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ALGAE, ULTRAVIOLET LIGHT, AND THE PRODUCTION

OF TRACE GASES

INTRODUCTION

One of the interesting discoveries in the early 70’s was that the
oceans were a source of carbon monoxide (1). During the research on
this phenomenon , data was also obtained on the C1 — C4 hydrocarbons ;
the origin and fa te  of these gases are of interest for several reasons ,
but primarily in the identification of pet rogenic and biogenic sources .

The literature contains numerous references to the production of
CO by microorganisms . Troxier and Dokos (2) found tha t CO and phyco—
b u m s  were formed in equ imolar amounts by five blue—green and one red
algae . Loewus and Delwicke (3) reported tha t fresh tissues of algae
from the California coast evolved CO; further investigation revealed
that beat—treated tissues also evolved CO so long as 02 was ava ilable ,
the interpretation being that CO formation was not the result of enzyme
activity.  Gafford and Croft (4) stud ied the production of CO by
Anacys t is and found that it was most pronounced during the stationary
phase of growth. Larger aquatic organisms have been known to produce
CO in substantial amounts; Pickwell et al (5) found concentrations as
high as 94% in individual floats of siphonophores , and Wittenberg (6)
reported CO to be a constituent in the floats of Ptsysalia. Wilks (7)
was interested in the possible production of noxious gases from the
action of intense sunlight on materials within space capsules during
interplanetary flights and found that CO was evolved from any poly-
meric material tested whether of natural or synthetic types. Wilson
et al (8) demonstrated CO production by the dissolved organic carbon
from cell—free algal cultures which had been exposed to fluorescent
light.

The prime reason for the research described in this report was the
concern over the anticipated increase in ultraviolet intensity from
the sun, particularly in the 280 — 320 run region known as WI-B, re—
suiting from the depletion of atmospheric ozone. Does WI—B promote
the production of CO , and perhaps other gases , by the algae which are
ubiquitous in natural waters? Nachtwey (9) showed that solar WI—B can
kill organisms , and in terms of sunlight the LD50 for algae was about
2 hours (10). Steeman—Nielsen (11) found an enhanced photosynthesis
rate in a natural algal population covered with a glass plate compared
to another culture without the plate; in both cases a black nylon net
was used to reduce the sunlight to an intensity favorable for photo-
synthes is . He attributed the increase in photosynthesis to a part ial
absorption of the WI by the glass cover. Halidal (12) reviewed the
WI action spectrum for algae and concluded that the region between
310 and 390 run affected them generally in the same manner as visible
Note: Manuscript submitted November 18, 1977.
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light , but that below 310 run biological activity was retarded. Lesions
induced in deoxyribonucleic acid systems by far—IJV have a damaging
effect after one or two cell divis ions.

Contrary to popular  belief , W/ does penetrate s igni f icant ly  into
water as shown b4,—the family of curves in Figure 1. These were calcu-
lated on the basis of sunlight at 900 incidence , with an ozone concen-
tration of 0.32 atm. cm (13), and by means of absorption coefficients
obtained by Dswsorr and Hulburt (14). Although these coefficients were
derived over 40 years ago with equipment now considered antique , their
validity is still recognized and the design of the experimentation
devised for their measurement was praised in a recent publication (15).

The penetration of WI—B into water varies with the intensity, the
angle of inc idence , the concen tra tions of organic compounds and phyto-
plankton , and perha ps other factors. Jerlov (18) calculated the
absorpt ion at 310 nm to be 14—20% per meter for oceanic waters and 93—
100% for coastal waters. Data from Figure 1 ind icate that the absorp-
tion at 310 nm would be 41% per meter, and that 50% of the incident
intensity would reach 1.31 meters. In ei ther assessment it can be
assumed that phytoplankton in surface waters are exposed to significant
WI intensities ,, and the premise that UV affects CO production merits
investigat ion. This WI effect is important in shallow areas which are
the nursery ground s for larval forms of sea life.

