er they are irradiated or not and whether
they are grown in primary mass cultures
or in secondary, limiting-dilution over-
lays. If the same applies to stem cells in
vivo, it explains the previous observa-
tions of nonsustained recovery in repeat-
edly irradiated or busulfan-treated ani-
mals (17), and is in agreement with re-
ports describing regenerative deficits af-
ter secondary challenge (/8). Although
the regenerative stem cell reserve may
be very large in vivo, if it is limited at all,
this needs to be understood in as far as it
applies to human beings, and the impli-
cations need to be made part of our
concepts of cancer treatment with radia-
tion, drugs, and bone marrow transplan-
tation.
URSULA REINCKE
EiLEeNn C. HANNON
MARGERY ROSENBLATT
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Department of Radiation Therapy,
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Interspecies Variations in Mammalian Lens Metabolites as

Detected by Phosphorus-31 Nuclear Magnetic Resonance

Abstract. Multiple interspecies differences were detected between humans and
seven other mammals in 15 of the 24 metabolites measured in the intact crystalline

lens and lens perchloric acid extracts.

Generally, the number of statistically

significant metabolite differences among the various species, relative to the human,
increase in the following order: cat ~ dog > pig > rat > sheep > rabbit > cow.

We have reported that there are sub-
stantial metabolic differences between
the rabbit and human crystalline lens, as
measured by phosphorus-31 nuclear
magnetic resonance spectroscopy ('P
NMR) (/). The differences appear to

Man
(Buffer Pi)

represent fundamental divergences in
the rate-limiting enzymatic processes
that regulate the intermediary metabo-
lism of the lens. Although reports of
interspecies differences in tissue metabo-
lite concentrations are not uncommon

Fig. 1. The 3'P NMR spectra
of various intact mammalian
lenses during incubation in
modified Earle’s buffer (pH
7.4) at 37°C. In accordance
with the IUPAC convention,
the chemical shift scale is pre-
sented as positive downfield.
The resonance position of 85
percent orthophosphoric acid
corresponds to zero 8. Buffer
Pi denotes the buffer inorgan-
ic orthophosphate resonance;
SP, sugar phosphate; GPE,
glycerol 3-phosphorylethanol-
amine; GPC, glycerol 3-phos-

Pig Rat

phorylcholine; PCr, phospho-
creatine; ADP and ATP, ade-
nosine di- and triphosphates;
DN, the dinucleotides, princi-
pally nicotinamide adenine
dinucleotide; and NS, nucleo-
side diphosphosugars com-
posed of uridine diphospho-
glucose, diphosphogalactose,
and diphosphomannose. Peak
1 (rabbit) consisted principally
of a-glycerol phosphate; peak
2 (rat) represents predomi-
nantly phosphorylcholine; peak
3 (pig) denotes an elevated lev-

Rabbit

\
6.08
\

el of ribose-5-phosphate; peak
4 (sheep) reflects elevated ino-
sine S-monophosphate con-
tent. The intact lens *!P spec-
tral profiles were obtained
from singie lenses in each in-
stance except for the rat; six
rat lenses were analyzed

T -

—20 8 20 0

T T T

20 0

>I—2IO " simultaneously to provide suf-
ficient tissue mass. The buffer

Pi signal, which is discernible in the intact lens spectra for rat and human, is a manifestation of
the proportionately low tissue : buffer volume ratio in the detection volume of the spectrometer
receiver coil. We find that the enhancement of the buffer Pi signal is an inverse function of tissue
volume; this observation explains the presence of this peak in the lens spectra of the rat and
human and its apparent absence in the other mammalian lens spectra.
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(2), the magnitude and extent of the
differences were not anticipated from
experiments with rabbits, which are
widely used to investigate lens metabo-
lism related to cataractogenic mecha-
nisms in the human. Therefore, we ana-
lyzed the concentrations of phosphorus-
containing metabolites from the lenses of
a variety of mammals for two reasons: (i)
if there are significant metabolic differ-
ences between human and other mam-
malian lenses, the animal should be iden-
tified that most closely approximates the
human, and (ii) interspecies metabolic
differences may provide evidence of
phylogenetic adaptations that have evo-
lutionary significance.

