Fig. 2. A restoration of the arachnid
based on the structures shown in the
specimen (Fig. 1) and its counterpart.
Scale is 5 mm.

Besides the rather complete speci-
men a few abdominal shields have been
found (Fig. 3) which evidently belong
to a different species. The moderately
inflated shields (3.8 to 5.6 mm long)
have a nearly circular outline. A median
axis has seven segments, the frontal
one being rather broad. The Ilateral
portions of the shield are divided into
eight pairs of segments, the hind ones
forming a single plate behind the axis.

The eight segments of the abdomen
are characteristic of the family Trig-
onotarbidae of the order Trigonotar-
bida. However, with its subcircular opis-
thosoma and an axis not reaching the
hind border, the species does not fit
into previously described genera. The
shape of the opisthosoma might recall
species of the Carboniferous order
Anthracomarti, which, however, have
an extra row of plates outside the lat-
eral ones. The present forms may pos-
sibly have been related to the ancestors
of the Anthracomarti.

The fossils described reveal the exist-
ence of advanced nonscorpionid arach-
nids in the Lower Devonian. The pre-
viously known arachnids from Rhynie
in Scotland may possibly have been of
the same early age, but the accurate
dating is uncertain. The German arach-
nids are much bigger than the Scottish

ventral structures

Fig. 3 (a—c). Specimens of the abdominal
shield (opisthosoma) of another arachnid
from the Lower Devonian (Emsian) of
Alken and der Mosel, Germany (Nos.
SMF VIII 32-34 of the Senckenberg Mu-
seum und Forschungstelle, Frankfurt am
Main, Germany). Scale is 5 mm.
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ones, and the morphological structures,
notably the strong ornamentation of
the integument of the large form (Fig.
1), indicate specialized and advanced
features. The general structure of the
legs conforms well with that of Car-
boniferous arachnids, which in turn
correspond to recent terrestrial forms.
The same terrestrial type of legs is
found in the minute arachnids from
the Devonian Rhynie Chert. This in-
dicates that the German forms were
terrestrial as mentioned above.

When did the arachnids become per-
manent land dwellers? They probably
had their first development in aquatic
environments, and it is reasonable to
assume that before they invaded the
land, members of the group passed a
transition stage in which the aquatic
forms were able to spend a short time
on land. This is to some extent the
case in the living horseshoe crabs,
which can spend a short while on dry
land because the gills are kept moist
under the cover of the plate-shaped
abdominal appendages. Among the Si-
lurian and Devonian eurypterids, the
Stylonuracea with their long and power-
ful legs might also have been able to
crawl about on the tidal flats, perhaps
taking advantage of the primitive
swamps and land vegetation. As in the
horseshoe crabs the gills were pro-
tected by the ventral plates. As shown
by Wills and Kjellesvig-Waering (9)
the early scorpions had similar ventral
plates, which here too probably pro-
tected softer gills between the body and
the plates. Also the legs of the primitive
scorpions were eurypterid-like, the tar-
sal region of the legs not being so well
adapted to carry the larger weight of
the body on land (8). The first scor-
pion with stigmata, corresponding to
those in recent forms, is known from
the Carboniferous (10), a fact which
suggests that the majority of the scor-
pions went on land in Devonian, per-
haps late Devonian time, more or less
at the same time as the first vertebrates.
The nonscorpion arachnids seem to have
been well established on land already
in Lower Devonian time. The same
may have been the case with the in-
sects (I1). Terrestrial forms of both
these groups developed contemporane-
ously with the early land plants and
probably depended on their presence.
We do not know which of the various
arthropod groups was the first to pro-
duce terrestrial forms, nor do we know
when this happened. Certain forms de-
scribed as diplopods (Myriapoda) have
been described from the Silurian (Wen-

lockian) (12), but knowledge of these
forms is too limited for one to decide
whether or not they were terrestrial
animals. '

LEIF ST@RMER
Institute of Geology,
University of Oslo, Norway
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Nitrogen Fixation in Some Anoxic
Lacustrine Environments

Abstract. Low rates of acetylene re-
duction to ethylene in water samples
from two dystrophic lakes indicate the
presence of nitrogenase and in situ
nitrogen fixation. Highest rates were
found in anoxic water from the aphotic
zone. Environmental conditions in
these lakes suggest the agents of fixa-
tion were bacteria.

