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Temperature Regulation of Bacterial Activity During
the Spring Bloom in Newfoundland Coastal Waters

LAWRENCE R. POMEROY AND DON DEIBEL

While the spring phytoplankton bloom in Newfoundland coastal waters is in progress
during April and May, at water temperatures between —1° and +2°C, bacterial growth
and respiratory rates remain low. Microbial community respiration is not measurable
at —0.2°C. Particulate materials that would be utilized by microorganisms in 2 to 3
days at 20° to 25°C require 11 days at 4°C and 18 days at —0.2°C. Thus, photosynthe-
sis is active but microbial utilization of the products is suppressed. High secondary
production in cold water may result from the low rate of microbial decomposition,
enabling herbivores to utilize much of the primary production.

IGH SECONDARY PRODUCTIVITY
H in cold waters has been an enigma,
because the rates of primary pro-
duction do not seem to be large enough to
support it (1). Cold-water food chains have
been thought to be short and energetically
efficient, but microbial pathways of energy
flow are now known to occur in cold waters
(2), in additdon to the metazoan grazer-
predator relationships (3). Dissolved organ-
ic materials and nonliving particulate mate-
rials are converted to living biomass by
bacteria that are subsequently grazed by
protozoa and other small eukaryotes. Since
energy losses are 50 to 90% at each step in a
food chain, a significant fraction of primary
production is lost through energy conver-
sions in this microbial loop. If, however,
bacteria in cold water are less active meta-
bolically than in warm water, the microbial
loop will consume less energy and more
primary biomass will be available to metazo-
ans. Heterotrophic marine psychrophiles are
inhibited by very low temperature (4, 5).
For one bacterium isolated from water at
62°S, the increase in rate of the chemical
reaction for each 10°C increase in tempera-
ture (Qyo), was measured; the extrapolated
Qo of respiration between +1° and 4°C was
142, whereas between 7° and 10°C it was
1.7. The growth rate declined from a maxi-
mum of 0.19 generation hour™" at 4°C to
0.08 hour™! at +1°C (5).
Phytoplankton photosynthesis also is sup-
pressed by low temperature, but the decline
in photosynthetic rate occurs at lower tem-
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peratures than does the decline in bacterial
growth and metabolism (Fig. 1). Thus, be-
tween +1° and —1°C, photosynthesis is
substantial but rates of bacterial growth and
metabolism are low. This is potentially im-
portant where water temperature is in that
critical range during the spring bloom peri-
od, when much of the annual primary pro-
duction occurs (6). To examine these differ-
ential responses during the spring bloom,
we incubated samples of natural seawater
and appendicularian houses from Logy Bay,
Newfoundland, at temperatures near 0°C
and +4.2°C.
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Fig. 1. Differential growth of phytoplankton and
bacteria at very low temperatures. Growth of
psychrophilic bacteria in culture at various tem-
peratures (4), expressed as optical density of the
culture (continuous line) and (5) expressed as
generations hour™! (line of short vertical marks),
compared with potential production of phyto-
plankton, measured in the field (11), expressed as
milligrams C (milligrams of chlorophyll )~
hour™! (dashed line).

Appendicularian houses are common,
naturally occurring, macroparticulate matter
on which bacteria grow. They support rates
of photosynthesis and respiration much
higher per unit volume than that in the
surrounding water (7). Samples of water
and living appendicularians, Oskoplenra van-
hoeffeni, were collected during April 1984
and 1985 by divers. Abandoned appendicu-
larian houses were placed in glass vials with
23 ml of seawater from the collection site,
and these together with control vials of
seawater were held at controlled tempera-
tures with natural illumination from labora-
tory windows (8). During April 1985, the
change in oxygen concentration in control
vials at —0.2°C was not significant (analysis
of variance, F test, P = 0.50) over 21 days
of observation (Fig. 2). However, the pres-
ence of appendicularian houses resulted in a
significant increase in oxygen concentration,
+2.64 £2.02 pM day”' (P=0.01). At
4.2°C, oxygen concentration decreased at
the same linear rate in both the vials with
houses, —4.52 * 2.76 pM day™', and the
control vials, —4.50 = 1.33 pM day™!
(analysis of covariance, ¢ test, P > 0.20).

