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Abstract
Geosmin is a volatile organic compound (VOC) produced by a range of different soil microorganisms, and is most com-
monly recognized for its characteristic “earthy” scent evident after rainfall. Though it remains unclear why microorganisms 
produce geosmin, we know that exposure to geosmin can influence behaviors across a wide range of organisms, serving as 
both an attractant and a repellant, but geosmin effects on soil protists remain largely unstudied. We investigated how soil 
protists respond to geosmin exposures, focusing on representatives of three morphological groups of protists, Colpoda sp. 
(ciliate), Cercomonas sp. (flagellate), and Acanthamoeba castellanii (naked amoeba), testing the hypothesis that geosmin 
production by bacteria influences soil protist behavior. We conducted experiments to evaluate protist excystment (waking 
up) and predation responses to geosmin-producing (Streptomyces coelicolor M145) and non-producing (S. coelicolor J3003) 
bacteria, as well as synthetic geosmin. All three protists excysted at higher rates when exposed to geosmin-producing bacteria 
or synthetic geosmin, while no significant excystment occurred with the non-producing strains or in the absence of synthetic 
geosmin. Protist feeding preferences were also affected, with two of the three protists (Cercomonas sp. and A. castellanii) 
less likely to predate geosmin-producing versus non-producing bacterial strains. Our findings suggest that soil protists can 
detect geosmin as a signal indicating favorable soil conditions and geosmin production by bacteria may serve as a deterrent 
to predation by protists. More generally, our results highlight the ecological significance of geosmin in the soil food web and 
its role in mediating bacteria-protist interactions.
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Introduction

Geosmin, meaning “earth odor,” is a volatile organic com-
pound (VOC) produced by a variety of microorganisms in 
both terrestrial and aquatic environments [1]. This com-
pound is notably associated with the distinct scent of rain, 
as geosmin is often released by soil bacteria, including act-
inobacteria and myxobacteria, during wetting events after 
periods of drought [2, 3]. While geosmin production is wide-
spread across microbial taxa, its biological function remains 

poorly understood, despite evidence suggesting it may play 
a significant role in microbial life cycles and interactions 
within ecosystems.

The ecological importance of geosmin extends beyond 
its contribution to the scent of soil, acting as a chemi-
cal signal that can attract or repel various organisms. For 
example, geosmin serves as a warning signal for fruit flies, 
deterring them from potentially harmful environments [4], 
and acts as an anti-predation factor for bacterivorous nema-
todes [5]. Conversely, geosmin can serve as an attractant 
for animals, including fire ants, mosquitoes, honeybees, and 
elephants, aiding in locating nesting sites and water sources 
[6–9]. Geosmin production by streptomycete bacteria has 
been shown to serve as an attractant for springtails, which 
consume the bacteria and disperse its spores through their 
feces [10]. These examples illustrate the versatile roles of 
geosmin in shaping ecological interactions, but they also 
highlight a critical knowledge gap: the effects of geosmin 
on soil protists.
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Protists are nearly ubiquitous in soil environments [11] 
where they can shape nutrient cycling, the activities and 
composition of microbial communities, and plant health [12, 
13]. Protist behaviors can be strongly influenced by plant 
metabolites (e.g., root exudates) and the metabolites pro-
duced by other microorganisms (e.g., exopolysaccharides), 
which guide processes such as foraging and excystment [14, 
15]. Due to the wide range of factors which can influence 
protist excystment and predation preferences [16–18], it is 
no surprise that investigations of the role of VOCs in mediat-
ing long-distance communication between protists and prey 
in aquatic ecosystems have been conducted [19]. However, 
the potential for VOCs like geosmin to serve similar signal-
ing functions in soil environments remains largely unstudied. 
Geosmin production by bacteria may influence the behavior 
of soil protists by serving as a cue for favorable environ-
mental conditions or by signaling prey availability. While 
previous work has explored the responses of aquatic pro-
tists to geosmin [20], we do not know if similar behavioral 
responses occur in soil and what role geosmin might play in 
the soil food web and mediating interactions between soil 
microorganisms.

