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Effect of pesticides on microbial 
communities in container aquatic 
habitats
Ephantus J. Muturi1, Ravi Kiran Donthu2, Christopher J. Fields2, Imelda K. Moise3,4 &  
Chang-Hyun Kim5

Container aquatic habitats support a specialized community of macroinvertebrates (e.g. mosquitoes) 
that feed on microbial communities associated with decaying organic matter. These aquatic habitats 
are often embedded within and around agricultural lands and are frequently exposed to pesticides. We 
used a microcosm approach to examine the single and combined effects of two herbicides (atrazine, 
glyphosate), and three insecticides (malathion, carbaryl, permethrin) on microbial communities of 
container aquatic habitats. MiSeq sequencing of the V4 region of both bacterial and archaeal 16S 
rRNA gene was used to characterize the microbial communities of indoor microcosms that were 
either exposed to each pesticide alone, a mix of herbicides, a mix of insecticides, or a mix of all five 
insecticides. Individual insecticides but not herbicides reduced the microbial diversity and richness and 
two insecticides, carbaryl and permethrin, also altered the microbial community structure. A mixture 
of herbicides had no effect on microbial diversity or structure but a mixture of insecticides or all five 
pesticides reduced microbial diversity and altered the community structure. These findings suggest that 
exposure of aquatic ecosystems to individual pesticides or their mixtures can disrupt aquatic microbial 
communities and there is need to decipher how these changes affect resident macroinvertebrate 
communities.

Container aquatic habitats, both natural (phytotelmata) and man-made (e.g. storm water catch basins, discarded 
tires and tins) harbor a specialized community of macroinvertebrates that is dominated by mosquitoes. These 
aquatic ecosystems are detritus-based and derive most of their carbon inputs from allochthonous organic matter 
primarily leaf litter1,2. The microbial communities associated with these aquatic ecosystems fulfil critical roles 
in decomposition of organic matter, nutrient cycling, and provides a critical food resource for mosquito larvae 
and other container-dwelling macroinvertebrate consumers1,3–5. Therefore, the microbial communities inhabit-
ing these aquatic systems present a complex network of interwoven relationships between organisms of different 
trophic levels and their disruption can lead to many direct and indirect effects, some of which may cascade into 
the terrestrial environment and affect human health.

Pesticides which are comprised of insecticides, herbicides, and fungicides are a group of potentially toxic 
substances that are capable of disrupting the microbial structure and function in aquatic habitats. Every year, the 
world uses approximately 2.6 billion pounds of pesticides and the U.S. accounts for 22% of the world’s pesticide 
consumption6. Nearly 80% of these chemicals are used for agricultural purposes while a fraction of the remainder 
is devoted to the control of structural and public health pests6. Many container aquatic habitats are embedded 
within agricultural landscapes and may unintentionally be exposed to agricultural pesticides through spray drift, 
leaching and/or surface runoff. In addition, pesticides may be applied directly into these habitats to control vector 
mosquitoes. While most pesticides are designed to target a specific pest or particular pest group, they often extend 
their effects to non-target species. In fact, the frequent detection of pesticides in both surface and ground water 
has been associated with loss of biodiversity and detrimental effects on human and wildlife health7–9. However, 
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despite the fundamental role of microorganisms in aquatic food webs, our understanding of how they respond to 
exposure to pesticides is limited.

Pesticides can cause direct toxic or beneficial effects on microbial communities similar to those reported for 
higher organisms. Some microbes particularly bacteria may utilize pesticides as a source of nutrients facilitating 
their growth and survival, while sensitive species may be impaired or decimated by pesticides10,11. These ecologi-
cal alterations may trigger a cascade of indirect effects. For example, elimination or reduction of certain microbial 
populations by pesticides may release pesticide-tolerant microbes from competition for shared resources and 
thereby promote their growth and survival5,12. Similarly, some protozoan species prey on bacteria and their sup-
pression by pesticides may facilitate survival of bacterial prey13. These processes may lead to dramatic shifts in 
microbial communities5,12,14 that may interfere11 or have little effect on microbial functions5,12,15.

