Notes

References

BEARDALL, J. 1976. Studies on the mechanism of
photosynthesis in marine phytoplankton. Ph.D.
thesis, Univ. London. 182 p.

, AND [. MORRIS. 1976. The concept of light

intensity adaptation in marine phytoplankton:

Some experiments with Phaeodactylum tricor-

nutum. Mar. Biol. 37: 377-388.

, D. MUKERJL, H. E. GLOVER, AND [. MORRIS.
1976. The path of carbon in photosynthesis by
marine phytoplankton J. Phycol. 12: 409-417.

GiBBS, M. 1969. Photorespiration, Warburg effect
and glycolate synthesis. Ann. N.Y. Acad. Sci.
168: 356-368.

GUILLARD, R. R., AND J. H. RYTHER. 1962. Studies
of marine planktonic diatoms. 1. Cyclotella
nana Hustedt and Detonula confervacea
(Cleve) Gran. Can. ]J. Microbiol. 8: 229-239.

JoHNsON, P. W., AND J. McCN. SIEBURTH. 1979,

Limnol. Oceanogr., 26(5), 1981, 961-964

961

Chroococcoid cyanobacteria in the sea: A ubiq-
uitous and diverse phototrophic biomass. Lim-
nol. Oceanogr, 24: 928-935.

Lroyp, N. D., D. T. CanviN, AND D. A. CULVER.
1977. Photosynthesis and photorespiration in
algae. Plant Physiol. 59: 936-940.

MORRIS, 1., AND H. E. GLOVER. 1974. Questions
on the mechanism of temperature adaptation in
marine phytoplankton. Mar. Biol. 24: 147-154.

WARBURG, O. 1920. Uber die geschwindigkeit der
photochemischen Kohlen saurezersetzung in
lebenden Zellen 2. Biochem. Z. 103: 188-217.

WATERBURY, J. B., S. W. WaTson, R. R. GUILLARD,
AND L. E. BRAND. 1979. Widespread occur-
rence of a unicellular marine plankton cyano-
bacterium. Nature 277: 293-294.

Submitted: 27 May 1980
Accepted: 6 January 1981

Bubble scavenging of bacteria in freshwater quickly produces
bacterial enrichment in airborne jet drops!

Abstract—Air bubbles rising through labo-
ratory bacterial suspensions collect bacteria
by interception, a collection mechanism that
depends on the size of the bacteria. Many of
the scavenged bacteria are transferred to the
jet drops when the bubbles burst at the sur-
face. The enrichment factor (EF) for bacteria
in the top jet drops increases rapidly with the
distance the bubbles rise through the water,
reaching values of about 400 after only 3 cm
of rise for a bubble of 380-um diameter. Al-
though these numbers vary with bubble size
and other parameters, cautious extrapolation
to natural waters suggests that bubble scav-
enging is an important factor in the water-to-
air transfer of bacteria by jet drops.

The well known tingling of the face
that occurs when one is drinking a car-
bonated beverage is produced by small
droplets from the bursting of CO, bub-
bles. On a global scale, the salt residue
from droplets from bursting air bubbles
at the surface of the sea accounts for a
cyclic atmosphere-ocean exchange of be-

! This material is based on work supported by
NSF grant ATM78-00782.

tween 10? and 10" tons of sea salt per year
{Duce 1978). When these bubbles burst,
a jet of water rises upward from the col-
lapsing bubble cavity (Blanchard 1963).
The jet breaks up into several jet drops
that, depending upon their size and the
turbulence of the air, can remain airborne
for minutes or days.

