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Abstract

understudied vectors.

Background: Scrub typhus, caused by a bacterial pathogen (Orientia spp.), is a potentially life-threatening febrile
iliness widely distributed in the Asia-Pacific region and is emerging elsewhere. The infection is transmitted by the
larval stage of trombiculid mites (“chiggers”) that often exhibit low host specificity. Here, we present an analysis of
chigger ecology for 38 species sampled from 11 provinces of Thailand and microbiomes for eight widespread species.

Results: In total, > 16,000 individual chiggers were collected from 1574 small mammal specimens belonging to 18
species across four horizontally-stratified habitat types. Chigger species richness was positively associated with higher
latitudes, dry seasonal conditions, and host maturity; but negatively associated with increased human land use. Human
scrub typhus incidence was found to be positively correlated with chigger species richness. The bacterial microbiome
of chiggers was highly diverse, with Sphingobium, Mycobacterium, Neisseriaceae and various Bacillales representing the
most abundant taxa. Only Leptotrombidium deliense was found to be infected with Orientia and another potential
pathogen, Borrelia spp., was frequently detected in pools of this species. 3-diversity, but not a-diversity, was
significantly different between chigger species and geographic regions, although not between habitat types.

Conclusion: Our study identified several key environmental and host-derived correlates of chigger species richness
across Thailand, which in turn impacted on human scrub typhus incidence. Moreover, this first extensive field survey of
the chigger microbiome revealed species- and province-level variation in microbial 3-diversity across the country,
providing a framework for future studies on interactions between pathogens and other symbionts in these

Background

The Trombiculoidea is a superfamily of mites (Acari:
Acariformes) with a unique mode of parasitism among
medically-relevant arthropod vectors. The larval stage,
colloquially known as chiggers or berry bugs, is ecto-
parasitic on vertebrates (or occasionally invertebrates).
In contrast, the deutonymph and adult stages have an ed-
aphic lifestyle and are free-living predators of arthropods
or their eggs [1]. Chiggers are the exclusive biological vec-
tors of scrub typhus, a potentially life-threatening febrile
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illness of humans that historically has been associated only
with the Asia-Pacific region [2]. However, recently en-
demic scrub typhus has been reported from the Middle
East [3] and South America [4], and local transmission is
suspected in sub-Saharan Africa [5]. The main aetiological
agent of the disease, Orientia tsutsugamushi (Rickettsiales:
Rickettsiaceae), is a vertically-transmitted chigger sym-
biont that has been reported to induce reproductive
manipulations in its arthropod host [6].

The epidemiology of scrub typhus remains poorly
understood, largely because chiggers are minute (typic-
ally <250 pm in length) and very challenging to identify
and utilise for molecular characterisation and screening
[7]. In particular, interactions between climatic and
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physical geography, wild vertebrate hosts, and human
disturbance of the environment with chigger species
richness and abundance, and how these variables impact
on scrub typhus incidence, are largely unexplored in most
endemic regions. Moreover, our understanding of the
bacterial associates of chiggers is mainly restricted to O.
tsutsugamushi and a very small number of other potential
human pathogens, such as Bartonella spp. [8] and Rickett-
sia spp. [9]. As many cases of epidemiological-relevant
interactions between human pathogens and the micro-
biome of arthropod vectors have been reported, our ignor-
ance regarding the chigger microbiome is of potential
concern for disease control. Indeed, this was highlighted
recently by a 16S rRNA amplicon survey of a colony of
the scrub typhus vector Leptotrombidium imphalum,
which revealed a hitherto unrecognised association
between a novel member of the Amoebophilaceae and O.
tsutsugamushi in adult female mites [10]. The completion
of the Leptotrombidium deliense genome project also
uncovered an intimate relationship between chiggers and
soil bacteria and fungi, as genes for secondary metabolism
have been acquired by lateral transfer from these microor-
ganisms [11].

Among scrub typhus-endemic countries, Thailand has
some of the highest incidence rates. The Thai Bureau of
Epidemiology reported an increase in annual minimum
incidence from 6.0 per 100,000 persons in 2003 to 17.1
per 100,000 in 2013 [2]. The role of the vector in this
increase is unknown, but the higher prevalence of O.
tsutsugamushi in small mammal chigger hosts from for-
ested regions relative to areas with greater human dis-
turbance implicates land use as a key factor in disease
risk [12]. Interestingly, provinces at higher latitudes in
Thailand have elevated incidence rates of scrub typhus
compared with other parts of the country, as well as the
greatest chigger species diversity [13]. We therefore
hypothesized that chigger species richness may be a
driver of scrub typhus incidence across the whole coun-
try, perhaps by facilitating recombination between O.
tsutsugamushi strains [14]. In addition, since the chigger
genome has been shaped by contact with soil microor-
ganisms [11], we tested the hypothesis that the chigger
microbiome is strongly influenced by local habitat type.
This is important, as in other arthropod vectors, intra-
cellular bacterial symbionts and gut microbiota are
known to have significant impacts on vector competence
[15-17].

Here, we present an analysis of chigger distributions
on small mammals across 11 provinces of Thailand,
their associations with habitat types stratified by human
disturbance, and the microbiomes of eight widely-
distributed chigger species. We show that chigger spe-
cies richness is influenced by mammalian host status,
climatic factors and land use; whereas chigger species
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and geographic region, although not habitat type, signifi-
cantly affect the pB-diversity of chigger microbiomes.

