
Supplementary Information 

Supplementary Figures: 

Assessing the selective potential of macrolide antibiotics – Range finding 

experiments (low concentrations) 

 

Supplementary Figure 1: Macrolide resistance genes as a function of low concentrations of 

azithromycin. A: ermB, B: ermF, C: mef family (one high, outlier replicated has been 

removed from the 100 µg/L sample), D: mphA, E: msrD. No positive selection is observed at 

any azithromycin concentration tested for any of the genes tested. Error bars represent the 

standard error. 

 

 



 

 

Supplementary Figure 2: Macrolide resistance genes as a function of low concentrations of 

clarithromycin. A: ermB, B: ermF, C: mef family, D: mphA, E: msrD. No positive selection is 

observed at any clarithromycin concentration tested for any of the genes tested. Significant 

increase of ermB in comparison to the no antibiotic control is observed to 90% at 0.1 and 10 

µg/L of clarithromycin. This is not above the starting prevalence. A significant increase in 

mef family prevalence, in comparison to the no antibiotic control, is observed to 95% 

confidence at 100 µg/L of clarithromycin. This is not above the starting prevalence. One 

outlier replicate has been removed from the 0 ug/L at day 0. Error bars represent the 

standard error. x = an increase in prevalence, to 90% confidence, in comparison to the no 

antibiotic control but not increasing over the starting prevalence. xx = an increase in 

prevalence, to 95% confidence, in comparison to the no antibiotic control but not increasing 

over the starting prevalence. 

 

 



 

 

 

Supplementary Figure 3: Macrolide resistance genes as a function of low concentrations of 

erythromycin. A: ermB, B: ermF, C: mef family, D: mphA, E: msrD. No positive selection is 

observed at any erythromycin concentration tested for any of the genes tested. Significant 

increase of ermB in comparison to the no antibiotic control is observed to 90% at 10 µg/L 

and to 95% confidence at 0.1 µg/L of erythromycin. This is not above the starting 

prevalence. One outlier replicate has been removed from the 0 ug/L at day 0. Error bars 

represent the standard error.  x = an increase in prevalence, to 90% confidence, in 

comparison to the no antibiotic control but not increasing over the starting prevalence. xx = 

an increase in prevalence, to 95% confidence, in comparison to the no antibiotic control but 

not increasing over the starting prevalence. 

 

 



 

Assessing the selective potential of macrolide antibiotics – Range finding 

experiments (high concentrations) 

 

 

Supplementary Figure 4: Macrolide resistance genes as a function of high azithromycin 

concentrations A: ErmB. Only increased in prevalence in comparison to the no antibiotic 

control at 10,000 µg/L (p = 0.007, Dunn’s test) although this is not higher than the starting 

prevalence. B: ErmF. Positive selection is observed at 1,000 µg/L to 90% confidence (p = 

0.0784, Dunn’s test) and at 10,000 µg/L to 95% confidence (p = 0.0368, Dunn’s test). C: Mef 

family. No positive selection is occurring at any concentration. D: MphA. Positive selection is 

only observed at 10,000 µg/L (p = 0.0368, Dunn’s test). E: MsrD. Significant positive 

selection is not observed for msrD. x = an increase in prevalence, to 90% confidence, in 

comparison to the no antibiotic control but not increasing over the starting prevalence. xx = 

an increase in prevalence, to 95% confidence, in comparison to the no antibiotic control but 

not increasing over the starting prevalence. * = significant positive selection to 90% 

confidence, ** = significant positive selection to 95% confidence. Error bars represent the 

standard error. 



 

 

 

Supplementary Figure 5: Macrolide resistance genes as a function of high clarithromycin 

concentrations A: ErmB. Only a significant increase in prevalence, in comparison to the no 

antibiotic control, is occurring at 10,000 µg/L (p = 0.0104, Dunn’s test) although this is not 

higher than the starting prevalence. B: ErmF. For ermF positive section is observed at 1,000 

and 10,000 µg/L (p = 0.00953 and 0.00375, respectively, GLM (Gamma, log)). C: Mef family. 