The majority of studies that investigate the impact of pesticides on microbial communities in aquatic 
ecosystems have mainly focused on individual pesticides using community-level endpoints such as micro-
bial activity, respiration, and total microbial biomass or analysis of microbial community composition using 
culture-dependent approaches or traditional culture-independent approaches such as quantitative real-time PCR 
and genetic fingerprinting5,15–18. These studies have provided important insights into how pesticides may affect 
microbial communities in aquatic systems. However, these methods are labor-intensive and may not reveal the 
full spectrum of microbial taxa present in a particular microbial community. In addition, aquatic ecosystems are 
typically exposed to a mixture of pesticides and understanding the response of microorganisms to these mixtures 
can improve our ability to predict the full impact of chemical disturbances on microbial processes and trophic 
interactions.

In this study, we used a microcosm approach to evaluate how microbial communities in container aquatic 
habitats respond to exposure to one of five pesticides (two herbicides and three insecticides) and their mixtures. 
Because testing every possible combination of the five pesticides is logistically difficult, we tested each pesticide 
separately and then selected a few broad combinations to determine if any of the combinations cause any detect-
able effects on microbial communities. This approach has proved useful in evaluating how a mixture of pollutants 
affect aquatic communities19. We tested the hypothesis that exposure to pesticides and their mixtures induces 
shifts in microbial diversity and community structure. The findings of this study provide an important framework 
for understanding how pesticide-mediated changes in microbial communities affect ecological communities in 
container aquatic habitats especially mosquitoes which tend to dominate in these habitats.

Results
Taxonomic classification of bacteria in pesticide treatments. Illumina sequencing of 16S rRNA 
amplicons yielded a total of 9.33 million sequences (Mean ±  SE =  48,614 ±  1,424) across the 200 samples. After 
quality filtering and rarefaction at 8,702 sequences per sample, 1,653,380 sequences from 190 samples were 
retained and binned into 6,231 OTUs. A total of 27 phyla (2 for Archaea and 25 for bacteria) were detected 
across 197 families (including 6 for Archaea) but only 9 phyla had an overall abundance greater than 1% of 
the total sequences. The majority of sequences were from Proteobacteria (62.6%) including Alphaproteobacteria 
(40.0%), Betaproteobacteria (17.0%), Gammaproteobacteria (3.4%) and Deltaproteobacteria (2.24%) followed 
by Bacteroidetes (15.8%), and Firmicutes (9.07%) (Fig. 1). The relative abundance of Alphaproteobacteria 
was much lower in carbaryl, PMC, and AGPMC treatments compared to the other treatments while that of 
Betaproteobacteria was much higher in carbaryl, PMC, and AGPMC compared to the other treatments 
(Fig. 1). The most abundant OTUs were associated with the families Comamonadaceae, Hyphomicrobiaceae, 
Xanthobacteraceae, Chitinophagaceae, and Rhizobiaceae (Fig. 1). The family Comamonadaceae was more abun-
dant in carbaryl, PMC, and AGPMC compared to the other treatments. Only 20 OTUs had an overall abundance 
greater than 1% of total sequences (Fig. 2). The five most abundant OTUs were OTU 6687-Hydrogenophaga, 
OTU 3-Methanosarcina (Archaea: Methanobacteriaceae), OTU 2-Terrinonas, OTU 2824-Ancylobacter, and OTU 
5-Methanobacterium (Archaea: Methanobacteriaceae). A few OTUs were more abundant in some pesticide treat-
ments. For example, OTU 6687 (Hydrogenophaga) was more abundant in treatments that contained insecticides 
either alone or in combination with other insecticides or herbicides while OTU 11 (Hydrogenophaga) was more 
abundant in carbaryl, PMC and AGPMC treatments (Fig. 2). There was also a tendency for microbiome of differ-
ent pesticide treatments to cluster together (Fig. 2).

