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Light-dependent methane production by a
coccolithophorid may counteract its
photosynthetic contribution to carbon
dioxide sequestration
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Yuming Rao ®', Guang Gao ® ', llana Berman-Frank®, Mina Bizic ® *° & Kunshan Gao ® '

Many phytoplankton produce methane, a potent greenhouse gas. However, little is known about
the relationship between their methane production and photosynthesis, which drives carbon
sequestration in the oceans. Here, by ruling out the possibility of classical methanogenesis, we show
that the bloom-forming marine microalga Emiliania huxleyi released methane during photosynthesis
(did not generate it in darkness) while grown under different light levels, the amount of methane
released correlated positively with photosynthetic electron transfer and carbon fixation. Under
growth-saturating light, E. huxleyi produces methane at amaximal rate of about 6.6 x10~' pgcell'd ™"
or3.9 ug g ' particulate organic carbon d'. The microalga released up to 7 moles methane while fixing
about 10° moles of carbon dioxide. Considering the higher global warming potential of methane than
that of carbon dioxide and complicated processes involved in methane air-sea fluxes, the warming
potential of phytoplankton methane production should be broadly evaluated.

The methane (CH,4) mixing ratio in the atmosphere has increased from 715
ppbv in the preindustrial era to around 2000 ppbv at present’. CH, traps
more heat per molecule than carbon dioxide (CO,), yet it has a shorter
atmospheric lifetime (half-lifetime ca. 10 years), making its global warming
potential ~80-fold more powerful than CO, during the first 20 years after it
is released, and about 30-fold higher over the course of a century’. Thus, CH,
is the second most important source of anthropogenic greenhouse gas fol-
lowing CO,. Consequently, understanding the sources and sinks of CH, in
the marine realm is essential for projecting the magnitude of future global
warming and exploring mitigation solutions for the remediation of short-
lived greenhouse gases.

Vast amounts of CH, are produced in the oceans. Yet, the proportions
of CH, released from the oceans to the atmosphere have traditionally been
considered minor*. Nevertheless, frequently observed oversaturation of
CH, in the oxygenated upper mixed layer in both ocean and lake
ecosystems™ "' challenges the previous understanding that CH, formation
occurs exclusively under anoxic conditions in aquatic environments'.
Methanogenic archaea living in anoxic micro-environments”'® and

physical transport of CH, from the anoxic sediments may contribute to the
CH, oversaturation in the upper mixed layer'”'*. However, such mechan-
isms are unlikely for pelagic open-water environments due to CH, oxidation
by CH,-oxidizing bacteria and the thermocline’s physical barrier preventing
sediment-derived CH, from reaching the surface water’. Additionally,
classical methanogenic activity is not commonly detected in surface marine
waters”*.

Prokaryotic and eukaryotic phytoplankton have been
found to release CHy, and this CH, produced by phytoplankton living in
surface waters may escape to the atmosphere before oxidation™. In three
marine microalgae (Emiliania huxleyi’, Chrysochromulina sp. and
Phaeocystis globose”**) and in cyanobacteria™, the addition of *C-labeled
bicarbonate resulted in the formation of *C-labeled CH,. In several
marine and freshwater cyanobacteria, both CH4 production and pho-
tosynthetic O, evolution ceased when different photosynthetic inhibitors,
acting both on PSI and PSII, were added, further confirming that these
phytoplankton species release CH, during photosynthesis™. Isotopic
patterns of CH, released by phytoplankton are distinguishable from
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those formed by methanogenic archaea, indicating a novel yet unknown
pathway™.

