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Abstract

Variations in the composition and diversity of tick microbiome due to high temperatures may influence the hierarchy of
community members as a response to environmental change. Modifications in the community structure are hypothesized to
drive alterations in the presence and/or abundance of functional pathways in the bacterial metagenome. In this study, this
hypothesis was tested by using published 16S rRNA datasets of Ixodes scapularis males incubated at different temperatures
(i.e., 4, 20, 30, and 37 °C) in a laboratory setting. Changes in community structure and functional profiles in response to
temperature shifts were measured using co-occurrence networks and metagenome inference. Results from laboratory-reared
ticks were then compared with those of field-collected ticks. The results from laboratory-reared ticks showed that high
temperature altered the structure of the microbial community and decreased the number of keystone taxa. Notably, four
taxa were identified as keystone in all the temperatures, and the functional diversity of the tick microbiome was contained
in the four thermostable keystone their associated bacterial taxa. Three of the thermostable keystone taxa were also found
in free-living ticks collected in Massachusetts. Moreover, the comparison of functional profiles of laboratory-reared and
field-collected ticks revealed the existence of an important set of metabolic pathways that were common among the different
datasets. Similar to the laboratory-reared ticks, the keystone taxa identified in field-collected ticks alongside their consortia
(co-occurring taxa) were sufficient to retain the majority of the metabolic pathways in the functional profile. These results
suggest that keystone taxa are essential in the stability and the functional resiliency of the tick microbiome under heat stress.
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Introduction

The tick microbiome is an important player in tick physiol-
ogy and vector competence [39, 52]. Efforts have been con-
centrated on the characterization of the microbial diversity
as well as the understanding of the factors that modulate the
tick microbiota. Diverse factors such as tick species, gender,
developmental stage, blood meal, and host species among
others modify the composition of the tick microbiome [12,
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37, 45, 49, 51, 52]. Besides these biotic factors, the tick
microbiome is also sensible to abiotic factors such as soil
type, humidity, season and temperature variation [19, 28, 35,
45,48, 50, 55]. Among these, the temperature was shown to
be an important environmental variable that shapes micro-
bial composition and diversity in Ixodes scapularis in a labo-
ratory setting [48]. Specifically, the study of Thapa et al. [48]
showed that the incubation of I. scapularis in a gradient of
temperature, including 4 °C, 20 °C, 30 °C, and 37°C at a
constant humidity of 80-95%, have an impact on tick sur-
vival, where only 15% of ticks survived at 30 and 37 °C after
10 days of incubation. Moreover, they reported that incuba-
tion of ticks at high temperatures (30 and 37 °C) induces
large changes in taxonomic composition and decreases bac-
terial diversity compared to ticks incubated at lower tem-
peratures (4 and 20 °C).

Despite advances in the characterization of the taxonomic
composition of the tick microbiome under abiotic stressors
such as high temperature, little is known about the impact

@ Springer


http://orcid.org/0000-0002-8660-730X
http://crossmark.crossref.org/dialog/?doi=10.1007/s00248-021-01929-y&domain=pdf

A.Wu-Chuang et al.

of abiotic disturbance on the functional profiles of the tick
microbiome. Previous studies showed that the functional
profiles of tick microbiomes are highly redundant [15, 16,
40]. For instance, Estrada-Pefia et al. [15] showed that up to
198 bacterial genera could contribute to a single pathway
in I. scapularis microbiome. Furthermore, analysis of the
resistance of 1. scapularis microbiome to disturbing factors
such as Anaplasma phagocytophilum infection and exposure
to an antimicrobial peptide showed that while these factors
affected the taxonomic composition, they had limited impact
on the functional traits of tick microbiome [16]. These
results suggest that a moderate reduction in the abundance of
any taxa or random loss of few taxa would have only a mar-
ginal impact on the overall function of the tick microbiome
since other bacteria can also perform an identical function.
Thus, redundancy can contribute to the functional resistance
of the microbiome in stressful ecological conditions.