Nitrogen fixation in the surface wa-
ters of lakes and oceans is well docu-
mented (/—4). Numerous studies on 1*N
have reported rates of fixation and
have associated fixation with the pres-
ence of certain blue-green algae, pri-
marily in the order Nostocales. Possi-
ble nitrogen fixation in aphotic zones
of natural waters appears to have been
either neglected or considered insig-
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nificant. In support of this view, Stew-
art et al. (5) reported that fixation de-
creased rapidly with depth in Lake
Mendota, Wisconsin. However, the
presence of potential nitrogen fixers
in aphotic or anoxic zones is well
established (6); nitrogen-fixing aerobic
bacteria, anaerobic bacteria, and photo-
synthetic bacteria have been identified
and isolated from various lacustrine
environments. Presence of these agents
does not necessarily imply that they
are fixing nitrogen in situ.

Nitrogen fixation was measured at
different depths in two dystrophic
lakes by the acetylene reduction
method (5), modified by use of 60-ml
bottles to accommodate larger sam-
ples, and by longer incubations which
were necessitated by the low rates en-
countered. Briefly, the method mea-
sures the production of ethylene from
acetylene by nitrogen-fixing organisms.
Acetylene is a competitive inhibitor of
molecular nitrogen for the enzyme
nitrogenase. Nitrogen gas was purged
from anoxic waters with helium before
addition of acetylene; a compressed
gas mixture of 20 percent O,, 80 per-
cent Ar, and 0.035 percent CO, (7) was
used to remove nitrogen gas from ox-

genated samples. Samples were in-
cubated from 4 to 24 hours in the
laboratory. Biological activity was
stopped after incubation by addition
of trichloroacetic acid. Controls in each
experiment consisted of samples to
which trichloroacetic acid was added
to precipitate protein before addition
of acetylene and incubation. All con-
trols showed either no ethylene or only
a trace {evidently a very minor con-
taminant of the acetylene). Separation
of ethylene from acetylene and mea-
surement of ethylene production was
made by gas chromatography with a
flame ionization detector and Porapak
T column (1.8 m by 0.3 mm) (8).

Two lakes in different climatic zones
were chosen on the basis of their ex-
tensive anoxic environments. Lake
Mary, Wisconsin (9), is a small (1.2
ha), deep (Dypox = 21.5 m) lake with a
rather unusual limnology (10). The lake
water is colored—about 150 to 300
parts per million (ppm) on the chloro-
platinate scale (/7)—and displays other
characteristics of dystrophy. Lake Mary
is meromictic, and the water below
about 5 m in depth is permanently
anoxic. Lake Mize, Florida (9), is sim-
ilar to Lake Mary in that it is small
(091 ha) and deep (Dyux =25 m).
However, it is more cone-shaped than
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Table 1. Acetylene reduction in Lake Mary
and Lake Mize.

Total Ethyler}e Nitrggen
Depth nitrogen® production ﬁxatl(in t
(nmole (ng™
(m) (mg/ liter-1 P
liter) iter liter
hrt) hr-t)
Lake Mary, 28 June 1968
0t 0.93 0.54 5.0
2 3.1 0.36 3.3
S 1.8 0.89 8.3
7 2.9 0.98 9.2
10 2.5 1.70 15.8
15 3.3 1.16 10.8
20 4.5 5.00 46.6
Lake Mize, 11 July 1968
0% 0.56 17.8 166
1.5% 0.56 14.3 133
3.0% 0.63 12.5 117
6.1% 0.65 11.6 108
6.1 0.65 8.9 83
9.1 0.70 33.0 308
18.3 0.69 10.7 100
Lake Mize, 21 August 1968
0% 0.38 0 0
2% 0.60 4] 0
5% 0.69 0 0
7 0.73 2.98 27.8
10 0.77 3.28 30.6
15 1.29 8.93 83.3
20 0.66 2.68 25.0

* Total Kjeldahl nitrogen in Lake Mary and Lake
Mize (21 August), total organic nitrogen in Lake
Mize (11 July). 7 Calculated from nanomoles
of ethylene produced per liter of water per hour
if we assume a theoretical ratio of 1.5 mole of
ethylene produced per mole of ammonia fixed.
% Samples purged with oxygen-argon mixture be-
fore incubation; all other samples purged with
helium before incubation.

