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Abstract

Corynebacterium jeikeium is an opportunistic pathogen which has been noted for significant 

genomic diversity. The population structure within this species remains poorly understood. Here 

we explore the relationships among fifteen clinical isolates of C. jeikeium (reference strains K411 

and ATCC 43734, and 13 primary isolates collected over a period of 7 years) through genetic, 

genomic, and phenotypic studies. We report a high degree of divergence among strains based on 

16S ribosomal RNA (rRNA) gene and rpoB gene sequence analysis, supporting the presence of 

genetically distinct subgroups. Whole genome sequencing indicates genomic-level dissimilarity 

among subgroups, which qualify as 4 separate and distinct Corynebacterium species based on an 

Average Nucleotide Identity (ANIb) threshold of < 95%. Functional distinctions in antibiotic 

susceptibilities and metabolic profiles characterize two of these genomospecies, allowing their 

differentiation from others through routine laboratory testing. The remaining genomospecies can 

be classified through a biphasic approach integrating phenotypic testing and rpoB gene 

sequencing. The genomospecies predominantly recovered from patient specimens does not include 

either of the existing C. jeikeium reference strains, implying that studies of this pathogen would 

benefit from examination of representatives from the primary disease-causing group. The 

clinically dominant genomospecies also has the smallest genome size and gene repertoire, 

suggesting the possibility of increased virulence relative to the other genomospecies. The ability to 

classify isolates to one of the four C. jeikeium genomospecies in a clinical context provides 

diagnostic information for tailoring antimicrobial therapy and may aid in identification of species-

specific disease associations.
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Introduction

Corynebacterium jeikeium is a clinically important opportunistic pathogen capable of 

causing a wide range of disorders including endocarditis, septicemia, joint infection, 

pneumonia, osteomyelitis, meningitis, and soft tissue infection (Cazanave et al., 2012; 

Funke et al., 1997; Ifantidou et al., 2010; Tleyjeh et al., 2005), particularly in 

immunocompromised patients or those with indwelling medical devices. It is recognized as 

the most frequently recovered medically significant Corynebacterium species among 

patients in intensive care facilities, with the capacity for nosocomial dissemination (Funke et 

al., 1997; Tauch et al., 2005).

Previous work (Riegel et al., 1994) has sought to investigate the range of genomic, 

physiological, and phenotypic differences displayed by this organism. Although DNA-DNA 

hybridization (DDH) studies revealed considerable genomic diversity among C. jeikeium 

isolates, biochemical testing was unable to further delineate groups among C. jeikeium 

strains (Riegel et al., 1994). All isolates in that study were consequently assigned to a single 

species under one of four “genomic groups”. Nevertheless, it was noted that some groups 

displayed differences in their antibiotic susceptibilities (Riegel et al., 1994), hinting at 

dissimilarities in underlying physiology. To the best of our knowledge, the genomic 

diversity and population structure of C. jeikeium has not been revisited in the 20 years 

subsequent to that publication.

Recently, whole-genome sequencing technologies have made it possible to more 

comprehensively explore the genomic content and population structure of bacteria (Chan et 

al., 2012; Georgiades and Raoult, 2010), allowing for the robust classification of 

prokaryotes into meaningful taxonomic groups based on discrete and quantitative metrics 

(Richter and Roselló- Móra, 2009). Such approaches would be beneficial in the exploration 

of the evolutionary relationships among C. jeikeium strains, however, at this time only the 

complete genome of C. jeikeium reference strain K411(Tauch et al., 2005) and an 

incomplete genome of ATCC type strain 43734 (Jackman et al., 1987; Peterson et al., 2009) 

are available for such analyses. To better understand the population structure and diversity 

of C. jeikeium strains, here we have performed whole genome sequencing of 13 C. jeikeium 

primary clinical isolates. We use genomic and phenotypic data to explore the relationships 

among available strains and to revisit the current classification of C. jekeium in light of 

genomic-era techniques (Richter and Roselló- Móra, 2009).

