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Synopsis

Obijectives: Tetracycline resistance (Tet®) is a marker of livestock-associated (LA)-
MRSA of lineage CC398. The objective was to determine the MRSA CC398 prevalence
among Tet*-MRSA recovered in Spanish hospitals located in regions with different pig-
farming-densities, and the influence of pig density as a key risk factor for its

acquisition.

Methods: Tet?-MRSA isolates (n=232) recovered from clinical and epidemiological
samples during January-June 2016 in 20 hospitals of 13 regions with different pig-
farming densities were analysed. MRSA CC398 identification, detection of spa-types,
methicillin resistance genes, and immune evasion cluster (IEC) genes were performed
by PCR/sequencing. Statistical analyses were performed to establish the relationships

between MRSA CC398 prevalence and pig density.

Results: The global MRSA prevalence was 29.7 % (6.9% TetR-MRSA/MRSA), with
137 CC398 recovered isolates, representing 4.1% of total MRSA and 59.1% of Tet?-
MRSA. Among MRSA CC398, 16 different spa-types were recorded (t011: 72.3%),
and all but two strains were IEC-negative. Higher pig-density regions were associated
with significant MRSA CC398 increases in hospitals located in adjacent regions
(p<0.001). Linear regression models explained the relationships between MRSA CC398
and pig density (p<0.001), with a rise of 6.6 MRSA CC398 cases per 100 MRSA when

a region increases 100 pigs/km?

Conclusions: High pig density leads to a significant increase of MRSA CC398 among
hospitals in Spain, and the combination with high human population could help to its

dissemination. In Spain, the prevalence of the zoonotic CC398 lineage is tightly related



55  to pig-farming density; therefore specific tools could be implemented in order to detect

56 its dissemination.
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Introduction

Staphylococcus aureus is an important opportunistic pathogen, and CC398 is the most
common genetic lineage of livestock-associated (LA)-MRSA, firstly discovered in pigs
in 2005.! Transmission of LA-MRSA CC398 from livestock to humans has been
frequently reported, usually as colonization, but more and more often as a cause of
infection.? Contact with livestock is a well-known risk factor for human LA-MRSA
carriage,® and studies reflecting the influence of pig density in LA-MRSA CC398

colonization were previously done in some European countries.*®

The vast majority of LA-MRSA CC398 presents tetracycline resistance (Tet®),’
probably due to the high use of this antimicrobial in food animals, and Tet® can be used
as a marker for LA-MRSA CC398 detection within clinical or epidemiological

MRSA.27

The immune evasion gene cluster (IEC) is a set of genes contained by the ¢Saint3
prophage that allows S. aureus to avoid the first barrier in human immune responses,
and it is usually present in strains adapted to humans.® The scn gene is present in all
types of IEC, therefore it is considered a marker gene of this cluster.® Few cases of
invasive infections in humans by LA-MRSA CC398 containing the IEC system have

been described; 1 representing a potential process of re-adaptation to humans. **

Previous studies in Spain showed MRSA CC398 prevalence in particular hospitals, but
non correlation analysis with pig density have been done before.?”1%13 For the reasons
indicated above, the aim of this study was to analyse the real burden of MRSA CC398
in different hospitals from areas with varied pig-farming densities in Spain and to
determine if pig density could be a risk factor for LA-MRSA acquisition through

statistical analyses.
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Methods
Bacterial strains and molecular characterization

During January-June 2016, a total of 11,405 S. aureus isolates were recovered from
different patients in 20 hospitals in Spain, located in 13 different geographic regions
showing variable pig-farming densities (Figure 1a, Table 1), and 3,383 were MRSA (from
clinical and epidemiological surveillance samples). The MRSA prevalence of 12 of these
20 hospitals in the study period was previously reported.* Hospitals of the north of Spain
were highly represented in this study, but also other hospitals of the east, centre and south
of Spain (with very high, very low, and medium pig-farming density, respectively), were

included.