How the functional stability of the tick microbiome is
maintained despite taxonomic disturbance is currently
unknown. Microbial communities found in the soil, plants,
and animals harbor keystone taxa, which play important
roles in stabilizing species diversity and ecosystem func-
tion [2, 24, 54]. Keystone bacteria were recently identified
in tick microbiota using co-occurrence networks [33, 34,
53]. Keystone taxa are importance for the tick microbiome
as their depletion using anti-microbiota vaccines was associ-
ated to major disturbance in the tick microbial community
[33, 34, 53].

We hypothesized that the impact of heat stress on tick
microbiota may drive changes in the structure and hierar-
chical organization of the community as well as and it func-
tionality, as central microbial taxa may lose their keystone-
ness (i.e., the quality of being keystone [9, 36] at different
temperatures and thus, impact the structure and functional
traits of tick microbiome. In this study, 16S rRNA sequence
data reported by Thapa et al. [48] was used to test whether
keystone bacteria contribute to the functional stability of
the microbiome of ticks incubated at different temperatures.
Then, the 16S rRNA sequence data reported by Thapa et al.
[49] was used to test whether keystone bacteria play a simi-
lar role in from wild-caught ticks.

Methods
Data Source

16S rRNA gene sequencing datasets published by Thapa
et al. [48] and Thapa et al. [49] were used for the analysis.
The original studies described the changes in taxonomic
composition and bacterial diversity of the microbiome
of Ixodes scapularis reared in the laboratory or collected
from vegetation (detailed below). Datasets were generated
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by amplification of hypervariable region four (V4) of the
bacterial 16S rRNA gene using barcoded universal primers
(515F/806R) and sequenced in an Illumina MiSeq system.

(i) The study of Thapa et al. [48] investigated the impact
of environmental temperature on bacterial micro-
biome by incubation of unfed, female and male 1.
scapularis ticks under different temperatures (4, 20,
30, and 37 °C) at a stable humidity of 80-95% for
10 days or until tick death.

(i) The study of Thapa et al. [49] examined the influence
of sex and location on the bacterial microbiome of
free-living I. scapularis ticks collected from vegeta-
tion in Texas (during autumn) and Massachusetts
(during late spring), USA.

As female ticks from the mentioned studies [48, 49]
were reported to have a low taxonomic richnes, we concen-
trated our analysis on the microbiome of male ticks. The
raw sequences data are publicly available at the sequence
read archive (SRA) of the National Center for Biotechnology
Information (NCBI) under the project accession numbers
PRINA471905 [48] and PRINA464062 [49].

Original Raw Sequences Processing

The 16S data sets were downloaded from SRA repository [29],
and deinterlaced using the SRA-Toolkit (http://ncbi.github.io/
sra-tools/). The raw sequences (paired-end) were processed
and analyzed with the microbiome analysis package QIIME2
(v. 2021.4) [7]. Briefly, fastq files were denoised and merged
using DADAZ2 software package [10]. The resulting amplicon
sequence variants (ASVs) were aligned with MAFFT [26].
Taxonomy annotation of ASVs was done using the q2-feature-
classifier [6] classify-sklearn naive Bayes taxonomy classifier
against the 16S SILVA database (release 132). The resulting
taxonomic data tables were collapsed at genus level, then fil-
tered excluding rare taxa (i.e., with less than 10 total reads and
presents in less than 30% of samples of each dataset).

Microbial Diversity and Differential Taxonomic
Composition Analysis

Alpha diversity metric (i.e., ASV richness) was estimated
using the q2-diversity plugin in Qiime2 environment, and
analyzed using Kruskal-Wallis statistical test. For assess-
ment of the differential abundant taxa, the tables with taxo-
nomic profiles were collapsed at genus level, and normalized
using centered log ratio (clr) transformation. The compari-
sons were performed using Kruskal-Wallis statistical test
through the ALDEx2 R package [17]. Furthermore, we iden-
tified the differential abundant taxa that directly responded to
the continuous variable temperature, for which correlational
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analyses were performed using aldex.corr function from the
ALDEX2 R package. This tool returned the average Pearson
coefficient and its significance for each feature.

