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Abstract. The extracellular hemoglobins of cladocer- Introduction

ans derive from the aggregation of 12 two-domain globin ] ) ) )
subunits that are apparently encoded by four genes. Thi¥0 Protein-coding gene family has played a more im-
study establishes that at least some of these genes ocdefrt@nt role than hemoglobin (Hb) in advancing the un-
as a tandem array in boaphnia magnandDaphnia d_erstandm_g of molecular evolution. Most of these in-
exilis. The genes share a uniform structure: a bridge inSights derive from the study of vertebrates, but there is

tron separates two globin domains which each includdncréasing interest in the globins from invertebrates be-
three exons and two introns. Introns are small, averaginG&USe of their higher structural diversity (Bolognesi et al.

just 77 bp, but a longer sequence (2.2-3.2 kb) separat 97). All vgrtebrates produce intra_lcellular HIMT(:'
adjacent globin genes. A survey of structural diversity in©4000) derived from the aggregation of four similarly

globin genes from other daphniids revealed three indeSiZ€d, single-domain globins. The genes encoding these

pendent cases of intron loss, but exon lengths were idersubunits invariably consist of three exons interrupted by
tical, excepting a 3-bp insertion in exon 5%imocepha- two introns which are constantly positioned in the se-
lus. Heterogeneity in the extent of nucleotide divergenceduences encoding the B and G helices of the globin

was marked among exons, largely as a result of the proI:nolecule (Jgffries 1982). In contrast, invertebrate Hbs
nounced diversification of the terminal exon. This varia- POSSess sufficiently varied structures to have forced the

tion reflected, in part, varying exposure to concerted evo development of a nomenclatural system which classifies

lution. Conversion events were frequent in exons 1—4 bufnolecules on the basis of their variation in both the num-

were absent from exons 5 and 6. Because of this differP€" of 0xygen binding domains (single, two, multiple) in
ach globin subunit and the number of these subunits

ence, the results of phylogenetic analyses were strongly“ . : i
affected by the sequences employed in this constructiorfSingle, multiple) which aggregate to form functional Hb

Phylogenies based on total nucleotide divergence in extYinogradov et al. 1993). As a result of this structural
ons 1-4 revealed affinities among all genes isolated fronflIVersity, these Hbs vary substantially in size, with mo-
a single species, reflecting the impact of gene conversioffcular weights ranging from 2.0 x 100 1.2 x 10
events. In contrast, phylogenies based on total nucleotid€’€€ters et al. 1990). Some invertebrate globin genes

divergence in exons 5 and 6 revealed affinities amongfhare the intron:exon structure of vertebrates, but others
orthologous genes from different taxa. possess a central intron interrupting the sequence encod:

ing the E helix at varying positions (Moens et al. 1992;
Hardison 1996). In some nematodes and plants, this cen-
tral intron occurs together with the usual introns, appar-
ently reflecting the structure of the ancestral globin gene
(Dixon et al. 1992; Trevaskis et al. 1997). However,
Correspondence tdr. Paul D.N. Heberte-mail: phebert@uoguelph.ca  other invertebrates (Mansell et al. 1993; Kao et al. 1994;
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Gruhl et al. 1997) have only a single intron in the se-lution of multigene families, this study examined the

guence encoding the E helix, or none at all. impacts of gene conversion events on exon evolution.
The architecture of globin genes in many inverte-

brates is further complicated in two ways. In species

which produce extracellular Hbs, there is typically a 50 Materials and Methods

to 70-bp coding sequence which is upstream of the 5

terminus of each globin gene and is separated from it b

an intron. This sequence codes for an hydrophobic signa

peptide which is attached to the N terminus of the pre-A _ . . .
. . L At least one representative was examined from five of the six genera

helix of the globin molecule and aids its transfer from the, ..., comprise the family Daphniida€eriodaphnia, Daphnia, Daph-

cell into the hemolymph. A second complication occursniopsis, Scapholeberignd SimocephalusThe genus excluded from

in species with globin subunits consisting of two or morethe study,Megafenestrais closely allied toScapholeberisAnalysis

domains; the genes encoding these subunits consist {frcused on the genusaphnia which is partitioned into three deeply

iuxtaposed sinale-domain units that are separated fro divergent subgenera (Colbourne and Hebert 1996). Three members of
] P g P Mhe subgenusCtenodaphniawere analyzed-B. exilis (Texas),D.

one another by a bridge intron. In the molluB&rbata  magna(Nebraska), an®. longicephala(South Australia): one species

(Suzuki et al. 1996), which produces a two-domain glo-of Hyalodaphnia—D. mendotagOntario); and three species of the

bin subunit, a single bridge intron is present, while nominate subgenusB: ambigua(Florida), D. obtusa(New Jersey),

anostracan crustaceans produce a nine-domain globe‘dD' pulicaria (Ontario). Ceriodaphnia, Scapholeberis, Simocepha-
. . . . . ._lus,andDaphniopsis ephemeraligere also collected from Ontario. A

subunit which derives from a series of SlngIe'domamsingle isolate of each taxon was established in culture, so that all DNA

units, each separated by a bridge intron (Manning et alextractions derived from a clonal lineage.