No positive selection is occurring at any concentration. D: MphA. Significant selection is only 

seen for mphA (to 90% confidence) at a clarithromycin concentration of 10,000 µg/L (p = 

0.068, Dunn’s test).E: MsrD. Significant positive selection is not observed for msrD. x = an 

increase in prevalence, to 90% confidence, in comparison to the no antibiotic control but not 

increasing over the starting prevalence. * = significant positive selection to 90% confidence, 

** = significant positive selection to 95% confidence. Error bars represent the standard error. 

 

 



 

 

Supplementary Figure 6: Macrolide resistance genes as a function of high erythromycin 

concentrations A: ErmB. Only a significant increase in prevalence is seen for ermB. Here, it 

is observed at 1,000, 10,000 and 100,000 µg/L (p = 0.0705, 0.0565 and 0.0157, Dunn’s test) 

of erythromycin. This is not over the starting prevalence. B: ErmF. For, ermF, a significant 

increase in prevalence in observed to 90% confidence at 1,000 µg/L and to 95% confidence 

at 10,000 and 100,000 µg/L (p = 0.0108 and 0.0163, Dunn’s test) of erythromycin. C: Mef 

family. No positive selection is occurring at any concentration. D: MphA. Significant selection 

of mphA is seen to 90% confidence at 10,000 (p = 0.068, Dunn’s test) and to 95% 

confidence at 100,000 µg/L (p = 0.0023, Dunn’s test). E: MsrD. Significant positive selection 

is not observed for msrD. x = an increase in prevalence, to 90% confidence, in comparison 

to the no antibiotic control but not increasing over the starting prevalence. xx = an increase 

in prevalence, to 95% confidence, in comparison to the no antibiotic control but not 



increasing over the starting prevalence. * = significance to 90% confidence, ** = significance 

to 95% confidence. Error bars represent the standard error. 

Final macrolide experiment 

 

Supplementary Figure 7: mphA selection at a range of azithromycin concentrations. 

Significant selection is seen for mphA at 1,000, 10,000 and 100,000 µg/L (p = 9.21E-5, 

0.000413 and 0.003762, respectively, GLM (Gamma, log)) of azithromycin. Error bars 

represent standard error. ** = significant positive selection to 95% confidence. 

 

 

 

Supplementary Figure 8: intI1 selection at a range of azithromycin concentrations. Positive 

selection for intI1 was observed to 90% confidence at 1,000, 10,000 and 100,000 µg/L of 



azithromycin (p = 0.0886, 0.0886 and 0.0932, respectively, GLM (Gamma, inverse)). * = 

significant positive selection to 90% confidence. Error bars represent standard error. 

 

Supplementary Figure 9: mphA selection at a range of clarithromycin concentrations (one 

high outlier replicate removed from the no antibiotic control at day 7). Variation in prevalence 

was seen at day 0 (p = 0.001574, Kruskal Wallis) and the difference in prevalence between 

day 0 and 7 was, therefore, used for the statistical analysis. No significant selection is 

observed for most of the concentrations of clarithromycin tested. The only concentration 

where positive selection was seen was at 100,000 µg/L (p = 0.0446, Dunn’s test 

(difference)). ** = significant positive selection to 95% confidence. Error bars represent 

standard error. 

 

 



 

Supplementary Figure 10: intI1 selection at a range of clarithromycin concentrations. 

Variation in the prevalence of intI1 was observed at day 0 (p = 0.0018, Kruskal Wallis). 

Difference in prevalence was used, therefore, for the statistical analyses. No significant 

selection was observed until 100,000 µg/L of clarithromycin (p = 1.46e-05, Gaussian GLM 

(difference)). ** = significant positive selection to 95% confidence. Error bars represent 

standard error. 

 

 

Supplementary Figure 11: mphA selection at a range of erythromycin concentrations (one 

high outlier replicate removed from the no antibiotic control at day 7). Significant selection is 



first seen at 100,000 µg/L (p = 0.0361, Dunn’s test). ** = significant positive selection to 95% 

confidence. Error bars show standard error. 

 

 

Supplementary Figure 12: intI1 selection at a range of erythromycin concentrations. 

Variation of prevalence at day 0 was observed (p = 0.0002008, Kruskal Wallis). The 

prevalence was, therefore, used for statistical analyses. A significant increase in day 7 

prevalence of intI1 is observed only at 100,000 µg/L of erythromycin (p = 0.0142, Dunn’s test 

(difference)). ** = significant positive selection to 95% confidence. Error bars show standard 

error. 

