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Within cloud water, microorganisms are metabolically active and,
thus, are expected to contribute to the atmospheric chemistry. This
article investigates the interactions between microorganisms and
the reactive oxygenated species that are present in cloud water
because these chemical compounds drive the oxidant capacity of
the cloud system. Real cloud water samples with contrasting
features (marine, continental, and urban) were taken from the
puy de Dôme mountain (France). The samples exhibited a high
microbial biodiversity and complex chemical composition. The me-
dia were incubated in the dark and subjected to UV radiation in
specifically designed photo-bioreactors. The concentrations of
H2O2, organic compounds, and the ATP/ADP ratio were monitored
during the incubation period. The microorganisms remained met-
abolically active in the presence of •OH radicals that were photo-
produced from H2O2. This oxidant and major carbon compounds
(formaldehyde and carboxylic acids) were biodegraded by the en-
dogenous microflora. This work suggests that microorganisms
could play a double role in atmospheric chemistry; first, they could
directly metabolize organic carbon species, and second, they could
reduce the available source of radicals through their oxidative
metabolism. Consequently, molecules such as H2O2 would no lon-
ger be available for photochemical or other chemical reactions,
which would decrease the cloud oxidant capacity.

biodegradation | cloud chemistry

The cloud system is an ideal medium for the development of
complex multiphase chemistry, in which chemical species

from the gas, solid, and aqueous phases are transformed. This
process perturbs the homogeneous gas phase chemistry through
the dissolution of various chemical compounds that undergo ef-
ficient photochemical processing. During a cloud’s lifetime, cloud
chemistry can lead to the formation of new, low volatile com-
pounds, such as organic and inorganic acids, that modify the
physical and chemical properties of aerosols after cloud evapo-
ration and can also contribute to the formation of secondary
aerosols (1, 2). The formation of clouds is, consequently, modi-
fied, and this process remains one of the major uncertainties in
climate models that assess the earth’s radiative balance (3).
Within this framework, the presence of free radicals and oxi-

dants in the cloud system leads to aqueous phase oxidations,
transforming both inorganic and organic compounds. Cloud
chemistry models predict that the •OH radicals represent the most
important oxidant in the cloud aqueous phase (4). This oxidant can
either be transferred from the gas phase or produced in situ in the
aqueous phase through photochemical processes or related reac-
tions with hydrogen peroxide and transitionmetal ions, such as iron
(5). Multiple other oxidants that are produced in clouds can also
oxidize chemicals, and these oxidation processes must be better
understood because they impact atmospheric chemical cycles and
radiation. Indeed, the resulting aerosols increase or decrease the
scattering albedo, thus modifying the radiative forcing by clouds.
Many volatile organic compounds from secondary formations

are associated with moderately high Henry’s law constants and
are, consequently, dissolved into the tropospheric aqueous phase

(6). Additionally, organic compounds constitute a significant
mass fraction of tropospheric aerosol particles, which can also be
transferred into cloud water. Hence, the dissolved organic matter
is able to interact directly or indirectly with the aqueous chemistry
of radicals, radical anions, nonradical oxidants, and transition
metal ions. A large proportion of the dissolved organic matter is
still not characterized, but carboxylic acids could represent a sig-
nificant proportion of this soluble matter. Among these acids, the
formic and acetic acids are the most abundant (mainly produced
in the gaseous phase), oxalic acid is commonly the third dominant
species and the main di-carboxylic acid, followed by succinic,
malonic, and maleic acids (predominantly dissolved from organic
particles) (7–10).
Cloud water also hosts microbial populations that are primary

