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MICROCALORIMETRY OF THE SMALLEST PLANKTON FRACTION:
IN SEARCH FOR THE SOURCES OF HEAT DISSIPATION

Heat production by the plankton pico (0.2 to 2 um) and femto (<0.2 pm) fractions was measured in the dark using a
microcalorimetric method. It was surprisingly found that the femtofraction (FF) produced more heat per seawater
volume (48 + 24 (95% CI) uW 1) than the picofraction (25 + 14 pW I™"). Consequently, we tested two hypotheses
which could explain the phenomenon through a differentiation between the potential sources of heat in FF: (i) me-
tabolism of ultramicrobacteria, the only living component in the fraction besides the non-metabolizing virioplankton
which are unable to produce heat; (ii) extracellular chemical processes in aquatic environments. Results of micro-
calorimetry and respirometry combined with the use of antimicrobial agents (ciprofloxacin, glutaraldehide, sodium
azide), and microscopical examination (counts and sizing of bacteria in the measuring ampoules) showed that both
sources contributed to the overall heat flow by FF but the non-living component was responsible for the bulk of it.
Hydrolysis of high molecular weight organic substances dissolved in seawater, associated with bacterial extracellular
enzyme activity, is considered the most probable source of the heat. If so, microcalorimetry has great prospective in
aquatic microbial ecology and biochemistry as a powerful unspecific analytical method.
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enzyme activity

Traditionally, hydrobiologists use respi-
rometry for quantifying the metabolic activity of
aquatic organisms, assuming that: (i) catabolism is
totally aerobic; and (ii) in order to obtain thermo-
dynamic information, the dark O, uptake is
equivalent to the heat production by a factor called
the oxycaloric equivalent [10] which is constant
for the combustion of a given substrate after al-
lowing for side reactions. Thus, assuming the en-
thalpy change of anabolism is zero [1, 17], dark
O, uptake by an aquatic ecosystem and its catabo-
lism are considered synonymous with the ecosys-
tem energy flow. However, there are two serious
disadvantages to the respirometric approach, mak-
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ing it an unreliable tool for quantifying energy
flows through aquatic ecosystems. Firstly, it is
dangerous to define respiration as the only cata-
bolic process in the water column (under relatively
adverse in situ conditions) and, hence, to equate
indirect calorimetry with direct one. Secondly,
there may be oxidative chemical processes in
aquatic environments, which would be manifest as
oxygen uptake (e.g. [22, 23]). In this case, (i) res-
piration would not be the only oxygen-consuming
process, and (ii) the largest measurement error
probably would be associated with the smallest,
microbial fractions in which it is more probable
that the respiration is masked by chemical
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reactions. It is a serious experimental problem for
quantifying energy flows in aquatic ecosystems as
a whole because their microbial (the smallest)
component involves the major primary producers
(phytoplankton, cyanobacteria, picoalgae) and
mineralizers (heterotrophic picoplankton), and, as
a rule, contributes most of their energy/carbon
budget.

Both of the above difficulties can be over-
come to some degree by applying a direct calo-
rimetric approach or, ideally, by combining calo-
rimetry with respirometry. However, as in the case
of respirometry, physico-chemical side-reactions
in aquatic environments can affect the results of
calorimetry. In this context, the fact that all proc-
esses, including biogenic ones, are accompanied
by changes in heat energy means not only is calo-
rimetry a powerful tool with great potential in
aquatic ecology but also its limitations. In this pa-
per, we consider a situation when the “noisy” heat
effect of the non-living (extracellular) component
of a biogeochemical system is comparable to that
of its living (intracellular) component and, hence,
the problem of their differentiation becomes prin-
cipal for interpreting the results.

In contrast to respirometry, calorimetry
provides the essential kinetic information on inte-
gral (aerobic + anaerobic) metabolism, serving as
a promising tool for constructing ecosystem net-
work models of material and/or energy flows. In
combination with respirometry, it differentiates
between the aerobic and anaerobic processes
through the calorimetric/respirometric (CR) ratio
calculated from the two measurements and com-
pared with the oxycaloric equivalent [10]. A key
property of calorimetry, its non-specificity, has
made its use compelling in studies of complex
biological systems like the natural microbial
communities, especially since the advent of mi-
crocalorimeters. Investigating the community
rather than the individual species within it has
been practiced in soil research for over 70 years
[11,21].

One of the reasons for the slow expansion
of calorimetry to plankton ecology is its insuffi-
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cient sensitivity even at the microwatt level: the
biomass concentration is not high enough to detect
its heat flow. Ideally a nanocalorimeter is required
but, nevertheless, this difficulty was surmounted
in studies of natural bacterioplankton by a 2-step
microfiltration for preparing concentrated samples
of picoplankton for batch microcalorimetry [18,
19]. The conceptual basis for interpreting the calo-
rimetric data was similar to that used in respi-
rometry (see e.g., [2]), namely the heat flow (or
oxygen uptake) by the picoplankton (precisely, by
the picoseston because it involved both living and
non-living matter) was assumed to be associated
exceptionally with microbial metabolism.

For the present study, we applied the same
approach for measuring and analysing the heat
flow by the smallest (<0.2 um) planktonic fraction
defined by Sieburth et al. [27], as the femtoplank-
ton. However, difficulties have arisen in interpret-
ing the results: in general, the femtofraction pro-
duced more heat per seawater volume than the
picofraction. The living component of the fem-
tofraction involves, firstly, the so-called filterable
bacterial cells, or ‘ultramicrobacteria’ (UMB),
whose contributions to the total bacterioplankton
biomass and activity are regarded as insignificant
[8], and, secondly, non-metabolizing virioplank-
ton. According to the above concept, we would
have to explain the phenomenon as due to high
UMB metabolic activity but this would contradict
the current understanding of their nature. An al-
ternative hypothesis was that extracellular chemi-
cal processes in aquatic environments are also a
significant heat source, and the heat-producing
“reagents” dissolved in seawater (i.e. in the <0.2
um fraction) can be concentrated onto an ultrafil-
tration membrane. Consequently, our goals were
to measure and compare the heat fluxes and long-
term flow patterns produced by the plankton pico-
and femtofractions, and to differentiate between
the living and non-living heat sources in the fem-
tofraction.