This experiment demonstrates that at am-
bient temperature of —0.2°C photosynthesis
was greater than respiration, with some
fraction of the primary producers attached
to large particles, while at +4.2°C hetero-
trophic respiration exceeds photosynthesis.

At —0.2°C, the numbers of free-living
bacteria were initially 1.2 X 10* ml™!, in-
creasing after a week to 10° ml™! and re-
maining in the range of 2 X 10®to 7 x 10°
ml™! until week 3, when numbers of free
bacteria were 1 X 10° to 5 x 10° ml™%.
Some bacteria were attached to particles, but
on the order of 99% were free-living. Few
flagellates were seen. At 4.2°C, however,
bacteria attached to particles, in colonies too
dense to be counted, formed the dominant
bacterial biomass. Free-living bacteria were
in the range 1x10° to 5x 10° ml™!

L. R. Pomeroy, Institute of Ecology, University of
Georgia, Athens, GA 30602.
D. Deibel, Newfoundland Institute for Cold Ocean
Science, and Marine Sciences Research Laboratory, Me-
morial University of Newfoundland, St. John’s, New-
foundland, Canada A1C 5S7.
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throughout the 3 weeks. Small ﬂagcllatcs
were numerous, .on the order of 10° ml™.
At —0.2°C the appendicularian houses and
fecal pellets enclosed in them disintegrated
into small fragments after 18 + 3.4 days,
whereas at 4.2°C disintegration was com-
plete after 11 + 2.2 days (+2 S.E.). In
contrast, tunicate fecal particles collected at
lower latitudes at 20° to 25°C disintegrate in
2 to 3 days (9).

During April 1984, the ratio of adenosine
5'-triphosphate (ATP) to chlorophyll & was
<1 at all times, indicating that the biomass
of attached organisms was dominated by
autotrophs (10). Epifluorescence microsco-
py showed little bacterial growth on the
house surfaces. The water in which the
houses were held showed no significant
increase in the bacterial production rate over
that in seawater without houses (Table 1).
Three observations corroborate the differen-
tial activity of autotrophic and heterotrophic
microorganisms at very low temperature.

In both 1984 and 1985 the onset of the
spring bloom of phytoplankton occurred
about 1 April in Newfoundland coastal wa-
ters and continued into May. During this
time, water temperature is —1° to +2°C,
with little thermal stratification (11), con-
firming the provisional curve of photosyn-
thetic potential at low temperatures devel-
oped by Li et al. (12). Bacterial numbers in
coastal waters were consistently near 10°
ml™!, with most being free-living, single
cocci. Rates of uptake of exogenous tritiated
thymidine, a measure of bacterial produc-
tion (Table 1), were comparable to those
reported from the Antarctic at similar water
temperatures (3). In contrast, off the coast
of Florida, phytoplankton blooms produc-
ing 2 g of carbon per square meter per day
are accompanied by populations of 10° bac-
teria ml™! (10) and high rates of bacterial
metabolism (13).

When we raised the temperature from
—0.2° to 4.2°C, we also demonstrated a
significant increase in community respira-
tion, bacterial numbers, and formation of
bacterial aggregates typical of rapidly grow-
ing populations (I4). The increased abun-
dance of heterotrophic flagellates indicated
that the microbial loop of the food web was
active. The presence of an appendicularian
house in 23 ml of seawater did not signifi-
cantly alter the community respiratory rate
at 4.2°C, although this is a much higher
density of houses than that occurring in
coastal waters. To account for the linear rate
of community respiration in the water in the
vials over 21 days, dissolved organic materi-
als must have been present in sufficient
excess or were produced continuously by the
microbial community. A water temperature
of 4°C does not occur until June off the east
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Table 1. Production of bacteria in Newfoundland
coastal waters and in water in which appendicu-
larian houses were held in the laboratory at —1°C.
Empty houses were abandoned by their occupants
before being collected by divers. Occupied houses
were those occupied by an appendicularian when
collected by divers even though they were vacated
before these observations began. Samples with
houses and those from Logy Bay were processed
within 1 hour of collection. Conception Bay
samples were transported at ambient temperature
(—1°C) and processed within 3 hours of collec-
tion.