1990; Trotman et al. 1994; Jellie et al. 1996). Members

of three other crustacean lineages (cladocerans, ?onChgtandard PCR

stracans, notostracans) also produce two-domain sub-

units (Peeters et al. 1990), but the intron:exon architec-
( . . ) Total DNA was extracted using CTAB protocols (Doyle and Doyle
ture of their genes is unknown.

) 1987). Polymerase chain reaction (PCR) amplifications consisted of
The cladoceran crustaceans are a particularly attrago-ul reactions containing buffer (Boehringer Mannheim), 1.51m

tive target for comparative studies of Hb evolution. Not MgCl,, a 200uM concentration of each dNTP, a .3/ concentration
only is the group taxonomically diverse (>1000 speciest each primer1 U of Tagpolymerase, and il of DNA template.

. . ._ PCR amplification involved 36 cycles of 30 s at 94°C, 45 s at 55°C, and
11 families), but all of its members appear to syntheS|zel min at 72°C and 1 cycle of 6 min at 72°C

Hb, in contrast to many other inV?rtebrate_ _”neage_& Three primers (see www.cladocera.uoguelph.ca) were designed
where only a few taxa share the trait. In addition, theirbased upon sequence information for the globin gen®.irmagna
occupancy of marine and freshwater habitats from po|afT0kiShita et al. 1997) and tested to ensure that they generated PCR
to tropical regions enables studies examining rates o roducts of the expected size. The products were gel purified using

| I Ut der differi . | iaex Il (Qiagen) and sequenced using the ABI prism Big Dye Ter-
mo ecu a_‘r evo _u“on unaer di grlng eljwr_onmenta r_e- minator Cycle sequencing kit on an ABI 377 Automated Sequencer
gimes. Flnally, in contrast to their constitutive exXpression(perkin—Elmer). PCR amplification and sequencing Borexilis, D.
in vertebrates, cladoceran Hbs show striking inducibilitymagna, D. longicephala, D. mendotae, DaphniopsiglSimocephalus
(FOX and Phear 1953)_ Although Hbs of the cIadocerarFsed the H1F/H1R primers (Fig. 1A), while the H2F/H1R primer com-

. . . bination was used for taxa where HIF failed to bind to template DNA.

Daphniawere some of the first proteins to undergo struc-
tural analysis (Svedberg and Eriksson-Quensel 1934),
study of their evolutionary divergence has been coniong PCR
strained by the limited knowledge of their genetic con-
trol. Recent studies have shown tixphniaHb is com-  Long PCR protocols were used to ascertain if the HIF/H1R primers
posed of 12 globin chainsM, — 420’000) Consisting of Would generate products longer than the standard 1.3-kb fragment, as

. expected if there were tandemly duplicated genes which conserved
four subunits ¢, B1, B2, andy), presumably encoded by these sequences. This analysis focusedDormagnaand D. exilis

different genes (Peeters et al. 1990). T_he isolation of &ecause of the higher likelihood of sequence conservation within the
cDNA clone of one Hb gene frorDaphnia magnehas  subgenus. Long PCR reactions utilized Buffer System 3 and its rec-

shown that it encodes an 18-amino acid (aa) signal pepmmended components in the Expand Long Template System (Boeh-

tide followed by two globin domains of 176 and 154 aa, ringer Mannheim). PCR involved 2 min of initial denaturing at 92°C;
. . . . . 10 cycles of 10 s at 92°C, 30 s at 65°C, and 8 min at 68°C; followed

respectively, with th,e f!rSt domain possessing a Iongerby 20 cycles of 10 s at 92°C, 30 s at 65°C, and 8 min at 68°C, with a

pre-A segment (Tokishita et al. 1997). 20-s increment in each subsequent cycle; and one final cycle of 6 min