Diversity of aquatic microbiota is altered by pesticide exposure. Bacterial OTU diversity and 
evenness was significantly affected by a two-way interaction between pesticide treatment and days post treat-
ment (Shannon index: F =  12.9, df =  9, 170, P <  0.0001; equitability: F =  16.9, df =  9, 170, P <  0.0001). Microbial 
diversity and evenness were consistently higher in control and herbicide treatments compared to insecticide or 
insecticide +  herbicide combination treatments and these effects were significantly amplified on day 7 where 
the diversity and evenness values were highest in control and herbicide treatments, intermediate in insecticide 
treatments and lowest in insecticide +  herbicide combination treatment (Fig. 3). For all pesticide treatments, the 
microbial diversity and evenness appeared to decrease over time (3 vs 7 days) with the greatest decrease occurring 
among AGPMC treatment (Fig. 3).

We used chao1 estimator based on OTUs abundance to determine the expected richness in each treatment 
(Fig. S1). On average, we detected 58.94 ±  0.24% of the expected number of OTUs for all treatments suggesting 
that there are undiscovered low-abundance species. The observed and predicted number of species was signifi-
cantly influenced by a two-way interaction between pesticide treatments and days post exposure (observed spe-
cies: F =  4.78, df =  9,170, P <  0.0001; chao1: F =  3.5, df =  9, 170, P =  0.001). At day 3 post treatment, significantly 
lower number of OTUs was observed in carbaryl treatment compared to controls (both water and acetone), 
atrazine, and permethrin treatments (Fig. S1). The number of observed OTUs was also significantly lower in 
PMC treatment compared to water control. On day 7, the number of observed OTUs were significantly higher 
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Figure 1. Composition of bacterial and archaeal communities at (A) phylum and (B) family level in water 
samples from different pesticide treatments. Taxa with abundance less than 1% and 1.6% of total sequences were 
pooled together as “Other” at the phylum and family level, respectively.

Figure 2. Relative abundance of top 20 OTUs (A) and clustering based on taxonomic composition and 
abundance of microbial communities (B) in water samples from different pesticide treatments.



www.nature.com/scientificreports/

4Scientific RepoRts | 7:44565 | DOI: 10.1038/srep44565

in control (water and acetone), atrazine, malathion, and AG treatments compared to permethrin, PMC and 
AGPMC treatments.

Microbial composition and association with environmental factors. The analysis of similarities 
(ANOSIM) indicated that the OTU composition was significantly different among pesticide treatments (R =  0.61, 
P = 0.001). To visualize these differences, the taxonomic abundance profiles were used to compute a Bray-Curtis 
similarity matrix coordinated into two dimensions by using NMDS (Fig. 4). This analysis revealed clear separa-
tion of microbial communities of carbaryl, PMC, and AGPM and other treatments (Fig. 4). Carbaryl, PMC, and 
AGPM samples were also more heterogeneous compared to other treatments and dissolved oxygen contributed 
most to the separation. Carbaryl, PMC, and AGPM treatments were associated with low dissolved oxygen com-
pared to other treatment. Although the other environmental variables did not contribute much to the observed 
structuring of microbial communities, they varied significantly between pesticide treatments, day of sample col-
lection, and their interaction, with pH contributing most to the observed variation (Table 2; Fig. 5).

SIMPER analysis highlighted 254 OTUs that were primarily responsible for observed differences between pes-
ticide treatments. Of these OTUs, there were 6 OTUs that contributed an average dissimilarity equal to or greater 
than 1% between pesticide treatments (Table S1). Together, OTU 11 (Hydrogenophaga) and OTU 2 (Terrimonas) 
contributed 8.2% of observed differences between treatments and were more abundant in carbaryl, PMC and 
AGPMC treatments. OTU 3 (Methanosarcina) accounted for 3.2% of observed variation and was more abundant 

Figure 3. Microbial diversity and evenness in different pesticide treatments on (A) day 3 and (B) day 7.  
A =  atrazine; G =  glyphosate; P =  permethrin; M =  Malathion; C =  carbaryl; AG =  atrazine +  glyphosate; 
PMC =  permethrin +  malathion +  carbaryl; AGPMC =  atrazine +  glyphosate +  permethrin +  malathion +  carbaryl.