 

 

 

 

 

 

 

 

 

 



Selection coefficients 

 

Supplementary Figure 13: Selection coefficient graph for the selection of ermF by 

azithromycin. The line of best fit (polynomial order 3, y= 0.05846 + 0.0006282x – 2.2e-06x2 + 

1.752e-09x3, R2 = 0.07934) never crosses the x axis and therefore a MSC cannot be 

determined.  

 

 

Supplementary Figure 14: Selection coefficient graph for the selection of ermF by 

clarithromycin. The line of best fit (polynomial order 3, y = 0.2305 + 0.001955x – 4.514e-06x2 

+ 2.9e-09x3, R2 = 0.3268) never crosses the x axis and therefore a MSC cannot be 

determined. 

 



Culture dependent assay 

 

 

Supplementary Figure 15: Phenotypic resistance, plated on 3 agars, as a function of 

azithromycin concentration. No significant change in prevalence of resistance was observed 

for either mannitol salt agar or Muller Hinton agar at any concentration of azithromycin. On 

Chromocult agar, however, a significant increase was seen for resistant bacteria at 10,000 

(p = 0.0493, Dunn’s test) and 100,000 µg/L (p = 0.0493, Dunn’s test) of azithromycin. ** = 

significance to 95% confidence. Error bars show standard error. 

 

 

 

 

 

 

 

 



 

Metagenome analysis 

 

Supplementary Figure 16: Heatmap showing the change in prevalence of macrolide 

resistance genes as a function of azithromycin. The log value of the prevalence of genes 

(normalized to 16S rRNA copy number) is presented here. White areas represent where 

genes were below the detection limit. Genes that were below detection limit at every 

concentration of azithromycin are not included. * = significant to 90% confidence. ** = 

significance to 95% confidence.  

 

 

 

 

 

 

 



 

Supplementary Figure 17: Heatmap showing the change in prevalence of macrolide 

resistance genes as a function of clarithromycin. The log value of the prevalence of genes 

(normalized to 16S rRNA copy number) is presented here. White areas represent where 

genes were below the detection limit. Genes that were below detection limit at every 

concentration of clarithromycin are not included. * = significant to 90% confidence. ** = 

significance to 95% confidence.  

 

 

 

 

 

 

 

 

 



 

Supplementary Figure 18: Heatmap showing the change in prevalence of macrolide 

resistance genes as a function of erythromycin. The log value of the prevalence of genes 

(normalized to 16S rRNA copy number) is presented here. White areas represent where 

genes were below the detection limit. Genes that were below detection limit at every 

concentration of erythromycin are not included. * = significant to 90% confidence. ** = 

significance to 95% confidence.  

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

Supplementary Figure 19A: macB subtype 1, B: macB subtype 2 and C: macB subtype 3 as 

functions of erythromycin concentration. No significant positive selection is occurring for 

either macB subtype 1, 2 or 3 at 1,000 µg/L of erythromycin. Subtype 4 was undetectable in 

every sample tested. Error bars represent standard error. 
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Supplementary Figure 20: ermB as a function of erythromycin concentration. No significant 

selection was observed for ermB in the presence of 1,000 µg/L compared to the no antibiotic 

control. Error bars represent standard error. 

 

 

 

 

 

 

 

 

 

 

 

 



 

Supplementary Figure 21: Co-selection for antibiotic resistance gene classes by 

azithromycin. Log of the prevalence of resistance genes (normalized to 16S rRNA copy 

number) is represented here. * = significance to 90% confidence. ** = significance to 95% 

confidence.  

 

 

 

 

 

 

 

 

 

 



 

Supplementary Figure 22: Co-selection for antibiotic resistance gene classes by 

clarithromycin. Log of the prevalence of resistance genes (normalized to 16S rRNA copy 

number) is represented here. * = significance to 90% confidence. ** = significance to 95% 

confidence.  

 

 

 

 

 

 

 

 

 



 

Supplementary Figure 23: Co-selection for antibiotic resistance gene classes by 

erythromycin. Log of the prevalence of resistance genes (normalized to 16S rRNA copy 

number) is represented here. * = significance to 90% confidence. ** = significance to 95% 

confidence.  

