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Heteroresistance can lead to treatment failure and is difficult to detect by the methods currently employed by clinical laboratories. The aim of this study was to investigate the prevalence of the amikacin-heteroresistant Klebsiella pneumoniae strains and explore potential amikacin heteroresistance mechanism through whole-genome sequencing (WGS) and quantitative reverse-transcription PCR (qRT-PCR). In this study, 13 isolates (8.39%) were considered as amikacin-heteroresistant K. pneumoniae strains among a total of 155 K. pneumoniae strains. The majority of the heterogeneous phenotypes (11/13, 84.61%) was unstable and the minimal inhibitory concentrations (MICs) fully or partially reverted back to the level of susceptibility of the parental isolate. The frequency of heteroresistant subpopulation ranged from 2.94×10−7 to 5.59×10−6. Whole-genome sequencing and single-nucleotide variants (SNVs) analysis showed that there were different nucleotide and resultant amino acid alterations among an amikacin-heteroresistant strain S38 and the resistant subpopulation S38L in several genes. Quantitative reverse-transcription PCR analysis revealed that the increased expression of aminoglycoside resistance genes detected in amikacin-heteroresistant K. pneumoniae strains might be associated with amikacin heteroresistance. The findings raise concerns for the emergence of amikacin-heteroresistant K. pneumoniae strains and the use of amikacin as therapy for the treatment of multidrug-resistant K. pneumoniae strains.
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INTRODUCTION

Heteroresistance refers to a phenomenon where there are different subpopulations of seemingly isogenic bacteria which exhibit a range of susceptibilities to antibiotics (El-Halfawy and Valvano, 2015). Heteroresistance has been reported to a wide variety of antibiotics and is very common in several bacterial species (Anderson et al., 2018). The mechanism of heteroresistance is very complex. As previously reported, the high prevalence of antibiotic heteroresistance was mainly caused by spontaneous tandem genes amplification, typically including known resistance genes (Nicoloff et al., 2019). In addition, point mutations, insertion sequences (IS), insertions or small deletions, overexpression of the antibiotic resistance gene, reduced expression of the porin-encoding gene, biofilm formation, and slow growth were also linked to heteroresistance (Adams-Sapper et al., 2015; Silva et al., 2016; Gallagher et al., 2017; He et al., 2018; Rodriguez et al., 2019; Jia et al., 2020). The phenomenon of heteroresistance in Klebsiella pneumoniae has been reported to a variety of antibiotics, including β-lactams, colistin, and tetracyclines (Tato et al., 2010; Jayol et al., 2015; Zheng et al., 2018). However, heteroresistance to aminoglycoside was extremely rare (Anderson et al., 2018). In 1947, heteroresistance was first reported in which researchers found that Haemophilus influenzae contained rare subpopulation with increased streptomycin resistance (El-Halfawy and Valvano, 2015). In 2014, researchers found that decreased expression of the porin gene ompC was associated with the presence of kanamycin-resistant subpopulation in Salmonella enterica (Sánchez-Romero and Casadesús, 2014). Recently, researchers found that heteroresistance to tobramycin in Acinetobacter baumannii was related to the amplification of aminoglycoside resistance gene aadBc (Anderson et al., 2018). However, the prevalence and mechanism of amikacin heteroresistance in K. pneumoniae are still not clear. In a previous study at our center about the susceptibility of K. pneumoniae clinical isolates to different antibiotics using the disk diffusion method, the appearance of distinct colonies growing inside the clear zone of inhibition in amikacin disk was found. This phenomenon has attracted our attention and was defined as heteroresistance by relevant articles. As previously reported, heteroresistance could be divided into three forms (Li et al., 2017). In the first form, the entire population was susceptible to the antibiotic, whereas the MICs of subpopulations were distinct. In the second form, the population was susceptible to an antibiotic, with a few highly resistant subpopulations. Finally, in the third form, the entire population was resistant or intermediate resistant with a group of subpopulations showing increased resistance to the antibiotic. The reason for selecting S38 for whole-genome sequencing (WGS) and single-nucleotide variants (SNVs) analysis was that S38 is the third form of heteroresistance. The major concern about this form was that more resistant subpopulation may pass a switch of heteroresistance to homogeneous high-level resistance and could pose a serious threat to antibiotic treatment. In addition, this type of heteroresistance could help us understand that heteroresistance was considered as an intermediate stage of resistance. Beyond that, biofilm formation, growth rate analysis, and quantitative reverse-transcription PCR (qRT-PCR) were also performed to explore the potential amikacin heteroresistance mechanism in the current study.

In brief, in this study, we investigated the prevalence of the amikacin-heteroresistant K. pneumoniae strains and explored the potential amikacin heteroresistance mechanism. The findings could help us understand the switch of heteroresistance to homogeneous high-level resistance, raise our concerns for the use of amikacin as therapy for the treatment of multidrug-resistant K. pneumoniae, and direct the appropriate use of antibiotics in clinic.



MATERIALS AND METHODS


Bacterial Strains, Antimicrobial Susceptibility Testing, and Resistance Genes Detection

This study of nosocomial K. pneumoniae infections was performed from January 2019 to December 2019 in six hospitals in Sichuan, Henan, Hunan, and Fujian provinces and the city of Shanghai in China. A total of 155 non-duplicate K. pneumoniae isolates recovered from sterile body fluids, sputum, and wound secretion were included in this study. We chose the first isolate from the patients and we also excluded patients with polymicrobial infections or concurrent sterile body fluid infection with an organism other than K. pneumoniae. Sterile body fluids were defined as specimens that were collected from sterile sites with sterile procedures, such as blood and cerebrospinal fluid. Routine species identification was carried out by the Vitek2 system (BioMérieux, Marcy-l’Étoile, France). Susceptibility to different antibiotics (imipenem, meropenem, amikacin, cefoperazone, and ciprofloxacin) was determined by the method of disk diffusion according to the guidelines of the Clinical and Laboratory Standards Institute (CLSI; CLSI, 2019). Heteroresistance to different antibiotics was screened by the method of disk diffusion and the appearance of distinct colonies growing inside the clear zone of inhibition was considered as heteroresistance (He et al., 2018). Briefly, the heteroresistant strains were isolated on LB agar plates, a single colony was selected, and its turbidity was adjusted to a concentration of 0.5 McFarland with sterile saline. The bacterial suspensions were evenly plated on the MH plates and dried at room temperature for 3min. The antibiotic disk was affixed on the MH plates with sterile forceps. After incubation at 35°C for 18h, the diameter of the inhibition zone was measured. The minimal inhibitory concentrations (MICs) were determined by microbroth dilution method according to the guidelines of the CLSI with seven antibiotics: amikacin, imipenem, meropenem, ciprofloxacin, kanamycin, chloramphenicol, and cefotaxime. Escherichia coli ATCC25922 was used as the quality control strain. The resistance breakpoints for antimicrobial agents were determined according to the recommendations of the CLSI (CLSI-M100-S29; CLSI, 2019). PCR amplification and DNA sequencing were performed to identify the key carbapenemase encoding genes (blaNDM, blaKPC, blaVIM, blaIMP, and blaOXA-48), the key extended-spectrum beta-lactamase (ESBLs) genes (blaCTX-M, blaSHV, and blaTEM), the common aminoglycoside-modifying enzymes (AMEs) genes [aac (3)-I, aac (3)-II, aac (6′)-I, aac (6′)-II, ant (2″)-I, ant (3″)-I, aph (3′)-I, and aph (4)-Ia], and common 16sRNA methylase genes (armA, rmtA, rmtB, rmtC, and rmtD) as previously described (Yin et al., 2008; Zhou et al., 2010; Poirel et al., 2011; Miró et al., 2013; Fernández-Martínez et al., 2015).



