
and solar nitrogen may result from in- 
completely homogenized residual het- 
erogeneities rather than from solar sys- 
tem processes operating on an initially 
homogeneous reservoir. This suggestion 
is qualitatively similar to the two-compo- 
nent model of Geiss and Bochsler (34). 
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Crystal Axes in Recent and Fossil Adult Echinoids Indicate 
Trophic Mode in Larval Development 

Abstract. The type of larval development in echinoids (Phylum Echinodermata) 
was found to determine crystal patterns in adult apical skeletal plates. This relation 
between larvae and adults will allow fossil species to be examined to determine the 
effects of developmental mode on evolutionary patterns, such as species longevity 
and speciation rate. Independent tests of hypotheses of such patterns now shown 
among fossil mollusks with and without feeding larvae can thus be performed. 
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Developmental mode has been linked 
to geographic distribution, species lon- 
gevity, and speciation rate in benthic 
marine organisms (1). This connection is 
based on a varying opportunity for dis- 
persal, and contrasts species having 
long-lived, planktonic, feeding larvae 

Fig. 1. Camera lucida drawing of the apical 
system of an echinoid. Five genital (G) and 
five ocular (0) plates surround the periproct 
(PP). The arrow indicates the location of the 
apical system on the aboral surface of an adult 
echinoid. 

that can disperse over great distances 
with species having nonfeeding larvae 
that develop more quickly and have lim- 
ited or no dispersal. Species with feeding 
larvae are predicted to be geographically 
widely distributed and geologically long- 
lived and to speciate infrequently. Spe- 
cies with nonfeeding larvae are predicted 
to be geographically narrowly distribut- 
ed, geologically short-lived, and prone to 
speciation and extinction events (1, 2). 
These predictions are supported by pat- 
terns among fossil gastropod mollusks 
(3). To date, developmental mode has 
been inferred for gastropods and bi- 
valves because adult shells include a 
larval shell that indicates the mode of 
larval development (4). 

Here I show that type of larval devel- 
opment can be inferred from Recent and 
fossil adult skeletons in another taxon, 
the echinoderm class Echinoidea, from 
crystal orientations in adult apical plates 
(Fig. 1). Echinoid larvae have skeletal 
rods and postmetamorphic juveniles 
have skeletal plates, but crystal axes of 
the rods determine crystal axes of some 
of the plates. 

The echinopluteus larva of echinoids 
(Fig. 2A) feeds and swims with a ciliated 
band on epidermal projections called 
arms (5). Each arm contains a skeletal 
rod composed of calcite, like adult 
spines and test plates. Each rod behaves 
optically like a single crystal (6). In spe- 
cies with nonfeeding larvae, the pluteus 
form does not develop; the larvae lack 
arms, rods, an elaborate ciliated band, 
and a larval gut (7, 8). 

Rearrangement of the pluteus at meta- 
morphosis leaves the larval rods on the 
aboral surface of the settled juvenile. 
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Table 1. Site of origin of ten apical plates [five genital (G) and five ocular (O)] of echinoids (10, 
11). Larval arm and rod terminology is that of Mortensen (7). 

Apical plate 
Site of formation in 

Feeding larva Nonfeeding larva 

G 1 
G2 (rnadreporite) 
G3 
G4 
G5 

De novo 
Dorsal arch rod 
Right posterodorsal rod 
Posterior transverse rod 
Right postoral rod 

De novo 
De novo 
De novo 
Left posterodorsal rod 
Left postoral rod 

De novo 
De novo 
De novo 
De novo 
De novo 

De novo 
De novo 
De novo 
De novo 
De novo 

Table 2. Orientation of optic axes for larval rods and genital plates of five species of echinoids: 
Strongylocentrotus droebachiensis (S.d.); S. franciscanus (Sf.); Echinometra vanbrunti (E.v.); 
Arbacia stellata (A.s.); and Dendraster excentricus (D.e.). Optic axis orientations are given 
relative to long axis of rods and planar surface of plates (11, parallel; I, perpendicular; and ND, 
no data). 

S.d. sf. E.v. A.s. D.e. 

Larval rods 
Postoral spicules II II II II II 
Posterodorsal spicules II 11 11 11 

I 
II 

Dorsal arch spicule I I I I 
Posterior transverse spicule (24) 11 11 11 ND 11 

Genital plates 
G1 I I I I ND 

Fig. 2. (A)  Lateral view of an 
echinopluteus (eight-armed 
larva of S. droehrrr/~ien.si.s) un- 
der dark-field illumination 
(LA. larval arms: CB, ciliated 
hand: S, larval rods: M.  larval 
mouth; and JR .  developing ju- 
venile rudiment). t B) Polar- 
ized light m~crograph of a late- 
stage echinopluteus larva. 
Thl\ lateral view shows bire- 
fringent larval rods and genital 
plates (G2. G?. and Cis) form- 
ing at the proximal ends of 
several rods (rpo. right pos- 
toral rod; rpd. right postero- 
dorsal rod: and da. dona1 arch 
rod). (C) Newly rnetamor- 
phoged juvenile of S, droc,hti- 
c,/ii~nsis shows the five genital plates on  the aboral surtace (polarized light micrograph). A part 
of the larval rod (unlahclcd arrowheads) is still visible on each of G2,  G3. and (35. 

