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CTX-M ESBL are widely found in animal and human infections. For better understanding of CTX-M variations and
epidemiology, a total of 2210 CTX-M sequences were retrieved from NCBI as at 20 December 2020. The
maximum incidences of CTX-M were reported in China (n = 508), USA (n = 354) and Japan (n = 180). Single
amino acid substitution in the domain region of CTX-M ESBL lead to survival benefits to the bacteria. A total of
31 different variations were found of which D240G was the most common followed by A77V and V103I sub-
stitutions. The variations in CTX-M enzymes were explained continent-wise revealing the maximum variation

reported in America followed by Asia and Europe of which D240G substitution was the most prevalent. India
contained only three variations (E166A, P167S D240G) found in New Delhi, Karnataka, West Bengal and Tamil
Nadu. The P167 and D240 were under strong positive selection with dN/dS calculation.

1. Introduction

The B-lactams are the most commonly used class of antibiotics for the
treatment of human and animal infections due to their broad activity,
lack of toxicity and high level of tolerance [1,2]. They interrupt bacterial
cell wall formation by targeting Penicillin-binding proteins (PBPs),
inhibiting the creation of peptidoglycan crosslink and result in bacterial
cell lysis [3]. The penicillin was the first f-lactam to be introduced in the
year 1929 [4]. The penicillin antibiotics are used to treat bacterial ill-
nesses such as pneumonia, respiratory tract infections and throat in-
fections [5]. The penicillin, cephalosporins, carbapenems and
monobactams are the four primary forms of p-lactams now available,
three of which have bicyeclic structures [4].

The resistance has spread as result of the increased use of the p-lac-
tams, which can be due to mutation or horizontal gene transfer (HGT)
[6]. Vast variants of bacterial species undergoing HGT and having short
doubling time has led to the accumulation of a number of resistance type
[7]. The development of p-lactamase enzymes in Gram-positive and
Gram-negative bacteria causes resistance to p-lactam antibiotics, with
latter being the most common source [4].

The Bush et al. introduced the Bush-Jacoby-Medeiros system in 1995

to classify them based on their functional properties [8]. Another clas-
sification was proposed by Ambler in 1980, which divided p-lactamase
into four classes based on sequence information: Class A, B, C, and D [9].
The classes A, C, and D are serine p-lactamase (SBLs) which hydrolyze
p-lactams by utilizing serine for nucleophilic attack at the amide
carbonyl carbon via formation of covalent acylenzyme intermediate [4].
The class B zinc metalloenzymes (MBLs) are subdivided into three types:
subclass B1, B2 and B3, which use water as a nucleophile activated by
metal for f-lactam hydrolysis [4].

The Class A p-lactamase are mainly found on episomes which can
transmit via conjugation leading to its wide dissemination [10]. The
Extended-spectrum f-lactamases (ESBLs), generated via acquisition of
point mutation, hydrolyze broad-spectrum cephalosporins and mono-
bactams [11]. The spread of ESBLs including SHV, TEM, CTX-M severely
limit the effectiveness of cephalosporins and cause a great threat to
public health [4,11]. The CTX-M ESBLs are active against first, second
and third generation cephalosporins.

According to Ambler classification, CTX-M enzymes are classified
into five major groups: CTX-M-1, CTX-M-2, CTX-M-8, CTX-M-9 and CTX-
M-25 based on amino acid sequence similarity with < 90% amino acid
identity between clusters and > 95% identity within clusters [12]. The
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CTX-M enzymes are likely to have originated from Kluyvera species
disseminated via mobile genetic elements including transposons, inte-
grons, and IS elements, particularly ISEcp1, have played a significant
role in their global spread [13]. The spread of CTX-M was exponential,
leading to a wide diversity of CTX-M strains, resulting in "CTX-M
pandemic" [14]. The CTX-M enzymes are disseminated globally, with
CTX-M-15 and CTX-M-14 being the most common enzymes of CTX-M-1
and CTX-M-9 groups respectively [15,16]. In India, the CTX-M-15 is the
most prevalent variant. The very first report came from Batra hospital
and Medical Research Centre, New Delhi [17].

There are two subdomains in CTX-M protein structure. One is the
alpha subdomain; consists mainly of alpha-helices and the other is
alpha-beta subdomain consists of both alpha helices and beta-strands
[18]. The groove formed by the two subdomains forms the active site.
Within the active site, there are certain amino acid motifs (70STSK73,
103VNYN106, 130SDN132, 234KTG236) which are important for the
recognition of substrate and hydrolytic processes [18,19].

The prevalence of CTX-M ESBL variants has increased in healthcare
settings differing between continents. The various amino acid variations
present in the active sites of the CTX-M protein play an important role in
the enhancement or modulation of the hydrolytic activity of these en-
zymes. The CTX-M enzymes have succeeded in mobilizing to a number
ecological niche, selective force, being the major factor [20]. It is
important to study the effect of selection pressure on ESBL producing
bacteria by identifying the genetic variation in CTX-M enzyme. The
present work is aimed to analyze (i) the variations in CTX-M amino acid
residues (ii) distribution of CTX-M variations globally including Indian
subcontinent (iii) selection pressure acting on any specific domain of
CTX-M.

