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Abstract: This study investigates the emergence of ertapenem-resistant, meropenem-susceptible
(ErMs) among non-carbapenemase producing (NCP) and carbapenemase producing (CP) Esche-
richia coli and Klebsiella pneumoniae. As mutations for ertapenem resistance establish the genetic back-
ground for non-carbapenemase meropenem resistance, there is a great need for antibiotic stewards
and researchers to understand the determinants of a strain’s propensity to become resistant. Whole
genome sequencing was conducted on clinical carbapenem-resistant E. coli (CREC) and K. pneu-
moniae (CRKP) across 5 hospitals in San Antonio, U.S. from 2012-2018. The majority of carbapenem
resistant Enterobacterales (CRE) were NCP (54%; 41/76). The blactxmwas found to be most prevalent
among NCP isolates (p = 0.02). LC-MS/MS analysis of carbapenem hydrolysis revealed that blacrx-u-
mediated carbapenem hydrolysis, indicating the need to reappraise the term, “non-carbapenemase
(NCP)” for quantitatively uncharacterized CRE strains harboring blacrx-m. Antimicrobial suscepti-
bility results showed that 56% of all NCPE isolates had an ErMs phenotype (NCPE vs. CPE, p <
0.001), with E. coli driving the phenotype (E. coli vs. K. pneumoniae, p < 0.001). ErMs strains carrying
blactx-m, had approximately 4-fold more copies of blactx-m than ceftriaxone-resistant but ertapenem
and meropenem susceptible (EsMs) isolates (3.7 v. 0.9, p < 0.001). ErMs also carried more mobile
genetic elements (MGEs), particularly IS26 composite transposons, than EsMs (37 vs. 0.2, p <0.0001).
Immunoblot analysis demonstrated the absence of OmpC expression in NCP-ErMs E. coli, with 92%
of strains lacking full contig coverage of ompC. Overall, this work provides evidence of a collabora-
tive effort between blacrxm and OmpC in NCP strains that confer resistance to ertapenem but not
meropenem. To thwart potential mismanagement of CRE infected patients, future efforts should
focus on understanding the mechanism(s) underlying OmpC loss, developing rapid methods to
detect blactx-m copy number variants, and targeted antimicrobials for NCPE and ErMs strains.
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1. Introduction

Carbapenem resistance in the Enterobacterales family poses a growing and pervasive
threat to human health worldwide [1]. Despite advances in treatment strategies, these
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organisms continue to adapt, rendering them resistant to last-line antibiotics through a
complex interplay of anti-carbapenem mechanisms [2,3]. While the mechanisms driving
carbapenem resistance vary region-to-region, the most measured and recognized mecha-
nism is carbapenemase production including serine carbapenemases (e.g., blaxec) as well
as metallo-B-lactamases (MBLs), such as New Delhi metallo-3-lactamase (blanom) [4].

However, the implications of carbapenem resistance occurring in strains which lack
a carbapenemase (NCP) has been less studied. NCP related infections have exhibited sim-
ilar infection-related mortality and healthcare utilization as CPE related infections (5).
While carbapenemase-producing Enterobacterales (CPE) is the predominant global driver
of CRE, NCPE predominance has been emerging in some regions including South Texas
with rates as high as 61% [6,7]. While an increasing rate of clinical laboratories have the
capability to detect strains that harbor carbapenemases using currently available molec-
ular rapid diagnostic tests, there is no such test to rapidly detect NCPE strains. This pre-
sents a major challenge for timely diagnosis of a CRE infection, leading to delayed tar-
geted treatment, overprescribing of antimicrobials, transmission, and poor outcomes.
Moreover, NCPE is attributable to its diverse underlying mechanisms, that most fre-
quently is combinatorial and concerted that cannot be detected by the presence/absence
of a specific gene. It is suspected that a higher production of cephalosporinases including
extended-spectrum B-lactamase (ESBL) enzymes, like blacrxm, Ambler class C (e.g.,
blaampc), and certain variants of blasav contribute to carbapenem resistance among NCP-
CRE (4,5). However, additional concerted anti-carbapenem resistance mechanisms with
cephalosporinase production such as loss or altered outer membrane protein (Omp) im-
pacting intracellular carbapenem concentration and rate of hydrolysis (level of activity of
cephalosporinases) have been implicated and requires further investigation [5].

Moreover, among NCPE are diverse mechanisms including those that are resistant
to either meropenem or imipenem-cilastatin but susceptible to ertapenem, adding further
complexity to the clinical landscape. The clinical relevance is underscored as the Infectious
Diseases Society of America (IDSA) treatment guidelines for gram-negative infections pro-
vide specific recommendations for CRE infections which are resistant to ertapenem (MICs
> 2 mcg/mL) but susceptible to meropenem (MICs < 1 mcg/mL) (ertapenem-resistant,
meropenem susceptible; ErMs) [8]. However, investigations into the molecular and clini-
cal profiles underlying ErMs phenotype have been limited. Previous studies have demon-
strated that high levels of ESBL-associated transposon insertional mutagenesis occur in
ertapenem resistant K. pneumoniae and ST-131 E. coli clinical strains, contributing to the
evolution of meropenem resistance [9,10]. Consequently, clinicians rely on susceptibility
testing results, which can take 3-5 days, before optimizing antibiotics. Herein, we report
on mechanisms underlying the phenotypic emergence of ErMs E. coli and K. pneumoniae,
with particular focus on NCPE and those with an ErMs phenotype.

2. Results

2.1. ErMs Predominantly Harbor blacrx-mwith E. coli Leading the Phenotype among NCPE

As previously reported, 99 CRE isolates from unique patients were collected from 5
hospitals in South Texas, United States between 2011 and 2019 [7]. Of these, E. coli and K.
pneumoniae comprised the majority (77%; 76/99), consisting of 47 K. pneumoniae and 29
E. coli. Antimicrobial susceptibility results for E. coli and K. pneumoniae isolates are
shown in Table 1. Resistance to either ertapenem and/or meropenem was confirmed phe-
notypically in all isolates. Overall, 38% (29) had an ErMs phenotype while 62% (47) were
ertapenem and meropenem resistant (ErMr). E.coli isolates had an ErMs phenotype more
frequently than K. pneumoniae (72% v. 17%; p < 0.001). Meropenem susceptibilty was
maintined by 44% of the CRE isolates. Piperacillin-tazobactam suspectibility was 19%
and 35% overall and in ErMs CRE, respectively. Among other common antibiotics active
against CRE, susceptibility rates were 77% (ceftazidime-avibactam), 98% (tigecyclin), 16%
(levofloxacin), 23% (trimethoprim-sulfamethoxazole), 91% (amikacin), 95% (polymyxins),
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and 98% (imipenem-relebactam). Two K. pneumoniae (one NCP-ErMs, one CP-ErMS) and 98

one NCP-E. coli were polymyxin B resistant. 99
Table 1. Antimicrobial Susceptibilities of Carbapenem Resistant E. coli and K. pneumoniae. 100
Name Overall (%) ExMs
(%)
Amikacin 91 65
Aztreonam 9 12
Ceftazidime-avibactam 77 88
Ciprofloxacin 9 12
Colistin 95 96
Doripenem 53 88
Doxycycline 44 38
Ertapenem 4 0
Cefepime 16 23
Cefotaxime 9 12
Gentamicin 39 48
Imipenem 46 73
Imipenem-relebactam 98 96
Levofloxacin 16 0
Meropenem 44 100
Meropenem-vaborbactam 88 88
Minocycline 63 68
Polymixin B 95 96
Piperacillin-tazobactam 19 35
Trimethoprim-sulfamethoxazole 23 15
Ceftazidime 14 19
Tigecycline 98 96
Ticarcillin-clavulanic acid 11 15
Tobramycin 30 23
Antimicrobial susceptibilities of carbapenem resistant E. coli and K. pneumoniae. Results were col- 101
lected from medical records and confirmed with microdilution assays (ThermoFisher). 102