Results

Chigger ecology and host associations

A total of 16,761 chiggers were obtained from 1574
small mammals belonging to 18 species (Additional file 1).
The overall infestation rate was 23.8%, with Bo Kleu dis-
trict (Nan province) displaying the highest rate recorded
for a single site (95%) (Additional file 2: Table S1). The
highest mean chigger intensity (113.3) was observed in
Berylmys bowersi (Bower’s white-toothed rat) (Additional
file 2: Table S2). A subsample of 2519 chiggers (approxi-
mately 15% of the total) were identified to the species
level, revealing that Rattus tanezumi (Asian house rat)
and Bandicota indica (greater bandicoot rat) exhibited the
greatest chigger species richness (21 species each).
Approximately half of the infested hosts (50.7%) har-
boured a single chigger species, 33.3% harboured two,
and the remainder harboured >3 species. Ascoshoen-
gastia indica was most prevalent (7.31%; the only spe-
cies recorded from every geographic region), followed
by L. deliense (5.22%) and Walchia micropelta (5.16%)
(Additional file 2: Table S3).

A species accumulation curve plot demonstrated that
the sample size of small mammals was sufficient to
describe the chigger species diversity accurately, since a
plateau was reached at around 1000 hosts (Additional
file 2: Figure S1). Chigger species richness of sampling
locations increased at higher latitudes (Spearman’s rank
correlation = 60.81, p =0.0023; Additional file 2: Figure
S2) and varied significantly among the four habitat types
(in descending order) of forest, dryland, rain-fed land,
and human settlement at both an individual host level
(Kruskal-Wallis statistic = 91.29, df = 3, p < 0.0001; Fig. 1b)
and for the whole population (Fig. 1a). Moreover, while
there were no seasonal differences in chigger species rich-
ness or abundance at the individual host level, chigger
species richness was considerably higher in the dry season
than in the wet season at the whole country level (Fig. 1c).
Ecological specialisation of some of the most widespread
chigger species (A. indica, W. micropelta and Walchia
pingue) between habitat types was weak (Fig. 2). However,
L. deliense showed a preference for areas in forest or dry-
land; whereas other species with more restricted distribu-
tions displayed predilections for human settlements
(Helenicula kohlsi), rain-fed lowland (e.g., Walchia minus-
cuta, Shoengastiella ligula and Blankaartia acuscutellaris)
or dry landscapes (Helenicula pilosa) (Fig. 2).

Bipartite network analysis showed highly complex
interactions between chigger and host species (Fig. 3a).
The largest chigger species assemblages at the whole
host population level were found on two rodent species
associated with human settlements and lowland agriculture,
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B. indica and R. tanezumi. Interestingly, the only non-
rodent hosts sampled in this study, Hylomys suillus (Erina-
ceomorpha: Erinaceidae) and Tupaia glis (Scandentia:
Tupaiidae), were parasitized by several chigger species
never found on rodents (Fig. 3a). Overall however, more
than half of chigger species were found on more than one
host species, and the species-specificity for those found on
> 10 individual animals was only 0.171-0.542. A unipartite
network analysis supported the bipartite analysis, assigning
B. indica and R tanezumi with the highest Eigenvector
centrality scores among all of the hosts (Fig. 3b).

Chigger-host properties and scrub typhus incidence

For each of the 13 geographic sites, bipartite network
properties of host-chigger interactions were calculated at
the individual host level, including the nestedness metric
based on overlap and decreasing fill (NODF), network
connectance, links per species, and network modularity.
The highest NODF and connectance were found in the
Nakhonsawan network, where chigger species richness
was only four species; while the Chiangrai network exhib-
ited an elevated chigger species richness (12 species), but
with the lowest NODF and connectance (Additional file 2:
Table S4). In contrast, Chiangrai displayed the highest
modularity within the network, whereas the least network
modularity was found in Prachuab Kirikhan (Additional
file 2: Table S4).

We tested the effect of various independent variables
on individual chigger species richness using GLMs with
model selection by Akaike’s Information Criterion. Host
species, host maturity, site and habitat (but not host sex)
were significant variables in the best 10 models (Additional
file 2: Table S5; Figure S3a). Animals captured in forest
demonstrated significantly higher chigger species richness

than hosts from human settlements (estimate = —1.074,
p <0.0001; Additional file 2: Table S6), and species rich-
ness was greater on mature hosts than on juveniles (esti-
mate = - 0.283, p = 0.004; Additional file 2: Table S6).

We then applied the same modelling approach but in-
cluded human scrub typhus cases at district level with en-
vironmental variables (elevation, annual mean temperature
and latitude; Additional file 2: Table S7), chigger species
richness, and network properties (Additional file 2: Figure
S3b). Network connectance and chigger species richness
strongly influenced local scrub typhus case numbers, as the
two variables appeared in the top 10 selected models
(Additional file 2: Table S8). Finally, we performed a
univariate analysis, which also showed that scrub typhus
case number was positively correlated with chigger species
richness (Spearman rank correlation =45.71, p =0.0006;
Fig. 4a) and negatively correlated with host-chigger net-
work connectance (Spearman’s rank correlation = 485.45,
p =0.011; Fig. 4b). Importantly, there was no significant
relationship between overall chigger abundance and scrub
typhus incidence (R? =0.105, P = 0.732; data not shown).