Emiliania huxleyi is an essential contributor to the ocean’s primary
production® and carbon cycles while providing a significant source of
dimethyl sulfide (DMS)* and releasing CH, from photosynthetically fixed
CO,™**. To date, it remains unknown how CH, production by E. huxleyi
correlates with its photosynthetic activity. By examining the relationship
between CH, production rate and photosynthetic performance in E. hux-
leyi, we found that CH, production increases proportionally with photo-
synthetic electron transfer and carbon fixation under illumination, with no
CH, release detected in the darkness. Our findings allowed us to establish
the CH, production quotient (MPQ), expressing the quantity of CHy4
released versus that of CO, fixed by photosynthesis. Considering the higher
global warming potential of CH,, this parameter established for different
CH,-generating phytoplankton species may be utilized in estimating the
counteractive role of phytoplankton CH, production to photosynthetic CO,
removal via the marine biological CO, pump in both laboratory and in situ
observations.

Results

Specific growth rate and fluorescence parameters

The growth stages and pattern of E. huxleyi were similar for cultures
grown at light intensities from 50 to 600 pmol photons m~> s~ " with a lag
phase for the first 3 days followed by the exponential phase from day 3
through 6 (Fig. la). The specific growth rates of E. huxleyi, calculated
from the exponential growth phase, increased by ~51 % when the light
intensity increased from 50 to 200 umol photons m > s™". At higher light
intensities, - reaching 400 umol photons m?2 s, growth rates were
similar (p =0.73). The slight decline in growth measured for cultures at
600 pmol photons m™ s~ was not statistically significant (p=0.18)
(Fig. 1b). The effective and maximal quantum yield declined as growth
irradiance increased while non-photochemical quenching (NPQ) was
enhanced as irradiance increased (Fig. 1c, d). The maximal relative
electron transport rates (rETR,,,), derived from the fitted rapid light
curves (Supplementary Fig. 2) and from growth light levels (rETRgrowth)>
increased as growth light intensity increased until being saturated at light
levels >200 pmol photons m ™ s~ (Fig. 1e).

Communications Earth & Environment| (2024)5:695


www.nature.com/commsenv

https://doi.org/10.1038/s43247-024-01860-3

Article

a —-50
4. W 100
200

400

600

0 20 40 60 80 100 120
Cell density (x10* mL™)

'

140

()] ~
o 6]
| 1

N
(&)
L

g
HEH

CH, production rate (ag cell”' d™") &

o

100 200 300 400 500 600
Light intensity (umol photons m=2 s

o

Fig. 2 | CH, production in E. huxleyi cultures as a function of light. CH, con-
centrations as a function of algal cell densities of E. huxleyi (a) and CH,4 production
rate (b) during the exponential phase (Fig. 1a) under different light intensities.
Different symbols and numbers (a) represent the light levels in pmol photons m s
(error bars mark the standard deviation for triplicate cultures).

1

Cell growth and CH, production

Accumulation of CHy in the cultures increased with elevated cell densities
(Fig. 2a). CH, production increased by ~423% when light intensities dou-
bled from 50 to 100 umol photons m™>s™" (p <0.05). The CH, production
rate (per day) leveled off at light levels >200 pmol photons m s~ (Fig. 2b).
CH, production was detected only during the light period with the increase
of algal cell density (Fig. 3a), with CH, evolution approaching zero or
negative during the dark period, irrespective of algal cell density (Fig. 3b).
The addition of photosynthetic inhibitor DCMU in the culture reduced
both the microalga growth and its CH, production (Fig. 3c)

The CH, production rate, carbon fixation rate, and cell size of E.
huxleyi concurrently increased from the initiation of light and peaked at the
end of the light period (Fig. 4a-c). Accordingly, the CH,4 production quo-
tient increased linearly during the light period (Fig. 4d, R* = 0.9708 and
0.9713 for cells grown under 200 and 100 pmol photons m™> s™', respec-
tively). Furthermore, E. huxleyi production of CH, positively correlated with
CO, fixation and cell size (Supplementary Figs. 4, 5).