This study aimed to provide further details concerningat 68°C. Identical protocols were employed for reamplifications except
the architecture of globin genes in the cladoceran familyfor a reduction from 20 to 15 cycles.
Daphniidae It also sought to confirm the presence of a In both species, long PCR protocols generated the standard 1.3-kb

familv of alobin aenes and to ascertain the extent Ofproduct and a longer product. The 1.3-kb fragments fianexilis and
Yy 9 9 D. magnawere directly sequenced, but efforts to sequence the long

sequence divergence among them. Finally, because COoBroducts failed due to inadequate template. Because of internal prim-
certed evolution plays such an important role in the evo-ing, reamplifications with H1IF/H1R did not lead to an increased con-

ladoceran Samples
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Fig. 1. Diagrammatic representation of Hb genes in cladocerans. from D. exilis (EH; 5.2 kb) andD. magna(MH; 6.2 kb). Stop codon,
Gene structure of the presumptive H1 gene from standard PCR amonag; polyadenylation signal, b; flanking region, c; start codon, d; signal
all daphniids (excepting three cases of intron loss noted elsewherepeptide, e; C- and N-terminal extensiofs, The positions of primers
exon (3); intron (—). B Cloned tandem array of two globin genes used for amplification or sequencing primers are showratgws.

centration of the large product. As a result, thesd of the H1F primer  scanned for regulatory signals and intron placement using GENSCAN
was extended to include 17 bp of the universal M13(-20) forward (Burge 1998).

primer and this new primer M13H1F was paired with H1R (see www. Phylogenetic relationships among globin genes were assessed using
cladocera.uoguelph.ca). Subsequent reamplification, which employedeighbor-joining (NJ) methods. Cladistic analyses were not employed
the M13.20 primer along with H1R to escape internal priming, pro- because of the interpretational problems which arise when there is
duced enough of the long product to enable cloning. Following gelvarying exposure to concerted evolution (Sanderson and Doyle 1992).
purification, the long PCR fragments frobr exilis were cloned with

the Zero Background Cloning Kit (Invitrogen) and those frdn

magnawere cloned with the TOPO-XL PCR Cloning Kit (Invitrogen).

Plasmids were extracted using a standard alkaline lysis prep and diR€SUItS

rectly purified with PEG8000 (13%) precipitation. DNA from five

clones of bothD. exilis andD. magnawas sequenced, initially using

primers encoded in the cloning vector and subsequently using primer€haracterization of HbsD. exilis and D. magna

designed from intron sequences (see www.cladocera.uoguelph.ca). To

confirm the distinctiveness of the globin gene which was dominantsequencing of the 1.3-kb products from standard PCR
under standard PCR protocols, it was also cloned and sequenced. confirmed that they contained a globin gene which was
termed EH1 foD. exilisand MH1 forD. magna.Both
Data Analysis genes shgred the same structure; they contajned two glo-
bin domains separated by a bridge intron, with each do-
All nucleotide and amino acid sequences were aligned against thén@in consisting of three exons and two introns (Fig. 1A).
known D. magnaglobin gene (GenBank accession No. U67067) using The MH1 sequence derived in this fashion was identical
the Seqapp 1.9a sequence editor (Gilbert 1992). All distance matricefg that obtained from sequencing a cloned copy of the
were constructed in MEGA 1.02 (Kumar et al. 1993) using the K2P igene The Iong PCR pl’OtOCOl generated a1.3-kb product

model (Kimura 1980) for nucleotide sequences and p-distances fo . -
amino acid sequences. Synonymous and nonsynonymous nucleoti nd another less abundant prOdUCt in bbthexilis and

substitutions in coding regions were determined in MEGA using theD- magna(5.2 and 6.2 kb, re.Spec'[ivel)’)- .
Jukes—Cantor (1969) correction. All potential gene sequences were NO sequence heterogeneity was detected in the long
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Fig. 2. Fine structure of the globin gene, with sequence lengths markeld. fexilis (abovg andD. magna(below). Structural information for
the 5 end of the gene (flanking region to intron 1) was derived from EH1 and MH2, while 'tlea@® [exon 6 to poly(A)tail] was derived from
EH2 and MH3. Central regions were similar in all four genes, excepting intron lengths reported in Table 3.

PCR products fronD. exilis, each clone consisted of two tions, with each nucleotide representing approximately
globin genes separated by a large intergenic spacer. Org)—-30%, but exon 6 showed a significant increase in
of these genes was identical to EH1, while the secondhymine (as high as 35%) and a decrease in adenine (as
gene, which was located upstream, was termed EH2 (Fidow as 13%).

