Clouds influence the functioning of airborne microorganisms, by R. Péguilhan et al.
Author response to comments by Referee#1.

All referee comments are shown in black, our author responses in blue; suggested new
manuscript text is indicated in red; text citations are in italic.

In the manuscript "Clouds influence the functioning of airborne microorganisms”, by
Péguilhan, et al., the authors explore the metabolic activity of cloud-borne microbes in
comparison to airborne microbes using metagenomic and metatranscriptomic approaches. A
thorough analysis has been conducted to explore possible mechanisms once microbes
experiencing humid conditions in clouds compared to open air, with respect to stress response,
metabolism, etc. However, some theories, such as the "birch effect,” lack robust support, and |
find the presented data unconvincing, as I specify below.

We thank the Referee for evaluating our work and for their suggestions to improve the
manuscript. We provide a point-by-point response to the comments below.

Sample collection:

1- What were the negative controls for the cloud and air samples? This should be clarified in
the methodology and presented as Sl data.

We agree that this basic information regarding controls was missing, and we acknowledge for
it. We will include the related following text in the Materials and Methods section about sample
collection (Section 2.1):

“Negative controls consisted of unexposed collection liquid, and of collection liquid exposed to
the sampling tank for 10 minutes, sampler off. These were taken immediately before sampling,
and processed in parallel of samples. For atmospheric samples,....”. and “Samples and controls
were processed immediately after sampling ...”.

And, in Section 2.2 (Nucleic acid extraction and shotgun sequencing):

“Only trace amounts of DNA could be obtained from negative controls (7.3 ng of DNA on
average, 11.4 ng at maximum), and these were, thus, not processed for sequencing. In contrast,
the total amounts of DNA and RNA recovered from environmental samples ranged from 42.6
to 838.7 ng and 22.5 to 244.8 ng, respectively. The corresponding total DNA and RNA
concentrations in the air volumes sampled, as inferred from concentrations in the extracts,
ranged from 0.03 to 0.73 ng DNA.m* and from 0.026 to 0.42 ng RNA.m=3, respectively (Table
S1)”.

In addition, we detected a mistake related with conversion factors in the concentrations of DNA
and RNA as reported per volume of airin Table S1, and this will be corrected. This does neither
have impacts on the statistics (non-parametric) nor on the conclusions.

2- As the manuscript cannot include seasonality, authors should constrain their samples to a
specific season. Specifically, the cloud sample during springtime could impact diversity and
abundance and introduce seasonal-related impact.

We aimed at evaluating statistically the influence of a specific environmental variable on the
functioning of airborne microorganisms, i.e. the presence of condensed water, which is
expected to represent one of the major limitations for microbial activity in the atmosphere. We
agree with the Referee that the lack of systematic data is a weakness of our study and does not
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allow any conclusions about possible temporal variability on the functioning of airborne
microorganisms, but such an aim is not the motivation of our study.

The diversity of microorganisms in the air is known to be highly variable over short temporal
and spatial scales (Fierer et al., 2008). Every air sample differs from others in one or the other
temporal, spatial, or environmental variables. We tried to minimize this variability by
contrasting samples collected at a single location (puy de Déme Mountain station), using unique
sampling methods. This site is conveniently exposed to ranges of meteorological conditions
including the alternance of clear conditions and clouds, and also to variations of temperature,
humidity, position respect to the boundary layer, air mass origin, etc. At this site, clouds are
inherently more frequent during the cold season than during summer (Baray et al., 2019). To
follow our hypothesis that condensed water may affect microbial functioning, we categorized
the samples among two categories discriminated by the presence, or not, of liquid water (i.e.,
RH >100%, LWC >0). In our study, clear atmosphere was collected in July, September and
November, and clouds in March, July, October and November, so at similar periods of the year
except for the March sample. This one particular cloud sample was not an outlier in our dataset,
so except for prejudices there is no specific rationale for excluding it. We will develop this in
the concluding paragraph in Section 5, as:

“Our study focused in particular on the potential impact of clouds on microbial functioning,
and it relies on samples collected on a single site, using unique sampling methods in order to
avoid introducing site effects and methodological bias. We could qualitatively show that there
are differences in microbial gene expressions in samples collected in cloud-free vs cloudy air
masses. We used ‘water availability’ as a proxy to distinguish the two air mass types. However,
cloudy air masses also differ from those outside clouds in a multitude of other environmental
factors which are expected to play roles on aeromicrobiome’s functioning, and they still need
to be evaluated (Amato et al., 2023). Such variables include temperature, solar radiation,
chemical composition, etc, and they are linked not only to clouds but also to altitude, location,
day/night cycles and season. The synergy, temporal dynamics and arrangement of these
variables (shocks, cloud cycles, freezing events, combination of chemicals, etc...) could also
participate in shaping the aeromicrobiome in even more complex ways.”.

