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Abstract

Background—Streptococcus agalactiae (Group B Streptococcus, GBS) is a leading cause of 

meningitis, sepsis and pneumonia in neonates in the United States. GBS also causes invasive 

disease in older infants, pregnant women, children and young adults with underlying medical 

conditions, and older adults. Resistance to lincosamides in the absence of erythromycin resistance 

is rare in GBS, but has been previously reported in clinical isolates, both on its own or in 

combination with resistance to streptogramins A and pleuromutilins (L/LSA/LSAP phenotypes).

Objectives—To retrospectively screen the Active Bacterial Core surveillance (ABCs) GBS 

isolate collection for these phenotypes in order to identify the causal genetic determinants and 

determine whether their frequency is increasing.

Methods—Based on MIC data, 65 (0.31%) isolates susceptible to erythromycin (MIC ≤0.25 

mg/L) and non-susceptible to clindamycin (MIC ≥0.5 mg/L) were identified among 21186 GBS 

isolates. Genomic DNA was extracted and WGS was performed. The presence of 10 genes 

previously associated with LSA resistance was investigated by read mapping.

Results—Forty-nine (75%) isolates carried the lsa(C) gene and expressed the LSAP phenotype, 

and 12 (18%) carried both the lnu(B) and lsa(E) genes and expressed the LSAP phenotype. The 

four remaining isolates were negative for all determinants investigated.

Conclusions—While the overall observed frequency of these phenotypes among our GBS 

isolates was quite low (0.31%), this frequency has increased in recent years. To the best of our 
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knowledge, this is the first time the LSAP phenotype has been reported among GBS isolates from 

the USA.

Introduction

Streptococcus agalactiae (Group B Streptococcus, GBS) is a leading cause of meningitis, 

sepsis and pneumonia in neonates in the United States. In addition to illness in the first week 

of life, GBS also causes invasive disease in older infants, pregnant women, children and 

young adults with underlying medical conditions, and older adults.

Penicillin G and ampicillin are the drugs of choice for the prevention or treatment of S. 
agalactiae infections, while erythromycin or clindamycin are the recommended alternatives 

for patients who are allergic to β-lactams.1 Although reduced susceptibility to penicillin has 

been reported,2 clinical GBS isolates remain susceptible to β-lactams, although the 

proportion of isolates resistant to erythromycin and clindamycin has increased in recent 

years.3–5 Resistance to these antibiotics is usually due to the modification of ribosomal 

targets, most commonly mediated by an erm methylase, which confers cross-resistance to 

macrolides (e.g. erythromycin, azithromycin), lincosamides (e.g. clindamycin, lincomycin) 

and streptogramin B antibiotics (e.g. virginiamycin S1, pristinamycin IA, quinupristin), 

known as the MLSB phenotype.6

In contrast, resistance specific to lincosamides (L phenotype) is rare in GBS, but has been 

previously reported in clinical isolates from Canada,7 the United States,8 Spain,9 

Argentina,10 Korea11 and South Africa,12 due to antibiotic modification mediated by the 

lnu(B) gene. Members of the lnu (previously lin) gene family encode nucleotidyltransferase 

enzymes that catalyse the adenylation of lincomycin and clindamycin; lnu(B) was first 

identified in Enterococcus faecium,13 and later in GBS,7 Streptococcus uberis,14 

Staphylococcus aureus15 and Streptococcus lutetiensis.16 Resistance to lincosamides has 

also been reported in combination with resistance to streptogramin A compounds (e.g. 

virginiamycin M1, pristinamycin IIA, dalfopristin) and pleuromutilins (e.g. tiamulin, 

retapamulin, lefamulin) in GBS isolates from Iceland and New Zealand (LSA and LSAP 

phenotypes), mediated by the lsa(C) gene, probably by active efflux, but the exact 

mechanism remains elusive.17,18 The lsa(E) gene mediates a similar resistance phenotype in 