Short-read, whole genome sequence (WGS) analysis was used to annotate known re- 103
sistance genes among all 76 E. coli and K. pneumoniae isolates (Table 2). Overall, 54% of 104
CRE lacked a carbapenemase gene (NCPE) and 46% (35/76) were CPE. E. coli were more 105
frequently NCPE than K. pneumoniae (76% v. 40%; p = 0.01). Contrastingly, K. pneumoniae 106
were more than twice as likely to harbor a carbapenemase gene than E. coli (Table 2); pre- 107
dominantly comprised of blakrec (23/28). K. pneumoniae also harbored a penicillinase blatem 108
and/or blasuv more frequently than E. coli (89% v. 62%; p =0.01). The ErMs vs. ErMr phe- 109
notype were more likely to be NCPE (83% v. 36%, p < 0.001) and be enriched for blacrxm 110
(83% v. 49%, respectively; p = 0.01). While CPE were more likely to be ErMr, 5 (14%) of 111
CPE isolates were ErMs, 4 harboring blaxec and one blanom. Contrastingly, ExrMr isolates 112
were more commonly CPE than ErMs (64% vs. 17%, p<0.001), with blakec making up the 113
majority of carbapenemase genes among this phenotype (51% vs. 14%, p =0.002). In addi- 114
tion, CP strains carried blaoxa-10r blaoxa-s more frequently than NCPE strains (60% vs. 29%, 115
p=0.01). 116

Table 2. Distribution of 3-Lactamase Genes by Species, Phenotype, and Carbapenemase Status. 117
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Car-
. Carbapenem
Species Phenotvpe bapenemase
yP Status
Over- .
all K. pn'eu- E. coli ErMr EftMs P-  CPE NCPE P.
n (%) (N = moniae (n= P-value (n= (n=29) Value (n = 35) (n= 1
- (n=47) 29) gy) T/ vAUEMERD 4y vame
76)
ErtMs 29(38)  8(17) é;) <0.001 5 (14) 24 (59) <0.001
NCPE 41(4) 19(40) 22 001 7 24(83) <0.001
(76) ] (36) ]
CPE 35(46) 28(60) 7(24) 0.01 (22) 5(17) <0.001
blamsir 5 (7) 3(6) 2(7) 100 409 1(3) 070 5(14) 0(0) 0.04
blaxec® 28 (37) 23(49) 5(17) 0.01 (;1) 4(14) 0.002 28 (80) 0(0) <0.001
blaoxassC 2 (3) 2(4) 0(0) 070 2(4) 0() 070 2(6) 0(0) 041
11 22
blaoxaars 33 (43) 22 (47) G 060 ) 1168) 060 21(60)12(29) 0.1
blass® 52 (68) 32(68) 20 100 20 24(83) 006 21(60)31(76) 0.23
blacoxa® 47 (62)  27(57) 2 045 2> 24(83) 0.01 16 (46)31 (76) 0.02
. 69) (49) : '
bl 43 (57) 27 (57) 16 1.00 2 21(72) 0.05 16 (46)27 (66) 0.13
ACTX-M-15 (55) . 47) (72) 0. (46) 27 (66) 0.
blaswvz 7(9)  7(15)  0(0) 008 4(9) 3(10) 1.00 4(11) 3(7) 0.83
blapenicii- 18 40
o 6009 4289) o 001 o 20(69) 017 30(86)30(73) 0.29

blaampcS 12 (16) 5(11) 7(24) 021 7(15) 5(17) 1.00 3(8) 9(22) 0.20
Distribution of B-lactamase genes based on short-read sequences. NCPE: non-carbapenemase pro- 118
ducing Enterobacterales, CPE: Carbapenemase-producing Enterobacterales, ESBL: Extended-spec- 119
trum B-lactamase. # Metallo-p-lactamases (MBL) variants: blanom-1, blanowms, blavimzr. B blaxec variants: 120
blaxec-, blaxecs. © blaoxa-s-like variants: blaoxa-232. P ESBL variants: blacrx-m-15, blactxm-4, blactxmaz, 121
blastiv-12, blastv-10s, blaoxy-27, blaoxy-28. E Any blacrx-m: blacrx-m-is, blactx-ma4, blacrxm2z; ¥ blapenicilinase: vari- 122
ous blarem-1-like and blasuv-1-like variants. © AmpC variants: blacmy-2, blacmy-s, blacmy-a2, blacmy-so, blacmy- 123

133, blapHa-9, blarox-s. 124

The distribution of MBLs, oxacillinases, AmpC cephalosporinases, and ESBL genes 125
were similar between E. coli and K. pneumoniae, though blastv-12 ESBL genes were solely 126
carried by seven K. pneumoniae isolates. Five isolates harbored an MBL carbapenemase 127
gene (2 blanom-1, 2 blanoms and 1 blavive2r), 28 harbored a blaxec gene (18 blaxec, 10 blakecs), 128
two harbored a blaoxa-232 carbapenemase gene, 33 harbored a narrow spectrum oxacillinase 129
blaoxa-1 or blaoxa- gene (22 blaoxa-1, 12 blaoxa-s), 52 harbored an ESBL, of which blacrxm1s 130
made up the majority (43 blacrxms, 3 blactxmas, 1 blacrxm2z, 7 blasav-1z, and 1 blasav-is). 131
blaoxa or blaoxas was co-harbored with blacrx-m-1s in 27 (36%) of isolates (11 E. coli and 16 132
K. pneumoniae). Among blaxec harboring isolates, blaoxa1 or blaoxa-s was co-harbored in 14 133
(18%) of isolates (3 E. coli and 11 K. pneumoniae). Sixty (79%) of E. coli and K. pneumoniae 134
carried a penicillinase gene (blatem or blasuv). Twelve (16%) E. coli and K. pneumoniae carried 135
a class C cephalosporinase gene, with plasmid mediated blacmy variants making up the 136
majority (11/12). 137

2.2. ErMs E. coli Have High Abundance of Mobile Genetic Elements Interposed by blacrx-m 138
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Mobile genetic elements (MGEs), including insertion sequences (ISs), composite 139
transposons, and other transposable elements are associated with the mobilization of an- 140
tibiotic resistance genes, including B-lactamases. We aimed to investigate the association 141
between ISs and blactx-m genes, particularly their genetic context among ErMs E. coli. To 142
gain insight into MGEs total abundance and MGEs associated with blacrx-m amplification 143
and mobilization across three distinct carbapenem phenotypes, we annotated MGEs for 144
five blacrx-m positive ertapenem and meropenem susceptible (ErMs) E. coli, five ErMs E. 145
coli (EC-4, 6, 13, 30, 35), and four ErMr (EC-5, 23, 67, 68) E. coli with MobileElementFinder 146
(https://cge.food.dtu.dk/services/MobileElementFinder/). For this analysis only, clinical 147
EsMs FASTA  sequences (Accessions: GCA_032120475.1, GCA_032120375.1, 148
GCA_032122895.1, GCA_032329675.1, GCA_031776215.1) were obtained from NCBI Iso- 149
lates Browser (https://www.ncbi.nlm.nih.gov/pathogens/isolates#). ErMs and ErMr were 150
selected from our collection to match the various host sources of the EsMs (urine, blood, 151
sputum). To determine blacrx-m associated MGEs, we included MGEs which were on the 152
same contig and either interposed blactx-m or were immediately upstream of blactx-m. 153