1B). The large PCR product fromd. magnaalso con-

tained two Hb genes separated by a large intergenic re- . .

gion, but as both showed substantial sequence divero€duence Divergenc®. exilis and D. magna

gence from MHL1, they were called MH2 and MHS3. In I . . .
o Because the length variation of introns complicated their
contrast toD. exilis, the clones fronD. magnashowed ; . :
. . ... alignment, sequence comparisons were restricted to the
sequence heterogeneity. This sequence variation in- .
. U . .. _ exons. Exons for all four genes frobh magna includ-
cluded a single nucleotide insertion and/or deletion in an . 5
) . . Ing that isolated by Tokishita et al. (1997), were com-
intron of one gene (MH2), as well as nucleotide substi-

tutions in both exon and intron regions. However, Se_pared, as well as both genes frdm exilis. Nucleotide

uence divergence among isolates was small, never e>‘?—nd amino acid divergences among the genes fiom
geeding 0 10/(? 9 ' magnawere substantial (3.0-8.7 and 2.4-11.0%). This

All five Hb genes (EH1-2, MH1-3) shared the sametrend was sustained iD. exilis—its two genes showed

0 . . o :
structure and intron placement (Fig. 1). The first intron in8'4A) nucleotide divergence and 7.1% divergence in the

each domain (introns 1 and 4) followed the B12-2 posi-amlno acid composition of their produpts (Table 2a).
As expected, levels of sequence divergence for syn-

tion (i.e., the second nucleotide in the 12th codon of the nymous substitutions were higher (>5x) than for non-

B helix), the second intron in each domain (introns 2 and0 L
5) followed the G6 codon, and the bridge intron (intron synonymous substitutions (Table 2b). Levels of both

3) followed the H29-2 position. The sequence from thefglggcglm ouunsifoarrr:qd ar::giln;”n )ér;:nuss Z:?:tlttil:lo?hse vlvaesrte
5 terminus of EH1 and MH2 revealed an additional Y ' pung

intron (intron 0) separating the pre-A segment from the(exon 6), which showed a nearly 10-fold higher level of

sequence coding for the signal peptide (22 aa). VariationSequence divergence.

in exon lengths was detected only in thedhd 3 ter-

minal regions of the global genes (Fig. 2). As a result ofStructural Analysis of the Presumptive H1 Gene:

this variation, the pre-A region of domain 1 was two aaA|l Daphniids

longer in EH1 than in MH2, while the terminal domain

was one aa longer in EH2 than in MH3. The H1F/H1R primers generated a PCR product for all
Examination of exon:intron junctions revealed the members of two subgener@tenodaphnia, Hyalodaph-

GT/AG splice signals that ordinarily mark thé &nd 3 nia) in the genusDaphnia but failed for the nominate

boundaries of introns (Zhang 1998), except for MH2 subgenus. However, these primers did generate product

clone 4, which had an AT/AG splice signal for intron 2. for species of bottDaphniopsisand SimocephalusThe

GENSCAN analysis of all Hb genes resulted in the rec-combination of the H2F/H1R primers generated products

ognition of expected regulatory signals and exon:intronfor all of the remaining taxa, exceptingcapholeberis

junctions (Fig. 2)D. exilis used a standard polyadenyl- which failed to amplify with either pair. Most PCR re-

ation signal (AATAAA), while D. magnaemployed a actions generated a single-sized product, but, as two

different signal (AATACA) as reported by Tokishita et bands were evident irfCeriodaphnia each was se-

al. (1997). All introns (introns 0 to 5) were small, aver- quenced. Sequences were obtained for all taxa, but due tc

aging just 77 bp inD. exilis and 76 bp inD. magna the admixture of two or more templates, only a few ex-

(Table 1). When the large intervening sequences sepans were unambiguously aligned for mendota@andD.

rating EH1/EH2 and MH2/MH3 were analyzed using pulicaria. As a result, these taxa were excluded from the

GENSCAN, no coding sequences were detected. Thdistance and phylogenetic analyses.

A/T content of these intergenic regions was 69%, a value The structure of these globin genes was generally

similar to the A/T content of the introns (63%) but higher similar to those oD. exilisandD. magna.The position-

than the A/T content of exons (approximately 44—47%).ing of introns was conserved, and the introns were small,

Exons 1 through 5 showed similar nucleotide composi-with an average length of just 73 bp (Table 1). However,
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Table 1. Exon and intron lengths for daphniid Hb genes determined through sequence analysis of cloned or PCR-ampifbetli{t$

Exon (bp)
Domain 1 Domain 2

1 2 3 4 5 6 Total nt amplified
Daphniid spp. 114 226 125 123 226 78 892
Simocephalus 114 226 125 123 229 78 895