Materials and Methods

Isolates

C. jeikeium strains were isolated from patients in our hospital or other hospitals in the US 

Pacific Northwest (Table 1), representing all C. jeikeium isolates sent to our laboratory for 
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diagnostic molecular identification from the years 2006 to 2012. Reference strain C. 

jeikeium K411 (Kerry-Williams and Noble, 1984; Tauch et al., 2005) was obtained from the 

National Collection of Type Cultures (London, United Kingdom). C. jeikeium ATCC type 

strain 43734 (Jackman et al., 1987) was obtained from the American Type Culture 

Collection (Manassas, Virginia, United States). All strains were cultured aerobically at 37°C 

on sheep blood agar plates. DNA was extracted from isolates using Ultraclean Microbial 

DNA Isolation kit (MoBio).

16S rRNA and rpoB gene sequencing

Taxonomically informative 16S rRNA and rpoB gene fragments were PCR amplified from 

bacterial genomic DNA and sequenced using the Sanger method to establish gene sequences 

for 16S rRNA variable regions V1 to V3 (first ~500bp) and a fragment of RNA polymerase 

subunit gene, rpoB as described elsewhere (Khamis et al., 2005; Pottumarthy et al., 2003), 

or analogous sequences were extracted from published sequence data (Table 1).

Whole genome sequencing

100 ng of each genomic DNA was digested for 2 hours at 37°C in a 10 µl volume using 0.3 

µl NEBNext dsDNA Fragmentase (New England Biolabs). DNA was simultaneously end-

repaired and A-tailed in a 40 µl reaction containing 1× Rapid Ligation Buffer (Enzymatics 

Inc.), 0.1675 mM each dNTP (New England Biolabs), 0.1 µl E. coli DNA Polymerase I 

(New England Biolabs), 0.5 µl T4 PNK (New England Biolabs), and 0.02 µl Taq DNA 

Polymerase (New England Biolabs), incubated at 37°C for 30 minutes and 72°C for 20 

minutes. Annealed Y-adaptors (5’-ACACTCTTTCCCTACACGACGCTCTTCCGATCT-3’ 

and 5’-P GATCGGAAGAGCGGTTCAGCAGGAATGCCGAG-3’, P = phosphorylation) 

were added at a concentration of 0.2 µM and ligated at 25°C for 20 minutes using T4 DNA 

Ligase in Rapid Ligation Buffer (Enzymatics). After purification with AmPure beads 

(Agencourt), the library was PCR amplified with KAPA HiFi HotStart ReadyMix using 

primer PRECAP_FWD_AMP_COMMON (5’- 

AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGC-3’) and 

sample-specific barcoded primers (5’- 

CAAGCAGAAGACGGCATACGAGATXXXXXXXXCGGTCTCGGCATTCCTGCTGAA

CCG- 3’), where X’s indicate the position of an 8 bp sample-specific index. Cycling 

conditions were (95°C for 3 min, 10 cycles of 98°C for 20 seconds, 65°C for 15 seconds, 

and 72°C for 1 minute, followed by one cycle of 72°C for 5 minutes). PCR product was 

purified with AmPure beads, pooled, and sequenced on a MiSeq (Illumina) using 250 bp 

Paired-End Reads with a custom index primer (5’-

AGATCGGAAGAGCGGTTCAGCAGGAATGCCGAGACCG-3’). All oligonucleotides 

were synthesized by IDT.

Data Analysis

Adaptors were trimmed using the program Fastq-Mcf (http://code.google.com/p/ea-utils/) 

with skew filtering disabled and other parameters at their default. Draft genomes were 

assembled using AbySS v1.3.5 (Simpson et al., 2009). The N50 statistic (the length of which 

half of all contigs are equal to or larger) for assemblies was calculated using AbySS. 
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Average Nucleotide Identity by BLAST (ANIb) values were calculated for draft genomes 

using jSpecies v1.2.1 (Richter and Roselló-Móra, 2009). Variants were called by aligning 

short read data from sequenced strains and published sequence read data from C. jeikeium 

ATCC 43734 (SRA ID numbers SRX037287 and SRX 002393) against C. jekeium K411 

(GenBank accession no CR931997.1) using BWA version 0.6.1-r104 (Li and Durbin, 2009) 

and SAMtools version 0.1.18 (Li et al., 2009). Single nucleotide variant and indel calling 

was next performed using VarScan version 2.3.6 (Koboldt et al., 2012) with a minimum 

read depth (defined as the number of sequence reads covering a variant site) of 5 and a 

minimum variant frequency (defined as the fraction of reads contain a given variant) of 0.75. 

