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ABSTRACT Bovine digital dermatitis (DD) is a skin disorder that is a significant cause
of infectious lameness in cattle around the world. However, very little is known about
the etiopathogenesis of the disease and the microbiota associated with DD in beef cat-
tle. In this study, we provide a comprehensive characterization of DD and healthy skin
microbiota of feedlot beef cattle. We also developed and validated a novel multiplex
quantitative PCR (qPCR) assay to quantify the distribution of DD-associated bacterial
species across DD lesion stages. We determined the DD-associated microbiota with
deep amplicon sequencing of the V3-V4 hypervariable region of the 16S rRNA gene, fol-
lowed by the application of novel and existing qPCR assays to quantify species distribu-
tions of Treponema, Porphyromonas, Fusobacterium, and Bacteroides across lesion stages.
Deep amplicon sequencing revealed that Treponema, Mycoplasma, Porphyromonas, and
Fusobacterium were associated with DD lesions. Culturing of DD biopsy specimens iden-
tified Porphyromonas levii, Bacteroides pyogenes, and two Fusobacterium spp. within DD
lesions. Using species-specific qPCR on DD lesion DNA, we identified P. levii in 100% of
active lesion stages. Early-stage lesions were particularly associated with Treponema me-
dium, T. phagedenis, and P. levii. This study suggests a core DD microbial group consist-
ing of species of Treponema, Fusobacterium, Porphyromonas, and Bacteroides, which may
be closely tied with the etiopathogenesis of DD. Further characterizations of these spe-
cies and Mycoplasma spp. are necessary to understand the microbial factors involved in
DD pathogenesis, which will help elucidate DD etiology and facilitate more targeted
and effective mitigation and treatment strategies.

IMPORTANCE Previous work, primarily in dairy cattle, has identified various taxa asso-
ciated with digital dermatitis (DD) lesions. However, there is a significant gap in our
knowledge of DD microbiology in beef cattle. In addition, characterization of bacteria
at the species level in DD lesions is limited. In this study, we provide a framework
for the accurate and reproducible quantification of major DD-associated bacterial
species from DNA samples. Our findings support DD as a polymicrobial infection,
and we identified a variety of bacterial species spanning multiple genera that are
consistently associated with DD lesions. The DD-associated microbiota identified in
this study may be capable of inducing the formation and progression of DD lesions
and thus should be primary targets in future DD pathogenesis studies.

KEYWORDS digital dermatitis, bovine, beef cattle, feedlot, Treponema, hoof, skin
microbiota, microbiome, 16S metagenomics

Bovine digital dermatitis (DD) is an infectious skin lesion affecting cattle around the
world and was first described in the 1970s (1, 2). DD lesions, primarily localized to

the skin between the heel bulbs on the hind legs, are a significant contributor to
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infectious lameness resulting in major production and economic losses in dairy cattle
(3–5). Since its original description, DD has been primarily studied as a dairy industry
issue, with cow-level prevalence estimates ranging from 3% to 23% (6, 7); however, DD
has recently been emerging in feedlot beef cattle populations (2), as reported by
Kulow et al., where that approximately 50% of feedlot cattle on one farm experienced
a DD lesion during their study period (8). Management practices mainly focus on
broad-spectrum antimicrobials, most commonly topical applications of oxytetracycline
or copper sulfate; however, treatment of DD has unsatisfactory cure rates of as low as
9% (9), beckoning calls for a greater understanding of DD etiopathogenesis and more
targeted treatments.

The etiological agents of DD are not yet fully identified, as lesions are polymicrobial
in nature and contain various fastidious anaerobic bacteria, explaining the lack of dedi-
cated culture methods and the insufficient characterization of species and type strains
necessary to understand bacterial pathogenesis mechanisms. Spirochetes are the most
consistent bacterial group associated with DD lesions (10–12). Spirochetes of various
Treponema species and phylotypes are identified in DD lesions, and individual lesions
normally contain different combinations of Treponema spp. at different proportions
(13, 14). In addition to Treponema spp., multiple studies of dairy cattle DD lesions iden-
tify Porphyromonas (15), Dichelobacter (16), Guggenheimella (17), Bacteroides (18),
Fusobacterium (19), Mycoplasma (20), and many other genera as being associated with
DD lesions, further supporting a polymicrobial causation of DD.

There is limited knowledge on the presence and the population dynamics of bacte-
rial species throughout DD stages. Most recent DD microbiology studies employ high-
throughput sequencing strategies and have expanded our understanding of DD, but
they fail to reliably classify or quantify species-level taxa (21). Recently, Beninger et al.
quantified four major Treponema spp. in DD lesions of dairy cattle by species-specific
multiplex quantitative PCR (qPCR) and identified Treponema phagedenis, T. pedis, and
T. medium as highly correlated with DD disease development and progression (22).
There remains a significant number of additional DD-associated Treponema spp. that
require further characterization to better understand their potential involvement in dis-
ease pathogenesis. In addition, no validation of the population dynamics of non-
Treponema species exists in the DD literature, and thus, speculation of their role in DD
etiopathogenesis is limited.