S. aureus, in combination with lnu(B).19

Other genes associated with the LSA phenotype include vga(A) and cfr. The vga genes have 

been characterized as determinants of streptogramin A resistance; vga(A) also confers low-

level resistance to lincomycin in S. aureus and the variant vga(A)LC has been identified in 

Staphylococcus haemolyticus strains resistant to lincomycin and clindamycin.20 The cfr 
gene encodes an rRNA methyltransferase that confers resistance to phenicols, lincosamides, 

oxazolidinones, pleuromutilins and streptogramin A antibiotics.21

Active Bacterial Core surveillance (ABCs) is a core component of the CDC’s Emerging 

Infections Programs network (EIP). ABCs is an active surveillance system for invasive 

bacterial pathogens of public health importance, including GBS. During routine ABCs 

activities, we identified several GBS isolates that expressed resistance to clindamycin in the 
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absence of resistance to erythromycin. In order to determine the nature and frequency of 

these phenotypes in our GBS collection, we screened the ABCs GBS isolate collection 

retrospectively for all isolates with erythromycin-susceptible, clindamycin-resistant 

phenotypes, and performed WGS to identify the genetic determinants that confer these 

unusual phenotypes.

Materials and methods

GBS surveillance areas currently represent over 33 million persons and 400000 live births 

within 10 states (http://www.cdc.gov/abcs/methodology/index.html). After collection and 

submission, serotyping of isolates by latex agglutination and antimicrobial testing by broth 

microdilution was performed at the CDC Streptococcus laboratory. At the time of our study, 

serotype and antimicrobial resistance data were available for 21186 GBS isolates collected 

from1998 to 2015.

We screened MIC results for clindamycin and erythromycin, in order to identify isolates 

susceptible to erythromycin (MIC ≤0.25mg/L) and non-susceptible to clindamycin (MIC 

≥0.5mg/L). Sixty-five (0.31%) isolates with this resistance phenotype were found. Genomic 

DNA was extracted from these 65 isolates and WGS was performed using an Illumina 

MiSeq. The presence of 10 genes previously associated with LSA resistance was 

investigated by mapping to the full structural gene sequences using the SRST2 

bioinformatics tool:22 erm(A) (X03216), erm(B) (M11180), cfr(NG_047631), lnu(A) 

(J03947), lnu(B) (AJ238249), lnu(C) (NG_047924), lnu(D) (NG_047925), vga(A)LC 

(DQ823382), lsa(C) (NG_047934) and lsa(E) (JQ861959). The maximum divergence and 

minimum coverage thresholds were both set at 80% initially, then lowered to 50% for 

isolates against which none of the genes mapped at 80%. SRST2 was also used to determine 

MLST profiles. SplitsTree423 was used to build a phylogenetic network with the 

concatenated sequences of the seven MLST loci.

In order to determine if these isolates were also cross-resistant to streptogramin A or 

pleuromutilins, we determined the MICs of virginiamycin M1 (Cayman Chemical, Ann 

Arbor, MI) and tiamulin (Wako Chemicals, Richmond, VA) by broth microdilution, 

following CLSI guidelines.24 Since interpretive standards had not been established for these 

compounds against GBS, we used previously reported values along with MIC distributions 

of control isolates to determine cut-off values.25–27 Briefly, we determined broth dilution 

MIC values of virginiamycin M1 and tiamulin in 45 GBS control isolates displaying three 

different phenotypes (15 of each): EryS/CliS, EryR/CliS and EryR/CliR; and compared 

these values with those obtained from the 65 EryS/CliR test isolates.