EXPEB IMENTAL

Organisms and Culture Med ium: l%aeodactylum tricornutum Bohlin was the
principal organism but Chaetoceros galvestonensis and Cyclotella nana
were also used in this study. For growth of the stock cultures the
f/2 medium of Guillard and Ryther (17) was used. Cells were centri-
fuged and washed with 3.5% NaCl solution before being made into a
slurry with this saline solution; following a chlorophyll analysis of
the slurry the desired amounts were added to a more dilute culture
medium (f/24 ) for the growth experiments . The inocul a ranged from
0.009 to 0.039 incg chlorophyll/m i depending on the purposes of the
experiment . The diluent in all cases was synthetic seawater prepared
from distilled water and C.P. reagent s accord ing to the formula of
Lyman and Fleming (18); the formula was modified slightly to include
an additional 0.144 gm NaHCO3 per liter since collateral tests indi-
cated a deficiency of dissolved CO2.

Exposure Conditions: The experiments were of two types: a) Those in
which a dilute inoculum was allowed to grow for either one or two days
on the roof of the building while partially shielded from full sunlight
by appropriate screening , or b) Those in which cultures were grown to
high chlorophyll concentrations under fl~orescent light and then trans-
ferred to the roof to be exposed without shielding .

2
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The rooftop experiments were performed with the equipment shown in
Figure 2. The plastic tray contained water , 1.75 cm duep, maintained
at 23°C which was circulated from a thermostatted bath containing cool-
ing and heating elements. Each f lask or bottle contained a magnetic
stirring bar which was activated by a magnetic rotor in the unit be-
neath the tray.

To reduce the sunlight t9 tolerable tnt.~aities for the cultures,
aluminum screen (324 mesh/in , or 50 mesh/cm’) was used in 1— to 3-
thicknesses. To reduce the LW component , 0.005” mylar (0.0127 cm)
f i lm was wrapped around the appropriate flasks. Th. transmission of
mylar as a function of wave—length is shown in Figure 3.

These experiments were carried out during the winter months, and
during some of the night t ime exposures a temperature probe in a con-
trol flask registered as low as 7°C . During the daylight hoUrs the
temperature wi th in  the flask was a pproximately 20°C. A greater depth
of water in the tray would have minimized the temperature excursions
but the intent of this procedure was to exclude as aich as possible
the IN absorpt ion by the water.

One liter quartz and pyrex Erlenmeyer flasks , and 500 ml pyrex
bottles , were the test vessels. In all cases the vessels were filled
to overflowing before being stoppered in order to avoid any free gas
phase . For stud ies of this type quartz is the most suit able materia l
because of its WI transiniss ion but only two quart z flasks were on
hand , hence the use of pyrex. While pyrex absoiba some of the Wi it
still transmits a large traction of the incident intensity.

Light Intensity Measurements: Periodic determinations of sunhigbt
intensity were made with a Lantda meter equipped with variou s sensors .
At the time of these experiments there was no WI—B meter available ,
but subsequently a plot (Figure 4) of WI—B intensity vs. visible l~.ght
intensity was made on a clear day. Estimates of inc ident WI—B data
from this graph are discussed later . For the experiments conducted in
cloud y weather it would be invalid to attempt an estimate in this way.

Determinat ion of Trace Gases: The hydrocarbon and CO measurements were
made by gas chromat ography . In this technique , the dissolved gases
are f irst  stripped from solution by purging with helium , and are then
concentrated in cold traps containing appropriate absorbents; they are
subsequently released by an increase in temperature and swept into the
gas chromatograph by a second stream of helium carrier gas. With this
method , sample size is not restr icted , and very dilute solutions may be
analyzed.

Two cold traps at —77°C were used in series. In the first , acti—
vated alumina was used to trap all hydrocarbons except methane and CO;
in the second , a mixture of act iva ted charcoal and molecular sieve wa s
used to trap methane and CO. When the stripping was complete , in
about 12 minutes, the traps were isolated by closure of appropriate
valves , and their temperature was raised to approximately 90°C. Helium
was then used to strip each absorbent , in turn, of the absorbed gases ,
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and to carry these gases into the chromatograph for further separation
and analysis. A four—foot column containing activated alumina with 10%
Nujol was used to separate tow—molecular-we ight hydrocarbons other than
methane . Methane was separated from CO on a molecular sieve column.
A schematic d iagram of the apparatus and results obtained with it are
presented elsewhere (19,20).

For the light hydrocarbons , the absolute sensitivity of the method
is approximately 2 x lO~~

2mol. On the~~asts of 1—liter water samples ,
this sensitivity corresponds to 5 x 10 ml of dissolveo gas at standard
temperature and pressure (STP) per liter of seawater. At this lower
limit , the precision of the method , on the basis of replicate measure-
ments under laboratory conditions , is ± 1.0% . The chromatogra ph was
calibrated with  a gas mixture containing known amounts of hydroca rbons
in question .