In contrast to dairy breeds, the microbiology of DD lesions in beef breeds is largely
unexplored. DD lesions in beef cattle are associated with the presence of different
Treponema phylotypes as well as Fusobacterium necrophorum and Dichelobacter nodo-
sus (23, 24). However, there is no knowledge currently on the quantities and distribu-
tions of any DD-associated bacteria in beef cattle DD lesions. Due to the differences in
housing and management practices between dairy and feedlot systems, there is insig-
nificant evidence at this time to suggest that the microbial community structure in
dairy cattle DD accurately represents that of beef cattle DD microbiota. Without a full
comprehensive identification of the DD-associated microbiota in beef cattle, we cannot
reliably extrapolate our existing knowledge of DD microbiology in dairy cattle lesions.

This study aimed to target the gaps in the knowledge of DD microbiology in feedlot
beef cattle. As DD is an emerging issue in feedlot beef cattle, it was crucial to perform
a comprehensive microbiological assessment of DD lesions in this cattle population.
Microbiota members associated with DD lesions and healthy skin of beef cattle were
identified. To better understand which bacterial species are associated with DD lesion
formation and progression, bacterial population dynamics were quantified throughout
DD lesion stages using existing and newly developed species-specific real-time quanti-
tative PCR assays.

RESULTS

Altogether, we collected and analyzed the microbial compositions of 120 skin bi-
opsy specimens. We collected 40 biopsy specimens from healthy skin (M0), 8 biopsy
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specimens from M1 lesions, 38 biopsy specimens from ulcerated M2 lesions, 4 biopsy
specimens from healing M3 lesions, 20 biopsy specimens from M4 lesions, and 10 bi-
opsy specimens from active M4.1 lesions.

Deep amplicon sequencing of the V3-V4 hypervariable region. Out of 120 skin
biopsy specimens obtained in this study, 98 resulted in successful amplification, based
on gel electrophoresis of the nested V3-V4 hypervariable region PCR assay, and were
then sequenced on the Illumina MiSeq platform (M0, n=20; M1, n=8; M2, n=37; M3,
n=4; M4, n=19; M4.1, n=10). A total of 4,860,255 sequences passed initial quality fil-
tering, and after inferring amplicon sequence variants (ASVs) and removing chimeras,
2,994,368 sequences were used for taxonomic classification. No sequences from DNA
extraction controls remained after quality filtering and DADA2 processing (see Fig. S1A
in the supplemental material). Negative controls (DNase/RNase-free water) contained
relatively fewer reads, on average, than healthy skin and DD samples and represented
only two ASVs from Proteobacteria (Fig. S1A and B). After removing sequences with
low numbers of reads (,500), 90 samples remained for microbiota analysis (M0, n=16;
M1, n=6; M2, n=37; M3, n=4; M4, n=18; M4.1, n=9). Permutational multivariate anal-
ysis of variance (PERMANOVA) on weighted and unweighted UniFrac distances each
identified a significant difference (P=0.001) in microbial compositions among M stages
(Fig. 1A and B).

Healthy skin primarily contained Actinobacteria, Bacteroidetes, Proteobacteria, and,
predominantly, Firmicutes (Fig. 2A). Compared to healthy skin, DD lesions across all M
stages had a high relative abundance of Spirochaetes, accompanied by a high relative
abundance of Tenericutes (Fig. 2A). Fusobacteria were also associated with DD lesions,
were relatively absent in healthy skin, and peaked at an ;3.4% relative abundance in
M2 lesions (Fig. 2A). For family-level taxonomic grouping (Fig. 2B), M0 skin contained a
higher number of unique bacterial families than all other M stages. Of the taxonomically
classifiable sequences, Spirochaetaceae were the most abundant in DD lesions (Fig. 2B).
There were also higher relative abundances of Porphyromonadaceae, Mycoplasmataceae,
family XI, and Fusobacteriaceae in DD lesions than in healthy skin (Fig. 2B). No
obvious visual differences were apparent in relative abundances between M stages
for these DD-associated bacteria. Mycoplasmataceae, however, had their highest rel-
ative abundance in M3, M4, and M4.1 lesions (Fig. 2B). Fusobacteriaceae had a higher
relative abundance in M2 lesions than in the other disease stages, having a relative
abundance of only .3% in M2 lesions (Fig. 2B).

Using DESeq2, differential abundance analysis of DD lesions compared to healthy skin
identified a group of genera strongly associated with DD lesions (Fig. 3). Treponema,
Porphyromonas, Mycoplasma, and Fusobacterium relative abundances were significantly
higher (P, 0.01) in most of the DD M stages than in healthy skin (Fig. 3). In addition,

FIG 1 Principal-coordinate analyses of unweighted (A) and weighted (B) UniFrac distances. Samples are colored based
on the M stage of DD lesions.
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many genera that are members of the Firmicutes phylum had significantly higher
(P, 0.01) counts in most DD lesions than in healthy skin (Fig. 3).

Species-level classification was pursued for members of the genera Bacteroides,
Fusobacterium, Mycoplasma, Porphyromonas, and Treponema. Interestingly, Fusobacterium
was the only genus to not have unclassified reads, while all other genera had large
proportions of unclassified ASVs. For Bacteroides, only B. pyogenes was identified in
M2 and M4 lesions at a comparatively low relative abundance (Fig. 4). Fusobacterium
mortiferum was not detectable in M1 lesions but was relatively more abundant than
Fusobacterium necrophorum in all other DD stages (Fig. 4). Of all Mycoplasma spp.