Results

The EryS/CliR isolates are described in Table 1. The most common serotype among these 

isolates was serotype III (n = 24, 37%), followed by serotype V (n = 18, 28%), and serotype 

Ia (n = 16, 25%). Of the 60 isolates for which age group data were available, 11 (18.3%) 

were from infants, 32 (53.3%) from adults 17–59 years old, and 17 (28.4%) from adults 60+ 

years old; the most common diagnosis among the 60+ group was cellulitis (41%), while the 
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largest proportion of adults 17–59 years old (14, 44%) and all infants presented with 

bacteraemia/sepsis. The majority of infants (7, 64%) were under 7 days old (early-onset 

disease) and of those, almost all (6/7) carried isolates belonging to serotypes Ia, III or V, 

which have been previously associated with early-onset disease.3

Thirteen sequence types (STs) were identified among the isolates. The most common ST 

was ST19 (24, 37%), followed by ST23 (13, 20%). The majority of the isolates (81.5%) 

belong to one of the three previously reported clonal complexes, i.e. CC19, CC23 and 

CC12,28 but there was no apparent correlation between ST and serotype or resistance 

determinant. This is consistent with extensive horizontal transfer and limited clonal 

expansion (Figure 1).

Of the 65 isolates, 49 (75%) were positive for lsa(C), 12 (18%) were positive for both lnu(B) 

and lsa(E), and 4 (6%) were negative for all accessory MLS determinants investigated. The 

sequences from these four isolates were subjected to further analysis, including variant 

calling, genomic island prediction (IslandViewer329) and gene detection using several 

resistance databases (Resfinder,30 RGI/CARD31 and ARG-annot32), resulting in no 

determinants being identified.

Among these isolates, lnu(B) and lsa(E) were carried on a 75.5 kb mobile element, 

containing genes from two other elements: one described in a GBS isolate (SGB76)33 and 

one described in a Streptococcus suis isolate (SC070731);34 this element was invariably 

integrated into the chromosome at rum(A) [23S rRNA(uracil-5-)methyltransferase], in the 

same position as previously described for van(G)-containing elements in GBS and 

Streptococcus anginosus35 (Figure 2a).

In isolates where tet(M) was present along with lsa(C), both genes were located in a Tn916-

like genetic element 23.5 kb long inserted into the chromosome (Figure 2b), while in 

isolates where lsa(C) was present by itself, it was inserted in the same position as previously 

described for a GBS isolate (UCN70).17

The phenotypes and MIC ranges associated with each genotype are shown in Table 2. Based 

on the bimodal distribution of MIC values, the cut-offs were determined as follows: isolates 

with MIC values against virginiamycin M1 ≥4mg/L were considered non-susceptible to 

streptogramins A (Figure 3), while isolates with MIC values against tiamulin ≥1mg/L were 

considered non-susceptible to pleuromutilins (Figure 4). These values are consistent with 

reported values for related compounds, dalfopristin (streptogramin A) and retapamulin 

(pleuromutilin), against GBS.17,36

In order to determine whether the frequency of these phenotypes among the GBS isolates in 

our collection has increased in recent years, the proportion of isolates with any of these three 

phenotypes (L/LSA/LSAP) for each year was plotted for the 2006–15 period (Figure 5), and 

a logistic regression model was fitted. The resulting log likelihood ratio (χ2) confirmed that 

this upward trend was significant (P value <0.001).
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Discussion

Resistance to clindamycin in the absence of erythromycin resistance has previously been 

reported in GBS, both on its own or in combination with resistance to streptogramins A and 

pleuromutilins. While they still remain relatively rare, the frequency of these resistance 

phenotypes appears to have increased in the last decade, both in the ABCs collection and in 

other reports in the literature.7–12,17,18,37

The L phenotype mediated by the nucleotidyltransferase expressed by lnu(B) has been 

reported in several species in a number of countries.7–12,37 Among our isolates, lnu(B) is 

invariably present in combination with lsa(E) on the same transposable element, as 

previously described in S. aureus15 and GBS,33 and in association with cross-resistance to 

clindamycin, virginiamycin M1 and tiamulin (LSAP). The MIC values against 

virginiamycin M1 and tiamulin for these isolates positive for both lnu(B) and lsa(E) were up 

to 4-fold and 16-fold higher, respectively. It appears likely that these two genes act 

synergistically to produce this phenotype.

The first report of the LSAP phenotype described a GBS isolate from New Zealand carrying 

the lsa(C) gene. This isolate was originally identified as expressing the LSA phenotype36 

and later found to be resistant to tiamulin as well.17 Since then, only 10 additional lsa(C)-

positive GBS strains have been reported.18,37 To the best of our knowledge, this study is the 

first time the LSAP phenotype has been reported among GBS isolates recovered in the USA. 

