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B-lactams, the most common antibiotics globally, have resistance primarily
determined by p-lactamases. Human microbiota and f-lactams influence mu-
tually; however, p-lactamase variety and abundance in the human microbiome
remain partially understood. This study aimed to elucidate the diversity,
abundance, and substrate spectrum of S-lactamases. 1369 characterized
B-lactamases and 16 204 putative sequences are collected from protein
databases. Upon clustering analysis and biochemical assays, nine proteins ex-
hibiting less than 35% identity to those previously characterized are confirmed
as B-lactamases. These newly identified f-lactamases originated from eight dis-
tinct clusters comprising 1163 p-lactamases. Quantifying healthy participants
(n = 2394) across 19 countries using functionally confirmed clusters revealed
that Japan have the highest gut f-lactamase abundance (log,[reads per million
(RPM)] = 6.52) and Fiji have the lowest (log,[RPM] = 2.31). The f-lactamase
abundance is correlated with f-lactam consumption (R = 0.50, p = 0.029)
and income (R = 0.51, p = 0.024). Comparing individuals with ailments with
healthy participants, -lactamase abundance in the gut is increased signifi-
cantly in patients with colorectal cancer, cardiovascular diseases, breast cancer,
and epilepsy. These outcomes provide insights into investigating antibiotic
resistance, antibiotic stewardship, and gut microbiome-antibiotic interactions.

of mortality globally, following ischemic
heart disease. The contribution of bacterial
resistance to antimicrobials (AMR) is signif-
icant in these deaths, as ~4.95 million fatal-
ities in 2019 were linked to bacterial AMR,
with 1.27 million of them directly associated
with AMR.”J Among the antibiotics, the -
lactam class was first recognized upon the
discovery of penicillin and has become the
most used and successful antibiotic class
for treating infections.’] However, the use
of p-lactam antibiotics usually causes the
emergence of AMR.

The p-lactam class of antibiotics is
characterized by a four-membered cyclic
amide core structure. Resistance mecha-
nisms to p-lactams involve limiting ac-
cess to DD-transpeptidases, reducing their
binding affinity, and degrading the antibi-
otic using f-lactamases.!*] f-lactamases de-
grade antibiotics by breaking the amide
bond within the f-lactam ring. These en-
zymes, produced by both Gram-positive

1. Introduction

The widespread use of antibiotics, which began in the 1940s
to prevent and treat bacterial infections, has been a successful
chemotherapy form in the 20th century, saving many lives.!!]
However, in 2019, 13.6% (13.7 million) of global deaths were as-
sociated with bacteria, making it ranked the second leading cause

and Gram-negative pathogens, are the most

significant resistance mechanism. Hence,

elucidating the structure, catalysis, and
mechanism of f-lactamases to design an inhibitor for the en-
zymes is particularly attractive to the clinical field.’ g-lactamases
are highly diverse and exhibit promiscuous activity. They are
categorized into Ambler classes A, B, C, and D based on pro-
tein sequence similarity. Classes A, C, and D have a serine ac-
tive site in the conserved Ser-X-X-Lys motif, while class B g-
lactamases use Zn?* for hydrolysis.[®] In the clinical setting,
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penicillinase, cephalosporinase, inhibitor-resistant f-lactamases,
and extended-spectrum f-lactamases are common designations
for these enzymes. The continuous evolution of f-lactamases,
driven by antibiotic pressure, increases their specificity and ef-
ficiency, complicating the development of effective inhibitors.]