Theory. The heat conduction calorimeter
in the present study measures the instantaneous
rate of heat flow (@ = dQ/d:, Watts, W) [13],
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meaning that it gives the kinetics of the process as
well as thermodynamic information relating to
state functions such as the enthalpy change, AH.
The heat flow is properly regarded as the rate of
thermal (th) advancement, dy¢/df, in the energy
transformations [9]. It is an important concept in
energy transformation because it is expressed ex-
plicitly in terms of the stoichiometric coefficients,
v;, of the i-th species in the reaction, i.e. thermal
advancement is directly related to the reaction
stoichiometry irrespective of the complexity of the
reaction, i.e. one as complex as the biotic growth
reaction — the metabolic reaction [15].

The rate of the growth reaction, the so-
called metabolic rate or “activity”, is simply a
convenient phrase to denote the rate of advance-
ment of the aggregated biochemical reactions in
the growth reaction [14] of living matter, d&g/dt.
The thermal advancement of energy transforma-
tion, dyd, is related to d&g by the expression [14],
dwé = vAHp d&s, where AHp; is the molar en-
thalpy of the reaction in terms of species i [15].
The change in thermal advancement, dy.&, is ex-
actly equivalent to the change in heat, dQ. The
conclusion of this theoretical treatment is that the
calorimetrically measured heat flow is a function
of the metabolic rate of the living matter under
investigation.

It should be realised, though, that part of
the microbial catabolic process can be external to
the living cells. In particular, high molecular
weight biopolymers (proteins, carbohydrates, fats,
organic P- or S-compounds) dissolved in seawater
and/or adsorbed to suspended particles endocyto-
sed by bacteria, unlike for animal cells, and must
be hydrolyzed by extracellular enzymes before
they can be assimilated by the bacterioplankton as
low molecular weight substrates [6]. Thus, the
heat flows by the smallest plankton fractions can
involve both intra- and extracellular components
of catabolism. Additionally, any other side
(bio)chemical reactions in the aquatic environment
can potentially affect the calorimetric results if
their total enthalpy change is great enough to be
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comparable with the metabolism-associated heat
production.

Materials and Methods. The surface wa-

ter samples were collected at a station in Sevasto-
pol Bay (the Black Sea, Ukraine) at different sea-
sons over 6 years (1999 to 2004) and in the coastal
waters of Cardigan Bay (West Wales, UK) in Au-
gust 2003. The heat flow and oxygen uptake by
the plankton femtofraction were measured after a
two-step filtration technique [18, 19]. Initially,
100 ml seawater samples were screened with a 0.2
pm pore size membrane (Sartorius, Cat. # SM
11307-047) to remove the picoseston. The product
of this filtration, <0.2 um filtrate, contains colloi-
dal and dissolved (<1 kDa) organic/inorganic sub-
stances [25, 29], and the femtoplankton. At the
second filtration step, 70 to 75 ml sub-samples of
the <0.2 um filtrate were concentrated onto a 0.01
pum nitrocellulose membrane (Sartorius, Cat. # SM
11318-047) (see Fig. 1).
In the experiments with “conventional” bacterio-
plankton (in the picofraction), the same experi-
mental design was chosen, namely the fraction
was fractionated and concentrated by 12 um (Sar-
torius, Cat. # SM 12500-047) and 0.2 pum pore
size nitrocellulose membranes, respectively [18].
A methodological study (manuscript in prepara-
tion) has shown that a part of the bacterioplankton
did not reach the concentration membrane if a 3
um pore size filter was used for the fractionation.
This was due to the removal of epibacteria at-
tached to suspended detrital and mineral particles.
At the same time, the nanoplankton involving
fragile ciliates and flagellates were destroyed by
water flow shear during direct filtration irrespec-
tive of which membrane, 3 or 12 pum pore size,
was used for the fractionation. Thus, the 12 um
pore size membrane was more suitable for the
fractionation procedure because it removed the
fewer of the epibacteria inhabiting planktonic ag-
gregates.

For the microcalorimetric experiments,
the wet membrane (or its fragment of known area)
with the concentrated fraction was cut into strips
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Fig. 1. Left: The 2-step filtration method for concentrating the femtofraction of seawater (SW) sample onto a nitro-
cellulose membrane (NCM). The membrane fragments of equivalent surface area were used to conduct replicate ex-
periments with the unaltered samples and those subjected to glutaraldehyde (GA), ciprofloxacin (CF), and sodium
azide (SA) treatments. V; is the injection volume. Right: The experimental design used for monitoring the bacterial
dynamics in measuring ampoules with the plankton PICO and FEMTO fractions. The numbers of the ampoules (in
the circles), nominal pore sizes of the Sartorius nitrocellulose membranes, and the seawater (SW) volumes filtered
and poured into the ampoules are shown. The experiment was conducted in 4 replicates.

Puc. 1. CrieBa: Meron 2-3TanHoi (GUIBTPALKH ISl KOHICHTPUPOBAHUS (eMTOPpaKIUU MPoOsl MOPCKOU BOIbI (SW)
Ha HUTPOLEILUIION03HYI0 MeMOpany (NCM). JInst HOCTaHOBKM MTOBTOPHBIX KCIIEPUMEHTOB C KOHTPOJIBHBIMH IPOOa-
MU W Tpu Bo3aekcTBuu rimotapanbaeruaa (GA), nunpoduiokcanmua (CF) u asuma Hatpus (SA) ucmoin30Bau
(parMeHThl MEMOpaHBI ¢ PABHOM MJIOLIA/IBI0 NOBEOXHOCTH. Vj— n00aBseMblil 06beM. Cripasa: Cxema sKCnepHMeH-
Ta JJIsl KCCIIEI0BaHUs OaKTepHaIbHOIO POCTa B M3MepHuTenbHbIX ammynax ¢ nuko (PICO) u dpemrto (FEMTO) dpak-
UMM TUTaHKTOHA. [loKa3aHel HOMepa aMIlyJl, HOMHHAIbHBIN pa3Mep I0p HUTPOLEIUIIONO3HBIX MEMOpaH, 00beMEI
(pakumii, CKOHIEHTPUPOBAHHBIX Ha MeMOpaHax U (QUIBTPATOB, HCIOJIB3YEMBIX JUIS HAIIOJHEHUS aMITyll. DKCIepu-
MEHT CTaBHWJICS B 4 IOBTOPHOCTSIX.

to maximise exposure of the surface to the
seawater and placed into a sterile glass measuring
ampoule containing 2 ml of the <0.2 um filtrate
obtained at the second filtration step which was
hermetically sealed and the heat flow was meas-
ured immediately after loading into the batch mi-
crocalorimeter. To compare the heat flow patterns
produced by both the fractions of the same sea-
water sample, long-term (up to 72 h) calorimetric
experiments were conducted.