3- Table 1 - What was the time of sampling? It is not specified whether samples were collected
during day or night.

All the samples were collected during daytime, typically from ~9:00 AM to 3:00 PM local time.
This information was indeed missing, so wewill additin Table 1, and mention itinthe Methods
Section 2.1:

“A total of nine cloud and six clear air events were sampled in 2019 and 2020, for periods of
about two to six consecutive hours, during daytime. .

Discussion:

4- P. 15, L. 56: I'm afraid authors are overstating their findings, suggesting this is the first time
demonstrating the impact of atmospheric conditions on microbial functioning inthe atmosphere
(See Bryan et al, 2019, and others).

This comment relates to our statement that “For the very first time, we demonstrate that
atmospheric conditions influence multiple facets of microbial functioning in the natural
atmosphere.”

The study by (Bryan et al., 2019) did not report microbial functioning, but rather structural
biodiversity from amplicons, and evidence for viability from cultures and ATP. General



indicators of microbial viability and potential metabolic activity such as cultures, ATP or RNA
are frequently reported in atmospheric samples (Amato et al., 2007, 2017; Fahlgren et al., 2010;
Hill et al., 2007; Santl-Temkiv et al., 2018; Vaitilingom et al., 2012; Wirgot et al., 2017), but
they do not provide any information about the actual biological functions themselves. We
therefore disagree with Referee’s comment.

The impact of environmental conditions on the survival of aerosolized microorganisms has long
been studied in atmospheric simulation chambers (Ehrlich et al., 1970; Wright et al., 1969).
Similarly, the influence of environmental variables on the metabolic activity of airborne cells
was actually first demonstrated in simulation chamber, where the presence of volatile organic
compounds could be linked with elevated ribosome content in bacteria cells (Krumins et al.,
2014). In the natural environment, (Wirgot et al., 2017) observed a positive correlation between
the concentrations of H,O, and ATP in clouds, suggesting some extent of causality on the
metabolism, but no indication regarding the biological functions actually involved. To our
knowledge, so far only (Amato et al., 2019) reported biological functioning of microorganisms
in the natural atmosphere, without a priori (using untargeted methods), on samples captured
into a fixative agent. This study did however not investigate possible relationships with
environmental conditions, specifically the presence of clouds, which is the purpose of the
present study.

Hence, unless we are missing an important reference, we decide to maintain our statement that
our study is the first to bring evidence for natural atmospheric conditions influencing multiple
airborne microbial biological functions, but we rephrase it as follows:

“For the first time, we demonstrate that multiple microbial functions are directly influenced by
atmospheric conditions, specifically by the presence of clouds.”.

5- Section 4.1: it is problematic to deduce from higher RNA:DNA levels that the metabolic
levels in clouds are higher. Especially as the annotated genes in MT are not significantly
different between the two environments, as seen in Table S1. Instead, it seems that the levels
of DNA gene annotation in clouds are the factor that results in a higher RNA:DNA ratio in
clouds.

We admit that our text may not have been fully clear. The amount of nucleic acids (in mass)
and the number of annotated genes (in number of unique hits of the sequences against the
database) are independent variables. The conclusion that clouds exhibit higher levels of
microbial metabolic activity is based on the respective amounts of RNA and DNA extracted
from samples, not from the numbers of annotated genes. The RNA-to-DNA concentration ratio
in samples ranged from 0.21 to 3.62 overall, and this was significantly higher in clouds than in
clear atmosphere, as shown in Fig 1A and Table S1. To avoid confusion, we will specify in the
Discussion RNA-to-DNA “concentration” ratio:

“Higher concentration of RNA, respectto DNA, in clouds than in cloud-free air suggests higher
levels of microbial metabolic activity (Baldrianet al., 2012; Salazar et al., 2019). This remains
to be assessed quantitatively through more direct activity measurements. ”

6- Thus, the Birch effect doesn’t seem likely to explain your findings. Instead, I suggest
considering an environmental switch of specific genes as related to the environmental
conditions.