Addressing the challenges posed by f-lactamases is essential
for achieving the United Nations Sustainable Development Goal
3.8, which aims toward “access to safe, effective, quality, and af-
fordable essential medicines and vaccines for all.”(®] A deeper un-
derstanding of the diversity and abundance of f-lactamases can
contribute to achieving the goal. Moreover, the widespread na-
ture of antibiotic resistance emphasizes the need to monitor po-
tential f-lactamase hotspots for emerging resistance threats be-
fore they spread. This includes cryptic f-lactamases, which reside
within a bacterial chromosome but are not evidently linked to
antibiotic resistance.”! The development of metagenomic tech-
niques has been a crucial driver in f-lactamase studies and
has revealed that the genes encoding f-lactamases are abun-
dant in the soil," river,['!] sewage,['?] and animal,[**] micro-
biomes. The human microbiome, particularly those of the oral
and gut, are also reservoirs of genes encoding f-lactamases.!14&P]
As a f-lactamase source, the human microbiome can easily con-
tribute to their spread between countries.[">*! Colonization of f-
lactamase-producing Enterobacteriaceae may increase ulcerative
colitis (UC) disease severity.'®! Furthermore, fecal microbiota
transplantation with g-lactamase-producing E. coli may cause
bacteremia.l'”] Hence, elucidating the diversity, abundance, and
substrate spectrum of f-lactamases is crucial. In this study, We
aimed to identify potential f-lactamases and the microbes har-
boring these enzymes within the human microbiome using a
four-tiered approach, including 1) ingathering of f-lactamase se-
quences from an expert f-lactamase database and the Univer-
sal Protein databases; 2) mining of novel p-lactamases using se-
quence similarity networks and genome context analysis in the
human microbiome; 3) the use of microbiological and biochem-
ical experiments to analyze the spectrum of the enzymes and in-
hibition of the microorganisms by antibiotics; 4) the use of the
confirmed p-lactamase sequences to interpret the relationship
between the abundance of the genes in the human gut micro-
biome, f-lactam consumption, and disease conditions (Figure 1).

2. Results

2.1. Identification of Potential f-Lactamases Within Publicly
Available Databases

We analyzed the characterized p-lactamases from previous stud-
ies of two resources (Swiss-Prot database and Beta-Lactamase
DataBase [BLDB]). The Swiss-Prot database contains protein se-
quences with accurate detailed annotations,!'®! and the BLDB
is a manually curated database of the structure and function
of p-lactamases.!'”) We searched the Swiss-Prot database us-
ing “EC 3.5.2.6” and obtained 134 experimentally character-
ized p-lactamases (Figure 2a; Dataset S1, Supporting Informa-
tion). Phylogenetic analysis showed that the characterized pro-
teins from the Swiss-Prot database could be grouped into four
classes, namely A, B, C, and D; however, half of the character-
ized p-lactamases belonged to Class A. We further analyzed the
BLDB database, which embodied 7739 sequences. According to
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the PubMed ID in the database, we obtained 1312 f-lactamases
(Dataset S1, Supporting Information), which could be assigned
to Classes A (585), B (196), C (214), and D (317). Once we com-
bined the protein sequences from the two resources and removed
those that were redundant, we obtained 1369 protein sequences,
which were used to build the protein sequence similarity net-
work (SSN) using a 40% sequence similarity cut-off. The vi-
sualization showed that Class B could be further grouped into
two clusters in the network, and the grouping would have re-
mained if the network were constructed using a 20% sequence
similarity cut-off (Figure S1, Supporting Information), imply-
ing that the proteins from the two clusters showed excessively
low sequence identity and that convergent evolution at the func-
tional level might occur for Class B f-lactamases. In contrast,
p-lactamases from Classes C and D were associated with pro-
teins (B5L5V6) originally from remote Alaskan soil,[2) suggest-
ing that the p-lactamases from the two classes may be evolu-
tionally derived from the same source. Among the 1369 pro-
teins, 1327 had signal peptides (Figure S2, Supporting Informa-
tion), accounting for 96.9% of the total experimentally character-
ized p-lactamases. Moreover, these characterized enzymes were
primarily from Proteobacteria (89%). Only a few f-lactamases
were from Bacteroidetes (5%), Firmicutes (2%), Actinobacteria
(2%), and Environmental samples that cannot be taxonomically
assigned at the phylum level (2%). The predominance of char-
acterized enzymes from Proteobacteria is likely due to the in-
tensive research focus on antibiotic resistance within this phy-
lum. Many species within Proteobacteria, such as Escherichia coli,
Pseudomonas aeruginosa, Klebsiella pneumoniae, Legionella pneu-
mophila, and Salmonella species, are well-known for their signif-
icant roles in f-lactam studies.