As the use of WGS becomes more prevalent in the study of antimicrobial resistance, the 

number of isolates reported to carry these and other potentially novel determinants will 

likely increase.

Of the four isolates where no determinant was identified, the three that expressed the LSA 

phenotype had clindamycin MIC values up to 32-fold higher than those of the lsa(C)/lnu(B)

+lsa(E)-positive isolates and the one isolate expressing the L phenotype, which suggests that 

different mechanisms may be involved. Further investigation is being conducted by our 

group into the genetic bases for both of these phenotypes, to be presented in a future 

publication.

Although streptogramins are not as widely used as clindamycin, the presence of genes that 

confer resistance to streptogramin A in conjunction with widespread MLS determinants that 

confer resistance to streptogramin B (such as erm genes), could lead to the ineffectiveness of 

the quinupristin (streptogramin A) plus dalfopristin (streptogramin B) drug combination, an 

important agent for the treatment of complicated skin infections caused by S. aureus or 

Streptococcus pyogenes.

Pleuromutilins, on the other hand, are almost exclusively used for veterinary applications 

(retapamulin is the only pleuromutilin approved for topical use in humans), though new 

drugs in this class are under investigation for human use. In fact, the semi-synthetic 

pleuromutilin lefamulin is one of the only 11 antimicrobial drugs currently in Phase 3 of the 

antimicrobial development pipeline.38 The emergence of resistance to antibiotics that are yet 

to be approved for human use is concerning and stresses the importance of limiting the use 

of antibiotics in agriculture, as well as the critical need to develop new agents.

Hawkins et al. Page 5

J Antimicrob Chemother. Author manuscript; available in PMC 2017 December 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Acknowledgments

We thank the Emerging Infections Program Network and the following individuals at CDC for their contributions to 
the maintenance of the ABCs system: R. Gierke, O. Almendares, J. Hudson, L. McGlone and G. Langley. We are 
also grateful to members of the CDC’s Streptococcus Laboratory for assisting with genomic DNA extraction and 
sequencing, as well as performing serotyping and antimicrobial susceptibility testing. We gratefully acknowledge 
the Minnesota Department of Public Health laboratory for GBS serotyping and susceptibility testing of isolates 
recovered in Minnesota.

Funding

Major funding for this work was provided through support from CDC’s Advanced Molecular Detection (AMD) 
initiative and CDC’s Antibacterial Core Surveillance (ABCs) Program.

References

1. Centers for Disease Control and Prevention. Prevention of perinatal group B streptococcal disease, 
revised guidelines from CDC, 2010. MMWR Morb Mortal Wkly Rep. 2010; 59:1–32. [PubMed: 
20075837] 

2. Cooper K, Abbot F, Gould IM. Reduced penicillin susceptibility of group B Streptococcus: an 
assessment of emergence in Grampian, Scotland. Br J Biomed Sci. 2016; 73:25–7. [PubMed: 
27182673] 

3. Phares CR, Lynfield R, Farley MM, et al. Epidemiology of invasive group B streptococcal disease in 
the United States, 1999–2005. JAMA. 2008; 299:2056–65. [PubMed: 18460666] 

4. Castor ML, Whitney CG, Como-Sabetti K, et al. Antibiotic resistance patterns in invasive group B 
streptococcal isolates. Infect Dis Obstet Gynecol. 2008; 2008:727505. [PubMed: 19223967] 

5. Centers for Disease Control and Prevention 2010. Antimicrobial Susceptibilities among Group B 
Streptococcus Isolates (GBS)—Active Bacterial Core Surveillance. http://www.cdc.gov/abcs/
reports-findings/survreports/gbs10-suscept.pdf

6. Leclercq R. Mechanisms of resistance to macrolides and lincosamides: nature of the resistance 
elements and their clinical implications. Clin Infect Dis. 2002; 34:482–92. [PubMed: 11797175] 

