Neupane et al. Environmental Microbiome 2022, 18(1):5 Envi ron menta| Micro blom e
https://doi.org/10.1186/540793-022-00456-8

: . : ®
Habitat type and host grazing regimen Gl

influence the soil microbial diversity
and communities within potential biting midge
larval habitats
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Abstract

Background Biting midges (Culicoides spp.) are important vectors of diverse microbes such as viruses, protozoa, and
nematodes that cause diseases in wild and domestic animals. However, little is known about the role of microbial
communities in midge larval habitat utilization in the wild. In this study, we characterized microbial communities
(bacterial, protistan, fungal and metazoan) in soils from disturbed (bison and cattle grazed) and undisturbed (non-
grazed) pond and spring potential midge larval habitats. We evaluated the influence of habitat and grazing distur-
bance and their interaction on microbial communities, diversity, presence of midges, and soil properties.

Results Bacterial, protistan, fungal and metazoan community compositions were significantly influenced by habitat
and grazing type. Irrespective of habitat and grazing type, soil communities were dominated by phyla Acidobacteria,
Actinobacteria, Bacteroidetes, Chloroflexi, Firmicutes, Proteobacteria (Bacteria); Apicomplexa, Cercozoa, Ciliophora,
Ochrophyta (Protists); Chytridiomycota, Cryptomycota (Fungi) and Nematoda, Arthropoda (Metazoa). The relative
abundance of Acidobacteria, Actinobacteria, Bacteroidetes, Chloroflexi, Firmicutes, Proteobacteria, Verrucomicrobia
(Bacteria); Apicomplexa, Lobosa (Protists); Ascomycota, Blastomycotina, Cryptomycota (Fungi); and Platyhelminthes
(Metazoa) were significantly affected by grazing type. Of note, midge prevalence was higher in grazed sites (67-100%)
than non-grazed (25%). Presence of midges in the soil was negatively correlated with bacterial, protistan, fungal and
metazoan beta diversities and metazoan species richness but positively correlated with protistan and fungal species
richness. Moreover, total carbon (TC), nitrogen (TN) and organic matter (OM) were negatively correlated with the
presence of midges and relative abundances of unclassified Solirubrobacterales (Bacteria) and Chlamydomonadales
(Protists) but positively with Proteobacteria and unclassified Burkholderiales (Bacteria).

Conclusions Habitat and grazing type shaped the soil bacterial, protistan, fungal and metazoan communities, their
compositions and diversities, as well as presence of midges. Soil properties (TN, TC, OM) also influenced soil micro-
bial communities, diversities and the presence of midges. Prevalence of midges mainly in grazed sites indicates that
midges prefer to breed and shelter in a habitat with abundant hosts, probably due to greater accessibility of food
(blood meals). These results provide a first glimpse into the microbial communities, soil properties and prevalence of
midges in suspected midge larval habitats at a protected natural prairie site.
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Introduction

Biting midges (Culicoides spp.) are small, blood-feeding
flies that serve as important vectors of diverse microbes
such as viruses, protozoans, and nematodes that cause
diseases in wild and domestic animals [1]. Several of
these Culicoides-borne pathogens, especially the viruses,
can cause morbidity and mortality to livestock and sig-
nificant economic impacts to farmers and ranchers. For
example, an outbreak of the Culicoides-borne bluetongue
virus serotype 8 in Germany caused between 157 and 203
million Euros in direct and indirect costs to dairy cattle,
beef cattle, and sheep industries [2]. Another Culicoides-
borne pathogen in the Americas, vesicular stomatitis
virus (VSV), can cause not only significant direct eco-
nomic impacts in animal injury and lost productivity
[3—6], but also losses from movement restrictions due
to VSV being a reportable disease in the United States.
Understanding the biology and ecology of biting midges
is an essential step towards improving and implementing
effective control strategies to mitigate transmission risk
and potential economic impacts of midge-transmitted
diseases.

The larval and pupal stages of most Culicoides spe-
cies require semi-aquatic moist soil habitats. Typically,
these stages are found at the soil-water interface of
diverse waterbodies, including ponds, streams, springs,
and marshes [7]. Many species also are associated with
habitats that are organically enriched, especially due
to input of animal waste [8, 9]. While there have been
some studies correlating the relationship between soil
chemistry and the presence of Culicoides species [9-11],
these studies are lacking for the Great Plains region of
the United States. Additionally, little is currently known
about the role of microbial communities on the presence,
abundance, and emergence of midges from their natural
habitats.

Microbial communities play a crucial role in survival,
development, and fitness of dipteran pests and vectors.
For instance, larvae of the higher dipteran pests Musca
domestica L., and Stomoxys calcitrans L. failed to develop
and survive without being provisioned live microbes in
their diet, indicating that the microbes and/or microbial
metabolites provided essential larval nutrition [12, 13].
Further, microbial communities of dairy cattle manure
(a natural larval habitat for house flies) were signifi-
cantly altered by M. domestica larval grazing, indicating
a possible role of microbial communities in larval sur-
vival and development [14]. Similarly, Culicoides stellifer
also required microbial communities including bacteria
and nematodes in their diet for survival and develop-
ment [15]. Indirect evidence of bacterial requirements
for Culicoides variipennis was shown in a study that
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demonstrated that water samples from both natural habi-
tats and laboratory rearing pans shared a number of bac-
terial taxa, as did field-caught and lab-reared pupae and
adults [16]. However, no further efforts have been made
to explore the microbial communities in natural breeding
sites of Culicoides and the correlation between habitats
and the presence of Culicoides. Here we simultaneously
characterized bacterial, protistan, fungal and small soil
invertebrate communities in soils from disturbed (bison
and cattle grazed) and undisturbed (non-grazed) ponds
and springs (putative midge larval habitats) and evalu-
ated the influence of habitat and grazing disturbances on
these microbial communities, their diversities and midge
presence.

Materials and methods

Experimental fields, soil sample collection

and physicochemical analysis

Soil collections were conducted at the Konza Prairie
Biological Station (KPBS), which is located just south
of Manhattan, Kansas, USA. This site is represented by
hilly tallgrass prairie over limestone embedded soils
interspersed with natural water sources such as ponds,
streams, and springs. The site contains separate bison-
grazed and cattle-grazed subsections as well as a large
area where no formal grazing is conducted (non-grazed).
The non-grazed area contains a human walking trail and
all three grazing regimens possess abundant white-tailed
deer.

Six sampling sites (suspected midge larval habitats)
were selected, representing two typical larval habitats
(pond and spring) located within the three grazing regi-
mens (bison-grazed, cattle-grazed, and non-grazed). Soil
samples were collected from September to December
2020 from each site. A composite sample of approxi-
mately 500 g soil was collected from 0 to 5 cm depth
and 10 random locations within a sampling site using a
small garden trowel. Sampling was prioritized near the
soil-water interface where midge larvae are typically
abundant. Soil samples were collected into plastic bags
and brought back to the laboratory for further analysis.
Four hundred grams of the collected soil sample was
used to assess midge presence and abundance via emer-
gence assays (described below) and an aliquot of~50 g
soil sample was stored at — 80 °C for subsequent molecu-
lar and physicochemical analysis. For physicochemical
analysis, ~ 30 g of soil from each sample was sent to the
Soil Testing Lab, Department of Agronomy, Kansas State
University (https://www.agronomy.k-state.edu/services/
soiltesting/) and analyzed for total carbon (TC), total
nitrogen (TN), and organic matter (OM).
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Midge emergence assays

Due to challenges in isolating and identifying midges in
the larval stage, emergence assays were used to evaluate
the presence and abundance of midge larvae in soil col-
lections. Two hundred grams of collected soil was placed
onto large petri dishes (100 mm x 26 mm; ThermoFisher
Scientific, Waltham, MA, USA) in duplicate, and incu-
bated in an environmental chamber (Model 136VL, Per-
cival Scientific Inc, Perry, IA, USA) at 27 °C with a pan
of deionized water to maintain humidity ~ 80% at a 12:12
(light:dark) photoperiod for up to 6-weeks post collection
to encourage the completion of development and emer-
gence of adult Culicoides midges. Three times per week,
the petri dishes were removed from the environmen-
tal chamber, placed into 9.5 L plastic bags, and opened
to allow recently emerged Culicoides to fly into the bag.
Midges that flew into the bag were then collected by
battery-powered aspirator (2809B InsectaVac Aspirator,
Bioquip, Inc., USA), identified to species using morpho-
logical keys and identification aids [7, 17, 18], and placed
into 1.5 ml microcentrifuge tubes with 95% ethanol.