The top jet drop from a bubble that has
risen through a bacterial suspension can
have a concentration of bacteria that may
be hundreds of times that in the suspen-
sion (Blanchard and Syzdek 1970, 1978,
Bezdek and Carlucci 1972), but the origin
of the bacteria that produce such large
enrichment factors (EF) is not clear. Bub-
ble scavenging has been suggested, but
some investigators feel that this is un-
likely since neither inertial impaction
nor diffusion calculations can account for
any significant number of bacteria scav-
enged by a bubble (Carlucci and Bezdek
1972; Quinn et al. 1975). Consequently,
they believe that the high EF values for
jet drop bacteria are produced when the
bubble bursts and strips bacteria from a
concentrated microlayer at the bulk air-
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water interface (Crow et al. 1975; Nork-
rans and Sorensson 1977). We present
here experiments which show that such
microlayers are of little importance in
this regard, and that bacterial enrich-
ments in jet drops are indeed caused by
the scavenging of bacteria by bubbles ris-
ing through bacterial suspensions. When
the bubble bursts, it acts like a micro-
tome (Maclntyre 1972) that strips and
transfers the bacteria from its surface into
the jet drops. With this mechanism, a
bubble need move only a few centime-
ters through a bacterial suspension to col-
lect sufficient bacteria to produce an EF
of several hundred in the top jet drop.

Our experiments were performed by
letting air bubbles of about 380-um di-
ameter, produced from a fine, glass cap-
illary tip, rise one at a time a known dis-
tance through a suspension of Serratia
marcescens. The top jet drops (34-um
diam) from the bursting bubbles were
collected on inverted nutrient-agar plates
and the number of bacteria determined
by the spread-plate method. The total
number of bacteria (viable plus nonvia-
ble) was obtained by catching the jet
drops on glass slides and making a direct
count under a microscope. Details of the
preparation of bubble-producing capil-
lary tips, bacterial suspensions, and the
determination of drop size can be found
elsewhere (Blanchard and Syzdek 1975,
1977, 1978).

The EF for the top jet drop as a func-
tion of bubble rise distance (BRD) is
shown in Fig. 1 for three experiments
with a suspension of S. marcescens in
pond water. Over the range of BRD cov-
ered, from about 0.1 cm to nearly 11 cm,
the top drop EF increases with BRD. Ini-
tially, the increase is very rapid; an EF
of 400 is attained with a BRD of only 3
cm. The EF increases more slowly after
3 c¢m, attaining only 600 after 10 cm of
BRD. Other experiments with bubbles of
equal size indicated that an EF of =1,000
was reached with a BRD of about 25 ¢cm
(Blanchard and Syzdek 1978).

A bubble of the size used here ejects
up to six jet drops. The top drop of the jet
set (the entire set of jet drops produced
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Fig. 1. Effect of distance a bubble rises through

a bacterial suspension of S. marcescens in pond
water on enrichment factor (EF) for bacteria in top
jet drop. Bubble diameter = 380 um. EF is ratio of
bacterial concentration in drop to that in bulk sus-
pension. Each point shows EF as calculated from
average number of bacteria found on five nutrient-
agar plates. Vertical bar—SD. For two experiments
(O, A) bacterial suspension was prepared by adding
4 ml of a 20-h culture of S. marcescens in Difco
nutrient broth to 1,200 ml of unsterilized pond
water and mixing with a magnetic stirrer. For one
experiment (O), cells were spun down in a centri-
fuge and washed twice before they were added to
pond water. In this case, nutrient broth concentra-
tion in bulk suspension was estimated to be <0.01
ppm, as opposed to about 30 ppm for other two ex-
periments. Bulk concentration of bacteria in all
three experiments was 2 x 10%-ml-!. Experiments
were done at room temperature (about 22°C). Bub-
bles were produced from a glass capillary tip in-
serted through a polyethylene stopper in the bottom
of a glass tube (about 3-cm i.d. and 30 c¢m long).

by a bubble) rises to a height of about 3
cm, but the bottom drop barely reaches
0.1 ecm. The bacterial enrichment factor
is by far the highest in the top drop and
decreases rapidly with drop position in
the jet set; the bottom drop EF may be
only two or three (Blanchard and Syzdek
1978). We wondered how the average jet
set EF would vary with a BRD that ex-
tended out to a meter or more. Such ex-
periments are not easily done in a con-
ventional way, since it is awkward to use
bacterial suspensions a meter deep; but
they are easily done with an aging tube,
a device that uses a downward-moving
stream of water to keep a bubble beneath
the surface for any desired time (Blan-
chard and Syzdek 1972). Multiplying the
time by the bubble rise speed gives us
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Fig. 2. Effect of distance a bubble rises through
a bacterial suspension of S. marcescens in pond
water on enrichment factor (EF) for bacteria in jet
set. Bubble diameter = 380 pum. In both experi-
ments, bacteria were grown and washed as de-
scribed in legend to Fig. 1. In one experiment (A)
concentration in suspension was 1.6 x 10%-ml-1,
and in the other (O) 1.2 x 10%-ml-'. As in Fig. 1,
each point shows average EF and SD. Work was
done at 21°-22°C. Dashed line extending to zero

BRD is an extrapolation based in part on data of
Fig. 1.

the BRD. The collection of all the drops
of the jet set on an inverted agar plate is
done by electrostatic induction (Blan-
chard and Syzdek 1975).