The microcalorimetric measurements were
carried out at 20°C with an LKB BioActivity
Monitor (BAM), Model 2277 (the successor is the
Thermal Activity Monitor (TAM), Thermometric
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AB, Jirfilla, Sweden) equipped with three inde-
pendent sets of twin differential channels, one of
each twin for the test material and the other as the
control. Accordingly, only three replicate experi-
ments could be conducted with the same fraction.
In the batch mode, the baseline noise was less than
+0.1 uW while the concentrated samples produced
up to 35 pW per ampoule.

In the respirometric experiments, a rec-
tangular fragment of the wet membane carrying
the fraction was placed in glass vessels of the two
chambers filled with 2.3 ml of the particle-free
seawater (<0.2 um filtrate of the same seawater
sample). To avoid screening the polarographic
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oxygen sensor and disturbing electromagnetic
stirrer, the fragment was folded inwards round the
vertical walls of the vessel, thus, covering only
part of the perimeter (i.e. forming a single layer)
and exposing the concentrated fraction inwards.
This approach proved to be more efficient than
cutting the membrane into small pieces because in
the latter case, the sharp edges of them could
damage the oxygen sensor membrane. Oxygen
consumption rates were measured at 20°C by a 2-
channel Oroboros Oxygraph (Oroboros Instru-
ments, Innsbruck Austria). Besides the experi-
ments with the concentrated samples, oxygen up-
take by the non-altered <0.2 um filtrate (i.e. by the
non-concentrated femtofraction) was also meas-
ured.

The combination of both the microcalo-
rimetric (1 channel, TAM 2277) and respirometric
approaches was used only in the set of the experi-
ments with the seawater samples from Cardigan
Bay. It was found in test respirometric experi-
ments with the pico- and femtofractions that oxy-
gen dissolved in the 2.3 ml samples was fully con-
sumed within about 4 to 7 hours while this took
longer in some of the calorimetric experiments
(see above). To equalise the experimental condi-
tions in both the instruments as close as possible,
equivalent amounts of paraffin oil were added to
both the experimental and control calorimetric
ampoules to form about 3 mm depth oil layer be-
tween the liquid sample and the air above it,
which prevented oxygen diffusion.

To differentiate between the intracellular
(cell metabolism) and extracellular sources of the
measured heat flow, a number of antimicrobial
agents were added to the ampoules at different
stages of the experiments, namely sodium azide
(final concentration 0.3% w/v), ciprofloxacin
(0.06% to 0.3%), and glutaraldehyde (2%). The
method of the sample preparation was the same
but the membrane carrying the concentrated frac-
tion was cut into equivalent pieces (with equiva-
lent amounts of the same fraction sample) (Fig. 1,
Left scheme). These were placed in the control
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and agent-treated ampoules for measuring the total
(extracellular + intracellular) heat flow and the
flow associated with the non-living (extracellular)
component of the fraction, respectively.

In the PF, bacteria were counted by epif-
luorescence microscopy according to Sherr et al.
[26]. 2- to 10-ml preserved (1% glutaraldehyde
final concentration) seawater sub-sample was fil-
tered onto a polycarbonate black (Sudan-stained)
0.2 um pore size membrane filter to give 2 ml
volume and stained for 7 min with 50 pl of DAPI
stock solution (200 ug ml™'; 0.2 pm pre-filtered) at
final concentration of 5 pug DAPI ml™" (14 puM).
Then the sample was collected onto the filter at
low vacuum (<80 mm Hg). A Ziess JENALU-
MAR-a/d microscope equipped with an HBO-202
mercury burner and a UV light excitation filter set
(U 204 + B 226 excitation filters, TS 410 beam
splitter and G 243 barrier filter) was used for all
the observations. At least 200 cells and 20 fields
were counted from each preparation. The volume
of the bacteria was calculated using the formula V
= (1/4) WXL — W/3), where L is cell length, and
W is cell width [26]. The carbon and energy
equivalents of the bacterial biomass were calcu-
lated using the factors of 0.2 pg C um™ [4] and
43.5 Jmg™" C [7], respectively.

The heat flow by the living component of
the fractions depended on the cell abundance con-
centrated on the membrane and their physiological
status. Hence, accuracy of this assay (as a meas-
ure of intracellular metabolism) depended on how
representative the sample was of the cell popula-
tion from which it was taken. According to
Kirchman’s [16] sampling hierarchy and associ-
ated statistics, a 100 ml sample is at sampling
level 2 (100 ml to >1 1) at which point the vari-
ance is equivalent to examining the spatial and
temporal variation in natural microbial abundance.
Thus, the picoplankton sample on a membrane
was representative of the in situ assemblage in
terms of its abundance. In theory, no replicates
were necessary in this case. In the femtofraction,
bacterial abundance can be even higher than in the

Marine Ecological Journal, Special Vol. 1: 84-98, 2005
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picofraction (UMB are up to 90% of the total bac-
terioplankton abundance [24]). Because the con-
centrated volumes (70 to 75 ml) of the femtofrac-
tion were close to those of the picofraction, we
assumed that the femtofraction samples also were
statically representative.