Relationship between photosynthetic electron transportand CH,
production rates

The relationships between POC-specific production rates of CH, with
growth irradiance and electron transport rate were similar to typical
photosynthesis-light curves (Fig. 5). POC content increased linearly with
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Fig. 3 | Changes in CH, concentrations in E. huxleyi cultures during the light and
dark periods and the effect of photosynthetic inhibitor DCMU on CH, pro-
duction and cell growth. The changes in CH, concentrations (ACH,) produced in
E. huxleyi cultures during 12 h from either the light or dark phase from cultures
acclimated to two light intensities (400 and 600 pumol photons m™>s™") (a), parallel
cell densities of E. huxleyi during the measurement periods (b). The changes in cell
growth (square symbols) and CH, production (circle symbols) (c) after the addition
of the electron transfer inhibitor DCMU. In panels a and b, the arrow represents the
dilution timings and bolder lines on the x-axis represent dark periods; in panel c, the
arrow represents the addition of DCMU. 400 and 600 represent the daytime light
intensities (pmol photons m > s™'). L and D represent light and dark periods. Error
bars mark the standard deviation for triplicate cultures. The letters above the bars in
a mark significant differences between the treatments (p < 0.05) during the experi-
mental period.

increased light to peak at ~270 pmol photons m > s and then declined at
the PAR levels >300 umol photons m > s™" (Fig. 5a). When CH, production
was normalized to POC, saturation was reached at ~440 umol photons m ™
s ' (p<0.05) with no significant decline in production at the higher irra-
diances (Fig. 5b). The relationship between CH, production and photo-
synthesis could be illuminated by plotting the relative electron transport
rates (rETR) with the POC-specific CH, production rates yielding a linear
and positive correlation (R* = 0.975, p < 0.05, Fig. 5¢).

Ensuring methanogenic archaea and bacteria did not contribute
to the measured CH,

To ensure CH, was not produced by any heterotrophic methanogens in the
culture, E. huxleyi cells were grown with the methanogenic inhibitor,
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sodium 2-bromoethanesulphonate (2-BES). The addition of the inhibitor
did not significantly affect CH, production (p = 0.70 and p = 0.41 under the
light levels of 200 or 100 umol photons m™ s™', respectively) (Supple-
mentary Fig. 6). Moreover, the algae-free filtrate showed negligible (<3% of
the CH,4 produced in algal cultures) production over a period of 3-4 days
(Supplementary Fig. 7).

Discussion
In the present study, the CH, production by Emiliania huxleyi is light-
dependent and positively correlated with photosynthetic electron transport
and C fixation (Figs. 4, 5). Since we ruled out disturbances from metha-
nogenic archaea and heterotrophic bacteria in the cultures (Supplementary
Figs. 6,7) and found that E. huxleyi cultures did not produce CH, in the dark
(Fig. 3a), it is obvious that the CH, produced in the microalgal culture is
directly linked to photosynthesis. The established methane production
quotient (MPQ: molar CH, released vs molar CO, fixed) (Fig. 4d) based on
the simultaneous measurement of CH, production and C fixation indicates
that E. huxleyi can release up to 7 CH, moles while fixing 10° moles of CO,.
Phytoplankton are known to produce the volatile dimethyl sulfide
(DMS), an important infochemical mediating microbial interactions™.
There is a possibility that the CH4 produced by the microalga is due to the
photolysis of DMS™. However, it is unlikely in the present study, since the
observed CH, production was about 1 nmol L™ per day in our culture of the
E. hux PMLB 92-11 that can produce about 120 nmol L™' DMS per day”,
and only 0.2 nmol L ™" daily aerobic production of CH, was observed during
a DMS-spiking (20 umol L") experiment™. Thus, a possible explanation for
this photosynthesis-associated CH, production is likely a result of the
Fenton reaction driven by reactive oxygen species (ROS)™ with methylated
intracellular metabolites serving as substrates. On the other hand, during
photosynthesis, NADPH is produced in the light reaction and oxidized in
the dark reaction™. ROS could be produced during the oxidization of
NADPH during the dark reaction’” and Mehler reaction™ or simply gen-
erated due to the transfer of electrons to oxygen™ in the light reaction.
Therefore, when the light intensity increased above 260 pmol photons m >
s~' (optimal growth light), it is possible that enhanced accumulation of
ROS under high light stress™* could promote CH,4 formation™. This
explains the observed linear correlation of rETR,,,x and POC-normalized