2. Methods
2.1. Data acquisition

All available nucleotide sequences encoding CTX-M from animal and
human infections were retrieved from NCBI database (https://www.
NCBI database.nlm.nih.gov/) as at 20 December 2020 by using BLASTn
tool (earlier available at Lahey database) (http://www.lahey.org/
Studies/other.asp) (Supplementary data S1). The list of nucleotide
accession numbers was used as an input for the Python script which uses
selenium package to search NCBI for the corresponding amino acid se-
quences (Supplementary data S2). A total of 2210 CTX-M sequences
were retrieved including all the variants. There were total 242 CTX-M
variants reported till the date of retrieval of data. The 242 sequences
representing each variant of CTX-M was selected for further studies.

2.2. Sequence analysis

Sequence analyses was performed using Unweighted Pair Group
Method with Arithmetic Mean (UPGMA) implemented in MEGA-X
software by applying MUSCLE algorithm with gap opening penalty of
1.20 and a gap extension penalty of 0 for Multiple sequence alignments
(MSA) [21]. Subsequently, Neighbor-joining phylogeny tree was con-
structed using poisson substitution model and the robustness of the
relevant nodes were estimated using 1000 replications (Bootstrap value
= 1000). The NCBI reference sequence of CTX-M, accession number
WP_013188473.1 was used as the canonical sequence for the analysis of
CTX-M protein variants. FigTree v1.4.4 (http://tree.bio.ed.ac.uk/) was
used for better representation of phylogenetic tree.

2.3. Motif evaluation

By studying the literature, motifs were generated using all 2210
retrieved CTX-M amino acid sequences. Variability at each site of motifs
were evaluated for all novel 242 amino acid sequences using MEGA-X
software. The frequency of variation at each site was determined
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manually and the CTX-M type harboring the mutations were noted.
2.4. Geographical Variation Analysis

All 2210 sequences were classified country-wise and further the se-
quences were classified into five groups of CTX-M (CTX-M-1, —2, —8,
—9, —25) (Supplementary data S3). The reductant sequences were
pooled. Using Data Driven Documents (https://d3js.org/), world map
was prepared showing the highest to lowest cases of CTX-M prevalence
globally (Fig. 1). The country-wise data was clumped into continents.
The sequences were analyzed for variation using Mega-X software.

2.5. Selection pressure evaluation

The HyPhy software package implemented in Datamonkey web
server was used to analyze all 2210 nucleotide sequences encoding CTX-
M. Different selection methods were performed including (i) FEL (Fixed-
Effects likelihood), (ii) FUBAR (Fast Unconstrained Bayesian AppRoxi-
mation), (iii) SLAC (Single-Likelihood Ancestor Counting) and MEME
(Mixed Effect Likelihood Model) to evaluate selection pressure acting on
different motifs of CTX-M. To classify a site as positively or negatively
selected, a threshold p-value was set at 0.1 for SLAC, FEL AND MEME.
For FUBAR, the threshold value for posterior probability was set at 0.9.
The value of @ = dN/dS > 1 (non-synonymous/synonymous substitu-
tion) indicates positive selection of the amino acid residues and m = dN/
dS< 1 indicates negative selection of the amino acid residue.

3. Results
3.1. Classification of CTX-M sequences

Earlier, only 134 CTX-M sequences were phylogenetically classified
into five Ambler groups [22]. A total of 242 CTX-M variants has been
enlisted till 20 December 2020 in NCBI, which has been classified in this
study (Fig. 2). The phylogenetic tree reflected the relationship of the
CTX-M sequences and revealed the respective clades (Fig. 2). The Group
1 showed the highest number of CTX-M variants which suggests that the
CTX-M-1 has undergone maximum mutations acquired over the period.
The group 1 clade includes 116 CTX-M members, the group 2 clade
contains 27 CTX-M sequences, group 8 clade include only 4 CTX-M
members, group 9 clade include 71 members and group 25 clade
include 14 CTX-M sequences. The phylogenetic tree created using
neighbor-joining method displayed CTX-M-132, — 123, — 153, — 234,
— 64 and CTX-M-199 in a separate clade, next to group 1 clade. Among
these CTX-M-64, CTX-M-132 and CTX-M-123 have been reported earlier
as CTX-M-1/9 hybrids and CTX-M-199 is a variant of CTX-M-64 [23,24].
The tree represented CTX-M-137 in group 9 clade, although earlier
studies suggest it as a CTX-M-1/9 hybrid [25]. Clearly, CTX-M-1 group is
the most diversified group, followed by CTX-M-9, suggesting that
CTX-M-1 group members are more prone to mutations.

3.2. Variation in CTX-M amino acid residues

A total of 2200 sequences were analyzed. These sequences were
narrowed down to 242 unique allelic variants of CTX-M. The multiple
sequence alignment revealed characteristic residues and motifs which
are important for hydrolyzing the amide bond of be f-lactam ring. A
total of 20 amino acid sites were detected containing 31 different types
of mutations in the domain region (from Ambler position 70-235) of 291
amino acid long CTX-M (Fig. 3). The highest substitution was found at
position 240 (D240G), which does not fall into any secondary structure
or motif region. A total of 221 sequences were found with variations in
the residues important for hydrolysis of B-lactam ring. Most of them
possessed D240G mutation (101 of 242 sequences) followed by A77V
variations (45 of 242 sequences).

