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The objectives of this study were determined by two experiments including Experiment 1
(EXP1) using Streptococcus uberis obtained from a weekly longitudinal study to compare
virulence patterns between transient and persistent intramammary infection (IMl), and
Experiment 2 (EXP2) using a stored-known-appearance PFGE strain of a contagious
S. uberis to determine a change of virulence patterns after long-term transmission. For
EXP1, quarter milk samples from 31 milking cows were aseptically and longitudinally
collected once a week for 10 weeks. A total of 14 S. uberis isolates from quarters with
1 and >4 weeks of duration of IMI were categorized as transient and persistent IMI,
respectively. For EXP2, 11 isolates of a stored-known-appearance PFGE strain of S.
uberis from our previous study (1) were randomly selected, including 5 from transient IMI
(1 month) and 6 from persistent IMI (>1 month). The virulence profiles of all isolates were
investigated, including sua, hasAB, hasC, gapC, pauA, and CAMP factor or cfu, using
PCR. The Kaplan—-Meier estimates were used to calculate the duration of IMI in EXP1.
Approximately 50% of field S. uberis IMI was spontaneously cured within 1 week, while
25% was not cured within 10 weeks. From EXP1, 4 virulence patterns were found in 14
isolates. The majority of patterns for transient S. uberis did not include hasAB (63.6%),
the gene relating to capsule formation. Regardless of transient or persistent IMI, a high
similarity of the virulence pattern within a PFGE strain was found in EXP2. Few changes
of virulence pattern within a PFGE strain were found or were related to its subsequently
changing to transient IMI.

Keywords: virulence factor, persistent intramammary infection, transient intramammary infection, Streptococcus
uberis, mastitis
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INTRODUCTION

Mastitis is a costly disease in the dairy industry. Several
factors influence the development of mastitis, including bacterial
virulence and quantity of invading microbes, udder defense
efficiency, and environmental risk factors. Being a bacterial
disease, mastitis can self or spontaneously cure as a result of
the udder defense mechanisms (1). Based on the intramammary
infection (IMI) duration before their spontaneous cures, mastitis
appears as up to 1 and >1 month of IMI duration, the so-
called transient and persistent IMI, respectively (2), in which
a persistence longer than 2 months is termed chronic (1,
3). Streptococcus uberis is a common environmental mastitis
pathogen, but many molecular studies indicate contagious
transmission (1, 4). Contagious pathogens, such as Streptococcus
agalactiae, more frequently appear as persistent IMI than
other environmental mastitis-causing bacteria (5). In contrast,
environmental S. uberis strains cause transient IMI, although
contagious S. uberis strains may appear as transient IMI,
persistent IMI, or both (1).

The great diversity of mastitis severity outcomes is thought
to be due largely to the host (1, 3, 6). For S. uberis mastitis,
some studies support the existence of specific persistent strains
(2) whereas others do not, leading to the suggestion that cow
factors rather than strains determine the duration of infection
(2). Our previous study hypothesized both theories, as some
S. uberis PFGE strains appeared separately, but some specific
strains are both transient and persistent IMI, suggesting that
the appearance was dependent on udder immune efficiency
during IMI (1). Several putative virulence-associated genes of
S. uberis causing mastitis were described (7), for example,
resistance to phagocytosis conferred by a hyaluronic acid (HA)
capsule (hasAB+hasC) (8), plasminogen activator proteins such
as PauA (9), adherence and invasion to mammary epithelial
cells mediated by SUAM (10), CAMP factor or cfu (7), and
a surface dehydrogenase protein gapC (11). Several recent
studies demonstrate the presence of virulence factors affecting
pathogenicity and growth (12-16). However, the study on
virulence factor patterns associated with transient or persistent
S. uberis IMI has not been reported. In addition, for contagious
S. uberis, changes in virulence factors in long-term transmission
into other quarters or cows were hypothesized. Therefore,
two studies were carried out including Experiment 1 (EXP1)
using S. uberis obtained from a weekly longitudinal study to
compare virulence patterns of 7 virulence factor genes, including
sua, hasAB, hasC, gapC, pauA, and cfu of S. uberis between
transient and persistent IMI, and Experiment 2 (EXP2) using a
stored-known-appearance PFGE strain of a contagious S. uberis
to determine a change of the virulence patterns after long-
term transmission.