Figure 4. NMDS using the Bray-Curtis dissimilarity plot illustrating the microbial communities of water 
samples from different pesticide treatments. 
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in permethrin, malathion, PMC, and AGPMC treatments. OTU 6 (Spirosoma) was less abundant in carbaryl, 
PMC, AGPMC treatments while OTU 9 (Alphaproeteobacteria) was less abundant in carbaryl, glyphosate, AG, 
PMC and AGPMC. OTU 5 was more abundant in permethrin, malathion, and AG treatments.

Discussion
In this study, we examined how a suite of commonly used pesticides both separately and as mixtures affect the 
microbial communities of container aquatic habitats. Our results show that low concentrations of separate and 
combined pesticides can reduce microbial diversity and induce shifts in microbial community structure in these 
aquatic systems. These effects were dependent both on pesticide identity and day of sampling. Individual insecti-
cides reduced the microbial diversity, and two of the three insecticides (carbaryl and permethrin) induced shifts 
in microbial community structure. In contrast, individual herbicides or their combinations had no effect on either 
microbial diversity or community structure. The mixtures of the three insecticides or all five pesticides reduced 
the microbial diversity and caused major shifts in microbial community structure. In addition, the effect of pes-
ticides on microbial diversity particularly the effects of insecticide mixtures or mixtures of all five pesticides were 
more pronounced on day 7 compared to day 3. However, due to the nature of our experimental design, we could 
not determine whether the effect of pesticide mixtures were either due to synergistic effects among pesticides or 
due to greater overall concentration of pesticides in the microcosms.

Each of the five pesticides examined in this study has been shown to affect microbial communities in aquatic 
habitats17,18,20–23. However, this study is the first to provide a comprehensive analysis of individual and combined 
effects of pesticides on microbial composition and structure in aquatic habitats. Changes in the diversity and 
structure of microbial communities following exposure to pesticides may result from toxic effects of pesticides on 
some microbial groups and proliferation of tolerant species due to reduced competition for space and available 
nutrients12. Some microbes are also capable of utilizing pesticides as an energy source and may benefit from pesti-
cide exposure10. Pesticides also may affect microbial communities indirectly by altering the physical and chemical 
characteristics of the aquatic habitats which may suppress some microbial species while stimulating growth and 
survival of others24. Our study was not designed to determine which of these mechanisms were responsible for 
observed changes in microbial diversity and composition following exposure to pesticides. However, some pes-
ticide treatments including carbaryl, a mixture of the three insecticides, and a mixture of all five pesticides were 
associated with low dissolved oxygen concentrations that may have affected microbial communities. In fact, the 
three bacterial taxa that were strongly associated with carbaryl, PMC and AGPMC treatments including OTU 2 
(Terrimonas), OTU 3 (Methanosarcina), and OTU 11 (Hydrogenophaga) are either known to thrive at low oxygen 
concentrations or to degrade pesticides and may have benefited from pesticide exposure25–27.

The lack of significant effects of atrazine and glyphosate on microbial communities was not expected since 
our previous study using a similar experimental design had revealed that both herbicides can induce shifts in 
microbial community structure23. However, this earlier study used much lower herbicide concentrations (1 mg/L) 
compared to the current study (20 mg/L) and focused on the abundance of five bacterial phyla as opposed to over-
all bacterial composition at lowest possible taxonomic unit in the current study. Water samples for this previous 
study were also collected 2 days after adding the pesticides compared to 3 and 7 days after pesticide additions in 

Standardized canonical coefficients

Variable Pillai’s Trace df P Temperature pH Salinity TDS Conductivity Dissolved oxygen

Pesticide (P) 3.19 54, 1080 < 0.0001 − 1.00 15.28 − 0.19 − 0.66 − 0.58 5.36

Day (D) 1.00 6, 175 < 0.0001 3.18 36.67 − 0.26 − 1.88 0.37 − 1.83

P x D 2.92 54, 1080 < 0.0001 2.99 33.96 − 0.82 − 2.12 0.25 0.11

Table 2.  Multivariate ANOVA for the effect of pesticides and day of sample collection on the physical and 
chemical characteristics of the water samples.