Population Analysis Profile

Heteroresistance to amikacin in K. pneumoniae strains was confirmed by PAP. PAP was performed by the method described previously (Lin et al., 2020). Klebsiella pneumoniae strains were inoculated in LB broth. After overnight incubation at 37°C, the cultures were diluted with sterile saline to approximately 108CFU/ml (CFU, Colony-Forming Unit). Then, 100μl of the cultures was taken and plated on LB agar plates containing increasing concentrations of amikacin (0, 8, 16, 32, 64, and 128μg/ml). Plates were then incubated at 37°C, and CFU was enumerated after 48h. Klebsiella pneumoniae ATCC13883 was used as the control strain. The resistant subpopulation of each amikacin-heteroresistant isolate was selected from the 64μg/ml amikacin concentration of the PAP test. The frequency of heteroresistant subpopulation was calculated by dividing the number of colonies grown on plate containing the highest antibiotic concentration by the number of colonies grown on antibiotic-free plate. The experiments were repeated three times.



Stability of the Heterogeneous Phenotype

Stability of the heterogeneous phenotype was performed by the method described previously (Nicoloff et al., 2019). Briefly, two to four clones with decreased susceptibility were selected from PAP test plates containing amikacin at a concentration of 64μg/ml (the highest concentration at which the amikacin-heteroresistant K. pneumoniae strains could grow), re-isolated on LB plate and grown overnight in LB broth. The MICs of these clones were determined by the microbroth dilution method. The cultures were then grown for 7days in absence of amikacin and the daily subcultures were performed (1μl of the cultures inoculated into 1ml of LB broth, 10 generations per day). The MICs after 7days in absence of selective pressure were determined and the heterogeneous phenotype was deemed unstable if the MICs decreased or reverted to that of the original parental isolate in at least one of the cultures. The experiments for determining the stability of the heterogeneous phenotype were repeated three times.



In-vitro Induction of Amikacin Resistance in K. pneumoniae Strains Under Amikacin Pressure

In-vitro induction of amikacin resistance in K. pneumoniae strains was performed by the method described by Lin et al. (2020). Thirteen amikacin-heteroresistant isolates were used to induce amikacin resistance isolates. Briefly, these isolates were inoculated in LB broth. After overnight incubation at 37°C, the cultures were diluted with sterile saline to approximately 108CFU/ml. Then, 100μl of the cultures was taken and sub-cultured serially in 1ml LB broth containing gradually increasing concentrations of amikacin with the initial concentration being 2× MIC values followed by successive increases to 4× and 8× MICs. K. pneumoniae strains were cultured for four passages before their entry into the next concentration. Isolates from the passages of each concentration were stored at −80°C in LB broth containing 50% glycerol. Then, the MICs and the proportion of resistant subpopulation of these isolates were determined. The proportion of resistant subpopulation was determined by dividing the number of colonies grown on plate containing amikacin at a concentration of 64μg/ml by the number of colonies grown on antibiotic-free plate. Then, the isolates were sub-cultured for 7days in absence of amikacin (1μl of the cultures inoculated into 1ml of LB broth, 10 generations per day). The MICs and the proportion of resistant subpopulation were determined again.



MLST Analysis

MLST analysis was performed as previously described by Pasteur Institute MLST Database. PCR amplification for seven housekeeping genes (gapA, infB, mdh, pgi, phoE, rpoB, and tonB) was carried out using primers and protocols available at the Pasteur Institute MLST Database1 (Nava et al., 2019). The allelic profiles and sequence types (ST) were available in the MLST database2 (Huang et al., 2018).



Measurement of Bacterial Growth Curves

Growth curves of amikacin-resistant parental strain and their resistant subpopulation were determined as previously described (Jayol et al., 2015). Briefly, K. pneumoniae strains were inoculated into 5ml of LB broth and incubated overnight at 37°C. Overnight cultures were diluted to approximately 108CFU/ml and inoculated in 2ml of LB broth. The cultures were grown at 37°C and 200rpm for 12h. The absorbance at the optical density of 570nm was determined every hour for 12hours; then, the growth curves were plotted.



Biofilm Formation

Biofilm formation was determined as previously described (Vuotto et al., 2017). Amikacin-resistant parental strains and resistant subpopulation were inoculated in LB broth at 37°C and 200rpm for 16h. The concentration of the cultures was adjusted to approximately 108CFU/ml; 200μl of the cultures was added into the 96-well plate and incubated at 37°C for 48h. Each well was washed with 200μl phosphate-buffered saline (PBS) three times to remove planktonic bacteria. After staining with 0.1% crystal violet for 30min, the crystal violet was washed thoroughly with PBS and the 96-well plate was dried at room temperature. Then, 200μl of 95% ethanol was added into each well to dissolve crystal violet. The absorbance of dissolved dye was measured at 570nm (OD570). Klebsiella pneumoniae strain NTUH-K2044 was selected as the positive control and LB broth as the negative control. The OD cutoff (ODc) was defined as three SDs above the mean OD of the negative control. All the strains were classified into the following categories: non-biofilm producers (OD≤ODc), weak biofilm producers (ODc<OD≤2× ODc), moderate biofilm producers (2× ODc<OD≤4× ODc), and strong biofilm producers (4× ODc<OD). Each assay was performed in triplicate and repeated four times.



Quantitative Reverse-Transcription PCR Analysis

The expression levels of aminoglycoside resistance genes aac (6′)-I, aph (3′)-Ia, aac (3)-II, and porin genes ompK35 and ompK36 were assessed using qRT-PCR. The primers used in qRT-PCR analysis can be obtained in the supplementary material in Supplementary Table S1. Amikacin-heteroresistant K. pneumoniae strains and their resistant subpopulation were grown to midlogarithmic phase and total RNA was extracted by using Trizol reagent (Invitrogen, Carlsbad, CA, United States). Then, the extracted RNA was reverse transcribed into cDNA using a PrimeScript RT reagent kit (Takara Bio Inc., Shiga, Japan). Finally, qRT-PCR was performed using a SYBR Premix Ex Taq II kit (Takara Bio Inc., Shiga, Japan) in a Mastercycler ep realplex system (Eppendorf, Hamburg, Germany), with an initial incubation at 94°C for 30s, followed by 40cycles of 5s at 94°C and 30s at 60°C. The internal control gene 16S rRNA was used to normalize the expression of each candidate gene. The threshold cycle (Ct) numbers were determined by the detection system software, and the data were analyzed based on the 2−ΔΔCt method. The experiments were carried out in triplicate with three independent RNA samples.