RESULTS

Gas Production with  Reduced L~iaht Intensi ty :  Data in Table 1 summa-
rizes the results of two experiments in which dilute Phaeodactvlum
cultures par t ia l ly  shielded by aluminum screens were grown in the sun
for two days. During most of the exposure time the sunlight intensity
was extremely high but the air temperature was below f reez 4ng, there-
fore the temperature inside the flasks dropped to as low as 7°C at
night despite the 23°C temperature of the water bath. The effect of
mylar in each case was to increase growth and to reduce CO production
compared to the cultures in quartz flasks. Also the inhibitory effect
of higher light intensity on growth was apparent; in the second ex-
periment the final chlorophyll concentration in the quartz flask
exposed to a peak of 700 W/M2 was less than half that in the 350 W/M2

ex posure (0.043 vs. .092 meg/mi) . The opt imum light intensity for
growth of this organism is only about 20 W/M

There was clear evidence also that  CO production increased with
light intens ity despite the lower b~ omass present . Variations in CH4
concentration were minimal but the other hydrocarbons increased with
light intensity in a fashion s imilar to CO.

The culture grow n under 20 W/M2 light intensity in the laboratory
had the most biomass by far but its production of trace gases was
generally lower than those cultures grown in the sun.

Diurnal Effect on Gas Production by Cultures Grown Under Favorable
Light Intensities:

Only one screen was used to cover the flasks in this exp eriment
(Table 2) compared to the use of 1 and 3 screens previously, but the
light intensities encountered were low because the weather was ex-
tremely cloudy. Cultures were exposed in both quartz and pyrex, the
latter covered with mylar; analyses were made af ter  1 day of growth ,
and after overnight darkness following the outdoor exposure.

4
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As before , there was more growth in the mylar covered pyrex flasks
than in the quartz but the disparity in the CO production was less pro-
nounced . With quartz the Co reading was 16 (units omitted) while with
the culture protected from WI—B the CO was only 11 , both values be ing
considerably less than most of those from the preceding experiments
characterized by higher light intensities. The important point was
that each of the cultures lost nearly all the CO overnight indicating
that the algal cells had the property ~f removing CO.

Diurnal Effect on Gas Production by Dense Cultures Exposed to Strong
Sunlight:

The previous experiments were designed to show the trace gas pro-
duction by cultures actively growing in reduced sunlight for one or
two days. The purpose of this experiment (Table 3) was to explore the
effect of intense sunlight on gas production by dense cultures of
algae . Three organisms(Pha eodactylum tricornutum, Chaetoceros galves —
tonensis, and Cyclotella nana) were grown for 2 days under fluorescent
light in media for t i f ied with higher concentrations of nutrients than
previously, includ ing a doub l ing of NaHCO3 to ensure adequate CO2 supply
and to buffer the culture against abnormal pH values. They were then
placed on the roof , without shielding by either mylar or aluminum , and
exposed to bright sunlight. Gas ~‘nalyses were made after 8 hour. in
the sun and then the next morning before sunrise.

Judging from the lack of fluorescence in all the cultures after 8
hours in the sun there probably was no chlorophyll remaining although
the biomnass at the start of the experiment was very high , approximately
0.25 meg chloro./inl .

A comparison between quartz and pyrex was made with the Phaeodacty—
lust cultures , and once again the CO product ion was higher wi th  quart z
than with pyrex. Overnight darkness reduced the CO content of each
culture but only relatively slightly, probably because the algal cells
were damaged by such a high light intensity.

Increas~~ in CH4 and other hydrocarbons were noted in all cultures
also , but there was no appreciable change between these components
from the late afternoon of one day and the early morning of the next.