FIG 2 Percent relative abundance of bacteria within each M stage. (A) Bacteria were grouped based on taxonomy at the phylum level, and phyla with a
,1% relative abundance were grouped. (B) Bacteria were grouped based on taxonomy at the family level, and families with a ,3% relative abundance
were grouped.

FIG 3 Differential abundance analysis of genera associated with DD lesions. DESeq2-normalized
sample counts were used to compare genus fold changes in abundance for DD M stages (M1, M2,
M3, M4, and M4.1) against stage M0 (healthy) samples. Only genera that were statistically significant
(P, 0.01) in at least three DD M stages compared to healthy skin are shown.
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identified, M. fermentans was the primary Mycoplasma sp. within M2 lesions,
whereas in other M stages (M4 and M4.1), multiple species of Mycoplasma became
relatively abundant (Fig. 4). The distribution of Treponema spp. appeared highly
dynamic across M stages, beginning with T. medium as the predominant species
present in healthy skin, and T. pedis, T. phagedenis, and T. refringens were relatively
abundant in all DD lesion stages (Fig. 4).

Identification of bacterial isolates from skin biopsy specimens. Bacterial culture
was attempted for all skin biopsy specimens obtained. A total of 198 isolates from 69
biopsy specimens were successfully cultured and identified. Bacteria that were cultured
from DD lesions and were not isolated from healthy skin biopsy specimens are shown
in Table S2. A number of species from the genera Fusobacterium and Porphyromonas
were isolated from all M stages of DD lesions but were not cultured from M0 biopsy
specimens. In addition, B. pyogenes was identified in all M stages of DD lesions but was
not isolated from M0 samples.

Quantitative real-time PCR design. Isolates of B. pyogenes, Fusobacterium sp., and
Porphyromonas levii were collected and identified by full-length 16S rRNA sequence
alignment (Table S2). The best match of the Fusobacterium sp. 16S rRNA gene
sequence was against F. mortiferum (96.97% identity). These three species isolated
from biopsy specimen cultures matched the DD-associated microbiota identified by
deep amplicon sequencing (Fig. 4) and thus were targeted for qPCR development. To
demonstrate the accuracy of the qPCR, we spiked 5� 104 copies of target DNA directly
into purified biopsy specimen DNA, in which the maximum difference observed
between the actual DNA copies present and the mean qPCR output was 7� 103, or
14% (Table S3).

FIG 4 Percent relative abundance of bacterial species within each M stage. ASVs that could not be classified at
the species level were grouped as unclassified within each genus. Bacterial species outside the five genera of
interest (Bacteroides, Fusobacterium, Mycoplasma, Porphyromonas, and Treponema) are not shown.
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Species absolute quantification directly from purified biopsy specimen DNA. A
total of 120 purified biopsy DNA samples (M0, n=40; M1, n=8; M2, n=38; M3, n=4;
M4, n=20; M4.1, n=10) were used for the absolute quantification of T. phagedenis, T.
pedis, T. medium, T. denticola, Fusobacterium sp., F. necrophorum, B. pyogenes, and P.
levii. The absolute abundance was quantified for a total of 8 DD-associated species.
Treponema denticola was detected in only 5 samples due to the qPCR requiring at least
103 gene copies for detection. Thus, T. denticola was not included in further analyses.
All DNA extraction controls had nondetectable levels of each species. Most of the spe-
cies quantified were significantly more abundant (P, 0.05) in DD lesions than in
healthy skin, except for T. medium, which had no significant differences in abundance
across any M stage (Table 1). The majority of species had their highest abundances in
M2 and M3 lesions (Table 1 and Fig. 5).

All species tested by qPCR were detectable in the majority of DD lesions, except for
T. medium, which was detectable in only approximately 40% of DD lesions but was
present in 62% of M1 lesions (Table 2). In active DD lesions, P. levii was detectable by
qPCR in all samples and detectable in 38% of healthy skin samples (Table 2). Similarly,
T. phagedenis was detectable in the majority of samples from all M stages, including
healthy skin (Table 2). Of all the species that were detectable in the majority of DD
lesion samples, Fusobacterium sp. was detected in the smallest amount of healthy skin
samples, at 2.5% (Table 2).

Spearman rank correlations performed on absolute abundances in DD lesions iden-
tified B. pyogenes and P. levii as having the strongest associations among all pairwise
species combinations (Fig. 6; Fig. S2). Negative correlations were identified only in T.
medium pairwise comparisons with both Fusobacterium species (Fig. S2). In addition, T.
medium had significant pairwise correlations (P, 0.05) with only T. phagedenis (Fig. 6).
Treponema phagedenis was the only Treponema species to have significant correlations
(P, 0.05) with non-Treponema species (Fig. 6). Fusobacterium sp. and F. necrophorum
abundances were not significantly correlated (Fig. 6).