Microbial Co-occurrence Networks

Co-occurrence networks were built for each temperature con-
dition using the taxonomic profiles. Co-occurrence networks
are graphical visualization of microbial community assem-
blies where nodes represent bacterial taxa and the connect-
ing edges represent significant correlations between taxa.
The Sparse Correlations for Compositional data (SparCC)
method [18] implemented in R studio [43] was used to detect
significant (p < 0.05) correlations (SparCC = 0.5) among
bacterial taxa. The visualization and assessment of the net-
works was performed using the software Gephi 0.9.2 [4].
Network topological parameters were calculated: number of
nodes and edges, modularity (the strength of division of a
network into modules), network diameter (the shortest path
between the two most separated nodes), average degree (the
average number of links per node), weighted degree (the
sum of the weight of all the edges connected to a node),
and clustering coefficient (the degree to which nodes in a
network tend to form clusters). For the module (i.e., cluster
of taxa that co-occur more often among them than with other
bacterial taxa in the network) detection, we used the Louvain
method [5] available in Gephi 0.9.2. This algorithm assigns
a modularity class value for each node; thus, nodes with the
same value of modularity class belong to the same module.

Identification of Keystone Taxa in Microbial
Networks

For the identification of keystone taxa, we used three dif-
ferent criteria: (i) eigenvector centrality, which measures
the importance of a node in a co-ocurrence network while
considering the relevance of their neighbors [44],(ii) ubig-
uitousness (i.e., bacterial taxa present across all the samples
at one condition); and (iii) abundance. Then, cut-off values
of 5 and 0.75 were selected for the mean of the abundance
and the eigenvector centrality, respectively. Scatter plot was
prepared using the software GraphPad 8 Prism (GraphPad
Software Inc., San Diego, CA, USA).

Prediction of Functional Traits in Tick Microbiome

For the metabolic profiling of each sample, PICRUSt2 soft-
ware (v. 2.4.1) [14] was used for the prediction of functional
gene abundances based on 16S rRNA amplicon sequences.
Briefly, the ASVs were aligned and placed into a reference tree
(NSTIT cut-off value of 2) that contains 20000 full 16S rRNA
sequences from prokaryotic genomes, which is used to infer
gene family copy numbers of each ASVs and finally determine

gene family abundance per sample. Kyoto Encyclopedia of
Genes and Genomes (KEGG) orthologs (KO) [25], Enzyme
Classification numbers (EC), and Cluster of Orthologous
Genes (COGs) [47] were used as gene family catalogues for
the predictions. Pathway profiles were inferred from structured
pathway mapping based on MetaCyc database [11].

Functional Diversity and Contribution of Taxa
to the Functional Profile of Tick Microbiome

Functional diversity among the different temperatures was
assessed using the open-source software PAST (v. 4.07)
[22]. Non-metric multidimensional scaling (NMDs), based
on a distance matrix computed with Bray-Curtis similarity
index and a PERMANOVA test, was used to compare the
functional diversity among the four temperature conditions.
A pairwise PERMANOVA test was applied later to deter-
mine differences between specific groups. A permutation
test was also applied to test differences in the homogeneity
of dispersions of the group using the function betadisper
from the Vegan R-package.

Linkages between ASVs (collapsed at genus level) and
predicted functions (pathways) were assessed using the
function “Taxa contribution” from PICRUSt2 metagenome
predictions.

The number of shared functions between the whole bac-
terial community and the bacterial taxa of interest as well
as the number of shared keystone taxa amongst the tick
microbiome at different temperature conditions was calcu-
lated using Venn diagrams through the online tool http://
bioinformatics.psb.ugent.be/webtools/Venn/. The number of
shared functions between laboratory and field datasets was
done in R studio [43] using the package “Venn”.

Definition of Environmental Conditions
of Field-Collected Ticks

The environmental variables included average maximum
and minimum temperatures and precipitation of the months
in which ticks were collected in Texas and Massachusetts,
USA. The data were obtained from the TerraClimate reposi-
tory (http://www.climatologylab.org/terraclimate.html),
accessed on July 2021.