CH, production rate (Fig. 5¢). E. huxleyi cells increase their size under
illumination (Fig. 4c), indicating accumulation of organic matter during the
light period. Thus, methylated metabolites produced via photosynthesis
likely serve as an internal substrate, explaining the positive correlation
between CH, production, C fixation and cell size (Supplementary Figs. 4, 5),
the higher POC-normalized CH,4 production rate under high light inten-
sities (Fig. 5b), and the increased CH, production quotient during the light
period (Fig. 4d). In E. huxleyi RCC1216, the POC-normalized CH,4 pro-
duction rate was not inhibited at high light levels®. In contrast, in the
subarctic strain used in this study, isolated off the coast of Bergen, Norway
(~61 °N), CH, production was saturated at 440 umol photons m > s~
(Fig. 5b) and somewhat inhibited at higher light intensities (Fig. 2c). It is
therefore likely that different E. huxleyi strains naturally adapted to different
light regimes, display varying differences between CH, production and light.

Calcification in E. huxleyi has been suggested to act as an electron sink™
and is known to increase with enhanced light intensities*. Strain PMLB 92-
11, used in the present work, did not calcify (Supplementary Fig. 3),
although previous studies showed it calcifies at a rate lower than other
strains (3.6pg C cell ! d™'** for PMLB 92-11 vs 8.96pg C cell™! d™' for
RCC1216"). It is not clear whether the calcification process correlates with
the CH, release in E. huxleyi. Nevertheless, the CH, production rate in the
non-calcifying strain PMLB 92-11 (Fig. 2b) was higher than that of the
calcifying strain RCC1216 under similar light levels™. As calcification acts as
an electron sink” and since the POC-normalized CH, production rate is
highly dependent on photosynthetic electron transfer (Fig. 5¢), the calcifi-
cation in E. huxleyi likely down-regulates CH, production, which needs to
be experimentally tested.

Emiliania huxleyi occurs in oceans worldwide, with the most extensive
known temperature range for phytoplankton between 1-31 °C, and it can
form blooms in many oceanic regions™"*’. The light intensities we used in
this study fall within the typical daytime mean light intensities during E.
huxleyi blooms, which range from 200-800 umol photons m™ s™'*. We
showed that CH, production is light-dependent; therefore, higher light
intensities in the field likely result in higher CH, production. In addition to
light levels, other ongoing environmental changes, including intensive UV
radiation, ocean warming, decreasing pH (ocean acidification), and eutro-
phication may also influence CH4 production by phytoplankton and
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Fig. 5 | The correlation of CH, production rate per particulate organic carbon
(POC) with light or relative electron transport rate (rETR,,.x). The effects of light
on the cellular content of POC (a) and on POC-normalized CH, production rates (b)
in cultures of E. huxleyi grown at different light levels. When the POC-normalized
CH, production rates were examined in relation to the photophysiological status of
the E. huxleyi cells a significant linear increase in CH, production as a function of
rETR 4« as derived from RLC (see Supplementary Fig. 2) was observed (c). (n = 3;
error bars mark the standard deviation for triplicate cultures).

subsequent upward flux of CH, to the atmosphere™, although little has been
documented on these aspects™*.

CH, produced from autotrophs may, to some extent, offset their
contribution via photosynthetic CO, fixation to the marine biological car-
bon pump (BCP). The CO, fixed by phytoplankton photosynthesis and
associated CH, release may alter concentrations of CO, and CHj in the
upper oceans, which may affect their fluxes to the atmosphere (Fig. 6). To
the best of our knowledge, this study is the only one so far to quantify CH,
production quotients (MPQ). Provided that different E. huxleyi strains
exhibit similar levels of MPQ (Supplementary Table 1), underlying coun-
teractive roles of their CH, production against their contributions to carbon
sequestration should be evaluated in different waters and/or with different
phytoplankton types by taking CH, oxidation, different timescales of POC
remineralization™ and RDOC production by phytoplankton® into con-
sideration (Fig. 6). The major gaps in understanding the counteractive role
and the contribution of phytoplankton-released CH, to the upward CH,4
flux from the oceans may lie in interpreting CH, generating and oxidizing

dynamics in ocean environments’ and the extent of how much the primary
producers including E. huxleyi contribute to RDOC accumulation in terms
of their carbon fixation.