Whole-Genome Sequencing and Bioinformatics Analysis

The genomic DNA was extracted using a DNA extraction kit (TIANGEN, Beijing, Co Ltd.). The genome was sequenced by the Illumina PE300 platforms (Majorbio Co., Ltd. Shanghai, China).

The clean reads were assembled using the SOAPdenovo software package (Luo et al., 2012). GeneMarkS software3 was used to make predictions about the encoding genes (Li et al., 2017). RASTv.2.04 was used to complete bacterial genome annotations. The predicted genes were compared to a nonredundant (nr) protein database in NCBI using BLASTX. rRNA, tRNA, and sRNAs were predicted by rRNAmmer, tRNAscan software, and Rfam database, respectively (Lagesen et al., 2007; Nawrocki et al., 2015; Lowe and Chan, 2016). Repetitive sequences were predicted using RepeatMasker5 (Saha et al., 2008). Functional classification was performed by aligning the predicted proteins to the Clusters of Orthologous Groups (COG) database (Tatusov et al., 2003). Metabolic pathways were analyzed by a Diamond software on the KEGG web server.6 Diamond software was used to compare the amino acid sequence with the Virulence Factors of Pathogenic Bacteria database. Antimicrobial resistance genes were identified using the ResFinder 4.1 tool7 (Champion et al., 2009). The genomic islands (GIs) were predicted by using the IslandPath-DIOMB software (Hsiao et al., 2003). PhiSpy software was used to predict Prophage (Akhter et al., 2012). CRISPR digger was used for CRISPR identification (Ge et al., 2016). Single-nucleotide variants analysis was determined by whole-genome alignment and using the MegAlign software package.

The genome sequences of the S38 and S38L were submitted to the GenBank under accession numbers JAGFBW000000000 and JAGFBX000000000.



Statistical Analysis

Student’s t test with GraphPad Prism software 7.0 was used to analyze the continuous data obtained by biofilm formation analysis and qRT-PCR analysis. The differences were considered statistically significant when value of p<0.05.




RESULTS


Antibiotic Susceptibility Results of K. pneumoniae

Antibiotic susceptibility results for different antibiotics in 155 strains of K. pneumoniae are listed in Table 1. The general information of the 155 K. pneumoniae isolates is listed in Supplementary Table S2 in the supplementary material. As shown in Table 1, 18 (11.61%) strains of K. pneumoniae were resistant to imipenem, 55 (35.48%) strains were resistant to meropenem, 59 strains (38.06%) were resistant to amikacin, 103 (66.45%) strains were resistant to cefoperazone, and 97 (62.58%) strains were resistant to ciprofloxacin. Besides, the prevalence of carbapenem heteroresistance was high in all tested strains. A total of 38 isolates (24.52%) were identified as heteroresistant to meropenem and a high prevalence (48.39%) of imipenem heteroresistance was also observed. Besides, 24 isolates of K. pneumoniae (15.48%) were identified as heteroresistant to cefoperazone, 13 isolates (8.39%) were identified as heteroresistant to amikacin.



TABLE 1. The distribution of antibiotic susceptibility results for different antibiotics in 155 strains of K. pneumoniae (n, %).
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Antimicrobial Susceptibility Profiles of the Amikacin-Heteroresistant K. pneumoniae

Antibiotic susceptibility results, the resistance phenotypes, the distribution of carbapenenmase, ESBLs encoding genes, aminoglycoside-modifying enzymes encoding genes (AMEs), and 16sRNA methylase genes are listed in Table 2. These strains were resistant to more than two different types of antibiotics and the majority of the amikacin-heteroresistant strains could be classified as multidrug-resistant (MDR) K. pneumoniae. It was observed that eight strains (61.54%) of amikacin-heteroresistant K. pneumoniae were resistant to kanamycin, 11 strains (84.6%) were resistant to ciprofloxacin, and eight strains (61.54%) were resistant to chloramphenicol. All the identified strains were resistant to cefotaxime and at least one carbapenems. In other words, the amikacin-heteroresistant strains belonged to carbapenem-resistant K. pneumoniae (CRKP) strains and the vast majority of the heteroresistant K. pneumoniae strains carried at least two β-lactam resistance genes. Aminoglycoside resistance genes aac (6′)-Ib, aph (3′)-Ia were detected in eight isolates (61.54%) and aac (3)-II was detected in 11 isolates (84.6%). 16sRNA methylase genes were not detected in these amikacin-heteroresistant K. pneumoniae strains.



TABLE 2. Resistance phenotypes, distribution of carbapenenmase, ESBLs, AMEs encoding genes and 16sRNA methylase genes, sequence typing, and biofilm formation ability in amikacin-heteroresistant K. pneumoniae strains.
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Characterization of the Amikacin-Heteroresistant K. pneumoniae

Characteristics of amikacin-heteroresistant K. pneumoniae strains are shown in Table 3. The MICs of amikacin for the K. pneumoniae clinical isolates ranged from 2 to 32μg/ml; however, the heteroresistant subpopulation grown within the zone of inhibition around amikacin disks showed MICs of 64μg/ml or 128μg/ml. PAP showed that subpopulation of the amikacin-heteroresistant K. pneumoniae strains could grow at concentrations ranging from 8 to 64μg/ml (4–32 times their MICs), while the control isolate (K. pneumoniae ATCC13883) could not grow at a concentration of 2μg/ml (Figure 1). The vast majority of the heterogeneous phenotypes was unstable except K. pneumoniae strains S38 and F35 which were stable after seven daily subcultures in antibiotic-free medium.



TABLE 3. Characteristics of the amikacin-heteroresistant K. pneumoniae strains.
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FIGURE 1. Population analysis profiles of the amikacin-heteroresistant Klebsiella pneumoniae isolates and the control strain K. pneumoniae ATCC13883. The x axis indicates the amikacin concentration in micrograms per milliliter used to select amikacin-resistant subpopulation with higher amikacin resistance levels, and on the y axis, the frequency of bacterial cells is given as the logarithm to the base 10 of CFU per milliliter. Dots correspond to mean values of three replicates for each strain.




Results of Induction of Amikacin Resistance in K. pneumoniae Under Amikacin Pressure

The results of inducing amikacin resistance in K. pneumoniae strains under amikacin pressure are shown in Table 4. The MICs of strains under amikacin pressure were 4- to 32-fold higher than their initial MICs. When isolates were sub-cultured serially in LB broth containing gradually increasing concentrations of amikacin, the proportion of resistant subpopulation also increased along with increasing amikacin concentration. All the tested strains evolved to intermediate or complete resistance to amikacin under amikacin pressure. The MICs and the proportion of resistant subpopulation were decreased to different extent in the strains whose heterogeneous phenotypes were unstable after they were sub-cultured for 7days without amikacin. However, different results were found in the strains whose heterogeneous phenotypes were stable. The MICs and the proportion of resistant subpopulation in these strains could be maintained.