Estimated read depth per strain was estimated by the Lander-Waterman method (Lander and 

Waterman, 1988). Neighbor-Joining phylogenetic trees for single gene targets and whole 

genome sequence variants were generated by SplitsTree4 (Huson and Bryant, 2006), using 

1,000 bootstrap replicates to estimate reliability. Comparative genomic analyses were 

visualized using BRIG version 0.95 (Alikhan et al., 2011) with default parameters. Gene 

prediction and annotation for assemblies was performed using the RAST server version 4.0 

(Aziz et al., 2008) with default parameters.

Mass spectrometry, biochemical characterization, and antibiotic susceptibility profiling

Matrix-Assisted Laser Desorption/Ionization Time-of-Flight Spectrometric classification of 

strains was performed using the MALDI Biotyper system and Biotypes software (Bruker 

Daltonics). Biochemical testing of isolates was performed using the RapID™ CB Plus 

system (Remel). Antibiotic susceptibility testing was carried out using the Etest® method 

(Biomerieux).

Sequence data availability

Sanger sequence from 16S rRNA and rpoB gene fragments, and draft genome assemblies 

for all isolates are publically available through GenBank (Table 1). Sequence data generated 

for this study have been submitted to the NCBI Sequence Read Archive (SRA; http://

www.ncbi.nlm.nih.gov/sra) under study accession number SRP045192.

Results

Phylogenetic analysis of 16S rRNA and rpoB gene sequences

We examined all C. jeikeium isolates identified by our laboratory over a period of seven 

years, which should therefore comprise a relatively unbiased and representative sampling of 

the taxon as it is encountered clinically. Prior to initiation of these studies, the classification 

of all isolates as C. jeikeium was confirmed to high confidence (score ≥ 2.0) by mass 

spectrometry. We initially examined the strain collection through targeted sequencing of 

taxonomically informative genes, comparing our results to those of the fully sequenced 

reference strain K411 (Tauch et al., 2005) and partially sequenced reference ATCC type 

strain 43734 (Jackman et al., 1987). The 16S rRNA gene is a useful target for classifying 

bacterial species (Clarridge, 2004), and phylogenetic analysis of partial 16S rRNA gene 

sequence data from our isolates suggested the presence of genetically distinct C. jeikeium 

subdivisions (Figure 1A), with one clade encompassing most of the clinical isolates. 

Nevertheless, 16S rRNA gene sequence data can sometimes prove misleading or unreliable 
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in inferring bacterial population structure (Georgiades and Raoult, 2010), especially among 

Corynebacterium species, where 16S rRNA gene diversity tends to be relatively low 

(Khamis et al., 2005). As an alternative approach, we therefore sequenced rpoB, a 

housekeeping gene that has proven informative for the molecular identification and 

classification of Corynebacterium isolates (Khamis et al., 2005). Phylogenetic analysis of 

rpoB also revealed substantial population structure suggesting the presence of genetically 

distinct groups (Figure 1B), although placement of strains to particular clades within the 

larger trees was not fully consistent when comparing 16S rRNA and rpoB gene targets.

Whole genome sequencing and identification of genomospecies

To more thoroughly explore the genomic differences displayed among the collected strains, 

we next performed whole genome sequencing and de novo genome assembly of each 

clinical isolate. Sequencing was performed to an average read depth of 100 × (and no less 

than an average of 30 × per sample) with respect to the C. jeikeium reference genome. For 

all isolates considered, the estimated GC content and number of nucleotides assembled for 

clinical isolates were similar to reported values for C. jeikeium K411 and ATCC 43734 

(Table 1).