Phytoplankton species tested so far release CH,”, with cyano-
bacteria producing CH,; 10-100 times higher than eukaryotic
phytoplankton®. Therefore, the MPQ values can be smaller in micro-
algae than cyanobacteria since their photosynthetic carbon fixation rates
per Chl a do not usually change over one order. As progressive ocean
warming is suggested to decrease vertical POC transport and to enhance
the remineralization of organic matter”, the counteractive warming
potential of phytoplankton-produced CH,4 remains to be further exam-
ined. Our methodology and results provide a new perspective to look into
the potential importance of phytoplankton-related CH, production, and
suggest that the coupling of CH, production and photosynthetic CO,
fixation in phytoplankton can affect the capacities of the oceanic sink and
source of these greenhouse gases, which are closely related to the feed-
back of marine ecosystems to climate change (Fig. 6) (Supplementary
Table 1). Therefore, investigating how phytoplankton CH, production vs
CO, fixation differ in different regions, especially in waters where phy-
toplankton blooms are stimulated by global warming™”, is expected in
future research.

Methods

Monoalgal cultures and experimental setup

Emiliania huxleyi PMLB 92-11 (isolated from Bergen coast, Norway) was
cultured in batch or semi-continuous culture mode in artificial seawater
(ASW) enriched with Aquil medium with initial nitrogen and phosphorus
concentrations of 100 and 10 pmol L, respectively. In batch cultures, the
initial cell density was set at 5000 cells mL™" and reached a final con-
centration of more than 1x 10° cells mL™", corresponding to the initial and
late exponential growth phase. Cells were diluted every two days in the semi-
continuous cultures to maintain the exponential growth phase. Cells were
acclimated to a day-night cycle of 12 h light and 12h dark at 20 °C at
different light intensities (50-600 pmol photons m ™~ s, measured with a
probe of the multi-color PAM) of white-light (ST5-LED10, FLS, China) for
>15 generations before experiments on CH, release.

After the microalga had acclimated to different light levels (see above),
we determined its growth rates, photosynthetic C fixation rates, photo-
chemical parameters (non-photochemical quenching, quantum yield,
relative electron transport rate (rETR)), biochemical parameters (total
particulate carbon, particulate organic carbon), and CH, production. Once
the relationship between CH, production of the microalga and light had
been established, cells grown under 400 and 600 umol photons m s (in
batch mode without renewing the medium) or at 100 and 200 umol photons
m s~ (in semi-continuous mode, with the culture medium renewed every
72 h) were selected to estimate CH, production rates and their relationship
with photosynthetic C fixation. These light levels were chosen because we
could verify the rates of CH4 production above and below light-saturating
conditions.

To investigate algal CH, production processes, we designed a closed
chamber system using 1.1 L borosilicate bottles filled with 800 mL artificial
seawater and 300 mL headspace volume. These bottles were sealed with lids
(GL 45, 3 ports) equipped with two three-way ports (one for gas sampling
and another for water sampling and an orifice to maintain air
pressure during gas sampling, Supplementary Fig. 1). To establish the
relationship between CH,4 production and photosynthetic C fixation in E.
huxleyi, measurements of CH, production and photosynthetic C fixation
were conducted simultaneously for 3h during the cells’ exponential
growth phase.

