
from glutamine. The studies of Webb 
and Brown (12) are consistent with this 
view; their studies indicate that liver ex- 
tracts of all urea-retaining species of fish 
also have very high levels of glutamine 
synthetase activity (one to two orders of 
magnitude higher than the levels found in 
any other species of fish included in their 
survey) and that there is a direct correla- 
tion between high levels of glutamine 
synthetase and retention of urea for os- 
moregulation. 

The mean rate of carbamoyl phos- 
phate synthesis for spiny dogfish calcu- 
lated from the data in Table 2 is about 12 
mmole per kilogram of body weight per 
day. The rate of daily urea production in 
this species has been estimated to be 6.5 
mmole per kilogram of body weight (10, 
12). Thus, the CPSase III activity mea- 
sured in vitro is in the same range as the 
rates of urea production in vivo. 

Ammonia assimilation for carbamoyl 
phosphate and urea synthesis may, 
therefore, occur as follows in these spe- 
cies: 

Pi + ADP Glutamine HC03- 

ATP utamine Carba moyl ?2 ATP 

snthetamse phosphate NAG 
synthetase 11I 2 ADP + Pi 

NH3 ~Glutamate Carbamoyl phosphate 

U rea 

Formation of carbamoyl phosphate uti- 
lized for urea synthesis directly from 
glutamine has not been previously dem- 
onstrated for any species, although this 
possibility has been considered, at least 
indirectly (13). 
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The occurrence and function of high 
levels of urea in biological tissues were 
reviewed by Smith (1), who concluded 
that urea serves as an osmolyte in the tis- 
sues and fluids of marine Chon- 
drichthyes, such as sharks, skates, rays, 
and chimeras. Additional evidence to 
support such ureosmoregulation has 
been found in other marine vertebrates. 
The coelacanth, Latimeria chalumnae, a 
marine fish of the class Osteichthyes, re- 
tains high levels of urea (about 1.7 to 2.3 
percent by weight or weight to volume) 
in its tissues and fluids (2, 3). Even the 
unusual amphibian Rana cancrivora, the 
crab-eating frog of saltwater habitat, re- 
tains as much as 2.9 percent urea in its 
plasma (4). Not all members of the class 
Chondrichthyes are ureosmotic. The 
freshwater stingrays of the family Pota- 
motrygonidae that have been studied do 
not retain urea. The level of urea in the 
fluids and tissues of members of this fam- 
ily (5) is approximately the same (about 
0.01 percent) as found in other species of 
aquatic vertebrates that do not retain 
urea (6). 

In fish a direct correlation exists be- 
tween retention of urea for os- 
moregulation and high activity of en- 
zymes of the ornithine-urea cycle (7). 
Those species of Chondrichthyes that re- 
tain high levels of urea, 1 percent 
(0.17M) or more, also have high activi- 
ties of the enzymes of the ornithine-urea 
cycle in liver tissue (8). The urea-retain- 
ing coelacanth also has high levels of 
these enzymes in its liver (2, 9). Liver 
tissue from species that do not retain 
urea has low or undetectable activities of 
most of these enzymes (8). 

Our study of the properties and occur- 
rence of glutamine synthetase activity in 
six species of fish showed that the activi- 
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ty of this enzyme in liver is high in three 
urea-retaining marine species of Chon- 
drichthyes and is not detectable, if pres- 
ent, in three marine and freshwater tele- 
osts that do not retain urea (10). These 
results suggested that, as with the urea 
cycle enzymes, there might also be a di- 
rect correlation between retention of 
urea for osmoregulation in fish and high 
glutamine synthetase activity in liver. A 
more extensive survey of glutamine syn- 
thetase activity in fish was therefore ini- 
tiated in order to verify this relationship. 

Glutamine synthetase from micro- 
organisms, plants, and animals (11, 12) 
catalyzes the following reactions, all of 
which have been used to assay enzyme 
activity (ATP, adenosine triphosphate; 
ADP, adenosine diphosphate): 

LMe2+ L-glutamate + ATP + NH3 
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L-glutamine + ADP + Pi L-glutamine + ADP + Pi (1) (1) 

Me2+ 
L-glutamate + ATP + NH2OH M 

y-glutamylhydroxamate + ADP + Pi (2) 

ADP Mn2+ 
L-glutamine + NH2OH AsO3 

As043- 

Me2+ 
L-glutamate + ATP + NH2OH M 

y-glutamylhydroxamate + ADP + Pi (2) 

ADP Mn2+ 
L-glutamine + NH2OH AsO3 

As043- 

y-glutamylhydroxamate + NH3 y-glutamylhydroxamate + NH3 (3) (3) 

The biosynthetic activity of glutamine 
synthetase (Eq. 1) is the only known 
physiologically significant route to gluta- 
mine synthesis in all species studied (11- 
13). Although an ammonia assimilatory 
role of glutamine synthetase has been 
proposed in microorganisms and plants 
(14), this function has not been seriously 
considered in vertebrates. 