Results
Decreased Bacterial Diversity at High Temperature
is Associated with Shifts in Bacterial Community

Assembly

Analysis of bacterial diversity using single nucleotide
exact amplicon sequence variants (ASV) showed that the
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microbiome of I. scapularis ticks incubated at 37 °C pre-
sented a significant decreased microbial richness compared
to those incubated at 4 °C, 20 °C, and 30 °C (pairwise
Kruskal-Wallis, p < 0.05, Supplementary Figure S1), which
is consistent with the results of Thapa et al. [48]. Differen-
tial analysis showed that the abundance of 44 taxa changed
significantly among the four temperatures (Kruskal-Wallis,
p < 0.05, Supplementary Figure S2). Differences in taxa
abundance among the different conditions came predomi-
nantly from microbiome of ticks incubated at 37°C, where
most taxa presented decreased abundance compared to the
microbiome of ticks incubated at 4, 20, and 30 °C. Moreo-
ver, correlation analysis showed that most taxa that changed
significantly in abundance among the four conditions were
strongly correlated to the temperature gradient (Spearman
rank correlation, p < 0.05; Supplementary Figure S2). Spe-
cifically, all these taxa presented a negative correlation with
the increase of the environmental temperature.

We then asked whether the changes in diversity and
taxonomic composition induced by the temperature shift
impacted the bacterial community assembly in I. scapularis
microbiome. To answer this question, bacterial co-occur-
rence networks were inferred and used for the visualization
and quantification of underlying interactions among bacteria
of the tick microbiome. Network analysis showed distinct
co-occurrence of bacterial genera across the different tem-
peratures tested. Visual inspection of networks revealed that
changes in enviromental temperature reshape the bacterial
interaction patterns with a decrease in the number of co-
occurring taxa as temperature increases (Table 1; Fig. 1).
For instance, the number of nodes decreased towards the
increase of the temperature, while the number of edges
decreased not only at 37 °C but also at 20 °C and 30 °C
compared to the network at 4 °C. In addition, the modular-
ity was decreased and the network diameter was increased
at 37 °C. Moreover, the number of connections per node
was significantly lower at 37 °C. These results suggest that

Table 1 Topological features of the microbial co-ocurrence networks
from microbiome of male 1. scapularis incubated at different temper-
atures

Topological features 4 °C 20 °C 30 °C 37°C
Nodes 143 129 127 59
Edges 1860 902 1009 108
Positive (%) 940 (50.5) 539 (59.7) 647 (64.1) 80 (74.1)
Negative (%) 920 (49.5) 363 (40.2) 362(35.9) 28(25.9)
Modularity 16.422 0.944 0.624 0.273
Network diameter 5 6 5 8
Average degree 26.014 13.984 15.89 3.661
Weighted degree 0.486 2.169 4.136 1.36
Clustering coefficient 0.611 0.52 0.516 0.609
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the decrease in bacterial abundance and diversity induced
at 37 °C is also associated with the reduction of microbe-
microbe interactions.

A Fraction of Highly Connected Keystone Taxa
is Maintained Along the Temperature Gradient

We next asked whether the microbial networks at differ-
ent temperatures support keystone taxa. The keystone taxa
of each network were identified based on ubiquitousness,
abundance, and high eigenvector centrality in the networks.
Various ubiquitous bacteria, with high eigenvector centrality
(> 0.75) and abundance (clr > 5) were defined as keystone
taxa (Fig. 2). However, the results show that the number
of keystone taxa decreased with the increase in tempera-
ture, since 15, 14, 7, and 4 keystone taxa were identified in
ticks incubated at 4, 20, 30, and 37 °C, respectively (Fig. 2).
Notably, four taxa (i.e., Pseudomonas, Ralstonia, Acineto-
bacter, and Bradyrhizobium) were identified as keystone in
the different temperatures. These taxa are referred hereafter
as thermostable keystone taxa. The network analysis further
showed that the thermostable keystone taxa were positively
connected between them in all the temperatures (Fig. 3).