METHODS

Sources of Streptococcus uberis Isolates

EXP1 was performed using a small dairy herd with high bulk
somatic cell count (>1,000,000 cells/ml) and highly infected with
S. uberis including 12 of 31 cows (38.7%) from 18 of 124 quarters

as previously investigated by the Faculty of Veterinary Medicine,
Chiang Mai University. After the farm selection, all quarter
milk samples of all 31 milking cows were aseptically weekly
longitudinally collected for bacterial identification for 10 weeks
from September to November 2020. Bacterial identification
was performed according to the National Mastitis Council
(NMC) guideline. Samples with >3 species were excluded due
to environmental contamination. Regardless of their clinical
appearance, all quarters with S. uberis IMI were included in
the study. An IMI episode was determined when S. uberis was
first detected and continuously identified until its spontaneous
cure. A quarter was considered to be spontaneously cured when
continuous S. uberis samples were not presented in 14 days or 2
weeks later (17). The Kaplan-Meier estimates (18) were used to
calculate the duration of S. uberis IMI. Time for a spontaneous
cure began at the time S. uberis IMI was first detected and
continued until S. uberis was cured spontaneously. Cases where
only the starting point of infection was known, because the
infection remained at the end of the study or it was ended early
due to drying off, culling, or antibiotic treatment, were censored.
The S. uberis isolates were randomly selected from quarters with
1 and >4 weeks of IMI duration, as transient and persistent
episodes according to Pullinger et al. (2). The selected isolates
were confirmed by matrix-assisted laser desorption/ionization
time-of-flight mass spectrometry (MALDI-ToF MS) and stored
at —80°C until use.

For EXP2, 11 stored-known-appearance PFGE strains of a
contagious S. uberis, identified as PFGE type A as in the study
of Leelahapongsathon et al. (1), were randomly selected and
obtained from the —80°C stored bacteria container, including
5 isolates with 1-month IMI duration, and re-determined as
transient episodes. Six isolates with >1 month of IMI duration
were then determined as persistent episodes according to
Pullinger et al. (2). In February 2021, all selected S. uberis isolates
(n = 25) for both EXP1 and EXP2 were grown in Tryptic Soy
Broth (TSB; HiMedia Laboratories Pvt. Ltd., Mumbai, India) and
incubated overnight at 37°C. Genomic DNA was extracted using
a Genomic DNA purification kit (Bio-Helix Co., Ltd., New Taipei
City, Taiwan) and stored at —20°C until use.

Molecular Analysis

All selected isolates confirmed cpn60 gene (housekeeping gene)
of S. uberis using conventional PCR (19). The seven primer
pairs used for PCR amplification and the annealing temperatures
are shown in Table 1. For PCR, the reaction mixture (25 pl)
had a final concentration of 1x KOD OneTM PCR master
Mix containing 1.25 U of Taqg DNA polymerase (TOYOBO Co.,
Ltd., Osaka, Japan) and 0.4-pwM concentrations of each forward
and reverse primer, approximately 100 ng of genomic DNA,
and DNase-free water. The PCRs to amplify target genes were
as follows: initial denaturation at 95°C for 5min, 30 cycles of
denaturation at 98°C for 10s and annealing for 5s, extension
at 68°C for 10s, and final extension at 72°C for 10 min. The
presence of PCR products was determined by electrophoresis
of the reaction product in 1.5% agarose gel (Bio Basic Inc.,
Markham, ON, Canada) and using a 1.5-kb DNA ladder as a
molecular marker.
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TABLE 1 | Primer sequences.