 

 

 

 

 

 

 

 

 



 

 

Supplementary Figure 24A: Bacitracin resistance gene prevalence as a function of 

erythromycin concentration. 24B: Aminoglycoside resistance gene prevalence as a function 

of erythromycin concentration. * = significance to 90% confidence. ** = significance to 95% 

confidence. Error bars represent standard error. Although the statistical analysis deems 

prevalence of bacitracin resistance to be significantly higher at 250 µg/L of erythromycin, in 

comparison to the no antibiotic control, it does not appear as if a dose dependent result is 

occurring (as is observed for aminoglycoside resistance). It is possible that variation in 

bacitracin resistance gene prevalence at the beginning of the experiment has led to a 

variation in the samples from the end of the experiment.  

 

 

 

 

 

 

 

 

 

 

 



 

Supplementary Figure 25: Community structure as a function of azithromycin concentration. 

Graph displays top 25 most abundant species. Three replicates are represented for each 

concentration (e.g. 0 – 1 = 0 µg/L, replicate 1). 

 

Supplementary Figure 26: Community structure as a function of clarithromycin 

concentration. Graph displays top 25 most abundant species. Three replicates are 



represented for each concentration (e.g. 0 – 1 = 0 µg/L, replicate 1).

 

Supplementary Figure 27: Community structure as a function of erythromycin concentration. 

Graph displays top 25 most abundant species. Three replicates are represented for each 

concentration (e.g. 0 – 1 = 0 µg/L, replicate 1). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Assessing the selective potential of ciprofloxacin 

 

Supplementary Figure 28: QnrS as a function of ciprofloxacin concentration. No significant 

selection is seen for qnrS at any concentrations of ciprofloxacin. Error bars represent 

standard error. 

 

 

 

 

 

 

 

 

 

 

 

 



A comparison of in vitro assays for determining MSCs 

 

Supplementary Figure 29: Selection coefficient of tetG in the presence of tetracycline. An 

MSC cannot be determined for tetG as the line of best fit (polynomial order 2, y = -1.7 + 

0.038x – 0.0038x2, R2 = 0.007067) never crosses the x axis. The square root of the 

tetracycline concentrations has been plotted here and represents the absolute concentration 

values of 0, 0.1, 1, 10 and 100 µg/L. 

Supplementary Tables: 

Location AZ CLA ERY ERY-H2O Reference 

Grand Island, 
Nebraska 

0.6695 - - - 
Bartelt-Hunt 
et al. 2009 

Columbus, 
Nebraska 

0.0635 - - - 
Bartelt-Hunt 
et al. 2009 

Lincoln, 
Nebraska 

1.5467 - - - 
Bartelt-Hunt 
et al. 2009 

Hastings, 
Nebraska 

0.2835 - - - 
Bartelt-Hunt 
et al. 2009 

Omaha, 
Nebraska 

0.6904 - - - 
Bartelt-Hunt 
et al. 2009 

Chivasso, N. 
Italy 

- 0.0203 0.0159 - 
Calamari et 

al. 2003 



Mezzano, N. 
Italy 

- 0.0012 0.0039 - 
Calamari et 

al. 2003 

Boscone, N. 
Italy 

- 0.0016 0.0032 - 
Calamari et 

al. 2003 

Pacenza, M. 
Italy 

- 0.0034 0.0046 - 
Calamari et 

al. 2003 

Cremona, N. 
Italy 

- 0.0005 0.0014 - 
Calamari et 

al. 2003 

Casalmaggiore, 
N. Italy 

- 0.0008 0.0014 - 
Calamari et 

al. 2003 

Pieve Saliceto, 
N. Italy 

- 0.0017 0.0028 - 
Calamari et 

al. 2003 

Parco Lambro, 
N. Italy 

- 0.0083 0.0045 - 
Calamari et 

al. 2003 

Colorado (2) - 0.04 0.021 - 
Ferrer et al. 

2010 

Colorado (3) - 0.172 1.2 - 
Ferrer et al. 

2010 

Colorado (1) - - 0.052 - 
Ferrer et al. 

2010 

Colorado (2) 0.005 0.005 0.007 - 
Ferrer et al. 

2010 

Colorado (1) - 0.01 - - 
Ferrer et al. 