DNA extraction, library preparation, sequencing

and analysis

Quick-DNA Fecal/Soil Microbe Kits (Zymo Research,
Irvine, CA, USA) were utilized to extract soil genomic
DNA. DNA was extracted from 0.25 g soil as described
in the manufacturer’s protocol. Similarly, for positive and
negative controls, DNA was extracted from a laboratory
culture of bacterium (Staphylococcus aureus) and fungus
(Davidiella sp.), and nuclease free water, respectively.
These control DNA samples were further used as con-
trols for library preparation, sequencing, and sequence
analysis. Once extracted, DNA was quantified using the
Qubit™ dsDNA HS kit (Thermo Fisher Scientific Inc.,
Waltham, MA, USA) in a Qubit 4 Fluorometer (Thermo
Fisher Scientific Inc., Waltham, MA, USA) and stored at
— 20 °C until further analysis.

Amplicon sequencing of the bacterial V3-V4 region
of the 16S rRNA gene and the eukaryal V4 region of the
18S rRNA gene was performed using the MiSeq Illu-
mina system to characterize prokaryotic (bacterial) and
eukaryotic (protists, fungi and small soil animals (meta-
zoa)) communities, respectively, in soil collected from
potential midge larval habitats. Primer pairs for bacterial
communities were 341F and 806R [19], and for eukaryal
communities were TAReuk454F and TAReukREV3 [20].
Library preparation and sequencing were performed
at the Genome Sequencing Core, University of Kansas,
Lawrence, Kansas using the 16S metagenome protocol
from Illumina (https://tinyurl.com/ybxgxsqm). Sequenc-
ing was performed using MiSeq reagent kit v3 (Illumina
Inc., USA) for paired-end 2 x 300 bp.
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Both bacterial (16S rRNA) and eukaryal (185 rRNA)
raw amplicon sequence data were analyzed in Mothur
(version 1.45.2, [21]) as described previously [14].
Briefly, primers and low-quality sequence reads were
removed, and paired end reads were assembled. Assem-
bled sequence reads were aligned to the SILVA refer-
ence sequence alignment database [22] and unaligned
sequences were removed. Chimeric sequences were iden-
tified using VSEARCH (version 2.16.3, [23]) and were
removed. High-quality, non-chimeric, unique sequence
reads were clustered into operational taxonomic units
(OTUs) if sequences were 97% similar. Consensus tax-
onomy of representative sequences of OTUs were deter-
mined using the Naive Bayesian Classification method
[24] and RDP reference database for bacteria [25] and
protist ribosomal reference database (PR?) for eukary-
otes [26] that includes protists, fungi and metazoa. For
bacterial communities, OTUs classified as archaea, mito-
chondria, eukaryota and unknown were removed. Fur-
ther, erroneous (OTUs present in negative control, and
positive control sample that were classified other than
Staphylococcus aureus) and low abundant (frequency <2,
and < 0.00001% of total abundance) OTUs were removed.
Subsequently, obtained bacterial OTU frequency data
was summarized to bacterial phylum and genus levels
and was used for subsequent statistical analyses.

For eukaryal communities, low abundance (fre-
quency<2, and <0.00001% of total abundance) and erro-
neous OTUs (OTUs present in negative control, and
positive control sample that were classified other than
Davidiella sp.) were removed. From the final eukaryal
OTU table, protistan, metazoan and fungal OTU tables
were prepared. For the protistan OTU frequency table,
OTUs classified as unknown, metazoan, fungi, unknown
archaeplastida, streptophyta, unknown eukaryota, and
unknown opisthokonta were removed. The protistan
OTU dataset was further summarized to subkingdom,
phylum, class and genus level. Further, protists com-
munities were assigned to functional groups (trophic
groups) as described in [27-29]. Similarly, metazoan
and fungal OTU tables were prepared by selecting OTUs
classified as metazoa and fungi, respectively. The OTU
tables were summarized to phylum, class, and genus level
for each domain and were subsequently used for statisti-
cal analyses.

All statistical analyses were performed in the R sta-
tistical program (version 3.6.2, [30]). For each micro-
bial community (bacteria, protists, fungi, and metazoa),
alpha diversity indices (species richness and Shannon
diversity index (H)), Pielou’s evenness and beta diversity
were calculated using respective OTU data in the ‘Vegan’
package (version 2.5-7, [31]). The correlation between
bacterial, protistan, fungal, and metazoan diversities as
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well as abundances of major phyla or taxa at their low-
est taxonomic resolution (genus), soil properties (TN, TC
and OM) and the presence of Culicoides spp. were deter-
mined using Pearson correlation coefficient. Also, the
effects of grazing type, habitat type and their interaction
on the presence of midges, soil properties and microbial
diversity was assessed by a general or generalized linear
model where response variables were presence of midges,
soil properties, microbial diversity or abundance of
microbial taxa. The predictor variables were habitat,
grazing types and their interaction. Post hoc compari-
son of least square mean was determined between habi-
tat types, across grazing types and/or between habitat
types. A principal coordinate analysis (PCoA) was used
to determine the microbial (bacterial, protistan, fungal
and metazoan) community composition in each sam-
ple. Bray—Curtis dissimilarity index or Euclidean matrix
for each microbial OTU was calculated and the first two
PCoA axes were plotted to visualize community compo-
sition. In order to examine effect of habitat, grazing type
and presence of midges on microbial community compo-
sition, a permutational multivariate analysis of variance
(Adonis) was used. All statistical tests with P-value <0.05
were considered statistically significant.

Results

The prevalence of biting midges (irrespective of midge
species) in soil collected from disturbed (bison and cattle
grazed) and undisturbed (non-grazed) natural habitats
varied across sampling sites. Grazing type significantly
influenced the presence of midges (X2 =13.14, df=2,
P=0.0014). Midge prevalence was 100% in both habitats
(pond and spring) of cattle-grazed sites and in the pond
habitat of bison-grazed sites. The spring habitats in the
bison-grazed site had only 66.66% midge prevalence. Sur-
prisingly, midge prevalence was 25% in soil samples from
both habitats (pond and spring) of non-grazed sites. Fur-
ther, habitat type had no significant effect on the presence
of midges (prevalence: pond, 72.73%; spring, 63.64%).