7. De Azavedo J, McGavin M, Duncan C, et al. Prevalence and mechanisms of macrolide resistance in 
invasive and noninvasive Group B Streptococcus isolates from Ontario, Canada. Antimicrob Agents 
Chemother. 2001; 45:3504–8. [PubMed: 11709331] 

8. Gygax S, Schuyler JA, Kimmel LE, et al. Erythromycin and clindamycin resistance in Group B 
streptococcal clinical isolates. Antimicrob Agents Chemother. 2006; 50:1875–7. [PubMed: 
16641466] 

9. Arana D, Rojo-Bezares B, Torres C, et al. First clinical isolate in Europe of clindamycin-resistant 
group B Streptococcus mediated by the lnu(B) gene. Rev Esp Quimioter. 2014; 27:106–9. [PubMed: 
24940891] 

10. Faccone D, Ialonardi F, Abel S, et al. Multiple-clones of Streptococcus agalactiae harbouring lnuB 
gene. J Infect Dev Ctries. 2010; 4:580–2. [PubMed: 21045372] 

11. Seo YS, Srinivasan U, Oh KY, et al. Changing molecular epidemiology of group B Streptococcus 
in Korea. J Korean Med Sci. 2010; 25:817–23. [PubMed: 20514299] 

12. Bolukaoto JY, Monyama CM, Chukwu MO, et al. Antibiotic resistance of Streptococcus agalactiae 
isolated from pregnant women in Garankuwa, South Africa. BMC Res Notes. 2015; 8:364. 
[PubMed: 26289147] 

13. Bozdogan B, Berrezouga L, Kuo MS, et al. A new resistance gene linB, conferring resistance to 
lincosamides by nucleotidylation in Enterococcus faecium HM1025. Antimicrob Agents 
Chemother. 1999; 43:925–9. [PubMed: 10103201] 

14. Haenni M, Saras E, Bertin S, et al. Diversity and mobility of integrative and conjugative elements 
in bovine isolates of Streptococcus agalactiae S. dysgalactiae subsp. dysgalactiae, and S. uberis. 
Antimicrob Agents Chemother. 2010; 76:7957–65.

15. Lozano C, Aspiroz C, Saenz Y, et al. Genetic environment and location of the lnu(A) and lnu(B) 
genes in methicillin-resistant Staphylococcus aureus and other staphylococci of animal and human 
origin. J Antimicrob Chemother. 2012; 67:2804–8. [PubMed: 22899804] 

Hawkins et al. Page 6

J Antimicrob Chemother. Author manuscript; available in PMC 2017 December 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://www.cdc.gov/abcs/reports-findings/survreports/gbs10-suscept.pdf
http://www.cdc.gov/abcs/reports-findings/survreports/gbs10-suscept.pdf


16. Almuzara M, Bonofiglio L, Cittadini R, et al. First case of Streptococcus lutetiensis bacteraemia 
involving a clindamycin-resistant isolate carrying the lnuB gene. J Clin Microbiol. 2013; 51:4259–
61. [PubMed: 24048528] 

17. Malbruny B, Werno AM, Murdoch DR, et al. Cross-resistance to lincosamides, streptogramins A, 
pleuromutilins due to the lsa(C) gene in Streptococcus agalactiae UCN70. Antimicrob Agents 
Chemother. 2011; 55:1470–4. [PubMed: 21245447] 

18. Björnsdóttir ES, Martins ER, Erlendsdóttir H, et al. Changing epidemiology of group B 
streptococcal infections among adults in Iceland: 1975–2014. Clin Microbiol Infect. 2016; 
22:379.e9–e16.

