature. The Secer-
nentean plant parasites are included in this
group. The distinction of ancient lineages
is also emphasized in a hypothetical evolu-
tionary tree, which depicts separation of
the basic Secernentean lineages occurring
in the Cambrian period over 550 million
years ago (29). From a systematic perspec-
tive, the relatively close relationship be-
tween C. elegans and A. suum indicates that
either Ascaris is misplaced in the Spiruria
or that the subclass divergences are highly
unequal. In order to address this question,
additional members of each subclass re-
quire examination.

Dating the diplogasterid split from the
other secernenteans will not be a simple
matter using the mitochondrial sequence
data from the genes analyzed here. For
Meloidogyne and Romanomermis, homologies
among the genes are barely recognizable.
Even by the most conservative estimates,
Ti/Tv ratios, amino acid similarity, and
16S rRNA gene comparisons, the diver-
gence of the basic lineages in Secernentea
are too old for resolution. In contrast, Pi-
aster and Asterina, two sea stars from dif-
ferent Echinoderm orders that diverged
over 500 million years ago, have an amino
acid sequence identity of 70.9% for ND3,
and the Piaster—Drosophila yakuba compari-
son for the same gene i1s 55.6%. All the
nematode ND3 amino acid comparisons
(except C. elegans—A. suum) were =41%.
Importantly, there are several highly con-
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served amino acid residues in the ND3
gene that are shared among virtually all
invertebrates. These include residues
ECGF at position 39—42 relative to the
echinoderm alignment (35), FF at 56-57,
and FDLE at 66-69 (Fig. 3, boxes a—).

This extreme divergence between the
lineages represented by C. elegans and
Meloidogyne has implications beyond that
of systematics. Many techniques in molec-
ular biology operate under an assumption
of nucleotide similarity in order to isolate
genes from organisms with a limited his-
tory of genetic investigation. Given the
wealth of DNA sequence data generated
by research with C. elegans, a natural start-
ing point for isolation of a gene from a
plant-parasitic nematode might be the C.
elegans database. Indeed, cloned DNA seg-
ments from C. elegans have been success-
fully applied in several cases as hybridiza-
tion probes for the selection of genes from
plant parasites (4,10). Yet, as is evident
from these comparisons, successful appli-
cation of a C. elegans gene in a search for
homologous coding sequences from a
plant parasite should not be expected just
because the source is another nematode.
Sequence comparisons across a broad tax-
onomic range could improve strategies for
identification of genes of interest from
plant-parasitic nematodes.
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