Effects of habitat and grazing on soil properties

Irrespective of sampling sites, TC in potential midge
habitat soil comprised 11.20-134.82 g kg~! dry soil.
Grazing type (F(;;5=161.34, P<0.0001), habitat
type (F(; 15 =24.14, P=0.0002), and their interaction
(Fg,15 =81.66, P<0.0001) significantly influenced the
soil TC. Also, TC was significantly higher in soil from
non-grazed habitats compared to bison and cattle
grazed habitats for both pond and spring sites (Fig. 1A).
Total nitrogen in soil ranged from 1.0 to 5.9 g kg~! dry
soil. Grazing type (F ;5 =195.49, P<0.0001) and the
interaction of grazing and habitat types (F,5=43.82,
P<0.0001) significantly affected the TN content of
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the soil. Soil from the non-grazed pond had signifi-
cantly higher TN content compared to the non-grazed
spring (t=6.38, df=15, P=0.0001), cattle-grazed
pond (t=28.62, df =15, P<0.0001), cattle-grazed spring
(t=14.59, df=15, P<0.0001), bison-grazed pond
(t=11.49, df=15, P<0.0001) and bison-grazed spring
(t=4.51, df=15, P=0.0045, Fig. 1B). The range of
soil organic matter comprised 23.0-138.0 g kg™! dry
soil. Grazing type (F;5=50.70, P<0.0001) and the
interaction of grazing and habitat types (F, 5 =38.76,
P=0.0030) significantly affected the soil organic mat-
ter. Similar to TC and TN, soil OM was significantly
higher in both pond and spring habitats of non-grazed
sites compared to ponds and springs of grazed sites
(Fig. 1C).

Bacterial diversity and communities

Bacterial 16S rRNA amplicon sequencing comprised
1,174,780 high quality sequence reads that were clus-
tered into 6,508 OTUs. Species richness (observed
OTUs) ranged from 2,089 to 2,951 OTUs per sample.
Habitat and grazing types and their interaction had no
significant effects on bacterial species richness. How-
ever, bacterial Shannon diversity index was significantly
affected by habitat (F,;¢=32.65, P<0.0001) and graz-
ing (F(516=6.71, P=0.0076) types and their interaction
(F2,16=6.31, P=0.0095). Shannon diversity index was
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significantly lower in the cattle-grazed pond site com-
pared to other sites (Fig. 2A, Additional file 2: Table S1).
Bacterial Pielou’s evenness was significantly affected by
grazing (F 5,6 =8.39, P=0.0032), habitat (F ;5 =44.07,
P<0.0001) types, and their interaction (F5=4.96,
P=0.0211). Mean evenness was significantly higher in
spring (t=6.69, P<0.0001) than pond habitats. Also,
evenness was significantly higher in bison-grazed
(t=4.63, P=0.0008) and non-grazed (t=3.86, P=0.004)
than cattle-grazed sites (Additional file 2: Table SI).
Moreover, bacterial B-diversity was significantly influ-
enced by grazing (F(;5=3.98, P=0.0398) and habitat
(F2,16)=8.66, P=0.0096) types. B-diversity was signifi-
cantly higher in pond (t=3.06, P=0.007) compared to
spring habitats while non-grazed sites comprised non-
significantly higher p-diversity compared to bison-
(t=2.51, P=0.057) and cattle-grazed (t=2.07, P=0.12).

Page 5 of 18

Bacterial communities were distinct in each experi-
mental site (Fig. 2B). Habitat and grazing types signifi-
cantly affected the bacterial community composition
(Fig. 2B, Adonis: habitat type R?=0.28, P<0.0001; graz-
ing type R*=0.21, P<0.0001), but there was no sig-
nificant effect of midge presence (Adonis: R*>=0.02,
P=0.496). Further, potential midge larval habitat was
dominated by bacterial phyla Acidobacteria, Actinobac-
teria, Proteobacteria, Bacteroidetes, Chloroflexi, Fir-
micutes, Planctomycetes and Verrucomicrobia (Fig. 2C).
Significant effects of habitat and grazing types and
their interaction on abundances of Acidobacteria, Act-
inobacteria, Chloroflexi and Firmicutes were observed
(Additional file 2: Tables S2, S3). Mean abundance of
Acidobacteria was significantly lower in pond (t=-3.15,
P=0.006) than spring habitats while mean abundances
of Chloroflexi and Firmicutes were significantly higher in
pond (t= 2.19, P=0.044; t=3.30, P=0.004, respectively)
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than spring habitats. Mean abundance of Actinobacte-
ria was significantly higher in spring (t=3.53, P=0.002)
than pond habitats. Also, abundances of Acidobac-
teria and Actinobacteria were significantly higher in
bison-grazed sites compared to cattle-grazed (t=7.21,
P<0.0001 and t=4.62, P=0.0008, respectively) and
non-grazed (t=4.28, P=0.001 and t=6.43, P<0.0001,
respectively) sites (Additional file 2: Table S3). Both graz-
ing type and the interaction of habitat and grazing types
significantly influenced the abundances of Planctomy-
cetes and Proteobacteria while habitat and interactions
significantly influenced Verrucomicrobia abundances.
Mean abundances of Planctomycetes and Proteobac-
teria were significantly higher in non-grazed site com-
pared to bison-grazed (t=17.54, P<0.0001 and t=5.91,
P=0.0001, respectively) and cattle-grazed (t=17.50,
P<0.0001 and t=5.59, P=0.0001, respectively) sites.
Abundance of Bacteroidetes was affected by habitat
and grazing types (Additional file 2: Table S2). Mean
abundance was significantly higher in pond (t=2.81,
P=0.012) compared to spring habitats while bison-
grazed sites comprised significantly lower mean abun-
dance than cattle-grazed (t=— 4.29, P=0.001) and
non-grazed (t=— 4.03, P=0.002) sites (Additional file 2:
Table S3).

A high percentage (42.93% of total taxa) of bacte-
rial communities at the lowest taxonomic level were
detected in> 80% of samples (irrespective of habitat
and grazing types), presumably the core bacterial com-
munities, which accounted for an average of> 95.27% of
total sequence reads of each sample. Some of the highly
abundant and prevalent taxa (at their lowest taxonomic
level, i.e., genus) included were unclassified Bacteroi-
detes, unclassified Chloroflexi, unclassified Acidobacteria
Gpl6, unclassified Spartobacteria, unclassified o-, p-, y-,
8- Proteobacteria, Luteolibacter and Gailella (Additional
file 2: Table S4). The abundances of these taxa were also
significantly influenced by habitat, grazing types and
their interaction (Additional file 2: Table S4). Pond com-
prised significantly higher abundances of unclassified
Bacteroidetes (t=5.02, P=0.0001), Actinobacteria_Gp16
(t=5.45, P=0.0001), unclassified Chloroflexi (t=2.18,
P=0.044), Luteolibacter (t=4.58, P=0.0003) than
spring habitats. Abundances were significantly higher
in the springs for Gaiella (t=6.18, P<0.0001), unclas-
sified Spartobacteria (t=3.39, P=0.003), unclassified
a-Proteobacteria (t=4.83, P=0.0002), -Proteobacteria
(t=4.08, P=0.0009), y-Proteobacteria (t=28.12,
P<0.0001), 8-Proteobacteria (t=2.27, P=0.037) than
the pond habitats. Also, non-grazed sites consisted of
significantly higher abundances of unclassified a-, f-, y-,
0- Proteobacteria than bison-grazed (t=8.67, 4.41, 5.84,
7.09; P<0.0001,=0.0012,=0.0001, < 0.0001, respectively)
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and cattle-grazed (t=13.09, 6.12, 8.41, 5.32; P<0.0001, <
0.0001, <0.0001,=0.0002, respectively) sites.

Protistan diversity and communities

The 18S rRNA gene sequencing assigned to microbial
eukaryotes comprised 1,909,975 sequence reads. Of the
total eukaryote sequences, only 753,722 sequence reads
were assigned to protists which clustered into 2,066
OTUs. The number of OTUs per sample ranged from 443
to 828. Approximately 59.1% of total OTUs were shared
between habitats and 40.6% among grazing types. Protis-
tan species richness was significantly affected by grazing
type (Fp,16=5.15, P=0.019) but not by habitat type or
interaction of habitat and grazing types. Mean species
richness was significantly higher in bison-grazed than
non-grazed (t=3.01, P=0.021) sites. Also, there was no
significant effect of habitat, grazing types or their inter-
action on protistan Shannon diversity index (Fig. 3A)
and Pielou’s evenness. Consequently, no differences were
observed in mean Shannon diversity or Pielou’s evenness
between any sampling site (Additional file 2: Table SI).
Protistan beta diversity was significantly affected by graz-
ing type (F(y15=7.95 P=0.0040) and the interaction
of grazing and habitat (F ;4 =05.64, P=0.0140) types.
Mean beta diversity was significantly higher in non-
grazed compared to bison-grazed (t=3.53, P=0.007)
and cattle-grazed (t=2.81, P=0.031) sites (Additional
file 2: Table S1).