ErMs E. coli had higher global mean MGE counts than EsMs (9.4 vs. 0.5, p <0.001) 154
but similar to ErMr strains (Figure 1a, Supplemental Data S1). MGEs which were associ- 155
ated with blacrx-m included 1526, IS26 composite transposon (IS26 inverted repeat flanked 156
unit), ISVsa5 (= IS10R), ISEc9, Tn801, 15102, and ISAs17. Counts of ISAs17 and IS102 were 157
similar in EsMs and ErMs. However, 1526 composite transposon (36.8, p<0.0001), IS26 158
(25.2, p=0.0006), Tn801 (23, p=0.002), and ISEc9 (17.2, p=0.03) mean counts were higher in 159
ErMs than EsMs. Additionally, ISVsa5 was more abundant in ErMs than EsMs and ErMr 160
strains, with over 30 more average ISVsa5 counts than both phenotype groups (p <0.0001) 161
(Figure 1b and 1c). Comparing ErMs to ErMr showed a wide range of distinct MGEs more 162

abundant in each phenotype (Supplemental Data S1 and S2). 163
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Figure 1. Mean total and blacrx-m associated mobile genetic elements (MGEs) across three car- 165
bapenem phenotypes. Five ertapenem and meropenem susceptible (EsMs) with blactxwm, five 166
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ertapenem-resistant but meropenem-susceptible (ErMs), and four ertapenem and meropenem re- 167
sistant (ErMr) E. coli were annotated for MGEs with MobileElementFinder database v1.0.2 168
(https://cge.food.dtu.dk/services/MobileElementFinder/). Total annotations counts were compared 169
across all phenotypes (Figure 1A, Supplemental Data S1). MGE annotations interposed by (com- 170
posite transposons) or upstream from blacrx-m were counted and plotted across all phenotypes in 171
Figure 1B. Figure 1C is a volcano plot comparing all MGE counts between EsMs and ErMs. Log2- 172
fold count difference between ErMs and EsMs MGEs were plotted against Logl0-transformation 173
adjusted p-values (two way ANOVA) of all MGEs between these two phenotypes. Values above 1.3 174
Log10 (p<0.05; grey line) were considered statistically significant. All red MGEs are present at higher 175
frequencies in ErMs than EsMs E. coli. 176

2.3. Carbapenemase and blacrx-v Hasten Meropenem Hydrolysis in CPE and NCPE 177

To determine the effect of various (-lactamase profiles on carbapenem hydrolysis 178
rates, intracellular meropenem concentrations were measured through parent molecule 179
quantification over time using liquid chromatography with tandem mass spectrometry 180
(LC-MS-MS). Nine select isolates with diverse profiles were evaluated comprised of iso- 181
lates harboring blanom and blakec producing E. coli and K. pneumoniae, and blacrxm1s, 182
blaoxa-1, blatem positive non-carbapenemase producing E. coli isolates. Vaborbactam 183
served as a secondary internal standard across all LC-MS-MS assays. The concentration 184
of parent meropenem or vaborbactam molecule (ng/mL) was compared at three time 185

points (1, 2, and 18 hours). Hydrolysis rate was determined using the formula, 186

(— W), and reported as ng/mL-hour in Table 3. Of the nine isolates, three harbored 187

blanom (EC22, EC23, KP26), three harbored blaxec (EC74, KP15, KP56), and three were 188
NCPE (EC68, EC5, EC201). 189

Distinct rates of meropenem hydrolysis were observed. Isolates harboring blacrxm 190
displayed higher rates of meropenem hydrolysis across NCPE and CPE isolates (Table 3). 191
Those harboring blanom showed a dramatic loss of meropenem. Two isolates (EC22 and 192
KP26) rapidly fell below the lower limit of quantitation (LLQ) within one hour while the 193
other isolate (EC23) displayed a rapid rate of meropenem hydrolysis over the over the 194
18hr experimental period (-2.8 ng/mL-hour). Among the blakec harboring isolates (KP56, 195
EC74, and KP15), meropenem hydrolysis was 1.7 times faster, on average, when blacrxm 196
was present (Table 3). Among the NCP isolates tested (EC5, EC68 and EC201), the two 197
isolates which harbored blacrx-m1s displayed 1.8 times the meropenem hydrolysis rate as 198
the non-blacrx-m-15 isolate (EC68). In fact, the rate of meropenem hydrolysis among the 199
blacrx-m-15 positive NCP isolates were similar, and equivalent in the case of EC201, to blakec 200
producing isolate KP56 (ATCC 1705). Overall, increased rates of meropenem hydrolysis 201
were primarily driven by carbapenemases but secondarily augmented by the presence of 202
the ESBL blacrx-m-1s. 203

Vaborbactam concentrations remained relatively constant over hours 1 and 18 with 204
an average t2-ti concentration of +0.75 (+ 1.1) ng/mL and overall average parent (vabor- 205
bactam) concentration of 6.0 (+ 1.4) ng/mL at all collection time points. No vaborbactam 206
hydrolysis was observed, other than minor loss (-0.1 ng/mL) in EC68 (NCPE) over 18 hours 207

(Table 3, Supplement Data S2 and S3). 208
Table 3. Meropenem Hydrolysis Across Distinct B-lactamase Profiles. 209
B-Lactamase Profile® Meropenem Vaborbactam
ID Car- Non-Carbapenemase Hydrolysis Hydrolysis
bapenemase p-Lactamase (ng/mL-hour)(ng/mL-hour)?
EC68 none blacmy-133, blatem-1 -0.5 -0.1
EC5 none blacrx-m-15, blaoxa-1 -0.8 No loss
EC201 none blactx-m-15, blaoxa-1 -1.0 No loss
KP56  blaxrc2 blaoxa-s, blatem-1, blaskv-1s2 -1.0 No loss

EC74 blaxrcs none -1.3 No loss
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KP15  blaxec2 blactx-m-15, blaoxa-s, blatem-1, blasuv-100 -2.0 No loss
EC23  blanpbms blactx-w-15, blaoxa-1, blatem-, blasnv-27 -2.8 No loss
EC22  blanoms blactx-wm-15, blaoxa-1, blatem-, blasnv-27 LLQat t1 No loss
KP26  blanows blacrx-m-1s, blacmy-s, blaoxa-1, blatem-1, blasav- LLQatt No loss

155

EC: E. coli; KP: K. pneumoniae; LLQ: lower limit of quantitation; None: none detected; t1: hour 1 since 210
drug exposure; t2: hour 18 since drug exposure. A 3-lactamase profile determined by short, raw read 211
uploads to ResFinder database [11-13]. B Vaborbactam concentrations remained constant between 212
hours 1 and 18 across all nine isolates with an average t>-t1 concentration of +0.75 ng/mL and overall =~ 213
average parent concentration of 6.0 ng/mL at all time points. 214

2.4. Ertapenem Resistant E. coli and K. pneumoniae Carry Elevated Copies of blacrx-m Genes 215

The relative copy number (ACt) of blacrxm, blaoxa-1, blastv, blatem, blacmy and blakec 216
genes were quantified in a subset of eight E. coli and K. pneumoniae ErMs (EC12, EC30, 217
EC31, EC35; KP10, KP38, KP45, and KP54) and eight ceftriaxone-resistant ESBL clinical 218
strains which were ertapenem and meropenem susceptible (EsMs) (EC87, EC88, EC89, 219
EC92; KP85, KP86, KP90, and KP91) (Table 4) using quantitative polymerase chain reac- 220
tion (qQPCR). The species specific gene, rpsL, was used as the control gene in both ErMs 221
and EsMs strains. Fold copies were calculated with the formula, ACt =2(CTrpsL - CTtarget) re]a- 222
tive to rpsL of the same isolate. Overall, the largest copy number difference between the 223
two phenotypes was in blacrxm, with a mean difference of 12 fold more logz-transformed 224
copies in ErMs. The mean difference between all other targeted genes was within one log>- 225
transformed fold. All blacrx-m-positive ErMs E. coli (4/4) and K. pneumoniae (3/4) co-har- 226
bored blaoxa-, blasuv, and/or blarem. All ErMs harbored blatewm, regardless of species. This =~ 227
is in contrast to EsMs, where the majority (5/8) were blatem negative. blasuv was solely 228
harbored by K. pneumoniae, regardless of phenotype. blacmy was detected at minor levels 229
in one ErMs and two EsMs. blaxec was detected in two ErMs, EC12 a clinical strain and 230
KP54, an ATCC strain with a distinct subpopulation of KPC producers. 231