The results of two experiments (Fig. 2)
show that the jet set EF increases rapidly
with BRD for the first several centime-
ters, paralleling that of the top drop (Fig.
1) but less rapidly after that, reaching
over 200 at a BRD of about 100 cm. From
there on out to about 180 cm, where the
experiment ended, the jet set EF shows
a marked decrease. There are no data for
a BRD <20 cm, since the geometry of the
aging tube prevents this. However, a rea-
sonable extrapolation can be made down
to 12 c¢m, about the upper limit for the
top jet drop EF (Fig. 1). There, the jet set
EF of 85 is about one-seventh that of the
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top drop, 600. This dominance of EF in
the top drop confirms earlier work (Blan-
chard and Syzdek 1978).

There seems little doubt that the bac-
terial EF values in the jet drops are a re-
sult of bubble scavenging. First, since
the EF has a near-negligible value at a
BRD of zero but increases with BRD, it
is hard to imagine any other hypothesis,
much less one involving the surface mi-
crolayer. Second, direct measurements
show that the numbers of bacteria scav-
enged by a bubble can account for the
numbers found on the jet drops (Blan-
chard and Syzdek 1974). Third, although
diffusion and inertial effects cannot ac-
count for the bacteria scavenged by a
bubble, they can be accounted for by in-
terception (Weber 1981). Interception is
a collection mechanism which comes
into play because the bacteria have a fi-
nite size. Because inertial effects are neg-
ligible, the bacteria follow the fluid
streamlines past the bubble. But due to
their finite size, bacteria following
streamlines very close to the bubble sur-
face make contact with the bubble and
are scavenged. Quantitative comparisons
between EF data and predications of
scavenging by interception will be pub-
lished separately.

During the first few centimeters of rise,
a bubble of the size used here moves as
a fluid sphere with a mobile surface (Te-
desco and Blanchard 1979). In addition
to bacteria, it collects surface-active ma-
terial during its ascent. As a result, the
mobility of the bubble surface decreases
with rise distance until enough surfactant
has been accumulated to render the sur-
face immobile (Clift et al. 1978). It then
rises as a solid sphere. The rate of collec-
tion of bacteria by a bubble in the early
period of rise when its surface is mobile
is much higher than the rate later on
when its surface is immobile. This
change from a fluid to a solid sphere ac-
counts for the marked decrease in the
rate of increase of EF at a BRD of about
4 cm. We cannot account for the apparent
decrease of the EF with increasing BRD
beyond about 100 cm; our earlier exper-
iments also suggested this (Blanchard
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and Syzdek 1972). Perhaps there is a
species of surfactant in the water that ad-
sorbs more slowly, yet is much more
strongly attached to a bubble than bac-
teria, with the result that bacteria are dis-
placed from the bubble as the BRD ex-
ceeds 100 cm. An analogous and still
unexplained decrease in the electrical
charge of saline jet drops has been ob-
served (Blanchard 1963; Medrow and
Chao 1971).

The quantitative relationship between
EF and BRD shown here will not hold
for all experiments for it depends on
many factors, including jet drop and bub-
ble size, species of bacteria (Blanchard
and Syzdek 1978; Blanchard 1978), and
perhaps their physiological condition.
However, we believe that the rapid in-
crease of bacterial enrichment factors
with the first few centimeters of bubble
scavenging is a general phenomenon in
all laboratory experiments. If these ex-
periments can be extrapolated to natural
bodies of water, and we suspect that they
can, it then appears that only a few cen-
timeters of bubble scavenging accounts
for a significant fraction of the bacteria
that are carried by jet drops into the at-
mosphere.
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