Measurements of specific growth rate

Samples were collected every 12 or 24 h in batch or semi-continuous cul-
tures. Diurnal variations of cell density and cell diameter were measured
every 3 h. Cell density and size were determined using a particle counter and
size analyzer (Z2 Coulter, Beckman, U.S.A.). The specific growth rate (i)
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Fig. 6 | Conceptual illustration of CH4 production
by the microalga Emiliania huxleyi. The CH,
produced during photosynthesis and the microalgal
carbon sequestration exhibit antagonistic feedbacks @
to global warming. The photosynthesis-driven CHy4
in the oceans may affect its upward flux, thereby
likely counteract phytoplankton carbon sequestra-
tion involving refractory dissolved organic carbon
(RDOC) and biological CO, pump (BCP).
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was calculated based on the following formula:

u(d™') = (InN, —InNy,) /(t; — t,) (1)
where N; and N, represent the cell concentrations at t; and to, respectively.

Determination of CH,4 production rate

The CH, mixing ratio in the headspace of 1.1 L borosilicate bottles was
measured using the Picarro G2308 (Picarro Inc., CA, USA), which is capable
of detecting concentrations as low as 1 ppb. The gas flow rate was set at
230 mL min"". Before sampling, all flasks were gently shaken to equilibrate
the gas and water phases. 300 mL of gas samples were removed from each
bottle using a syringe and injected into the instrument. The length of the
injection is at least 1 min to maintain stable readings during the measure-
ment. The gas sampling procedure was conducted according to Lenhart
et al.”® with some modifications (as written in Zou et al.”® and shown in
Supplementary Fig. 1) as follows: the headspace was replaced with the same
volume of sterile air with a known CH, mixing ratio; the gas in the head-
space (300 mL) was mixed back and forth using the two syringes (one of
which containing sterile air and another one is empty) with 300 mL sterile
air before measurement, the CH, mixing ratio of the sterile air was taken
into consideration in subsequent calculations. The CH, mixing ratio in the
headspace was calculated using the CH, mixing ratio of the sterile air and
mixed gas sample based on the modified equation™:

Cen, = (Cprx 600 — C,; X 300) /300 )

where Cgy, indicates the mixing ratio of CHy in the headspace, Cy,
represents the CH, mixing ratio in the mixed gas samples measured, C,;,
denotes the CH, mixing ratio of the sterile air.

CH,4 mass in each bottle’s headspace was calculated according to the
ideal gas law from the CH, mixing ratio (ppmv) as follows:

mCH4 = RXT x CCH4 x VXMCH4 (3)

where P is pressure in atm, T temperature in K, R ideal gas constant in L atm
mol k™, V the volume of the headspace in L, Cryy, the mixing ratio of CH,
in the headspace, My, the molar weight of CH,. The concentration of CH,
in the water phase was calculated according to Bunsen solubility coefficient”
and the formula™ based on the headspace CH, mixing ratio, temperature

and salinity of the water phase as follows:
CH, (nmol L") = (Cyp — Cgl)((ﬂ/vm)-R-T + vg/v,) )

where Ce and C, represent CH, concentration at time t, and t; in nmol
L, respectively. 3 is the Bunsen solubility coefficient of CH in the seawater
inLL"atm™, V,, is the molar volume of CH, in Lmol ', T temperature in
K, R ideal gas constant in L atm mol 'k, Vg and V represent the volume
of gas phase and water phase, respectively.

CH, production rate was calculated according to Eq. (5)*:

Pey, = qep, X ¢ (5)

where Pcy, is the CH, production rate, gy, the CH, quota in ng CH, cell™ L
which is the quotient of CH, concentration divided by corresponding cell
density. u is the specific growth rate.