Absolute abundances of species in healthy skin across farms. Healthy skin sam-
ples from three separate feedlots were acquired: two feedlots had active cases of DD
at the time of sampling, and one feedlot had no active cases of DD during the sam-
pling period. In the feedlot with no active DD cases, T. phagedenis, T. medium, F. necro-
phorum, B. pyogenes, and P. levii had significantly lower abundances (P, 0.05) than in
healthy skin samples from both active DD feedlots (Table S4). In addition, T. medium, F.
necrophorum, and B. pyogenes were detectable in zero samples from the feedlot with-
out active DD cases (Table S5).

Comparison of qPCR and deep amplicon sequencing quantification methods.
On average, Treponema made up the majority of the detectable DD lesion microbiota,
regardless of the quantification method (Fig. 2 and Fig. 5). Data from deep amplicon
sequencing appeared to consistently overrepresent T. medium across all M stages com-
pared to qPCR abundances (Fig. 7). Abundance dynamics for T. pedis and T. phagedenis
were relatively comparable across M stages for both quantification methods, except
for a relative overrepresentation of T. phagedenis in the M4.1 stage as measured by
qPCR (Fig. 7). Deep amplicon sequencing also showed a higher relative abundance of
Fusobacterium spp. than with qPCR quantification, which instead favored P. levii abun-
dance over all other non-Treponema species tested (Fig. 7).

DISCUSSION

In this study, we present a microbiota strongly associated with DD lesions of feedlot
beef cattle. The majority of the DD lesion microbiota comprised Treponema spp.,
namely, T. phagedenis and T. pedis; meanwhile, P. levii, B. pyogenes, and the presence of
two different Fusobacterium spp. also differentiated DD lesions from healthy skin. Most
of these potential DD pathogens were significantly higher in abundance in all DD M
stages than in normal healthy skin. These data provide evidence of DD lesion forma-
tion and development as a potential outcome of the prevalence and abundance dy-
namics of these key species across DD M stages.
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Overall, the beef DD lesion microbiota did not have drastic differences compared to
the dairy DD lesion microbiota identified in previous studies (15, 20). Primary DD-associ-
ated members of the microbiota in beef cattle, namely, Treponema, Porphyromonas,
Mycoplasma, and Fusobacterium, have been identified in dairy DD studies as well (20, 25,
26). We also identified significantly higher relative abundances of some Firmicutes taxa in
DD lesions than in healthy skin in beef breeds. In contrast, there is little evidence for the
involvement of Firmicutesmembers in DD progression of dairy cattle, which have low rel-
ative abundances and overall decreasing counts as lesions progress (15, 20).

Treponema spp. are consistently argued as being one of the main causative agents
of DD, and we provide further evidence of their presence and potential involvement,
particularly for T. phagedenis and T. pedis, which were prevalent in beef cattle DD
lesions. We were able to identify seven different Treponema spp. that were present in
DD lesions from classifiable V3-V4 hypervariable region sequences, supporting previ-
ous hypotheses that multiple strains and species of Treponema can play a role in DD
development. We were able to accurately quantify the absolute abundances of three
of these Treponema spp. by qPCR; however, there are additional DD-associated species,
such as T. refringens (20, 25), that are outside the range of existing qPCR assays and
require further study to validate their associations with DD lesion stages.

We identified that early-stage (M1) DD lesions are associated with the presence of
Treponema, namely, T. phagedenis and T. medium, relative to healthy skin, suggesting
the potential importance of these Treponema spp. in early lesion development.
Of note, T. medium was significantly associated with only M1 lesions, suggesting that
T. medium might contribute to initiating but not sustaining lesions. In contrast, T.

FIG 5 Absolute abundance of each species across all M stages. Species copy numbers were
standardized by the weight of the biopsy tissue. Each dot and color represent a different sample and
a bacterial species, respectively. Lines are present for easy visual tracking of mean species copy
numbers but do not represent a linear or continuous relationship between M stages.

TABLE 2 Percentages of samples with detectablea amounts of each bacterial species

Lesion stage
(no. of samples)

% of samples with detectable species present

T. phagedenis T. pedis T. medium F. necrophorum Fusobacterium sp. P. levii B. pyogenes
M0 (40) 68 32 25 10 2 38 5
M1 (8) 100 38 62 50 50 100 62
M2 (38) 97 76 29 50 76 100 60
M3 (4) 75 100 75 50 100 75 50
M4 (20) 75 65 40 55 60 85 35
M4.1 (10) 80 40 40 50 70 100 70

Total DD (80) 89 66 39 51 70 95 55
aDetectable by qPCR.
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phagedenis abundance was associated with nearly all DD M stages and was the only
Treponema species to have significant correlations with non-Treponema species
abundances. In this analysis, T. phagedenis appeared to be the potential interactive
link between Treponema spp. and other genera, although this could be a product of
the relatively high T. phagedenis abundance and prevalence compared to most other
species examined. Further study is warranted on the potential metabolic interactions
between DD-associated species.