TABLE 4. Results of inducing amikacin resistance in K. pneumoniae strains.
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MLST Analysis of the Amikacin-Heteroresistant K. pneumoniae

In this experiment, a total of five STs were found in the amikacin-heteroresistant K. pneumoniae strains. These STs were same as the parental strains. ST11 (8/13) was a predominant clone type in these strains. ST2637 (2/13), ST2324 (1/13), ST307 (1/13), and ST761 (1/13) were also identified, and these STs did not belong to CC11. Compared to ST11, all seven housekeeping genes showed loci variations in ST2637 and ST761. ST307 (phoE and gapA) and ST2324 (mdh and tonB) have only two housekeeping genes which are identical to ST11.



Growth Curves of Amikacin-Resistant Parental K. pneumoniae and Their Resistant Subpopulation

Growth curves among amikacin-resistant K. pneumoniae strains and their resistant subpopulation revealed that all the tested strains displayed no difference in growth rate (Figure 2, in the current study, resistant subpopulation was named by adding an L suffix to the name of the parental strain).

[image: Figure 2]

FIGURE 2. The growth kinetics of amikacin-heteroresistant K. pneumoniae isolates and the resistant subpopulation were determined in the absence of selective pressure. During a 12-h period, no significant difference was observed between those strains.




Results of Biofilm Formation

The mean OD values obtained by the biofilm formation analysis are plotted in Figure 3. On the basis of the ODc cutoff=0.147, 42.31% (11/26) of the tested isolates were classified as weak biofilm producers (mean ODs=0.198±0.237), 57.69% (15/26) as moderate biofilm producers (mean ODs=0.388±0.079). However, there was no difference in biofilm formation among the amikacin-resistant parental strain and the resistant subpopulation.

[image: Figure 3]

FIGURE 3. Biofilm formation of the amikacin-heteroresistant K. pneumoniae isolates and the resistant subpopulation. Each assay was performed in triplicate and repeated four times. The ability to form biofilms (OD570) corresponds to mean values of three replicates for each strain.




Results of the Expression of Aminoglycoside Resistance Genes, Porin Genes, and 16sRNA Methylase Genes

Quantitative RT-PCR analysis revealed that amikacin-resistant subpopulation S30L and F35L had increased expression of aac (6′)-Ib compared to the amikacin-resistant parental strains S30 and F35 (18.22- and 11.4-fold increased expression, respectively), which was statistically significant (p<0.05). Amikacin-resistant subpopulation S38L, F48L, and H628L had increased expression of aph (3′)-Ia compared to their amikacin-resistant parental strains (3.27-, 5.39-, and 4.83-fold increased expression, respectively), which was statistically significant (p<0.05). Amikacin-resistant subpopulation S30L, S9L, F35L, and 17-3L had increased expression of aac (3)-II compared to their amikacin-resistant parental strains (10.96-, 11.85-, 6.73-, and 8.41-fold increased expression, respectively) which was statistically significant (p<0.05; Figure 4). Moreover, no differences were observed in the expression of ompK35 and ompK36 among the tested isolates (p>0.05; Supplementary Figure S1).

[image: Figure 4]

FIGURE 4. Results of the expression of aminoglycoside resistance genes in amikacin-heteroresistant strains and the resistant subpopulation. The expression levels were detected by qRT-PCR, **statistically significant (p<0.01), and ***statistically significant (p<0.001).




Whole-Genome Sequences, General Genomic Features, Single-Nucleotide Variants, and Amino Acid Alteration Analysis

In this study, the complete genomic sequences of S38 and S38L were determined. The general genomic features are summarized in Supplementary Table S3 in the supplementary material. Different nucleotide and resultant amino acid alterations were also identified (Table 5). In summary, the nucleotide and resultant amino acid variations were identified in four sites in parB gene (Ala 226 Val, Ile 236 Thr, Gln 476 His, and Ser 563 Phe), in one site in the gene encoding carbohydrate porin (Ile 82 leu), in two sites in the gene encoding single-stranded DNA-binding protein (Trp 16 Arg and His 56 Arg), in five sites in the gene encoding threonine dehydrogenase (Met 30 Ile, Ser 33 Cys, Ser 42 Cys, Val 56 Glu, and Arg 93 Trp), in four sites in the gene encoding hypothetical protein (Arg 16 Ser, Ala 54 Glu, Val 62 Leu, and Val 75 Ile), and in three sites in the gene encoding DUF905 domain-containing protein (Val 47 Ile, Phe 74 Tyr, and Glu 77 Gly). As shown, amino acid variations in one site in the gene encoding sequence-specific DNA-binding transcription factor (Ile 134 Met) and in one site in the gene encoding capsid size determination protein (Glu 47 Ala) were also identified.



TABLE 5. Nucleotide and amino acid substitutions in amikacin-heteroresistant K. pneumoniae S38 and the resistant subpopulation S38L.
[image: Table5]




DISCUSSION

In this study, the prevalence of the clinical amikacin-heteroresistant K. pneumoniae strains was low, the majority of the heterogeneous phenotypes (84.61%) was unstable, and the MIC fully or partially reverted back to the level of susceptibility of the parental isolates. Recent studies showed that slow growth was linked to the emergence of colistin heteroresistance in A. baumannii and biofilm formation was related to colistin heteroresistance in K. pneumoniae (Silva et al., 2016; Rodriguez et al., 2019). However, there were no changes in the growth curves and the ability to produce biofilm among the tested strains in this study. The results showed that slow growth and biofilm formation are not the underlying mechanisms for amikacin heteroresistance. MLST analysis of the amikacin-heteroresistant K. pneumoniae isolates was performed and the ST11 was a predominant clone type in these strains. As previously reported, ST11 was the most predominant epidemic type in Mainland China. If not effectively controlled, the ST11 clone could spread widely in the future (Tian et al., 2019). In recent years, studies have shown that the decreased expression of the porin gene ompC may be related to kanamycin heteroresistance in Salmonella enterica and the amplification of aminoglycoside resistance gene aadBc is the underlying mechanisms for tobramycin heteroresistance in A. baumannii (Sánchez-Romero and Casadesús, 2014; Anderson et al., 2018). Unlike the data obtained from previous reports, no difference was observed in the expression of porin genes ompK35 and ompK36 in the tested isolates. The results indicated that porin may not be associated with amikacin heteroresistance in K. pneumoniae strains. It is also found that some of the amikacin-heteroresistant K. pneumoniae isolates do not have carbapenemases but are resistant to imipenem and meropenem. Because porin is not linked to aminoglycoside resistance, we speculate that the reduced susceptibility to imipenem or meropenem might be due to porins, which is already established. It is worth noting that some resistant subpopulation had increased expression of aminoglycoside resistance genes aac (6′)-Ib, aph (3′)-Ia, and aac (3)-II compared with their amikacin-resistant parental strains. These results indicated that the increased expression of aminoglycoside resistance genes detected in the amikacin-heteroresistant isolates may lead to the appearance of the phenomenon of amikacin heteroresistance. Beyond that, increasing studies have revealed that point mutations, IS insertions, or small deletions in genes associated with antibiotic resistance or pathways result in a small colony variant phenotype and aminoglycoside resistance, such as ubiJ and cydA, were also linked to the formation of the aminoglycoside heteroresistance in E. coli, K. pneumoniae, and Salmonella typhimurium (Andersson et al., 2019; Nicoloff et al., 2019). However, there were no mutations identified in these genes. On the contrary, several mutations in the genes encoding carbohydrate porin, threonine dehydrogenase, hypothetical protein, single-stranded DNA-binding protein, and parB gene were identified. These genes have a variety of roles in bacterial physiological processes, such as carbohydrate uptake and chromosome segregation. We speculated that SNVs identified in this study might be associated with amikacin heteroresistance. However, further studies are still needed to investigate the mechanisms of amikacin heteroresistance and confirm that SNVs are associated with amikacin heteroresistance.