A total of four motifs are present in the active site CTX-M protein
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Fig. 1. Distribution of CTX-M worldwide (n = 2210). Scale represents highest to lowest number of CTX-M cases reported. Most of the sequences were obtained from
China (n = 508), USA (n = 354) and Japan (n = 180) in a descending order of frequency.

structure namely 70STSK73, 103VNYN106, 130SDN132, 235KTG237
[9,18,26]. They play an important role in hydrolysis of p-lactam amide
bond [27]. Therefore, this study further analyzed these four motifs for
variations in amino acid residues. The 70STSK73 motif was found to be
100% conserved in all the CTX-M protein. In 103VNYN106 motif, N104
was found to be mutated to Tyr in CTX-M-201. The Y105 appeared to be
100% evolutionarily conserved amino acid. The N106 was found to be
altered to Ser in CTX-M-33, CTX-M-67, CTX-M-195, CTX-M-217,
CTX-M-220, CTX-M-223. In SDN motif (Ser130-Asp-Asn132), Asp131
appeared 100% conserved amino acid residue. The amino acid at posi-
tion 130 shows two different types of variations, S130T mutation in
CTX-M-190, CTX-M-199, CTX-M-218 and S130G mutation in
CTX-M-190, CTX-M-199, CTX-M-218, CTX-M-234. The Asnl32 was
found to be substituted to Asp in CTX-M-127, 191, 215 and to His in
CTX-M-181, CTX-M-81. In KTG motif, Lys234 was found to be mutated
to Arg in CTX-M-203, CTX-M-106, CTX-M-192, CTX-M-107, CTX-M-146,
CTX-M-239. The Gly236 was mutated to Ser in CTX-M-178, CTX-M-187,
CTX-M-227. The Thr235 appeared 100% conserved in all CTX-M
protein.

Within the Q loop (Ambler positions 164-179), 31 out of the 242
CTX-M variants were found to harbor variations in the omega loop.

There was a total of 18 type of variations in 31 variants since some
substitutions were found to be present in more than one variant (Fig. 3).
The Glul66 of Q loop is involved in substrate binding and is strictly
conserved residue but is mutated to Ala in CTX-M-155 and CTX-M-157.
The effect of this variation is still not known. The Pro167 was found to be
substituted to Ser in CTX-M-19, CTX-M-35, CTX-M-62, CTX-M-99, CTX-
M-147, CTX-M-219, CTX-M-221.

There are other critical amino acids apart from the motif region
which are important for the hydrolysis reaction, which includes Ala77,
Val231, Asp240. The Val231 was found to be mutated to Ala in CTX-M-9
leading to decreased stability and catalytic activity of the protein to-
wards CTX (Cefotaxime) but have improved the activity against cefta-
zidime [28,29]. The Asp240 residue was found to be mutated to Gly in
members of all CTX-M groups.

Multiple sequence alignment of the available 2210 CTX-M sequences
was performed and 31 substitutions were found in the domain region
(from Ambler position 70-235) of CTX-M. Notably, most of the se-
quences were deposited from China (n =508), USA (n = 354) and
Japan (n = 180). The geographical prevalence patterns of CTX-M se-
quences containing different amino acid variations reveals that the
maximum variants were reported from North America (23 of 31
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Fig. 2. The phylogenetic tree is constructed based on Neighbor-joining method with bootstrap value of 1000. A total of 242 CTX-M amino acid sequences is grouped

«

WP OESS62400.1 CIX-M-197
—

1 CTXM-189
WP 069280706.1 CTX-M-190
WP 109791214.1 CTX M 218

— WP 188331865.1 CTXM-238

L wp077767290.1 CTX-M-193
WP 0638599281 CTX M-114
WP 1564046501 CTX M 230
WP 063860025.1 CTX M-179
WP 032495786.1 CTX-M-144
WP 136512065.1 CIX-M-226
WP OBIB60078.1 CTX-M-79
AFNTI219.1 CTX-M-57
WP 0153873401 CTX M 55
WP 102607456.1 CTX-M-207
WP OBIRS9951.1 CTX-M-136

WP 032495225.1 CTX M-116
WP 063859972.1 CTX M 164
WP 094166899.1 CTX-M-224

WP 063860070.1 CTX-M-69
WP DEIBSS961.1 CIX-M-156
WP 032491157.1 CTX-M-10
WP 063860045.1 CTX-M-34
WP 063860079.1 CTX M 30
WP OBIBE0069.1 CIX-M-68
WP OBIRB0ME.] CTX-M-37
WP 1095450621 CTX-M-210
WP 1564046511 CTX M 231
WP 058245215.1 CTX-M-202
WP 012579062.1 CTX-M-53
WP DBIBSS955.1 CIX-M-139
WP 0324975531 CIXM-71
WP 063859974.1 CTX-M-167
WP U32491954.1 CTX-M-66
WP 1566587221 CIX-M-736
WP 0324917641 CTX-M-72
WP 0882452251 CTX-M-204
WP 1095450631 CTX M 211
WP 063860019.1 CTX M-177
WP 111672902.1 CTX-M-220
WP 0324906821 CIX-M-33
WP 0110910781 CTX-M-3
WP 0324917771 CTX-M-12
WP OB3S60066.1 CTX-M-60
WP 0585708471 CIX-M-96
WP 102607455.1 CTX-M-206
WP 063859976.1 CTX-M-169
WP 032490752.1 CTX M 30