2010 

Ebro River 
Basin – Vallas 

0.068 - - - 
Gros et al. 

2007 

Ebro River 
Basin – Ebro 

0.016 - 0.034 - 
Gros et al. 

2007 

Ebro River 
Basin – Iregua 

0.009 - 0.029 - 
Gros et al. 

2007 

Ebro River 
Basin – Arga 

0.022 - 0.037 - 
Gros et al. 

2007 

Ebro River 
Basin – Ebro 

0.023 - 0.071 - 
Gros et al. 

2007 

Ebro River 
Basin – Segre 

0.017 - 0.021 - 
Gros et al. 

2007 



Ebro River 
Basin – Ebro 

0.014 - 0.044 - 
Gros et al. 

2007 

River Danube, 
Serbia 

0.055 - - - 
Grujić et al. 

2009 

River Tamis, 
Serbia 

0.036 - - - 
Grujić et al. 

2009 

Lake Ocaga, 
Serbia 

0.081 - - - 
Grujić et al. 

2009 

Belgrade, 
Serbia 

0.025 - - - 
Grujić et al. 

2009 

Belgrade, 
Serbia 

0.14 - - - 
Grujić et al. 

2009 

River Sava, 
Serbia 

0.15 - - - 
Grujić et al. 

2009 

Lake Wannsee, 
Germany 

- 0.0089 - - 
Heberer et 

al. 2008 

Germany - 0.24 - 2.5 
Hirsch et al. 

1999 

Germany - - - 0.15 
Hirsch et al. 

1999 

Wangyan 
River, China 

- - - 0.0678 
Jiang et al. 

2014 

River Taff, 
Trefforest 

Estate 
- - - 0.0195 

Kasprzyk-
Hordern et 

al. 2007 

River Taff, 
Cardiff 

- - - 0.0075 
Kasprzyk-
Hordern et 

al. 2007 

River Taff, 
Brecon 

Beacons 
- - - 0.003 

Kasprzyk-
Hordern et 

al. 2008 

River Taff, 
Merthyr Tydfil 

- - - 0.001 
Kasprzyk-
Hordern et 

al. 2008 

River Taff, 
Abercynon 

- - - 0.007 
Kasprzyk-
Hordern et 

al. 2008 

River Taff, 
Pontypridd 

- - - 0.091 
Kasprzyk-
Hordern et 

al. 2008 



River Taff, 
Tefforest 
Estate 

- - - 0.061 
Kasprzyk-
Hordern et 

al. 2008 

River Taff, 
Cardiff 

- - - 0.08 
Kasprzyk-
Hordern et 

al. 2008 

Cilfynydd, 
Wales 

- - - 1.152 
Kasprzyk-
Hordern et 

al. 2009 

Coslech - - - 0.019 
Kasprzyk-
Hordern et 

al. 2009 

River Taff, 
Abercynon 

- - - 0.004 
Kasprzyk-
Hordern et 

al. 2009 

River Taff, 
Pontypridd 

- - - 0.052 
Kasprzyk-
Hordern et 

al. 2009 

River Ely, 
Peterson-super 

- - - 0.005 
Kasprzyk-
Hordern et 

al. 2009 

Iowa (1) - - - 0.22 
Kolpin et al. 

2004 

Iowa (2) - - - 0.02 
Kolpin et al. 

2004 

Southern 
Ontario 

- - 0.0056 - 
Lissemore 
et al. 2006 

Ebro, Spain 0.0046 0.0121 - - 
López-

Serna et al. 
2012 

Ebro 
tributaries, 

Spain 
0.0044 0.022 - 0.0007 

López-
Serna et al. 

2012 

Umgeni River, 
S Africa (North 

outlet) 
- - 0.24 - 

Matongo et 
al. 2015 

Lausanne, 
Switzerland 

0.96 1 - - 
Morasch et 

al. 2010 

Llobregat River 
Basin 

- - 0.03 - 
Muñoz et 
al. 2009 

Tone River, 
Japan – 

mainstream 
0.008 0.012 - - 

Nakada et 
al. 2007 



Tone River, 
Japan – 
tributary 

0.0065 0.013 - - 
Nakada et 
al. 2007 

Tone River, 
Japan 

0.165 0.568 - - 
Nakada et 
al. 2007 

River Lein, 
Germany 

- 0.077 0.022 - 
Nödler et al. 