To estimate a potential contribution of
bacterial growth to the long-term heat-producing
processes inside the ampoule and the heat flow
patterns observed, bacterial dynamics (in terms of
abundance and biomass changes in the measuring
ampoules) were studied in a complex experiment
with both the fractions of the same seawater sam-
ple. Bacteria concentrated onto the Sartorius
membranes and ultramicrobacteria in the filtrates
and not caught by the 0.2 um membrane were not
counted.

The reason for this was evidence that the
heat flow by the cell ‘population’ concentrated on
the membrane quickly reduced (our data, manu-
script in preparation). At the start point of the ex-
periment, the initial bacterial number/biomass on
the membranes were calculated from the data on
cell abundance/biomass in the <12 um filtrate and
its volume concentrated. Four replicate experi-
ments were conducted for each of the fractions
(Fig. 1, Right scheme). The ampoules were incu-
bated under dark conditions at 20 °C.

Basic statistics (means, 95% confidence
intervals, paired #-tests) and cross-correlation co-
efficients [3] were calculated using STATISTICA
5.5 (StatSoft, Inc).

Results. It is seen in Fig. 3 that the meas-
ured rate of heat production converted into the
seawater volume-specific quantity (heat flux) var-
ied from about 5 pW 1" to 80 and 160 pW 1" for
the pico- (PF) and femtofractions (FF), respec-
tively, with the corresponding means of 23.7 =+
14.1 (95% CI) uW I'" (PF) and 48.0 + 23.7 pyW 1!
(FF), and a poor correlation (0.43; p>0.05) be-
tween the fractions. It was surprising that the FF
heat flux was significantly (paired #-test, p<0.05)
the higher value, contributing about 66.0 + 9% of
the total (PF + FF) heat production.
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The FF heat production patterns were
similar to the PF ones obtained for the same sea-
water sample (Fig. 3, the samples B to E) that
could indirectly indicate the similar nature of the
heat-producing processes in both the fractions.
However, the heat flow peaks in the FF lagged the
PF in time (see Fig. 3), which indirectly indicated
delayed bacterial growth in the former at lower
start biomass. The maximum (0.48 to 0.94) cross-
correlation between the fractions (the FF series
lagged during the time series analysis) was ob-
tained for the lags from —0.1 (sample B) to —12.6
hours (sample A).

Microscopical examination showed that
intense bacterial growth occurred in the ampoules
containing the FF, up to ~5 x 10° cells and ~4 x
10° um’ in terms of cell abundance and bio-
volume, respectively (FEMTO, Replica 2 in Table
1), with the average cell volume of up to 1.1 pm’
at the end of the experiment (FEMTO, Replica 1).
Carbon and energy equivalents of the maximum
biomass yield in the FF were 0.79 pg C and 34
ml, respectively. In the experiments with the PF,
24-h yield of bacterial biovolume (or biomass) in
the liquid phase of the measuring ampoule was
equal to about the doubled biovolume of the PF
bacteria concentrated onto the 0.2 pm membrane
(see the PICO replicates in Table 1) and about 5-
(Replica 2, Table 1) to 40-fold (replica 1) higher
than in the FF. The average cell volume increased
up to 0.64 pum’ (Replica 2, Table 1). The carbon
and energy equivalents of the PF yield were 2.8 to
7.9 ng C and 120 to 343 mlJ, respectively.

If it is assumed that the bacterial gross
growth efficiency is 50%, a fortiori less than 34
mJ (the maximum value for FEMTO, Table 1)
was dissipated as heat by the growing bacterial
population in all the experiments with the FF. It is
a small proportion of the total heat quantities (Qy4)
dissipated by the FF for the first 24 h of the ex-
periment (Table 2), varying between 147 and 1090
mJ. An explanation of this phenomenon is that
most of the dissipated heat was associated with
some extracellular processes.
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Fig. 2. A comparison of the seawater volume-specific heat fluxes by the pico- and femtofractions from Sevastopol
Bay (the Black Sea) over different seasons in 1999, 2001 and 2002.

Puc. 2. CpaBHeHHE MHTEHCHBHOCTH TEIUIONPOAYKIMHU (B eAWHUIC 00BeMa BOABI) MUKO- M (peMTodpakmuii mpobd
MOPCKO#i BOJIbI, 0ToOpaHHBIX B CeBacTomonbsckoi oyxre (UépHOE Mope) B pa3nblie ce30HBI 1999, 2001, 2002 rr.

Table 1. Bacterial dynamics in the measuring ampoules during a standard microcalorimetric experiment with the
pico- and femtofractions. Bacteria were counted and sized in the <12 pum seawater filtrate before the experiment (for
calculating the bacterial abundance on the 0.2 pm Sartorius membranes) and in seawater inside the ampoules after
the experiments, using the standard method (0.2 pm pore size black polycarbonate membrane, DAPI staining) for
quantifying natural bacterioplankton. Means + 95% confidence intervals are shown.

Tabun. 1. PocT Gakrepuii B U3MEPHUTENILHOM aMIlysie B X0/i€ MHKPOKaJIOPUMETPUUECKHX 3KCIIEPUMEHTOB C IUKO- U
(bemrTodpakuusiMu. bakrepun ObUTH MPOCYUTAHBI U IPOMEPEHbI B GriibTpaTe <12 MKM 10 3KCIepuMeHTa (s pac-
YeTa YUCICHHOCTH OakTepuil Ha MemOpane 0.2 MKM MOCIie KOHIIEHTPUPOBAHHUS) U B BOJIE BOKPYT MEMOpPaHbI OCIE

skcriepumenTa (0.2 MKM depHble saepHble MeMOpaHnsbl, okpacka DAPI). [Tokazans! cpennue 3HaueHust 1 95% nosep.
MHTEpPBAaI.