Microbiome of individual and pooled chigger specimens

The total number of 16S rRNA reads from the complete
set of 366 samples (264 individual chiggers, 69 pooled
chiggers, 18 soil samples and 15 background controls)
after quality filtering, de-multiplexing and error correc-
tion was 51,896,654 (mean reads per sample = 137,657;
SD =69,522). After paired read alignment and size selec-
tion at 270-300 bp, the read number was 49,635,427
(mean reads per sample=131,659; SD=69,922), a
sequence retention of 94%. The analysis of individual
chigger specimens comprised nine widespread species:
A. indica, L. deliense, W. micropelta, W. minuscuta,
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Walchia kritochaeta, H. pilosa, H. kohlsi, B. acuscutel- were excluded from downstream analyses, including all
laris, and S. ligula. However, after removing samples of those for W. minuscuta. After several steps of add-
with high similarity to negative controls (see Additional itional data quality filtering; i.e., removal of predicted
file 2: Supplementary Methods), more than half (58.7%) chimeric sequences, filtering of OTUs at >1% relative
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abundance, and removal of OTUs with <5 reads, 817
OTUs (Additional file 3) were identified from 207
retained samples with a total of 21,696,826 reads.

The microbiomes of individual chiggers were dominated
by several different Geobacillus OTUs (Fig. 5). However,
Sphingobium (a-Proteobacteria) was also abundant, as
were Comamonadaceae (especially in Walchia spp.) and
Brevibacillus (particularly in B. acuscutellaris and L.
deliense). Importantly, we only detected O. tsutsugamushi
in L. deliense (3/39 individual specimens that passed QC),
with a maximum OTU proportion of 19.58% (Fig. 5;
Table 1). Other bacteria with pathogenic potential in

humans were found across several chigger species, includ-
ing Mycobacterium (11.93% of specimens), Staphylococcus
(8.25%) and Haemophilus parainfluenzae (7.34%) (Table
1). However, most arthropod symbionts known to be of
importance in other mite species or in insects (Cardinium,
Pseudonocardia and Rickettsiella) were rare (<2% preva-
lence), while Wolbachia remained undetected at the indi-
vidual level (Table 1).

To mitigate the problem of low biomass when amplify-
ing 16S rRNA fragments from individual chiggers, we
also sequenced several pools of 50 specimens each for A.
indica, L. deliense, W. micropelta, W. minuscuta, and B.
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acuscutellaris (Fig. 6a); as well as three mixed-species
pools of 50 specimens each for all 11 Thai provinces (Fig.
6b). This strategy was successful, as fewer samples (7.2%)
were removed due to high similarity with negative controls
when compared with individual samples. Surprisingly, two

OTUs (Geobacillus and Brevibacillus) that were highly
prevalent and relatively abundant in the individual-level
data were not present at a read count =5 in any of the
pooled data (Table 1). For some of the potential pathogens,
individual and pooled data showed good concordance



Chaisiri et al. Animal Microbiome (2019) 1:18

Page 8 of 17

Table 1 Selected bacterial taxa of public health importance, potential symbionts, and other prevalent OTUs detected in individual
and pooled chiggers in comparison to soils and background controls

Maximum OTU
Proportion (%)

Bacterial taxa (OTU identifier)

Individual chigger

Positive samples (%)

Pooled chigger Soil Control

Positive samples(%)  Positive samples (%)  Positive samples (%)

Opportunistic/Potential pathogens

Bacillus cereus (4463224) 163" 4(3.67)
Borrelia (New.ReferenceOTU7) 34.82° 1(0.92)
Campylobacter 149" -
(New.CleanUp.ReferenceOTU30)
Clostridium (New.ReferenceOTU2470) 343° -
Corynebacterium (13485) 16.36" 7(6.42)
Fusobacterium (2438396) 2447 1(0.92)
Haemophilus parainfluenzae (4473129) 183 8(7.34)
Moraxella (1127280) 1637 -
Mycobacterium (4448095) 522° 13(11.93)
Nocardia (102163) 17.41° 5(4.58)
Orientia tsutsugamushi (301131) 19.57' 3(2.75)
Staphylococcus (4446058) 5599 67(61.47)

Potential arthropod symbionts
Candidatus Cardinium 19.06" 2(1.83)
(New.ReferenceOTU10)
Neisseriaceae (933546) 9248" 18(1651)
Rickettsiella (8028) 112° 2(1.83)
Wolbachia (New.ReferenceOTU2936) 232° -

Other prevalent OTUs
Acinetobacter rhizosphaerae (4334053) 6.13" 4(3.67)
Brevibacillus (3307468) 60.37' 61(55.96)
Burkholderia bryophila (4320353) 127 38(34.86)
Geobacillus (New.ReferenceOTU5884) 10.73' 82(75.23)
Nevskia (516554) 2.06 27(24.77)
Sphingobacterium multivorum (4423201) 1.16 44(40.36)
Sphingobium (4393057) 1469 82(75.23)
Streptomyces (821185) 59.26 2(1.83)
Methylobacterium adhaesivum (4303249) 3.96 11(10.09)

31(47.69) 11(61.11) -
32(49.23) - -
3(4.62) - -

6(9.23) - -
65(100) - 2(1333)
6(9.23) - -
17(26.15) - 1(6.67)
4(6.15) - -
48(73.85) 18(100) -
35(53.84) 1(5.55) -
13(20) - -
65(100) 3(16.66)

18(27.69) - -

62(95.38) 5(27.78) 4(26.67)
12(18.46) - -
2(3.08) - -

33(50.77) - -

2(3.07) - -
3(4.61) 7(38.88) -
15(23.07) -
11(16.92) 1(5.55) -
13(20) 1(5.55) -
12(18.46) - -