Within 2 hours after death, intact hu-
man lenses (N = 9) from donors 24 to 30
years of age were excised from eyes
from which the corneas had been re-
moved and preserved for transplant (/).
Intact lenses from young adult New Zea-
land White rabbits (Oryctalagus cunicu-
lus, 5 to 7 months, N = 20), cats (Felis
catus, 1 to 2.5 years, N = 16), dogs
(Canis familiaris, 2 to 4 years, N = 16),
and Sprague-Dawley rats (Rattus norve-
gicus, 60 to 80 days, N = 30), of both
sexes were excised from eyes within 1
hour after the administration of a lethal
sodium pentobarbital dose. Eyes from
cows (Bos, 2 to 2.5 years, N = 20), pigs
(Sus, 1.3 to 1.6 years, N = 20), and
sheep (Ovis, 6 to 9 months, N = 20)
were obtained from an abattoir, and the
lenses were excised within 2 hours after
death. The lenses were then analyzed in
one of two ways: (i) excised lenses were
frozen immediately in liquid nitrogen and
lens perchloric acid (PCA) extracts were
prepared and analyzed by *'P NMR or
(ii) intact lenses were placed in modified
Earle’s buffer and analyzed by *'P NMR
4, 3.

The relative contents of phosphorus-
containing metabolites were determined
from the *'P NMR spectra for both intact
lens and PCA extracts by computerized
peak-area analysis. (Intact, incubated
cow lenses were not analyzed.) Intralen-
ticular pH values were calculated from
the shift in the internal inorganic ortho-
phosphate resonance; the glycerol 3-
phosphorylcholine resonance at —0.13 3
was used as the internal reference (4).
Twenty-four different resonance signals
detected in lens PCA extracts, which
correspond to separate phosphorus-con-
taining metabolites, were evaluated. Sep-
arate 3'P NMR analyses were performed
on five different groups of lenses
from each species. Statistical inferences
are based on one-way analysis of vari-
ance and the Scheffé comparison proce-
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dure (5). The chemical assignments of
the various resonance signals were based
on multiple criteria, including compari-
son of the resonance signals with those
obtained when known phosphatic metab-
olites are added to the extracts under
varied conditions of pH and ionic
strength, and other chemical properties
and theoretical considerations (6).

Data from intact lenses and PCA ex-
tracts were comparable within each spe-
cies analyzed; however, significant inter-
species variations were apparent (Figs. 1
and 2). Metabolites for which significant
interspecies differences were observed
are summarized in Table 1. Certain vari-
ants were peculiar to specific mammals.
These differences included (i) the high
phosphorylcholine and low adenosine di-
phosphate and inorganic orthophosphate
content of the rat lens; (ii) the elevated
levels of the 5.98 3 unassigned reso-
nance, a-glycerol phosphate, and nico-
tinamide adenine dinucleotide, and the
low inorganic orthophosphate and phos-
phodiester (glycerol 3-phosphorylcho-
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line and glycerol 3-phosphorylethanol-
amine) content of the rabbit lens; (iii) the
relatively high phosphocreatine and low
phosphodiester content of the human
lens; (iv) the apparently low adenosine
triphosphate content and high level of
the 5.98 & unassigned resonance detected
in the cow lens; and (v) the elevated
ribose-5-phosphate levels in the pig and
cow lenses.

Although the lens metabolite levels
show pronounced interspecies fluctua-
tions, there are some overall species
similarities. Metabolites for which inter-
species variations were not detected in-
clude uridine diphosphoglucose, diphos-
phogalactose, and diphosphomannose;
nicotinamide adenine dinucleotide phos-
phate; glucose-6-phosphate and galac-
tose 6-phosphate; glucose-1-phosphate;
fructose-1, 6-diphosphate; and the unas-
signed resonances at 10.69, 9.97, 5.14,
and 0.92 3. Slight species variations were
evident in the calculated intralenticular
pH values (human, 6.9; cat, 6.8; dog,
6.8; pig, 6.8; rat, 6.8; sheep, 6.9; and

N
Pl s

N %

123456,8
GPE

12343678 23456,8
a~GP Ribose-56~P

78 12345658

GPC

Fig. 2. The principal interspecies
variations in phosphorus (P)-contain-
ing metabolites of the crystalline
lens. Statistical comparisons of those
metabolites for which statistically
significant species differences are ob-
served are summarized in Table 1
(abbreviations are listed in Table 1).
Intraspecies variability is reflected in
the standard error bars shown for
each metabolite in the graph.
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etabolite category for
nicotinamide adenine
Unassigned resonances (8)

DN,

>

adenosine diphosphate;

ADP,

>

adenosine triphosphate;

s

, glycerol 3-phosphorylcholine; GPE, glycerol 3-phosphorylethanolamine; «-GP, a-glycerol phosphate; ribose-5-P, ribose-5-

unless otherwise indicated). Abbreviations: ATP
- AMP, adenosine S-monophosphate; and Pcholine, phosphorylcholine.