Membrane (t =0 h) Seawater (t = 24 h)
Experimental Design Cell Biovolume Cell Num- Biovolume Biomass”
(see Fig. 1, Right) Number (10° um’) ber (10° (10° um?) (g ©) (m))
(10° cells) K cells) K
Replical Ampoule 1 1323+ 1291 + 67.0 63.6+£63 394.1+40.8  7.88 343
PICO Ampoule 2 40.7 ' ' 43.0+1.6 2753+103 551 120
Replical Ampoule 3 ND! ND 0.5+0.1 5.7+1.0 0.11 5
FEMTO  Ampoule 4 1.1+£0.1 11.6£1.5 0.23 10
Replica2  Ampoule 1 320+£3.5  137.8+185  2.76 120
+ +
PICO Ampoule 2 653485  68.0+252 31.2+3.7 152.8+23.0 3.06 133
Replica2 Ampoule 3 ND ND 51+04 39.5+59 0.79 34
FEMTO  Ampoule 4 3.8+£0.3 28.9+4.0 0.58 25

'ND — non-detectable by the standard method.

Carbon and energy equivalents of the mean bacterial biovolumes, calculated using the factors of 0.2 pg C
pum> [4] and 43.5 T mg™ C [7], respectively
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Table 2. Total heat quantities (Qy4) dissipated by the
fractions for the first 24 h of the experiments presented
in Fig. 3.

Tabxn. 2. CymMMapHOE KOJHUYECTBO TEIUIOBOW >HEPTHH,
npoayupyeMoe GpakuusiMi B TeUeHHE 24 9 IKCTIIEpH-
MEHTa, IIPECTABICHHOT0 Ha puc. 3

Plot/Sample . Concentrated | Qyq
(see Fig. 3) Fraction Volume (ml) | (mlJ])
A (11.2001) PICO 250 717
PICO 250 566
FEMTO 77 378
B (12.2001) PICO 250 931
PICO 250 920
FEMTO 75 1090
C (02.2002) PICO 250 885
PICO 250 1125
FEMTO 75 789
D (03.2002) PICO 100 899
FEMTO 70 531
E' (05.2002) PICO 200 885
FEMTO 70 758
F (12.2002) PICO 150 411
FEMTO 100 147

The same approximations for the PF give
120 to 343 mJ in terms of the produced biomass
(Table 1, PICO replicates) versus 411 to 1125 mJ
really dissipated as heat energy (Table 2, PICO).
The difference is less distinct but a substantial part
of the apparent heat production can be explained
by metabolic activity of the picoplankton concen-
trated on the membrane despite the finding that its
contribution decreases with time (our data, manu-
script in preparation).

In the two experiments combining the res-
pirometric and calorimetric approaches (Fig. 4,
Left), the rates of the total oxygen consumption by
the concentrated FF varied between 0.015 and 0.9
x 10" mol O, s per ampoule which are equiva-
lent to the heat flux of about 0.1 to 4.2 uW per
ampoule (see additional ordinate axes in Fig. 4).
Assuming that the FF oxygen uptake rate was as-
sociated solely with UMB metabolism, only a por-
tion (<50%) of the total FF heat flow can be ex-
plained by bacterial metabolism. This conclusion

Marine Ecological Journal, Special Vol. 1: 84-98, 2005

was supported by the result of sodium azide (SA)
injection into the FF in the second combined ex-
periment (Fig. 4, Right): no abrupt decrease in the
fraction heat production was observed despite the
fact it might be expected owing to SA action and
thus supposedly the strongly depressed bacterial
metabolism. Addition of two other microbial
agents, ciprofloxacin (CF) (Fig. 5, A, B, F) and
glutaraldehyde (GA) (Fig. 5, C, D, E), to the FF at
different experiment stages resulted in a partially
decreased rate of the fraction heat flow. If the
residue, i.e. that detected after the agent injection,
heat flow by the FF was actually due solely to ex-
tracellular processes, the negative heat flows (i.e.
heat absorption) measured in the experiments A
and F (Fig. 5) could be interpreted as endothermic
reactions in the environment (i.e. outside the bac-
terial cells).

Discussion. The finding that FF gave such
an unexpectedly high heat production prompted
two hypotheses which could explain the phe-
nomenon: the large FF heat flux is (A) due to the
high metabolic activity of UMB; and/or (B) asso-
ciated with extracellular chemical processes, e.g.,
enzymatic hydrolysis of high molecular weight
organic substances in the water column. Let us
consider both the postulates in detail.

In the previous calorimetric studies of pi-
coplankton [18, 19], it was assumed a priori that
the heat produced by PF was associated solely
with microbial metabolism, by analogy with respi-
rometric studies of the smallest plankton fractions
(e.g., [2]). So, it was logical to consider microor-
ganisms, in particular UMB, as the only source of
heat in FF. UMB are the smallest heterotrophic
bacteria from aquatic environments with a size
comparable to those of the largest viruses that al-
lows them to pass 0.2 pum pore size membranes
(for this ability they are called “filterable forms”).
Sometimes, UMB can contribute most (up to
90%) of the total bacterioplankton abundance [24]
but their total biomass is suggested to be insignifi-
cant — in fact, they are ignored by the conventional
microbiological methods applying 0.2 um pore
size membranes for counting and sizing cells.
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Fig. 3. The similarity between the heat flow patterns obtained for the plankton pico- and femtofractions from Sevas-
topol Bay (the Black Sea) in different seasons of 2001 and 2002. Each graph represents replicate experiments with
the same seawater sample. Dates of the experiments, concentrated volumes (ml) and results of the cross correlation
(CC) analysis, namely the maximum CC between the femto- and picofraction heat traces, its lag and standard error
are shown. The volume of 500/2 ml means that after concentrating 500 ml of the fraction onto the membrane, the
latter was cut into 2 equivalent fragments for conducting the replicate experiments.