19. Novotna G, Janata J. A new evolutionary variant of the streptogramin A resistance protein 
Vga(A)LC, from Staphylococcus haemolyticus with shifted substrate specificity towards 
lincosamides. Antimicrob Agents Chemother. 2006; 50:4070–6. [PubMed: 17015629] 

20. Long KS, Poehlsgaard J, Kehrenberg C, et al. The Cfr rRNA methyltransferase confers resistance 
to phenicols, lincosamides, oxazolidinones, pleuromutilins, and streptogramin A antibiotics. 
Antimicrob Agents Chemother. 2006; 50:2500–5. [PubMed: 16801432] 

21. Wendlandt S, Lozano C, Kadlec K, et al. The enterococcal ABC transporter gene lsa(E) confers 
combined resistance to lincosamides, pleuromutilins and streptogramin A antibiotics in 
methicillin-susceptible and methicillin-resistant Staphylococcus aureus. J Antimicrob Chemother. 
2013; 68:473–5. [PubMed: 23047809] 

22. Inouye M, Dashnow H, Raven LA, et al. SRST2: rapid genomic surveillance for public health and 
hospital microbiology labs. Genome Med. 2014; 6:90. [PubMed: 25422674] 

23. Huson DH, Bryant D. Application of phylogenetic networks in evolutionary studies. Mol Biol 
Evol. 2006; 23:254–67. [PubMed: 16221896] 

24. Clinical and Laboratory Standards Institute. Methods for Dilution Antimicrobial Susceptibility 
Tests for Bacteria That Grow Aerobically—Tenth Edition: Approved Standard M07-A10. CLSI; 
Wayne, PA, USA: 2015. 

25. Callens BF, Haesebrouck F, Maes D, et al. Clinical resistance and decreased susceptibility in 
Streptococcus suis isolates from clinically healthy fattening pigs. Microb Drug Resist. 2013; 
19:146–51. [PubMed: 23249177] 

26. Martel A, Baele M, Devriese LA, et al. Prevalence and mechanism of resistance against macrolides 
and lincosamides in Streptococcus suis isolates. Vet Microbiol. 2001; 83:287–97. [PubMed: 
11574176] 

27. Traczewski MM, Brown SD. Proposed MIC and disk diffusion microbiological cutoffs and 
spectrum of activity of retapamulin, a novel topical antimicrobial agent. Antimicrob Agents 
Chemother. 2008; 52:3863–7. [PubMed: 18725451] 

28. Manning SD, Springman AC, Lehotzky E, et al. Multilocus sequence types associated with 
neonatal group B streptococcal sepsis and meningitis in Canada. J Clin Microbiol. 2009; 47:1143–
8. [PubMed: 19158264] 

29. Dhillon BK, Laird MR, Shay JA, et al. IslandViewer 3: more flexible, interactive genomic island 
discovery, visualization and analysis. Nucleic Acids Res. 2015; 43:W104–8. [PubMed: 25916842] 

30. Zankari E, Hasman H, Cosentino S, et al. Identification of acquired antimicrobial resistance genes. 
J Antimicrob Chemother. 2012; 67:2640–4. [PubMed: 22782487] 

31. McArthur AG, Waglechner N, Nizam F, et al. The comprehensive antibiotic resistance database. 
Antimicrob Agents Chemother. 2013; 57:3348–57. [PubMed: 23650175] 

32. Gupta SK, Padmanabhan BR, Diene SM, et al. ARG-ANNOT, a new bioinformatic tool to discover 
antibiotic resistance genes in bacterial genomes. Antimicrob Agents Chemother. 2014; 58:212–20. 
[PubMed: 24145532] 

33. Montilla A, Zavala A, Cáceres-Cáceres R, et al. Genetic environment of the lnu(B) gene in a 
Streptococcus agalactiae clinical isolate. Antimicrob Agents Chemother. 2014; 58:5636–7. 
[PubMed: 24957835] 

34. Wu Z, Wang W, Tang M, et al. Comparative genomic analysis shows that Streptococcus suis 
meningitis isolate SC070731 contains a unique 105K genomic island. Gene. 2014; 535:156–64. 
[PubMed: 24316490] 

Hawkins et al. Page 7

J Antimicrob Chemother. Author manuscript; available in PMC 2017 December 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