Water source No. of Thymidine
or sample obser- uptake (nM
type vations liter ! day™)
Logy Bay 5 17.0
Conception Bay 3 454
With houses
Empty 3 78.3
Occupied 4 38.0

coast of Newfoundland, and is limited to the
upper 40 m of the water column (11).

Our observations, as well as previous ones
on antarctic bacteria and arctic phytoplank-
ton (4, 5, 12), show that in the critical
temperature range between —1.8° and
+1°C, there is significantly less suppression
of primary production than of bacterial
growth and respiration. Moreover, Larsson
and Hagstrém (15) found little bacterial
production during the spring bloom in the
Baltic Sea at temperatures near 0°C. This
differential effect of temperature will be in-
creased by thermal stratification of the water
as the spring bloom continues. In the warm-
er surface layer, photosynthesis and bacterial
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Fig. 2. The effect of temperature on changes in
oxygen concentration in vials containing Osko-
pleura vanhoeffeni houses at —0.2°C (diamonds)
and at +4.2°C (circles). Symbols indicate mean
values at each observation period *2 stan-
dard errors of the mean. The regression equa-
tions, ¢ = (slope + 2 S.E.)t + intercept, with
n = number of points and s = SD of points about
the line were as follows: at —0.2°C, control, ¢
= (0.17 = 0.35)z + 361: » =9, s = 6.85; house,
¢c=(2.06 * 0.54)t + 338: »n =21, s =15.3; at
4.2°C control, ¢ = (—4.3 = 0.50)t + 333:n =9,
s =9.78; house, ¢=(—3.49 * 0.65)¢ + 295:
n =24, s=18.9. For controls (narrow lines)
»n=1. For experimentals (heavy lines) »n =3,
except on days 4, 9, and 11 at —0.2°C, » = 2.

growth will approach the optimum, but
bacterial activity will still be suppressed in
the bottom water, which remains below
0°C. Particulate organic matter falling into
the lower layer will be utilized slowly by
bacteria and will accumulate during the
springtime period of intense photosynthesis.
Examples of this thermal structure, with
accumulation of phytoplankton near the
bottom, have been reported from the Bering
Sea and the Antarctic as well as Newfound-
land (16).

These findings have important implica-
tions for the coastal marine food web and
for metazoan consumers in particular. In the
tropics and subtropics, even in coastal up-
wellings at 12° to 15°C, bacterial metabo-
lism and growth are rapid, and organic
production does not accumulate over long
periods of time. The turnover of primary
production is on the order of 1 to 3 days.
Much energy does not reach the metazoans,
because bacteria rapidly consume particular
substrates and protozoans consume bacteria.
In very high latitudes, where summer tem-
peratures do not exceed +1°C, obligate
psychrophiles may exhibit their highest rates
of growth and metabolism at temperatures
around 0°C (17). However, in Newfound-
land and probably other temperate latitudes,
bacterial production and respiration remain
low during the spring bloom, and we postu-
late that more primary production finds its
way to metazoan consumers, both benthic
and planktonic invertebrates. This difference
in the food chain in seasonally very cold
water could significantly enhance the pro-
duction of larger invertebrates and verte-
brates, and it may be crucial in sustaining
the major fisheries of the Grand Banks and
the Bering Sea. ‘
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Functional Differences Between Two Classes of
Sodium Channels in Developing Rat Skeletal Muscle