biological aerosols and the dominant living aerosols that are
present in the atmosphere (11–14). These aerosols can be in-
tegrated into clouds because they can serve as cloud condensa-
tion nuclei for droplet formation (13–15). This environment is
stressful for airborne microorganisms (low temperature, desic-
cation, oxidation, UV radiation, acidic pH in the aqueous phase,
and so forth) (13, 16). Low temperatures appear to represent
one of the major obstacles for cellular activity because they are
directly linked to decreased molecular motion and reaction rates.
However, bacteria can sustain growth in cloud water at tem-
peratures at or below 0 °C (17), and they are capable of main-
taining metabolic activity at subzero temperatures down to −20 °C
(18–20). Cultivable microorganisms (fungal spores, yeasts,
and bacteria) have been found in fog and cloud water (21–23).
Bauer et al. demonstrated that the majority of bacteria that are
present in cloud water are viable (up to 95% in two samples)
(21). The ATP concentrations in cloud water that were mea-
sured by Amato et al. (24) suggest that a significant fraction of
the microorganisms that are present in these environments are
metabolically active.
The discovery of microbial activity in this environment has in-

dicated that there are biologically mediated processes in the
chemistry of clouds. In the recent past, researchers investigated the
microbial activity in cloud water containing organic compounds,
such as carboxylic acids, formaldehyde, and methanol (25, 26).
Inferred estimates indicated that the activity ofmicroorganismswas
likely to affect the chemistry of these compounds in warm clouds
and could even drive their reactivity during the night (27–29).
All of these studies are pertinent, but they were conducted

under conditions that were different from those in real clouds. In
particular, the presence of reactive oxygenated species, such as
hydrogen peroxide (H2O2) and free radicals, was ignored.
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Although these compounds are toxic to cell life, the survival of
microorganisms in clouds strongly suggests that cloud-borne
microorganisms can resist the high concentrations that are found
in the atmosphere. This result is likely to be because of the ef-
ficient, antioxidative stress metabolism that involves specialized
enzymes (such as catalases, peroxidases, and superoxide dis-
mutase) and nonenzymatic compounds (30, 31).
We investigated the metabolic activity of microorganisms in

microcosms that were more similar to the real cloud environment.
We used cloud water samples that were collected at the puy de
Dôme mountain, which is a reference site in France for cloud
observations and is part of the European ACTRIS (Aerosols,
Clouds, and Trace gases Research InfraStructure Network) pro-
ject. The samples contained complex mixtures of organic and in-
organic compounds, oxidants, such as iron complexes and H2O2,
and the endogenous microflora. The cloud water samples were
either kept intact or were sterilized by filtration and were then
incubated in the dark or subjected to UV-light radiation in spe-
cially designed photo-bioreactors (Fig. S1). This procedure resul-
ted in the separation of biologically driven processes and other
chemical phenomena (including photochemistry) that occurred in
the cloud water under controlled conditions. The biological and
chemical characterizations were conducted throughout the in-
cubation. Under these conditions, the microorganisms were ex-
posed to H2O2 and potential •OH radical photoproduction. This
study had four specific objectives: (i) to study the possible bio-
degradation processes of H2O2; (ii) to determine the energetic
state (ADP/ATP ratios) of cells under these stressful conditions;
(iii) to investigate the impact of the presence of reactive oxygen-
ated species on the biodegradation rates of organic acids (acetate,
formate, oxalate, malonate, and succinate) and formaldehyde; and
(iv) to compare abiotic and biotic processes.
The major result of this work helps to answer two questions: (i)

Do microorganisms interact with reactive oxygenated species?
and (ii) Consequently, does microbial activity control the oxidant
capacity and the organic carbon budget in natural clouds?

Results and Discussion
Three cloud events were sampled in June 2010 at puy de Dôme
mountain (1,465 m above sea level). The backward trajectories
from the National Oceanic and Atmospheric Administration
Hysplit model were plotted for the various sampled air-masses
and are displayed in Fig. S2. Three cloud types were selected for
their contrasting features: cloud 1 had a northwestern marine
origin, cloud 2 was from the continental southwest, and cloud 3
was from the continental northeastern flux but was influenced by
anthropogenic emissions. The average temperatures during
sampling were 10 °C for clouds 1 and 3 and 13.5 °C for cloud 2
(see Table 1 for additional physico-chemical parameters).