; Pi, inorganic orthophosphate; GPC

Table 1. Multiple comparisons of species differences in crystalline lens metabolites. {Redundant combinations are excluded.) Only those mammalian species are listed in each m

which statistically significant interspecies differences exist (P < 0.01,

phosphate; IMP, inosine 5-monophosphate

dinucleotide; PCR, phosphocreatine

—
[}
™~
BN

Pcholine

ADP DN PCR Pi GPC GPE a-GP Ribose-5-P IMP AMP

ATP

5.98

9.97
Cat

10.69
Cat

Pig*
Cow
Rabbit

Cow*
Sheep

Cow
Sheep

Cow*
Rat
Rabbit

Cat
Cow
Sheep
Rabbit*

Cow
Sheep
Rabbit*

Pig
Cow

Rabbit*

Dog
Sheep*
Rat

Pig
Cow

Sheep
Rabbit*

Dog
Pig
Cow
Rat

Cow*
Sheep
Rat*
Rabbit

Rabbit
Sheep

Sheep
Rat

Dog
Rat

Pig
Cow

Cat

Rabbit

Rat
Rabbit*

Cow
Rat*

Human

Pig
Cow
Rabbit

Dog
Rat
Rabbit

Dog
Pig
Rat
Rabbit

Sheep

Dog
Pig
Cow
Rat

Sheep*

Dog*
Pig
Cow
Rat

Cow
Sheep

Pig
Cow

Rabbit

Sheep*

Dog
Rat

Pig
Cow

Sheep™

Dog
Cow
Rat

Rat
Rabbit

Rabbit

Pig
Rabbit

Pig
Cow
Sheep
Rat

Cat

Rabbit*

Cow
Rabbit

Cow Cow
Sheep Sheep
Rabbit

Pig
Cow
Rat

Cow
Sheep

Sheep

Pig
Cow*
Rat*

Sheep Rabbit
Rabbit
Rabbit

Pig
Rat*

Rat
Rabbit

Rabbit

Cow

Dog

Cow Sheep* Cow Sheep Cow
Rat

Cow*

Cow

Cow* Sheep* Rabbit

Rat

Rabbit

Pig

Sheep

Sheep

Sheep

Rabbit Rabbit*

Rabbit

Sheep
Rat

Sheep
Rat

Rabbit

Rabbit
Sheep

Rat

Rabbit
Sheep

Rat

Rat*
Rabbit*

Sheep Rat
Rabbit Rat Rabbit

Rat

Rat

Rabbit

Rabbit

Rat
Rabbit

Rabbit

Rabbit

Cow

Rabbit
Rat

Rabbit

Rat Rat Rabbit
Rabbit Rabbit Rabbit

Rabbit

Rat
Rabbit

Rat

Rabbit

Rabbit

Rat
Rabbit

Rabbit

Rabbit*

Sheep

Rabbit

Rabbit*

Rabbit

Rabbit

Rabbit

Rabbit

Rat

*P < 05,

rabbit, 6.8); however, these differences
are not statistically significant. Overall
results indicate that the cat and dog
lenses most closely resemble the human
lens in that they have the fewest number
of significant metabolite differences, four
and three, respectively, relative to the
human. The rabbit and cow lenses are the
least similar to the human with 10 and 12
significant metabolite differences, respec-
tively. Generally, the rank order of lens
metabolism from most to least similar to
human is as follows: cat ~ dog > pig >
rat > sheep > rabbit > cow.