Intron (bp)
Domain 1 Domain 2
Pre-A, _ Bridge,

Taxon Gene Clone 0 1 2 3 4 5
D. exilis 1 1x 64 61 74 113 77 75

2 1 — 62 72 117 66 70
D. magna 1 * — 61 77 93 73 75

2 1,2,5 67 60 76 117 74 71

3 67 60 76 117 73 71
4 67 60 76 117 75 71

3 1-5 — 61 80 93 69 71
D. longicephala 1 * — 60 80 91 71 71
D. ephemeralis 1 * — 64 70 87 58 71
D. obtusé& 1 * — — 67 69 71 57
D. ambigu& 1 * — — 71 69 72 63
Ceriodaphni& 1 * — — 74 141 56 79

2 * — — 68 72 0 69
Simocephalus 1 * — 64 0 63 69 73
D. mendotae 1 * — 0 72 — — —
D. pulicaria® 1 * — — s — — —

astandard PCR amplifications truncated tHeeBd of exon 1 and the  ® AT/AG slice site; all other intron boundaries conformed to the usual
3’ end of exon 6. Where complete sequence information was obtaine&T/AG signal.

through long PCR, the extent of truncation ranged from 41 to 47 and® Denotes taxa amplified with H2F/H1R primers (total exon length of
from 36 to 39 bp, respectively. The initiation of exon 1 was marked by 738 bp); the HLF/H1R primers were used for all others.

the 3 terminus of intron 0, while exon 6 terminated before the stop

codon. Dashes indicate unavailable data. nt, nucleotides.

several cases of intron loss were detected. Intron 1 wasere most closely allied, and those from the other two
absent fromD. mendotagintron 2 was absent frorBi-  subgenera oDaphniashowed the next closest relation-
mocephalusand intron 4 was absent from one of the ship. The genu®aphniopsis which is closely allied to
Ceriodaphniagenes. Daphnig showed the next closest similarity in globin
sequences, while the globins 8fmocephaluand Ceri-
odaphniawere much more distinctive.

The NJ tree based on nonsynonymous substitutions

Sequence alignments were simplified because of théevealed a different pattern, as genes no longer grouped
identity in size of the exon regions amplified by H1F/ according to their source taxon (Fig. 3B). Instead the H1
H2R, excepting the insertion of a single codon in exon 5gene fromD. exilis showed a close affinity to the H1

of SimocephalusThe initial phenetic analysis of nucleo- gene fromD. magnaand to the gene (MTOK) isolated by
tide divergence, which was conducted without an out-Tokishita et al. (1997). Similarly the H2 gene fron
group, established that the two genes fréeriodaphnia  exilis grouped with the globin gene fro. longi-
were most divergent. As a result, these genes were engephala. The phylogenetic affinities of the remaining
ployed as an outgroup in subsequent phylogenetic analygenes generally approximated those expected based or

Phylogenetic Analyses: All Daphniids

ses. taxonomic affinities, but the sole globin gene isolated
When synonymous substitutions were examined vigrom D. ambiguawas unexpectedly divergent.
NJ analysis (Fig. 3A), all four genes frol. magna Phylogenetic analysis (Fig. 3), based on consideration

formed a single clade, as did the pair of genes fildm of both synonymous and nonsynonymous substitutions,
exilis. As a group the globin genes showed patterns ofindicated that the MH1 gene was very similar to the gene
relationship mirroring accepted taxonomic affinities. isolated by Tokishita et al. (1997). This similarity sug-
Globin genes from the three species @fenodaphnia gests that the latter gene represents an allelic variant at
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Table 2a. Sequence distance matrix for nucleotide and amino acidTable 2b. Sequence distance matrix for synonymous (lower-left ma-
data based on Kimura's two-parameter (lower-left matrix) and p-trix) and nonsynonymous (upper-right matrix) nucleotide substitutions
distances (upper-right matrix), respectively, with pairwise deletions ofusing the Jukes—Cantor-corrected proportion of differences with pair-