The Birch effect corresponds to a pulse of CO, emission from dry soils following rainfall, due
to the promotion of microbial activity by water (Griffiths and Birch, 1961). We observed signs
of increased biological activity in relation with liquid water. Hence this analogy appears sound
with regards to what is known in soils. We did not evaluate it here, but the release of CO, from



biological activity in clouds is expected to be negligible compared to soils due to much lower
biomass (Ervens and Amato, 2020; Vaitilingom et al., 2013).

The current text in the manuscript clearly refers to, in particular, the increase of biological
activity during the Birch effect, but we will make it clearer in the Discussion Section “4 ‘Birch
effect’ up in the sky”, as:

“The switch of functional gene expression observed in microorganisms between clear
atmosphere and clouds therefore suggests a phenomenon similar to the “Birch effect” that
occurs in dry soils in response to rewetting by rain, where the sudden influx of water triggers
a burst of microbial activity”.

As it is stated in the current text, the impact interms of gas fluxes is necessarily low: “As with
soils— but necessarily to a much smaller extent because of the low biomass — the resurgence of
microbial activity in clouds may lead to the release of gaseous biogenic compounds [...] which
is also supported by the overrepresentation of ammonium utilization process”.

7- Moreover, if a birch effect occurs, | suspect it would be linked with spore-forming species,
and the transformation from the dormant to the vegetative form would be characterized by key
genes that should be presented to support the proposed theory.

Indeed, elements in support of spore germination are discussed in Section 4.2 “Airborne fungal
spores initiate germination in clouds”. We will extend this to include mentions of specific
biomarkers overrepresented in cloud metatranscriptomes, as:

“In agreement with the overrepresentation of numerous transcripts, it is likely that fungal
spores initiate germination in clouds. These include translation initiation and elongation
factors affiliated to several taxa of fungi (elF4E, eEF3 and others) (Osherov and May, 2001;
Van Leeuwen et al., 2013; Li et al., 2022), chitin deacetylase (Leroch et al., 2013) and other
regulatory protein genes such as areA (Kudla et al., 1990).”.

8- Section 4.3: This section appears to rely more on generalizations than on solid data. |
recommend either omitting this part or revising it for clarity and support.

The possibility that microorganisms could multiply in atmospheric water (clouds, fog),
supported by dissolved nutrients and liquid water, was suggested earlier from others (Fuzzi et
al., 1997; Sattler et al., 2001). We agree that this section about biomass production is not
sufficiently supported by data in our work, so we will merge this section with the next
Discussion Section “Utilization of nutrients and interactions with chemistry”, and modify the
text accordingly as:

“Microbial activity is driven by the balance between water availability and accessibility to
substrates (Skopp et al., 1990). Although not evaluable here, the amounts of water retained by
efflorescent aerosols below water vapor saturation may be sufficient to sustain microbial
activity, down very low values of relative humidity (Cruz and Pandis, 2000; Ervens et al., 2024).
In clouds, i.e., above saturation levels, the large amounts of available water make it even
conceivable that bacterial multiplication occurs. Bulk cloud water indeed contains enough
nutrients to sustain microbial growth including carboxylic acids, aldehydes, sugars, amino-
acids, ammonium, nitrate, etc. (Amato et al., 2007; Bianco et al., 2016, 2018, 2019;
Deguillaume et al., 2014; Renard et al., 2022), and the level of microbial activity at 0°C was
shown to be compatible with it (Sattler etal., 2001). Field observations indicate that fog carries
higher biomass than clear atmosphere (Fuzzi et al., 1997; Saikh and Das, 2023), while
estimations suggest that microbial mass may double during cloud’s lifetime (Ervens and Amato,
2020). The fact that statistically only 1 out of ~10 000 droplets contains a microbial cell in
aerially suspended water, as opposed to bulk water, potentially causes a very efficient and rapid



depletion of nutrients in these small biotic volumes (Khaled et al., 2021) (~10° ul for 20 um
diameter droplets, so a cell concentration of at least ~10° cells mL* in biotic droplets), which
exposes cells to starvation and may limit metabolic processes (Gray et al., 2019).

The overrepresentation of transcripts related to carbon, ammonium and nitrate utilization in
clouds supports that carbon and nitrogen biological processing occurs.... ”.

9- Figure 1A: Change “clear situation” to “clear atmosphere/open air”. Also seen in Fig. 4 and
across the manuscript.

We thank the Referee for pointing this out. Where necessary, “clear situation” will be modified
as “clear atmosphere”. The following figures will thus be updated: Fig 1, Fig 3, Fig 4, and Fig
S3, S8, S9, S11, as well as Tables 1 and S1.
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