The 4 thermostable keystone taxa were directly connected
to 66, 39, 38, and 15 nodes at 4, 20, 30, and 37 °C, respec-
tively. From these, 41, 32, 31, and 8 taxa were connected to
all the thermostable keystone taxa at 4, 20, 30, and 37 °C,
respectively (Fig. 4). A detailed analysis of nodes connected
to Pseudomonas, Ralstonia, Acinetobacter, and Bradyrhizo-
bium in the four conditions (hereafter referred to as “subnet-
works”) revealed the existence of a group of 8—10 bacteria
that persist as neighbors of each thermostable keystone taxa
across the gradient of temperature (Fig. 5). Moreover, the
type of connections between the thermostable keystone taxa
and their respective persistent neighbors were all positive at
4 °C, except the negative connection between Pseudomonas
or Acinetobacter and Sediminibacterium. Interestingly, the
positive connection was kept at 20, 30, and 37 °C (Supple-
mentary Table 1). These results suggest that thermostable
keystone taxa maintain stable ecological associations with
selected members of the microbial communities. It is note-
worthy that the keystone taxa and their positively associated
neighbor represents only 27.3% (39, total = 143), 24.8%
(32, total = 129), 24.4% (31, total = 127), and 27.1% (16,
total = 59) of the total of bacteria presents in the co-occur-
rence networks at 4, 20, 30, and 37 °C, respectively .

Thermostable Keystone Bacteria Keep
the Functional Stability of the Tick Microbiome

To study the impact of different temperatures on the
metabolic potential of tick microbiome, we explored the
functional diversity from predicted pathway profiles. The
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Fig. 1 Co-ocurrence networks
in 1. scapularis under heat
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non-metric multidimensional scaling (NMDS) plot and a
paired PERMANOVA test showed that the functional traits
of ticks incubated at 37 °C were significantly different from
ticks incubated at 4, 20, and 30 °C (F = 5.716, p < 0.05,
Fig. 6). A permutation test for the evaluation of the homo-
geneity of dispersions in the four groups indicated that the
functional traits of ticks incubated at 37 °C were signifi-
cantly more disperse than ticks incubated at 20 and 30 °C
(F=391,p <0.05).

We next tested the contribution of the thermostable key-
stone taxa and their direct neighbor (Fig. 3) to the functional
profiles of tick microbiome. We found that the thermosta-
ble keystone taxa and their direct neighbors (i.e., including
those with positive and negative interactions) contributed
to more than 99% of the predicted pathways regardless the
incubation temperature (Fig. 7, Supplementary Table 2).
Interestingly, when only the taxa that co-occur positively
with the thermostable keystone taxa in the subnetworks were
considered for the analysis, the contribution to the functional

profile remains identical to the precedent result (Supplemen-
tary Figure S3, Supplementary Table 3). Hence, the thermo-
stable keystone taxa along with the bacteria that co-occur
positively with them were capable to provide most of the
metabolic functions regardless of the temperature gradient.

Field-Collected Ticks Contain Identical Keystone
Taxa Found in Laboratory-Reared Ticks

In order to determine if the keystone taxa found in a labora-
tory setting are the same in field-collected ticks, we used
published 16S rRNA datasets from I. scapularis collected
from vegetation in Texas and Massachusetts, USA [49]. The
authors reported that ticks were collected in different sea-
sons to follow the tick activity levels in different locations.
Thus, collection of ticks in Massachusetts was done during
late spring (May 2017) while ticks from Texas were col-
lected during autumn (December 2016, 2017, and November
2017). The average for maximum temperature in Texas was
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Fig.2 Keystone taxa at different temperatures Scatter plot show-
ing the mean relative abundance, expressed as center log ratio (clr)
value, and the eigenvector centrality of each bacterial taxon (dots or
triangle) of the co-occurrence networks at different temperatures. The
triangles represent bacterial taxa that are present across all the sam-
ples of 1. scapularis incubated at a certain temperature. The vertical
dotted line represents the eigencentrality cutoff value of 0.75 and the

of 15 °C, 15 °C, and 22 °C while the minimum temperature
was of 7 °C, 6 °C, and 13 °C in December 2016, December
2017, and November 2017, respectively. The monthly rain-
fall during these months was between 18 and 31 mm. On the
other hand, in May 2017 at Massachusetts, the averages for
maximum and minimum temperatures were of 16.8 °C and
8.9 °C, respectively while the monthly rainfall during this
period was 151 mm. Our analysis revealed that the microbial
community of ticks collected in different locations harbour
different keystone bacteria (Fig. 8). Surprisingly, these key-
stone taxa (i.e., Acinetobacter, Ralstonia and Bradyrhizo-
bium) identified in 1. scapularis of Massachusetts were the
same as three of the thermostable keystone taxa found in
ticks derived from a laboratory setting. These results sug-
gest that the identification of keystone taxa from laboratory-
reared ticks can accurately reflect the microbial community
hierarchy of some populations of free-living ticks.