gaps and missing ddta wise deletions for gaps and missing data
EH1 EH2 MHL  MH2  MH3  MTOK EHL  EH2  MH1  MH2 MH3  MTOK
EH1 — 0.071 0.071 0.104 0.098 0.054 EH1 — 0.037 0.032 0.055 0.053 0.024
EH2 0.084 — 0.122 0.100 0.097 0.104 EH2 0.263 — 0.059 0.047 0.046 0.050
(0.038) MH1 0.252 0305 — 0.047  0.048 0.011
MH1 0.079 0.111 — 0.096 0.091 0.024 MH2 0.305 0.214 0.233 — 0.052 0.046
(0.036) (0.065) MH3 0.354 0.268 0.193 0.193 — 0.047
MH2 0.106 0.082 0.087 — 0.110 0.094 MTOK 0.242 0.309 0.097 0.244 0.223 —
(0.056)  (0.048) (0.050)
MH3 0.112 0.092 0.080 0.082 — 0.088 @The mean distances among all pairwise comparisons are shown for
(0.058) (0.054) (0.049) (0.054) the five MH2 and MH3 clones. MTOK represens magnafrom
MTOK  0.069 0.103 0.030 0.087 0.084 — Tokishita et al. (1997).
(0.027) (0.056) (0.012) (0.048) (0.047)
2Values in parentheses represent sequence distance analyses withcﬂ 97 MH1
third codon positions. For the five MH2 and MH3 clones, the average ﬂd-EAJS;(
distances among all pairwise comparisons are shown. MTOK repre- 50 2 MH2
sentsD. magnafrom Tokishita et al. (1997). a7 97 LI:EI-IEZH1
———————D. longicephala
D. obtusa 1
the MH1 locus and it is hereafter termed MH1*. This -D. ambigua
conclusion was reinforced by consideration of the signa Simocegzngsmps's ephemeralis
peptides from MH1* and the orthologous gene fré@m Ceriodaphnia 1 & o

= Ceriodaphnia 2
exilis (EH1). Both synonymous and nonsynonymous

substitutions supported a much closer relationship be-
tween the EH1 and MH1* signal peptides than with the B MTOK
MH2 signal peptide (Fig. 4).

D. longicephala
Daphniopsis ephemeralis
D. obtusa 1

- Simocephalus
A comparison of nucleotide sequences in the four gene ‘“—gézg"gg",’;ia . —
from D. magnaand two genes fronD. exilis revealed Ceriodaphnia 2 it

divergent patterns of subst_ltunons among exons (Fig. 5Fig. 3. Phylogenetic trees based on synonymgAjsand nonsynony-
Table 3). Concerted evolution was apparent at 16 of 196nous(B) nucleotide substitution rates produced using the neighbor-
codons in exons 1-4 and, in all but one case (15; twqoining (NJ) method with the Jukes—Cantor-corrected proportion of
nucleotides), involved a single nucleotide position. |In-differences. The branch numbers represent bootstrap values that were
terestingly the MH1* gene shared the nucleotides char50% or greater (1000 replicates, with distances based on pairwise de-

L. letion of gaps and missing sites) derived from MEGA (Kumar et al.
acteristic of MH1 at 13 of these 16 codons. In ContraSt'lg%). The NJ trees were rooted wi€eriodaphniagenes 1 and 2.

none of the nucleotide positions in the 102 codons inconsensus sequences were employed for MH2 and MH3. MTOK rep-
exons 5 and 6 showed evidence of gene conversionesentsD. magnafrom Tokishita et al. (1997).

Codons showing the effects of concerted evolution were

within 95 bp of the 5 terminus of exons 1, 3, and 4, ) ) _

while in exon 2, which was twice as long as the otherPacted by concerted evolution and of sites showing gene-

exons, conversion tracts occurred within 95 bp of its 5 specmf: substitutions had strong impacts on phylogenetic

and 3 termini, while its central region lacked these sites.@nalysis. The cladogram for exons 1-4 was markedly
Twenty-three gene-specific codons were present bu@fferent from that fo_r exons 5 and 6, Wlth the termmal

only five of these sites were in exons 1-4 (Table 3). WithP&ir of exons recovering a gene tree, while analysis of the

a single exception, the gene-specific codons in these exRther exons revealed a species tree (Fig. 6).

ons were in regions unimpacted by gene conversion, oc-

curring near the 3termini of exons 1, 3, and 4 or in the

central region of exon 2 (Fig. 5). In contrast, gene-Discussion

specific substitutions were more common in exon 5 and

especially so in exon 6, occurring near tHeehd of both  The earlier sequence characterization of a single globin

exons. cDNA clone from Daphnia magnaindicated its two-
The differential distribution across exons of sites im-domain structure (Tokishita et al. 1997). The present

Patterns of Sequence Divergend2: magnaand 94
D. exilis o
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A I EH1 fication of an array of similarly sized products. In some

MH1 species, one amplified fragment was dominant enough so

MH2 that its sequence characterization was possible. In other
cases, sequencing was successful because PCR produc

EH1
B —'lr varied in size as a consequence of the deletion of an
MH2 intron in one of the genes which was amplified. How-
ever, the most detailed information on gene diversity
& obn resulted from coupling long PCR with cloning. This