Our qPCR assay identified P. levii in all active stages of DD lesions sampled in feedlot
beef cattle and has been identified in DD lesions in previous studies via high-through-
put sequencing and fluorescent in situ hybridization (FISH) (15, 25). Porphyromonas levii
has been previously dismissed as a mere secondary opportunistic invader based on its
predominant superficial location within the dermis of DD lesions (15, 25), potentially
reducing its overall effect on DD lesion formation. However, a study quantifying bacte-
rial gene expression patterns in DD lesions supports the potential involvement of

FIG 6 Correlation network analysis of species absolute abundances in DD lesions. Significant pairwise
Spearman correlations (P, 0.05) were included in the network analysis. The thickness of each line is
proportional to the level of correlation. All correlations included were positive.

FIG 7 Percent relative abundances of species in each M stage compared by quantification method. Species were
separated according to Treponema species (A) and non-Treponema species (B). Relative abundances were compared
between deep amplicon sequencing of the V3-V4 hypervariable region of the 16S rRNA gene and species-specific qPCR
quantification. Fusobacterium sp. targeted by qPCR and F. mortiferum identified by deep amplicon sequencing were both
labeled as Fusobacterium sp.
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P. levii in DD development (27). Thus, it is possible that P. levii plays a role in influencing
the overall metabolic processes of the DD microbiota, especially in active lesion stages,
which certainly warrants further investigation.

The identification of F. necrophorum, which is considered the primary causative
agent of bovine foot rot (28), in DD lesions is not novel; however, the finding of an
additional Fusobacterium sp. by culturing DD biopsy specimens has not been
observed previously, to the best of our knowledge. Both Fusobacterium spp. quanti-
fied in this study had similar absolute abundances throughout each M stage, and cor-
relation analysis identified no significant correlation between the two species, which
suggests that these species are randomly dispersed across different lesions in rela-
tion to each other. Therefore, if there is a causative role for Fusobacterium in DD, it is
possible that there may be limited functional differences between Fusobacterium
spp. in DD development. Investigations into homologues of the main virulence fac-
tors between the two Fusobacterium spp. can help identify whether or not the spe-
cies have unique roles in lesions. Given that F. necrophorum has been shown to gen-
erate mixed-species biofilms with P. levii to impair the neutrophil response (29), it is
possible that the Fusobacterium sp. that we isolated in this study may interact in a
similar way.

Healthy skin microbiota varied significantly across different feedlots with and with-
out active DD cases at the time of sampling. Of interest, T. medium, F. necrophorum,
and B. pyogenes were detectable in healthy skin only in animals on a feedlot with
active cases of DD and were undetectable in feedlots without DD at the time of sam-
pling. This finding opens a multitude of avenues for investigating the transmission dy-
namics of DD as well as shedding additional light on potential pathogenesis that
establishes early-stage lesions in natural DD progression. These results also illuminate
the possible connection of farm- and animal-based risk factors with the microbial com-
munity dynamics from healthy to DD skin. However, with the low number of feedlots
included in this study and the numerous different management practices between
farms, there currently does not exist sufficient validity to make significant conclusions
on these findings.

The methodology and findings presented in this study provide a crucial advancement
in our understanding of bovine DD microbiology. The combined use of deep amplicon
sequencing and culture methods to identify key DD-associated bacterial species and then
the development of a novel multiplex qPCR to validate their population dynamics across
lesion stages provide a deeper and more thorough understanding of DD than any of
these techniques alone. Along with the rise in high-throughput sequencing strategies to
identify DD-associated microbiota comes significant limitations and biases affecting the
validity of the findings, including various copy numbers of target amplicons (i.e., 16S
rRNA gene) across taxa, uneven sampling depth, primer bias, low taxonomic resolution,
and variation in bioinformatic processing (30). Knowledge of the microbial community is
required beforehand to develop an appropriate mock community to quantify some of
these biases, but this is not always possible when studying a novel ecological system.
Real-time PCR can provide a more reliable quantification of a narrow subset of species
and serves as an appropriate validation of deep amplicon sequencing results (31). Our
method of selecting species-specific genes for qPCR targets leads to a specific reaction
targeting individual species. However, this method is validated on publicly available
genomes and locally derived strains; thus, it cannot be guaranteed to efficiently amplify
all global strains of each species, and therefore, this qPCR should be consistently tested
as more genomes become available for each species.

The combination of qPCRs used in this study targets a group of bacteria associated
with DD pathogenesis, but not all species of interest could be targeted. It is critical to
involve additional Treponema spp., but perhaps more importantly, we need a better
understanding of the Mycoplasma species dynamics in DD lesions. Using deep ampli-
con sequencing, we identified that the relative abundance of Mycoplasma is highest in
M4 and M4.1 lesions; therefore, further characterization of Mycoplasma spp. may

Caddey et al.

July/August 2021 Volume 6 Issue 4 e00708-21 msystems.asm.org 10

https://msystems.asm.org


uncover significant links in the DD etiopathogenesis of chronic lesions. Mycoplasma
was more recently implicated in DD pathogenesis (15, 20); however, very little vali-
dated information on the species involved exists outside M. fermentans, which was
identified in the majority of DD lesions in one study by PCR (15). There is a lack of tar-
geted culture methods to successfully isolate Mycoplasma from DD tissue, and thus,
there are no publicly available genomes from Mycoplasma species isolated from DD tis-
sue or even other related diseases of the hoof area. Genomes derived from DD-relevant
isolates are essential for developing robust methods to study their population dynam-
ics throughout lesion development.