Lake Mary. The lake has a high but
variable color value (30 to 300 ppm)
and has other characteristics of dys-
trophy (12). The morphology of Lake
Mize does not promote good vertical
circulation, but the lake is monomictic
rather than meromictic. Slow circula-
tion during winter resupplies the bot-
tom water with oxygen. This oxygen
is lost during the long period of strati-
fication, and the lake is anoxic below
about 5 m from June to September.
Lake Mary was sampled 28 June
1968. Temperature and dissolved oxy-
gen decreased rapidly with depth; sur-
face values were 19.3°C and 7.2 mg/
liter, respectively. Corresponding values
at 3 m were 6.6°C and 0.1 mg/liter.
From 4 m to the bottom, there was no
dissolved oxygen and the temperature
was between 4.0° and 5.0°C. Surface

" samples were incubated at room tem-

perature (about 22°C) in sunlight for
5 hours; depth samples were incubated
at 4°C in the dark for the same length
of time. The results (Table 1) indicate
a slight increase in ethylene production
with depth from the surface to 15 m
and a marked increase at the bottom
(20 m). The rate of production in the

upper water of Lake Mary was only
slightly higher than the detection limit
of our procedure, which was about 0.1
nmole of ethylene per liter of water
per hour. ‘

Nitrogen fixation in Lake Mize was
determined on 11 July and 21 August
1968. Conditions in the lake were
similar on both dates. Dissolved oxygen
was present only in the upper 3 m.
Water temperature ranged from 30°C
at the surface to 11.5°C at the bot-
tom, and the thermocline occurred be-
tween 3 and 7 m. Samples were in-
cubated for 4 hours on 11 July and
for 24 hours on 21 August. Relatively
high nitrogen-fixing activity (Table 1)
was found at all depths in July, but
the maximum occurred in anoxic
waters at a depth of 9 m. Rates of
ethylene production were considerably
lower in August, and no production
was observed in the epilimnion. Maxi-
mum production occurred at 15 m.

The rates shown in Table 1 are gen-
erally low compared with nitrogen-
fixation rates measured by 15N tech-
niques in some eutrophic surface waters
with blooms of blue-green algae.
Goering and Neess (2) found fixation
rates from 0.07 to 8.49 pg of nitrogen
per liter of water per hour in surface
waters of Lake Mendota, Wisconsin.
Dugdale and Dugdale (3) reported fix-
ation rates in Sanctuary Lake, Pennsyl-
vania, ranging from 1 to 6 pg per liter
of water per hour, and Billaud (4)
found rates as high as 3 pg per liter of
water per hour in Smith Lake, Alaska.
Stewart et al. (5) recently reported ethyl-
ene production rates as high as 2.3
nmole per 1-ml sample per 30-minute
period in surface blooms from Lake
Mendota. If we assume a theoretical
ratio of 1.5 moles of ehylene produced
per mole of ammonia ﬁxpd (5), this rate
is equivalent to 43 ug of nitrogen per
liter of water per hour. However, it is
unclear whether or not their sample
was concentrated.

It should be noted that the rates of
nitrogen fixation in Table 1 are only
apparent. The acetylene reduction
method is an indirect assay for fixa-
tion, and the rates have not been veri-
fied with 15N. However, reduction of
acetylene to ethylene is not known to
be a natural biological process. The only
enzyme now known to reduce acetyl-
ene to ethylene is the nitrogen-fixing
enzyme (nitrogenase). Results of con-
trols in each experiment imply that
the reduction of acetylene to ethylene
is enzymic, since no reduction oc-
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curred in bottles preserved with tri-
chloroacetic acid prior to acetylene in-
troduction.