Chemical and Biological Content of Cloud Water Samples. The
chemical and biological data from the three cloud water sam-
ples are summarized in Table 1. The chemical properties of
these three samples are consistent with their respective origins.
For example, cloud 3, collected from an “urban” air-mass, was
more acidic and oxidant (pH = 3.9 and [H2O2] = 57.7 μM) than
cloud 1, which had a “marine” origin (pH = 6.1 and [H2O2] =
3.6 μM). Cloud 2, from the “continental” air-mass, represented
an intermediate condition.
The five most abundant carboxylic acids that are usually found

in cloud water [i.e., formic, acetic, oxalic, succinic, and malonic
acids (7–9)] and the most abundant aldehyde (i.e., formalde-
hyde) were present in clouds 2 and 3, but succinic and malonic
acids were not detected in cloud 1. The contribution of carbox-
ylic acids and formaldehyde to dissolved organic carbon was
∼19%, 25%, and 23% in clouds 1, 2, and 3, respectively. The
total number of microbial cells was of the same order of mag-
nitude as the typical previous measurements at the puy de Dôme
site (23, 32) and was very similar to samples from Mt. Rax in
Austria (1,644 m above sea level) (21).

Hydrogen Peroxide Biotransformation in Real Cloud Water
Microcosms. The three cloud water samples were incubated at
17 °C under four incubation regimes: unfiltered and in the
presence or absence of UV radiation (“Microorganisms + Light”
and “Microorganisms,” respectively) and filtered and in the
presence or absence of UV radiation (“Light” and “Reference,”
respectively). H2O2 concentrations were measured periodically
over the incubation period and are plotted in Fig. 1; the corre-
sponding degradation rates are reported in Table 2.
In the absence of UV radiation in filtered cloud water (Ref-

erence), a slow degradation of H2O2 was observed in clouds 2
and 3. This phenomenon can be explained by the reactivity of
H2O2 with chemical species, such as transition metal ions (a.k.a.
“Fenton reactions”) or sulphite (33, 34). The zero-order kinetic
constants were the same for the two clouds, most likely because
of the very similar iron concentrations. In cloud 1, the degra-
dation of H2O2 was even slower, most likely because the species
responsible for the radical reactions (S and Fe) were present at
lower concentrations than in clouds 2 and 3 (Table 1). Under UV
light, the first-order kinetics had similar constants, indicating that
H2O2 was photolyzed, producing •OH radicals. Interestingly,
in the presence of microorganisms without UV light, H2O2 was
also efficiently degraded in cloud 2 (vc = 28.5 × 10−11 M·s−1) and
cloud 3 (vc = 30.0 × 10−11 M·s−1). In cloud 1, the microbial

Table 1. Initial bio-physico-chemical characteristics for the three
cloud events, sampled at the puy de Dôme station

Characteristic Cloud 1 Cloud 2 Cloud 3

Air-mass origin Northwestern Southwestern Northeastern
Air-mass type Marine Continental Urban
Date of sampling 6/1/10 8:20

PM
6/8/10 12:05

PM
6/18/10 11:15

AM
Duration of sampling 6:30 11:20 19:45
Temperature 10 °C 13.5 °C 10 °C
pH 6.1 5.2 3.9
Conductivity

(μS·cm−1)
3.5 37.6 78.6

TOC (DOC) (mg·L−1) 1.1 (1.1) 6.8 (6.7) 6.9 (6.8)

Compound Concentration (μM)
Acetate 4.5 25.4 23.2
Formate 4.9 42.7 33.2
Succinate — 3.1 3.8
Oxalate 1.0 9.7 9.3
Malonate — 3.1 3.5
Cl− 3.0 7.7 11.3
NO3