Protistan community composition was distinct in each
site and more similar if they were from similar habi-
tat and/or grazing types (Fig. 3B). Effects of both habi-
tat (Adonis: R*=0.26, P<0.0001) and grazing (Adonis:
R?=0.21, P<0.0001) types were significant on protistan
community composition, but there was no significant
effect of midge presence. Also, the dominant protis-
tan phyla in midge larval habitats were Cercozoa, Api-
complexa, Ochrophyta, Ciliophora, Chlorophyta and
Lobosa (Fig. 3C). Habitat and grazing types significantly
affected the abundances of Apicomplexa (P=0.0006
and <0.0001, respectively) and Lobosa (P=0.0034 and
0.0009, respectively) but not their interaction (Addi-
tional file 2: Tables S2, S3). Abundances of Apicomplexa
(t=4.09, P=0.0008) and Lobosa (t=3.45 P=0.003)
were significantly higher in springs compared to pond
habitats while abundance of Apicomplexa was signifi-
cantly higher in non-grazed than cattle-grazed (t=6.42,
P<0.0001) and bison-grazed (t=6.91, P<0.0001) sites.
Only grazing type significantly influenced the abundance
of Ciliophora (P=0.012), which was significantly higher
in bison-grazed (t=3.07, P=0.019) and cattle-grazed
(t=2.65, P=0.043) than non-grazed sites. Abundances
of Chlorophyta were significantly affected by habitat type
(P<0.0001) and interaction of habitat and grazing types
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(P=0.001). Abundance of Chlorophyta was significantly
higher in pond than spring habitats (t=28.96, P<0.0001).
We observed no significant effects of habitat, grazing
types or their interactions on abundances of remaining
protistan phyla (Additional file 2: Tables S2, S3).

Like bacterial communities, “core” protistan commu-
nities also were identified, although a lower percentage
(23.42%) of total taxa (at their lowest taxonomic level)
contributed to this “core community” In average 69.34%
of total protistan sequences were represented by those
core communities which included unclassified Cercozoa,
unclassified Sandonidae, unclassified Rhogostoma, Par-
acercomonas, unclassified Peronosporales and Sandona
(Additional file 2: Table S5).

Trophic status was assigned for each taxon within the
protistan communities using their lowest taxonomic level
which included consumers, consumers/plant pathogens,
parasites, photoautotrophs, photoautotrophs/consum-
ers, symbionts and unassigned. The majority of assigned

trophic categories were consumers (45.74% of total abun-
dance, Additional file 1: Fig. S1A), parasites (22.90%
Additional file 1: Fig. S1B) and photoautotrophs (24.04%,
Additional file 1: Fig. S1C). Other trophic categories con-
sumers/plant pathogens, photoautotrophs/consumers,
symbionts and unassigned comprised low abundances
(0.66%, 1.95%, 0.23% and 4.50%, respectively) of the total
protistan community (Additional file 1: Fig. SID-G). Fur-
ther analysis was performed on highly abundant (>10%
of total abundance) trophic groups only (consumers, par-
asites and photoautotrophs). Grazing type (P=0.0018)
significantly affected consumers abundance while habi-
tat type (P=0.0005) and the interaction of habitat and
grazing (P=0.012) types significantly influenced pho-
toautotrophs abundance. Consumers abundance was
significantly higher in both bison-grazed (t=4.51,
P=0.001) and cattle-grazed (t=2.61, P=0.047) than
non-grazed sites. Photoautotrophs abundance was sig-
nificantly higher in pond (t=4.19, P=0.0007) compared
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to spring habitats. Both habitat (P=0.0002) and grazing
(P<0.0001) types significantly affected parasites abun-
dance. Interestingly, parasites abundance was signifi-
cantly lower in pond (t=— 4.46, P=0.0004) than spring
habitats. Additionally, non-grazed sites contained sig-
nificantly higher parasites abundance compared to bison-
grazed (t=7.04, P<0.0001) and cattle-grazed (t=6.56,
P<0.0001) sites. Moreover, greater abundance of the pro-
tistan phyla Cercozoa, Cilliophora, Lobosa and Conosa
were observed in the consumers group (Additional file 1:
Fig. S2A). The phyla Chlorophyta and Ochrophyta domi-
nated the photoautotrophs groups, while the Apicom-
plexa and Pseudofungi dominated the parasites groups
(Additional file 1: Fig. S2B, C).

Habitat type, grazing type and their interaction had
no significant effects on consumer’s Shannon diver-
sity index (Additional file 1: Fig. S3A) while habitat type
significantly influenced the Shannon diversity index of
photoautotrophs  (F(; 15=4.70, P=0.046, Additional
file 1: Fig. S3C). Mean Shannon diversity index of pho-
toautotrophs was significantly higher in pond (t=2.16,
P=0.04) than spring habitats. Grazing (F;5=9.11,
P=0.002) and habitat (F;=11.71, P=0.003) types
affected the Shannon diversity index of parasites (Addi-
tional file 1: Fig. S3B). Mean Shannon diversity index of
parasites was significantly lower in non-grazed compared
to bison-grazed (t=— 3.63, P=0.006) and cattle-grazed
(t=— 3.70, P=0.005) sites. Also, parasites Shannon
diversity index was significantly higher in pond (t=3.51,
P=0.003) than spring habitats. Unlike alpha diversity,
habitat and grazing types significantly influence the
community composition of consumers (Adonis: habitat,
R?=0.13, P=0.001; grazing, R*=0.26, P=0.001), pho-
toautotrophs (Adonis: habitat, R*=0.25, P=0.001; graz-
ing, R*=0.18, P=0.001), and parasites (Adonis: habitat,
R?=0.28, P=0.001; grazing, R*=0.25, P=0.001) but not
the presence of midges (P>0.05, each) (Additional file 1:
Fig. S3D-F).

Fungal diversity and communities

Out of 1,909,975 18S rRNA sequences, only 146,481
sequence reads were assigned to true fungi. Those
sequence reads were clustered into 435 OTUs. The num-
ber of OTUs per sample ranged from 74 to 149. Fungal
species richness was significantly affected by grazing
(F(2,16)=7-27, P=0.0057) but not by habitat (F; ;5= 0.20,
P=0.6634) types or their interaction (F;5=0.70,
P=0.5109). Mean species richness was significantly
higher in bison-grazed than non-grazed (t=3.63,
P=006) sites. Similarly fungal Shannon diversity index
was significantly influenced by grazing type (F ;5 =4.05,
P=0.038, Fig. 4A). Shannon diversity index was sig-
nificantly higher in bison-grazed sites than cattle-grazed
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(t=2.73, P=0.036) sites. There was no significant
effect of habitat and grazing types and their interaction
on fungal Pielou’s evenness. Only habitat significantly
influenced the fungal beta diversity (F;5=10.35,
P=0.0054), which was significantly higher in spring
(t=3.13, P=0.006) than pond habitats.