Larval epidermal tissue retracts from the 
rods and their distal tips are cut off (9). 
Despite this major rearrangement of the 
body, the plan of the larval body remains 
encoded in the apical plates because the 
larval rods influence the optic axes (crys- 
tallographic or C-axes) of the crystalline 
apical plates (Fig 2, B and C). Studies of 
the skeletal development of echinoids 
show that six of the ten apical plates 
grow from the proximal ends of larval 
rods (Table 1 and Fig. 2B) (10, 11). The 
four other apical plates in species with 
feeding larvae and apparently all ten 
apical plates in species with nonfeeding 
larvae form de novo during formation of 
the echinus (juvenile) rudiment (7,8, 10, 
11). 

In species with feeding larvae, each of 
six apical plates grows out of a larval rod 
at an angle determined by the angle the 
rod makes with the developing juvenile 
rudiment and the pattern of growth of the 
new plate. Okazaki and Inoue (6) 
showed that most larval rods have an 
optic axis that is aligned with the long 
axis of the larval rod. My own observa- 
tions extend and qualify this result. A 
plate that begins as an elaboration of a 
larval rod has a C-axis parallel to the C- 
axis of the rod from which the plate 
starts. Thus, a plate that grows parallel 
to the rod should have an optic axis in 
the plane of the plate surface. A plate 
that grows at an angle to the long axis of 
the larval rod should have a C-axis in- 
clined to the plate surface. The dorsal 
arch rod is exceptional in having the C- 
axis perpendicular to the long axis of the 
skeletal rod, and this difference is re- 
flected in the skeletal plate (G2) formed 
from it. 

A petrographic microscope fitted with 
a Universal stage was used to determine 
optic axes of the larval rods and 
the genital plates in late-stage larvae 
of Strongylocentrotus droebachiensis, 
Strongylocentrotus franciscanus, Echi- 
nometra vanbrunti, Arbacia stella ta, and 
Dendraster excentricus. C-axis orienta- 
tions of the genital plates (GI to G5) 
were also determined for newly meta- 
morphosed juveniles of S. droebachien- 
sis, S. franciscanus, and E. vanbrunti 
(12). The following patterns emerged 
(Table 2): 

1) In all species observed except D. 
excentricus (13), G1 forms de novo and 
has a C-axis perpendicular to the plate 
surface (14). 

2) In all species the dorsal arch rod 
has a C-axis that is perpendicular to the 
long axis of the rod. The madreporite 
plate (G2) that forms in the plane of this 
rod has a C-axis that is perpendicular to 
the plate surface. 
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3) The posterior transverse rod has a 
C-axis parallel to the anterior-posterior 
(A-P) axis of the larval body. G4 forms 
at the base of this rod but grows in a 
plane perpendicular to the A-P axis. G4 
has a C-axis coincident with that of the 
posterior transverse rod and thus per- 
pendicular to the plate surface. 

4) In all species examined, the right 
posterodorsal and right postoral rods 
(which give rise to G3 and G5, respec- 
tively) have C-axes parallel to the rod 
axes. In S. droebachiensis, S. francis- 
canus, and E,  vanbrunti, G3 and G5 form 
in planes parallel to the lengths of the 
rods and have C-axes parallel to the plate 
surfaces (15). 

The C-axis patterns observed in newly 
metamorphosed juveniles are in agree- 
ment with observations of larvae compe- 
tent to metamorphose. G3 and G5 have 
C-axes in the plane or at low angles to 
the plane of the apical system. GI,  G2, 
and G4 have optic axes -30" off the 
juvenile aboral-oral axis but close to 
perpendicular to their respective plate 
surfaces (Table 2). The optic axes of the 
last three plates are not perpendicular to 
the apical system as they are in adults 
because the plates of the apical system 
are domed (that is, all plates are not yet 
coplanar) in the early juvenile stage. 

Apical plates G3 and G5 are the key to 
the developmental mode. A feeding larva 
is indicated if the C-axis orientation in 
each of these plates departs considerably 
from perpendicular to the plate surface 
and if their C-axis orientations differ 
from the C-axis orientations of G1, G2, 
and G4. 