We determined glutamine synthetase 
activity in liver, brain, and kidney tis- 
sues from 18 species of fish (Fig. 1) by an 
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Table 1. Liver, kidney, and brain glutamine synthetase of urea-retaining and non-urea-retaining 
fish species. The species and enzyme activities are compiled into physiological groups on the 
basis of osmoregulatory adaptation. Standard assay conditions were used. The mean of specific 
activities are expressed as units per milligram of protein + standard deviation. The number of 
specimens is indicated by parentheses. 

Specific activity 
Fish 

Liver Kidney Brain Liver/brain 

Urea-retaining 0.41 + 0.16 (20)* 0.47 + 0.18 (12)* 0.27 + 0.07(20)* 1.55 ? 0.61 (19)* 
Non-urea-re- 0.01 ? 0.01 (48)* 0.02 + 0.02(43) 0.65 + 0.29 (51)* 0.02 + 0.02(48)* 

taining 

*These values also include results from a previous study (10). 

assay based on Eq. 3 (10, 15). Activity of 
glutamine synthetase was linear with 
time and enzyme concentration. The ap- 
parent Km (Michaelis constant) for hy- 
droxylamine was 3.3 + 0.2 mM with the 
enzyme extracted from liver acetone 
powder of the shark Squalus acanthias. 
Glutamine synthetase activity of the ex- 
tract was fully dependent upon L-gluta- 
mine, hydroxylamine, Mn2+, and ADP 
and arsenate. Maximal activity in coe- 
lacanth liver homogenate was also de- 
pendent on the same components. Com- 
plete inhibition of glutamine synthetase 
activity in S. acanthias liver acetone 
powder extract by 3 mM methionine sulf- 
oximine was dependent upon presence 
of ATP and Mg2+. An alternative assay 
(Eq. 2) for glutamine synthetase activity 
was also carried out with an acetone 
powder extract of S. acanthias liver as 
the enzyme source. L-Glutamate, hy- 
droxylamine, and MgATP were sub- 
strates and y-glutamylhydroxamate was 
the measured product (Eq. 2) under oth- 
erwise standard conditions (10). The 
glutamate-dependent assay produced on- 
ly 6.3 percent as much activity as the 
more sensitive glutamine-dependent 
transferase assay (Eq. 3) used through- 
out our studies (15). The dependencies 
for activity, apparent Km for hydroxyl- 
amine, inhibition properties by methi- 
onine sulfoximine, and ratio of activity 
yielded by the two assays were consist- 
ent with earlier findings on glutamine 
synthetase derived from various animal, 
plant, and bacterial sources (11, 12). 

Four urea-retaining species (marine 
Chondrichthyes) were studied: ratfish, 
Hydrolagus colliei; big skate, Raja bi- 
noculata; spiny dogfish, Squalus 
acanthias; and the blue-spotted stingray, 
Taeniura lymma (15). The other 14 spe- 
cies surveyed (Fig. 1 and Table 1) do not 
retain urea (5, 6). 

The average specific activities of gluta- 
mine synthetase in liver and kidney of all 
urea-retaining species surveyed are 
about 40 and 28 times higher, respective- 
ly, than the analogous specific activities 
of all species surveyed that do not retain 

294 

urea (Table 1). The specific activity of 
glutamine synthetase in brain was high in 
all species, a result that is consistent 
with observations of high activity of this 
enzyme in fish brain (10). The activity in 
brain is apparently related to factors oth- 
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Acipenser transmontanus 
White sturgeon 
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Pacific herring 

Cyprinus carpio 
Carp 

Gadus macrocephalus 
Pacific cod 

Ictalurus punctatus 
Channel catfish 

Lepidopsetta bilineata 
Rock sole 

Oncorhynchus tshawytscha 
Chinook salmon 

Oncorhynchus tshawytscha 
Chinook salmon 

Perca flavescens 
Yellow perch 

Platichthys stellatus 
Starry flounder 

Porichthys notatus 
Plainfin midshipman 

Sebastes caurinus 

Copper rockfish 

Eptatretus stouti 
Pacific hagfish 

Lampetra tridentatus 
Pacific lamprey 

Hydrolagus colliei 
Ratfish 

Potamotrygon circularis 
Freshwater stingray 
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er than urea levels and osmoregulation. 
The specific activities of glutamine syn- 
thetase in liver of all species surveyed 
are shown in Fig. 1 as a ratio of the spe- 
cific activity in liver relative to that in 
brain for each species. Each urea-retain- 
ing species, without exception, had sig- 
nificantly higher ratios than any of the 14 
species that do not retain urea. The aver- 
age ratios of all species in each of the two 
physiologically different groups differed 
by almost two orders of magnitude 
(Table 1). 