Porin and efflux genes of E. coli (ompC, ompF, tolC) and K. pneumoniae (ompK35, 232
ompK36, oqxA) were also identified and quantified using qPCR relative to rpsL across the 233
same eight ErMs and eight EsMs (Table 4). Porin genes were detected in all strains except = 234
two K. pneumoniae EsMs which had no detectable ompK35 (KP86 and KP91). Across all ~ 235
tested strains, there was 0.7 fold more logz-transformed fold copies of porin genes relative 236
to rpsL, ranging from 0.0 to 1.8 fold. Comparing ACt of all porins regardless of species, 237
ErMs had more logz-transformed fold copies than EsMs (0.89x vs. 0.51x; p = 0.001). No 238
porin copy number difference was calculated when stratified by species alone. The chro- 239
mosomal efflux gene of E. coli (tolC) and plasmid efflux gene of K. pneumoniae (oqxA) 240
were also examined with qPCR. All isolates had detectable efflux genes, except KP85. The 241
mean loge-transformed copies of efflux genes was 0.97, ranging from undetectable to 1.9 242

fold higher than rpsL. 243
Table 4. Mean ACt of resistance genes relative to rpsL among E. coli and K. pneumoniae ExMs and 244
EsMs. 245
Pheno- ID rpsL ompC/ ompF/ tolC/ blacrx-m blacmy blaoxa. blaxecblasav blarem
type ompK36 ompK35 0gxA 1/9
EC12 0.5 0.4 0.4 2.3 0.6 1.6 0.4
EC30 10 1.4 1.3 1.7 488 2.8
EC31 0.6 0.6 0.8 5.2 0.9
EC35 0.7 0.9 1.0 399 0.1 1.2
ErMs
KP10 0.6 0.7 0.7 10.7 4.3 0.5 4.7
KP38 10 1.7 1.8 19 204 1.6 4.3
KP45 1.2 1.3 1.0 9.1 9.2 4.9

KP54 0.2 0.3 0.2 0.2 02 02 02
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EC87 0.6 0.5 0.6 1.6 0.7
EC88 10 0.8 0.6 1.9 8.1
EC89 0.6 0.7 1.5 2.1 2.0
EC92 0.5 0.4 1.2 14 0.6

EsMs
KP85 0.5 0.5 1.3 0.5 0.8 1.2
KP86 10 04 0.6 2.7 0.3 0.7
KP90 0.8 1.0 1.6 20 3.6 1.0 8.6
KP91 0.4 0.4 1.1 0.1

Mean fold gene copy number relative to rpsL (species specific) of ertapenem-resistant but mero- 246
penem-susceptible (ErMs) and ceftriaxone-resistant but ertapenem-and-meropenem susceptible 247
(EsMs) E. coli and K. pneumoniae. Fold copies calculated with formula, ACt =2(CTrpsl.-CTtarget) relative to 248
each isolate. Group-1 and Group-9 blacrx-m primers used for screening. Porin and efflux genes, 249
ompC/ompF/tolC and ompK35/ompK36/0gxA, were analyzed in E. coli and K. pneumoniae, respec- 250
tively. KP54 is ATCC ErMs strain 1903 with a subpopulation of KPC producers. 251

Based on these data, we quantified the logz-transformed AACt of blacrxm among a 252
larger set of ErMs, using the formula AACt =2(ACTeontrol - ACTwrgety: The EsMs E. coli isolate, 253
EC87, was used as the blacrx-m control strain as it harbored a single copy of blacrx-m relative 254
to rpsL with a log2 AACt of zero. We examined 16 ErMs E. coli (Table 6), six ErMs K. 255
pneumoniae, four EsMs E. coli and four EsMs K. pneumoniae. Overall, 82% (18) of the 22 256
ErMs harbored blacrx-m-1s or blacrx-m-14, while the four remaining ErMs had no detectable 257
blacrx-m (Figure 2). Furthermore, ErMs isolates harboring blacrx-m carried 4-fold more logz- 258
transformed copies of blacrx-m than ceftriaxone-resistant EsMs (3.7 v. 0.9, p < 0.001) across =~ 259
both species and carbapenemase status. Interestingly, NCP-ErMs had 3-fold more blacrx- 260

mcopies than CP-ErMs (4.0 vs. 0.8) (Figure 2). 261
=0.001
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Figure 2. Mean log>-transformed blactx-m gene copy number by ertapenem and meropenem pheno- 263
type. AACt =2(ACTeontrol - ACTtarget) was used to calculate copy number, using rpsL gene as the control 264
gene and EC87 (a ceftriaxone-resistant but ertapenem and meropenem susceptible (EsMs) strain) as 265
the control strain (blacrxm ACt of 1.0; log2 AACt = 0.0). Abbreviations: bla: 3-lactamase; EsMs: 266
ertapenem-and-meropenem susceptible but ceftriaxone-resistant; ErMs: ertapenem-resistant, mero- 267
penem susceptible. Performed t-test for fold change difference between ErMs and EsMs. 268

2.5. ompC Frameshifts are Frequent Among Ertapenem Resistant NCPE E. coli 269
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Though minimal differences in porin gene copy numbers were observed between 270
ErMs vs. EsMs, sequence mutations outside of the qPCR primer sequence may be present 271
at different rates. In order to examine this, we aligned short-read sequences to a reference 272
genome, Escherichia coli str. K-12 substr. MG1655 (GenBank Accession: U00096) and K. 273
pneumoniae CP000647. Porin gene alterations were then translated and categorized into 274
three major amino acid variant categories, including 1) insertions and/or deletions, 2) 275
frameshifts, or 3) premature stops. 276

Amino acid variants in ompF-like (ompF/ompK35) and ompC-like (ompC/ompK36) porin 277
genes in CP-ErMr and NCP-ErMs E. coli and K. pneumoniae isolates are summarized in 278
Table 5. Results were stratified by species as distinct porin alteration rates occur between 279
E. coli vs. K. pneumoniae, requiring separate analysis. All eight (100%) of ExMs K. pneu- 280
moniae were NCP while 76% (16/21) of the E. coli ErMs were NCP and 24% (5/21) of E. coli ~ 281
ErMs harbored blaxrc-, blaxrcs, or blanpm:s. 282

Overall, porin variants were not detected in 100% and 3.6% of CP-ErMr E. coli and K. 283
pneumoniae. A translated amino acid alteration from either ompC or ompF sequences was 284
significantly more frequent in NCP-ErMs E. coli than CP-ErMr E. coli (p = 0.002). Con- 285
trastingly, translated porin gene alterations were both more frequent and similar in alter- 286
ation type (insertion/deletion, frameshift, premature stop) in NCP-ErMs vs. CP-ErMr K. 287
pneumoniae isolates, regardless of porin gene type (ompK35 or ompK36). 288

In K. pneumoniae, premature stop codons in ompK35 or ompK36 genes occurred in 89% 289
and 100% of CP-ErMr and NCP-ErMs isolates with similar rates in individual porin genes. 290
The most frequent premature stop codon positions in ompK35 porin genes were p213* and 291
p89*%, occurring in 30% and 26% of all K. pneumoniae isolates. In ompK36 genes, p271* was 292
the most frequent position of a premature stop codon. Concurrent ompK35 and ompK36 293
premature stop codons occurred in 57% (27/47) of all K. pneumoniae isolates. In addition, 294
insertion/deletion (indel) and frameshift alterations occurred at similar rates in ompK36 295
genes, regardless of carbapenemase status and phenotype. This is in opposition to 296
ompK35, which was free of any indels or frameshifts among CP-ErMr and NCP-ErMs K. 297
pneumoniae (Table 5). 298

Among NCP-ErMs E. coli, frameshift alterations were significantly more frequent 299
than CP-ErMs E. coli (100% v. 0%; p = 0.002), with frameshifts being detected in ompC or 300
ompF in 88% and 50% of NCP-ErMs E. coli, respectively. ompC or ompF indels occurred in 301
63% of NCP-ErMs E. coli and none of the CP-ErMr E. coli. A premature stop codon was 302
detected in one E. coli, which occurred in the ompC gene of a NCP-ErMs isolate. 303

In addition to these major translated porin gene alterations (indel, frameshift, prem- 304
ature stop), translated missense amino acid changes were mapped to the protein databank 305
(PDB) coordinate files of OmpF, OmpC, OmpK35, and OmpK36 (PDB: 4GCS, 7JZ3, 5077, 306
6RD3). The non-synonymous residue alterations predominantly related to external facing 307
vestibular loops, including Loop 3, within OmpC/OmpK36 and OmpF/OmpK35 (Supple- 308
mental Data S2). In addition, frameshift mutations occurred most frequently within the 309
Loop 4-f38-Loop 5 extracellular facing vestibule region, primarily in NCPE isolates. Of 310
note, a GG, PT, or the previously reported GGD insertion within the conserved Loop 3 311
region (amino acid positions 133-136) of OmpK36 occurred solely among the high-risk 312
Klebsiella pneumoniae clones 258 and 307, while E. coli Loop 3 nucleotides contained various 313
missense changes only. 314