Only the OTUs with >5 reads were included. Superscript “I” or “P” indicate maximum OTU proportion values from individual or pooled chiggers, respectively. For

source data and representative sequences, see Additional file 3

(Staphylococcus and Mycobacterium detected in 95.38 and
73.85% of pools, respectively), whereas others that were
rarely detected in individuals were robustly confirmed by
the pooling strategy (Borrelia in 49.23% and Corynebacter-
ium in 78.46% of pools, respectively) (Table 1). Indeed, a
pool of L. deliense from dryland habitats revealed a max-
imum OTU proportion of 34.82% for a Borrelia sp. (Table
1). Pooling also provided additional evidence that three
classical arthropod symbionts (Cardinium, Pseudonocardia
and Rickettsiella) were present in chiggers (~20-45% of
pools), while a fourth (Wolbachia) was present only in two
(3.08%) pools (Table 1). One Neisseriaceae OTU (933546)
was detected in 95.38% of pooled samples and was

particularly dominant in L. deliense, reaching a maximum
OTU proportion of 92.48% (Table 1). In accordance with
the individual chigger data, the 13 (20%) pooled samples
positive for O. tsutsugamushi (Table 1) all contained L.
deliense.

To investigate whether the presence of Geobacillus
might have resulted from contamination of samples with
spores in the laboratory or with bacterial DNA in the
extraction kits, we first examined OTUs sequenced from
negative controls, then measured levels of Firmicutes
16S rDNA by qPCR in chiggers compared with samples
from the laboratory water bath. The dominant Geobacil-
lus OTU observed in individual chiggers was absent in



Chaisiri et al. Animal Microbiome (2019) 1:18 Page 9 of 17

B. acu
N. aut

}-—Background controls L. deli )-— W. micropelta —W. min |

|
1t
- -
=
II -
& 5»'»

F_A' indica

100%

90%

80%

70%

60% = =

50%

a0% | l I

30% -

20% |1 l “

10% I IE
EES e = = uN

I

—
= ]
0% = —_ —
1».;»,,},,;»5, > & r & O & & & OO FHILIF LTSS '».9'»»
&S e“ TS @‘ gy & F S S 9&@"@ oﬁp & &S &S & & o‘,@" R L R A T
& *&‘ o& <,“ *@‘ 4,4* S & & 5 ;e‘ & &aﬂﬁa&f PRI \‘,t o \eﬁ & b.\.(o« 8 fs*f S 5 &8 4§-
‘e S 9 9 9 ¥ > L & & & &
S »wa,ea’wﬁwy&» MM
L
u Williamsia  Streptomyces m Streptococcus Stenotrophomonas Staphylococcus2
[ ] 1 [ ] sciuri = Sphingomonas m Psychrobacter Pseudomonas W Planococcaceae = Oxalobacteraceae
Novosphingobium ™ Nocardia W Neisseriaceae Luteil izovicil ] P i L ] ium w Fimbriimonas
™ Erwinia C 7 C C il w Cor " Cor i LJ¢ 2
® Coryneb: ium1 C Cloacil d C aceae m Candi Cardinil i Borrelial
i 2 1 ® Bacillus thermoamylovorans ® Bacillales Others <10% read count

100%

——Background controls —|—Chia—}—Nan 4'00— Loei +Tak4o”‘— Kala ﬂ'— Nako a|'78uri ﬂ"f Kanc ——Chan —n—Praca“-—Songﬂ

I
I
| .
e ——— ]
B |
I
m
m
 ——
|
—
|
]
O —
|
C T ]
-
.
—
-_

=
i |:H i
SH T L T
- BEEE= I _I.i ,l_
~ v

0% | m I =0 .
> A D > & &N > L OO O O POy I I I I R O R N P T A VI T N R S Y
\9'\' \,& & \.@ & & Ca \9’ Falf” o o Q<>°\ o o Qo° qé o°\ o°\ 3 08‘ Qo°\ Qo e°\ o°\ d’\ Qo°\ qo"\ qo°\ qo°\ qe°\ o > Qo"\ Qo°\ .o°\ Qo°\ qo°\ qo°\ & o o Qo°\ Qo°\ qo°\
T FLFSTITEFTEIFFTSES ISP P P O LTI L L LS
& & &S S 6 e(.é‘,\\"‘.,&@?«oyyg\éwss\e"\;'\;'&f&g@y@@@@@@9\»@\»0*&@@
& & o o P € T P & F F e FIf ST T FLFLLLELS S & ®
& & ¢ o & & &8 FF PSP TS F S
LRl 5 a#o«\@#.«\,.;‘f,«&&s"ww”*v*»‘v
LU Ll
m Williamsia m Streptomyces | Streptococcus Stenotrophomonas Staphylococcus4 Staphylococcus3
Staphylococcus2 m Staphylococcusl m Staphylococcus sciuri 1 Sphingomonas m Psychrobacter Pseudomonas
® Planococcaceae Oxalobacteraceae Novosphingobium ™ Nocardia W Neisseriaceae Luteibacter rhizovicinus
W Intrasporangiaceae m Flavobacterium » Fimbriimonas m Erwinia Corynebacterium?7 Corynebacteriumé
Corynebacterium5  Corynebacteriumd ® Corynebacterium3 M Corynebacterium2 M Corynebacterium1 Comamonadaceae
Cloacibacterium Caulobacteraceae W Candidatus Cardinium Borrelia2 Borrelial Blattabacteriaceae2
Blattabacteriaceael m Bacillus ther I m Bacill Others <10% read count