− 4.5 70.6 228.7
SO4

2- 1.8 46.1 64.0
Na+ 2.2 10.1 8.8
NH4

+ 8.5 100.3 122.3
K+

— 1.5 2.2
Mg2+ 1.0 2.1 2.7
Ca2+ 1.7 3.8 3.8
Fe (total) 0.9 1.1 1.3
Fe (II) 0.3 0.5 0.5
Formaldehyde 1.5 2.7 6.1
H2O2 3.6 33.4 57.7

ATP (pmol·mL−1) 0.8 2.3 2.1
ADP (pmol·mL−1) 1.1 0.7 1.1
ADP/ATP ratio 1.4 0.3 0.5
Total fungal spores and

yeasts (cells/mL−1)
9 × 103 3 × 103 3 × 103

Total bacteria
(cells/mL−1)

3 × 104 8 × 104 9 × 104

DOC, dissolved organic carbon; TOC, total organic carbon.
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degradation of H2O2 was very slow until 72 h but then increased
(vc = 2.9 × 10−11 M·s−1). In darkness, the presence of micro-
organisms enhanced the rate of H2O2 degradation by a factor of
2.9 and 4.2 for clouds 2 and 3, respectively. Combining UV light

and microorganisms resulted in higher degradation rates for H2O2
than either individual condition alone. For clouds 2 and 3, the
degradation rates for H2O2 appeared to be additive: Light and
Microorganisms ∼ Microorganisms + Light (Table 2). These
results demonstrate that cloud microorganisms can metabolize
H2O2 into O2 and H2O using catalases, which are ubiquitous
oxidoreductase enzymes.
Furthermore, it was possible to quantify the relative impact of

biotic activity vs. abiotic H2O2 transformations (Fig. S3 and Tables
S1 and S2). During the day, three types of H2O2 degradation
mechanisms were active in clouds 2 and 3. Photodegradation was
the major process (54% and 76%, respectively), followed by bio-
degradation (30% and 18%, respectively). Other abiotic reactions
accounted for 16% in cloud 2 and 6% in cloud 3. In cloud 1, only
light was involved initially. During the night, photodegradation
was no longer involved, and microbial activity was the major
process, accounting for 66% (cloud 2) and 76% (cloud 3) of H2O2
degradation; nonphotochemical abiotic reactions only accounted
for 34% (cloud 2) and 24% (cloud 3). These reactions were too
slow to be measured in cloud 1 during the first few hours. Clearly,
the impact of microbial activity controlling the oxidant capacity in
warm clouds may be important, particularly at night, when it may
be dominant.
In addition, the results obtained during the combined photo-

biodegradation processes indicate that photoproduced radicals are
not toxic to cloud microflora; this statement is consistent with the
oxidative stress metabolism of microorganisms. This type of me-
tabolism involves not only catalases but also peroxidases and su-
peroxide dismutase, as well as other nonenzymatic antioxidants (31).

Microbial Energetic States in Real Cloud Water Microcosms. In the
previous section, we noted that microorganisms were exposed to
photoproduced radicals, which are known to be potentially toxic
to microbial cells. Therefore, we investigated the ability of cloud
microorganisms to resist these oxidative stresses by quantifying
the ADP/ATP ratios during the same incubations. Essentially,
growing bacteria present a ratio of ∼0.25, whereas dead cells have
a ratio >6 (35). The plots presented in Fig. 2 reflect the evolution
of the energetic states of these microorganisms over time.
In all cases, the microbial energetic state improved over time

as the ADP/ATP ratios decreased. The microorganisms in clouds
2 and 3 had similar initial energetic states (ADP/ATP ratios of
0.3 and 0.5, respectively) that decreased slightly over the in-
cubation period and reached 0.1 and 0.2, respectively, after 72 h.
The initial energetic state of bacteria from cloud 1 was lower
(ADP/ATP ratio 1.4) than the other cloud samples. This dif-
ference could be because of some specific, unfavorable stress
that was encountered by the microorganisms during the air-mass
history. The ADP/ATP ratio increased over time and attained an
energetic state that was similar to clouds 2 and 3 after 72 h. This
recovery of a higher energetic state after 72 h reflects an activation
of the microbial metabolism. Consequently, the biodegradation