Puc. 3. CxoacTBO MEXy TEMIONPOIYKIMOHHBIMHU «ITPOQUISIMU» Ul THKO- U (pemTodpakuumii miiankrona u3 Cesa-
cromonsckoi OyxTel (UépHOE Mope) B pasnbie ce30HBI 2001 - 2002 rr. Kaxplii rpaduk mpencrasisier TOBTOPHBIE
9KCIEPUMEHTHI C OJJHOM M TOH e 1poOoii. [Toka3aHbl AaThl SKCIEPUMEHTOB, KOHIIEHTPHPYEMbIe 00beMbI (MIT), pe-
3ynbTaThl Kpocc-koppemsnuonaoro (CC) aHanm3a, a IMEHHO MAaKCHMaJIbHasl BEJIMUMHA KOPPEISIIUU MEKTy KPHUBBI-
MH TIHKO- ¥ peMTodpakiuii, e€ nar u cranaaptHas ommoka. O6sém 500/2 M1 03HaYaeT, 9TO MOCIe KOHIICHTPHPOBa-
HUsA 500 Mn ¢pakuuu Ha MeMOpaHy, MeMOpaHy pa3pe3and Ha 2 paBHBIX (parMeHTa sl TIOCTAHOBKU MOBTOPHBIX
9KCIIEPUMEHTOB.
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Fig. 4. A combination of the respirometric (curves a, b) and microcalorimetric (curves ¢) experiments with the con-
centrated femtofraction from the coastal seawater collected in Cardigan Bay on 21 (left plots) and 25 August 2003
(right plot). The concentrated volumes of femtofraction (FF) are shown. The curve b on the right plot demonstrates a
replicate with no FF concentrated; <0.01 pm seawater filtrate only was poured into respirometric vessel. “a minus b”
is the difference between the fluxes a and b, indicating that the heat output was associated exceptionally with FF on
the membrane. The moment of the sodium azide (SA) injection into the calorimetric ampoule and the time period of
the ampoule thermal stabilization (TS) are indicated by the arrows. The equivalent heat and oxygen fluxes were ap-
proximated using the oxycaloric equivalent of 450 kJ mol™ O,[10].

Puc. 4. KomOunupoBanue pecrimpomerpun (Kpussie a, b) u mukpokagopumerpuu (KpuBble ¢) GpeMTodpakiuu mpod
MOPCKO# BOJBI, 0TOOpaHHBIX 21 (JeBbrit rpaduk) u 25 aBrycrta 2003 r. (TipaBblii TpaduK) B MPHOPEKHBIX BOIAX 3a-
muBa Kapauran. Ilokazansr o0peMbl pemtodpakmmu (FF), ckonnerTpupoBanusie Ha MemOpany. Kpusas b Ha mpa-
BOM TpaduKe WILTIOCTPUPYET IKCIIEPUMEHT 0e3 MeMOpaHHI ¢ (heMTodpakuueli; kaMepa pecnupoMeTpa OblIa HaroJ-
HeHa ToibKO ¢rsTpaToM <0.01 MkM. “a minus b” — pa3HOCTh B CKOPOCTH MOTPEOICHHS KHCIOPOaa mpodamu a u b,
JIEMOHCTPHUPYIOLIAs, YTO MPOIIECC IIPOUCXOANT Ha MEMOpaHe, HO HE B OKpyxatomieM e€ unprpate. CTpenkamu mo-
Ka3aHbl MOMEHT Jo0aBJeHus azuaa HaTpust (SA) U epruo1 BpeMeHH, HeOOXOIUMBIH JTsl TEPMOCTa0MIIN3AIUN TTPOOBI
(TS). B3aumosKBHBaNIEHTHBIE CKOPOCTH TEILIONPOIYKIUH U JIBIXaHUsI PACCUUTaHBI C MOMOLIBI0 K03 duunenta —450
kI Moms ' O, [10].

Protocols for modern techniques using
SYBR Gold/Green to count viruses in aquatic
samples [20] do not mention UMB at all despite
the fact that they allow counts of virus-like parti-
cles (VLP) including UMB, not only viruses.
UMB are considered to form a pool of dormant
bacteria [8, 28] with extremely low metabolic ac-
tivity. This point of view is prevalent today but it
is confirmed only by indirect methods, in particu-
lar, using CTC (5-cyano-2,3-dytolyl tetrazolium
chloride) as a marker of respiring cells [8].

Marine Ecological Journal, Special Vol. 1: 84-98, 2005

However, the smaller the cell the more
difficult it is to recognize the weak fluorescence of
the formazan crystals formed in it, and hence the
smallest cells have a greater chance of being de-
scribed as metabolically inactive. Even if the rate
of the volume-specific UMB metabolism is higher
or at least not lower than in the ‘normal’ bacteria
as was shown by Button & Robertson, [5], very
low UMB biomass concentration makes it difficult
to measure their heat production in FF.
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Fig. 5. A set of the microcalorimetric experiments with the concentrated seawater femto- (FEMTO) and picofractions
(PICO) collected in Sevastopol Bay (the Black Sea) and subjected to glutaraldehyde (GA), ciprofloxacin (CF) treat-
ments. Arrows indicate the moments of injection of the agents. Each graph represents replicate experiments with the
same seawater sample. Other marks are the same as in Fig. 3.

Puc. 5. Cepusi MUKpOKaJIOpUMETPUUECKUX IKCIIEPUMEHTOB C BO3JeHCTBHEM ritotapaibiaeruaa (GA) u numnpodiok-
caiaa (CF) Ha muko- (PICO) u demrodpakuuu (FEMTO) npob6 Mopckoii Bobl, 0ToOpaHHbBIX B CeBacTOMONBCKOM
oyxte (Uépuoe mope). CTpesikaMu MmoKa3aHbl MOMEHTHI J00aBcHUs areHToB. Kakaplii rpaduk mpeacraBiser mo-
BTOPHOCTH JJIsl OTHOW | TOH e npoOsl. [Ipyrue 0603HaueHUs KaK Ha puc. 3.
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All the mentioned arguments do not support hy-
pothesis A but nevertheless some of our results
provided evidence that potentially UMB could be
responsible for at least a minor part of the total FF
heat production.

In the firstly place, the similarity observed
between the long-term heat flow profiles produced
by FF and PF (Fig. 6) indicated that the heat-
producing processes had similarities in both frac-
tions. The principal source of heat in PF was bac-
terial growth. In FF, growth also occurred and it
was at least one of the heat sources during the
long-term experiments (Tables 1 and 2). Similarity
in the profiles could mean the bacterial population
were comparable in terms of their physiology
while the lagged peaks on the FF curves were ex-
plained by the low bacterial biomass (perhaps,
only dozens of cells) at the start point of the ex-
periments (Fig. 3). It should be noted that separat-
ing UMB from the total bacterioplankton assem-
blage is artificial just like the conventional ap-
proach to use 0.2 pm pore size membranes to con-
centrate/screen bacteria and particulate matter. In
fact, UMB are in the lowest verge of the continued
size spectrum of planktonic bacteria.