We used ShortBRED to examine the occurrence of four g-
lactamase classes within 380 metagenomic datasets (Dataset S2,
Supporting Information) obtained from healthy participants dur-
ing the HMP (Figure 2c). These metagenomic samples were col-
lected from six human body sites, namely anterior nares (fa-
cial skin), oral cavity (buccal mucosa, supragingival plaque, and
tongue dorsum), fecal samples, and vaginal fornix. All four -
lactamase classes were identified in the human microbiome
through their SSN sequences; however, their prevalence and dis-
tribution varied significantly. Class A enzymes were the most
abundant across the six body sites (Figure 2b). Class D g-
lactamases were also in oral, fecal, and posterior vaginal samples,
whereas Classes B and C enzymes exhibited relatively low abun-
dance and limited distribution in human microbiomes.

We built the profiles of the p-lactamases for each Class us-
ing the hidden Markov model (HMM, Figure S3 and Dataset
S3, Supporting Information) based on the characterized p-
lactamases from a previous study. The profiles were used to
search the homologs of f-lactamases from the UniProt and In-
terPro databases, which are universal protein databases contain-
ing many uncharacterized and novel proteins. Finally, 6025, 2846,
4254, and 3076 protein sequences belonging to Classes A, B, C,
and D, respectively (Dataset S4, Supporting Information), were
obtained from the databases.

Subsequently, four steps using 4 criteria were employed to
screen the novel p-lactamases. These criteria included: protein
sequence similarity of less than 40% with characterized pro-
teins, isolation origin from the human microbiome, genomic
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b

Clustering and screening

Uncharacterized clusters: 9
Uncharacterized sequences: 1,317

d

Abundance and correlation

Countries: 19; Samples: 2,394

Diseases:13

Samples:
1,510/ 1,460 (C)

Figure 1. Schematic diagram of research workflow. a) Characterized f-lactamase sequences were collected from the Swiss-Prot database and Beta-
Lactamase DataBase (BLDB). Hidden Markov models (HMMs) for each class were constructed to mine potential f-lactamases in UniProt and InterPro
databases. b) The potential f-lactamases were selected using four steps: 1) protein sequence similarity network, 2) isolation origin from the human
microbiome, 3) genomic context analysis, and 4) signal peptides screening. c) Promising candidates were screened by detecting the minimum inhibitory
concentration (MIC) and activity of the enzymes and verified by experiments. d) The relationship between the abundance of f-lactamases, antibiotic

consumption in different countries, and different diseases was also analyzed.

context associated with lactam metabolism, and the presence of
N-terminal signal peptides. We used the Class A f-lactamases to
explain the steps for screening the novel proteins in this family.
First, the protein SSNs were built based on the sequences using
a 40% sequence similarity cut-off (Figure 2d). The 6025 protein
sequences were grouped into four clusters, and 4883, 973, 86,
and 79 sequences belonged to Clusters 1, 2, 3, and 4, respec-
tively. Among them, Clusters 1 and 2 contained the characterized
p-lactamases, implying that their proteins may share similar
biochemical properties as those of the characterized enzymes.
No proteins in Clusters 3 and 4 showed high similarities to the
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characterized f-lactamases, suggesting that these proteins may
represent novel f-lactamases that have not been studied. Hence,
the low sequence similarity was set as a criterion to screen novel
p-lactamases. Second, microorganisms isolated from human-
associated environments (e.g., respiratory tract, skin, intestinal
tract, oral cavity) are more likely to be clinically significant, as
these are common sites of infection. This was established as
the second criterion for selection. Since some sequences from
Clusters 1 and 2 were from microorganisms isolated from these
human-associated sites, these clusters were included for further
analysis. However, no sequences in Cluster 3 were from the
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Ear Total sequences 6025 2846 4254 3076