Pesticide treatment Labels

Number of Replicates

Initial Day 3 final Day 7 final

Water control Water 10 10 9

Acetone Acetone 10 10 10

Atrazine (A) A 10 10 9

Glyphosate (G) G 10 10 9

Permethrin (P) P 10 10 8

Malathion (M) M 10 10 9

Carbaryl (C) C 10 9 9

A +  G AG 10 10 9

P +  M +  C PMC 10 10 9

A +  G +  P +  M +  C AGPMC 10 10 10

Table 1.  Pesticide treatments used in the current study.
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the current study. These findings suggest that analysis of a few bacterial taxa at higher taxonomic levels may not 
provide an accurate measure of how pesticides may affect microbial communities in aquatic systems. It is also 
possible that microbial communities responded differently to varying concentrations of each of the two herbi-
cides as reported previously20,22.

Interestingly, we found that the effects of all five pesticides on microbial diversity were not clearly evident 
on day 3 as they were on day 7. These findings suggest that atrazine and glyphosates may delay the onset of 
negative effects of insecticides on microbial communities. We did not examine the mechanism underlying these 
findings but generally interactions between pesticides can affect six processes that may influence their toxicity 
including bioavailability, uptake, internal transportation, metabolism, binding at the target site, and excretion28. 
Future studies should examine which of these processes are responsible for our findings. In addition, we neither 
quantified the rate of pesticide breakdown in our microcosms nor how long the effects of pesticides on microbial 
communities persisted. We also focused on bacterial and archaeal communities yet other taxa including fungi, 
protozoa and algae are a major component of aquatic microbial communities. Moreover, our experiment was 
conducted in simple indoor microcosms using NRO infusion yet in nature, container aquatic habitats are exposed 
to pesticides in the presence of different types of leaf mixtures and other biotic and abiotic factors that were not 
included in this study. Future studies addressing these knowledge gaps will reveal further insights into the impact 
of pesticides on microbial communities.

Our findings suggest that short-term exposure to low concentrations of pesticides may have profound effects 
on key ecological processes in container aquatic ecosystems. Microbial communities are key mediators of critical 
ecosystem processes such as decomposition of organic matter, nutrient cycling, and detoxification of organic 
pollutants1,3–5. Pesticide-mediated changes in microbial diversity and community structure can disrupt these 
ecosystem functions if the pesticide-tolerant microorganisms are unable to compensate for loss of function asso-
ciated with pesticide-sensitive microbes12,24,29. In addition, microbial communities form the base of aquatic food 
webs, and their disruption may alter the quality and quantity of food resource available for container-dwelling 
macroinvertebrates. These changes may affect individual growth, survival, and reproduction and may then be 
manifested both at the population (e.g. population growth) and community level (e.g. food web structure, species 
richness). Mosquito immatures tend to be the dominant macroinvertebrates in container aquatic habitats and 
utilize aquatic microbes as a direct food resource1,30. These microbes also produce chemical compounds that aid 
gravid female mosquitoes to select high quality aquatic habitats for oviposition, and stimulate egg hatch31,32. Thus 
pesticides may have important implications on ecology and behavior of mosquitoes if they promote or disrupt the 
specific microbial taxa that mediate these processes.

In summary, we observed that the bacterial and archaeal communities of container aquatic habitats shifted in 
response to disturbance by pesticides or their mixtures. These changes seemed to be mainly driven by insecticides 
but not herbicides. These findings provide the basis for understanding how pesticide-mediated changes in aquatic 
microbial communities may affect aquatic communities as well as key ecological processes such as decomposi-
tion, nutrient cycling, and bioremediation. The findings also are important for understanding how anthropogenic 

Figure 5. Temporal variation in the physical and chemical characteristics of the water samples 
(Mean ±  SE) in relation to pesticide treatments. A =  atrazine; G =  glyphosate; P =  permethrin; 
M =  Malathion; C =  carbaryl; AG =  atrazine +  glyphosate; PMC =  permethrin +  malathion +  carbaryl; 
AGPMC =  atrazine +  glyphosate +  permethrin +  malathion +  carbaryl. Error bars were too small and not 
visible in most data point.



www.nature.com/scientificreports/

7Scientific RepoRts | 7:44565 | DOI: 10.1038/srep44565

chemical contaminants affect human health because container aquatic habitats are dominated by mosquitoes 
which transmit a wide variety of devastating and life threatening human pathogens.