Agents of the apparent fixation in
the hypolimnia of Lake Mary and Lake
Mize would seem to be heterotrophic
since ethylene production occurred in
anoxic waters where light penetration
was negligible. Fixation in the surface
waters of these lakes may have been
algal, but we detected no blue-green
algae in either lake by microscopic
examination. Fixation under these en-
vironmental conditions has not been
previously reported, although Ilow
rates of fixation have been noted in
surface samples incubated in the dark
(2, 5). The immediate ecological sig-
nificance of these low rates is prob-
ably minor; that is, fixation evidently
supplies only a small portion of the
nitrogen requirements of aquatic micro-
organisms. However, the biogeochemi-
cal significance may be considerable.
If the rates of ethylene production in
Lake Mary are representative of nitro-
gen-fixing activity in the lake, the an-
nual fixation of nitrogen in the anoxic
region (5 m and below) of this small
lake is approximately 4.6 kg (I3). If
fixation is found to be widespread in
anoxic lake water and lacustrine sedi-
ments, estimates of the role of nitro-
gen fixation in the global nitrogen
budget (/4) will have to be increased.

PATRICK L. BREZONIK
CAroL L. HARPER
Environmental Engineering
Department, University of Florida,
Gainesville 32601
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Protein-Bacteriophage Conjugates: Application in

Detection of Antibodies and Antigens

Abstract. Covalent attachment of proteins to bacteriophage yielded modified
phage preparations with which it is possible to detect antibodies to proteins at
concentrations as low as 0.5 to 2.0 nanograms per milliliter. Similarly, anti-
bodies may be linked covalently to phage, and the resulting antibody-phage con-
jugate is useful in detecting proteins. An alternative method for quantitative
determination of proteins is suggested, in which the inactivation of protein-phage
by antibodies to protein is inhibited by the protein tested. With rabbit immuno-
globulin G as the protein, as little as 0.3 nanogram per milliliter could be de-

termined.

Immunospecific inactivation of bac-
teriophage is the basis of a sensitive
method for the detection of antibodies
(I). Antibodies with specificity directed
toward peptides (2) and haptens such
as the 3-iodo-4-hydroxy-5-nitrophenyl-
acetyl (3), penicilloyl (4), and 2,4-dini-
trophenyl (DNP) (5) groups were de-
tected and quantitated by the use of
bacteriophage to which the specific
molecules were covalently bound. In
view of the great interest in the detec-

tion of very small amounts of anti-

bodies to proteins, we have now linked
proteins to bacteriophage T4 by cova-
lent bonding and shown that the modi-
fied phage may be inactivated with
antibodies against the protein. More-
over, chemical attachment to bacterio-
phage of immunospecifically isolated
antibodies to protein yielded phage
preparations which could be used for
detection of protein antigens.
Bacteriophage T4 was grown, puri-
fied, and assayed as described (2). The
proteins used were bovine pancreatic
ribonuclease, bovine serum albumin
(BSA), and rabbit immunoglobulin G
(IgG). Coupling of proteins to the bac-
teriophage was performed by addition
of a solution of the bifunctional re-
agent tolylene-2,4-diisocyanate (TDIC)
(6) in dioxane (0.1 ml) to mixtures of
bacteriophage and protein in 0.05M
phosphate buffer, pH 7.0, containing

20 pg of gelatin per milliliter (0.6 to 1.4
ml); TDIC is a coupling agent which
reacts with amino groups, producing
entirely covalently linked conjugates
between proteins (6). In order to find
the optimum conditions, the concen-
trations of bacteriophage, proteins, and
TDIC and the time of reaction were
varied. The reaction was performed at
24°C and was terminated by dialysis
against the same buffer. Any visible
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Fig. 1. Inactivation of conjugate consist-
ing of bacteriophage T4 and rabbit im-
munoglobulin G by a goat antiserum to
rabbit immunoglobulin G. The final dilu-
tions of serum in the reaction mixtures
were: @, 1 to 2 X 10°% A, 1 to 2 x 107
The serum contained 10 mg of antibody
per milliliter. O, Control experiment in
which phage was kept in the absence of
antiserum; PFU, plaque-forming units.
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