Fig. 4. NJ trees of synonymou#) and nonsynonymou@®) nucleo- ~ work showed that some, if not all, globin geneaph-

tide substitutions for signal peptide sequences for three globin genepia occur as tandem arrays separated by relatively long
from D. magnaand D. exilis based on the Jukes—Cantor corrected intergenic spacers. Two globin genes were isolated from

tion of diff . - '
proportion of ciierences D. exilis, and three fromD. magna.The occurrence of
) _ multiple globin genes is not surprising since peptide

study has established that these domains are separated fiy,|ysis has suggested the presence of at least four gene
a bridge intron reminiscent of that in the molluBlar-  (pgeters et al. 1990). However, the discovery of sequence
bata (Naito et al. 1991; Suzuki et al. 1996). The bridge i ergence among all five tandem arrays fremmagna
intron in Daphniainterrupts the codon for aa 29 in the H suggests that each array must be repeated at least thre

hehx., indicating that the tWC.) domams are now SUUCU imes in the genome, even if half of the variants represent
ally integrated. Each domain typically consists of threeaIIeIiC alternatives

Zx?r}s and twc_)dmtrt(;nsd, ?"thfhuﬁ‘hdse‘k’]ef?g cellstes of m;tjr_on The sequence analysis of globin genes isolated
cletion were identified In other daphniids. introns or I'through long PCR indicated that an additional intron

narily interrupted the sequences coding for the B and G , .
helices of the globin molecule and their placement (fol_separated the''end of the globin gene from the sequence

lowing B12-2, between G6 and G7) coincided with thatenCOdIng a S|gn_al peptide that not only was the same
. . . length (22 aa) in bottD. magnaand D. exilis, but
in many other taxa, including the only other crustacean

which has been examinedytemia (Jellie et al. 1996). showed less sequence diverge'nce than the glopin gene:
However, these intron placements differ from those inthemselves. These signal peptld_es are four amino acids
globin genes of the diptera@hironomus which either longer than that_reporte(_d by TO.k'Sh'ta et al. (1997), but
lack introns or possess a single intron in the sequenc ey Iac_ked the_mformatlon on intron placement ”ee‘?'eo'
coding the E helix (Kao et al. 1994). This divergencetO identify preC|s_er the bounglary between the_ peptide
suggests that the basal arthropod lineage possessed &ffd the pre-A helix of the globin gene. The cloning stud-
three introns and that the central intron was excised if€S @S0 revealed the separation of daphniid globin genes
crustaceans, while the B and G introns were lost in in-PY @ large intergenic region. This A/T-rich tract, which
sects. lacks coding sequences, is 2.2 kb longDn exilis and
Jellie et al. (1996) proposed that the loss of the centra€@rly 1 kb longer irD. magna Although these regions
intron (E-helix) antedated the duplication events which@reé not remarkably large in a broader taxonomic context,
led to the multidomain globin gene now presentAin they are 30-40 times longer than the introns, which av-
temia. The cladocerans support this hypothesis, as thegraged only 77 bp. These introns are far smaller than
possess one of the presumed transitional stages, a twfomologous introns in the globin genes Aftemia
domain globin lacking a central intron. Since all four Which average 2165 bp in length (Jellie et al. 1996), and
orders comprising the branchiopods produce globingire among the smallest yet reported for arthropods, being
with two or more domains, the first round of globin matched only by those in drosophilids (Mount et al.
duplication likely occurred prior to their diversification 1992; Moriyama et al. 1998). These two groups of or-
(Fig. 7). As all of these lineages, barring the cladoceransganisms also possess among the smallest genome size
which derive from the conchostracans (Taylor et al.(2C < 0.4 pg) known for arthropods (Beaton and Hebert
1999), are represented in the fossil record some 400 mil1989). By way of comparison, the genome sizeAote-
lion years ago (Gray 1988), two-domain globins origi- miais more than seven times as large (Rheinsmith et al.
nated in the early Paleozoic, explaining the low sequencé&974). Since the maintenance of small genome sizes ap-
similarity between the two globin domains Daphnia  pears to require an effective mechanism for scouring the
(Tokishita et al. 1997). This model of globin evolution genome of nonfunctional DNA (Petrov and Hartl 1997),
also predicts that a central E intron will be absent fromthe large intergenic regions in daphniids likely function
the other two branchiopod groups, conchostracans anith regulating globin expression.
notostracans, since its excision antedated domain dupli- This is now enough information to construct a tenta-
cation. tive model of globin gene organization in cladocerans.
Aside from architectural details, this study has pro-The sequencing studies @ exilis and D. magnasug-
vided information on globin gene diversity in cladocer- gest that globin genes occur as a tandem array of at least
ans. Standard PCR protocols typically led to the ampli-three genes separated by intergenic spacers. As peptide
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Table 3. Number of codons showing evidence of either concertedenfull and Clegg 1998)_ However, these cases have in-
evolution or gene-specific substitutions for each of six exons in thevolved dramatic cases of sequence convergence apparer
globin genes oD. magnaandD. exilis . . .
across an entire gene or a substantial block of it. These
Codon Changes large-scale conversion events result from rare unequal
crossing-over events (Ristaldi et al. 1995), while the pres-
Domain  Exon  No.Codons Concerted  Gene-Specific ent results suggest a more diffuse form of concerted evo-
lution based on conversion events involving short tracts