Materials and Methods
Experimental design. The experiment was conducted using microcosms established with Northern Red 
Oak (NRO) infusion. The infusion was prepared by mixing 500 g of senescent NRO leaves with 122 L of tap water 
and fermenting for 11 days at room temperature. Experimental microcosms consisted of 400 mL tri-pour beakers 
filled with 200 mL NRO infusion. The treatments were composed of a negative control (water), a vehicle control 
(acetone), one of two herbicides applied separately (atrazine (A), and glyphosate (G)), one of three insecticides 
applied separately (permethrin (P), malathion (M), and carbaryl (C)), a mix of the two herbicides (AG), a mix 
of the three insecticides (PMC), and a mix of all five pesticides (AGPMC, Table 1). These pesticides were chosen 
because they are among the most widely used and are common contaminants of aquatic ecosystems33,34. Atrazine 
controls broadleaf weeds by inhibiting photosystem II while glyphosate acts by inhibiting amino acid synthesis. 
Permethrin is a pyrethroid insecticide that kills insects by prolonging sodium channel activation. Malathion 
(organophosphate) and carbaryl (carbamate) insecticides act by inhibiting acetylcholine esterase. Each treatment 
was replicated 10 times for a total of 100 containers.

On day 0, the microcosms were treated with either 0.4 mL of water control or an equal volume of 10,000 mg/L 
of each of the target pesticides for a nominal concentration of 20 mg/L for each pesticide. Thus the concentrations 
of pesticide mixtures were either 2 (for herbicides), 3 (for insecticides), or 5 (for all pesticides combined) times 
higher than those of individual pesticides. A vehicle control (acetone control) was included in which 2 mL of ace-
tone was added. This amount is the same as the amount of acetone that was added to treatments receiving all five 
pesticides. Because the goal of this study was to examine the separate and combined effects of different pesticides 
on microbial communities, the choice of nominal concentrations of 20 mg/L was arbitrary. To maintain equal 
volume of final solution for all containers, a desired volume of NRO infusion was removed from each container 
before adding the target pesticide treatment(s). For example, 0.4 mL of NRO infusion was removed from individ-
ual pesticide treatment containers prior to adding 0.4 mL of target pesticide. Similarly, 0.8 mL, 1.2 mL, and 2 mL 
of NRO infusion were removed from treatments with two, three, and five pesticide mixtures, respectively before 
adding 0.4 mL of each of the target pesticides. Finally, 2 mL of NRO infusion was removed in acetone control 
before adding 2 mL of acetone. The microcosms were held at room temperature throughout the study period. 
Although container aquatic habitats are primarily dominated by mosquitoes, we did not quantify the response 
of microbial communities to pesticides in the presence of mosquito larvae. The pesticide doses used in this study 
are lethal to mosquitoes and reflect the typical doses that would be associated with vector control activities, spray 
drifts, or runoffs from nearby agricultural farm that may occur immediately after pesticide application.

On day 3 and day 7 after adding the pesticides, 15 mL aliquots of water samples were taken from each con-
tainer and stored at − 80 °C until further processing. Immediately after collection of the water samples, the phys-
ical and chemical characteristics of each microcosm including temperature, pH, salinity, dissolved oxygen, total 
dissolved solids, and conductivity were measured using ExStik II®  probes (Extech instruments, Nashua, NH).