Target genes Primer function Putative function Primer sequence (5 -3') Annealing Product Ref.
temperature size (bp)
(C)
cpn60 Heat shock protein Protein synthesis F-TCGCGGTATTGAAAAAGCAACAT 56 400 (19)
60 (housekeeping and metabolism R-TGCAATAATGAGAAGGGGACGAC
gene)
sua Adhesion molecule Adherence and F-ACGCAAGGTGCTCAAGAGTT 57 776 (7)
invasion of R-TGAACAAGCGATTCGTCAAG
mammary
epithelial cells
hasA Hyaluronic acid Resistance to F-GAAAGGTCTGATGCTGATG 55 319 (20)
capsule phagocytosis R-TCATCCCCTATGCTTACAG
hasB F-TCTAGACGCCGATCAAGC 56 532 (20)
R-TGAATTCCTATGCGTCGATC
hasC F-TGCTTGGTGACGATTTGATG 58 225 (20)
R-GTCCAATGATAGCAAGGTCAC
gapC Surface Colonization F-GCTCCTGGTGGAGATGATGT 60 200 (7)
dehydrogenase R-GTCACCAGTGTAAGCGTGGA
protein
pauA Plasminogen Colonization F-CGGGTTGAAGAACCTATCACTC 60 255 (21)
activator R-TGGAAGTTGACCAAGAGAATTG
cfu CAMP factor Forms pores in F-TATCCCGATTTGCAGCCTAC 50 205 (7)
host-cell R-CCTGGTCAACTTGTGCAACTG
membrane
as a transient episode (n = 11) and >4 weeks of IMI (n =
1001 —— 3) from 4, 6, and 9 consecutive weeks as persistent episodes
E for analysis of their virulence factor patterns. For EXP2, the 6
o . . . . . .
2 persistent episodes included two isolates from episodes with 2-
3 075 . . . .
e month duration and each isolate from episodes with 3-, 5-, 6-,
‘g and 10-month duration.
050 From all 25 S. uberis isolates of both EXP1 (n = 14) and
*3 ﬁ—\_‘ EXP2 (n = 11), 5 patterns based on the seven virulence factors
=] . .
S are shown in Table 2. The virulence factor hasC was present
5 025 — . . . . .
2. in all isolates in this study. From EXPI, four virulence factor
=} . . . . . .
& patterns were found from 14 isolates, indicating variation of
0.00 virulence patterns for S. uberis. In contrast to persistent IMI,

T T T T T T

0 2 4 6 8 10
Time to spontaneous cure (week)

FIGURE 1 | Kaplan—Meier survival curve of duration of field Streptococcus
uberis IMI observed during a 10-weeks period.

RESULTS

For the 10-week field investigation in EXP1, 5 out of 31 cows
were dried before the end of the study. Among the total of 1,141
milk samples, 221 samples from 74 quarters of 31 cows were
infected with S. uberis including 90 new IMI ranging from 1 to
10 weeks with 25% of censor cases. A Kaplan-Meier curve on the
duration of S. uberis IMI is shown in Figure 1. Approximately
50% of S. uberis IMI spontaneously cured within 1 week, while
25% was not spontaneously cured within 10 weeks. Fourteen
S. uberis isolates were randomly selected including 1-week IMI

the majority of patterns for transient S. uberis did not include
hasA together with hasB or hasAB (63.6%), as shown in patterns I
and II. Pattern III as sua+hasA+hasB+hasC+gapC+pauA+-cfu
was a pattern for persistent IMI but also found in transient
IMI. From EXP2, a high similarity of the virulence pattern
within a PFGE strain was found. Pattern III of S. uberis
PFGE type A accounted for 81.8 including 60, and 100%
for transient and persistent IMI, respectively. Few changes in
virulence pattern (18.2%) to patterns IV (n = 1) and V (n =
1) were found and were related to their subsequently transient
IMI appearance.

DISCUSSION

Because both farms used as sources of EXP1 and EXP2 were
smallholder dairy farms with a high prevalence S. wuberis
mastitis, they might not be the representative farms in some
circumstances. Therefore, the implications of our results must be
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TABLE 2 | Virulence patterns of Streptococcus uberis obtained from a weekly longitudinal study in experiment 1 (EXP1) and from a stored-known-appearance PFGE
strain of a contagious S. uberis in experiment 2 (EXP2) between transient and persistent intramammary infection (IMI).