This study aimed to address the research question: What 
is the effect of geosmin on the excystation and predation 
behaviors of three morphotypes of soil protists? We hypoth-
esized that if geosmin influences the behavior of soil pro-
tists, then exposure to this VOC will affect their rates of 
excystation and predation on geosmin-producing bacteria. 
Specifically, we assessed the effects of geosmin on three soil 
protists, Colpoda sp., Cercomonas sp., and Acanthamoeba 
castellanii, by studying their excystation rates following 
geosmin exposure as well as the potential influence of bac-
terial geosmin production on protist predation behavior. By 
exploring differences in the responses among these protist 
species, we sought to better understand the ecological impli-
cations of geosmin detection in soil environments.

Methods

Protist Excystment

To determine how geosmin production by bacteria may 
influence protist excystment rates, we grew encysted pro-
tists in a shared headspace with geosmin-producing bacteria 
and measured the change in the number of cysts over time.

Colpoda sp. and Cercomonas sp. were isolated from 
rhizosphere samples as described in Taerum et al. 2020 and 
cultured in Page’s Saline Solution with heat killed Escheri-
chia coli DH5α (OD595 = 0.005) as a food source [21, 22]. 
Acanthamoeba castellanii (ATCC #30010) was cultured 
in ATCC Medium 712 PYG with additives as recom-
mended. All three of these protists form cysts in unfavorable 

conditions. Protist cultures were grown in 25cm2 BioLite 
Cell Culture Treated Flasks (ThermoFisher #130192) in 
10 mL of their growth medium and were maintained in the 
dark, at room temperature for 3 weeks prior to the excyst-
ment experiment to synchronize life cycles.

At the start of the excystment experiment, protists were 
resuspended from the cell culture flasks, transferred to a 
50-mL conical tube, centrifuged at 5000 × g for 15 min, 
and then the supernatant was removed. The pelleted pro-
tists were resuspended with 1 mL Page’s Saline Solution to 
wash the cells, then centrifuged again at 5000 × g for 5 min. 
After removing the supernatant, the pelleted protists were 
resuspended in 500 µL Page’s Saline Solution and enumer-
ated using the average of three 1-µL spots on a compound 
microscope.

We used two strains of Streptomyces coelicolor, a wild-
type geosmin producer S. coelicolor strain M145 [23] and 
the complimentary geosmin synthase mutant S. coelicolor 
J3003 (S. coelicolor M145 Δcyc2scar) [24]. These strains 
are phenotypically identical other than the production of 
geosmin [10]. This pairing of the two Streptomyces strains 
allows for the specific study of the effect of geosmin on pro-
tist behavior while controlling for the release of other VOCs 
by the wild-type strain.

S. coelicolor M145 (+ geosmin) and S. coelicolor J3003 
(− geosmin) were separately streaked onto R2A + Cip0.05 
agar plates and incubated at 25 °C for 4 days. A single col-
ony from each plate was used to individually inoculate 5 mL 
R2A + Cip0.05 liquid media, which was incubated at 25 °C 
for 6 days with constant shaking at 200 rpm. The concentra-
tion of bacteria was measured using a spectrophotometer.

To create an environment where protists shared the same 
headspace as S. coelicolor, we created protist-geosmin 
sandwiches using two 24-well plates. R2A agar media was 
solidified into each well of three 24-well black walled, glass 
bottom plates. All of the wells in a plate were then streaked 
with either S. coelicolor M145 (+ geosmin), S. coelicolor 
J3003 (− geosmin), or left uninoculated (− geosmin, nega-
tive control). The 24-well plates were incubated at 25 °C 
for 6 days to capture the stationary phase of growth as S. 
coelicolor is known to produce the highest concentration of 
geosmin in stationary phase [25].

A total of 1000 protists per well were cultured in 500 µL 
of Page’s Saline Solution (without food) in three 24-well 
plates (8 wells per protist type). Well plates containing 
protists were incubated at room temperature in the dark for 
3 weeks to ensure the entire protist population encysted. 
Under these conditions, the protists are experiencing 
starvation.

After incubation of the protists and bacteria, lids were 
removed from both plates and the bacteria-containing well 
plate was inverted to lay flat on top of the open protist 
plate. This allowed for the protists and bacteria to remain 
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physically separated while still sharing the same headspace, 
and allowed for VOCs produced by the bacteria to diffuse 
into the protist liquid media (Fig. 1A). This experiment was 
replicated in triplicate plates.