All TetR-MRSA isolates of this collection (n=232) were included in this multicentre
study. The spa-type of all TetR-MRSA strains were determined by PCR and sequencing
as previously described.” Identification of the CC398 lineage was carried out by specific
PCR.® The presence of mecA methicillin-resistance gene was analysed by PCR.® The
detection of the scn gene was carried out by PCR in all CC398 strains. For the scn-

positive isolates, all five IEC genes were studied, as well as the absence of hlb gene.?
Statistical analysis

Spearman correlations between pairs of variables were studied in order to measure
possible relationships between them (strong correlation: |p[>0.7, moderate correlation:
0.3<|p|<0.7, and weak correlation: |p|<0.3). Simple or multiple linear regression
analyses were performed to predict the number of cases of MRSA CC398 (dependent
variable) respect to the pig and/or population densities (independent variables). A

quadratic regression model in pig density was created to check whether it fitted better.
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These statistical analyses were performed using the RStudio program (version 1.1.453)

(p<0.05 was considered statistically significant).
Results and Discussion
Prevalence of MRSA and Tet*-MRSA CC398

LA-MRSA CC398 dissemination is an issue of great concern, highly related to pig-
farming. In this study, we present the prevalence of this genetic lineage in 20 Spanish
hospitals located in 13 regions with different pig-densities. The global MRSA
prevalence in the studied hospitals was 29.7%, and within MRSA, 232 strains (6.9%)

presented the selected TetR phenotype (Table 1). All Tet?-MRSA were mecA-positive.

The CC398 lineage was present in 137 strains out of the 232 TetR-MRSA isolates
(59.1%), representing 4.1% of total MRSA. This supports the idea of Tet® as a suitable
marker for MRSA CC398 detection, as previously suggested.?” The distribution of
MRSA CC398 isolates among the analysed hospitals was heterogeneous (Table 1,
Figure 1a), with a higher proportion of MRSA CC398/MRSA in those hospitals located
in regions with higher pig densities. On the other hand, hospitals in areas with low pig
densities showed lower rates of MRSA CC398/MRSA, and this lineage was totally

absent for some hospitals (Table 1).

The hospital H1 located in region R1 (high pig density: 247.5 pigs/km?) showed a very
high prevalence of MRSA CC398 (31% Tet?-MRSA CC398/MRSA), and more than
80% of Tet?-MRSA strains belonged to lineage CC398 (Table 1). These findings
strongly support those previously described in that hospital, in which 32% of MRSA
isolated from 2012 to 2015 were typed as CC398, with 88% of Tet?-MRSA ascribed to
CC398.220n the other hand, hospital H14 located in region R9 (low pig density: 18.3

pigs/km?), presented a low rate (3.6%) of Tet:-MRSA CC398/MRSA (and 7% TetR-



128 MRSA/MRSA) (Table 1). In a previous study performed in that hospital in two

129  different periods (2001 and 2009),¢ the CC398 lineage was not detected in either of the
130  periods, with a very low prevalence of TetR-MRSA (2% in 2001 and 1% in 2009).

131  Given these new data, CC398 can be considered as an emergent human genetic lineage

132  inthis area.

133 According on our data, the LA-MRSA CC398 clone may contribute to increase the

134  global prevalence of MRSA, since the hospital with the highest percentage of TetR-

135 MRSA CC398/MRSA (31%) corresponded to the one with the highest MRSA/S. aureus
136  prevalence (71%). Moreover, the four hospitals with the highest MRSA prevalence are

137  those with very high frequency of CC398 lineage, suggesting an association.
138  Sample origin

139  According to the origin of CC398 isolates (Table S1), 25.5% of them were obtained

140  from epidemiological surveillance. Within the remaining 74.5% recovered from clinical
141  samples, 74% were obtained from skin soft tissue infections (SSTI) and respiratory tract
142  infections (RTI), in accordance with the ways of transmission of this genetic lineage
143 through direct contact or airway.’ The clonal complex CC398 has been strongly

144  associated with SSTI in other studies.? Origins from all Tet?-MRSA isolates are shown

145  in Table S2.
146 Molecular characterization by spa-type

147  Sixteen different spa-types were detected among TetR-MRSA CC398 isolates (Figure
148  1b, Table S1) (72.3% t011, 7.3% t1451, 4.4% t034, 2.9% t899, 2.2% t1939 and 10.9%
149  others). t011 is one of the most representative CC398 spa-types in pigs'®® and also in

150  human MRSA CC398 infections, in Spain and in other countries.>"121320 Nevertheless,
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when the infections are caused by MSSA CC398, presumably from human origin, t571

is the prevalent spa-type.®

The distribution of MRSA CC398 spa-types according to hospitals can be seen on Table
S3. A new spa-type was detected among the MRSA CC398 strains analysed (t18071).
On the other hand, 40% of TetR-MRSA non-CC398 isolates was typed as t127, which
belongs to CC1, a typical community-associated MRSA clonal complex, also described
in livestock.!* This way, Tet® may be a good marker not only for MRSA CC398 but

also for other LA-MRSA genetic lineages, such as CC1/t127.
Presence of IEC system