Fig. 1. Temporal evolution of H2O2 concentrations (μM) in the presence or
absence of UV light or microorganisms during incubation of cloud water
(clouds 1, 2, 3). Cloud water samples were incubated at 17 °C under four
incubation regimes for 7 d: unfiltered and in the presence or absence of UV
radiation (Microorganisms + Light and Microorganisms, respectively), fil-
tered and in the presence or absence of UV radiation (Light and Reference,
respectively). Error bars represent the SEs of the enzymatic assay (5%).

Table 2. Initial degradation rates of H2O2 in the presence and
absence of UV light or microorganisms during the incubation of
natural cloud waters

Incubation regime

Cloud 1 Cloud 2 Cloud 3

Rate of H2O2 transformation (× 10−11 M·s−1)

Reference* 0 −9.8 −7.2
Light −0.6 −48.6 −105.1
Microorganisms −2.9 (72 h to end) −28.5 −30.0
Microorganisms +

Light
−0.9 −68.4 −126.9

A negative value indicates the disappearance of H2O2 from the medium.
In the case where a noncontinuous transformation occurred, the time period
used for the linear regression is indicated in brackets.
*Reference: sterilized sample (filtration 0.22 μm) incubated in darkness.
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rate of H2O2 increased, as displayed in Fig. 1 (cloud 1), when
microorganisms were present in the incubation medium.
The ADP/ATP ratios during the microbial incubations un-

der dark and UV light conditions were similar. Clearly, pho-
todegradation in the presence of H2O2, notably the production of
•OH radicals under light conditions, did not affect the cells’ en-
ergy metabolism. This result is in agreement with the additive
nature of the photochemical and biological processes that are
involved in H2O2 degradation (Table 2).

Impact of the Presence of Reactive Oxygen Species on the
Biotransformation of Carboxylic Acids and Formaldehyde in Real
Cloud Water Microcosms. Formate, acetate, succinate, oxalate,
malonate, and formaldehyde were also measured in the four in-
cubation regimes that were used for H2O2. Focusing on cloud 2,
the evolution of the concentrations of carboxylic acids and
formaldehyde are plotted in Fig. 3, and the production and
degradation rates of carboxylic acids and formaldehyde are pre-
sented in Table 3. Because they are very similar to cloud 2, the
results for the other clouds are presented in Figs. S4 and S5.
Acetate, formate, and succinate were only degraded in the pres-
ence of microorganisms, and oxalate was only degraded in the
presence of UV light. Malonate and formaldehyde were photo-
produced during the experiment and degraded in the presence of
microorganisms. The biotransformation was not delayed for ac-
etate, succinate, malonate, and formaldehyde, but in the case of
formate we observed a lag time (up to 48 h) before the bio-
degradation began. The degradation of oxalate by UV light in the
absence of microorganisms indicated that photochemical reac-
tions were involved. This conclusion is consistent with the con-
comitant H2O2 photolysis under the same conditions. It is also
important to note that the degradation rates in the Reference

sample were close to zero, demonstrating that the major pro-
cesses were photodegradation and biodegradation.
The most interesting results clearly show that the endogenous