iyl

WP O32493168.1 CIX-M-62
WP OBIRE0061.1 CTX-M-52
WP 0882452121 CTX-M-203
AEMA4650.1 CTX M 107
WP 102607454.1 CTX M- 146
WP 063860047.1 CTX-M-36
WP OBIBE0067.1 CTX-M-61
WP 0131884731 CIXM-1
WP 0002395911 CTX M-32
WP O70064534.1 CTX-M-138
WP 1167868791 CIX-M-222
WP OBIES9965.1 CTX-M-158
WP 063859973.1 CTX M-166
WP 062860009.1 CTX M 175
— WP 032491377.1 CTX-M-22

L WP 0638600421 CTX-M-28
[ WP 0777672911 CTX-M-194

CTXM162
WP 0638599711 CTX-M-163
= WP 000239590.1 CTX-M-15

L WP OBIBE0036.1 CIX-M-152

= WP 156404649.1 CTX-M-143
= 1CTXM103
[ WP 1480444101 CTX M 228

L WP 063850098.1 CTX-M-173
WP 110093562.1 CTX-M-154
rE AAFI3177.1 CTXM 11

= WP DG3B60014.1 CTXCM-176

L Wi OBIBE0086.1 CIX-M-B
= WP 1BS131864.1 CTX-M-237

L WP 0638599211 CTX-M-101
— WP 068981632.1 CTX M 138

L WP 065419569.1 CTX M-186
= WP 1365120641 CTX-M-225

L WP 156404652.1 CTX M- 232
WP 10400908421 CTX M 178
WP 148044409.1 CTX-M-227
WP 104009848 1 CTX-M-187

WP 109/91209.1 CIX-M-216
AFMA4651.1 CTX-M-108
AENM4654.1 CTX-M-109
WP 063860034.1 CTX M-180
WP 063859957.1 CTX-M-142

WP OBIESS993.1 CTX-M-172
WP 063859959.1 CTX M-150
= WP 0638509841 CTXM-170

L WP 1095450611 CTX-M-209
[— WP 0638600811 CTX-M-82

1 CIXMA127
WP OBISE0035.1 CTX-M-181
= WP 0545114911 CTXM-184

L WP 032495259.1 CTX M 117
[~ WP 100545060.1 CTX-M-208

Lo WP 0545114901 CTX-M-183

Group 1

WP 032489926.1 CTX-M-9
WP 063960060.1 CTX-M-51
WP 063H59967.1 CTX-M-16
WP 032495378.1 CTX-M-121
WP 063108644.1 CTX M 140
WP 100545069.1 CTX M 214
WP 032492044.1 CTX-M-67
WP 0777672921 CTX-M-195
WP 1276308621 CIX-M-223
WP 032495073, CTX-M-53
WP 188331867.1 CTX-M-241
WP 053859952, CTX-M-134
WP OIS600RH. | CTX-M-50
WP 001617865.1 CTX-M-14
AAKS5533.1 CTX M 18
WP 168247878.1 CTX.-M-235
WP 063860040.1 CTXM-33
WP 06386005 7.1 CIX-M-18
WP DIB60055. 1 CTX-M-36
WP 063860059.1 CTX-M 50
WP 063860056.1 CTX-M-47
WP 06360058, 1 CIX-M-19
WP 063860072.1 CTX-M-71
WP 063860039.1 CTX M-21
WP 063859926.1 CTX M 112
WP 042004849.1 CTX M-104
WP 063850946.1 CTX-M-125
WP 0638600801 CIX-M-81
WP 128268235.1 CTX M 215
WP 102607451.1 CTX-M-191
WP 063860083.1 CTX-M-84
WP 0638600851 CTX-M-86
WP DBIS60084. 1 CTX-M-85
WP 063859958.1 CTX-M-147
WP 032892184.1 CTX M 87
WP 063850947.1 CTX-M-126
WP 063850975.1 CTX-M-168
WP 063860037.1 CTX-M-19
WP 110092882.1 CTX M 219
WP 063860004.1 CTX-M-99
WP 077767293.1 CTX-M-196
WP D125790K2.1 CIX-M-24
WP DLIIRRA7S.1 CIX-M-65
WP 032895787.1 CTX-M-148
WP 085562401.1 CTX M 198
1CTOM 1L
WP 094009814.1 CTX-M-201
WP 063860082, 1 CTX-M-83
WP 063850924.1 CTX M 110
WP 063860005.1 CTX M-174
WP 032277257.1 CTX-M-21
WP D63H59922.1 CIX-M-102
WP 0150890761 CTX-M-105
WP 032495798.1 CTX M 58
WP 063859948.1 CTX M 129
WP 100250775.1 CTX-M-242
WP 156404653.1 CTX-M-233
WP 182496339.1 CTX-M-240
WP 063859966.1 CTX M 159
WP 102607452.1 CTX-M-192
WP 188331866.1 CTX-M-239
WP 061859949, 1 CIX-M-130
ADZINZE2.1 CTX-M-106
WP 063859927.1 CTX-M-113
WP 063859969.1 CTX M 161
w 1CTXM17
WP 06IHS9932.1 CTX-M-127
WP 032889927.1 CTX M-13
WP 10624209.1 CTX M 213
[~ WP 063850054.1 CTX M-137
L WP 114699284.1 CTX-M-221
WP 032404734.1 CIX-M-100
WP 109791711.1 CIX-M217
WP 063860091.1 CTX-M-94
WP 063860041.1 CTX M 26
WP DSAZIZA1. 1 CIXCMA39
AGWSA704.1 CIX-M-25
] WP 063860087.1 CTX M 89
WP 063860089.1 CTX M 91
WP 063859968.1 CTX-M-160
WP 0638600511 CTX-M-11
WP 063859961 1 CTX-M-152
WP 099156051.1 CTX-M-205
|" WP 063860077.1 CTX-M-78
WP 065102278.1 CTX M 185
WP 032489598 1 CTX-M-8
L1 CTX-M-30
WP 063860068.1 CTX M 63
WP 063859960.1 CTX M 151