Previous study has shown that heteroresistance could be due to several co-existing subpopulation and mutants isolated from the same subpopulation frequently displayed different MIC levels and stability of the resistant phenotypes (Nicoloff et al., 2019). The results were consistent with what has been observed in this research. Several co-existing subpopulations with different susceptibility to amikacin in amikacin-heteroresistant K. pneumoniae strains were observed. This suggested that the analysis of isolated clones, as routinely performed in clinical laboratories, might not always adequately reflect the characteristics of all bacteria present in a clinical sample. Besides, as reported previously, a majority of heteroresistance cases were unstable (Nicoloff et al., 2019). A similar result was obtained in this study that is the majority of the amikacin heterogeneous phenotypes was unstable among a total of 155 strains of K. pneumoniae. This type of heteroresistance is difficult to detect because of its intrinsic instability, it is also frequently lost when the antibiotic pressure drops. Because this sort of heteroresistance is difficult to diagnose with standard tests, misdiagnosis of strains with resistant subpopulation as fully susceptible is likely common, with potentially severe consequences in the form of treatment failure. Moreover, recent studies have shown that the resistant subpopulation could be enriched and might cause treatment failure during antibiotic exposure (Andersson et al., 2019). These results were also consistent with what has been observed in this study. The MICs of the amikacin-heteroresistant K. pneumoniae strains were increased after exposed to amikacin. This indicated the presence of a switch of heteroresistance to homogeneous high-level resistance during the period of antibiotic treatment.

In general, to the best of our knowledge, this is the first report about the prevalence of amikacin heteroresistance in K. pneumoniae strains in China. This research could help us understand the characteristic of amikacin heteroresistance, the switch of heteroresistance to homogeneous high-level resistance, and raise concerns for the emergence of amikacin-heteroresistant K. pneumoniae strains. In addition, results obtained in this study indicated that SNVs and the increased expression of aminoglycoside resistance genes detected in amikacin-heteroresistant K. pneumoniae strains might be associated with amikacin heteroresistance. However, further studies are still needed to investigate the mechanisms of amikacin heteroresistance.



DATA AVAILABILITY STATEMENT

The data presented in the study are deposited in the National Center for Biotechnology Information (NCBI), accession numbers JAGFBX000000000 and JAGFBW000000000.



AUTHOR CONTRIBUTIONS

YZ and FZ designed the experiments. FZ, JB, and QL performed the experiments. FZ, MD, and XY analyzed the data and wrote the manuscript. All authors contributed to data analysis, drafting or revising the article, gave final approval of the version to be published, and agree to be accountable for all aspects of the work.



FUNDING

This research was funded by the grant from the Sichuan Province Science and Technology Project (2020YJ0338), the Major Program of National Natural Science Foundation of China (819931534), and the National Natural Science Foundation of China (31500114).



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmicb.2021.682239/full#supplementary-material



FOOTNOTES

1http://bigsdb.pasteur.fr/klebsiella/primers_used.html

2http://bigsdb.pasteur.fr/klebsiella/klebsiella.html

3http://topaz.gatech.edu/

4http://rast.nmpdr.org/rast.cgi

5http://www.repeatmasker.org/

6http://www.genome.jp/kegg/

7https://cge.cbs.dtu.dk/services/ResFinder/



REFERENCES

 Adams-Sapper, S., Nolen, S., Donzelli, G. F., Lal, M., Chen, K., Justo da Silva, L. H., et al. (2015). Rapid induction of high-level carbapenem resistance in heteroresistant KPC-producing Klebsiella pneumoniae. Antimicrob. Agents Chemother. 59, 3281–3289. doi: 10.1128/AAC.05100-14 

 Akhter, S., Aziz, R. K., and Edwards, R. A. (2012). PhiSpy: a novel algorithm for finding prophages in bacterial genomes that combines similarity- and composition-based strategies. Nucleic Acids Res. 40:e126. doi: 10.1093/nar/gks406 

 Anderson, S. E., Sherman, E. X., Weiss, D. S., and Rather, P. N. (2018). Aminoglycoside Heteroresistance in Acinetobacter baumannii AB5075. mSphere 3, e00271–e00318. doi: 10.1128/mSphere.00271-18

 Andersson, D. I., Nicoloff, H., and Hjort, K. (2019). Mechanisms and clinical relevance of bacterial heteroresistance. Nat. Rev. Microbiol. 17, 479–496. doi: 10.1038/s41579-019-0218-1 

 Champion, M. D., Zeng, Q., Nix, E. B., Nano, F. E., Keim, P. S., Kodira, C. D., et al. (2009). Comparative genomic characterization of Francisella tularensis strains belonging to low and high virulence subspecies. PLoS Pathog. 5:e1000459. doi: 10.1371/journal.ppat.1000459 

 CLSI (2019) Performance Standards for Antimicrobial Susceptibility Testing; Twenty-Nine Informational Supplement. M100-S29. Wayne, PA: Clinical and Laboratory Standards Institute.