The freshwater stingray, Potamotry- 
gon circularis, which does not retain 
urea has very low specific activity of 
glutamine synthetase in both liver and 
kidney. The activity is comparable to 
that in species which do not retain urea 
and is in contrast to activity in closely 
related members of the Chondrichthyes 
(Fig. 1). A single, long-frozen sample of 
liver from the only known urea-retaining 
species (Latimeria chalumnae) of Os- 
teichthyes was assayed for glutamine 
synthetase activity. This coelacanth liver 
(16) showed a fourfold greater specific 
activity than liver of non-urea-retaining 
species (Table 1). 

These results and observations pro- 
vide evidence that the incidence of high 
glutamine synthetase activities in liver of 
fish is limited to those species which re- 
tain urea as an osmoregulatory solute. 
This direct correlation between gluta- 
mine synthetase activity and production 
of osmoregulatory urea suggests that 
there may be a metabolic relationship be- 
tween production of glutamine and urea 
in these species. 

We have calculated the rate of gluta- 
mine synthesis in the liver of Squalus 
acanthias on the basis of tissue activity 
(Eq. 3) corrected for the lower activity of 
the forward assay (Eq. 2) (15). The ap- 
proximate rate, 124 mmole of glutamine 
per kilogram of body weight of S. 
acanthias per day, is about 20 times the 
previously reported rates of urea syn- 
thesis (17) or urea loss (18) from S. 

,~l)sa ul?,ula,a acanthias. 
Big skate acanthias. 

Squalus acanthias The first step in the biosynthesis of 
') Spiny dogfish i urea is formation of carbamoyl phos- 

Taeniura lymma 
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0.005 0.01 0.05 0.1 0.5 1.0 3.0 thetase activity in shark liver with am- 

Ratio of specific activity monia as the nitrogen donor. Watts and 
.Ratio of specific activities of glutamine Watts (21) subsequently found that shark 

etase in liver and brain of various fishes. l liver extracts can also use the amide atio was calculated separately for each 
men. Specific activity was expressed as amno group of glutamine as the nitrogen 
per milligram of protein. Means for non- source for biosynthesis of citrulline via 
retaining species (o). Means for urea-re- carbamoyl phosphate formation. Ander- 
g species (*). Line segments indicate son (22 has shown that the livers of 
tandard deviation. The number of speci-f fih have r 
examined is given in parentheses after urea-retaining species of fish have rela- examined is given in parentheses after 
abitat listing for each species. F, fresh- tively high levels of glutamine-dependent 
; M, marine. carbamoyl phosphate synthetase III. 
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This supports the theory that the capabil- 
ity for a high rate of glutamine synthesis 
in livers of ureosmoregulating fish may 
be directly related to production of urea. 

Leech et al. (23) reported that gluta- 
mine was not detectable in the blood of 
the shark Squalus acanthias during vari- 
ous starvation periods. If ureosmoregu- 
latory fish in general do exhibit a very 
low blood glutamine level, the utility of 
their having a high tissue glutamine syn- 
thetase activity becomes at once obvious. 

The ornithine-urea cycle has been con- 
sidered to be a route for detoxification of 
ammonia in typically ureotelic verte- 
brates (8). Our findings are consistent 
with this view. But, for the group of ani- 
mals that retain urea for osmoregulation, 
we emphasize that urea synthesis serves 
not only to detoxify ammonia, but also 
represents an economical physiological 
adaptation that makes osmoregulatory 
use of the glutamine synthetase and the 
ornithine-urea cycle pathway. The as- 
similation of ammonia by glutamine syn- 
thetase and subsequent glutamine-de- 
pendent synthesis of urea would support 
the osmoregulation of these species and 
would provide a route for excretion of ni- 
trogen (ammonia) through loss of urea 
via the gills and kidney of ureos- 
moregulators. 