Intestinal tract

Not Specified Total clusters 4 18 7 4
@® Oral Uncharacterized 3 . ;
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proteins
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Figure 2. Establishing the prediction pipeline of f-lactamases. a) The retrieval of 134 experimentally characterized f-lactamases from the Swiss-Prot
database and the phylogenetic trees showing that these proteins could be classified into A, B, C, and D classes. b) The use of a protein sequence
similarity network using a 40% sequence identity cut-off to separate the 134 and 1312 known f-lactamases from the BLDB. The proteins from the Swiss-
Prot database are enlarged and labeled with a black circle. Proteins from the same phylum are labeled with the same color, and the percentage from
the phylum is listed at the bottom right. c¢) Heatmap depicting the abundance and distribution of the four f-lactamase classes across six body sites, as
determined through ShortBRED analysis. d) Using a 40% sequence identity to divide 6025 homologs of Class A f-lactamases into four clusters in the
SSN. The homolog proteins were obtained by searching the protein databases using the known proteins identified in Figure 2b. The proteins originating
from the human microbiome of different body sites are represented in a different color and enlarged. The color corresponding to the body sites is shown
to the right. €) Summary of the total homolog protein sequences, total clusters, uncharacterized clusters, and uncharacterized proteins in each class of

p-lactamases.

human microbiome, leading to its exclusion. Regarding Cluster
4, two proteins were from Pseudomonas stutzeri, which is an
opportunistic pathogen occupying diverse ecological niches,
including the human respiratory tract and skin, suggesting
that the proteins in Cluster 4 prioritize human health. Third,
when we analyzed the genome context of each cluster using the
genome neighborhood network (GNN) (Figure S4, Supporting
Information), the data showed that Cluster 4 proteins may be lo-
cated with genes encoding penicillin-binding protein, suggesting
that these proteins showed a high possibility of having lactam
metabolism functions. Similarly, the genes encoding penicillin
acylase, 2! alkyl sulfatase,!??] and histidine kinasel?}] have been
shown to be located near antibiotic-degrading f-lactamases in
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the genome. Thus, the genomic context of the proteins in the
clusters was used as the third criterion to filter the sequences.
Next, the occurrence of signal peptides at the N-terminus was
used as the fourth criterion because 96.9% of the characterized
p-lactamases have these peptides, and Cluster 4 proteins also met
this standard. We set four criteria to screen the uncharacterized
Class A f-lactamases, and one cluster in this class containing 79
sequences was finally selected for further confirmation.

Based on the same procedure, we divided the sequences in
Classes B, C,and D into 18, 7, and 4 clusters, respectively (Figures
S5-S7, Supporting Information). After screening, Clusters 9, 12,
and 17 containing 80, 41, and 15 sequences (136 sequences in to-
tal), respectively, were identified as uncharacterized enzymes in
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the human microbiome in the Class B f-lactamases. In the Class
C p-lactamases, Clusters 2, 3, and 4 with 162, 104, and 52 se-
quences (319 sequences in total), respectively, were proposed as
putative g-lactamases. Furthermore, Clusters 3 and 4, containing
630 and 154 sequences (784 sequences in total), respectively, in
Class D, were screened for further analysis (Figure 2e). By inte-
grating the SSN results and genomic context, we expanded the
p-lactamase pools extensively for further analysis.