microflora were not inhibited by the presence of reactive oxygen
species (H2O2 and photoproduced •OH radicals). In the case of
acetate, formate, and succinate, the degradation rates that were
measured for Microorganisms (15.5, 17.5, and 4.5 × 10−11 M·s−1,
respectively) and Microorganisms + Light (15.6, 16.1, and
3.5 × 10−11 M·s−1, respectively) were very similar. Therefore, the
presence of light, and thus of •OH radicals, had no influence on
microbial carbon metabolism. In the case of formaldehyde, the
photoproduction rate was 0.2 × 10−11 M·s−1 (Light), and the
biodegradation rate (Microorganisms) was 0.3 × 10−11 M·s−1.
When the two processes were combined (Microorganisms +
Light), the resulting rate of transformation was null, indicating
that the addition of the processes occurred without any inhibition.
The case of malonate is rather similar to that of formaldehyde;
the rate observed during the combined photo-biodegradation
processes after 36 h (4.3 × 10−11 M·s−1) corresponded to the
addition of the photoproduction rate (0.3 × 10−11 M·s−1) and the
biodegradation rate (4.2 × 10−11 M·s−1). The conclusions related
to cloud 2 can be extended to clouds 1 and 3 (see comments in the
SI Text); they are straightforward in the case of cloud 3, but the
case of cloud 1 is more complex to interpret. This difficulty in
interpretation could be because of the unusually low concentra-
tion of organic and inorganic compounds in cloud 1 (Table 1) and
to the lower initial energetic state of the microorganisms (Fig. 2),
which explains why biodegradation only began after 72 h. Global
comments about the three clouds are provided in the SI Text and
are related to Figs. S4 and S5 and Table S3, which lists all of the
transformation rates.
The principle of the noninhibition of reactive oxygen species to

the biodegradation process was observed in all of the study clouds,
and the addition of the various photo- and biotransformation rates
remains valid (SI Text). This result has major consequences when
considering the impact of microbial activity on carbon budgets; it
suggests that microorganisms could play a role not only in cloud
chemistry at night, as previously indicated (27–29), but also during
the daytime, when •OH radicals are photoproduced. The impli-
cation of microorganisms in carbon flux in the atmosphere at the
global scale was estimated (SI Text and Table S4). This rough
calculation results in a global release of 51–215 million tons of
CO2 per year through microbial respiration.

Conclusions
We studied microbial activity in real cloud samples that repre-
sent the three major categories of air-masses on the puy de
Dôme mountain (marine, continental, and urban origins). Their
physical and chemical compositions thus represented varied ex-
perimental scenarios, and the endogenous microflora in each
sample were likely to be different. Indeed, the microbial com-
position of cloud waters greatly depends on the sources of mi-
crobial aerosolization (vegetation, oceans, urban areas, and so
forth) that are present on the air-mass trajectories and also on

Fig. 2. [ADP]/[ATP] ratios of microbial cells in the presence and absence of
UV light during the incubation of unfiltered cloud water samples (clouds 1,
2, 3).

Table 3. Initial transformation rates of carboxylic acids and formaldehyde in the presence and absence of UV light
and/or microorganisms during the incubation of cloud 2

Acetate Formate Succinate Oxalate Malonate Formaldehyde

Incubation regime Rate of transformation (× 10−11 M·s−1)

Reference* 0 0 0 0 0 0
Light 0 0 0 −4.0 (0 h to 60 h) 0.3 (0 h to 60 h) 0.2
Microorganisms −15.5 −17.5 (48 h to end) −4.5 0 −4.2 (36 h to end) −0.3
Microorganisms + Light −15.6 −16.1 (48 h to end) −3.5 −2.7 (0 h to 60 h) −4.3 (36 h to end) 0

A negative value indicates the disappearance of the organic compounds from the medium. Values in bold represent production of
the compounds in question. In the case where a noncontinuous transformation occurred, the time period used for the linear regression
is indicated in parenthesis.
* Reference: sterilized sample (filtration 0.22 μm) incubated in darkness.
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the chemical composition of clouds, which can favor the survival
of some species over others (11). During their transport over
long distances, these microorganisms have been subjected to
numerous stresses, including evaporation-condensation cycles;
nevertheless, they remained active, as shown by their good en-
ergetic states (ADP/ATP ratios range to 0.3–1.4) and their effi-
ciency at biodegradation. Microorganisms can adapt very easily
to changing conditions and stresses in the atmosphere, as ob-
served in other extreme environments (36).
Our experiments were conducted in innovative microcosms