Investigation of Effect of Light Intensity on Dense Culture of Bac-
teria—Free Cyclotella:

In all previous experiments the cultures were prepared with normal
care but not under sterile cond it ions . The purpose of this experiment
was to determine whether sterile cultures would give results similar
to those in which bacteria might be present. All fl&tsks were auto—
claved , then filled with the test culture (Cyclotella nana) under
aseptic conditions , and samples were taken for bacterial stud y when
the flasks were opened for gas analyses. The culture medium was the
dilute f/24 solution , the same as in all other experiments except the
one just prior to this . The cultures were allowed to grow for 2 days

5
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under fluorescent l ight  to build up a high biomass before being moved
into the sun. The reason for the chotce of Cyclotella nana was tha t
in the previous experiment there had been an indication of large butene
production by this organism and one of the purposes of this experiment
was to check the reproducibility of this symptom. In light of the
results obtained it appears that the previously high butene production
was an a r t i f ac t .

Sufficient flasks were used to permit the study of diurnal  effects
and also the effects of two light intensities (2 screens vs 0 screens).
Once again the sunlight was unusually high throughout the whole day ‘~f
exposure. Data in Table 4 shows that CO production was fostered by
high light intensity. With 950 W/M2 the CO reading was 347 whereas
with 475 W/M2 it was only 208. Furthermore it can be seen that the
high light intensi ty ,  even wi th  the screening of WI—B by mylar , caused
almost as much CO production as that taking place in the absence of
mylar. There was a notable difference , however, in the diurnal effect ;
the cells shielded by mylar contained less CO a f t e r  a night  of dark-
ness than did the others , indicating that some vestige of metabolic
activity remained whereas those receiving the full solar intensity
showed no diminution of CO overnight.

Monitoring of the cultures for bacterial growth indicated tha t , in
fact , the cultures were sterile. Furthermore comparisons with the
results of the previous experiments ind icated that the sterile con-
dit ions had not caused any notable changes , indicating that bacteria
probably had not been significant in these experiments.

DISCUSSION

When cultures containing low concentrations of algae were exposed
to low intensity sunlight their production of trace gases was minimal.
In experiments summarized in Tables 1 and 2 the highest CO concentration
found was 50 (units omitted in this discussion) while the combination
of high light intensity and high biomass gave CO concentrations over
300 (Table 4 ) .  Shielding of cultures by mylar resulted in increased
algal growth but lower CO production so long as the light intensity
was not at a maximum. It is difficult to quantify these statements
because of the limited number of experiments conducted thus far and
also because of the unpredictability of the sunlight on any given day.

In view of the burgeoning interest in the effects of WI—B on bio—
logical systems , a plot is shown in Figure 4 of light intensity vs
Sunburn Units as determined by a Sunburn Ultraviolet Meter (Solar
Light Co., Philadelphia). This meter was not available during the
course of these experiments but it was used subsequently to construct
the plot shown on a day when there were practically no clouds. Except
for the experiment summarized in Table 2, when clouds completely domi-
nated the sky , the curve can be used to make an estmate of the Sunburn
Units experienced by each culture in this study.

6

—~~~~~ -~~~~~~~~~~~~~~~ ---~~~~. --~~~~~~~~~~~~~~~~~~~~~~ -~~~~~~~~~~~~~~~~~~~~~~~~ — - ~~-—-—_ _ — ---~_ T~~~r ~~~~~~~



_ _ _ _  

It is interesting to consider the effects of the extreme con-
dit ions imposed on the cultures . With only 55 W/M2, which represents
an extremely low IN intens ity, there still was a discernible d ifference
between the cells exposed in quartz and those protected bx mylar at
least insofar as CO production was concerned . At 950 W/M’ (Table 4)
there was no significant difference between the CO production of cul-
tures protected by mylar and those that were not. When the intensity
was 475 W/M2 the mylar covered culture produced only 43~ of the CO in
the flask without this protection. All these flasks were pyrex.

Mention should be made of two factors in this study concerning
light intensity. First , it is impossible to characterize the solar
conditions by a single number representing the peak light intensity,
therefore it is gratifying to see that trends in the relationship
between gas production and light intensity were so apparent. In order
to make the data easily assimilable , no correction for the reduction
of visible light by mylar was shown but it amounted to approximately
15% of the incident light. Also no attempt was made to assess the
reflection of light by the flasks.

Evidence that IN—B affects metabolism can be seen in the diurna l
studies made. Healthy cells reduced CO concentrations during dark-
ness as shown in Table 2 where the CO concentration in the early
morning was close to zero; they had been exposed to only low light
intensities the day previous. BY contrast the 950 W/M2 flux produced
very high CO concentrations by late afternoon , and there was no re-
duction of the CO during the night. Perhaps either the high visible
light intensity, or the high IN , alone could have inactivated the
cells but this is not known at this writing. Mylar absorbs most of
the WI—B but does allow a significant fraction of the higher LW wave-
lengths to pass through , and these in conce rt with the visible may
have been the cause of the decreased metabolic activity of the cells.
In any case , it appears that a large production of CO may be an in-
dicator of stressful conditions for the algae.