Fig. 6 Relative abundance of bacterial OTUs in background controls and pooled samples. a Pools by chigger species (50 individuals per sample).
b Mixed chigger species (50 individuals per sample) pooled by province. The data are filtered; OTUs that represented < 10% in a sample were

combined in “others” (light grey) to aid visualisation. Source data are included in Additional file 2: Table S11
- J

background controls (Table 1; Additional file 2: Table S9).  and the 26 most abundant OTUs in pooled samples. This
Despite a high Firmicutes signal in the water bath (Add- showed that the GC content of the OTUs from individual
itional file 2: Figure S4), Sanger sequencing revealed that specimens was significantly higher than for the pooled
this was derived from Paenibacillus spp. and related Bacil-  material (P = 0.0094; Additional file 2: Figure S6).

lales, whereas Geobacillus spp. were only observed in indi-

vidual chigger samples (Additional file 2: Figure S5;  Factors affecting the microbial profile of chiggers
Additional file 4). Finally, we calculated percent GC content =~ The a-diversity of bacterial OTUs determined by a rich-
for the 15 most abundant OTUs in individual specimens ness estimator (Chaol) and the whole-tree phylogenetic
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diversity index (PD_whole_tree) revealed significant differ-
ences between the sample types, with pooled chigger and
soil samples exhibiting higher diversity than individual chig-
ger specimens (Kruskal-Wallis test with post-hoc Bonfer-
roni correction, P <0.001) (Additional file 2: Table S10).
The latter were not significantly more diverse than control
samples. Analysis of pB-diversity showed that the sample
types were generally well separated from one another
(ANOSIM: R =0.7997, P =0.001), although some back-
ground controls were nested on the periphery of the indi-
vidual chigger samples (Additional file 2: Figure S7).
Bacterial communities were significantly clustered with
respect to chigger species and geographic location (study
sites) in both individual and pooled chiggers (P < 0.001),
whereas habitat (human disturbance transect) failed to
show a significant effect (Fig. 7). The impact of chigger spe-
cies and geographic location on B-diversity displayed simi-
lar correlation coefficients and network topology (Fig. 7).

Discussion

To the best of our knowledge, habitat type, chigger
diversity and human scrub typhus incidence have never
been analysed together on a countrywide scale before.
The current study sampled more than one-third of
known chigger species in Thailand [13] and found three
significant environmental associations with species rich-
ness: a positive correlation with latitude, a negative cor-
relation with increased human land use, and an elevated
level of chigger diversity in the dry season (in addition
to significant effects of host species and maturity). Lati-
tudinal gradients are associated with bioclimatic factors
such as mean temperature, humidity and rainfall, and
the species richness of animals and plants tends to
increase at lower latitudes approaching the equator [18-
20]. Thus, parasite diversity might also be expected to be
higher at lower latitudes, and there is some evidence of
this for microbial pathogens [21-23]. However, the
opposite trend observed here is supported by previous
studies on fleas [24]. Moreover, in Yunnan province in
China, chigger diversity on small mammals was even
higher than in our study and increased according to lati-
tude up to a zenith at 25-26°N before decreasing further
north [25], suggesting the presence of an optimum zone
(our study covered 7—19°N). One hypothesis to explain
this phenomenon is that the geographic range of individ-
ual hosts tends to be broader at higher latitudes, perhaps
facilitating the accumulation of a greater diversity of
ectoparasites [20].

Analysis of chigger distributions in Yunnan also con-
cur with our findings on the impact of human disturb-
ance of the natural environment, with a significantly
greater host and chigger species richness being observed
in a mountainous uncultivated landscape habitat compared
with a cultivated flatland landscape [26]. We increased the
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resolution of the human land use analysis in our study by
trapping hosts across a transect of four rather than two
habitat categories, which revealed a stepwise reduction in
chigger species richness as human disturbance increased,
reflecting the universal process of loss of animal and plant
diversity through urbanisation. Seasonality was also an ap-
parent determinant of chigger diversity in our study, with a
striking increase in species richness during the dry season
compared with the wet season. However, caution is re-
quired in interpreting this finding, as our field studies were
not designed to standardise sampling across the two
seasons. Nevertheless, it is plausible that breeding fre-
quency is reduced in the wet season, and/or that
many chiggers emerging from underground during
monsoon periods are washed into water bodies before
they can attach to a host. Chigger species also have
different seasonal preferences. For instance, in sub-
tropical regions, most scrub typhus cases occur in the
autumn when populations of Leptotrombidium palli-
dum and Leptotrombidium scutellare dramatically
increase (as seen in South Korea [27, 28]), or the
main vector may change between summer and winter
(as seen with L. deliense and L. scutellare in Taiwan,
respectively [29]).