 El-Halfawy, O. M., and Valvano, M. A. (2015). Antimicrobial heteroresistance: an emerging field in need of clarity. Clin. Microbiol. Rev. 28, 191–207. doi: 10.1128/CMR.00058-14 

 Fernández-Martínez, M., Miró, E., Ortega, A., Bou, G., González-López, J. J., Oliver, A., et al. (2015). Molecular identification of aminoglycoside-modifying enzymes in clinical isolates of Escherichia coli resistant to amoxicillin/clavulanic acid isolated in Spain. Int. J. Antimicrob. Agents 46, 157–163. doi: 10.1016/j.ijantimicag.2015.03.008 

 Gallagher, L. A., Lee, S. A., and Manoil, C. (2017). Importance of core genome functions for an extreme antibiotic resistance trait. MBio 8, e01655–e01717. doi: 10.1128/mBio.01655-17

 Ge, R., Mai, G., Wang, P., Zhou, M., Luo, Y., Cai, Y., et al. (2016). CRISPRdigger: detecting CRISPRs with better direct repeat annotations. Sci. Rep. 6:32942. doi: 10.1038/srep32942 

 He, J., Jia, X., Yang, S., Xu, X., Sun, K., Li, C., et al. (2018). Heteroresistance to carbapenems in invasive Pseudomonas aeruginosa infections. Int. J. Antimicrob. Agents 51, 413–421. doi: 10.1016/j.ijantimicag.2017.10.014

 Hsiao, W., Wan, I., Jones, S. J., and Brinkman, F. S. (2003). IslandPath: aiding detection of genomic islands in prokaryotes. Bioinformatics 19, 418–420. doi: 10.1093/bioinformatics/btg004 

 Huang, X., Cheng, X., Sun, P., Tang, C., Ni, F., and Liu, G. (2018). Characteristics of NDM-1-producing Klebsiella pneumoniae ST234 and ST1412 isolates spread in a neonatal unit. BMC Microbiol. 18:186. doi: 10.1186/s12866-018-1334-1 

 Jayol, A., Nordmann, P., Brink, A., and Poirel, L. (2015). Heteroresistance to colistin in Klebsiella pneumoniae associated with alterations in the PhoPQ regulatory system. Antimicrob. Agents Chemother. 59, 2780–2784. doi: 10.1128/AAC.05055-14 

 Jia, X., Ma, W., He, J., Tian, X., Liu, H., Zou, H., et al. (2020). Heteroresistance to cefepime in Pseudomonas aeruginosa bacteraemia. Int. J. Antimicrob. Agents 55:105832. doi: 10.1016/j.ijantimicag.2019.10.013 

 Lagesen, K., Hallin, P. F., Rodland, E. A., Staerfeldt, H., Rognes, T., and Ussery, D. W. J. N. A. R. (2007). RNAmmer: consistent and rapid annotation of ribosomal RNA genes. Nucleic Acids Res. 35, 3100–3108. doi: 10.1093/nar/gkm160 

 Li, P., Huang, Y., Yu, L., Liu, Y., Niu, W., Zou, D., et al. (2017). Isolation and whole-genome sequence analysis of the imipenem heteroresistant Acinetobacter baumannii clinical isolate HRAB-85. Int. J. Infect. Dis. 62, 94–101. doi: 10.1016/j.ijid.2017.07.005 

 Lin, Z., Pu, Z., Xu, G., Bai, B., Chen, Z., Sun, X., et al. (2020). Omadacycline efficacy against enterococcus faecalis isolated in China: in vitro activity, heteroresistance, and resistance mechanisms. Antimicrob. Agents Chemother. 64, e02097–e02119. doi: 10.1128/AAC.02097-19

 Lowe, T. M., and Chan, P. P. (2016). tRNAscan-SE on-line: integrating search and context for analysis of transfer RNA genes. Nucleic Acids Res. 44, W54–W57. doi: 10.1093/nar/gkw413 

 Luo, R., Liu, B., Xie, Y., Li, Z., Huang, W., Yuan, J., et al. (2012). SOAPdenovo2: an empirically improved memory-efficient short-read de novo assembler. Gigascience 1:18. doi: 10.1186/2047-217X-1-18 

 Miró, E., Grünbaum, F., Gómez, L., Rivera, A., Mirelis, B., Coll, P., et al. (2013). Characterization of aminoglycoside-modifying enzymes in enterobacteriaceae clinical strains and characterization of the plasmids implicated in their diffusion. Microb. Drug Resist. 19, 94–99. doi: 10.1089/mdr.2012.0125 

 Nava, R. G., Oliveira-Silva, M., Nakamura-Silva, R., Pitondo-Silva, A., and Vespero, E. C. (2019). New sequence type in multidrug-resistant Klebsiella pneumoniae harboring the Bla(NDM-1)-encoding gene in Brazil. Int. J. Infect. Dis. 79, 101–103. doi: 10.1016/j.ijid.2018.11.012 

 Nawrocki, E. P., Burge, S. W., Bateman, A., Daub, J., Eberhardt, R. Y., Eddy, S. R., et al. (2015). Rfam 12.0: updates to the RNA families database. Nucleic Acids Res. 43, 130–137. doi: 10.1093/nar/gku1063

 Nicoloff, H., Hjort, K., Levin, B. R., and Andersson, D. I. (2019). The high prevalence of antibiotic heteroresistance in pathogenic bacteria is mainly caused by gene amplification. Nat. Microbiol. 4, 504–514. doi: 10.1038/s41564-018-0342-0 

 Poirel, L., Walsh, T. R., Cuvillier, V., and Nordmann, P. (2011). Multiplex PCR for detection of acquired carbapenemase genes. Diagn. Microbiol. Infect. Dis. 70, 119–123. doi: 10.1016/j.diagmicrobio.2010.12.002 

 Rodriguez, C. H., Traglia, G., Bastias, N., Pandolfo, C., Bruni, G., Nastro, M., et al. (2019). Discrepancies in susceptibility testing to colistin in Acinetobacter baumannii: The influence of slow growth and heteroresistance. Int. J. Antimicrob. Agents 54, 587–591. doi: 10.1016/j.ijantimicag.2019.08.010 

 Saha, S., Bridges, S. M., Magbanua, Z. V., and Peterson, D. G. J. N. A. R. (2008). Empirical comparison of ab initio repeat finding programs. Nucleic Acids Res. 36, 2284–2294. doi: 10.1093/nar/gkn064 

 Sánchez-Romero, M. A., and Casadesús, J. (2014). Contribution of phenotypic heterogeneity to adaptive antibiotic resistance. Proc. Natl. Acad. Sci. U. S. A. 111, 355–360. doi: 10.1073/pnas.1316084111 

 Silva, A., Sousa, A. M., Alves, D., Lourenço, A., and Pereira, M. O. (2016). Heteroresistance to colistin in Klebsiella pneumoniae is triggered by small colony variants sub-populations within biofilms. Pathog. Dis. 74:ftw036. doi: 10.1093/femspd/ftw036 

 Tato, M., Morosini, M., García, L., Albertí, S., Coque, M. T., and Cantón, R. (2010). Carbapenem heteroresistance in VIM-1-producing Klebsiella pneumoniae isolates belonging to the same clone: consequences for routine susceptibility testing. J. Clin. Microbiol. 48, 4089–4093. doi: 10.1128/JCM.01130-10 

 Tatusov, R. L., Fedorova, N. D., Jackson, J. D., Jacobs, A. R., Kiryutin, B., Koonin, E. V., et al. (2003). The COG database: an updated version includes eukaryotes. BMC Bioinform. 4:41. doi: 10.1186/1471-2105-4-41 