A phylogeny based on variants (single nucleotide polymorphisms and indels) identified 

across the whole genomes of strains independently supported division of isolates among 

distinct taxa (Figure 1C). Both broad partitions, as well as finer-scale relationships within 

the partitions, were all supported by high confidence (> 75%) bootstrap values. In the 

genomic phylogeny, reference strains K411 and ATCC 43734 formed a clade along with 

two primary isolates (Cj47447 and Cj47445). Two other strains (Cj30952 and Cj47444) 

were related to this group, but together constituted a separate clade. The remaining 9 

isolates, representing the majority of strains examined, formed a distinct group more 

distantly related to other clades. The structure of the tree deduced from whole-genome 

variation closely resembled that of the rpoB-based tree (Figure 1B), adding corroborating 

support for these partitions. Further, comparative genomic analysis of sequenced isolates 

against the completed C. jeikeium K411 reference genome (Figure 2A) demonstrated 

variable degrees of divergence, and variable regions of divergence, among the clinical 

strains which seemingly partitioned isolates among the same groups identified by the 

genomic phylogeny (Figure 2B).

In order to formally circumscribe potential subdivisions among the isolates based on whole 

genome data, we performed an average nucleotide identity by BLAST (ANIb) analysis 

(Richter and Roselló-Móra, 2009) (Table 2). Pairwise ANIb values of less than 95% are 

generally accepted as the cutoff for defining separate species (Goris et al., 2007; Richter and 

Roselló-Móra, 2009), and by that criterion isolates in this study were sharply delineated into 

4 separate species, which we have designated C. jeikeium genomospecies 1, 2, 3, and 4. The 

species most genomically divergent from existing reference strains (genomospecies 1) is 

predominant among the clinical isolates we have encountered, representing 9 of the 15 

isolates included in this study. The other 3 genomospecies have fewer representatives: the 

group containing both existing C. jeikeium reference strains K411 and ATCC 43734 
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(genomospecies 2) bears two additional clinical isolates from our study, whereas the 

remaining two species (genomospecies 3 and 4) have only a single representative each.

Comparative gene content of C. jeikieum genomospecies

Differences among genomospecies were also manifested in their predicted gene content and 

core genome content (Table 3). Genomospecies 1 harbored significantly fewer predicted 

coding sequences (2-tailed t-test, p value = 0.009) and functionally-annotated coding 

sequences (2-tailed t-test, p value = 3.3×10−7) than isolates from genomospecies 2. The 

representative from genomospecies 3 had the fewest predicted coding sequences of any 

isolate, regardless, the number of functionally-annotated predicted coding sequences was 

within the range exhibited by members of genomospecies 2.

The overlap in gene content between isolates and the fully-sequenced K411 reference strain 

mirrored the calculated degree of genomic divergence measured by ANIb: isolates from 

genomospecies 1 had the smallest percentage of predicted orthologous genes shared with 

K411 (Table 3), whereas members of genomospecies 2 had the highest. Although a core 

genome size could not be estimated for genomospecies 3 and 4, because these groups were 

represented by only a single isolate, the number of genes identified in isolate Cj47444 of 

genomospecies 4 which were not present in the sequenced reference strain (44 genes) was 

significantly higher than the number observed for other isolates (average of 21 genes, z-test 

p value = 1), suggesting a significant degree of additional genomic content for that 

genomospecies.

Phenotypic characterization of C. jeikieum genomospecies

We next investigated whether any of the genomospecies were distinguishable on the basis of 

phenotype. We performed a battery of standard biochemical tests used for the clinical 

classification of bacteria in patient samples, comprising 4 carbohydrate utilization tests, 5 

glycosidase substrate tests, 5 aminopeptidase substrate tests, and 6 single-enzyme or 

phenotypic tests (Table 4). Isolate Cj30952, the sole representative of genomospecies 3, 

displayed a markedly different biochemical profile compared with other isolates, being 

uniquely characterized by an inability to utilize glucose and reduced aminopeptidase activity 

against leucine-β-naphthylamide. These characteristics separated this particular isolate from 

all other isolates in all other genomospecies. Metabolic profiles within and among the 

remaining genomospecies, however, were not distinct.