The detected interspecies differences
in lens metabolism represent divergent
phylogenetic modifications in specific
rate-limiting enzymatic reactions that
regulate lens intermediary metabolism.
The perplexing differences between un-
commonly related metabolites—specifi-
cally, a-glycerol phosphate, phosphocre-
atine, ribose-5-phosphate, phosphoryl-
choline, glycerol 3-phosphorylcholine,
and glycerol 3-phosphorylethanolamine—-
cannot be rationalized in terms of a sin-
gle metabolic pathway. However, con-
sideration of known metabolic path-
ways operant in the lens (2, 7, 8) indi-
cates that these metabolites are branch
points connecting carbohydrate, amino
acid (particularly glycine and serine),
and phospholipid metabolic pathways.
The differences in activity of these path-
ways in the various mammalian lenses
may represent genetic differences that
could be associated with specialized evo-
lutionary adaptations. The modified ac-
tivity of the various metabolic pathways
among these species may contribute to
the reported interspecies differences in
the primary structure of lens macromol-
ecules such as proteins and phospholip-
ids (2, 8, 9).
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Lower Devonian Gametophytes: Relation to the

Phylogeny of Land Plants

Abstract. Three gametophytic plants now known from the Lower Devonian of
Scotland and Germany show common features in their fertile parts. The morphologi-
cal and anatomical structures indicate affinities to bryophytic gametophytes, al-
though there is no evidence for a parasitic sporogonium-like sporophyte as in the
Bryophyta. Several of the vascular plant sporophytes from the Rhynie Chert also
have a few characteristics reminiscent of bryophytes. But these ancient gameto-
phytes, if related to the sporophytes, indicate a closer relation of Bryophyta to
Tracheophyta than would the study of sporophytes alone.

In 1980 we described (/) a gameto-
phyte with anatomically preserved tis-
sues, gametangia, and antherozoids in
different stages of development from the
Lower Devonian Rhynie Chert in Scot-
land. We described it in detail (2) under
the name Lyonophyton rhyniensis (Fig.
1). We now report a new gametophyte
(Fig. 2), with anatomically preserved tis-
sues, also from the Rhynie Chert (3).

Eight specimens of this new gameto-
phyte have similar specific and generic
characteristics, which are different from
Lyonophyton. We found five gametan-
giophores bearing antheridia only and
three bearing organs only, which we
interpret as archegonia. The new game-
tophytes seem to form separate anther-
idiophores and archegoniophores. The

Fig. 1 (top). Lyonophyton rhyniensis. (A) Lon-
gitudinal section through the stalked gametan-
giophore showing two antheridia on the upper
(inner) surface (arrows) (scale bar, 1 mm); (B)
section through an antheridium with mature
sperm (scale bar, 10 wm). Fig. 2 (bottom).
Sections through the new gametophyte. (A)
Longitudinal section through the stalked an-
theridiophore showing antheridia on the upper
surface (arrows) (scale bar, 1 mm); (B and C)
sections through two antheridia with mature
sperm (scale bar, 10 wm).
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antheridiophores exhibit the following
features. (i) A round axis widens termi-
nally into a disklike antheridiophore
head. (ii) The axis and the underside of
the gametangiophore head are covered
with scalelike enations. (iii) The margin

0036-8075/82/0326-1625$01.00/0 Copyright © 1982 AAAS

of the antheridiophore lacks antheridia,
is thin, and seems to consist of a few
upturned lobes (possibly involucral
bracts). (iv) Closely spaced antheridia
are borne on the convex surface of the
antheridiophore. (v) The antheridia are
stalked, globular, or club-shaped and
mostly contain sperm (antherozoids)
(Fig. 2, B and Q) in different stages of
development, demonstrating the gameto-
phytic nature of the plant. (vi) The an-
theridia are slightly sunken or intermin-
gled with multicellular, branched, pa-
raphysis-like sterile tissue. (vii) A central
strand of hydroids passes through the
stalk of the antheridiophore and diverges
into a funnel-like structure in the basal
part of the antheridiophore head.

The probable archegoniophores are
built similarly; the archegoniophore head
may be lobed in axis-like structures, and
the hydrom splits up into terete, sepa-
rate strands. There are some indications
that male and female gametangiophores
are seated on common axes or a proto-
corm, as in Sciadophyton.

The morphological and anatomical
characteristics of Lyonophyton enabled
us (4) to show that another Lower Devo-
nian plant, Sciadophyton, previously be-
lieved to be a sporophyte, is probably a
gametophyte (Fig. 3). Sciadophyton has
so far only been found as impressions or
compressions with conducting strands
partly mineralized, but in its morphologi-
cal features we see a nearly complete
gametophyte. From a flat central initial
structure (protocorm) axes (up to 10 cm
long) radiate. It may be that all the
upright subaerial axes terminate in game-
tangiophores which are bowl- to funnel-
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