RiIcHARD E. WE1Iss AND R1ICHARD HORN

Excitability is generated in developing skeletal muscle by the incorporation of sodium-
selective ion channels into the surface membrane. Whole-cell and patch voltage-clamp
recording from myotubes and their embryologic precursors, myoblasts, indicated that
voltage-activated sodium current in myoblasts was more resistant to block by tetrodo-
toxin (TTX) than that in myotubes. Single-channel recording from both cell types
showed two classes of sodium channels. One class had a lower single-channel
conductance, activated at more hyperpolarized voltages, and was more resistant to
TTX than the other. The proportion of TTX-resistant to TTX-sensitive sodium
channels was higher in myoblasts than in myotubes. Thus, the difference in TTX
sensitivity between myoblasts and myotubes can be explained by a difference in the
proportion of the two classes of sodium channels. In addition, the lower conductance
of TTX-resistant channels provides insight into the relationship between the TTX
binding site and the external mouth of the sodium channel.

N DEVELOPING SKELETAL MUSCLE, AC-

tion potentials and the sodium currents

that underlie them are initially quite
insensitive to the specific sodium-channel
blocker tetrodotoxin (TTX), but increase in
their sensitivity to TTX as the cells mature
(1-6). This change in TTX sensitivity with
age could represent a gradual shift in the
affinity of channels during development.
Alternatively, if two populations of sodium
thannels with very different TTX affinities
sxisted, an increase in the ratio of high-
affinity to low-affinity channels could ac-
count for the results. Labeled-toxin binding
ind ion-flux studies support the explanation
that there are two populations of sodium
‘hannels (2, 4, 6). However, two separate
slectrophysiological studies, based on direct
neasurement of functional sodium channels,
support either the hypothesis of a gradual
ffinity shift (3) or the existence of two
slasses of channels (5). Here we show that
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functional forms of both TTX-sensitive and
TTX-resistant channels coexist, both in early
mononucleated myoblasts and in older mul-
tinucleated myotubes. The two classes of
sodium channels retain their individual char-
acteristics throughout development, while
their relative proportions change. The am-
plitudes of the single-channel currents and
the gating properties of the two classes are
readily distinguishable. TTX-resistant chan-
nels carried less current at all voltages exam-
ined and could be activated at more negative
membrane potentials.

The effects of TTX on macroscopic sodi-
um currents were examined in myoblasts by
whole-cell recording and in myotubes by
averaging single-channel records from an
outside-out patch (7). In both cell types the
currents were activated by depolarizing
steps. The addition of 312 nM TTX to the
solution bathing a myoblast reduced the
peak inward current by approximately 66

percent. (Fig. 1A). In a myotube patch,
more than 95 percent of the inward current
was abolished by 125 ndf TTX (Fig. 1B),
from which we calculate an equilibrium
dissociation constant for toxin binding of
less than 10 nM (assuming a single affinity
binding site). In our experiments, the effect
of TTX typically was greater on myotubes
than on myoblasts, in agreement with previ-
ous reports (2, 3, 6). Other experiments
showed that the shape of the dose-response
relation of TTX inhibition of the sodium
current in myoblasts was consistent with
more than a single dissociation constant for
block (8). At higher concentrations (>10
wM) TTX reversibly abolished all inward
current in both cell types; thus this current
was passing through voltage-activated sodi-
um channels.

Single-channel currents were obtained
from both cell types with outside-out patch-
es. Current records elicited by depolariza-
tions to —40 mV revealed that single-chan-
nel currents tended to have either of two
amplitudes (Fig. 2, upper panels). Large
events were approximately 1.4 pA, and small
events (arrowheads) were approximately 1.0
pA. Both classes of events were seen in seven
out of eight patches from myotubes and in
seven out of ten patches from myoblasts. In
one myotube patch, only large events were
seen and, in three patches from myoblasts,
only small events were observed. The ex-
cised patches from myotubes typically had a
higher density of functional channels than
myoblasts. All single-channel events were
completely blocked by 15 wA TTX, which
indicates that they were generated by sodi-
um channels. Moderate concentrations of
TTX (5 to 500 n)M) reversibly reduced the
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