2.2. Experimental Validation Substantiates the Activity of the
Screened S-Lactamases

Sequence alignments using a cut-off threshold of 40% effec-
tively differentiate between proteins with similar and dissimi-
lar functions.**] This implies that one or two proteins can ade-
quately represent the functional characteristics of the entire pro-
tein group within a cluster. To verify the function of the putative
f-lactamases in the new clusters, we selected two sequences in
Cluster 4 of the Class A f-lactamases, as the two proteins were
from P. stutzeri and occupy one locus on the genome. In the other
clusters of Class B, C, and f-lactamases, one sequence was se-
lected from each cluster and named sequentially. The sequences
were selected from the human microbiota, as these bacteria have
more potential to be related to human health. For example, Fu-
sobacterium mortiferum encoding B1 in Class B is common in the
human mouth and gastrointestinal tract. This strain has been as-
sociated with periodontal disease and infections in other body
parts, such as the brain and liver.[?*} Subsequently, we selected 10
putative f-lactamases for biochemical characterization and veri-
fication (Figure 3a). The highest sequence identity between the
10 selected proteins and characterized f-lactamases was 32.5%
(B1 to a p-lactamase from Caulobacter vibrioides), and the lowest
identity was 24.4% (A2 to a f-lactamase from uncultured bacte-
ria). Therefore, our selected putative enzymes had low sequence
similarity to known f-lactamases. We further selected four char-
acterized f-lactamases from each class as the controls and named
them AC (Class A for Control), BC, CC, and DC (Table S1, Sup-
porting Information). Next, we optimized the DNA sequences of
the 14 proteins for expression in E. coli (Dataset S5, Supporting
Information). The optimized sequences were synthesized and
cloned into a pET26 vector for expression. During cloning, the
sequences encoding the signal peptide of the f-lactamases were
removed, and the signal peptide sequence in the pET26 vector
was used to render a consistent secretion for each protein. After
transformation and screening, all 14 proteins were sufficiently
expressed in E. coli (Figure S8, Supporting Information).
Furthermore, we examined the antibiotic resistance activity
of the 14 proteins by assessing the minimal inhibitory con-
centration (MIC, pg mL™!) of various antibiotics against the
transformants (Figure 3b,c). These antibiotics included narrow-
spectrum lactams (penicillin G and oxacillin), broad-spectrum
lactams (ampicillin and amoxicillin), extended-spectrum lac-
tams (carbenicillin and azlocillin), first- to third-generation
cephems (cephalosporin, cefaclor, ceftriaxone, and cefpodoxime),
carbapenems (meropenem), and monobactams (aztreonam). A
combination of four f-lactamase inhibitors (clavulanic acid, sul-
bactam, tazobactam, and vaborbactam) with the corresponding
antibiotics used commercially in hospitals was also tested to-
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gether as the substrates of the 14 proteins. The transformant
containing the pET26 vector displayed no or low-level resistance
to all antibiotics and the antibiotic and inhibitor agent combina-
tions, similar to the observation in the transformant containing
pET-D1. In contrast, other transformants with the genes of the
predicted f-lactamases showed MIC values to various antibiotics,
suggesting that only the D2 protein among the 10 screened en-
zymes was not a f-lactamase. Regarding the pET-A1 and pET-A2
transformants in the Class A f-lactamases, both showed resis-
tance to a similar spectrum of antibiotics. The highest MIC value
for the A1 and A2 transformants was to ampicillin (256 uyg mL™);
the MIC of the characterized f-lactamase (transformant with
pET-AC) to ampicillin was 512 pg mL™'. pET-A1 and pET-A2
transformants had lower MIC values to other antibiotics than the
PET-AC transformant did. In addition, the lower MIC values than
those of the predicted g-lactamases and characterized enzymes
were detected in the Class B and D p-lactamases. In the Class
C p-lactamases, the transformants with C1, C2, and C3 showed
higher MIC values to carbenicillin, azlocillin, and aztreonam.
Moreover, all combinations of antibiotics and inhibitor agents in-
hibited the growth of the transformants with the p-lactamases
discovered in this study (MIC<2 pg mL™).

To further confirm the resistance of the screened f-lactamases,
the bacteria encoding four f-lactamases, including P. stutzeri en-
coding Al and A2, Clostridium sporogenes encoding B3, Nocardiop-
sis dassonvillei encoding C3, and Schaalia odontolytica harboring
D1, were further selected for the MIC test (Figure 3c). N. das-
sonvillei is reportedly related to pulmonary infections,?®! similar
to S. odontolytica, which is typically in the oral cavity.l?”] The MICs
of the g-lactams for the four bacteria showed that they were re-
sistant to a similar spectrum of f-lactams as the transformants
with the corresponding genes. However, the four strains showed
increased susceptibility compared with that of the transformants.
This may have been caused by the transformants with the T7 pro-
moter being able to express abundant proteins.!??]