Similarly, we sought to determine whether the antibiotic susceptibilities of the 

genomospecies could be used to differentiate among them. All isolates tested were marked 

by resistance to penicillin and ceftriaxone, and were found to be either resistant or have 

intermediate resistance to clindamycin, and were sensitive to vancomycin (Table 5). 

Genomospecies 2 was uniquely distinguishable from other groups both in displaying 

resistance to gentamicin and also elevated resistance to tetracycline. Although not a uniquely 

defining characteristic, all members of genomospecies 2 also carried resistance to 

trimethoprim-sulfamethoxazole. Interestingly, although C. jeikeium strain K411 was initially 

identified as a multi-drug resistant strain from a hospitalized patient (Kerry-Williams and 

Noble, 1984), it appears that its resistance profile represents a general characteristic of 
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genomospecies 2, rather than unique feature of the original K411 isolate. It was not possible 

to define other genomospecies based on their pattern of antibiotic susceptibilities: variable 

levels of resistance to ciprofloxacin and erythromycin were observed within genomospecies 

1, and no consistent differences in resistance profiles distinguished among genomospecies 1, 

3, and 4.

Discussion

The genus Corynebacterium, in general, is diverse and is notably difficult to speciate using 

phenotypic identification approaches (Roux et al., 2004), posing challenges for the task of 

distinguishing among isolates using standard biochemical and phenotypic classifiers. 

Further, available DNA-DNA hybridization data, although once considered a “gold 

standard” for circumscribing species, are somewhat difficult to interpret for C. jeikeium 

because the procedure utilized was noted to yield lower-than-average hybridization values 

(Grimont et al., 1980; Riegel et al., 1994). Advancements in genetic and whole genome 

sequencing technologies have now made it possible to infer intra-species population 

structure more accurately based on quantitative genomic information (Chan et al., 2012; 

Georgiades and Raoult, 2010; Richter and Roselló- Móra, 2009), enabling more 

comprehensive studies of Corynebacterium population structure. In this work we examined 

the genetic and genomic relationships among primary C. jeikeium clinical isolates identified 

through routine clinical workup in our laboratory, providing an unselected sampling of 

pathogenic strains collected over nearly a decade. Taken together, these data provide 

evidence that the 15 isolates considered here constitute 4 separate and distinct species.

Our findings are consistent with the earlier description of 4 “genomic groups” within the C. 

jeikeium taxon (Riegel et al., 1994), providing corroborating evidence for the conclusions 

presented in the present work. Nevertheless, our use of genomic sequencing data has 

enabled us to formally circumscribe these “groups” as true genomospecies based on 

quantitative metrics (Table 2), to precisely define the phylogenomic relationships among 

those genomospecies (Figure 1), and to explore the differences in genomic features that 

distinguishes them (Table 3). These investigations, coupled with phenotypic testing 

information and the generation of 13 new draft genome sequences derived from members of 

each genomospecies (Table 1), significantly expand knowledge of the genomic and 

phenotypic variation within the taxon. In light of these results, we advocate that C. jeikeium 

should be recognized as four separate species in order to accurately reflect the taxon’s true 

population structure.

Genomospecies 1, which comprises the majority of clinical isolates, has both a significantly 

smaller genome and significantly smaller gene repertoire than that of the other C. jekieum 

genomospecies (Table 3). Evidence suggests that the virulence potential of pathogenic 

bacteria is inversely proportional to overall genome size and gene content (Georgiades and 

Raoult, 2011), an observation which has been broadly demonstrated for phylogenetically 

dissimilar intracellular (Moran, 2002; Wixon, 2001) and extracellular (Georgiades and 

Raoult, 2011) disease-causing agents. Genome size itself has been shown to be a better 

predictor of bacterial virulence than the absolute number of classical “virulence factor” 

genes in comparing pathogenic bacteria compared to non-virulent or less-virulent 
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counterparts (Georgiades and Raoult, 2011; Merhej et al., 2013), likely reflecting the 

process of gene loss during host adaptation (Merhej et al., 2009). Given this correlation, it is 

probable that genomospecies 1 is not overrepresented in our dataset due to chance sampling, 

but rather because it more frequently causes human disease than do the other 

genomospecies.