1 1 38 3 1
2 75 8 1 of DNA.
3 42 1 2 Detailed inspection of sequence diversity in the globin

2 g ;‘é g % exons fromD. magnaand D. exilis revealed a complex
6 26 0 11 pattern of sequence change. Codons showing evidence o

concerted evolution were localized near theegsmini of
exons 1-4 or the’3erminus of exon 2 and were entirely
A MHA absent from exons 5 and 6. In contrast, gene-specific
9 MH3 substitutions were restricted to regions sheltered from
MH1* gene conversion. Reflecting this difference, the eight
conversion sites in exons 1, 3, and 4 were positioned an
average of 48.2 bp downstream of thet&rmini, while
gene-specific substitutions were 89.2 bp downstream.
Similarly in exon 2, the eight conversion sites were lo-
B _%_|_—MH1* cated an average of 49.9 bp from an intron boundary,
100 MH1 while the sole site with a gene-specific substitution was
EH1 111.5 bp away from an intron boundary.
MH2 The distribution of conversion sites suggests that in-
EH2 tron boundaries play a role in their initiation. These im-
MH3 pacts, which were restricted to within 95 bp of the intron/
exon boundary, were generally asymmetric, affecting
o sites downstream of the intron. The lengths of conversion
Fig. 6. NJ trees based on analysis of exons {Ajtand exons 5 and  tracts inDaphniaappear to be similar to those in other
6 (B) based on Kimura’s two-parameter nucleotide distances for fouranimals; Betra et al. (1997) reported an average track
globin genes fromD. magnaand two globin genes frprﬁ). exil?s. _ length of 122 bp irDrosophila while Elliot et al. (1998)
Branch numbersepres?en_t bootstrqp values_(lQOO rgpllcates,‘ with d'S'found that 80% of the conversion tractshtuswere less
tances based on pairwise deletion of missing sites) derived from . ) .
MEGA (Kumar et al. 1993). than 58 bp in length. Although no prior studies have
linked the initiation of conversion events to intron
boundaries, areas of secondary structure, similar to those

analyses have suggested the presence of four globinkkely at introns, are important in initiating conversion.
each tandem array likely includes a fourth gene. It isThere is also evidence of asymmetries in the direction-
possible that the gene fro. ambigua,which showed ality of conversion tracts around these points of initiation
high levels of substitutions at nonsynonymous sites, rep(Cho et al. 1998), similar to those detected in this study.
resents it. The sequence diversity among different isoThe present investigation has provided no direct evi-
lates of MH2 and MH3 further suggests that there aredence on the frequency of conversion events but the fact
multiple copies of these tandem arrays in the genome. that most sites were shared between North American and
Phylogenetic analyses revealed that patterns of relaJapaneseD. magnaindicates that many cases of se-
tionship among globin genes were influenced by the pheguence concordance antedate the isolation of these lin-
notypic effects of the nucleotide change. Synonymousages, which may have occurred more than a million
substitutions were typically shared by all genes of a speyears ago.
cies, while nonsynonymous substitutions exhibited pat- These considerations of the patterning of sequence
terns reflecting the phylogenetic history of the genesdiversity suggest that synonymous substitutions have
This difference suggests that synonymous substitutiontended to spread through entire gene families, while non-
have often swept through the entire array of globin genesynonymous substitutions have been resisted by selec-
in a species, while substitutions provoking amino acidtion, enabling the maintenance of divergence among
substitutions have not. The evidence for concerted evoparalogous genes. The results also indicate that exons
lution is, in one sense, not surprising, given the broadl—4, especially their '5regions, are very susceptible to
indications for its occurrence in other globin genes (Zim-the erosion of gene-specific differences as a result of
mer et al. 1980; Jeffries 1982; Ristaldi et al. 1995; Oak-conversion, while exons 5 and 6 are protected from such

MH2
EH1
EH2

S
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which focus on exons 1-4, provide the best approach for
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