Conclusion. We demonstrated a combination of bacterial species strongly associated
with polymicrobial DD lesions. The abundance of Treponema, Fusobacterium, Bacteroides,
and Porphyromonas strongly differentiated DD lesions from healthy skin. The combination
of methodologies and the multiplex qPCR performed in this study targets a critical need
in DD research for the identification of species involved in DD lesions. Using this
approach, we provide an accurate and sensitive method for the quantification of these
potential DD pathogens from DNA samples. Further investigations into additional species
from other genera and especially further characterization of additional Treponema and
Mycoplasma species can facilitate significant leaps in identifying etiopathological agents.
This study along with future characterizations will be necessary to fully understand the
microbiological factors involved in DD progression and lead to the development of more
effective mitigation and treatment strategies.

MATERIALS ANDMETHODS
Sampling strategy and biopsy specimen collection. Beef cattle from three feedlots in southern

Alberta, Canada, were sampled for DD. Forty animals each from a total of 11 separate outdoor pens
were monitored throughout the feedlot cycle from fall arrival starting November 2018 to September
2019. Each pen was examined during three separate events throughout the year, in which six study
animals per pen were restrained in stand-up chutes and hind feet were lifted and inspected for DD
lesions. The six animals per pen for each of the three sampling events were selected based on pre-
dicted DD status, determined by pen walks prior to the sampling days, with a priority to select animals
with DD lesions and those that were not previously sampled. All lesions were classified according to
the M stage scoring method developed by Döpfer et al. (10) and modified by Berry et al. (32). Briefly,
there are 5 different M stages: the M1 stage is a small (,2-cm) circumscribed and ulcerative lesion, M2
lesions are large ulcerative lesions compared to M1 lesions, M3 lesions are described as a healing stage
with a rubbery scab covering the lesion, M4 lesions are chronic and have definitive hyperkeratotic
growth with raised papilliform projections, and M4.1 lesions are chronic with a small ulcerative focus.
All skin free from visible DD lesions was classified as healthy (M0). Upon inspection of feet and classifi-
cation of the lesion stage, the lesion area was washed with water to remove all manure/debris before
biopsy sample collection. Because the majority of feet were classified as healthy (M0), these were sys-
tematically sampled for every 2nd and 5th animal without DD that passed through the chute, whereas
DD lesions were collected from each foot as encountered. After 3ml of lidocaine (lidocaine HCl 2%;
Zoetis Canada Inc., Kirkland, Quebec, Canada) was subcutaneously injected, samples were collected
with a 4-mm biopsy punch (Integra Miltex; Integra Life Sciences Corporation, York, PA, USA). All biopsy
cores were immediately placed upright in anaerobic transport medium (ATM; Anaerobe Systems,
Morgan Hill, CA, USA) and transported to be processed at the laboratory within 8 h of sampling. All
animal use was approved by the University of Calgary Veterinary Sciences Animal Care Committee
(VSACC) under animal care protocol number AC17-0224.

Biopsy specimen processing. All biopsy specimens were removed from ATM tubes and processed
in an anaerobic chamber (Bactron3000; Sheldon Manufacturing Inc., Cornelius, OR, USA). To limit envi-
ronmental contamination, the outer layer of the epidermal skin was removed from the biopsy specimens
prior to any additional processing. Using sterile scalpels, biopsy specimens were then sectioned longitu-
dinally into 3 approximately equal sections: 1 biopsy specimen section was for anaerobic culture, 1 was
for DNA extraction, and 1 was for long-term storage at 280°C.

DD-associated anaerobic bacteria were cultured and isolated from biopsy specimens to deter-
mine which bacterial species were present in DD lesions and for collecting isolates to aid in qPCR de-
velopment. Biopsy specimens were cultured for up to 7 days at 37°C on fastidious anaerobe agar
(FAA; Neogen Corporation, Lansing, MI, USA) in an anaerobic chamber (5% CO2, 5% H2, and 90% N2)
to isolate and identify DD-associated species of non-Treponema anaerobic bacteria. FAA medium was
supplemented with 1mg/ml vitamin K1 (Sigma-Aldrich, St. Louis, MO, USA), 5mg/ml hemin (Sigma-
Aldrich, St. Louis, MO, USA), and 5% defibrinated sheep blood (Cedarlane Laboratories, Burlington,
Ontario, Canada). Biopsy specimens were first smeared to cover one-quarter of the area on each FAA
plate and then streaked across the rest of the plate to obtain separate colonies. After anaerobic incu-
bation, colonies with different morphologies were subcultured to isolate single colonies, which were
subsequently identified by Sanger sequencing of the full-length 16S rRNA gene using primers 27F
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(59-AGAGTTTGATCMTGGCTC-39) and 1392R (59-CGGAACATGTGMGGCGGG-39). Colony PCR assay mix-
tures before sequencing had a total volume of 25 ml and contained TopTaq master mix (Qiagen,
Hilden, Germany) and primers at 400 nM. PCR cycle conditions included an initial denaturation step
at 95°C for 5min, followed by 35 cycles of 95°C for 30 s, 58°C for 30 s, and 72°C for 90 s and a final
step at 72°C for 10 min. Sanger sequences were aligned against the BLAST nt database, and bacterial
species were identified when the full-length 16S rRNA sequence identity was greater than 98.65%.