Here, the species richness of chiggers was identified as
a positive correlate of scrub typhus incidence for the
first time. Since decreased human land use is associated
with both increased chigger species richness (this study)
and higher prevalence of O. tsutsugamushi infection in
small mammals [12], increased biodiversity may be a risk
factor for human scrub typhus. This contradicts a meta-
analysis of chigger-host relationships in Yunnan, where a
lower host and chigger diversity in cultivated flatland
was associated with a greater abundance of chiggers,
especially species that are known or potential vectors of
scrub typhus [26]. However, as neither human scrub
typhus incidence nor O. tsutsugamushi prevalence in
small mammals was incorporated into the Yunnan study,
and an efficient scrub typhus vector (L. scutellare) was
abundant in mountainous uncultivated land (the higher
biodiversity site), the impact of land use on infection risk
remains an open question in that region. In Taiwan,
spatial modelling of land use data revealed significant
positive correlations between crop-vegetation mosaics
and forest, as well as elevation, with scrub typhus inci-
dence [30]. In contrast with our study, follow-up investi-
gations in Taiwan found that chigger prevalence and
abundance on small mammals was positively associated
with both human scrub typhus incidence and host O.
tsutsugamushi seropositivity [29]. Chigger species rich-
ness and host-chigger networks were not explicitly
incorporated into this Taiwanese study, but both the
diversity of chiggers (12 species) and their hosts (8 spe-
cies) were markedly lower than we observed in Thailand.
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At first glance, the association between chigger species
richness and scrub typhus incidence in Thailand seems
paradoxical as we only detected O. tsutsugamushi in a
single species (L. deliense). Yet it is important to empha-
sise that other potential vectors of scrub typhus (e.g., L.
imphalum, the principal vector in northern Thailand
[31]) were collected but not subjected to 16S rRNA se-
quencing. Moreover, more than 20 species of Leptotrom-
bidium have been reported from Thailand, many only
from the northern provinces where scrub typhus inci-
dence is highest [13]. Although the majority of these
species are not known to be scrub typhus vectors, recent
data on vector competence are lacking, and it is plaus-
ible that transmission of O. tsutsugamushi by two or
more vectors in the same region may contribute to
diversification of the pathogen and an increase in human
cases, as has been recently hypothesised for Taiwan [14,
29]. We also observed that human scrub typhus inci-
dence was negatively associated with host-parasite net-
work connectance, suggesting that increasing complexity
of chigger-host interactions might reduce human expos-
ure by zooprophylaxis, or lead to a greater likelihood
that non-vector species dominate networks.

With the exception of a laboratory colony of L. impha-
lum [10], the composition of the chigger microbiome
was largely unknown prior to our study. Our data reveal
complex microbiomes that (in contrast with those of
many other arthropods such as certain vectors [32] or
sap-feeding insects [33]) are not dominated by a very
small number of specialised primary and secondary sym-
bionts. Since questing chiggers emerge from under-
ground and are associated with their host for only few
days before moulting into free-living nymphs, we
hypothesised that they may not require symbionts for
dietary supplementation, and may passively accumulate
soil microbes instead. Indeed, it is now known that the
L. deliense genome contains terpene synthase genes that
appear to have been acquired by ancient lateral gene
transfer from Actinobacteria and other environmental
phyla [11]. However, while bacterial sequences of puta-
tive soil origin were prevalent in chiggers (e.g., Bacillus
cereus and Mycobacterium spp.), on the basis of the lim-
ited number of soil samples we analysed here, the chig-
ger “microbiome” is not simply a result of soil particles
adhering to the mite surface. The clear impact of chigger
species and geographical location, but not human land
disturbance, on the microbial sequence profiles lends
further support to the concept of an integral micro-
biome in chiggers that may be modulated by habitat on
large (several hundred km) but not small (a few km)
scales. This may be because their mobile hosts can travel
between the human disturbance zones we defined within
sampling sites [34, 35]. Evidence that the host also con-
tributes to the chigger microbiome was revealed by the
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presence of typical mammalian-associated flora such as
Staphylococcus spp. and Haemophilus spp.

The prevalence of the classical intracellular arthropod
symbionts Cardinium, Rickettsiella and Wolbachia was
quite low in individual specimens, despite their import-
ance in other mite taxa [36]. While Orientia in some
Leptotrombidium spp. could conceivably displace these
symbionts due to competition for intracellular niches, it
is rare or absent in most other chigger genera [37]. Un-
fortunately, the sample size of Orientia-infected chiggers
was too small in this study to investigate the impact of
the pathogen on microbiome composition. In contrast
to a recent analysis of the microbiome of colonised L.
imphalum, we found no evidence for an abundant
Amoebophilaceae OTU; although this is not surprising,
as it was found to be uncommon in all life stages except
Orientia-infected adult females [10], and neither this
species nor life stage was included in our microbiome
analysis. Future studies should consider the role of Neis-
seriaceae OTU 933546 in chigger biology and potential
interactions with vectored pathogens. Notably, this family
in the B-proteobacteria exhibited a moderate prevalence
in L. deliense individuals and contains gut symbionts of
bees (Snodgrassella alvi [38]) and termites (Stenoxybacter
acetivorans [39]). This suggests a facultative relationship
in L. deliense because OTU 933546 was also found in al-
most 30% of soil samples. The presence of Borrelia spp. in
L. deliense is also noteworthy, especially as the prevalence
of this potential pathogen was much higher than observed
in European chigger species, where only a fraction of 1 %
of individuals appear to be infected with Lyme disease spi-
rochetes [40, 41]. To the best of our knowledge, Borrelia
spp. have not been identified in chiggers from South-East
Asia previously, and L. deliense deserves further consider-
ation as a potential vector.