Secondly, FF consumed oxygen at rates
comparable to the heat production aliquots of the
same sample (Fig. 4, Right). The results presented
in Fig. 4 were controversial though: addition of
sodium azide did not reduce the heat flow whereas
the observed oxygen uptake meant the UMB re-
spired. This would be possible only if the oxygen
consumption was due to some processes different
to bacterial respiration. In any case, more repli-
cates are necessary to make this matter clear.

The third point is that antimicrobial agents
reduced the FF heat flow (Fig. 5) which could be
interpreted as cell death or inhibition of their me-
tabolism. However, natural bacterial assemblages
are known to be extremely resistant to antibiotics
s0, no one can be absolutely certain that the agents
acted in expected way. Another problem was how
the agents interacted with biogenic and abiogenic
substances in the measuring ampoule and whether
or not the reactions could affect the heat flow.

Marine Ecological Journal, Special Vol. 1: 84-98, 2005

Such uncertainty has prompted us to search for an
alternative way to differentiate between the heat
flow components associated with intracellular
metabolic processes and extracellular reactions.

The approach we used in this study was in

a comparison of the heat energy actually produced
(i.e. measured) in a long-term calorimetric ex-
periment with that calculated as the bacterial en-
ergy expenditure to yield a particular biomass by
the end of the experiment after estimating cell
counts and sizing). Huge discrepancies in the val-
ues obtained for FF (compare the columns “mJ”
and “Qy4” in Tables 1 and 2, respectively) indi-
cated that bacterial metabolism contributed a mi-
nor part of the total heat measured, i.e. hypothesis
B looks more correct. The same conclusion was
also supported by the experiments with the agents.
Some chemical reactions must occur outside the
cells, the compound concentration and enthalpy
change of which are large enough to produce
much heat.
No attempts were made in this study to identify
the reactions responsible for the high heat produc-
tion by FF. We can only suggest at this stage that
hydrolysis of biopolymers dissolved in seawater
might potentially be an explanation. The pools of
POM and labile DOM in the sea are dominated by
high molecular weight substances which cannot be
taken up by, or directly incorporated into bacterial
cells. To make them available for uptake, bacteria
have to “precondition” them by extracellular en-
zymes [12]. Decomposition of biogenic particles,
mediated by bacterioplankton may contribute con-
siderably to the production of organic colloids, 0.2
um to 1 kD [25, 29], involved into the DOM pool,
and FF as well because these terms can be consid-
ered synonymous in such context.

Conceptually, there may exist a positive
feedback between planktonic bacteria and their
hydrolytic capacity: (i) the larger bacterial abun-
dance and activity (PF heat flux), the greater their
total extracellular enzyme activity (FF heat flux),
and (ii) the higher the rate of hydrolysis of bio-
polymers inaccessible for bacteria, the faster bac-
terial growth.
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Puc. 6. 3aBHCHMOCTD HHTEHCUBHOCTH TEILIOIPOAYKLIUH
(heMTO(paKIMK OT TOTO KE MTOKA3aTeIsT MUKOPPAKINH.
B perpeccnoHHOM aHanu3e HCIONB30BAaHbl JAaHHEIE,
npeacrasieHdble Ha Puc. 2 (n=15).

However, our results have revealed a poor
(r’=0.24, n=15) dependence between the PF and
FF heat fluxes (Fig. 4), perhaps, owing to more
complicated mechanisms and links involved in the
system.

The fact that the enthalpy change of some
reactions in the dead component of FF is so high
that it even exceeds those of the total microbial
metabolism in PF, opens good prospects for ap-
plying the microcalorimetric approach to oceanog-
raphy. The nearest goal still has to be an identifi-
cation of the heat-producing reactions. If they are
the hydrolysis, microcalorimetry can be used as a
promising method for measuring bacterial ex-
tracellular enzymatic activity in the sea. In con-
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trast to the fluorescence method that requires a set
of model fluorogenic substrates [12], an advantage
of the microcalorimetric approach would be in its
non-specificity, i.e. in the possibility to obtain in-
tegral estimates. In any case, there is a need for
further methodological studies.