DNA extraction and 16S rRNA library preparation. The water samples were retrieved from the 
freezer, thawed, and centrifuged at 5000 ×  g for 20 minutes. The resulting pellet was resuspended in Bead 
Solution of Ultraclean®  Soil DNA isolation kit (MoBio, Carlsbad, CA) and total DNA was extracted using 
Ultraclean®  Soil DNA isolation kit (MoBio). DNA was quantified using NanoDrop 1000 (Thermo Scientific, 
Pittsburg, PA) and its quality assessed using Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA). 
The V4 region of both bacterial and archaeal 16S rRNA gene was amplified using the primer set forward, 5′ –
GTGCCAGCMGCCGCGGTAA–3′  and reverse, 5′ –GGACTACHVGGGTWTCTAAT–3′ 35 and sequenced using 
Illumina MiSeq Bulk v3 platform at the W. M. Keck Center for Comparative and Functional Genomics at the 
University of Illinois at Urbana-Champaign as previously described36.

In brief, all DNA samples were measured on a Qubit (Life Technologies) using High Sensitivity DNA Kit and 
diluted to 2 ng/μ l. A master mix containing 0.5 μ l -10X FastStart Reaction Buffer without MgCl2, 0.9 μ l - 25 mM  
MgCl2, 0.25 μ l -DMSO, 0.1 μ l -10 mM PCR grade Nucleotide Mix, 0.05 μ l - 5 U/μ l FastStart High Fidelity Enzyme 
Blend, 0.25 μ l - 20X Access Array Loading Reagent, and 0.95 μ l -water was prepared using the Roche High Fidelity 
Fast Start Kit and 20X Access Array loading reagent and aliquoted into 48 well PCR plates along with 1 μ l DNA 
sample and 1 μ l Fluidigm Illumina linkers (V3-V5-F357: ACACTGACGACATGGTTCTACA and V3-V5-R926
:TACGGTAGCAGAGACTTGGTCT) with unique barcode. In a separate plate, primer pairs were prepared and 
aliquoted. 20X primer solutions were prepared by adding 2 μ l of each forward and reverse primer, 5 μ l of 20X 
Access Array Loading Reagent and water to a final volume of 100 μ l.

Four μ l of sample was loaded in the sample inlets and 4 μ l of primer loaded in primer inlets of a previously 
primed Fluidigm 48.48 Access Array IFC. The IFC was placed in an AX controller (Fluidigm Corp.) for micro-
fluidic loading of all primer/sample combinations. Following the loading stage, the IFC plate was loaded on 
the Fluidigm Biomark HD PCR machine and samples were amplified using the following Access Array cycling 
program without imaging: 50 °C for 2 minutes (1 cycle), 70 °C for 20 minutes (1 cycle), 95 °C for 10 minutes (1 
cycle), followed by 10 cycles at 95 °C for 15 seconds, 60 °C for 30 seconds, and 72 °C for 1 minute, 2 cycles at 95 °C 
for 15 seconds, 80 °C for 30 seconds, 60 °C for 30 seconds, and 72 °C for 1 minute, 8 cycles at 95 °C for 15 sec-
onds, 60 °C for 30 seconds, and 72° for 1 minute, 2 cycles at 95 °C for 15 seconds, 80 °C for 30 seconds, 60 °C for 
30 seconds, and 72 °C for 1 minute, 8 cycles at 95 °C for 15 seconds, 60 °C for 30 seconds, and 72 °C for 1 minute, 
and 5 cycles at 95 °C for 15 seconds, 80 °C for 30 seconds, 60 °C for 30 seconds, and 72 °C for 1 minute. The PCR 
product was transferred to a new 96 well plate, quantified on a Qubit fluorimeter (Thermo-Fisher) and stored 
at − 20 °C. All samples were run on a Fragment Analyzer (Advanced Analytics, Ames, IA) and amplicon regions 
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and expected sizes confirmed. Samples were then pooled in equal amounts according to product concentration. 
The pooled products were size selected on a 2% agarose E-gel (Life Technologies) and extracted from the isolated 
gel slice with QIAquick gel extraction kit (QIAGEN). Cleaned size selected products were run on an Agilent 
Bioanalyzer to confirm appropriate profile and determination of average size. The final library pool was spiked 
with 10% non-indexed PhiX control library (Illumina® ) and sequenced using Illumina®  MiSeq®  V3 Bulk system. 
The libraries were sequenced from both ends of the molecules to a total read length of 300 nt from each end. 
Cluster density was 964 k/mm2 with 85.9% of clusters passing filter.