The for mation of C1 to C4 hydrocarbons is less affected by Wi and
visible light than the formation of CO. Conditions fostering high CO
concentrations also promote hydrocarbon formation but to a lesser ex-
tent. Certainly there is less of a change in their concentrations
resulting from the mylar covering , and from dar kness , than occur with
CO. It would be dangerous to assume , of course , that this slight
hydrocarbon production has no ecological significance because aquatic
organisms are known to respond to extremely low concentrations of
certain compounds. Concentrations of CH4 and other light hydrocarbons
attained in these rooftop exposures are similar to baseline levels in
the ocean though the biomass concentrations here are much higher.
For example , the lowest inoculum used in these experiments was 0.009
microgram chlorophyll/mi or 9 mg chlorophyll/M3 in the more conven—
tional terms of the oceanographer, corresponding to fairly heavy
concentrations of plankton. Concentrations of hydrocarbons in natu—
ral aquat ic environments can exceed those found in these studies.
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Nonvolatile hydrocarbons , C9 to C~ 1, in Green Lake Ontario , amounted
to 1.6 parts per billion (22) whereas the 10 x l0~~ml per liter con-
centration of CR4 characterizing certain cultures in the present study
correspond s to only 0.07 ppb on a weight  basis .

The role of bacteria in the formation and removal of trace gases
in these experiments is not really known. In the experiment summarized
in Table 4, when Cyclotella nana was the test alga and bacteria were
rigorously excluded , the concentrations of CO and C2 — C4 hyd rocarbons
were extremely high but the light in tens i ty  imposed was also a maximum.
While it is not possible to make direct comparisons between the Cyclo—
tella in this experiment and that in Table 3, because of differences
in biomass and light intensity, the indications are that the trace
gases increased with the exclusion of bacteria . In future research
the role of bacteria will receive increased attention.

There are literature references to the formation and removal of
CO by photo—synthetic organisms in addition to those cited in the
Introduction to this report. Chappelle (23) described the uptake
of CO by green algae and its consequent oxidation to CO2; this oxi-
dation takes place in the dark but the rate is slower than in the light ,
also the rate is oxygen—dependent. Bidwell and Fraser (24) describe
the uptake of CO by bean leaves , the product being CO2 in the dark
and serine and sucrose in the light. Chapman and Tocher (25) found
that pneumatocysts of Nereocystis produce CO according to the concen-
tration of oxygen in the ambient gas , there being none formed in a
nitrogen atmosphere. CO can be removed from the atmosphere by anae-
robic bacteria in the soil according to an account of Schnellen ’s
work (26) by Jaffe (27). By the action of Methanosarcina barkerii
it can be converted to either CR4 or CO depending upon the availa-
bility of H2 (28).

The matter of injury to plant systems by LW is of concern to
those engaged in agriculture research. Ambler et al (29) reported
that 10-day old cotton seedlings irrad iated continuously in the
greenhouse for 6 hours each day for 14 days showed damage. Krizek (30)
studied the response of seeds and found that after 6 days exposure
to IN—B there was abnormal seedling growth. How much effect there
is on the growth potential of algae by IN—B must await further study.
Mention has already been made of the finding by Steeman—Nielsen that
UV inhibits the photosynthesis of a natural phytoplankton population ,
and the extreme conditions imposed in the experiments summarized in
Tables 3 and 4 of this study obviously had lethal effects on the algae
as shown by their lack of fluorescence. An understand ing of the
importance of IN—B as a factor in natural algal populations must
await the determination of the various rate processes.
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Fig. 1 — Penetration of UV-B into distilled water, calculated
on the basis of incident light at 90° and the ozone concentra-
tion at 0,32 atm. cm.
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Fig. 2 —- Ph ture of rooftop exposure equipm~nt includ-
ing constant temperature bath , pyrex bottles , and shields

* 
of mylar and aluminum screen
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Fig. 4 — Plot of Sunburn Units vs visible light intensity
on clear day
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