As S. coelicolor produces a large number of VOCs in 
addition to geosmin [26], we next sought to determine 
whether the protist excystment responses observed for the 
S. coelicolor experiments (described above) are similar 
when exposing protists to synthetic geosmin, to confirm that 
geosmin, not other VOCs, are responsible for the observed 
responses. For this experiment, Colpoda sp., Cercomonas 
sp., and A. castellanii were cultured into three 24-well plates 
as described above. Synthetic geosmin was diluted 1:8000 
in methanol to a final volume of 100 mL in a 250-mL open 
beaker. The beaker and lid-less 24-well plate were placed 
into a closed container, allowing for the synthetic geosmin to 
diffuse into the entire headspace as well as the protist culture 
media (Fig. 1B). To control for the effect of methanol on the 
protists, a methanol only control was set up with 100 mL 
of methanol in a 250-mL beaker. A true negative control, 
100 mL of water, was also run concurrently. This experiment 
was replicated in triplicate plates.

Protists in the 24-well plates were imaged daily for 5 days 
using an Olympus IX81 widefield microscope, where day 0 
captured the number of protist cysts prior to incubation with 
either bacteria or synthetic geosmin. The average number 
of cysts were measured from three representative fields of 
view from each well per day. Images were captured using 

Olympus cellSens Dimension V3.2 64 bit software (EVI-
DENT by Olympus).

Protist Predation

To determine how geosmin production by bacteria may 
influence protist predation, we fed protists meals of S. coe-
licolor M145 (+ geosmin) and S. coelicolor J3003 (− geo-
smin) and measured the change in colony-forming units 
(CFUs) of the bacteria over time.

Due to their identical colony morphology, S. coelicolor 
M145 (+ geosmin) and S. coelicolor J3003 (− geosmin) 
could not be co-fed and enumerated to determine protist pre-
dation behavior. Therefore, to assess protist feeding prefer-
ences, we used E. coli as baseline food source. E. coli was 
selected not because of an interest in its direct interaction 
with the protists, but because it is a familiar and desirable 
food source for the protists used in this study. By providing 
E. coli, we aimed to establish a baseline feeding behavior 
and determine whether protists would choose to consume 
E. coli over another non-geosmin producing bacteria (S. 
coelicolor J3003), or over a geosmin-producing bacteria (S. 
coelicolor M145). Prior to the co-feeding experiments, it 
was confirmed that Colpoda sp., Cercomonas sp., and A. 
castellanii will consume all three bacterial strains individu-
ally (data not shown.)

E. coli DH5α was streaked from freezer stock onto 
R2A + Kan2.5 agar plates and incubated at 37 °C for 24 h. 

Fig. 1   Illustration of the set-up for the protist excystment experi-
ments with A bacterial-produced geosmin and B synthetic geosmin. 
A Colpoda sp., Cercomonas sp., and A. castellanii were individually 
cultured into eight wells of a 24-well plate and “sandwiched” with 
an open 24-well plate with cultured + / − geosmin-producing strains 

of Streptomyces coelicolor so VOCs could diffuse into protist media. 
B Colpoda sp., Cercomonas sp., and A. castellanii were individually 
cultured into 8 wells of an open 24-well plate and placed into a con-
tainer with a beaker containing synthetic geosmin (or a corresponding 
“no geosmin” control)
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A single colony was used to inoculate 5 mL R2A + Kan2.5 
liquid media, which was incubated at 37 °C for 24 h with 
constant shaking at 200 rpm. S. coelicolor M145 (+ geo-
smin) and S. coelicolor J3003 (− geosmin) were prepared as 
described above. The concentration of bacteria was meas-
ured using a spectrophotometer.

Colpoda sp., Cercomonas sp., and A. castellanii were 
separately cultured into two 25-cm2 BioLite Cell Culture 
Treated Flasks (ThermoFisher #130,192) in 10 mL of Page’s 
Saline Solution and diluted to 1000 cells per flask prior to 
the start of the experiment. Protist cultures were fed with 
a combination of either E. coli DH5α and S. coelicolor 
M145 (+ geosmin) or E. coli DH5α and S. coelicolor J3003 
(− geosmin). To not overwhelm the environment, all bacte-
ria were fed at a final concentration of OD595 = 0.015. For 
colony counting, a subset of the culture was diluted 1:800, 
and 10µL from each culture dilution was lawn plated onto 
both an R2A + Cip2.5 agar plate and an R2A + Kan2.5 agar 
plate, to allow for the growth of S. coelicolor and E. coli, 
respectively. E. coli plates were incubated at 37 °C for 24 h 
and S. coelicolor plates were incubated at 25 °C for 3 days. 
After incubation, CFUs were recorded from each plate. Plat-
ing was repeated once a day for 5 days, with day 0 occurring 
immediately after inoculation of the protist culture with the 
E. coli DH5α and S. coelicolor meals. This experiment was 
replicated in triplicate.