Table 5. Major Amino Acid Alterations in Porin Genes in E. coli and K. pneumoniae by Car- 315

bapenemase Status and Carbapenem Phenotype. 316
E. coli K. pneumoniae
CP-ErMr NCP-ErMs P-value CP-ExrMr NCP-ErMs P-value
(n=2) (n=16) (n =28) (n=28)
No major alteration(s) 2 (100) 0 (0) 0.002 1(3.6) 0 (0) 1.00

Any major alteration(s) 0(0) 16 (100)  0.002 27 (96) 8 (100) 1.00
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ompClompK35 0(0) 14(88)  0.05 27(9)  8(100)  1.00
ompFlompK36 0(0) 8(50) 055 20(71)  4(50) 0.47
Insertion/Deletion 0(0) 10(63) 085 27(9)  8(100)  1.00
ompClompK35 0(0) 10(63) 085 27(9)  8(100)  1.00
ompElompK36 0(0) 0 (0) ND  0(0) 0(0) ND
Frameshift 0(0)  16(100) 0.002 27(9%)  8(100)  1.00
ompClompK35 0(0) 14(88)  0.05 24(85)  8(100)  0.62
ompElompK36 0(0) 8(50) 055  0(0) 0 (0) ND
Premature Stop 0(0) 1(62) 100 25(89)  8(100)  0.80
ompClompK35 0(0) 1(62) 100 2382  7(87) 1.00
ompFlompK36 0 (0) 0 (0) ND 20(71) 4 (50) 0.47

Major amino acid alterations in porin genes in E. coli and K. pneumoniae by carbapenemase status 317
and carbapenem phenotype determined by short-read sequences mapped to reference. Abbrevia- 318
tions: CP: carbapenemase-producing; ErMs: ertapenem-resistant, meropenem-susceptible; ErMr: 319
ertapenem and meropenem resistant; NCP: non-carbapenemase producing; ND: not detected. # Ma- 320
jor alterations in either ompF-like or ompC-like genes are included unless specific gene noted. 321

Overall, the frequency and type of translated porin alterations among ErMr and ErtMs 322
K. pneumoniae was not different, which was in contrast to NCP-ErMs E. coli. As 323
ertapenem resistance seems to be related to ompC alterations, among NCP-ErMs E. coli 324
specifically, further genomic analysis was warranted. Coverage of the ompC gene was 325
assessed in 26 E. coli (20 NCP, 6 CP) by viewing the mapped reads coverage and annotat- 326
ing low coverage areas, defined as areas where coverage falls below two standard devia- 327
tions from the mean coverage (Supplemental Data S2, S4 and Table 6). Of the E. coli 328
genomes visualized, 62% (16/26) had a no-to-low read coverage region within the ompC 329
gene averaging 103 + 61 bp long, ranging from 7 bp to 173 bp in length across all visualized 330
genomes. MG1655 K12 E. coli was used as mapping reference; accession: U00096 (Nucle- 331
otide [Internet]. Bethesda (MD): National Library of Medicine (US), National Center for 332
Biotechnology Information; [1988] - |[cited 2023 Nov 11]. Available from: 333
https://www.ncbi.nlm.nih.gov/nuccore/U00096.2). 334

ompC lesions were highly similar among all strains, spanning from c.416 - ¢.554, with 335
¢.531 occuring at the terminal end of the gap in 50% of sequences. NCP-E. coli represented 336
77% (20/26) of the visualized sequences and made up 94% (15/16) of the sequences with 337
ompC coverage gaps. ErMs and ErMr made up 81% (13/16) and 19% (3/16) of these ompC 338
lesioned strains, respectively. Despite this, ompC alignment gaps among ErMs (13/21) vs. 339
ErMr (3/5) E. coli was not significantly different. Of the 10 strains that had complete ompC 340
coverage (no hits on the low coverage annotation track) (EC-4, 12, 13, 14, 22, 23,29, 67, 69, 341
75), the majority were CP (60%) comprised of one CP-ErMr (EC23) and five CP-ErMs (EC- 342
12, 13, 14, 22, 75). No ompC lesions were noted in four NCP E. coli (EC-4, 29, 67, 69). 343
Overall, this highlights a distinct ompC genomic structure among CP vs. NCP E. coli. The 344
lack of ompC lesions among vizualied CP-E. coli (100%), regardless of blaxrec (4/10) or 345
blanowm (2/10), compared to only 20% (4/20) of NCP-E. coli indicates an important role of 346
ompC genetic disruption among NCP E. coli (p < 0.001) independent of ertapenem re- 347
sistance. 348

2.6. Ertapenem Resistant E. coli Lack OmpC Outer Membrane Protein 349

Though ompC genetic lesions seem to be related to E. coli’s carbapenemase status 350
rather than carbapenem phenotype, the level of OmpC protein expression among ErMsis 351
unknown. To examine OmpC outer membrane protein abundance among ErMs, we used =~ 352
sodium dodecyl sulfate—polyacrylamide gel electrophoresis (SDS-PAGE) and immunode- 353
tection with anti-OmpC and anti-OmpF primary antibodies (ThermoFisher). Major porin 354
OmpC presence/absence was evaluated in a subset of 16 representative ErMs E. coli iso- 355
lates with four EsMs E. coli as OmpC control strains (EC87, 88, 89 and 92). These EsMs 356
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clinical strains were used as controls as they carried qPCR confirmed blacrxmyet remained 357
ertapenem susceptible. Four of the ErMs isolates were CP-ErMs E. coli (3 blaxrc, 1 blakec. 358
3) while 12 were NCP-ErMs E. coli. See Table 6 for a summary of genomic and immuno- 359
detection results. 360

All four control EsMs had detectable OmpC bands (Figure 3a). OmpC was not de- 361
tected in 81% (13/16) of tested ErMs E. coli. The three lanes in which OmpC was detected 362
were loaded with EC12, EC14, and EC75, which are all blakec producing ErMs E. coli. In 363
fact, 75% (3/4) of the electrophoretically separated CP-ErMs E. coli lysates had a detectable 364
OmpC band. Furthermore, the one CP-ErMs which did not have a detectable OmpC band 365
(EC13) had 5-fold more genetic copies of blacrx-m1s than EsMs controls which is 5x more 366
copies than the other CP-ErMs (Table 6). NCP-ErMs E. coli made up 75% (12/16) of the 367
samples tested for OmpC separation (EC-2, 3, 4, 6, 30, 31, 32, 33, 34, 35, 36, 66). No OmpC 368
band was detected in any of these samples. 369

A combination of anti-OmpF and anti-OmpC primary antibodies (multiplexed) were 370
used on a selection of nine ErMs E. coli and ATCC 2340 (Figure 3b). It is evident that a 371
band below OmpC (40 kDa) and around 37 kDa was visible in 6/9 of the isolates (EC2, 372
EC13, EC30, EC31, EC32, EC33). However, the other three isolates (ATCC 2340, EC12, 373
EC22, and EC69) had very strong signals despite protein concentration normalization, 374
making OmpC/F distinction difficult to interpret. 375

50 kDa==p> EC87* EC30 EC12 EC2 EC14 EC3 EC88*EC32 EC13 EC31

37kD
Iy — i

OmpC

50kDa EC89* EC33 EC75 EC34 EC35 EC36 EC92* EC6 EC4 EC66
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OmpC /

376
(a) 377
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OmpF} 1
378
(b) 379

Figure 3. Inmunodetection of OmpC in ertapenem-resistant E. coli clinical strains grown in Mueller 380
Hinton broth overnight. Total proteins were resolved by 4-15% SDS-PAGE. The proteins were elec- 381
tro-transferred to nitrocellulose membrane and immunodetected with polyclonal antibody directed 382
against denatured OmpC and/or OmpF porins. Only the relevant part of the blot is shown. Isolates 383
EC87*, EC88*, EC89*, and EC92* are ertapenem-susceptible, ceftriaxone-resistant (EsMs) E. coli clin- 384
ical isolates. ATCC 2340 was used as positive control. (a) Immunodetection of OmpC in ertapenem- 385
resistant, meropenem susceptible (ErMs) E. coli clinical strains. Thick black arrows indicate molec- 386
ular weights, thin black arrows indicate the region of OmpC. (b) Immunodetection of OmpF and 387
OmpC in ErMs E. coli clinical strains. Thick black arrows indicate molecular weight, thin black ar- 388
rows indicate the region of OmpF. 389