In a systematic study, Raup (16) deter- 
mined the orientation of C-axes in adult 
apical plates of 85 extant species of echi- 
noids and presented evidence for familial 
"signatures" in crystallographic pat- 
terns. He remarked that "crystal orien- 
tations in the adult apical system may be 
fixed in the earliest stages of develop- 
ment of the echinus rudiment" (16, p. 
949). Raup also provided preliminary ev- 
idence that departures from typical fam- 
ily patterns occur in species with large 
yolky eggs by noting eight species that 
were exceptions to family patterns. A 
search of published information on these 
eight species shows that one develops 
from large yolky eggs into a nonfeeding 
larva and that three others produce large 
yolky eggs; no information is available 
on the remaining four species (17). Of the 
remaining 73 nonechinothuriid species 
(18) that fit the respective family pat- 
terns, 41 are known to produce feeding 
larvae and 6 produce small eggs that 
probably develop into feeding larvae. No 
information is available for 26 others 

(17). No species that fit family patterns 
are known to produce nonfeeding larvae 
and no exceptions to family patterns are 
known to produce feeding larvae. All 
eight of Raup's exceptions to family pat- 
terns have genital plates (GI to G5) with 
similar C-axes that are nearly perpendic- 
ular to plate surfaces. Within a family, 
the angle that the optic axis forms with 
the plate surface of G3 and G5 is always 
higher in species with nonfeeding larval 
development than in species with feeding 
larval development. Raup's extensive 
survey of apical systems thus supports 
the observations on plate formation and 
optical axes of larval rods. 

Some irregular echinoids (for exam- 
ple, heart urchins, Order Spatangoida) in 
which the anus has moved out of the 
apical system should also lend them- 
selves to inference of developmental 
mode. For spatangoids, and several fos- 
sil species in their stem group, disaster- 
ids, Jesionek-Szymanska (19) used optic 
axis patterns to identify G5, the plate 
that migrates with the periproct out of 
the apical system. Her data also showed 
that the optic axis of G3 has a character- 
istically low angle with the plate surface 
in an extant species with feeding larvae. 
A comparison with species that have 
nonfeeding larvae has not been made. 

Until now, inference of developmental 
mode in echinoids has been limited to 
examination of gonopores (20) or to 
those brooding species that contain a 
depression called a marsupium in the test 
(21). Not all brooders have a marsupium 
(21). The gonopore method, unlike the 
apical system analysis, is sensitive to 
sexual dimorphism and requires larger 
samples for analysis of statistical differ- 
ences. 

Echinoids are the only class of extant 
echinoderms in which the apical plates 
grow from the larval skeleton. Crinoids, 
asteroids, and holothurioids do not have 
a larval skeleton of calcareous rods. 
Ophiuroids possess a well-developed lar- 
val skeleton, but juvenile plates develop 
independently of this larval skeleton 
(22). These differences among classes in 
the origin of the juvenile plates suggest 
that the method for echinoids cannot be 
extended to other classes of extant echi- 
noderms. 

Echinoids, especially the irregular 
forms, such as spatangoids, have a good 
fossil record (23). Analysis of the apical 
system is easily applied to museum spec- 
imens and indicates the type of larval 
development. The type of larval devel- 
opment indicates duration of the plank- 
tonic period and hence the capacity for 
dispersal. Determination of developmen- 
tal mode in fossil echinoids will test the 

generality of biogeographic and evolu- 
tionary patterns now being established 
for molluskan species with and without 
feeding larvae (3). 
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Assignment of the Gene for Myelin Proteolipid Protein to the 
X Chromosome: Implications for X-Linked Myelin Disorders 

Abstract. Several inherited disorders in humans and in rodents result in myelin 
dysgenesis and a dejciency of the molecular constituents of myelin. A complemen- 
tary DNA to one of the two major myelin proteins, myelin proteolipid protein (also 
known as lipophilin), has been used with Southern blot analysis of somatic cell 
hybrid DNA to map the human proteolipidprotein gene to the middle of the long arm 
of the human X chromosome (bands Xq13-Xq22) and to assign the murine proteoli- 
pid protein gene to the mouse X chromosome. Comparison of the gene maps of the 
human and mouse X chromosomes suggests that myelin proteolipid protein may be 
involved in X-linked mutations at the mouse jimpy locus and has implications for 
Pelizaeus-Merzbacher disease, a human inherited X-linked myelin disorder. 
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The myelin of the central nervous sys- 
tem (CNS) contains two major mem- 
brane proteins, myelin basic protein 
(MBP) and proteolipid protein (PLP) 
(also known as lipophilin) (1). The struc- 
tural role of these proteins in the mainte- 
nance of myelin function has been eluci- 
dated by extensive biochemical analysis 
of the purified proteins (2). Humans and 
other mammals are subject to a number 
of genetically determined demyelinating 
diseases that occur when one or both of 
these constituent proteins is deficient 
(3). In mutant mice homozygous for the 
shiverer mutation, the CNS myelin is 
depleted of MBP as the result of a partial 
deletion of the autosomal MBP gene; 
thus genetic defects at the MBP locus 
can have extreme effects on myelin for- 
mation and central nervous system func- 
tion (4). Genetic analyses of the role of 
PLP in the central nervous system be- 
came possible recently, with the molecu- 
lar cloning and characterization of a 
complementary DNA (cDNA) for bovine 