More than 98% of TetR: MRSA C398 lacked the IEC genes, suggesting an animal origin
for the analysed strains. However, two MRSA CC398 were scn-positive: 1) a t011 strain
recovered from RTI (hospital H12) ascribed to IEC type-E (scn, sak); 2) a t1939 strain
obtained from SSTI (hospital H11), ascribed to IEC type-B (scn, chp, sak) (Table S1).
The presence of IEC genes is very uncommon among LA-MRSA CC398,21 put it is
frequently found in MSSA CC398 isolates related to an ancestral human clade, that,
according to some authors could be the origin of LA-MRSA CC398.8 As expected,
these two strains carrying the IEC system lacked the B-hemolysin-encoding gene (hlb),
which is the preferential integration site of ¢Saint3 phages.® We also checked the
presence of hlb gene in a representative collection of IEC-negative strains with different
spa-types and from different hospitals, and all isolates were hlb-positive. The detection
of MRSA CC398 IEC-positive strains, carrying typical markers of LA-MRSA such as
tetracycline resistance, is of concern and relevance, and this phenomenon could be part
of the re-adaptive process of this animal genetic lineage to humans, and it would be

interesting to characterize them in more detail.
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Relationships between TetR-MRSA CC398 and pig or human population densities

We established statistical models that predicted the presence of Tet®-MRSA CC398
considering the pig and human population densities (Table S4). We observed a strong
and statistically significant association between the rate of MRSA CC398/MRSA (or
MRSA CC398/ S. aureus) of the hospital, and the pig density of the adjoining region
(p<0.05). However, MRSA CC398/MRSA is not associated to human population
density by its own (p>0.05). We observed that the higher number of pigs/lkm? in a
region, the greater number of MRSA CC398/MRSA (or MRSA CC398/S. aureus)

detected in hospitals located in those regions.

Moreover, the simple linear regression models showed that MRSA CC398/MRSA rate
increases with the pig density (p<0.001), but not when only the density of human
population is the predictor variable (p>0.05) (Table S4). The models created stated that
an increase of 100 pigs/km? in a region involves a rise of 6.6 cases of Tet?-MRSA
CC398 per 100 MRSA cases or 4 cases per 100 S. aureus (Table S4). If a multiple
linear regression model with both, pig and human population densities, is established,
the R? adjusted by degrees of freedom improves, hence, becoming this one another valid
model (Table S4). The quadratic regression analysis performed showed a slight decrease
in R% (0.635), so it was discarded. These findings point to pigs as the key factor in
dissemination, although high rates of human population could also play a role and
contribute to subsequent dissemination in the context of high pig density (as the
multiple linear regression model shows). Previous studies reported the detection of
Tet?-MRSA CC398 clinical isolates in patients without contact with farm animals,
suggesting that human to human transmission may occur, mainly in areas of high

farming density.?
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Conclusions

In conclusion, pig density leads to an increase of MRSA CC398 cases among hospitals,
and this, in combination with a high human population might help to the dissemination
of this lineage. The new statistical regression models allow the prediction of the rate of
CC398 infections in an area by knowing its pig density. The rapid detection of MRSA
CC398 in hospitals, particularly those located in high-pig-farming-density areas, is a
need due to their increasing implication in human infections and the possibility of

dissemination in this setting.
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Table 1. Distribution of isolates, prevalence of MRSA and prevalence of Tet?-MRSA CC398 according to the analysed hospitals.
Pig and human population densities are shown per region.