Table 6. Summary of ErMs E. coli blactxm copy number, ompC contig coverage and OmpC status. 390

Carbapenemase Contig Coverage?® at OmpC
ID M AACtA
Status blacrxw AACE K12 ompC Band¢
CP No gap
EC12 (blaxrc) +17 (Full coverage) Detected
EC14 P +05 No gap Detected

(blaxrc) (Low at ¢.539 — ¢.545)
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EC13 (bliic) +5.0 (Fulll\Icooiee‘fage) ND
EC75 (bl(uiic) ND (Fulll\Tcoo:g/Zfage) Detected
EC30 NCP +6.2 (cl.gf?c.g;a?n ND
EC31 NCP +2.9 (Cf5944]19€ fg N ND
EC35 NCP +5.9 (Cl,:;l 9b_f’c*f55a§1) ND
EC2 NCP +49 (Cljz 4"_1’5;1)’ b ND
EC3 NCP +6.6 (Cljf 6"_"5;{’5) ND
EC32 NCP +14 (Cljg 4b_pf;§0) ND
EC33 NCP +75 (Cl'g 41’_1’55“31)’0) ND
EC34 NCP ND (Zig?):lj E;g;)) ND
EC36 NCP +7.1 (Cl':g 41’_1’55“31)’0) ND
EC4 NCP +6.8 (Fullfcoo‘ggage) ND
EC6 NCP +25 (Cl':; 1"_"5;;’2) ND
EC66 NCP ND 149 bp gap ND

(c.424 — c.531)

Summary of ErMs E. coli blacrx-m copy number variations, ompC mapped reads coverage and OmpC 391
expression status. A) AACt =2(CTeontrol - CTtarget) was used to calculate copy number, using rpsL gene as 392
the control. B) Contigs were de novo assembled, dissolved, and mapped to K12 (accession: U00096). 393
If multiple gaps were detected, the largest was reported. C) Total protein was prepared as a lysate, 394
normalized, electrophoretically seperated on a 4-15% gel and detected with anti-OmpC rabbit anti- 395
bodies (Figure 3a). D) In addition to the noted ompC gap, EC34 had a 5,570 bp gap spanning from 396
c.343 of ompC to adjacent genes downstream. Abbreviations: BP: base pair; CP: carbapenemase 397
producing; NCP: non-carbapenamse producing; ND: not detected. 398

3. Discussion 399

To thwart potential mistreatment of patients inflicted with NCPE and/or ErMs CRE 400
infections, more insight into the anti-carbapenem resistance mechanisms employed by 401
these nefarious pathogens is urgently needed. This is especially true for infectious dis- 402
eases caused by ErMs —a phenotype with significant clinical implications. This study 403
revealed that ErMs E. coli genomes contain more total MGEs counts than EsMs (Figure 404
1a), particularly blacrx-m associated MGEs, including 1526, IS26 composite transposon, IS- 405
Vsa5 (=1S10R), ISEc9, and Tn801 (Figure 1b-c). These MGEs were found to be either inter- 406
posed by or directly adjacent to blacrx-m in ErMs E. coli. IS26 is recognized for its frequent 407
mobilization of antimicrobial resistance genes as "translocatable units," inserting them ad- 408
jacent to other IS26 copies in gram-negative bacteria. The blacrx-m genes are often associ- 409
ated with IS26-interrupted transposable elements positioned upstream from ISVSa5, syn- 410
onymous with IS10R, the active element in the plasmid-associated transposon Tn10. 411
Moreover, IS10R has demonstrated internal promoter regions in previous work [31]. As 412
ISVSab were significantly more abundant in ErMs than EsMs and ErMr strains, this 413
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insertion sequence could be significant in regulating blactxm expression in ErMs E. coli. 414
Additionally, qualitative results of blacrx-m (presence/absence) in patient samples may be 415
insufficient - rather it is necessary to quantify the number of copies harbored by E. coli 416
and K. pneumoniae as elevated copies can relate to ertapenem resistance (Figure 2). This 417
is in contrast to carbapenemases, where determining the presence/absence of the gene 418
seems to be sufficient to relate to ertapenem resistance as single copies were able to pro- 419
duce ertapenem and meropenem resistance efficiently. In conjunction with this, OmpC 420
loss is evidently critical for the development of the ErMs phenotype, as 75% of ExtMr and 421
100% of EsMs but none of the ErMs isolates maintained OmpC (Figure 3a). Additionally, 422
all blaxec producers with a single blacrx-m copy had detectable OmpC bands but when 423
multiple blacrx-m copies were detected (5-fold more than EsMs) no OmpC was detected 424
(EC13) (Figure 3a, Table 6). Taken together, this provides compelling evidence that a col- 425
laborative effort between blacrxmand OmpC occurs to result in ertapenem but not mero- 426
penem resistance and NCP E. coli (Figure 4). As blacrxmseems to be a less efficient car- 427
bapenem hydrolyzing enzyme than blakec and blanom (Table 4), insertion sequence dis- 428
ruption or other events may be triggered to disrupt OmpC expression. As ompC genomic 429
lesions were more associated with carbapenemase status than ertapenem phenotype, itis 430
more likely that the ErMs phenotype is an outcome of transcriptional or translational reg- 431
ulation. Another related potential cause of OmpC loss among the 16 E. coli ErMs im- 432
munoblotted (Figure 3) is that 50% (8/16) of the isolates came from urinary sources (Sup- 433
plement Data S2) and seven out of those eight (88%) had no detectable OmpC. Previous 434
literature has demonstrated that high osmolarity can cause transcriptional downregula- 435
tion of outer membrane proteins through the envZ/OmpR system [14,15]. However, in 436
these environments, OmpF tends to be more labile than OmpC. Loss of OmpF seems to 437
be less critical for the development of ErMs E. coli as the majority maintained a visible 438

OmpF band (Figure 3b). 439
OmpC copies
ﬁ ﬁ

blacrx
llll copies

OmpC

Carbapenem hydrolysis efficiency

440

Figure 4. Diagram depicting the balance between carbapenem hydrolysis efficiency of 3-lactamases 441
and OmpC expression (present/absent) among carbapenemase producing (CP), non-carbapenemase 442
producing (NCP), and ertapenem resistant, meropenem susceptible (ErMs) E. coli. As car- 443
bapenemase enzymes, like blaxrc, are harbored in E. coli, OmpC expression is maintained in the 444
presence of carbapenem exposure. However, if blactxmis present in NCP E. coli, carbapenem expo- 445
sure drives an increase in blacrx-m copies and a decrease in OmpC expression. 446

Within this CRE collection, E. coli were NCPE and/or had an ErMs phenotype more 447
frequently than K. pneumoniae (Table 2). The fact that 72% (21/29) of the collected E. coli ~ 448
displayed an ErMs phenotype poses a great risk to patient care, as the ertapenem 449



Antibiotics 2022, 11, x FOR PEER REVIEW 14 of 19

phenotype is selectively “hidden” or not reported in an effort to reduce ertapenem use in 450
our local hospitals. Not reporting ertapenem phenotype may lead to mistreatment of pa- 451
tients infected with this CRE subtype. As ESBL producing Enterobacterales (ESBL-E) are 452
on the rise in our area and globally, it may be prudent to test and report ertapenem results 453
along with reduce the use of cephalosporins, like ceftriaxone, to possibly foil the rise of 454
blacrxm copy number variant ErMs strains. K. pneumoniae were more commonly car- 455
bapenemase producing, with blakec being the most prevalent carbapenemase among the 456
species (Table 2). In addition, blasuv and blatem genes were amidst K. pneumoniae ge- 457
nomes more frequently than E. coli genomes. blaoxa-19 genes were also more commonly 458
associated with CPE than NCPE. These co-harbored P-lactamase genes have been re- 459
ported previously and seem to mobilize on modular genomic elements regularly [16,17]. 460
In addition, blaoxa-1» have been previously associated with piperacillin-tazobactam re- 461
sistance [10,17], which was reflected among this collection. Specifically, 22/29 (76%) of all ~ 462
ErMs were piperacillin-tazobactam resistant and 10/12 (83%) of the blaoxa-1is positive ExtMs 463
were piperacillin-tazobactam resistant. All blaoxa-1¢ positive ErMs co-harbored blactx-m1s. 464