2010 

Baltic Sea, 
Usedom 

- 0.014 - - 
Nödler et al. 

2010 

Not stated - 0.52 0.173 - 
Nödler et al. 

2010 

Llobregat, 
Spain 

- - 0.3625 - 
Osorio et al. 

2012 

Llobregat, 
Spain 

    0.107   
Osorio et al. 

2012 

Ebro, Spain - - 0.071 - 
Osorio et al. 

2012 

Yangtze 
Estuary, China 

- - - 0.0896 
Shi et al. 

2014 

Thames, 
Oxford 

0.03 0.092 0.236 - 
Singer et al. 

2014 

Thames, 
Benson 

0.034 0.05 0.244 - 
Singer et al. 

2014 

Northwest Ohio 
(1) 

- 0.702 - - 
Spongberg 

& Witter 
2008 

Northwest Ohio 
(2) 

- 0.6106 - - 
Spongberg 

& Witter 
2008 

Jianhan Plain, 
China 

- - - 4 
Tong et al. 

2014 

Jianghan Plain, 
China 

- - - 2.3 
Tong et al. 

2014 

Pearl River 
Delta, S China 

(1) 
- - 0.43 - 

Xu et al. 
2007a 

Pearl River 
Delta, S China 

(2) 
- - 2.054 - 

Xu et al. 
2007a 

Pearl River 
Delta, S China 

(3) 
- - 0.216 - 

Xu et al. 
2007a 



Pearl River 
Delta, S China 

(4) 
- - 0.259 - 

Xu et al. 
2007a 

Victoria 
Harbour, Hong 

Kong 
- - - 0.00335 

Xu et al. 
2007b 

Pearl River 
(high water 

season) 
- - - 0.03 

Xu et al. 
2007b 

Pearl River 
(low water 
season) 

- - - 0.46 
Xu et al. 
2007b 

Jianghan Plain, 
China (winter) 

- - 0.51 - 
Yao et al. 

2015 

Jianghan Plain, 
China (spring) 

- - 2.42 - 
Yao et al. 

2015 

Yangtze 
Estuary, China 

- - 0.0076 - 
Zhao et al. 

2015 

River Po, Italy - 0.0016 0.0032 - 
Zuccato et 

al. 2010 

River Lambro, 
Italy 

- 0.0083 0.0045 - 
Zuccato et 

al. 2010 

River Po, 
Mezzana Corti, 

Italy 
- 0.0018 0.0008 0.00166 

Zuccato et 
al. 2010 

River Po, 
Monticelli Pv, 

Italy 
- 0.0009 0.0035 0.00427 

Zuccato et 
al. 2010 

River Po, 
Piacenza, Italy 

- 0.0022 0.0046 0.00531 
Zuccato et 

al. 2010 

River Po, 
Cremona, Italy 

- 0.0019 0.0028 0.00363 
Zuccato et 

al. 2010 

River Arno, 
Rignano 

sull’Arno, Italy 
  0.0067 0.0039 0.01396 

Zuccato et 
al. 2010 

River Arno, 
Limite 

sull’Arno, Italy 
  0.0166 0.0029 0.00968 

Zuccato et 
al. 2010 



River Arno, 
Castelfranco, 

Italy 
  0.0336 0.0068 0.01729 

Zuccato et 
al. 2010 

River Arno, 
Pisa, Italy 

  0.0448 0.0081 0.03052 
Zuccato et 

al. 2010 

Milan, Italy - 0.104 0.034 - 
Zuccato et 

al. 2010 

Varese, Italy - 0.052 0.027 - 
Zuccato et 

al. 2010 

Lugano, Italy - 0.437 0.059 - 
Zuccato et 

al. 2010 

Como, Italy - 0.5 0.0065 0.017 
Zuccato et 

al. 2010 

Italy (urban 
wastewater) 

- 0.0181 0.0474 - 
Zuccato et 

al. 2010 

 

Supplementary Table 1: Measured environmental concentrations of macrolide antibiotics. All 

concentrations are in µg/L. AZ = azithromycin, CLA = clarithromycin, ERY = erythromycin 

and ERY-H2O = erythromycin-H2O. A list of full references can be found below in the 

"Supplementary References" section. 
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