Subsequently, we selected four enzymes in each class (A1, B1,
C1, and D1) to purify from E. coli and confirm the activity of
six f-lactams (Figure 3d; Figure S9, Supporting Information). Al
showed a similar catalytic efficiency to penicillin, ampicillin, car-
benicillin, and cephalosporin; however, the enzyme could not hy-
drolyze meropenem and aztreonam. The substrate range of Al
was similar to that of D1. B1 hydrolyzed the six g-lactams; how-
ever, the efficiency to aztreonam was significantly lower. Simi-
larly, C1 did not catalyze aztreonam but hydrolyzed the other five
lactams. The overall catalytic efficiency (k,/K,,) of the four en-
zymes was in the same range 0f 0.17-3.46 s™! uM~!. In retrospect,
the enzyme kinetic parameters were consistent with the resis-
tance spectrum shown by the MIC test. These results demon-
strate that nine enzymes from the ten candidates showed p-
lactamase activity against many antibiotics.

2.3. Abundance of the -Lactamase Genes in the Human Gut
Microbiome is Correlated with Antibiotic Consumption

The emergence and spread of antibiotic-resistant bacteria is a
well-known consequence of widespread antibiotic use.??] Ad-
ditionally, the association between f-lactam use and resistance
in Europe has been described.**] However, the relationship
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Class Cluster name UniprotID Strain ID of similar Sources of identity
number protein similar protein

A 4 A1 AOAODYAI46 P, stutzeri AOA135HNP7 P deserti 25.4%

A 4 A2 AOAODOAMME6E P, stutzeri Q5W3A6 Uncultured 24.4%

B 9 B1 C3WEF8 F. mortiferum Q8KKG1 C. vibrioides 32.5%

B 12 B2 AOA1B8RML6 C. paraputrificum G5ELM3 S. marcescens 30.3%

B 17 B3 J7T286 C. sporogenes Q1DF71 M. xanthus 271%

(o 2 C1 C2FY97 S. spiritivorum LOR244 H. alvei 30.1%
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Figure 3. Experimental validation of the predicted f-lactamases. a) Summary of the selected proteins for experimental validation. We selected 10 proteins
from different clusters of each class of f-lactamases and named them sequentially. The bacteria harboring the protein, the origin of the bacteria, and
the known enzymes with the highest sequence identity to the selected proteins are shown. b) The lactam antibiotics used as substrates for experimental
validation. The narrow-spectrum, broad-spectrum, extended-spectrum, and cephem lactams, as well as the carbapenem, monobactam, and p-lactamase
inhibitors, are listed from top to bottom and shaded in different colors. c) The minimum inhibitory concentration (MIC) range of the selected f-
lactamases and the known f-lactamases against the f-lactams. The MIC range of the selected f-lactamases and the known f-lactamases against the
p-lactams. P.s, C. s, N. d, and S. o represent the four strains of Pseudomonas stutzeri, Clostridium sporogenes, Nocardiopsis dassonvillei, and Schaalia
odontolytica, respectively. “-” means the MIC value was not determined. d, Kinetic parameters of the A1, B1, C1, and D1 enzymes to different antibiotics.

Adb. Sci. 2024, 2403563 2403563 (6 of 14) © 2024 The Author(s). Advanced Science published by Wiley-VCH GmbH
RIGHTS LI M Hig

85U8017 SUOWIWOD SAIERID 3(dedl|dde aujy Aq peueob aJe Sapiie O ‘8sN JO S8jnJ o A%eiqiT8uljuQ AB]1/MW UO (SUONIPUOD-PUR-SLLIBI WD A8 | I Ake.d1jBul[U0//SdnL) SUORIPUOD pue Swis 1 81 88S *[7202/0T/82] Uo Ariqiiauliuo Aeim ‘Aiseaun Buy-Bunyd Aq £95€01202 SAPE/Z00T OT/I0p/W00 A8 1M Alelq 1 putjuo//Sdiy Wwolj pepeojumod ‘0 ‘Y¥8E86TZ


http://www.advancedsciencenews.com
http://www.advancedscience.com
https://onlinelibrary.wiley.com/action/rightsLink?doi=10.1002%2Fadvs.202403563&mode=