IMI duration % VF pattern sua hasA hasB hasC gapC pauA cfu
Experiment 1 (S. uberis from a weekly longitudinal study)
Transience (n = 11) 9.1 | *
54.5 Il * * * * *
18.2 1] * * * * * N
18.2 v w * N * ¥ * *
Persistence (n = 3) 100 1l * * * * * *

Experiment 2 (S. uberis from a stored-known-appearance PFGE strain of a contagious S. uberis)

Transience (n = 5) 60 1l * *
20 I\ * *
20 \Y * *
Persistence (n = 6) 100 1l * *

* * * *

* * * * *

* * *

* * * *

*Positive PCR results.

carefully considered. From EXP1, spontaneous cure rates at 50
within 1 week and 75% within 10 weeks of S. uberis were higher
and shorter than those at 50% within 10 months as reported in
our previous study (22). However, both S. uberis IMI durations
were in the range of IMI duration reported in many studies, for
example, 50 to 260 days in a UK study (2), 1 to 309 days in a Dutch
study (23), and 1 to 370 days in a US study (19). Within a week,
50% of spontaneous cures occurred, as in the transient cases in
this study (Figure 1), which might indicate that most cases of S.
uberis in this study were not contagious and likely arise from the
cows environment, as found in most studies (24-26).

Our previous molecular study showed that environmental S.
uberis had a high rate and short duration of spontaneous cure
(1). All 25 S. uberis isolates were confirmed by analysis of the
16S rRNA gene as a useful tool for more precise identification
of streptococci in bovine milk (7). From EXP1, patterns I and II,
the patterns without hasAB gene, the essential genes for capsule
formation (27) were mostly found for transient S. uberis IMIL.
This finding on virulence patterns I and II in transient S. uberis
was supported by Ward and Field (8), who demonstrated that
the absence of the complete hasA+hasB+hasC or hasABC or a
capsule was considered to reduce virulence with a consequent
reduction in resistance to the bactericidal action of neutrophils.
The disruption of hasA or hasC gene resulted in the incomplete
cessation of HA capsule development (8, 20). In this study, the
virulence pattern with the presence of cfu gene was found only
in transient S. uberis IMI. Previous studies have been reported
that beta-hemolysin or cytolysins can promote invasion of host
cells and also induce inflammatory responses and apoptosis by
inducing the formation of neutrophil extracellular traps (NETs)
(28, 29). Our finding was consistent with the study by Sagar et
al. (30) who demonstrated that the non-hemolytic Streptococcus
strains were able to survive in significantly higher numbers
than the hemolytic strains and may contribute to the increased
intracellular persistence. However, the study about hemolytic
ability in the udder environment was very limited. Pattern III
was the only virulence pattern found in the persistent S. uberis
isolates. The major virulence patterns in EXP1 S. uberis, patterns

III and IV, were also found to be the most common virulence
patterns in Argentina (7). The virulence genes found in pattern
I, sua+hasABC+gapC+pauA, encode virulence factors that
promote essential mechanisms for survival. There was adhesion
to/invasion of host tissue, evasion of the immune response,
internalization in the mammary gland cells, and survival in the
host environment, suggesting that S. uberis with this pattern may
be more virulent and have a greater probability of contributing to
chronic infection.

EXP2 was the first to determine virulence factor patterns
between transient and persistent IMI of contagious S. uberis
strains in the same PFGE type. The use of PFGE was verified
to be a highly discriminatory method for detecting differences
in strains of S. wuberis (31). These S. uberis PFGE type A
strains were categorized into a wide range of duration of
infection where spontaneous cure was possible depending on
host defense capacity (1). Most virulence patterns in this
PFGE type were pattern III (81.8%) with some different
gene profiles (18.2%; patterns IV and V), and the latter
was found only in their transient IMI. Our finding was
supported by the recent DNA microarray or PCR studies
indicating similar virulence gene profiles in isolates with the
same sequence type (32-34). These different gene profiles
in the same genotype might relate to the reprogramming
of the virulence genes by the udder environment (35). In
addition, the different gene profiles in the same genotype
might relate to the limitation of the discriminatory power of
PFGE (36). However, pattern III appeared to be the majority
in both transient (60%) and persistent IMI (100%), indicating
that the udder immune response might play a role in their
appearances (1).

CONCLUSION

In conclusion, our study showed variability of virulence
patterns for S. uberis. Based on samples from a dairy farm,
transient IMI of S. uberis (63.6%) mostly had no capsule
formation gene (hasABC). A representative of a contagious
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S. uberis PFGE strain showed a high similarity of virulence
patterns with few changes relating to subsequent transient
IMI. However, the majority of virulence patterns in this strain
appeared in both transient and persistent IMI, indicating
that the udder immune response might play a role in
their appearances.
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