Statistical Analysis

Statistical analyses were performed using R v4.2.3. To evalu-
ate the protist excystment data, we used a grouped two-tailed 
t-test where the differences in the number of cysts were com-
pared between conditions for each day. Conditions for the 
experiments using bacterial-produced geosmin included S. 
coelicolor M145 (+ geosmin), S. coelicolor J3003 (− geo-
smin), and R2A only control (− geosmin). Conditions for 
the experiments using synthetic geosmin included synthetic 
geosmin, methanol-only control and water. Eight replicates 
were included in each test.

Results

Protist Excystment

Colpoda sp., Cercomonas sp., and A. castellanii were cul-
tured in axenic media and exposed to VOCs produced by S. 
coelicolor M145 (+ geosmin) or S. coelicolor J3003 (− geo-
smin) (Fig. 2). All three protists excysted within 24 h of 
exposure to S. coelicolor M145 (+ geosmin), while the same 
protists exposed to S. coelicolor J3003 (− geosmin) and R2A 
media only remained in their encysted state. Excystment was 
significantly increased in the presence of S. coelicolor M145 

(+ geosmin) for all protists at all time points (p < 0.05). 
Excystment was not significantly increased for any of the 
protists upon exposure to S. coelicolor J3003 (− geosmin) 
and the R2A media only control when compared to exposure 
to S. coelicolor M145 (+ geosmin) (p > 0.05). Colpoda sp. 
excysted at a faster rate upon exposure to bacterial-produced 
geosmin than both Cercomonas sp. and A. castellanii. On 
average, Colpoda sp. had 6 fewer cysts per field of view 
after 24 h of exposure compared to 3 Cercomonas sp. cysts 
and 1.25 A. castellanii cysts in the same time. The effects 
of the Streptomyces-produced geosmin were consistent 
for the duration of the experiment, with excystment rates 
being higher when the protists were exposed to geosmin 
compared to the two ‘no geosmin’ controls across all time 
points (Fig. 2).

To confirm that the increases in excystment rates were 
specifically associated with geosmin exposures, we con-
ducted a similar experiment, but instead of using S. coe-
licolor as a source of geosmin (Fig. 2), the protists were 
exposed to synthetic geosmin (Fig. 3). The patterns were 
nearly identical with synthetic geosmin as the observed 
excystment rates were significantly higher (p < 0.001) for 
all three protists upon exposure to synthetic geosmin com-
pared to the corresponding “no geosmin” control treatments 
(p > 0.05) where minimal excystment was observed (Fig. 3). 
It is noted that the increase in excystment with the geosmin-
producing bacteria was slightly different when the same pro-
tists were exposed to synthetic geosmin. This could be due 
to the differences in geosmin concentrations or because the 
synthetic geosmin is a mixture of the two stereoisomers of 
the molecule while the biologically produced geosmin has 
only one stereoisomer [27].

Protist Predation

We next sought to determine how geosmin production by 
bacteria may influence protist predation rates. We did so by 
growing each protist in the presence of S. coelicolor M145 
(+ geosmin) or S. coelicolor J3003 (− geosmin) and track-
ing predation (decrease in CFU), over time. Bacterial meals 
of equal concentrations of E. coli and S. coelicolor M145 
(+ geosmin) or E. coli and S. coelicolor J3003 (− geosmin) 
were delivered to individual cultures of Colpoda sp., Cer-
comonas sp., and A. castellanii, comparing predation rates 
with either of the Streptomyces strains to baseline predation 
rates of E. coli. Daily CFU counts were recorded to track the 
decrease (predation) or constant (no predation) measurement 
of bacterial cells over a 5-day period.

When fed meals of E. coli and S. coelicolor J3003 
(− geosmin), the bacteria were consumed at similar rates 
by all three protists (Fig. 4 top). All three protists dis-
played a slight preference for E. coli over S. coelicolor 
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J3003 (− geosmin), as demonstrated by the consumption 
of 60–90% of E.coli and 40–60% of S. coelicolor J3003 
(− geosmin) by the end of the experiment (Fig. 4 top insets).