ADVANCED
SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

a B -
e >

* logz (2.0-4.0)

log2 (4.0-5.0)
BN (092 (5.0-6.0)
B o5 (>6.0)

(o)

www.advancedscience.com

Total lactmases

Class A lactmase

Class B lactmase

Class C lactmase

Class D lactmase

& R=0.50, p=0.029 R=0.58, p=0.0094 R=0.58, p=0.0044 35 R=-0.30, p=0.22 R=0.39, p=0.10
28 51.
& 6.0 - 6.0 .
E 70 2 a3.5 5 & -
B . @ o ? 2 e
S 60 ¢ g gso0 & 8 8 50 X .
S 6. . — o 3 . o
= o . = 835 525 o .
2 540 5 .. 2 e 3
5501 ° = s z & ) = 40 .
§4o < o gé30 &15 €5l o= . € 4
e g~ 8 8" ., i §30] .. .
230 30 7 s ’ 20
. " 05{ « 0.5 :
4 6 8 10 12 14 16 4 6 8 10 12 14 16 4 6 8 10 12 14 16 4 6 8 10 12 14 16 4 6 8 10 12 14 16
DDD/1,000/day DDD/1,000/day DDD/1,000/day DDD/1,000/day DDD/1,000/day
C Total lactmases Class A lactmase Class B lactmase Class C lactmase Class D lactmase
R=0.54, p=0.0016 R=0.50, p=0.0029 20 R=0.58, p=0.0091 R=-0.33, p=0.16 R=0.46, p=0.049
. : . 6.0 .
- . 50 . % L 30 .
2 .« . ° . & ~ 3. a .
g 60 . ol z a “ o 250
o cl [} . 0 & ~ . .
£ < 240 . o o7 e 3 8 <
kot . ° 8 2.0 o o .
= 6501¢ o u # e
] - =) % 2.0 5 4.0 e
= : S30 : z = . z . ¢ :
5 .. 01 . o % C . g .
40 3 = € o €30
x P ., 4 & . o — [ I K]
= g < 107 810", 8
$30 <201 . s . v

0 10k 20k 30k 40k 50k 60k

GDP per capita

0 10k 20k 30k 40k 50k 60k

GDP per capita

0 10k 20k 30k 40k 50k 60k
GDP per capita

0 10k 20k 30k 40k 50k 60k
GDP per capita

0 10k 20k 30k 40k 50k 60k
GDP per capita

Figure 4. Correlation between the abundance of the microbial g-lactamases in the healthy human gut and total antibiotic consumption. a) The abundance
of the f-lactamase genes in the gut was quantified by mapping the genes identified from those characterized in this study and previous studies to the
metagenomic datasets. These datasets included 2394 healthy participants from 19 countries. The density in the map shows the average f-lactamase
abundance in the individuals. b) The correlation between the abundance of the gut f-lactamase genes and the total -lactam consumption rate of the
countries calculated using the Pearson correlation coefficient. The total antibiotic consumption rates were estimated from the defined daily doses (DDD)
per 1000 population per day between 2000 and 2018. c) The correlation between the abundance of the gut g-lactamases and income (gross domestic

product per capita) of 19 countries between 2000 and 2018.