Al

&A1

—

WP 032489025.1 CTX-M-&

WP 065419568.1 CTX-M-171
WP 0253686201 CTX-M-2

WP 063599501 CTX-M-131
WP 063560054, 1 CTX-M-44
WP 063860053.1 CTX-M-43
WP 063860063.1 CTX M 56
WP 063860046.1 CTX-M-35
WP 063860073.1 CTX-M-74
WP 063860090, 1 CTX-M-92
WP 06359956, 1 CTX-M-141
WP 0638600441 CTX-M-31
WP 094009813.1 CTX-M-200
WP 1880444111 CTX-M-229
WP 063859951.1 CTX-M-132

WP 0319422711 CTX M-123
WP 168247876.1 CTX M 153
WP 168247877.1 CTX M-234
WP 032492042.1 CTX-M-64

into five clades. The order of groups is as followed: group 9, group 25, group 8, group 2 and group 1.

T
HHHHHHIE

WP OHSH947.1 CIX-M-199

Comparative Immunology, Microbiology and Infectious Diseases 86 (2022) 101815

Group 9

Group 25

Group 8

Group 2



C. Rana et al.

atl m Pz p3 a2 a3 B4 ad a5 [3 a6

Comparative Immunology, Microbiology and Infectious Diseases 86 (2022) 101815

a8 a9 a0 BT P8 po an

[
— 00000 —ep—emp—p— QQQQQ — 0000 —=— 0000 — 0000 —=b— Q000000 — GQQOQ —p— QQQ0Q — QQOQQ — QQOQQ ey ey — 0OQOO VOO

o 0 i
T LANLTLGKAL
PR P 3

exe

A"/ .

Unknown effect on CTX-M protein

Increased resistance towards CTZ

Decreased resistance towards CTX

Decreased protein stability

Decreased resistance towards CTZ

Increased resistance towards B - lactamase inhibitors

Increased resistance towards CTX

EOEEO™MEO

Increased protein stability

Fig. 3. Schematic representation of multiple sequence alignment of CTX-M sequences (n = 2210) showing detailed amino acid substitution. The red, blue, green and
yellow boxes represent 70STSK73, 103VNYN106, 130SDN132 and 235KTG237 motif region respectively. The omega loop is indicated by pink box. The red star
below the alignment represents the conserved amino acid residues. The mutations are represented in pentagonal-shaped polygon. The blue triangle below the
pentagon indicates the in-vitro studied mutations. The effect of the mutations on CTX-M protein studied from the literature is represented by different colors. The plus

sign in the pentagon indicates the combined mutations.

variants) followed by Asia (21 of 31 variants). Only one variant (D240G)
was found in Africa. Australia contained only three different variations
in CTX-M sequences namely: A77V, P167S and D240G. The D240G
substitution was the maximum reported variation in all the continents.
The spread of D240G substitution among different continents has been
summarized in Table 1. Europe is also one of the hotspots for CTX-M
containing bacteria and possess a total of 14 variants of CTX-M. South
America possess only 6 variants (Fig. 4).

3.3. Spread patterns of CTX-M variations in India

There are geographical differences in the type of CTX-M genes found
and there is scarcity of data from India. India contained only three
different types of variations: D240G (maximum), E166A and V103I. In
India, the CTX-M cases were reported in New Delhi, West Bengal, Kar-
nataka and Tamil Nadu. The maximum reported cases are from New
Delhi (n = 28) followed by South India (n = 22). Only D240G variation
was found in West Bengal and Tamil Nadu. However, a new substitution
(E166A) was found in Karnataka indicating that this variation is unique
to this region (Fig. 5).