As in the laboratory-reared tick dataset, we analyzed the
contribution of the keystone taxa and their direct neighbor
to the functional profile of field-caught tick microbiome.
We found that the keystone taxa and their subnetwork con-
tribute to 99.3% and 98.1% of predicted pathways in the

@ Springer

O
s 20°C ] »
A Ralstonia
H 2 8 Acinetobacter
. o nt 8 Bradyrhizobium
- [N
10 N (" % Puia
= a = :A“ 4 % Comamonadaceac
g . A 4 L M Variovorax
oo o oonos aheeeees TRy VR I R O P R s Phreatobacter
(g
a .
: ° o ° . . Acidibacter
5 o s 3 Sediminibacterium
.
0 . ® % ] Caulobacteraceae(uncultured)
o
°e* . . o Xanthobacteraceae
“" o o : Stenotrophomonas
. Bacillus
S
0.0 0.5 1.0
Eigencentrality
]5_ Pseudomonas
R Ralstonia
S § Acinetobacter
10 o A 8 Bradyrhizobium
2 - A B
= : ]
< 5 N
L . S 4
I ERR R R T PP TP PP TSR PL PP A0S 00000000ho00
N :
[ . S e
< e, o« % s
. . S
0 ‘.0 Q
S
0.0 0.5 1.0
Eigencentrality

horizontal dotted line represents the clr mean cutoff value of 5. Red
triangles that are above and to the right of the horizontal and vertical
dotted line, respectively, represent the identified keystone bacteria at
each temperature. The list of keystone taxa is displayed next to the
scatter plots. Note that the first four keystone taxa remain the same in
all temperatures

microbiome of ticks collected in Massachusetts (Fig. 9A,
Supplementary Table 4) and Texas (Fig. 9B, Supplemen-
tary Table 4), respectively. Furthermore, we found that the
majority of the metabolic pathways (i.e., 373, total 430;
86.7%) were common among laboratory-reared and field-
collected ticks (Fig. 9C, Supplementary Table 5).

Discussion

Several studies have demonstrated that the taxonomic com-
position and diversity of tick microbiome is highly influ-
enced by diverse biotic [12, 37, 52] and abiotic factors [19,
45, 48, 50]. Yet, the functional traits of tick microbiome and
their possible changes associated to environmental factors
remains largely unknown. In this study, the impact of heat
stress on the structure and functional profiles of the micro-
bial communities of laboratory-reared and field-collected 1.
scapularis was assessed. To this aim, we used published and
publicly accessible 16S rRNA datasets [48, 49]. As the study
of Thapa et al. [48] reported that the microbiome of labo-
ratory-reared female ticks was dominated by Rickettsia and
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Fig.3 Subnetworks of the local
connectivity of the thermo-
stable keystone taxa in the
co-occurrence networks. The
direct neighbors (light green
nodes) of the thermostable
keystone taxa Pseudomonas
(blue nodes), Acinetobacter (red
nodes), Bradyrhizobium (green
nodes), and Ralstonia (yellow
nodes) were identified from the
co-occurrence network built at
4, 20, 30, and 37 °C. Posi-

tive and negative interactions
between co-occurring bacteria
are represented by the red and
blue edges, respectively

Fig.4 Number of neighbor
taxa shared by the thermostable
keystone taxa in the different
temperatures. Venn diagram
showing the number of bacteria
that are common or unique
among the taxa connected to the
four thermostable keystone taxa
Pseudomonas, Acinetobacter,
Bradyrhizobium, and Ralstonia
in the different temperatures
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Fig.5 Number of taxa that persist as neighbors for each thermosta-
ble keystone taxa across the gradient of temperature. The number of
bacteria genera shared by each thermostable keystone taxa, Pseu-
domonas, Ralstonia, Acinetobacter, and Bradyrhizobium, in the four
temperatures is displayed as a Venn diagram
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Fig.6 Impact of temperature on the diversity of the functional pro-
files. Non-metric Multidimensional Scaling (NMDS) based on Bray-
Curtis similarity matrix of predicted pathways for each sample at 4
(dots), 20 (triangle), 30 (square), and 37 °C (diamond). Groups are
surrounded by ellipses (95% Confidence interval around centroid).
Permutational analysis of variance (PERMANOVA) F and p values
are displayed at the top right of NMDS plot