The high prevalence of sequences from Geobacillus
spp. was surprising, since this is a thermophilic, spore-
forming genus with an optimal growth range of 45—
70 °C. Geobacillus spp. thrive in hot composts, subterra-
nean oilfields and hydrothermal vents, but due to their
exceedingly robust spores that can be transported world-
wide in atmospheric currents, isolates have been obtained
across a vast range of temperate or cold terrestrial and
marine sediments [42]. We did not surface-sterilise the
chiggers as there is little evidence this procedure signifi-
cantly affects microbiome data obtained from arthropods
[43], and the risk of degradation of internal DNA when
dealing with soft, minute species that might exhibit small
breaches in their exoskeleton was acute. Moreover, this
procedure can remove potential OTUs of interest, such as
vertebrate pathogens transmitted in arthropod faeces [44]
or ectosymbionts on the cuticle surface [45, 46] that may
have important biological roles. In any case, the dominant
Geobacillus OTU detected in individual chiggers was
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absent from the soil we analysed. Despite the potential
ubiquity of Geobacillus spp. spores in the environment, it
is intriguing that this genus is not observed more fre-
quently in arthropod microbiomes. In addition to aphids
[47] and ants [48], Geobacillus spp. sequences have been
reported from sandflies [49], mosquitoes [50] and ticks
[51]. In mosquitoes, Geobacillus spp. were identified as
part of the core microbiome of dissected reproductive
tracts [50]; whereas in the tick Dermacentor occidentalis,
it was associated with a greater abundance of Francisella
relative to Rickettsia [51]. These findings indicate that
although the genus Geobacillus is assumed to be exclu-
sively thermophilic, it may have a potential biological role
in disease vectors, suggesting that some strains may actu-
ally be mesophilic.

The high prevalence of Geobacillus sequences in our
individual, but not pooled, chigger data raised important
questions about both reagent contamination with bacter-
ial DNA and amplification biases caused by variation in
GC content. Several recent studies have highlighted the
pitfalls of microbiome studies on low biomass samples,
where bacterial DNA present in molecular biology
reagents competes very effectively as PCR template with
bacterial DNA from the sample itself [52, 53]. Since
DNA from more than 180 environmental bacterial gen-
era has been detected in commercially available DNA
extraction kits [53], assessing the true impact of labora-
tory contamination on the ensuing data is extremely
challenging. The conservative approach that we used
here for the individual chiggers was effective but led to
exclusion of more than half of these samples from
downstream analyses.

Pooling appears to be an obvious solution to the prob-
lem of low biomass samples [54], but is not without its
own drawbacks. Genomic GC content is now well
known as a source of bias in 16S rRNA datasets, with
higher GC content leading to underrepresentation [55],
as we observed here with Geobacillus spp. (relatively
high median GC of ~ 52%) in pooled samples. At lower
template concentrations, denaturation of DNA appears
to have been more efficient, revealing OTUs that would
have remained hidden had we only sequenced pools.

Conclusion

This study emphasises that among human disease vec-
tors, chiggers exhibit some of the most complex eco-
logical relationships [56], with high species diversity and
low host specificity contributing to elevated rates of
coinfection on individual mammalian hosts. The diverse
microbiomes of chiggers add a further layer to the net-
work of potential interactions that Orientia is exposed
to, and future studies should determine whether some of
these commensal bacteria affect chigger vector compe-
tence. Moreover, the positive correlation we identified
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here between chigger species richness and scrub typhus
incidence deserves further investigation in other en-
demic countries, especially in relation to the epidemi-
ology of Orientia strain diversity [14].

Methods
For a more detailed description of the Methods, see
Additional file 2: Supplementary Methods.

Trapping of small mammals and chigger collections

This study utilised chigger material collected previously
for a taxonomic study in Thailand [13]. In brief, small
mammals were trapped across 13 localities between
2008 and 2015, once each in the dry season and wet sea-
son. Chiggers were removed from mammal cadavers and
fixed in 70-95% ethanol. Mites collected from each animal
were counted to determine mean infestation intensity and
mean chigger abundance on different host species, as
defined by Rézsa et al. [57]. For identification and species
richness estimation, 10-20% of chiggers from each host
animal were selected using size and microscopic appear-
ance as a guide to obtain a representative sub-sample.
They were mounted in Berlese’s fluid for morphological
identification and retained as voucher specimens.

Ecological analysis

For ecological analysis, trapping sites were divided
equally into four different types of habitats with respect
to human land use (anthropization index), spanning low
to high levels of disturbance [35, 58, 59]. Calculation of
chigger diversity estimations [chigger species richness
and chigger diversity index (Shannon’s index)] were per-
formed using the “BiodiversityR” package. In addition,
12 chigger species that infested 210 individual hosts
were included in an analysis of association with habitat
type using the “FactoMineR” package in R.

Network analyses of host-chigger interactions

To study the community ecology of host-chigger inter-
actions, bipartite network analyses of host-ectoparasite
interactions were conducted at both community (pooled
host species or pooled locations) and individual levels
using “vegan” [60] and “bipartite” packages [61] imple-
mented in R freeware. Bipartite networks were trans-
formed to unipartite networks using the “tnet” package
[62]. Unipartite network plots illustrate relative inter-
action patterns within a host community with respect to
the co-occurrence of chigger species.

Multiple regression models of independent variables
explaining chigger species richness

Generalized linear models were constructed in order to
identify potential effects of host attributes (species, sex,
maturity and body mass) and ecological factors (habitat,
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site and season) on chigger species richness at the indi-
vidual host level. Poisson regression models were created
for chigger species richness count data using the “lme4”
package [63] in R freeware. Selection of models was
based on Akaike’s Information Criterion adjusted for
small sample size (AICc) using the “gmulti” package [64]
in R freeware. Data for scrub typhus human case num-
bers from the 13 studied sites were obtained from the
Bureau of Epidemiology, Ministry of Public Health,
Thailand (unpublished data).