3.4. Selection Pressure

The nature of selection at each codon can feature the residues which
interacts with p-lactam antibiotics. The four available important algo-
rithms were used to investigate possible natural selection imparted on
individual amino acid residue providing specific advantage to hydrolyze
p-lactam ring more efficiently than the other. FEL infer dN/dS ratio at

individual site by using maximum-likelihood approach [30]. It found
one site under pervasive positive selection and 94 sites under purifying
selection. Similarly, SLAC model which is also based on
maximum-likelihood method along with the counting approach inferred
positive selection at zero sites and purifying selection at 65 sites [30].
FUBAR is based on Bayesian approach and is more powerful than FEL
when positive selection is present [31]. FUBAR identified 2 sites evolved
under the influence of positive selection and 101 sites with the evidence
of purifying selection. MEME model was used to investigate episodic
positive selection at individual sites [32]. MEME inferred evidences of
positive selection at 23 sites. SLAC detected zero sites under positive
selection. Hence, the selection pressure analysis showed lower rate of
positive selection and higher rate of negative selection in the motifs of
CTX-M protein structure.

The focus was given to the amino acid residues contributing to the
resistance towards cefotaxime and ceftazidime. The amino acid residues
at position 77 (Val), 104 (Asn), 106 (Asn), 130 (Ser), 132 (Asn), 167
(Pro), 235(Lys), 237 (Gly) and 240 (Asp) were found to be under the
influence of positive selection (dN/dS > 0) as detected by FEL, FUBAR
and MEME model (Tables 2 and 3, Figs. 6 and 7).

Negative selection (dN/dS < 0) results in the conservation of the
amino acid residues that does not undergo mutation under the influence
of any external pressure. Apart from the differences of some amino acid
residues, FEL, FUBAR, SLAC results were concordant in determining
multiple sites under pervasive purifying selection. Many sites match
with the conservative amino acid motifs and other critical residues
necessary for the proper function of CTX-M protein, namely residues at
position 70 (Ser), 72 (Ser), 73 (Lys), 105 (Tyr), 131 (Asp), 161 (Arg), 162
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Table 1

The prevalence of different types of mutation in CTX-M among continents. Red font depicts the D240G mutation in each continent.

S. No.

Continents

Types of mutations

Number

1.

Africa

D240G

19

2.

Asia

D240G
ATTV
V231A
P167S
R164G
NI32H
P167L
K234R
P177L
G236S
V1031
S130T
N132D
El166A
PI167A
D240S
T165N
T168S
T1718
P167T
P167Q

o0 n
Gl —
-1

BR=R—= =N RN W ===k

Australia

ATTV
D240G
P167S

Europe

D240G
ATV
N132D
K234R
V231A
P167S
L169Q
P167T
T1718
N106S
V1031
P174Q
D240S
T1651

North America

ATV
D240G
V1031
V231A
P167T
NI132D
D240S
N1708
K234R
P167S
T165N
T168S
P177L
P167H
N132H
S130G
S130T
N106S
N104Y
T1651
G236S
R1648
T1711

South America

ATV
V1031
D240G
V231A
P167T
P167S
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Fig. 4. Global distribution of CTX-M. Left panel represents the continent-wise (Africa, Asia, Australia, Europe, North America, South America) prevalence of CTX-M.
The five CTX-M groups are depicted by different colors. Right panel depicts the distribution of amino acid variations of CTX-M protein found continent-wise shown

through pie chart representation.

(Leu), 163 (Asp), 164 (Arg), 166 (Glu), 169 (Leu), 170 (Asn), 172 (Ala),
173 (1le), 174 (Pro), 176 (Asp), 178 (Arg), 179 (Asp), 232 (Val) (Tables 2
and 3, Figs. 6 and 7).

4, Discussion

The CTX-M is a type of ESBL enzyme which specifically cleave the
p-lactam ring (amide bond) present as a core molecule in the penicillin
and cephalosporin antibiotics. The CTX-M enzymes present in the Gram-
negative bacteria allow them to enjoy their pathogenesis in the presence
of B-lactam. Although various CTX-M ESBL enzymes could hydrolyze the
p-lactam ring. However, some selected amino acid residues in the spe-
cific region are found to vary in different CTX-M category with varying
success rate in the environment as an infectious agent. The presence of
selected amino acid in such critical region may be regarded as a result of
natural selection/process. The selection of critical amino acid residue is
an important factor to consider for the complexity of antibiotic resis-
tance evolution. The D240G substitution is present in a number of CTX-
M ESBL, indicating that it is important for the evolution of antibiotic
resistance. This variant was reported globally suggesting a more
aggressive trait allowing it to spread more quickly [33].

The amino acid residue at position 167, present in the omega loop
(Ambler position 164-179) and Ambler position 240, present in beta-
strand, were under the influence of strong positive selection. The
Asp240 amino acid is situated at one end of B-3 strand and it is an
important residue for substrate-binding pocket [10]. The P167S/T and
D240G are favored by the bacteria and forms the most effective variants
in hydrolyzing ceftazidime as it can accommodate its bulky R group by
increasing the volume and flexibility of the active site [20]. These two
sites have higher omega value (omega = dN/dS > 1), suggesting fast