The composition of fungal communities across soil
samples were more similar if they were from similar
habitat and grazing types (Fig. 4B). Both habitat (Adonis:
R?=0.25, P<0.0001) and grazing (Adonis: R*=0.19,
P<0.0001) types significantly affected the fungal com-
munity composition but not midge presence (Adonis:
R?*=0.02, P=0.58). Interestingly, fungal communities
were dominated by Chytridiomycota (26.07%) and Cryp-
tomycota (28.79%). Comparatively low abundances were
observed for Ascomycota (5.90%), Basidomycota (5.61%)
and Blastocladiomycota (7.54%) (Additional file 2:
Table S3). Grazing significantly affected the abundances
of Cryptomycota (Additional file 2: Table S2) and Blas-
tocladiomycota (Additional file 2: Table S2). Abundance
of Cryptomycota was significantly lower in bison-grazed
(t=— 4.97, P=0.0004) and cattle-grazed (t=— 2.78,
P=0.033) compared to non-grazed sites. Interestingly,
abundance of Blastocladiomycota was significantly
higher in both bison-grazed (t=4.14, P=0.002) and
cattle-grazed (t=3.35, P=0.010) sites than non-grazed
sites. Abundance of Ascomycota was influenced by both
habitat (Additional file 2: Table S2) and grazing (Addi-
tional file 2: Table S2) types, where abundance was signif-
icantly lower in pond than spring (t=— 5.67, P<0.0001)
habitats. No significant effects of habitat and/or grazing
were observed for Basidiomycota and Chytridiomycota
abundances (Additional file 2: Tables S2, S3).

Metazoan diversity and communities

Approximately 23.72% (453,039) of 18S rRNA ampli-
con sequence reads were classified as Metazoa. There
were 218 OTUs distributed in 22 samples ranging from
21 to 65 per sample. Metazoan species richness was
significantly affected by grazing type (F(5=18.95,
P<0.0001) and interaction of habitat and grazing types
(F(5,16=4-37, P=0.0307) but not by habitat type. Mean
species richness was significantly higher in non-grazed
compared to bison-grazed (t=5.54, P=0.0001) and
cattle-grazed (t=4.80, P=0.0005) sites. However, no
significant difference between mean species richness
was observed between bison-grazed and cattle-grazed
sites. Habitat, grazing types and their interaction
had no significant influence on the metazoan Shan-
non diversity index (Fig. 5A) and Pielou’s evenness.
No difference was observed between mean Shannon
diversity index (Fig. 5A) or metazoan Pielou’s even-
ness between sampling sites. Interestingly, habitat type
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(F1,16)=15.99, P=0.0010) and the interaction of graz-
ing and habitat types (F,;5=11.75, P=0.0007) had a
significant influence on metazoan beta diversity. Meta-
zoan beta diversity was significantly lower in pond
(t=— 3.95, P=0.001) than spring habitats.

The composition of potential midge larval habitat
soil metazoan communities was more similar if sam-
ples were from the same or similar types of natural
habitat (Fig. 5B). Habitat (Adonis: R>=0.29, P<0.0001)
and grazing (Adonis: R?=0.17, P=0.0002) types sig-
nificantly affected the metazoan community compo-
sition but not by midge presence (Adonis: R*=0.01,
P=0.89). Metazoan communities in soils from poten-
tial midge larval habitats were Nematoda, Arthropoda,
Rotifera, Platyhelminthes, Gastrotricha and Annelida
(Fig. 5C). Habitat type significantly affected the abun-
dances of Annelida, Gastrotricha and Nematoda (Addi-
tional file 2: Table S2). Compared to spring habitats,
pond habitats had significantly higher abundances of

Annelida (t=2.48, P=0.24) and Gastrotricha (t=3.17,
P=0.006), but significantly lower abundances of Nema-
toda (t=— 3.11, P=0.007). Abundance of Platyhel-
minthes was significantly influenced by grazing type
and interaction of habitat and grazing types (Additional
file 2: Tables S2, S3), being higher in bison-grazed sites
than cattle-grazed (t=3.16, P=0.015) and non-grazed
(t=3.66, P=0.005) sites. Abundance of Rotifera and
Arthropoda were not affected by grazing type, habitat
or their interaction.

Relationships between microbial diversity, communities,
soil properties and midge presence

Significant negative correlations between midge
presence and soil properties (TN (r=-— 0.61), TC
(r=— 0.49) and OM (r=-— 0.52)) were observed.
Moreover, TN, TC and OM were significantly greater
in soil lacking Culicoides spp. than soil with Culicoides
spp- (Additional file 1: Fig. S4). Although bacterial
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diversities (species richness, Shannon diversity index,
Pielou’s evenness and beta diversity) were negatively
correlated with the presence of Culicoides, only the
correlation to beta diversity was statistically signifi-
cant (Table 1). There were no significant correlations
between soil properties (TN, TC and OM) and bacte-
rial diversity. Protistan species richness was positively
correlated with Culicoides presence while beta diver-
sity was negatively correlated (Table 1). Further, beta
diversity of protistan trophic groups (consumers and
parasites) was negatively correlated with presence
of Culicoides. None of the soil properties were sig-
nificantly correlated with protistan diversities. Signifi-
cant negative correlations were observed between soil
properties (TN and OM) and consumers species rich-
ness. TN, TC and OM was also negatively correlated
with Shannon diversity index and Pielou’s evenness of
parasites. A positive correlation was observed between

fungal species richness and Culicoides presence. Soil
properties (TN, TC, OM) negatively correlated with
fungal species richness (Table 1). Culicoides presence
was negatively correlated with metazoa species rich-
ness; however, soil properties (TN and OM) were posi-
tively correlated with metazoa species richness. Soil TC
was negatively correlated with metazoan Pielou’s even-
ness (Table 1).

Abundances of bacterial phyla (Proteobacteria and
Planctomycetes) were negatively correlated with Culi-
coides presence while Firmicutes correlated positively
(Table 2). Soil properties (TN, TC and OM) negatively
affected the abundances of Actinobacteria and Firmi-
cutes but positively impacted abundance of Plancto-
mycetes and Proteobacteria (Table 2). Abundance of
protistan phylum Apicomplexa was negatively corre-
lated with Culicoides presence. Soil properties (TN,
TC and OM) positively affected the abundance of
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Table 1 Correlations between microbial (bacterial, fungal, metazoan and protistan) alpha- and beta-diversities, soil properties and

presence of biting midges

Kingdom Diversity Culicoides TN TC oM
Bacteria Richness —-0.19 0.39 0.39 0.38
Shannon —0.26 0.28 037 03
Evenness —0.22 0.13 0.24 0.16
Beta diversity —0.43 0.23 0.04 0.22
Protista
Overall Richness 0.49 —033 —035 —038
Shannon 0.17 —0.26 —037 —023
Evenness —0.18 —03 —0.12
Beta diversity —0.63 033 0.23 04
Photoautotroph Richness 0.21 —0.1 —-0.19 —022
Shannon —003 0.12 —0.11 0.17
Evenness —0.18 0.2 —0.04 0.31
Beta diversity —0.24 0.01 0.01 0.17
Consumer Richness 0.52 — 043 —0.39 —0.43
Shannon 0.38 —031 —0.28 —023
Evenness 0.15 —0.13 —-0.13 —0.04
Beta diversity — 0.67 037 0.26 0.39
Parasite Richness 0.05 0.33 0.29 0.31
Shannon 0.42 —0.62 — 0.65 —0.59
Evenness 0.39 —0.67 — 0.68 — 0.64
Beta diversity —0.48 0.12 0.06 0.21
Fungi Richness 0.49 —0.44 — 0.46 —0.44
Shannon 0.14 0.03 —0.13 —0.03
Evenness —0.05 0.22 0.04 0.16
Beta diversity —0.36 0.07 0.1 0.13
Metazoa Richness - 0.5 0.51 0.34 0.54
Shannon —0.15 -0 - 026 —0.1
Evenness 0.08 —0.34 —0.43 — 035
Beta diversity 0.03 —0.18 —0.24 — 0.06

Significant Pearson correlation coefficients are shown in bold

Culicoides = presence of Culicoides spp., TN total nitrogen, TC total carbon, OM organic matter

Apicomplexa, but TC was negatively associated with
the abundances of phyla Cercozoa and Conosa. Abun-
dance of the fungal phylum Blastocladiomycota was
positively correlated with Culicoides presence (Table 2).
Soil properties (TN, TC and OM) negatively affected
the abundance of Blastocladiomycota but positively
impacted the abundance of Cryptomycota. Only CN
was positively correlated with the abundance of Basidi-
omycota (Table 2).