Conclusions. 1. The heat flux produced
by FF per seawater volume can be as high as 160
uW I, exceeding the maximum flux by the living
microrganisms in PF. 2. Both, intracellular (me-
tabolism of alive UMB) and extracellular (associ-
ated with dead matter) processes contribute to the
total FF heat flow but the latter component is re-
sponsible for the bulk of the heat. 3. The heat-
producing, extracellular reactions in FF must have
relatively large enthalpy changes, so that micro-
calorimetry can be applied successfully to meas-
ure their kinetics. Further studies are necessary to
identify the reactions. 4. It is suggested that the
source of the heat in FF is bacteria-mediated hy-
drolysis of high molecular weight organic sub-
stances. If so, microcalorimetry can be used as a
promising method for measuring bacterial ex-
tracellular enzyme activity in the sea, providing
integral estimates of the process kinetics.
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Mikpoxanopumerpist ApidHoiI ¢pakuii nIaHKTOHY: Momyk jkeped Temjonpoaykuii. B. C. Myxanos, P. b.
Kemn. 3a 1omoMororn MiKpOKaJTOPUMETPHYHOTO METOMy B TEMHHX YMOBAaX BHMIPIOBAIH TEIUIOMPOIYKIIFO KO-
(0.2-2 Mx™m) i pemTo- (<0.2 MKM) Ppakmiii wraHkToHy. Pemrodpakuis (PD), sx BHABHIOCA, POAYKyBasa OibIe
Teru10Boi eHeprii B oauHUII 00'eMy 1pobu (48 £ 24 (95% nop. inT.) MkBT 117"), Hik nukodpakuis (25 £ 14 MxBT 1
", BMicT MikpoGHOT GiomMacu B SIKy HENOPIBHAHHO BeNMKHil. IlepeBipsuiM 1Bi rinoTe3w, IO MOIIM 6 MOSCHHTH L
pe3ynapTaTH, BU3HAYMBIIHY ITOTEHIIIHI JKepena Temia y @D, a came: (1) merabouizM yiapTpaMikpoOakTepii, €1UHO-
ro ’MBOro komrnoneHra ®®d 3a BUHITKOM BIpOIUIAHKTOHY, HE3J[aTHOTO MPOJYKYBaTH TEIUIO; (2) MO3aKIiTHHHI XiMi-
YHI [TPOLIECH Y BOJISHOMY cepeloBHIli. Pe3yapraTh MiKpOKaJIOpUMETpii 1 peclIMpoMeTpii, 3aCTOCYBaHHSI aHTUMIKPO-
OHUX areHTiB (UMIPO(IIOKCALNH, TIIIOTApAIbIETH I, a3h] HATPil0) 1 MIKPOCKOMIl (paxyHOK 1 BUMIp KIIITHH y XOJi
EKCIICPUMEHTIB) TIOKa3ajH, 0 OOWIBI TIMOTE3U BipHI, aleé BHECOK MO3aKIITHHHUX MPOIIECIB Y CYMapHY TEILIONPO-
nykuito @O e BuzHavanbHUM. ['1poITi3 BUCOKOMOJIEKYJISIPHUX OPraHidYHUX CIIOJIYK, 3B'A3aHUH 3 TO3aKIITHHHOIO
(hepMEHTaTHBHOIO aKTHBHICTIO OaKTEPIOINIAaHKTOHY, MOYE PO3IIIAATHCS K HalOLIbII MMOBIpHE JPKEpPENIo TEeIUIo-
MPOAYKIIil, IO CIIOCTEpiracThesl. SIKIIO 1e MPUMYIIEeHHS BipHE, TO BiIKPUBAIOTHCS HOBI MEPCIIEKTUBY BUKOPUCTAHHS
MIKpPOKaJIOPHMETPii y BOASHIN MIKpOOHiH eKoiorii i 610XiMii B IKOCTI MOTYTHBOTO aHAITHIHOTO METOY.

KoaiouoBi ciioBa: MikpokalopuMeTpisi, TEIUIONPOIYKIisl, YIbTpaMikpoOakTepii, BipOIIaHKTOH, O0aKTEepiOIIaHKTOH,
MO3aKJIITHHHA (epMEHTAaTHBHA AKTUBHICTb

MuxkpoxajopuMeTpus Mejbyaiileil (ppakuuy NIAHKTOHA: MOUCK HCTOYHHMKOB Temjonpoaykuuu. B. C. My-
xaHoB, P.b . Kemn. C moMomp0 MIUKPOKAIOPUMETPHUECKOTO METOIa B TEMHOBBIX YCIOBHUSAX H3MEPSUIN TEILIONPO-
nyknuto ako- (0.2-2 Mkm) U pemto- (<0.2 Mxm) paknmii maakToHa. Pemrodpakuus (OD), kak okazanock, mMpo-
JyLUpoBaia GoIbIIe TEMIOBOi SHEPIUU B eIMHULE 00beMa npobs (48 £ 24 (95% noB. uHT.) MKBT '), uem mu-
xodpakumst (25 + 14 MxBr 1), conepkanie MUKPOOHOiT GHOMACCHI B KOTOPOI HECOMOCTABHMO BENHKO. IIpoBepsimm
JIBE TUIOTE3BI, KOTOPBIE MOTJIH ObI OOBSICHUTH 3TH PE3yIbTaThl, ONPEAEINB MOTEHIMAIbHbIE UCTOYHUKN TEIUIa B
OD, a umenHo: (1) MeTabONIN3M YIBTPaMHKPOOAKTEPHIL, EIMHCTBEHHOTO )KUBOTO KoMIioHeHTa D@ 3a uckinovyeHrneM
BUPOILIAHKTOHA, HECTIOCOOHOTO HPOYLMPOBATh TEIJIO; (2) BHEKIETOYHbIE XUMUYECKHE MPOLIECCH B BOJHOM Cpejie.
Pe3ynbraThl MUKPOKAJIODUMETPUU M PECHIMPOMETPHH, NMPUMEHEHHST aHTUMHKPOOHBIX areHTOB (LUMPOQIIOKCAIMH,
TIIIOTapajibIeTU L, a3U HATPHsI) U MUKPOCKOITUH (CUET M M3MEPEHHE KIIETOK B XO/€ IKCIIEPUMEHTOB) MOKa3alH, 4TO
00e TMnoTe3sl BEpHBI, HO BKJIAJl BHEKJIETOYHBIX IPOLIECCOB B CYMMAapHYIO Terutonpoaykunio @ spusercs onpene-
JSIOMMM. ['Mapoi3 BEICOKOMOJIEKYJISIPHBIX OPTraHWYecKHX COCIMHEHMH, CBSI3aHHBIH C BHEKJIETOYHOH (hepMeHTa-
TUBHOW aKTUBHOCTBHIO OAKTEPHOILIAHKTOHA, MOXKET PacCMAaTPHUBATHCSA KaK HamOoJiee BEPOSTHBIA MCTOYHHUK HAOIIO-
JTaeMOH TerIonpoayKiun. Ecii 3To mpeanonokeHne BEpHO, TO OTKPHIBAIOTCS] HOBBIE MTEPCIIEKTUBBI HCIIOIH30BAHMUS
MHKPOKaJIOPHUMETPUHU B BOTHOW MUKPOOHOH SKOIIOTUH 1 OMOXUMHH B Ka4€CTBE MOIIHOTO aHAIMTHYECKOTO METO/IA.

KaioueBble ci0Ba: MUKPOKaJIOPUMETPHS, TEILUIONPOAYKIHS, YIBTPAMUKPOOAKTEpHH, BUPHOIIIAHKTOH, OakTepuo-
IUIAaHKTOH, BHEKJIETOYHAsl ()epPMEHTATHUBHAS aKTUBHOCTh
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