adaptation of the bacteria which might be due the presence of ceftazi-
dime as strong selection pressure (Table 2) [20]. The substitution P167S
is found in Asia, Europe, Australia and America. The P167S mutation
alone produce a drastic loss of activity against cefotaxime, indicating
that this change will only be favored in the environment containing
ceftazidime [20]. The effect of P167S substitution was studied by mo-
lecular dynamics simulations of CTX-M-44 protein structure [10]. This
revealed that the P167S substitution resulted in the altered positioning
of aminothiazole ring due to the change in the movement of omega loop
leading to ceftazidime hydrolysis [10]. In vitro analysis of P167S and
L169Q artificial mutations in CTX-M-15 showed increased resistance
against ceftazidime [34]. The D240G substitution is present in all the
continents and is the only variation present in Africa. The D240G mu-
tation resulted to enhanced hydrolytic activity against ceftazidime due
to increased B-3 strand flexibility [10]. The P167S and D240G beneficial
mutations never coexist in clinical isolates. In vitro study of
P167S/D240G double mutant CTX-M-14 exhibit decreased ceftazidime
hydrolysis and stability of enzyme [33,35].

The amino acid residue at position 130 present in the o helix was
found to be positively selected residue. The diversified codon site S130G
found in North America, has shown resistance against ceftazidime,
demonstrating the potential selective force acting on this residue [34].
The S130T CTX-M mutants were found in Asia. Previous studies showed
the effect of S130T substitution in novel CTX-M-199 and CTX-M-190
resulting in increased resistance towards B-lactamase inhibitors and at
the same time maintained their hydrolytic activity on CTX [3,36]. These
instances suggest that p-lactamase inhibitors might be the selective force
acting on the residue S130 and has provided fitness advantages to bac-
teria. In vitro analysis of S130G mutation in CTX-M-9 carried out by
Aumeran et al. in 2003 resulted in increased resistance towards



C. Rana et al. Comparative Immunology, Microbiology and Infectious Diseases 86 (2022) 101815

D240G
g CTX-M Group
W [] crx-m-1
_ iy

[] crxm2s

New Delhi (n=28)

Sl L

~——t
=N

West Bengal (n=1

[CTX-M-15, 28,155, 156, 157, 225]
[CTX-M-100, 152, 205|

Karnataka (n=6)

‘ [

@

Tamil Nadu (n=16)
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Table 2
Positively Selected amino acid residues at site-level selection eritical for p-lactam hydrolysis detected by HyPhy package (FEL, FUBAR, MEME) implemented in
Datamonkey webserver.

Position Amino Aecid FEL FUBAR MEME
o B LRT P o i p-a o P+ LRT p+
77 val - - - - - - - 2.15 50.19 17.81 0.17
104 Asn - - - - - - - 0.00 76.69 3.51 0.01
106 Asn - - - - - - - 1.43 44.28 5.23 0.03
130 Ser - - - - - - - 0.00 42.35 14.53 0.06
132 Asn - - - - - - - 1.94 25.68 4.48 0.06
167 Pro - - - - - - - 1.25 75.55 28.45 0.15
235 Lys - - - - - - - 0.92 51.24 6.35 0.03
237 Gly - - - - - - - 0.00 49.52 3.34 0.01
240 Asp 1.092 5.086 5.449 0.0196 1.206 13.054 11.848
sulbactam and tazobactam but decreased hydrolytic activity against Africa. The positively selected residue at position 132 (N132D) present
cefotaxime [37]. in CTX-M-215, found in Asia and North America, is highly resistant
The residues at positions 77 (Val), 104 (Asn), 106 (Asn), 132 (Asn), against mecillinum but not to cefotaxime, suggesting that this mutation
235(Lys), 237 (Gly) under the influence of positive selection have been has decreased the hydrolytic activity of CTX-M towards cephalosporin
mutated to A77V, N104Y, N106S, N132D/H, K234R, G235S. The A77V and hence, ceftazidime might not be the selective force acting on this
substitution is also prevalent and is found in all the continents except residue [38]. The functional and structural role of N132H, K234R,



C. Rana et al.

Table 3

Comparative Immunology, Microbiology and Infectious Diseases 86 (2022) 101815

Negatively selected amino acid residues at site-level selection critical for p-lactam hydrolysis detected by HyPhy package (FEL, FUBAR, SLAC) implemented in

Datamonkey webserver.