Number of strains Rates (%) Density© per region
Hospital Region Tet- Te:MRSA  MRSA/ Tet:-MRSA CC398/ Tet:-MRSA CC398/
number® number® S.aureus MRSA MRSA  CC398 S. aureus MRSA TetR-MRSA Pigs/lkm? Habitants/km?
H1 R1 122 87 33 27 71.3% 31% 81.8% 247.46 717.36
H2 R2 341 135 20 19 39.6% 14.1% 95% 217.68 14.05
H3 R2 575 328 24 15 57.0% 4.6% 62.5% 217.68 14.05
H4 R3 1024 251 34 18 24.5% 7.2% 52.9% 142.66 55.20
H5 R3 670 175 20 9 26.1% 5.1% 45% 142.66 55.20
H6 R3 180 76 9 7 42.2% 9.2% 77.8% 142.66 55.20
H7 R3 126 42 6 3 33.3% 7.1% 50% 142.66 55.20
H8 R4 99 36 4 4 36.4% 11.1% 100% 69.97 9.15
H9 R5 304 36 2 2 11.8% 5.6% 100% 50.89 61.90
H10 R5 799 206 14 7 25.8% 3.4% 50% 50.89 61.90
H11 R13 250 84 7 3 33.6% 3.6% 42.9% 42.10 138.18
H12 R10 666 220 6 3 33% 1.4% 50.0% 27.66 25.54
H13 R10 113 42 2 0 37.2% 0% 0% 27.66 25.54
H14 R9 368 112 6 4 30.4% 3.6% 66.7% 18.31 62.51
H15 R8 978 334 5 5 34.2% 1.5% 100% 4.99 107.53
H16 R7 1009 130 7 3 12.9% 2.3% 42.9% 3.56 360.18
H17 R12 1480 315 12 0 21.3% 0% 0% 2.85 810.66
H18 R6 762 277 7 3 36.4% 1.1% 42.9% 2.19 517.95
H19 R11 1124 371 13 5 33.0% 1.3% 38.5% 0.45 109.06
H20 R11 415 126 1 0 30.4% 0% 0% 0.45 109.06

11405 3383 232 137 29.7% 4.1% 59.1%

aNumeric code used for the analysed hospitals (H). H1: H. Universitari de Vic; H2: H. de Barbastro; H3: H. San Jorge; H4: H. Universitario Miguel Servet;
H5: H. Universitario Lozano Blesa; H6: H. Royo Villanova; H7: H. Ernest Lluch Martin; H8: H. de Alcafiiz; H9: Clinica Universitaria de Navarra; H10:
Complejo Hospitalario de Navarra; H11: H. Virgen Macarena; H12: H. Universitario de Burgos; H13: H. Santiago Apdstol; H14: H. San Pedro; H15: H.
Universitario de Alava; H16: H. Universitario de Donostia; H17: H. Universitario Gregorio Marafion; H18: H. de Galdakao; H19: H. Marqués de Valdecilla;
H20: H. Sierrallana.

bNumeric code used for the analysed regions (R). R1: Barcelona; R2: Huesca; R3: Zaragoza; R4: Teruel; R5: Navarra; R6: Bizkaia; R7: Gipuzkoa; R8: Alava;
R9: La Rioja; R10: Burgos; R11: Cantabria; R12: Madrid; R13: Sevilla.



°Surface area data (km2) and number of inhabitants per region were obtained from the National Statistics Institute of Spain (2017). Number of pigs per region
was obtained from the annual pig report (2015) edited by the Ministry of Agriculture and Fisheries, Food and Environment of Spain.



Figure 1. (a) Map of Spain with the location of the analysed hospitals (hospitals H1-H20) representing pig densities (colours) and the presence of
Tet*-MRSA CC398 (circles) in the 13 studied regions (numbers). R1: Barcelona (H1); R2: Huesca (H2, H3); R3: Zaragoza (H4-H7); R4: Teruel
(H8); R5: Navarra (H9, H10); R6: Bizkaia (H18); R7: Gipuzkoa (H16); R8: Alava (H15); R9: La Rioja (H14); R10: Burgos (H12, H13); R11:
Cantabria (H19, H20); R12: Madrid (H17); R13: Sevilla (H11). (b) Main spa-types detected among the Tet?*-MRSA CC398 strains. The category
“others” belongs to those spa-types with only one strain (t1456, t2123, t2370, t2383, t2741, t2970 and t18071).
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Supplementary data

Table S1. Molecular typing and genotypic characterization of the 137 Tet*-MRSA CC398 strains.