PLP (5). As an initial step in such stud- 
ies, we have used the PLP cDNA to 
assign the PLP gene to the X chromo- 
some in both man and mouse. In addi- 
tion, we have localized this gene to the 
middle of the long arm of the human X 
chromosome. Comparison of the gene 
maps of the mouse and human X chro- 
mosomes suggests that the PLP gene 
may have a primary role in several X- 
linked inherited myelin disorders. 

Southern blotting experiments were 
performed with a 32~-labeled cDNA 
(pLPl) ,  containing a 0.95-kilobase pair 
(kbp) insert fragment that includes 444 
base pairs of coding sequence corre- 
sponding to the carboxyl terminal half of 
lipophilin and about 500 base pairs of 3' 
untranslated sequence (5). When hybrid- 
ized to nitrocellulose filters containing 
genomic human DNA digested with Eco 
RI, the PLP cDNA detects two hybridiz- 
ing bands of lengths 9.0 kbp and 1.3 kbp 
(Fig. 1). When DNA's were examined 
from individuals with different numbers 
of X chromosomes, the hybridization 
signals of both bands varied in a dose- 
dependent fashion (Fig. 1, lanes 1 , 2 ,  and 
3). Thus, the bands detected in DNA 
from a normal 46,XX female (lane 1) 
were approximately twice as intense as 
bands observed in the same amount of 
DNA from a normal 46,XY male (lane 
2). Bands detected in DNA from a 
49,XXXXX female were substantially 
more intense (lane 3). These data suggest 

that human PLP gene sequences are con- 
fined to the X chromosome, since auto- 
soma1 DNA sequences would be present 
in identical doses in the three DNA sam- 
ples. 

The chromosomal assignment of the 
PLP gene made by dosage was con- 
firmed by Southern blot analysis of DNA 
extracted from 18 human x mouse or 
human x Chinese hamster somatic cell 
hybrids, prepared and characterized as 
described previously (6). The 32~-labeled 
lipophilin cDNA was hybridized to Eco 
RI-digested DNA from the hybrid lines 
and from normal mouse and Chinese 
hamster cells. The two human DNA 
bands could easily be distinguished from 
single bands observed either in mouse 
DNA (8.5 kb) (Fig. 1, lane 4) or in 
Chinese hamster DNA (20 kb) (Fig. 1, 
lane 8). Both human DNA bands were 
present in hybrids containing a normal 
human X chromosome (Fig. 1, lanes 5 , 6 ,  
12, and 13) and absent from hybrids lack- 
ing this chromosome (Fig. 1, lane 7). 
Table 1 summarizes the complete data 
and the chromosomal content of the 18 
hybrids. The X chromosome was the 
only chromosome with no discordancies; 
all other human chromosomes were dis- 
cordant in at least 8 (44 percent) of the 18 
hybrids. Hybrids AHA-llaB1 and cl 2D 
contain the human PLP gene and have a 
human X chromosome as their only iden- 
tifiable human material (7). In addition, 
the hybrid pair, A54-8A (which contains 
the human PLP gene) and A54-8AAz22 
(which does not), provide direct evi- 
dence for X-linkage of the PLP gene, 
since they differ only by the absence of 
the X chromosome from A54-8AAz22, 
which was derived from A54-8A by 
back-selection in medium containing 8- 
azaguanine to select cells that had lost an 
X chromosome (6, 8). 

Four of the hybrids examined contain 
only portions of the human X chromo- 
some as a result of X;autosome translo- 
cations in the human cells used to pre- 
pare the hybrids. Examination of DNA 
from these hybrids provided information 
on the regional localization of the PLP 
gene on the X chromosome. PLP gene 
sequences were present in a hybrid con- 
taining the distal two-thirds of the long 
arm of the X (Xql3-Xqter) (Fig. 1, lane 
l l ) ,  and absent from hybrids containing 
the entire short arm of the X,  the short 
arm and the proximal third of the long 
arm (Xpter-Xql3) (Fig. 1, lane 9), or the 
distal half of the long arm (Xq22-qter) 
(Fig. 1, lane 10). Thus, PLP sequences 
can be localized to region Xq13-Xq22, in 
the middle of the long arm of the human 
X chromosome. 
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