Biopsy specimens were weighed before DNA extraction, and up to 25mg of biopsy tissue was used
for extraction. Biopsy specimens were incubated at 56°C overnight in a solution containing 40 ml of pro-
teinase K, 180 ml of tissue lysis (ATL) buffer, and 20mg/ml of lysozyme (Sigma-Aldrich, St. Louis, MO,
USA) until tissue lysis was complete. The lysis mixture was then transferred to a tube containing 200mg
of 0.1-mm zirconia-silica beads for 3min of uninterrupted bead beating, and DNA extraction was then
performed using the Qiagen DNeasy blood and tissue kit (Qiagen, Hilden, Germany) according to the
manufacturer’s recommendations for animal tissue. DNA extraction controls were performed without bi-
opsy tissue to identify contaminants during the extraction process. DNA was stored at 280°C in DNase/
RNase-free water until use for sequencing and qPCR.

Deep amplicon sequencing and analysis. The V3-V4 hypervariable region of the 16S rRNA gene was
sequenced from purified biopsy specimen DNA, along with DNA extraction and blank (DNase/RNase-free
water) controls. Primers used for sequencing are described in Table S1 in the supplemental material. In a
nested reaction to generate amplicons for sequencing, 15 cycles of amplification were performed using pri-
mers 8F (AGAGTTTGATCCTGGCTCAG) and 926R (CCGTCAATTCCTTTRAGTTT), followed by 25 cycles with pri-
mers 341F and 806R (33) to amplify the V3-V4 hypervariable region. PCR products were visualized on aga-
rose gels, and positive amplicons were sequenced on the Illumina MiSeq platform (v3; 600 cycles; 2 by 300
nucleotides [nt]). Amplification and sequencing of biopsy specimen DNA were performed by the McMaster
Genome Facility (Hamilton, ON, Canada).

Demultiplexed reads were analyzed and processed using the DADA2 R package v.1.14.1 (34). Forward
and reverse reads were truncated approximately after the average Phred score dropped below 30. Shorter
reads and reads with ambiguous nucleotides were removed. Next, amplicon sequence variants (ASVs) were
inferred, and the paired-end reads were then merged with a minimum overlap of 30nt. After the removal
of chimeric sequences, ASVs were taxonomically classified using the SILVA v.132 database (35). Species clas-
sification for Treponema, Bacteroides, Mycoplasma, Porphyromonas, and Fusobacterium was performed
locally with BLAST1 v.2.10.0 (36) against the NCBI 16S rRNA RefSeq database (37), using the top hit and a
97% identity cutoff against full-length sequences for species classification.

For beta-diversity analysis, samples were first rarefied to minimum sequencing depth (894 sequen-
ces) in order to retain as many samples as possible. Weighted and unweighted UniFrac distances were
calculated and analyzed using principal-coordinate analysis (PCoA) to identify differences in microbial
composition between samples. Variation in microbial composition relative to the M stage was measured
by PERMANOVA with 999 permutations and was considered significant with a P value of less than 0.05.
All diversity analyses were performed using vegan v.2.5.6 (38). Relative abundances were calculated for
all samples and then displayed as the mean percent relative abundance for each M stage. DESeq2
v.1.26.0 (39) was used to normalize the sequencing depth and identify DD-associated taxa across M
stages, and associations were considered significant at a P value of less than 0.01. All analyses of deep
amplicon sequencing reads were conducted in R v.3.5.3.

Whole-genome sequencing and analysis. Whole-genome sequencing (WGS) was performed for
isolates of Fusobacterium sp., Porphyromonas levii, and Bacteroides pyogenes (Table S2) to identify spe-
cies-specific genes for qPCR targets. DNA was extracted from these isolates using the Qiagen DNeasy
blood and tissue kit (Qiagen, Hilden, Germany), according to the manufacturer’s instructions, and nor-
malized to 5 ng/ml using the Qubit dsDNA (double-stranded DNA) HS kit (Life Technologies, Carlsbad,
CA, USA). Sequencing and draft genome assembly were conducted as described previously by
Derakhshani et al. (40) for barcoded Illumina HiSeq reads. Briefly, sequencing libraries were prepared
using the NEBNext Ultra II FS DNA library prep kit for Illumina (New England BioLabs [NEB], Ipswich, MA,
USA). Libraries were sequenced at the McMaster Genome Facility (Hamilton, ON, Canada) on the
Illumina HiSeq 2500 system (2 by 250 nt). De novo assembly of draft genomes was performed using
Unicycler v.0.4.8 (41). Assembled genomes were then annotated using Prokka v.1.14.5 (42).

Species-specific genes, defined as genes that are present in all known strains of a particular species
but absent in other bacteria, were identified for Porphyromonas levii, Fusobacterium sp., and Bacteroides
pyogenes, according to methods described previously by Naushad et al. (43). Briefly, potentially unique
genes were identified by performing a BLASTn search of all open reading frames (ORFs) of a species of
interest against an in-house database containing newly sequenced genomes and representative
genomes from known bacterial species. The ORFs that were detected in a single species but not identi-
fied in any other species were considered unique genes. The specificity and copy number of candidate
species-specific genes were confirmed by a BLASTn search against the draft genomes and publicly avail-
able genomes of each species.