When fed meals of E. coli and S. coelicolor M145 
(+ geosmin), the bacteria were consumed at different rates, 
depending on the protist (Fig. 4 bottom). Colpoda sp. con-
sumed E. coli (75%) and S. coelicolor M145 (+ geosmin) 
(65%) at almost equal rates, while Cercomonas sp. and A 
castellanii had a strong preference for E. coli (80% and 
70%, respectively) over S. coelicolor M145 (+ geosmin) 
(30% and 25%, respectively).

Discussion

Soil microorganisms, including Streptomyces species, 
release geosmin in response to wetting events, and geo-
smin may serve as a signaling molecule broadly influenc-
ing the behavior and activities of the soil community [2]. 
Our hypothesis was that soil protists could detect geo-
smin and alter their behavior accordingly. Confirming our 
hypothesis, we observed that protists excyst in response to 
geosmin, potentially using geosmin as a signal indicating 
favorable conditions for proliferation following rainfall, 

Fig. 2   Change in in the number of protist cysts per field of view from 
day 0 when grown in the presence of bacterial-produced geosmin. 
Protists were grown in the presence of S. coelicolor J3003 (− geo-
smin, blue), R2A media only (purple), or S. coelicolor M145 (+ geo-
smin, green). The vertical axis represents the change in the number 
of cysts relative to day 0, where negative values indicate a decrease 
in the number of cysts, corresponding to greater excystment and an 
increase in the number of active protists. A total of 1000 protists were 
cultured into each well at the start of the experiment. For all protists 

at all time points, except A. castellanii day 2 “no geosmin” controls 
(p = 0.01), there were no significant difference in the change in num-
ber of cysts from day 0 between S. coelicolor J3003 (− geosmin) and 
the “R2A Only” control (− geosmin) (p > 0.05). For all protists at all 
time points, the number of cysts from day 0 significantly decreased 
(greater excystment) when protists were exposed to S. coelicolor 
M145 (+ geosmin) compared to S. coelicolor J3003 (− geosmin) 
(p < 0.01)
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such as increased moisture and resource availability. The 
specificity of this behavior towards geosmin was evident 
as there was a significant increase in excystment regard-
less of whether the protists were exposed to bacterial-
produced geosmin or synthetic geosmin as compared to 
the corresponding “no geosmin” controls. Protists play a 
critical role in regulating bacterial populations and nutri-
ent cycling in soil ecosystems, and their ability to detect 
geosmin may be an adaptive strategy for exploiting these 
transient resource-rich conditions [12, 16]. The excystment 
behavior observed here suggests that geosmin may act as 
an early environmental cue, prompting protists to become 

active before other microorganisms fully exploit the avail-
able resources, thus conferring an ecological advantage.

In additional support of our hypothesis, we observed that 
two of the three protists (Cercomonas sp. and A. castella-
nii) may leverage geosmin as a cue for selective feeding, 
favoring prey that do not produce the VOC. When given 
the option to prey on S. coelicolor M145 (+ geosmin) or 
S. coelicolor J3003 (− geosmin), compared to a palatable 
prey of E. coli DH5α, Cercomonas sp. and A. castellanii 
consumed less S. coelicolor M145 (+ geosmin). A previous 
study observed a similar behavioral response in nematodes, 
showing that the number of interactions between C. elegans 

Fig. 3   Change in number of protist cysts per field of view from day 
0 when grown in the presence of synthetic geosmin. Protists were 
grown in the presence of synthetic geosmin (green) or the “no geo-
smin” controls: water only (purple) and methanol only (blue). The 
vertical axis represents the change in the number of cysts relative 
to day 0, where negative values indicate a decrease in the number 
of cysts, corresponding to greater excystment and an increase in the 
number of active protists. A total of 1000 protists were cultured into 
each well at the start of the experiment. As shown with exposure to 
bacterial-produced geosmin (Fig.  2), exposure to synthetic geosmin 

also increases excystment rates compared to the “no geosmin” con-
trol treatments. For all protists at all time points, except Colpoda sp. 
day 2 “no geosmin” controls (p = 0.03), there were no significant dif-
ferences in the number of cysts from day 0 between methanol only 
(− geosmin) and water only control (− geosmin) (p > 0.05). For all 
protists at all time points, the number of cysts from day 0 significantly 
decreased (greater excystment) when protists were exposed to syn-
thetic geosmin compared to the methanol-only control (− geosmin) 
(p < 0.001)
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and geosmin-producing bacteria was reduced compared to 
bacteria which did not produce geosmin [5]. Together these 
data suggest that geosmin is used by bacterial producers as 
an anti-predation mechanism.