These data also provide insight into the enzymatic efficiency of [3-lactamases across 465
the Ambler classes. A pattern of increased hydrolysis was measured in pathogens harbor- 466
ing blacrx-v, blakec, and blanom. Excluding isolates which co-harbored any two of these 467
three enzymes, an average meropenem hydrolysis rate was (-0.9 ng/mL-hour) for blacrxm 468
positive isolates and (-1.2 ng/mL-hour) for blaxec positive isolates; a 1.3 times increase in 469
hydrolysis in blakrec vs. blactx-m carrying isolates. All blanom positive isolates co-harbored 470
blacrx-m, with two of these isolates achieving loss of meropenem below the lower limit of 471
quantitation (LLQ) within the first hour. Examining the three NCPE tested isolates, a 1.8 472
times increase of meropenem hydrolysis was measured in blacrxm (EC5 and EC201) vs. 473
non-blacrx-m (EC68) carrying isolate(s). These data may require the cononical attribution = 474
of “non-carbapenemase” to be reconsidered for blactxm positive isolates, as blacrx-mcopy 475
number variant strains can result in carbapenem hydrolysis and resistance. Another inter- 476
esting finding in this analysis was the slight average increase of 0.75 (+ 1.1) ng/mL/18 hours =~ 477
in vaborbactam across all nine isolates. This may be related to a recycling or reversed 478
binding of parent substrate [vaborbactam] as the total number of replicating isolates, and 479
the p-lactamases they produced, decreased over time. 480

In order to apply these findings to future work, it is important to consider the limita- 481
tions associated with this study. Though we hypothesis that OmpC loss seems to be driven 482
by genetic lesions which result in coverage gaps within the mid-range of the gene, this 483
phenomenon can occur from many biological or environmental mechanisms, including 484
mobile genetic element mediated disruption of ompC [10] and osmolarity. In addition, 485
depending on the reference genome used to map contigs against, difference coverage 486
scores could be seen. When reviewing the multiplexed immublot (Figure 3b), the primary 487
antibodies used may have some cross reactivity due to similarity of epitopes, however, 488
when used alone (Figure 3a), the molecular weights aid in qualitative analysis of the 489
bands. In terms of LC-MS/MS assays, 3-lactams are very labile chemicals as they are prone 490
to hydrolyzation unless stringent protocols are followed. Because of this, meropenem hy- 491
drolysis results may have been susceptible to non-f-lactamase degredation. It was at- 492
tempted to control for by nulling out baseline hydrolysis of parent molecule. Also, the 493
contribution of a single B-lactamase is difficult in clinical isolates which harbor multiple 494
classes of [-lactamases without working with isogenic strains. Also, since p-lactamase 495
copy number was not calculated in these nine isolates, it is unclear if increased copies of =~ 496
these genes effected the meropenem hydrolysis rates, though most studies do not deter- 497
mine copy number variation of 3-lactamase genes. In terms of clinically relevant limita- 498
tions, the fact that a large portion of the collected CRE were from urinary sources makes 499
extrapolation to non-urinary infections difficult. 500

In conclusion, we used short read, whole genomic data in conjunction with LC- 501
MS/MS, qPCR and western blotting techniques to provide molecular characterization of 502
NCPE and ErMs E. coli and K. pneumoniae. The ErMs phenotype seems to be related to 503
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elevated gene copies of blactxm-14 and blactxms, especially when concurrently present 504
with ompC genetic lesions and loss of OmpC production. Loss of OmpF seems to be less 505
critical for the development of ErMs E. coli. Future efforts to characterize the molecular 506
mechanisms which promote OmpC loss and quantification of blacrxm among CRE will 507
potentially improve patient care and mitigate further expansion of ertapenem resistance 508

among patients afflicted with E. coli and/or K. pneumoniae infections. 509
4. Materials and Methods 510
4.1. Bacterial Isolates and Antimicrobial Susceptibility Testing 511

Carbapenem-resistant E. coli (n =29) and K. pneumoniae (n=47) isolates were exam- 512
ined from a previously collected biorepository of 99 CRE from 85 unique patients admit- 513
ted to five different hospitals in South Texas, USA between 2011 and 2019. Clinical isolates 514
were stored at the time of carbapenem-resistance discovery following Clinical and Labor- 515
atory Standards Institute (CLSI) standards and clinical laboratory procedures (e.g., posi- 516
tive Modified Hodge test, rapid antimicrobial resistance gene detection). All isolates were 517
initially speciated through biochemical assays and/or mass spectrometry at the clinical 518
laboratory. Repeat confirmatory speciation was determined through WGS-KMER analy- 519
sis. Abiding by current CDC definitions, CRE in this study were defined as Enterobacter- 520
ales isolates resistant to any carbapenem or determined to be carbapenemase positive. The 521
in-vivo sources of the isolates varied (Supplement Data S2). MICs of the isolates at the 522
time of patient hospitalization were abstracted from electronic medical records and con- 523
firmed with microdilution susceptibility testing using the Sensititre™ Gram Negative 524
GNX2F AST Plate. Discrepencies in phenotypes were present among a small number of 525
isolates (~2%), which were primariliy K. pneumoniae and were interpreted as ErMs in the 526
medical chart but ErMr upon repeat testing. These isolates were annotated as ErMr in 527
downstream analysis. Carbapenem non-susceptibility was defined based on CLSI break- 528
points: ertapenem-and-meropenem susceptible but ceftriaxone-resistant (EsMs): 529
ertapenem < 0.5 mcg/mL, meropenem MIC < 1 mcg/mL and ceftriaxone MIC >4 mcg/mL; 530
ErMs: ertapenem >1 mcg/mL and meropenem MIC <1 mcg/mL (ertapenem intermediate 531
breakpoint annotated as resistant); ertapenem-and-meropenem resistant (ErMr): 532
ertapenem > 2 mcg/mL and meropenem MIC > 4 mcg/mL (CLSI M100, ED33). CRE with 533
carbapenemase genes detected were termed CPE; those without carbapenemase genes 534
were termed NCPE. E. coli strains ATCC 25922 and BAA-2340 were used as carbapenem- 535
susceptible and carbapenem-resistant (blakec producing) controls, respectively. Klebsiella 536
pneumoniae strains BAA-1705, BAA-1706 and BAA-1903 were used as blakec-producing, 537
non-carbapenemase producing and ErMs controls, respectively. 538

4.2. Whole Genome Sequencing 539

For WGS, total bacterial DNA was extracted with DNeasy PowerSoil kit (Qiagen). 540
For qPCR, genomic and plasmidic DNA were extracted by following the CDC boil Bac- 541
DNA Lysate protocol. WGS was conducted on all isolates using a NextSeq 500 sequencing 542
instrument (Illumina Inc., San Diego, CA) with 150-base paired-end reads (UT Health San 543
Antonio, San Antonio, TX). All short-read data and metadata have been deposited in the 544
NCBI BioProject (PRJNA1049776). De-novo assembly, variant analyses and contig cover- 545
age visualization were conducted using CLC Genomics Workbench 20.1 (Qiagen, Red- 546
wood City, CA) and Geneious Prime® 2023.1.2. For assigning bacterial species, multilocus =~ 547
sequence typing (MLST) was performed using KmerFinder Database version 3.0.2 [18-20] 548
and MLST 2.0 [21-27]. The identification of antimicrobial resistance genes and point mu- 549
tations in CRE isolates was accomplished through the use of PointFinder and ResFinder 550
version 4.1 [11-13]. Core genome alignments were generated through alignment of short- 551
read sequences to reference genome, Escherichia coli str. K-12 substr. MG1655 (GenBank 552
Accession: U00096) and K. pneumoniae CP000647. OmpC, OmpF, OmpK35, and OmpK36 553
amino acid changes were visualized and mapped to tertiary protein databank structures 554
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(7]Z3, 4GCS, 5077, 6RD3) using the molecular graphics program, VMD [28]. ompC cover- 555
age gaps for all 29 E. coli lllumina paired-end-read files were trimmed, merged, normal- 556
ized and de novo assembled into contigs. Assembled contig lists of all 29 E. coli resulted 557
in an average N50 of 59,489 base pairs (bp) long and an average sum contig length of 558
7,355,703 bp. Other assembly features are summarized in Supplement Data S2 and S4. 559
Contig lists were dissolved and mapped against MG1655 K12 E. coli reference genome 560
(accession: U00096). 561