Abundance of some bacterial taxa (classified at the
lowest taxonomic level) such as unclassified Betaproteo-
bacteria, Deltaproteobacteria, Gammaproteobacteria,
Acidobacteria Gpl7, unclassified Rhodobacteriaceae,
Hyphomicrobium were negatively correlated with Culi-
coides presence but unclassified Anaerolineaceae,
Chloroflexi, Clostridium, Sphingomonas and unclassified

Planococcaceae were positively correlated (Table 3).
Interestingly, soil properties (TN, TC and OM) posi-
tively affected the abundances of unclassified Betapro-
tobacteria, Bacteroidetes, Deltaproteobacteria,
Gammaproteobacteria, Acidobacteria Gpl7, unclassi-
fied Rhodobacteriaceae and Hyphomicrobium and nega-
tively affected the abundances of unclassified Bacillaceae,
Intrasporangiaceae, Planococcaceae and Sphingomonas
(Table 3). Abundances of protistan taxa such as Pris-
matosphora and unclassified Oomycota were negatively
correlated with Culicoides presence while unclassified
Nolandellidae and NC12B lineage positively correlated
(Table 3). Soil properties (TN, TC and OM) negatively
affected the abundances of unclassified Chlamydomo-
nadales, Glissomonadida, NC12B lineage and Prorodon
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Table 2 Correlations between relative abundance of microbial
phyla from different kingdom, soil properties and presence of
biting midges

Kingdom Phylum Culicoides TN TC oM

Bacteria  Acidobacteria —0.08 —022 —-029 -—-016
Actinobacteria 036 —0.62 —0.67 —0.51
Bacteroidetes —0.05 0.26 0.34 0.18
Chloroflexi 0.21 0.1 03 —-004
Firmicutes 0.47 —05 —0.46 —0.46
Planctomycetes —0.69 0.93 0.78 0.92
Proteobacteria — 0.6 0.8 0.86 0.7
Verrucomicrobia —0.06 0.11 —0.04 0.1

Protista Apicomplexa —0.47 0.69 0.59 0.73
Cercozoa 0.06 —028 —042 —-013
Chlorophyta —004 0.24 0.14 0.12
Ciliophora 04 —036 —02 —038
Conosa 0.06 —031 —046 —023
Lobosa 04 —047 —034 —-036
Ochrophyta 03 —-04 =021 =05

Fungi Ascomycota —0.15 0.08 0.06 0.22
Basidiomycota 0.08 —0.13 003 —0.14
Blastocladiomycota 0.47 —0.56 —047 —0.51
Chytridiomycota —025 0.18 0.04 0.13
Cryptomycota —0.39 0.52 0.5 0.44

Metazoa  Annelida 0.01 —004 —-008 —007
Arthropoda —0.14 04 0.35 0.37
Gastrotricha —0.13 0.06 —0.12 0.06
Nematoda 0.21 —035 —-018 —035
Platyhelminthes —0.09 0 —-0.14 0.06
Rotifera 0.09 —033 —-038 —-037

Significant Pearson correlation coefficients are shown in bold

Culicoides = presence of Culicoides spp., TN = total nitrogen, TC = total carbon,
OM = organic matter

while abundances of Syncystis and Prismatospora were
positively affected (Table 3).

Discussion

This study explored the complex relationships between
habitat use (disturbed (bison- and cattle-grazed) and
undisturbed (non-grazed)), microbial (bacteria, pro-
tista, fungi) communities, soil small animals (metazoa),
soil properties and presence of midges from natural
pond and spring habitats in the Konza Prairie. One key
finding was that midge presence was associated with a
decrease in microbial (bacterial, protistan and fungal)
beta-diversities. This phenomenon may have resulted
from midge larvae feeding and thereby depleting the fre-
quency (or abundance) of certain microbes in the soil
substrate, such as taxa within the phyla Proteobacteria
(Bacteria), Planctomycetes (Bacteria), and Apicomplexa

Page 12 0of 18

(Protista) (see details in Results). Previous studies have
demonstrated that dipteran larvae obligately feed upon
microbes as they develop, including Culicoides stellifer
[15], Musca domestica L. [12], and Stomoxys calcitrans
L. [13]. Alternatively, midges may compete with these
microbes for other resources in the substrate or may pro-
duce inhibitory substances that hinder their colonization,
by unknown mechanisms that warrant further explora-
tion. Interestingly, some microbial communities such as
abundances of phyla Firmicutes (Bacteria), Blastocladi-
omycota (Fungi), and associated lower taxa (see Results)
increased when midge larvae were present, indicating
that grazing (depletion) or inhibition of some microbial
taxa promotes abundance of others as we have previously
observed in house fly larval grazing on manure [14].

Soil properties differed between grazed and non-
grazed prairie sites. Lower TN, TC and OM in bison and
cattle grazed sites compared to non-grazed sites may be
due to the presence of large mammals, whose grazing
depletes the above ground biomass. In turn, this results
in reduced photosynthesis and carbon sequestration
which consequently lowers the level of soil TN, TC and
OM in the landscape. Prior studies have demonstrated
higher carbon in soils from non-grazed virgin grasslands
than livestock-grazed grasslands in the Northern Great
Plains [32], and greater soil, carbon, and nitrogen con-
tent in soils from non-grazed sites compared to moder-
ate and intense sheep-grazed sites [33]. Higher TC was
observed in soil from springs than pond habitats but
there was no difference in TN or OM. Those variations
in soil properties of different habitat types may be associ-
ated with diverse biotic and abiotic factors of the distinct
and uniquely situated experimental sites.

Greater midge prevalence in both bison and cattle-
grazed pond and spring habitats than in non-grazed
habitats can be attributed to adult midge requirements,
such as proximity to ruminant hosts that serve as blood
meals for anautogenous females. Livestock farm habitats
harbored a greater number of C. obsoletus and C. scoti-
cus than wetland and peri-urban habitats in Europe [34].
Similarly, a white-tailed deer farm (game preserve) har-
bored a greater number of C. stellifer than alternate sites
in Florida [35]. Total carbon, TN and OM was signifi-
cantly reduced in the presence of Culicoides spp. which
is in contradiction with a previous study that showed a
positive correlation of number of total midges (includ-
ing different Culicoides species) with soil organic mat-
ter [36]. Another study that evaluated the role of habitat
in emergence of Culicoides spp. from commercial farms
showed no clear association of soil properties on midge
abundance and/or emergence [9]. These variable findings
indicate that in some habitats (e.g., in the Konza Prairie)
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Table 3 Correlations between relative abundance of most  Table 3 (continued)
prevalent (>80%) microbial (bacteria and protista) taxa at lowest