Multiplex qPCR development and validation. A multiplex qPCR targeting species-specific genes of
Porphyromonas levii, Fusobacterium sp. (undefined species [BioSample accession number SAMN16729900]),
and Bacteroides pyogenes was developed and validated for absolute quantification directly from DD biopsy
specimen DNA. Species-specific genes for each target species were IX289_000224 (Fusobacterium sp.),
IX335_000626 (P. levii), and IX319_002165 (B. pyogenes). Only one copy of each gene is assumed per ge-
nome based on BLAST searches of each species-specific gene against all genomes available for each spe-
cies. Primers and fluorescent probes were designed using Primer3 v.4.1.0 and are shown in Table S1. Primer
and probe sequences were designed so that primers had a melting temperature (Tm) of approximately 60°C
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and probes had a Tm from 67°C to 70°C, amplifying targets of between 75 and 175bp. The GC content was
between 40 and 60% for all oligonucleotides. Primer specificities in singleplex reactions were validated by
melt curve analysis, gel electrophoresis, and Sanger sequencing of the qPCR product. The primer annealing
temperature was optimized in a temperature gradient, and melt curve analysis ensured specificity.
Multiplex reactions with all primer/probe combinations were optimized when singleplex and multiplex
results run in parallel were within 1 CT (threshold cycle) value, the standard deviations (SD) among triplicate
CT values were less than 0.5, and the reaction efficiencies were all between 90 and 110%. DNAs purified
from each species (BioSample accession numbers SAMN16729910 for P. levii, SAMN16729900 for
Fusobacterium sp., and SAMN16729906 for B. pyogenes) were used as qPCR standards. The multiplex qPCR
was further validated for absolute quantification directly from biopsy specimen DNA through a spike-in
experiment in order to determine if accurate absolute quantification was possible using this multiplex
qPCR. Standard DNA (5� 104 copies) for each species was spiked into five biopsy specimen DNA samples
that did not have any previously detectable species DNA, and the qPCR output (triplicate copy numbers of
the target gene) was compared to the expected 5� 104 gene copies. The final multiplex qPCR mixture con-
tained all primers at 500mM, probes at 250mM, 10 ml TaqMan Fast advanced master mix (Applied
Biosystems, Foster City, CA, USA), 2 ml of template biopsy specimen DNA (20ng), and H2O for a total reac-
tion volume of 20ml. Final multiplex qPCR cycling conditions were 50°C for 2min, 95°C for 20 s, 40 cycles of
95°C for 10 s, and 59.6°C for 30 s.

Quantitative real-time PCR and analysis. Absolute quantification by qPCR (CFX96 real-time system;
Bio-Rad Laboratories Inc., Hercules, CA, USA) was performed for microbiota strongly associated with DD
lesions. In total, 3 different qPCR assays were used in this study: a multiplex qPCR developed by
Beninger et al. (22) targeting 4 different Treponema spp. highly prevalent in DD, a qPCR developed by
Witcomb et al. (44) targeting Fusobacterium necrophorum, and the multiplex qPCR developed in this
study targeting P. levii, Fusobacterium sp., and B. pyogenes. Standards for the Treponema qPCR were pre-
pared as plasmid copy numbers as described previously by Beninger et al. (22), whereas genomic DNAs
purified from DD isolates were used for the other qPCR assays (BioSample accession numbers
SAMN16729910 for P. levii, SAMN16729900 for Fusobacterium sp., SAMN16729906 for B. pyogenes, and
SAMN16729904 for F. necrophorum). All standards were measured with the Qubit dsDNA HS kit (Life
Technologies, Carlsbad, CA, USA) before each reaction. Purified biopsy specimen DNA was normalized
to 10 ng/ml prior to qPCR. All qPCRs required an efficiency of between 90 and 110%, and all no-template
controls were negative. All DNA extraction controls were tested with each qPCR.

All absolute abundances were normalized by the tissue biopsy specimen weight used for DNA
extraction so that bacterial quantities were compared as copy numbers per milligram of biopsy tis-
sue. Nonparametric Kruskal-Wallis tests and post hoc Mann-Whitney U tests were used to identify sig-
nificant differences between mean species abundances. Correlation networks were generated to
determine the direction and strength of pairwise associations between individual bacterial species in
DD lesions. Correlation matrices were generated by calculating pairwise Spearman correlations
between natural-log-transformed copy numbers of each bacterial species. Only significant correla-
tions were included in the network analysis. Networks were visualized using the R package igraph v
1.2.5 (45). All P values were corrected for multiple hypotheses with the Benjamini-Hochberg method
(46), and P values of less than 0.05 were considered statistically significant. All analyses were con-
ducted in R v.3.5.3.

Data availability. Raw fastq reads generated from deep amplicon sequencing are accessible at the
NCBI SRA database (www.ncbi.nlm.nih.gov/sra) under BioProject accession number PRJNA664530. WGS
data for all strains sequenced in this study are accessible at the NCBI GenBank database (www.ncbi.nlm
.nih.gov/genbank) under BioProject accession number PRJNA676053.
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