4.3. Immunodetection and Sample Preperation 562

Samples from overnight growth in CAMH broth with ertapenem (1 ug/mL) were pel- 563
leted and solubilized in 200 uL water. Cell lysis was then accomplished through three 564
rounds of freeze-thaw cycles, sonication and boiling at 100 °C for 8 minutes. Bacterial pro- 565
tein lysate concentrations were determined with BCA Protein Assay Kit (Pierce) and sam- 566
ples were normalized to 1.2 ug/mL then separated by electrophoresis with BIO-RAD Mini- 567
PROTEAN TGX Stain-Free Gels with 4-15% polyacrylamide for an hour at 150V. Bands 568
were transferred onto nitrocellulose membranes at 25V for 50 minutes. Membranes were 569
then blocked with 1% gelatin in 1x transfer buffer solution with tween (TBST) and anti- 570
OmpC or anti-OmpF antibodies (ThermoFisher) overnight at 4°C on a shaker. The mem- 571
brane was then washed three times with ddH20O and subjected to a secondary antibody 572
reaction with the BioRad Immuno-Blot Assay Kit (Goat anti-rabbit IgG) by diluting goat 573
anti-rabbit secondary antibodies in gelatin buffer solution and rocking at 20°C for 60 574
minutes. Membranes were washed three times with TBST solution and developed alkaline 575
phosphatase. 576

In an effort to understand osmolarity related effects on porin band intensity on in- 577
cluded isolates, representative CRE clinical strains were grown in three different broths, 578
ranging in osmolarity, including high salt Luria-Bertani Miller (LB) Millers broth (highest 579
osmolarity), cation-adjusted Mueller-Hinton (CAMH) (low-moderate osmolarity), and 580
nutrient broth (low osmolarity). No differences were seen in OmpC or OmpF bands be- 581
tween media, including in the ATCC reference strains (Supplement Data S2). Thus, 582
CAMH was used solely for currently reported experiments. Four ertapenem and mero- 583
penem susceptible (EsMs) but ceftriaxone resistant E. coli clinical isolates collected from 584
blood sources were used as OmpC controls (Figure 3). In addition, ATCC 2340, a mero- 585
penem-resistant, blakec producing CLSI control strain, was used as the reference for porin 586
protein bands. 587

4.4. gPCR of 8-lactamase genes 588

To determine gene copy numbers, SYBR Green qPCR was performed using primers 589
and a microplate reader (BioRad). Copy number was calculated using the formula ACt 590
=2 (CTeontrol - CTarget) an the mean plate Cq value for rpsL as the control gene [10,29]. Primers 591
used for qPCR included a blacrx-m-1s specific primer: 5'- ATGGATGAAAGGCAATACCA- 592
3’ with an estimated amplicon size of 175 nucleotides (this study). In addition, a Group-1 593
blactx-m primer: 5-ATGGTTAAAAAATCACTGCG-3" and Group-9 blacrxm primer: 5- 5%
ATGGTGACAAAGAGAGTGCA-3 were used to both capture any addition blacrxmgenes 595
within the groups as well as blactxm-14 within Group-9 [30]. A blakec primer was also used 59
to screen ErMs isolates: 5'-TGTCACTGTATCGCCGTCTA-3’ (this study). Other primers 597
included blaoxa1: 5- ACGTGGATGCAATTTTCTGT-3’ (this study), blasuv: 5'-GCCGCTT- 598
GAGCAAATTAAAC-3 (this study), blatem: 5-CTGTTTTTGCTCACCCAGAA-3 (this 599
study), E. coli rpsL: 5-ACCACCGATGTAGGAAGTCA-3’ (this study), and K. pneu- 600
moniae rpsL: 5-GACCTTCACCACCGATGTAG-3’ (this study). All performed equally 601
well with 100% agreement with WGS data. 602

4.5. Sample Preparation for LC-MS/MS Analysis 603
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The bacterial strains were grown on tryptic soy agar (TSA) with 5% sheep blood for 604
24 hours at 37°C. A single bacterial isolate was transferred to cation adjusted Muller Hin- 605
ton broth (CA-MHB). The cultures were incubated and shaken for 18 hours. At the end of 606
incubation, an (ODs) MacFarland 0.5 standard concentration was prepared with each 607
inoculum. A meropenem-vaborbactam E-TEST strip (MEV [64/8 ug/mL]) was placed into 608
a volume of 0.8 mL CA-MHB then shaken for 30 minutes at 37°C. Standardized inoculum 609
was then transferred (0.2mL) to each meropenem-vaborbactam-concentrated broth and 610
incubated while shaken. At hours 1, 4 and 18, a 0.2 mL sample volume collection was taken 611
from the test samples and centrifuged at 12,000 RPM at 4'C for 10 minutes. At the end of 612
the centrifugation, 100 uL volume of the resulting supernatant was collected and transfer 613
to 300 uL ice cold methanol and 15uL of internal standard propranolol (IS) to a concentra- 614
tion of 5 ug/mL. Each tube was lightly vortex by hand for 0.2 minutes then placed onice 615
to incubate for 10 minutes. The remaining volume of the supernatant for each bacterial 616
sample was carefully removed and the resulting bacterial cell pellets were resuspended in 617
100 uL of PBS pH 7.4, sonicated for 5 minutes and then were processed as were the col- 618
lected 100 uL supernatant samples noted above for protein precipitation and pellet sample 619
analysis. After ice incubation, samples were mixed then centrifuged at 12,000 g at 4°C for 620
10 minutes. A 100 uL volume of the supernatant was then transferred to 200 uL HPLC- 621
grade water and mixed briefly. Sample was then transferred (150 uL) to a LC-MS/MS sam- 622
ple injection vial for analysis. Ertapenem and imipenem proved to be too labile to accu- 623
rately detect at concentrations less than 128 mcg/mL. Meropenem remained stable at 624
lower concentrations (< 10 ng/mL). The sample analysis of the abundance of meropenem, 625
inhibitor vaborbactam and the selected (IS) internal standard propranolol were measured 626
using a LC-MS/MS system comprising of a ACQUITY UPLC liquid chromatogram system 627
and a Xevo TQD, tandem triple-quadrupole mass spectrometer by Waters corporation. 628
Additional instrumentation parameters and analysis can be found in the supplemental 629
information. 630

4.6. Statistical Analyses 631

The Student’s t test or the nonparametric Wilcoxon Rank Sum test was used for con- 632
tinuous variables based on distribution. The chi-square or Fisher’s Exact test was used to 633
compare categorical variables. A two-sided p-value of less than 0.05 was considered sta- 634
tistically significant. All analyses were completed with R (v4.1.2) statistical program/pack- 635
ages. 636

Supplementary Materials: The following supporting information can be downloaded at: 637
www.mdpi.com/xxx/s1, Supplemental Data S1: annotated mobile genetic elements and counts of 638
included ErMs and EsMs; Supplemental Data S2: ErMs vs. ErMr mobile genetic element count vol- 639
cano plot, OmpC alteration sites on modeled structure, SDS-PAGE and immunodetection results, 640
LC-MS/MS analysis concentrations at time points, Standard curve and quality control/sample prep- 641
aration for LC-MS/MS analysis, In-vivo sources of collected ErMs E. coli and K. pneumoniae isolates, 642
Distribution of porin amino acid alterations among E. coli and Klebsiella spp., Mapped reads of ErMs 643
E. coli (EC30) with coverage gap in ompC; Supplemental Data S3: LC-MS/MS standard curve and 644
parent molecule concentration calculations; Supplemental Data S4: Contig details of assembled 645
ErMs E. coli used for ompC mapping. 646
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