Of particular note, both of the extant C. jeikeium reference strains, K411 and ATCC 43734, 

belong to a single genomospecies (genomospecies 2), which is distinct from the clinically 

dominant genomospecies identified in our study (genomospecies 1). This finding has two 

major implications. First, it suggests that much of the genomic diversity present among 

members of the C. jeikeium taxon has not previously been represented through the two 

available reference strains. Secondly, it argues that studies of C. jeikeium pathogenesis may 

benefit from investigation of isolates classified to genomospecies 1, as existing C. jeikeium 

reference strains are not in a group responsible for the majority of infections encountered 

clinically.

Available data suggest that two of the four genomically-distinct species can be distinguished 

using routine clinical laboratory techniques: the sole representative of genomospecies 3 is 

uniquely characterized through negative glucose utilization (Table 4), while resistance to 

gentamicin can distinguish members of genomospecies 2 from others (Table 5). In the 

absence of additional testing, the only reliable primary means to classify representatives 

from genomospecies 1 and 4 is through the use of whole genome sequence analysis (Figure 

1C). However, a biphasic approach should prove tractable to many clinical laboratories: 

first, phenotypic testing may be used to classify an unknown isolate to genomospecies 2 or 3 

(Tables 4 and 5), followed as necessary by rpoB gene sequencing to differentiate among 

species 1 and 4 (Figure 1B).

Given that one genomospecies (genomospecies 1) has disproportionately high representation 

among the clinical isolates we have studied, and that two of the other genomospecies are 

poorly represented in this survey, we cannot know at this time whether we have fully 

sampled all species previously classified as C. jeikeium. The isolates examined here 

represent a comprehensive collection from our laboratory, but are nevertheless limited in 

absolute number and potentially geographical scope. It is possible that genomic 

characterization of supplementary isolates as they become available will delineate additional 

species, including those that may be less prevalent pathogens. Efforts should be taken to 

recognize and incorporate such groups into the Corynebacterium taxonomy, if they do 

indeed exist. Regardless, even now the proposed speciation of the C. jeikeium taxon carries 

with it important clinical diagnostic information about expected antibiotic resistance profiles 

of isolates classified to a particular group (Table 5). Future work may uncover additional 

clinically relevant distinctions among these species, such as preferred sites of infection or 

the severity of disease course caused by infection, shedding light on other potentially 

characterizing biological properties of these agents that are taxon-specific and not possible 

to assay by conventional laboratory testing.
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Figure 1. Genetic and genomic phylogenies of primary C. jeikeium isolates and reference strains 
K411 and ATCC 43734
A. Phylogeny constructed from partial 16S rRNA gene sequence (regions V1 – V2). B. 

Phylogeny constructed from partial rpoB gene sequence. C. Phylogeny constructed from 

whole genome variation. Brackets indicate distinct genomospecies as defined in Table 2. 

Scale bars for each phylogeny are indicated below the corresponding letter code, and are 

expressed in “changes per site”. Nodes overlaid with a black dot indicate a bootstrap value 

of < 75%.
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Figure 2. Circular plot of genome diversity in sequenced C. jeikeium clinical isolates
A. The map, GC content, and GC skew (either positive [enrichment of G over C] or negative 

[enrichment of C over G]) of the fully sequenced C. jeikeium K411 reference genome is 

depicted in the innermost three rings. The white and colored regions of outer rings indicate 

sequences absent and present, respectively, in the draft genomes of clinical isolates and type 

strain ATCC 43734 relative to the C. jeikeium K411 reference. Intensity of coloration in 

outer rings indicates the degree of sequence identity relative to the reference genome. With 

the exception of the K411 reference strain, rings are grouped according to the 
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genomospecies defined in Table 2. Strains are listed by genomospecies, from left to right, in 

the order that they occur when moving from the innermost to the outermost ring (key). B. 

Example of a divergent genomic region. Enlarged area is between 800 kbp and 1000 kbp in 

the K411 reference genome, as indicated. A pattern of divergence is observed that 

distinguishes group 1 (inner 9 rings) from other groups.
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