hence, it had a lower microbial diversity compared to male
ticks, we decided to focus only on male dataset. The higher
bacterial diversity of the I. scapularis male can spur more
information of changes in microbial interactions and their
contribution to the functional profile. Our results support
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the stability of the functional microbiome despite changes
in taxonomic composition due to heat stress. Notably, a frac-
tion of microbes composed by four thermostable keystone
taxa and their invariably associated microbial partners carry
almost the totality of functions of the metagenome underly-
ing the functional redundancy of tick microbiome.

Consistent with the results of Thapa et al. [48], we found
a decrease in the diversity and relative abundance of bacte-
rial taxa in the tick microbiome under heat stress. Commu-
nity modifications were also reflected in the co-occurrence
networks of ticks incubated at the different temperatures
(i.e., 4, 20, 30, and 37 °C). The greater loss of bacterial taxa
and decreased interconnection between them was observed
in the networks inferred from microbial communities of ticks
incubated at 37 °C. This microbial network presented the
highest diameter and the lowest modularity, compared to
microbial networks of ticks incubated at 4, 20, and 30 °C.
Estrada-Pefia et al. [16] showed that disturbing factors such
as anti-tick immunity, Anaplasma phagocytophilum infec-
tion and antimicrobial peptide treatment increased the diam-
eter of tick microbiome networks, which was associated with
lower network robustness compared to the networks with-
out disturbance. Furthermore, high network modularity has
been proposed to be a proxy of microbiome stability [27].
Network parameters thus suggest that heat stress reduces
the robustness and stability of tick microbial communities.
Shifts on microbial interaction patterns as result of tempera-
ture variation has been previously described in soil bacterial
communities [3, 8, 13, 20, 54].

Co-occurrence networks can also be used to identify key-
stone taxa which have high influence and importance in the
microbial community [1, 2, 23]. We used three parameters
(i.e., eigenvector centrality, ubiquitousness, and abundance) to
infer the keystoneness of bacterial taxa in the tick microbiome
[33]. As discussed by Wu-Chuang et al. [53], these criteria dif-
fer from those used by other authors to infer bacterial keystone-
ness in microbial communities. The impact of keystone taxa,
predicted with the criteria used in this study, on tick physiology
[33] and tick microbiome structure and function [33, 34] has
been validated using anti-tick microbiota vaccines [33, 52, 53].
In this study, the number of predicted keystone taxa in tick
microbiome decreased with high temperatures suggesting that
environmental temperature variation can change the influence
the importance of some bacteria in the community.

Despite a decrease in the number of keystone taxa, we
found a core of four keystone bacterial genera that was sys-
tematically identified across the gradient of temperature.
These thermostable keystone taxa were associated to a set
of bacteria that together contributed to more than 99% of
the predicted pathways regardless the incubation tempera-
ture. These findings suggest that thermostable keystone taxa
may provide functional stability to the tick microbiome
under heat stress. Similar result were found in soil bacterial
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Fig. 7 Functional contribution 4OC
of thermostable keystone taxa
and their direct neighbor. Venn Total

diagram showing the number of
metabolic pathways contributed
by the thermostable keystone
taxa and their positively and
negatively associated direct
neighbors (subnetwork) and
compared to the total of pre-
dicted functions for the whole
bacterial community at 4, 20,
30, and 37 °C
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Fig.8 Keystone taxa in field-collected ticks. Scatter plot showing
the mean relative abundance (expressed as clr) and the eigencentral-
ity of each bacterial taxon (dots or triangle) of the microbial commu-
nity from I. scapularis collected from Massachusetts (A) and Texas
(B). The red dots or triangle represent bacterial taxa that are present
across all the samples of I. scapularis collected from different loca-

communities of two sites of the Atacama Desert, west of the
Andes Mountains [32]. These authors showed that beside a
persistent group of bacteria, the most abundant functional
roles were conserved despite changes in environmental
variables [32]. It is noteworthy that the keystone taxa with
their positively correlated neighbors represent only a small
fraction of the whole bacterial community suggesting that
several bacteria contribute to the same set of functions in
the tick microbiome, as previously described by Obregén
et al. [40] and [15, 16]. A limitation here is that the accuracy