) . ; - ] Kingdom Lowest taxonomic  Culicoides TN TC oM
taxonomic levels, soil properties and presence of biting midges level
Kingdom :.eov\nellest taxonomic  Culicoides TN TC oM Protista  Sandonidae 008 001 —011 —003
. ] ] Monocystis —0.24 04 0.58 0.32
Bacteria  Acidobacteria Gp6 —0.11 —-017 =019 —-007
Rhizobiales —025 002 —023 0.3 Cercozoa 007 —014 =022 —009
) Navicula 0.27 —04 —-046 —043
Anaerolineaceae 0.5 —-04 —-017 —0.46
Betaproteobacteria  — 0.67 0.74 0.74 0.71 Pinnularia 008 —01 019 —019
) ) Leidyana —022 027 015 037
Acidobacteria Gp16 0.23 —-039 —05 —041
Gaiella 005 —02 —027 —o011 Rhogostoma 0.19 —023 =011 =018
Actinobacteria -02 —012 —025 —005 Sphaeropleales - 013 035 025 0.2
Thermoleophilia 0.05 —009 —02 0 Peronosporales 0.27 —036 —022 —027
Bacillaceae 039 —0.53 —059 —043 Hypotrichia 034 —024 0 —027
Chloroflexi 0.46 —029 —015 =035 Vaucheria 0.12 —-01 01 —0.15
Luteolibacter 002 002 —009 0 Actinocephalidae ~ — 039 03 022 038
Steroidobacteraceae  — 0.19 0.65 0.71  0.52 Paracercomonas 006 005 0 0.15
Bacteroidetes 0.01 0.54 0.62 0.45 Chlamydomon- 0.34 —051 —0.6 —0.51
Subdivision3 — 007 022 014 01 adales
Intrasporangiaceae 0.64 —0.83 —07 —0.85 Prismatospora —043 0.81 0.75 0.69
Acidimicrobiales 0.06 — 018 —0.31 — 0.1 Nolandellidae 0.43 —029 —02 —017
Clostridium_sensu_ 0.41 —033 —035 —034 )
stricto Colpodida 014 —013 022 —018
Caldilineaceae —037 0.81 0.84 0.67 Pythium 0.19 —025 —016 —024
Comamonadaceae  —0.14 02 03 0.11 Syncystis —-029 06 056 049
Acidobacteria Gp17  — 0.78 0.72 0.67 0.7 Sandonidael 0.23 - 031 —044 —023
Rhodobacteraceae —0.45 0.68 0.58 0.57 Oomycota —0.42 035 0231 033
Sphingomonas 0.52 —-0.71 —0.61 —0.71 Anurofeca — 015 035 024 024
Solirubrobacterales 0.31 —0.52 —0.64 —0.44 Glissomonadida 036 — 053 —057 — 052
Pirellulales —0.54 0.81 0.64 0.85
Sandona 0.25 —014 =019 004
Deltaproteobacteria  — 0.68 0.73 0.61 0.76
Prorodon 03 —045 — 0.5 —045
Coriobacteriia 0.44 —045 —0.51 —042
Eustigmatophyceae 0.11 —009 =025 —-0.14
Burkholderiales —0.21 0.63 0.79 0.5
Surirell 03 —042 —042 —043
Gammaproteobac- —0.54 05 04 0.59 urirea
teria NC12B lineage 0.56 —0.57 —-0.61 —0.57
Hyphomicrobium —0.48 0.62 0.44 0.58 Sessilida 0.19 001 003 013
Planococcaceae 0.43 —0.48 —0.49 —0.43 Eocercomonas —0.16 0.19 0.12 034
Chitinophagaceae - 034 06 049 0.52 Cercomonas —022 0.14 —001 026

Significant Pearson correlation coefficients are shown in bold

Culicoides = presence of Culicoides spp., TN = total nitrogen, TC = total carbon,
OM = organic matter
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midge larvae feed upon and deplete decaying organic
matter and nutrients, while in other habitats they do not.

Effects of habitat and disturbance on microbial community
composition and diversity

Potential midge larval habitat soil bacterial communities
were dominated by phyla Proteobacteria, Actinobacteria,
Acidobacteria, Firmicutes, Chloroflexi, Bacteroidetes and
Verrucomicrobia, which have been previously reported
from conventional cropland, restored grasslands and
annually burned native tallgrass prairie at the Konza
Prairie Biological Station (KPBS), Kansas [37], where our
samplings sites are also situated. The abundance of most
of those bacterial phyla were affected differently by habi-
tat type and disturbances (grazing). That variability might
be explained by variability in additional soil physico-
chemical properties (which we did not measure), as well
as other biotic and abiotic factors that were not captured
in our study. Several taxa within these phyla (see Results)
also were influenced by habitat and grazing types, but
because they were found in>80% samples these taxa
potentially comprise a “core microbiome” across our
samples. A previous study showed high prevalence of
taxa affiliated to phylum Verrucomicrobia reported
from similar tallgrass prairie habitats [38] and KPBS [37,
39] which is in concordance with our study results. The
core microbiome represented >95% of total abundance
(sequence reads) in the samples and was likely due to the
similar nature of the soil samples, which were all selected
from banks of ponds and streams, i.e., presumptive semi-
aquatic midge breeding sites [40—-42].

Soil bacterial community composition was associated
with habitat and grazing type, which is in accordance
with a previous study at KPBS that showed the land
management (e.g., grazing type) strongly correlated
with soil microbial community composition [37]. Inter-
estingly, midge presence did not influence bacterial
community composition which is likely due to sampling
time, which was during cooler months, September to
December, when midge activity decreases and breeding
behavior diminishes [43]. Alpha diversity indices were
variably impacted by habitat and grazing type, where
there was no impact on species richness but significant
impacts on Shannon diversity index and Pielou’s even-
ness (just by grazing type). These results suggest that
the number of bacterial species were somewhat similar
across samples, but the abundances were highly vari-
able between samples within a habitat or grazing type.
Such variability could be explained by various envi-
ronmental stressors including soil properties such as
pH [44], moisture and precipitation [45] that can pro-
foundly influence bacterial communities.

Page 14 of 18

As observed with soil bacterial community composi-
tion, protistan communities within individual samples
were strongly associated with habitat and land manage-
ment (grazing) type but not with midge presence in the
soil, with the latter lack of effect being likely attribut-
able to diminished midge abundance and activity (dis-
cussed above). Protistan communities, specifically
the phyla Apicomplexa and Lobosa, were significantly
impacted by both habitat and grazing types, with a
higher relative abundance of Apicomplexa in non-
grazed and spring habitats than in grazed ponds. Sev-
eral taxa of Apicomplexa are known for their parasitic
behavior to diverse organisms, such as Leidyana sp.
parasites of insects [46] and Momnocystis sp. parasites of
Earthworms [47]. The relative abundances of these taxa
had a negative association to the relative abundance of
Arthropoda and positive association with Nematoda
(result not shown), indicating an intriguing possibility
that some correlations are related to these taxa para-
sitizing arthropods or other soil invertebrates. Moreo-
ver, the relative abundance of Ciliophora was higher in
grazed sites than non-grazed sites, suggesting under-
lying factors influence the abundance of Ciliophora in
those habitats. Ciliophora are key consumers in differ-
ent ecosystems, preying on bacteria, other protozoa,
unicellular algae, occasionally rotifers and microzoo-
plankton [48]. Irrespective of grazing type, abundance
of the ciliate Prorodon sp., was higher in ponds than in
springs, possibly due to their ability to thrive in stag-
nant water/soil interfaces of ponds which have been
shown as optimal habitats [49]. In contrast, other con-
sumers such as Nolandellidae (Lobosa) were more often
observed in springs rather than pond habitats, probably
attributable to their preferred trophic associations.