OTU picking and taxonomy assignment. De-multiplexed forward (read 1) and reverse reads (read 2) 
obtained from the sequencing facility were processed using the IM-TORNADO v2.0.3.2 pipeline37. Trimmomatic 
program was used to trim the forward and the reverse primers from the 5′  end of read 1 and read 2 respectively, 
and the adaptor sequences from the 3′  end of the reads38; http://www.usadellab.org/cms/? page= trimmomatic). 
Since paired reads from the V4 region overlap, PEAR 0.9.2 was used to merge the trimmed reads using default 
parameters39; http://sco.h-its.org/exelixis/web/software/pear/index.html). Merged reads were processed using 
IM-TORNADO pipeline37 to trim low quality bases, remove reads with ambiguous bases, and perform de novo 
OTU picking with sequences containing 150 or more bases. Because IM-TORNADO requires both R1 reads and 
R2 reads as input, stitched reads obtained from PEAR were considered as R1 reads and the reverse complement 
of R1 reads were treated as R2 reads for each sample. Reads were de-replicated building clusters of reads with 
100% similarity and annotated with cluster size. To ensure the use of high quality reads when assigning OTU rep-
resentation, singletons and reads shorter than the cutoff length were discarded. Reads were sorted by cluster size 
and processed in USEARCH using the UPARSE algorithm to find the OTU representatives using de novo OTU 
picking strategy. During this step, chimeric reads are also removed resulting in a set of OTU representatives of 
very high sequence quality40. The operational taxonomic units (OTUs) were picked and identified at 97% similar-
ity using the Ribosomal Database Project (RDP) version 10 as the reference database41. IM-TORNADO performs 
taxonomy assignment of the OTUs by running classify. seqs function of mothur42. We included only annotations 
with a bootstrap confidence greater than 50%. In a single run, IM-TORNADO generates outputs for R1 data only, 
R2 data only and paired end data. Output files related to R1 data were used for downstream analysis.

Sequencing data submission. All sequencing raw datasets have been deposited in the National Center for 
Biotechnology Information (NCBI) Sequence Read Archive (SRA) database (https://www.ncbi.nlm.nih.gov/sra/) 
with the BioProject accession number PRJNA374734.

Statistical analysis. Prior to statistical analysis, OTUs with less than 6 sequences were discarded because 
rare sequences likely represents random sequencing errors and may overestimate the overall diversity43. The num-
ber of sequences varied markedly among individual microcosms (range 4-147,197) and thus read depth was 
rarefied to 8,702 reads per microcosm to standardize the sampling effort. This process led to loss of 1 or 2 repli-
cates in some treatments (Table 1). Alpha diversity metrics including Shannon diversity index, observed species, 
chao1, and evenness were generated in QIIME and analysis of variance (ANOVA) with Tukey adjustments was 
used to test the effect of pesticides treatments on these indices using R version 3.2.3 statistical package (https://
cran.r-project.org/bin/windows/base/old/3.2.3/). Analysis of similarities (ANOSIM) with 999 permutations was 
used to test whether microbial communities from the same pesticide treatments were more similar than microbial 
communities from different pesticide treatments. This was accomplished using vegan package in R44. Taxonomic 
abundance profiles were used to compute a Bray-Curtis similarity matrix coordinated into two dimensions using 
non-metric multidimensional scaling (NMDS) considering OTU distribution and water chemistry variables. To 
identify OTUs that were primarily responsible for observed differences between pesticide treatments, similarity 
percentage (SIMPER) analysis was used. Both NMDS and SIMPER analysis were conducted using the software 
PAST (http://folk.uio.no/ohammer/past/)45.
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