37°C

Subnetwork Subnetwork

B

15 E ! Rickettsia
10 : .
= °
F o
E el R R R R TP ’ ..... 9IS ® SN
.‘—J i‘.oo ©ce® 0
0 go * e ©
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tions. The vertical dotted line represents the eigencentrality cutoff
value of 0.75 and the horizontal dotted line represents the clr mean
cutoff value of 5. Red triangles that are above and at the right of the
horizontal and vertical dotted line, respectively, represent the identi-
fied keystone bacteria at each location. The list of keystone taxa is
displayed next to the scatter plots

of functional inferences based in PICRUSt2 varies across
sample types and functional categories [46]. Although the
accuracy of PICRUSt2 predictions for tick microbiome has
not been assesed, a recent study reported a sharp decrease
in PICRUSt2 performance for inference in non-human (i.e.,
gorilla, mouse, and chicken) and environmental samples
(i.e., soil), compared with human samples [46]. Having
said that, it is worth mentioning that functional inferrence
of tick microbiome using PICRUSt2 have been validated by
PCR and qPCR in two independent studies [33, 34]. In both
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Fig.9 Field-collected and
laboratory-reared ticks share a
functional core. Venn dia-
gram showing the number of
metabolic pathways contributed
by the keystone taxa and their
direct neighbors compared to
the total number of predicted
pathways for the whole bacterial
community of ticks collected
from vegetation of Texas (A)
and Massachusetts (B). Venn
diagram showing the number
of functional pathways shared
among tick microbiomes of
laboratory-reared and field col-
lected ticks (C)

A Massachusetts

B Texas

Subnetwork

studies, validation by PCR/qPCR concurred with PICRUSt2
predictions of pathway presence and abundance [33, 34].
Notably, three of the thermostable keystone taxa
identified in laboratory-reared ticks were also found in
field-collected I. scapularis from Massachusetts. These
results suggest that the microbiome of ticks studied
in a controlled environment can reflect accurately the
hierarchical organization of microbial communities
in some populations of free-living ticks. Similarly,
Narasimhan et al. [38] found that field-collected and
lab-reared nymphs presented similar gut microbial
composition at phylum and genus levels. Although not
in the microbiome context, other studies have also shown
that laboratory data can reflect physiological or behavioral
features of field-collected ticks [41, 42]. In contrast, /.
scapularis ticks collected from Texas were found to
harbour Rickettsia as the only keystone taxon. Different
abiotic or biotic factors influencing tick populations and
their microbial communities in Texas (collected in late
spring) and Massachusetts (collected in autumn) may
modify microbiota composition and/or influence the
hierarchical organization of microbial communities.

Conclusions

In this study, we found that heat stress induces changes in
the tick microbial community including a reduction in the
number of co-occurring bacteria and keystone taxa. Despite
drastic alterations in the bacterial community structure, a core
of keystone taxa persisted across the gradient of temperature.
These thermostable keystone taxa and their shared set of
positively correlated neighbors represented approximately 99%

@ Springer

Subnetwork

Massachusetts . 6

of the functional diversity of the tick microbiome. The results
obtained under laboratory conditions were partially validated
in the field, as one of the tested populations of field-collected
ticks harbored identical keystone taxa as the laboratory-reared
ticks. The results suggest that keystone taxa keep the functional
stability of the tick microbiome under environmental variations
in temperature. Furthermore, we found the existence of a
functional core shared by laboratory-reared and field-collected
ticks, underlying that redundancy can contribute to the
functional resistance of the microbiome in stressful ecological
conditions. In summary, our study provides an insight into the
role of keystone taxa in keeping the functional stability of the
tick microbiome under abiotic stressors.
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