Determination of chlorophyll a fluorescence

The cells of E. huxleyi were cultured semi-continuously within a range of 5 x
10> — 1 x 10° cells mL™" under different light intensities. The maximal
quantum yield of PSII (F,/F,,), the effective quantum yield of PSII (Yield),
and rapid light curves (RLCs) were determined using a Multi-color PAM
(Walz, Germany) during the exponential growth period. The saturated
pulse for F,/F,, measurement was set at 3500 umol photons m>s™" (10's).
F,/F,, values were obtained after having the cells dark-adapted for 15 min.
The effective quantum yields were measured during the light period, with
the actinic light levels being the same as those in the growth conditions. The
maximum relative electron transport rate (rETR ) was obtained based on
the rapid light curves by fitting to the equation™ (Supplementary Fig. 2).

Application of the photosynthetic inhibitor 3- (3,4-Dichlor-
ophenyl)—-1,1-dimethylurea

The photosynthetic inhibitor 3- (3,4-Dichlorophenyl)—1,1-dimethylurea
(DCMU) was used to inhibit electron transport from PS II to PQ® and
added in the culture to a final concentration of 10 uM®'". The initial cell
density was 1x 10° cells mL™" and grown under 200 umol photons m > s™*
for two days before DCMU was added. Samples were taken every 24 h at the
end of the dark period following the sampling procedure described above.
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Measurement of photosynthetic carbon fixation

A ~20 mL subsample of each culture was transferred into 25 mL borosilicate
bottles, and 100 pL of 5 uCi NaH"COj; (ICN Radio chemicals, USA) was
added prior to the incubation. Triplicate samples of each bottle were pre-
pared, of which two were illuminated by the growth irradiance, and one was
wrapped tightly in aluminum foil to serve as a dark control. After 3-hour
incubations, the culture subsamples were immediately filtered onto GF/F
filters with low vacuum pressure (<0.03 MPa) under dim light as previously
described”. Filters were fumed with pure HCl overnight to convert all non-
assimilated H*CO;~ into CO, and then dried in a constant temperature
oven at 60 °C for over 6 h. The amount of H“CO;" incorporated by the
algae was counted with a liquid scintillation counter (Beckman, LS6500,
Germany) in the presence of 5 mL scintillation cocktail (Hisafe 3, Perkin-
Elmer, USA). The photosynthetic C fixation rate was determined according
to Gao etal. .

Cellular C and N analysis

GF/F filters were pre-combusted at 450 °C for 6 h to eliminate the original
organic carbon on the filters. Duplicate subsamples were filtered from one
bottle for particulate organic carbon and nitrogen and for inorganic carbon
(POC, PON, PIC) analyses. The filter used for POC analysis was fumed with
HCl for 12 h, while the other filter for total particulate carbon (TPC) analysis
was not treated with HCL. Samples were dried at 60 °C overnight prior to the
measurement by using a CHNS elemental analyzer (Vario EL cube Ele-
mentar, Germany). PIC content was obtained by subtracting POC
from TPC.

Exclusion of disturbance from methanogenic archaea and
bacteria

To exclude potential CH, production by methanogenic archaea or bacteria,
we used PC membranes (1.2 pm) to filter off the algal cells immediately after
all measurements and then cultured the bacteria-containing filtrate under
the same light and temperature for another 3 (400 and 600 umol photons
m~s") or 4 (100 and 200 pmol photons m~ s™') days to measure any
heterotrophically produced CH,. The gas sampling procedure was the same
as described above. In parallel, we supplemented the cultures with
2-bromoethanesulfonic acid (2-BES) (final concentration of 5 mM), which
is a known inhibitor of the key co-enzyme Methyl co-enzyme M reductase
of methanogenic archaea®. 2-BES was added to the culture, and gas samples
from the headspace were taken every 3 h during the light period (Supple-
mentary Fig. 1).

Data analyses

The results were expressed as mean values + standard deviation (n = 3) for
three independent replicate cultures. The statistical significance of the data
was analyzed with one-way ANOVA or two-way ANOVA (Fig. 4) and the
Tukey test at a significance level of p<0.05.

Data availability

The source data that supports the findings of this study are available from
the Dryad (http://datadryad.org/stash/share/ebQ6YWmDonVkBlmoAg
axY6v50giJ8qoBoGyRcsChSNA).
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