The differential responses to geosmin across the three 
protist species studied, Colpoda sp., Cercomonas sp., and A. 
castellanii, indicate varying abilities to detect and respond 
to this signal. Protists are generally characterized into four 
morphological groups: ciliates, flagellates, naked amoeba, 
and testate amoeba. Previous work has shown that the “area 
of influence” protists have on their surrounding environment 
can be directly associated with morphological type [28]. 
As a ciliate, Colpoda sp. has numerous cilia that facilitate 
rapid movement and environmental processing, allowing it 
to come into contact with geosmin more quickly than the 
slower-moving flagellates (Cercomonas sp.) and amoebae 
(A. castellanii). However, while encysted protists are still 

able to detect signals from their environment [17], further 
research is needed to determine how Colpoda sp. was able 
to excyst in the presence of geosmin at a faster rate than 
Cercomonas sp. and A. castellanii (Figs. 2 and 3).

Morphological type also has direct effects on feeding 
behavior [29]. Ciliates often quickly filter their environ-
ment through oral funnels, while flagellates and amoeba 
have more selective feeding strategies, typically employing 
flagella and pseudopodia [30–34]. This enhanced motility 
and ability to filter-feed may enable Colpoda sp. to detect 
chemical cues in the environment more efficiently. Colpoda 
sp. feeding behavior, which does not show strong selectivity 
between prey of similar sizes, such as E. coli and S. coeli-
color, supports the idea that it uses rapid processing of the 
environment to capitalize on available resources (Fig. 4). 
In contrast, the slower excystment and selective feeding 
observed in Cercomonas sp. and A. castellanii may reflect 

Fig. 4   Predation of bacteria when Colpoda sp. (left), Cercomonas 
sp. (middle), and A. castellanii (right) were fed equal meals of (top) 
E. coli DH5α (orange) and S. coelicolor J3003 (− geosmin, blue) or 
(bottom) E. coli DH5α and S. coelicolor M145 (+ geosmin, green). 
Inset: Percent of bacteria consumed by day 5 with each of the differ-

ent bacteria. We note that we included the E. coli results as a baseline 
across the experiments to compare predation rates to either the geo-
smin-producing S. coelicolor wild-type strain (M145) or the mutant 
strain of S coelicolor (J3003) that does not produce geosmin
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their different ecological niches and foraging strategies, spe-
cifically more selective feeding, suggesting a more conserva-
tive strategy for resource exploitation.

While this study focused on soil protists, it is impor-
tant to consider the implications for freshwater systems. 
Although geosmin can be produced in both soil and aquatic 
ecosystems [19], the concentration and distribution pat-
terns of geosmin may vary, potentially leading to differ-
ent rates of response from aquatic protists as compared to 
those observed with soil protists here. It has been shown 
that aquatic protists are able to respond to geosmin [17], 
but given that signaling molecules may disperse differently 
in water than in soil, it is possible that aquatic protists have 
evolved different mechanisms for detecting and responding 
to geosmin. Further studies are needed to explore whether 
the mechanisms responsible for the observed behaviors in 
soil protists are conserved in aquatic protists, and how fac-
tors such as water flow, oxygen availability, temperature, 
and microbial community composition influence both the 
concentration of geosmin in these environments and protist 
behavioral responses [35, 36].

To build on these findings, future research should investi-
gate the effects of geosmin on protists and other soil micro-
organisms under different environmental conditions, such 
as varying moisture levels, geosmin concentrations, and the 
presence of other VOCs. It would be particularly valuable 
to determine the minimum geosmin concentration required 
to elicit excystment and other behavioral changes in protists, 
and how these thresholds might vary across different taxa. 
Additionally, examining a broader range of protist species, 
including representatives from other morphological groups 
(including testate amoebae and additional ciliate species), 
could provide insight into the generality of geosmin effects. 
Controlled experiments simulating natural soil and aquatic 
environments could further elucidate how complex eco-
logical factors interact to modulate the responses of pro-
tists to VOCs. Understanding these dynamics would have 
significant implications for predicting how protist-mediated 
processes, such as bacterial predation and nutrient cycling, 
respond to the microbial production of geosmin.
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