that were designed to mimic more realistic environmental cloud
conditions. Using unfiltered samples in a homemade photo-
bioreactor, we investigated the activities of microorganisms that
were exposed to UV light and H2O2, which is a major source of
•OH radicals in cloud waters. The experiments that combined
both the photo- and biodegradation processes were compared
with experiments with biodegradation (absence of UV light) or
photodegradation alone (filtered sample).

First, our results indicate that the microorganisms that were
present in the cloud samples and exposed to UV light remained
metabolically active in the presence of •OH radicals that were
photoproduced from H2O2 because of the oxidative stress me-
tabolism of the cells. This phenomenon is clearly demonstrated
by the similar ADP/ATP ratios that were measured when the
microorganisms were exposed or not exposed to UV light, in-
dicating that the microbial energetic state was unchanged. This
result was also clearly demonstrated by the degradation rates
under combined conditions (Microorganisms + Light), where
photodegradation and biodegradation are additive processes.
There was no inhibition of microbial activities toward the organic,
biodegradable compounds (acetate, formate, succinate, malo-
nate, and formaldehyde) that were tested in the presence of re-
active oxygen species. This information is particularly important
when considering the potential role of microorganisms in cloud
chemistry and the resulting carbon balance. Previously, studies
were conducted in the absence of such reactive oxygen species,
and the resulting biodegradation rates were subject to debate.
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Fig. 3. Temporal evolution of carboxylic acids and formaldehyde concentrations during the incubation of cloud 2. The cloud 2 water sample was incubated at
17 °C under four incubation regimes for 7 d: unfiltered and in the presence or absence of UV radiation (Microorganisms + Light and Microorganisms, re-
spectively), filtered and in the presence or absence of UV radiation (Light and Reference, respectively). Error bars represent the SEs of the chemical analysis (5%).
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The results obtained here reinforce the hypothesis that the actual
activity of microorganisms in clouds is an alternative route in
photochemistry. These two transformation processes could co-
exist in cloud droplets and be modulated by the bio-physico-
chemical conditions that are encountered in natural warm clouds.
Second, and most importantly, we have demonstrated that

H2O2, a precursor to oxidant species in clouds, is biodegraded by
the endogenous microflora through the actions of catalases. To
our knowledge, this report of such an effect in the atmospheric
environment is unique. Moreover, the biodegradation process is
significant compared with the photochemical process. This find-
ing has major consequences for atmospheric chemistry because it
shows that microorganisms may have an impact on the oxidant
capacity of clouds. This concept is clearly unique and should be
considered in much greater detail.
However, we are aware that our microcosms are still unlike real

cloud systems, which are polydisperse, with highly variable spatial
and temporal parameters. However, this work suggests that
microorganisms could play a double role in atmospheric chemistry
and, more specifically, on the carbon budget of the atmosphere.
First, they could directly metabolize organic carbon species. Sec-
ond, they could destroy a portion of the source of radicals because

of their oxidative metabolism, and as a result, these molecules,
such as H2O2, would no longer be available for photochemical or
other chemical reactions.

Materials and Methods
Three cloud water samples from three different origins were collected at the
puy de Dôme station in 2010 and were analyzed chemically and biologically.
The samples were incubated in photo-bioreactors at 17 °C under four in-
cubation regimes for 7 d: unfiltered and in the presence or absence of UV
radiation (Microorganisms + Light and Microorganisms, respectively), and
filtered and in the presence or absence of UV radiation (Light and Reference,
respectively). We recorded the concentrations of formate, acetate, oxalate,
succinate, malonate, formaldehyde, H2O2, and the ADP/ATP ratio during the
incubation period. Additional details about the methodology are provided
in SI Text.
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