Although both habitat type and grazing shaped the
structure of soil fungal communities, variation in fun-
gal community composition was higher in non-grazed
sites than grazed sites, and fungal community compo-
sition was clearly separated between pond and spring
habitats. However, fungal community compositions in
soil samples of both grazing regimens (bison and cat-
tle) were more similar to each other than those found in
non-grazed sites. This result supports the idea that graz-
ing activity by mammals shapes the fungal (and other
microbial) communities and their composition in grass-
lands [50, 51]. Grazing significantly affects the micro and
macro-nutrients in the soil which consequently alters the
microorganisms and small soil invertebrates residing in
the soil. Fungal diversity also varied, albeit non-signifi-
cantly, across sites where species richness in non-grazed
sites (both ponds and springs) was lower compared to
grazed sites. Animals can likely introduce additional
microbial taxa either directly from excreta (e.g., manure)
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or indirectly by passive carriage and dispersal as they
wander and graze. Also, grazers may favor certain fun-
gal species to flourish while others diminish via altering
soil microenvironment which likely decreased soil fungal
diversity and altered community composition [52].

Phyla Cryptomycota and Chytridiomycota were the
most abundant and highly prevalent soil fungal com-
munities in potential midge larval habitats, which is not
surprising as our samples were from banks of ponds and
springs and these phyla have previously been reported in
many aquatic habitats [53, 54]. Although highly preva-
lent, the abundances of phyla Basidiomycota and Asco-
mycota were highly variable across the site. These phyla
are considered basal soil fungal communities and have
been previously reported from the tallgrass prairie [55].
Interestingly, the relative abundance of phylum Blasto-
cladiomycota was lower in both non-grazed sites than
grazed sites. Species of phylum Blastocladiomycota are
known to be prevalent in soil and water, and include sev-
eral saprotrophs, pathogens of aquatic Dipteran larvae,
Nematoda and Crustacea [56, 57]. Therefore, the low
abundance of those fungi in non-grazed sites could have
been due to biotic (microbe and small invertebrate) and
abiotic factors associated with those sites.

Nematoda, Arthropoda and Gastrotricha were highly
prevalent phyla represented in the soil metazoan com-
munities. Although habitat type affected the relative
abundances of Nematoda and Gastrotricha, the relative
abundances of all metazoan phyla within a habitat var-
ied among samples, which may be attributable to sam-
pling methods, relative body size of these multicellular
organisms compared to unicellular microbes, dispersal
[58] and other behaviors, and trophic status (predator,
prey). For instance, several groups of soil nematodes are
known predators of bacteria and fungi [59], and therefore
might compete with midges for these prey items in the
substrate. Conversely, some prey species of nematodes
may disperse in response to predators including midges
[12, 15] and other Arthropods in the habitat [60], which
is supported by the negative correlations of these phyla.
Another highly prevalent phylum Gastrotricha contains
organisms that consume detritus, protists and bacteria
[61]. Gastrotricha predation may underlie negative cor-
relations between abundance of this phylum and abun-
dances of several protistan and bacterial taxa.

Our study design has some limitations that need to be
addressed. Samples were collected in different months
(September to December) and were considered repli-
cates; however, environmental factors (e.g., tempera-
ture, precipitation, vegetation) likely changed across the
sampling period and introduced variability which was
not captured in our analyses. Additionally, non-grazed
sites were likely visited by other herbivores such as
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white-tailed deer and other small animals present at the
KPBS, which may have additionally affected the micro-
bial and eukaryal communities. Although this study uti-
lized amplicon sequencing of highly conserved V3-V4
and V4 region of 16S (~ 450 bp) and 18S rRNA (~417 bp)
genes to characterize bacterial and eukaryal communities
respectively, the short sequence reads generated could
not resolve taxonomic affiliation of some individual taxa
at their lower taxonomic levels [62]. Moreover, this study
used a single pair of primers for characterizing three dif-
ferent eukaryotic kingdoms (protista, fungi and metazoa)
which could limit identification accuracy and capturing
diversity [63, 64]. Thus, more fine scale sampling across
an entire active season of midge species as well as uti-
lizing both culture and culture-independent shotgun
metagenome or long-amplicon sequencing methods
could provide more insight into the role of habitat, dis-
turbance and other abiotic factors on microbial commu-
nities as well as midge prevalence in future studies.

Conclusions

This study demonstrated that habitat type and distur-
bance (i.e., grazing type) and soil properties (TN, TC,
OM) strongly shaped soil bacterial, protistan, fungal
and metazoan community compositions, diversities
and midge presence. Abundances of specific microbial
taxa, notably Hyphomicrobium, unclassified -, 8- and
y-proteobacteria (Proteobacteria, Bacteria), Pirellulales
(Planctomycetes, Bacteria), and Prismatosphora (Api-
complexa, Protista) decreased while the abundance of
Clostridium sensu stricto (Firmicutes, Bacteria) and
Nolandellidae (Amoebozoa, Protista) increased in the
presence of midges in the habitat. Prevalence of midges
mainly in disturbed (grazed by cattle or bison) sites indi-
cates that midges prefer to breed and shelter in a habitat
with greater accessibility to animals, who are a potential
source of obligate blood meals for anautogenous females.
These results provide the first detailed insights, to our
knowledge, into the microbial communities, soil proper-
ties and prevalence of midges in suspected midge larval
habitats from a protected natural prairie. Further studies
are required to understand the role of specific microbes
on midge larval survival and fitness in natural habitats
which can be potentially used to predict and then miti-
gate midge habitat use by developing novel larval habitat
management methods.

Abbreviations

KPBS Konza prairie biological station
OM Organic matter

[oJ)V] Operational taxonomic unit
PCoA Principal coordinates analysis
RDP Ribosomal database project

rRNA Ribosomal RNA
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TC Total carbon
TN Total nitrogen
VSV Vesicular stomatitis virus
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Additional file 1: Fig. S1. Trophic groups of soil protistan communities.
Mean relative abundance of (A) Consumers, (B) Parasites, (C) Photoauto-
trophs, (D) Photoautotrophs/Consumers, (E) Consumers/Plant Pathogens,
(F) Symbionts, and (G) Unassigned groups in disturbed (bison- and cattle-
grazed) and undisturbed (non-grazed) pond and spring habitats. The error
bars are standard errors of the means. Fig. $2. Soil protistan trophic group
communities. Relative abundances protistan phyla (A) Consumers, (B)
Parasites, (C) Photoautotrophs in disturbed (bison- and cattle-grazed) and
undisturbed (non-grazed) pond and spring habitats. Fig. $3. Soil protistan
trophic group diversity and community composition. Shannon diversity
index of (A) Consumers, (B) Parasites, (C) Photoautotrophs in disturbed
(bison- and cattle-grazed) and undisturbed (non-grazed) pond and spring
habitats. The error bars are standard errors of means. The different letters
indicate the significant differences between sampling sites (P < 0.05).
Protistan trophic groups community composition (D) Consumers, (E)
Parasites, (F) Photoautotrophs in each sample. The first and second

axes of Principal Co-ordinates Analysis illustrating Bray—Curtis distances
between samples. Fig. S4. Effect of presence of Culicoides spp. on soil
properties. Mean (A) Total Carbon, (B) Total Nitrogen, (C) Organic matter

in soil containing Culicoides spp. and no Culicoides spp. The error bars are
standard errors of the means. The value between bars indicates significant
differences between with and without Culicoides spp. (P < 0.05).

Additional file 2: Table S1. Alpha and beta diversity of bacteria, protista
(overall protista, photoautotrophs, consumers, and parasites), fungi and
metazoa in each sampling site (mean & standard deviation). Table S2.
Effects of habitat type, grazing type, and their interaction on abundances
of microbial (bacterial, protistan, fungal and metazoan) phyla. Table S3.
Relative abundance of major microbial (bacteria, protistan, fungi and
metazoa) phyla in each sampling site (mean = standard deviation).
Table S4. Relative abundance of bacterial core communities in each
sampling site (mean = standard deviation). Table S5. Relative abundance
of protistan core communities in each sampling site (mean =+ standard
deviation).
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