No of Sample origin IEC
spatype  strains (No of strains) (No of strains)
t011 99 SSTIP (35), ES® (25), RTIY (17), SSI¢ (14), E% (1)

UTI" (5), blood (3)
t1451 10 SSTI (4), RTI (3), SSI (1), ES (1), UTI (1) -
t034 6 SSTI (2), RTI (2), ES (1), blood (1) -
t899 4 SSTI (2), ES (2) -
t1939 3 SSTI BY(1)
t108 2 SSTI (1), ES (1) -
t1197 2 ES -
t1255 2 SSTI (2) -
t2346 2 SSTI (1), ES (1) -
t1456 1 RTI -
t2123 1 ES -
t2370 1 RTI -
t2383 1 SSTI -
t2741 1 ES -
t2970 1 blood -
1180712 1 SSTI -

aNew spa type; "SSTI: skin and soft tissue infections; °ES: epidemiological surveillance; “RTI: respiratory tract infections; ®SSI: surgical site
infections; 'UTI: urinary tract infection; 9IEC type E containing scn adn sak genes, IEC type B containing scn, chp and sak gene.



Table S2. Sample origins of all Tet?*-MRSA isolates recovered in this study.

Origin MRSA CC398 MRSA no-CC398 TOTAL

SSTI? 52 49 101
ESP 35 19 54
RTIC 24 14 38
ss|d 15 4 19
UTIe 6 5 11
Blood 5 4 9

TOTAL 137 95 232

3SSTI: skin and soft tissue infections; "ES: epidemiological surveillance; RTI: respiratory tract infections; 9SSI: surgical site infections; *UTI:
urinary tract infection.



Table S3. Different spa types detected among TetR-MRSA CC398 isolates according to hospitals.

Hospital
number spa types (No of strains)
H1 t011 (19), t034 (2), t108 (2), t1197 (1), t1451 (1), t2370 (1), t180712 (1)
H2 t011 (14), t034 (1), t1451 (3), t899 (1)
H3 t011 (12), t034 (1), t1451 (2)
H4 t011 (15), t034 (1), t1451 (1), t2741 (1)
H5 t011 (7), t2383 (1), t2970 (1)
H6 t011 (5), t1197 (1), t1456 (1)
H7 t011 (3)
H8 t011 (2), t1451 (1), t2346 (1)
H9 t011 (2)
H10 t011 (5), t1451 (1), t2123 (1)
H1l t011 (2), t1451 (1), t2346 (1)
H12 t011 (2), t899 (1)
H13 -
H14 t011 (2), t1939 (1)
H15 t011 (3), 1939 (2)
H16 t011 (1), t034 (1), t899 (1)
H17 -
H18 t011 (1), t1255 (2)
H19 t011 (4), t899 (1)
H20 -

“New spa type.



Table S4. Correlation and linear regression results between TetR-MRSA CC398 cases and pig or human population densities.

Spearman

correlations Linear regression models
Variables rho (p) R? (F value; p) B (t value; p)
MRSA CC398/ MRSA? p=0.86 (p<0.001) R?=0.58 (F=25.21; p<0.001) B0=5.5853e-03 (t=0.38; p=0.71)
pigs/ km?P B1=6.553e-04 (t=5.02; p<0.001)
MRSA CC398/ MRSA? p=-0.39 (p=0.09) R?=0.06 (F=1.23; p=0.28) Bo=4.387e-02 (t=2.25; p=0.03)

inhabitants/ km?2P

MRSA CC398/ S. aureus?
pigs/ km?P

MRSA CC398/ S. aureus?
inhabitants/ km?2°?

MRSA CC398/ MRSA?
pigs/ km?®
inhabitants/ km?2P

MRSA CC398/ S. aureus?
pigs/ km?P
inhabitants/ km?2?

p=0.89 (p=<0.001)

p=-0.45 (p=0.05)

R2=0.46 (F=15.22; p=0.001)

R2=0.16 (F=3.51; p=0.08)

R?=0.68 (F=17.86; p<0.001)
R? adjusted=0.64

R2=0. 66(F=16.67; p<0.001)
R? adjusted=0.62

B1=7.535e-05 (t=1.11; p=0.28)

Bo=-6.0893e-03 (t=-0.53; p=0.60)
B1=3.978e-04 (t=3.90; p=0.001)

Bo=1.100e-02 (t=0.87; p=0.39)
B1=8.233¢-05 (t=1.87; p=0.08)

Bo=-1.122e-02 (t=-0.74; p=0.47)
B1=6.735e-04 (t=5.69; p<0.001)
B2=9.1466-05 (t=2.23; p=0.04)

Bo=-2.305e-02 (t=-2.16; p=0.05)
B1=4.162e-04 (t=5.01; p<0.001)
B2=9.229¢-05 (t=3.21; p=0.01)

aDependent variable used in the regression models; °Independent variable used in the regression mod