35. Srinivasan V, Metcalf BJ, Knipe KM, et al. vanG element insertions within a conserved 
chromosomal site conferring vancomycin resistance to Streptococcus agalactiae and Streptococcus 
anginosus. MBio. 2014; 5:e01386–14. [PubMed: 25053786] 

36. Malbruny B, Werno AM, Anderson TP, et al. A new phenotype of resistance to lincosamide and 
streptogramin A-type antibiotics in Streptococcus agalactiae in New Zealand. J Antimicrob 
Chemother. 2004; 54:1040–4. [PubMed: 15537693] 

37. Da Cunha V, Davies MR, Douarre PE, et al. Streptococcus agalactiae clones infecting humans 
were selected and fixed through the extensive use of tetracycline. Nat Comms. 2014; 5:4544.

38. The PEW Charitable Trusts. Antibiotics Currently in Clinical Development. http://
www.pewtrusts.org/en/multimedia/data-visualizations/2014/antibiotics-currently-in-clinical-
development

Hawkins et al. Page 8

J Antimicrob Chemother. Author manuscript; available in PMC 2017 December 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://www.pewtrusts.org/en/multimedia/data-visualizations/2014/antibiotics-currently-in-clinical-development
http://www.pewtrusts.org/en/multimedia/data-visualizations/2014/antibiotics-currently-in-clinical-development
http://www.pewtrusts.org/en/multimedia/data-visualizations/2014/antibiotics-currently-in-clinical-development


Figure 1. 
Phylogenetic network of the 13 sequence types (STs) generated by neighbour-net method 

using SplitsTree4. The three clonal complexes (CCs) identified are shown in grey circles: 

CC19 includes 27 isolates in three STs; CC12 includes 5 isolates in three STs; CC23 

includes 16 isolates in three STs.

Hawkins et al. Page 9

J Antimicrob Chemother. Author manuscript; available in PMC 2017 December 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
(a) Genetic element carrying lsa(E) and lnu(B) in isolate 20162235 and structural 

comparison with the corresponding regions in S. suis SC070731 and S. agalactiae SGB76 

(accession numbers CP003922 and KF772204); nucleotide sequence identity was at least 

98% in these regions. The last 42 bases of the 3′ end of rum(A) and the 3′ end of the serine 

recombinase were exchanged. (b) Genetic element carrying lsa(C) in isolate 20161915 and 

structural comparison with the corresponding regions in Enterococcus faecalis DS16 Tn916 
and S. agalactiae UCN70 (accession numbers U09422 and HM990671); nucleotide sequence 

identity between 20161915 and DS16 Tn916 was 99%, while identity between regions in 

20161915 and UCN70 was 92%. Target site duplications flanking the element are shown. 

The element was inserted in-frame into a GtrA-like protein with a 99.9% identity to the S. 
agalactiae A909 sequence (accession number CP000114), at position 924880 of the A909 

genome, 22 kb upstream of the MLST locus phe(S). Dark grey arrows indicate resistance 

genes; black arrows indicate integrases. aad(E), aminoglycoside adenyltransferase E; apt, 
adenine phosphoribosyltransferase; spw, spectinomycin resistance gene; tet(O) and tet(M), 

tetracycline resistance genes; rum(A), 23S rRNA(uracil-5-)methyltransferase; Xis-Tn and 

Int-Tn, transposases.
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Figure 3. 
MIC distribution for virginiamycin M1. Light grey bars represent control isolates, plus one 

isolate with L phenotype; dark grey bars represent isolates carrying lsa(C), plus three 

isolates with LSA phenotype; black bars represent isolates carrying lnu(B)+lsa(E).
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Figure 4. 
MIC distribution for tiamulin. Light grey bars represent control isolates, plus isolates with L 

and LSA phenotypes; dark grey bars represent isolates carrying lsa(C); black bars represent 

isolates carrying lnu(B)+lsa(E).
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Figure 5. 
Percentage of ABCs isolates with L/LSA/LSAP phenotypes by year, 2006–15. Logistic 

regression results: slope = 0.176, OR = 1.19, R2 = 0.35, χ2 = 16.62, P value <0.001.
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