 Tian, X., Huang, C., Ye, X., Jiang, H., Zhang, R., Hu, X., et al. (2019). Molecular epidemiology of and risk factors for extensively drug-resistant Klebsiella pneumoniae infections in Southwestern China: A retrospective study. Front. Pharmacol. 10:1307. doi: 10.3389/fphar.2019.01307 

 Vuotto, C., Longo, F., Pascolini, C., Donelli, G., Balice, M. P., Libori, M. F., et al. (2017). Biofilm formation and antibiotic resistance in Klebsiella pneumoniae urinary strains. J. Appl. Microbiol. 123, 1003–1018. doi: 10.1111/jam.13533 

 Yin, X. L., Hou, T. W., Xu, S. B., Ma, C. Q., Yao, Z. Y., Li, W., et al. (2008). Detection of drug resistance-associated genes of multidrug-resistant Acinetobacter baumannii. Microb. Drug Resist. 14, 145–150. doi: 10.1089/mdr.2008.0799 

 Zheng, J. X., Lin, Z. W., Sun, X., Lin, W. H., Chen, Z., Wu, Y., et al. (2018). Overexpression of OqxAB and MacAB efflux pumps contributes to eravacycline resistance and heteroresistance in clinical isolates of Klebsiella pneumoniae. Emerg. Microbes Infect. 7:139. doi: 10.1038/s41426-018-0141-y 

 Zhou, Y., Yu, H., Guo, Q., Xu, X., Ye, X., Wu, S., et al. (2010). Distribution of 16S rRNA methylases among different species of gram-negative bacilli with high-level resistance to aminoglycosides. Eur. J. Clin. Microbiol. Infect. Dis. 29, 1349–1353. doi: 10.1007/s10096-010-1004-1 


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2021 Zhang, Li, Bai, Ding, Yan, Wang, Zhu and Zhou. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fmicb-12-682239-t001.jpg
Antibiotics
s
Imipenem 54 (34.84%)
Meropenem 58 (37.42%)
Amikacin 48 (30.97%)

Cefoperazone 19 (12.26%)
Ciprofioxacin 41 (26.45%)

Antimicrobial susceptibility
[ R HR?

8(5.16%) 18(11.61%) 75 (48.39%)

4(258%)  55(35.48%) 38 (24.52%)
35(2258%)  59(38.06%) 13 (8.39%)

9(581%) 103(66.45%) 24 (15.48%)
17(10.97%) 97 (62.58%) 0(0%)

*S: K. pneumoniae strains were susceptible to antibiotics.
#1: K. prieumoniae strains were intermediately resistant to antibiotics.
°R: K. pneumoniae strains were resistant to antibiotics.

%HR: K. pneumoniae strains were heteroresistant to antibiotics.





OPS/images/fmicb-12-682239-t002.jpg
Strains
38 32(
33 45)
30° 4©
so8° 4
s9 209
F48 28
F50 29
F35 88
H28 o)
He28* 16(S)
17-3 2
17-4 8(S)
17-10¢ 8(S)

IMP, imipenem; MEM, meropenem; CTX, cefotaxime; CIP, ciprofloxacin; CHL, chloramphenicol; and KAN, kanamycin.

IMP

2R

2R

16(R)
16 @)

64 R

64(R)

64 (R

84 (R)

64(R)

128 (R)

256 (R)

2()

20

16R)

64 (R)

2()

8([R)

4R

8(R)

128 (R)

128 [R)

2()

MIC (ug/mi)

cp KAN

128(R) 2048 (R)

16(R) 128(R)

8(R) 64 (R)

4R 128 (R)

2R 208R

R 8
025(8) 89
s8R 256 ()
025(8) 89

128(R) 2048 (R)

2R 16

16 R) 89

128(R)  64(R)

°I: K. pneumoniae strains were intermedlately resistant to antibiotics.
*R: K. pneumoniae strains were resistant o antibiotics.

°S: K. pieumoniae strains were susceptible to antibiotics.

CHL

1,024 (R)

64 (R

128 (R)

4
2R

48

256 (R)

40

128 (R)

16()

cTX

128 (R)

64 (R)

64 (R)

2/

128 (R)

64 (R)

64(R)

2R

Carbapenenmase,
ESBLS, 16sRNA
methylase genes and
AMES encoding genes

Dlage.2, blaoo.r, blassee,
blarey. e, blacr. s, aac
(6)-Ib-cr, aph (3)-la
Dlacwrss, larau e, basi iz,
aac (3)11d, aac (6)-Ib-cr
Dlacraaa, blérou.ra, Ddsar,
Dla., aac (6)-1b3, aac
(@3-

blagrcrw.1s, blare.re, blas.ii,
blay.s, aac (3)-lla, aac
(61163

Dlasse.2, blasos, blacrcar,
Dlarese, Dlawe., Dlasiio,
aac (3)lla, aac (6)-1b-cr
Dlasse.2, blacronss, larusie,
Dlasyzo, Dlau.s, aph (3)-la,
aac (3)lla

Dlavows, blacronr, blar e,
blasi.rez, aph (3)-la
Dlacrous, blareu s, blasws,
blawe., aph (3)-la, aac
(3)-Id, aac (6)-1b-cr
Dlacr e, Dlareu.ia,
blasyua, blawe., aph (3)-1a,
aac (3)lla

Dlacrcusss, blara s, blasizr,
Dlays, aph (3)-1a, aac
(3)-la, aac (6)-1b-cr
Dlagse.2, blarew.ra, Dlasiss,
Dlas, blaws.s, aac (3)-lla,
aph (3)-la

Dlagc2, Dlasons, bl
Dlarey s, Dasiz, blawz,
aac (3)1id, aph (3)-la
Dlacra, bléren. s, Dsas,
aac (3)lla, aac (6)-b-cr

Sequence
type

ST

ST2324

sT11

ST307

ST

ST2637

ST2637

st

sT761

Biofilm
formation
ability

Moderate

Weak

Weak

Moderate

Moderate

Weak

Moderate

Moderate

Weak

Weak

Moderate

Moderate

Moderate

*K. pneumoniae isolates which do not have carbapenemases but are resistant to imipenem or meropenem. It is speculated that the recuced susceptibilty to imipenem or
meropenem might be due to porins, which is already established.





OPS/images/fmicb-12-682239-g003.jpg
ODs79

08

0.6:

0.4: =

0.2 < B

PSS, a7
@«@N@Q&%‘\@é(\ W

0Ds70






OPS/images/fmicb-12-682239-g004.jpg
aph (3}a

IR —

S

aac (6)4b

aac (4






OPS/images/fmicb-12-682239-t005.jpg
Isolates

$38/S36L

$38/S36L

S38/S36L

$38/S36L

$38/S36L

S38/S36L

$36/S36L

S38/S36L

Gene or CDs*/Product
or function

parB, acourate chromosome
segregation in bacteria

GCDs, Capsid size
determination protein Sid
CDs, Carbohydrate porin

CDs, Sequence-specific DNA-

binding transcription factor
Ssb, Single-stranded DNA-
binding protein
CDs, Threonine
dehydrogenase

CDs, Hypothetical protein
PUUH_pUUH2392p0081

CDs, DUF905 domain-
containing protein

“CDs, complete coding sequence.