Position Amino Aecid FEL SLAC FUBAR

a B 1IRT p dN ds P 4 B p
70 Ser 2.339 0.000 16.377 0.0001 0.00 7.46 0.00102 2.912 0.092 0.092
72 Ser 0.386 0.000 3.647 0.0562 - - - 1.077 0.128 0.938
73 Lys 0.596 0.000 0.117 6.285 0.00 3.43 0.0409 1.965 0.129 0.981
105 Tyr 3.217 0.000 18.012 18.012 0.00 7.41 0.00204 3.383 0.114 1.000
131 Asp 2.345 0.000 13.056 0.0003 0.00 5.10 0.00753 2.773 0.107 0.997
161 Arg 0.672 0.000 6.637 0.0100 0.00 2.85 0.0434 1.701 0.146 0.978
162 Leu 0.707 0.000 5.639 0.0176 0.00 5.14 0.00738 1.683 0.135 0.973
163 Asp 1.353 0.000 11.146 0.0008 1.00 5.04 0.0443 2.443 0.109 0.995
164 Arg 2.083 0.102 10.610 0.0011 - - - 3.323 0.343 0.997
166 Glu 1.510 0.083 6.705 0.0096 0.452 5.36 0.0280 3.108 0.339 0.985
169 Leu 1.371 0.106 6.830 0.0090 0.582 4.05 0.0501 2.702 0.325 0.992
170 Asn 1.633 0.152 5.784 0.0162 0.815 5.48 0.0453 2.364 0.497 0.938
172 Ala 0.604 0.000 5.301 0.0213 - - - 1.504 0.144 0.965
173 Ile 0.319 0.000 3.247 0.0716 - - - 1.002 0.123 0.937
174 Pro 1.320 0.103 6.262 0.0123 0.00 4.00 0.0123 2.648 0.109 0.998
176 Asp 1.500 0.000 11.533 0.0007 - - - 2.508 0.109 0.996
178 Arg 1.353 0.000 11.426 0.0007 - - - - - -
179 Asp 0.425 0.000 3.644 0.0653 - - - - - -
232 Val 1.035 0.099 4.698 0.0302 - - - 2.244 0.323 0.967

/ X i B 173 e
70 ¥105 N
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K73
y X = A172 )
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| j 4 . \\ { /( g N
L L

»)

Fig. 6. Cartoon represents the amino acid residues under selection pressure demonstrated by Datamonkey models. The amino acid residues are shown by sticks. A, B
and C represents the residues under negative selection. D represents the residues under positive selection.

G2368S variable sites of CTX-M domain found in Asia and North America
is presently unknown. Contrary to our study, the analysis did not show
the residue at position 169 (1.169Q) as the potential positively selected
residue. However, L169Q mutation resulted in the enhancement of the
CTX-M hydrolytic activity against ceftazidime [34].

There are various combination of substitutions occurring in nature
including A77V/P167S, A77V/D240G. The A77V substitution increases
the thermal stability of the CTX-M protein. The P167S and D240G mu-
tation alone result in stability loss of CTX-M protein and decreased ef-
ficiency towards CTX which is compensated by the A77V variation.[29]
In vitro study of double mutant N1065/D240G CTX-M-15 revealed the
similar effect [39].

The residues at Ambler position 71, 73, 74 of the motif 70STSK74 are
critical amino acids for the hydrolysis of f-lactam amide bond and are
under strong negative selection. The Ser70 and one helix-turn down-
stream Lys73, both point at the bottom of the active site [27]. The Ser70
undergoes nucleophilic attack on the carbonyl carbon atom of p-lactam
and interacts with deacylating water molecule [18]. Any change in these
residues might downregulate the functioning CTX-M protein and hence,
are selected by the nature. The amino acids at position 161 (Arg), 162
(Leu), 163 (Asp), 164 (Arg), 166 (Glu), 170 (Asn), 172 (Ala), 173 (Ile),
174 (Pro), 176 (Asp), 178 (Arg), 179 (Asp) falling under 19-residue long
Q loop (161-179), makes the floor of the active site and are under
purifying selection. Although the negatively selected residues Glul166
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Fig. 7. Venn diagram showing the number of predicted sites under the influence of selection pressure by HyPhy method. (a) Positively selected amino acid sites
detected by FEL, FUBAR, MEME (b) Negatively selected amino acid sites detected by FEL, FUBAR and SLAC.

and Asn170 plays an important role to place water molecule, W1 in close
proximity to Ser70, E166A and N170S mutations have been seen in few
CTX-M protein [40]. Despite being negatively selected amino acids by
FEL, FUBAR, SLAC, there were variations detected in residues of Q loop
at position 164 (R164G/S), 169 (L169Q), 174 (P174Q). This might be
due to the low frequency of occurrence of these mutation in the CTX-M
sequences. By combining the data of selection pressure acting on amino
acid residues with the variations found in continents, it captures a
snapshot on the antibiotic usage in different countries.

Recent studies have shown that USA is one of the prolific user of
antibiotics accounting for the maximum variations found in North
America [41]. The study in Africa revealed the absence of accumulation
of antimicrobial resistance (AMR) existence and thus elucidating the
presence of only one variation (D240G) in the continent [42]. India and
China are hotspots of antibiotic resistance in animals and there has been
an increase in the third-generation cephalosporin consumption in
humans explaining the high CTX-M variants found in Asia [41-43].
According to our study, there are high number of cases reported in South
India, which corroborate with the previous reports [44,45]. Only D240G
and E166A variations were found in Southern parts of India which is
contradictory to the study carried by Vaiyapuri et al., which also showed
the occurrence of A77V substitution [46]. Another study has reported
the presence of D240G substitution in Maharashtra [47].

5. Conclusion

Qur study provides a novel perspective on the distribution pattern of
CTX-M amino acid variations globally. The D240G substitution was
predominantly found in all the continents that confers increase in
resistance against ceftazidime. Along with D240, the A77 and P167
amino acid positions were found under the influence of positive selec-
tion favoring bacterial survival. On account of the above study, the
gradual decrease in the effectiveness of the antibiotics is the threat to
public health globally. Thus, significant action and major policies
including balanced use of antibiotics and proper sanitization must be
applied.
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