Our study suggests that glutamine syn- 
thesis may be the initial step in assimilat- 
ing ammonia for subsequent synthesis of 
urea in marine, ureosmoregulating spe- 
cies of fish. Our findings and those of An- 
derson (22) in the accompanying report 
are mutually supporting. 

JAMES T. WEBB* 
G. W. BROWN, JR. 

Laboratory of Biochemical Ecology, 
College of Fisheries, 
University of Washington WH-IO, 
Seattle 98195 
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This supports the theory that the capabil- 
ity for a high rate of glutamine synthesis 
in livers of ureosmoregulating fish may 
be directly related to production of urea. 

Leech et al. (23) reported that gluta- 
mine was not detectable in the blood of 
the shark Squalus acanthias during vari- 
ous starvation periods. If ureosmoregu- 
latory fish in general do exhibit a very 
low blood glutamine level, the utility of 
their having a high tissue glutamine syn- 
thetase activity becomes at once obvious. 

The ornithine-urea cycle has been con- 
sidered to be a route for detoxification of 
ammonia in typically ureotelic verte- 
brates (8). Our findings are consistent 
with this view. But, for the group of ani- 
mals that retain urea for osmoregulation, 
we emphasize that urea synthesis serves 
not only to detoxify ammonia, but also 
represents an economical physiological 
adaptation that makes osmoregulatory 
use of the glutamine synthetase and the 
ornithine-urea cycle pathway. The as- 
similation of ammonia by glutamine syn- 
thetase and subsequent glutamine-de- 
pendent synthesis of urea would support 
the osmoregulation of these species and 
would provide a route for excretion of ni- 
trogen (ammonia) through loss of urea 
via the gills and kidney of ureos- 
moregulators. 

Our study suggests that glutamine syn- 
thesis may be the initial step in assimilat- 
ing ammonia for subsequent synthesis of 
urea in marine, ureosmoregulating spe- 
cies of fish. Our findings and those of An- 
derson (22) in the accompanying report 
are mutually supporting. 
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In the course of phylogeny of the 
Tracheophyta the gametophytes were re- 
duced to effect only sexual reproduction. 
Therefore today in the Tracheophyta the 
sporophyte is dominant in size as well as 
in life-span and is the typical assimilating 
"green" plant. The gametophytes are 
very reduced in size and simplified in 
shape and structure. In the Bryophyta 
the gametophytes are the longer living 
and more differentiated generation; the 
sporophytes are physiologically more or 
less dependent on the gametophytes, to 
which they remain attached throughout 
their life-span. It was hoped that Devo- 
nian gametophytes would provide clues 
to the phylogenetic development and 
early ancestors of the land plants. Prior 
to the present discovery, however, all 
that had been found with any certainty 
among the ancient land plants was the 
sporophyte generation. It seemed that 
the gametophyte generation either did 
not exist as independent plants or 
failed to be fossilized. 

Evidence of gametophytes was to be 
expected in the silicified fossil peat near 
Rhynie in Scotland. The Rhynie Chert 
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has been placed in the Lower Devonian, 
at the Siegenian-Emsian boundary (1), 
for the last 15 years. The plants in the 
Rhynie Chert are preserved with cellular 
structure. It was from this material that 
Merker (2), Lemoigne (3), and Pant (4) 
claimed to find evidence of game- 
tophytes. They interpreted parts of 
Rhynia gwynne-vaughanii as game- 
tophytes. Previously, these parts had 
commonly been regarded as sporo- 
phytes, and they are taken as such even 
today by many paleobotanists. 

In 1977 we collected samples of the 
Rhynie Chert; on the surface of one 
sample we noticed two fractured bowl- 
shaped plant structures, which bore 
blackish, globular bodies. Such plant re- 
mains had not previously been described 
from the Rhynie Chert. They seemed to 
lie among axes, which we first referred to 
the Rhyniaceae on the basis of their rec- 
ognizable features. Ensuing investiga- 
tions of approximately longitudinal sec- 
tions revealed that two of these axes 
were stalks of the bowl-shaped plant re- 
mains. The stalks are in organic con- 
nection with them and are up to 2 cm 
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Devonian Gametophytes with Anatomically Preserved 

Gametangia 

Abstract. The oldest anatomically preserved and physiologically apparently inde- 
pendent gametophytes are described from the Lower Devonian of Scotland. These 
gametophytes have upright, leafless axes with terminally borne, bowl-shaped game- 
tangiophores. The antheridia are stalked and their walls are multicellular. The arche- 
gonia are clustered in groups on common bases. 
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