DNA extraction

As clearing in Berlese’s fluid destroys DNA, chiggers
destined for DNA extraction followed a different work-
flow to the voucher specimens and were identified using
autofluorescence microscopy as previously described [7].
Genomic DNA was purified using the DNeasy Blood &
Tissue Kit (Qiagen, Hilden, Germany).

Library preparation and next generation sequencing of
16S rRNA amplicons

To determine the bacterial microbiome of chiggers, a
dual-index nested PCR protocol for MiSeq (Illumina,
San Diego, CA, USA) sequencing was applied [65-67]
targeting the v4 region of the 16S rRNA gene. The sec-
ond round indexing PCR was performed using the Nex-
tera XT DNA protocol (Illumina). Each MiSeq run
included three types of negative control to identify poten-
tial background contamination from sample manipulation
equipment, DNA extraction kits and PCR reagents used in
library preparation. Samples were submitted for sequen-
cing with 300bp paired-end chemistry on the Illumina
MiSeq platform at the Centre for Genomic Research (Uni-
versity of Liverpool). The trimmed and de-multiplexed
reads were submitted to the Sequence Read Archive at the
National Center for Biotechnology Information under
study number PRINA576374.

Microbiome profiling

Analyses of 16S rRNA microbiome profile were performed
using the Quantitative Insights into Microbial Ecology
(QIIME) software package, version 1.8.0 [68]. The OTUs
were created using an open-reference approach using the
USEARCH61 method [69] whereby reads are binned at
97% similarity [69] against the Greengene database v. 13_8
[70] followed by de novo OTU picking. Bacterial taxo-
nomic assignment was performed with UCLUST. Chimeric
sequences were removed using “ChimeraSlayer” [71].

Comparative analyses of the chigger microbiome

Read counts were normalized to relative abundance for
graphing or rarefied to 10,000 reads for diversity calcula-
tions. Bacterial communities were categorised according
to sample type (individuals and pools), selected chigger
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species and study sites (mixed species), as well as soil
samples from Thailand and Lao PDR. For details of a-
and PB-diversity analyses, and principal coordinates ana-
lysis (PCoA), see Supplemental Materials and Methods.

Geobacillus qPCR and sanger sequencing
A pair of PCR primers (sense: GTCCGGAATTATTG
GGCGTA; antisense: TACGCATTTCACCGCTACACQC)
was designed to amplify a 16S rRNA gene portion for the
genus Geobacillus and related Firmicutes. Individual, 25-
pooled and 50-pooled chiggers, as well as water samples
from the laboratory water bath (Grant Sub; Grant Instru-
ments, Cambridge, UK) and Qiagen microbial DNA-free
water (negative control), were used in the qPCR assay.
DNA from chiggers and 10 pl of water bath samples were
extracted using the DNeasy Blood & Tissue Kit (Qiagen).
Bacterial taxonomy was assigned using RDP Classifier
Version 2.10 [72] available at https://rdp.cme.msu.edu,
using a>80% confidence threshold [73]. The DNA
sequences were aligned using ClustalW and phylogenetic
tree construction was performed with the maximum like-
lihood method using Mega software version 6.06 [74].

Determination of GC content in 16S rRNA sequences

We evaluated whether the influence of GC content differ-
entially affected data obtained from individual and pooled
chiggers (low and high DNA concentration templates, re-
spectively). Representative sequences of the dominant bac-
terial OTUs from individual and pooled chiggers were
assessed for GC content using “Oligo Calc”, an oligo-
nucleotide properties calculator available at http://biotools.
nubic.northwestern.edu/OligoCalchtml [75] and their
mean GC content was compared by two-sample ¢-test.

Supplementary information
Supplementary information accompanies this paper at https://doi.org/10.
1186/542523-019-0019-x.

Additional file 1. Complete chigger records by host, site, season and
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Analysis of differences in mean 16S rRNA gene copy number of Firmi-
cutes among different sample groups. Figure S5. Maximum likelihood
tree of partial Firmicutes 165 rRNA sequences. Figure $6. Mean GC con-
tent of 165 rRNA gene sequences between individual and pooled chigger
samples. Figure S7. Principal coordinates analysis plot created using
weighted UniFrac metric. Table S1. Infestation status for chiggers on
small mammals in 13 studied locations in Thailand during 2008-2015.
Table S2. Infestation status and a-diversity of chiggers on small mammal
species. Table S3. The prevalence (%) and infestation details of 38 trom-
biculid species found on small mammals (18 species) in Thailand. Table
S4. Bipartite network parameters of host-chigger interaction in the 13
studied sites. Table S5. Comparison of the generalized linear models
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(GLM) testing the effect of various independent variables on individual
chigger species richness (GLM with Poisson distribution). Table S6. Gen-
eralized linear models of individual chigger species richness (with Poisson
distribution). Table S7. Human scrub typhus case number and environ-
mental information at the district level for the 13 studied sites. Table S8.
Comparison of the general linear models (GLM) to test the effect of vari-
ous independent variables to scrub typhus human case number (GLM
with Poisson distribution). Table S9. The 34 dominant OTUs (more than
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Additional file 3. Complete OTU dataset for chiggers, soil samples and
background controls by read count and proportion; representative
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DNA in chigger, laboratory water bath and negative control samples (see
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