Mutations

Nucleotide

cersT
T708C
G1248T
C1688T
A140C
G141A
A244C
C246G
A402G

Ta6A
A167G
G90T
AQTT
A124T
T167A
carrT
Ca6A
C161A
G184C
G223A
G139A
T221A
A230G

Amino acid

Ala 226 Val
lle 236 Thr
GIn 476 His
Ser 563 Phe
Glu 47 Ala

lle 82 leu
lle 134 Met

Trp 16 Arg
His 56 Arg
Met 30 lle
Ser 33 Oys
Ser 42Cys
Val 56 Glu
Arg93Tip
Arg 16 Ser
Aa54 Glu
Val 62 Leu
Val 75 lle
Val 47 lle
Phe 74 Tyr
Glu77 Gly





OPS/images/fmicb-12-682239-t003.jpg
MIC of

Highat aimkaoin MIC of heterogeneous

Amikacin MIC  concentration for % Heterogeneous
Isolates : heterogeneous  subpopulation grown  PAP frequency
(ug/mi) growthinPAPtest  _ \ ooulation (ug/ml) for 7days without phenotype
(ng/mi) amikacin (ug/mi)
838 32 64 128 128 2.22x10° Stable
33 4 6 64 8 16810 Unstable
30 4 6 64 16 294x107 Unstable
s28 4 6 128 8 411x107 Unstable
S9 2 64 64 2 4.20x107 Unstable
Fa8 2 64 64 4 1.01x10° Unstable
750 2 2 32 s 596x107 Unstable
F35 8 64 64 64 1.33x10° Stable
H28 4 64 128 8 4.50x107" Unstable
H628 16 64 128 4 5.59x10°¢ Unstable
173 2 3 o4 2 4.78x107 Unstable
174 8 o 64 s 345x107 Unstable
17-10 8 o 64 s 5.49x107 Unstable
ATCC13883 <2 ND* ND ND ND ND

MIC, minimal inhibitory concentration and PAR, population analysis profile. *ND means these experiments were not performed.





OPS/images/fmicb-12-682239-t004.jpg
Proportion of resistant subpopulation Proportion of resistant subpopulation

MIC (ug/mi) after treatment with ashibisripigaien MIC (ug/m atersubcultre for 7days " (o0 ©1 S8 AT SLaRoRatH
— different concentrations of amikacin peseirmseniiiioriy without amikacin pedbd

2¢MIC 4xMIC  B<MIC  2xMIC(%) 4xMIC(%) 8xMIC(%) 2xMIC  4xMIC  8xMIC  2<MIC(%) 4xMIC(%) 8xMIC (%)
sa8 2@ 20 64 128@) 2732 7284 7.4 320 6 128() 2325 6097 9589
sa3 4 8 20 6@ 00014 %015 798 4 8 220 00012 00120 2094
a0 4 86 1868) 20 00207 0418 2083 46 86 1668) 00194 0174 0199
28 46 86 8 64m) 00029 0277 7692 4 4 20 00011 00048 1386
s9 26 a5 1868) 6@ 00076 0196 8553 46 86 320 00075 00183 213
Fa8 26 4© 1665) 20 00214 099 1600 4© 86 1665) 00031 0012 o84
750 265 4 86 %20 00226 0043 1098 265 46 1665) 00014 00024 0005
735 85 86 64 2%F 00678 8679 9876 8(5) 64 128F) 00679 8184 o787
Ha 46 8 1665) 320 00073 048 335 45 8 1668) 00001 0.0007 0029
Hezs. 1808 20 64 128(R) 5062 7481 %8 8 1868 20 0023 00079 1072
173 26 4© ) 20 00024 0031 1219 4 ) 1665) 00016 00012 0019
174 86 1868) 20 6@ 0.0086 1218 78 46 188) 20 00011 0,000 034
1710 8(s) 20 64 128() 7368 844 28 8(5) 18(8) 20 00019 0247 1935

1 K. proumoniao sirains wero intormeditey rosistant o antbiots.
R K proumonie srins were osistant 0 antbolcs.
#8: K. prieumoniae strains were susceptitie to sntbiotcs.





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Heteroresistance to Amikacin in Carbapenem-Resistant Klebsiella pneumoniae Strains



		Introduction



		Materials and Methods



		Bacterial Strains, Antimicrobial Susceptibility Testing, and Resistance Genes Detection



		Population Analysis Profile



		Stability of the Heterogeneous Phenotype



		In-vitro Induction of Amikacin Resistance in K. pneumoniae Strains Under Amikacin Pressure



		MLST Analysis



		Measurement of Bacterial Growth Curves



		Biofilm Formation



		Quantitative Reverse-Transcription PCR Analysis



		Whole-Genome Sequencing and Bioinformatics Analysis



		Statistical Analysis









		Results



		Antibiotic Susceptibility Results of K. pneumoniae



		Antimicrobial Susceptibility Profiles of the Amikacin-Heteroresistant K. pneumoniae



		Characterization of the Amikacin-Heteroresistant K. pneumoniae



		Results of Induction of Amikacin Resistance in K. pneumoniae Under Amikacin Pressure



		MLST Analysis of the Amikacin-Heteroresistant K. pneumoniae



		Growth Curves of Amikacin-Resistant Parental K. pneumoniae and Their Resistant Subpopulation



		Results of Biofilm Formation



		Results of the Expression of Aminoglycoside Resistance Genes, Porin Genes, and 16sRNA Methylase Genes



		Whole-Genome Sequences, General Genomic Features, Single-Nucleotide Variants, and Amino Acid Alteration Analysis









		Discussion



		Data Availability Statement



		Author Contributions



		Funding



		Supplementary Material



		Footnotes



		References



















OPS/images/fmicb-12-682239-g001.jpg
Log10CFU/mL

8 16 32
Amikacin (pug/ml)

64

128

IR EEEE

s38

ATCC13883

Log10CFU/mL

8 6 32
Amicacin (ug/ml)

[

128

LIS B

17.10
30

s28

s

33

He2s
ATccrases





OPS/images/fmicb-12-682239-g002.jpg
ODs79

05

0.0

1

2345678 9101112
Time/h

[BCIRIE I S RO IR B I 4

173
173
17.10
7100
s
B
s30
si0u
£5
Fst
Fa8

ODs70

05

0

23456 7 8 9101112
Time/h

RN RN

Fso
FsoL

Hast
174
L
He2s
HezsL
s
saL
s
s
s28
B





OPS/images/cover.jpg
, frontiers
in Microbiology

Heteroresistance to Amikacin in
Carbapenem-Resistant Klebsiella
pneumoniae Strains









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
’ frontiers
in Microbiology