between p-lactam consumption and the abundance of g-
lactamases remains unclear globally. In this study, we aimed
to investigate this association from a global perspective. We
retrieved the DNA sequences of f-lactamases from the clusters
validated in this study and characterized from the previous
studies. In total, 16202 DNA sequences were considered, ex-
cluding those in Cluster D2 (Figure 2E). The abundance of
these genes was quantified through the mapping of the DNA se-
quences to the gut metagenomic datasets, which included 2394
healthy individuals across 19 countries (Table S2, Supporting
Information).
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The data showed that the abundance of the f-lactamase genes
from different countries could be divided into four groups
(log,[RPM] > 6.00, 5.00 < log,[RPM] < 6.00, 4.00 < log,[RPM]
< 5.00, and log,[RPM] < 4.00) (Figure 4a; Figure S10, Sup-
porting Information). Individuals in Japan had the highest
abundance of genes encoding f-lactamase in the gut micro-
biome (n = 32, log,[RPM] = 6.52, 95% Confidence Interval [CI]:
5.78-7.45), followed by those in three European countries with
log, (RPM)>6.00, including Austria (n = 63, log,[RPM] = 6.28, CI:
5.33-7.24), Hungary (n = 15, log,[RPM] = 6.26, CI: 5.43-7.09),
and the UK (n = 211, log,[RPM] = 6.18, CI: 5.45-6.93). The gene
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abundance in the Chinese population was also at this level (n =
494, log,[RPM] = 6.18, CI: 6.09-6.27). A mid-level g-lactamase
abundance (5.00<log,[RPM]<6.00) was estimated in Sweden (n
= 43), Italy (n = 64), Korea (n = 24), the USA (n = 296), Germany
(n = 60), France (n = 20), Denmark (n = 95), Canada (n = 90),
and Madagascar (n = 170). In contrast, individuals with a rela-
tively low abundance of g-lactamases (log,[RPM]<5.00) were from
developing countries, including Kazakhstan (n = 307, log,[RPM]
= 4.59, CI: 4.47-4.72), Mongolia (n = 63, log,[RPM] = 4.48, CI:
4.16-4.81), Ethiopia (n = 50, log,[RPM] = 4.24, CI: 3.85-4.62),
and Peru (n = 72, log,[RPM] = 4.18, CI: 3.92—4.43). Among the
countries analyzed in this study, individuals from Fiji exhibited
the lowest abundance of f-lactamases (n = 225, log,[RPM] = 2.31,
CI: 0.11-4.51). Although the total gene abundances in the pop-
ulations of different countries differed, the genes belonging to
Classes A and B relatively accounted for the majority of the abun-
dance (Figure S10, Supporting Information). This data is con-
sistent with that of a previous study, which showed that Class
A and B3 p-lactamases are highly abundant in the human, pig,
and bovine digestive system resistomes.l*!) In retrospect, these
data indicated that the individuals from developed countries had
a high- or middle-level g-lactamase abundance in the gut mi-
crobiome. In contrast, the gene abundance in the gut micro-
biome of individuals from developing countries, except Madagas-
car, was relatively low. Madagascar is among the least developed
countries where pneumonic plague has been endemic for several
years,32 and f-lactams have been used to treat the disease in the
country,®3l which has possibly resulted in a higher g-lactamase
abundance in the gut microbiome.

The different abundance levels of f-lactamases across the
abovementioned countries prompted us to investigate the fac-
tors affecting the abundance. The consumption of g-lactams,
which are the substrates of f-lactamases, may influence the
gene abundance in the gut microbiomes. We collected the
p-lactam consumption data (defined daily doses [DDD] per
1000 population per day) of 19 countries between 2000 and
2018 (Dataset S6, Supporting Information).?) The Pearson
correlation coefficient analysis showed a positive correlation
between p-lactam consumption and the total abundance of
p-lactamases in the gut microbiome (R = 0.50, p = 0.029)
(Figure 4b). In addition, there was a strong correlation between
p-lactam use and the abundance of Class A and B f-lactamases
(R = 0.58, p = 0.0094; R = 0.58, p = 0.044, respectively),
while no significant correlation existed for those of Class C
(R =-0.26, p = 0.28) and D (R = 0.39, p = 0.10) p-lactamases.
Our findings indicate a correlation between the abundance of
p-lactamases in the human gut microbiome and antibiotic con-
sumption; however, they do not conclusively establish a causal
relationship.

The difference in f-lactamase abundance between develop-
ing and developed countries further prompted us to investigate
whether economic factors can affect gene abundance. We col-
lected the gross domestic product per capita data from 19 coun-
tries between 2000 and 2018 (Dataset S7, Supporting Informa-
tion) and discovered a statistically significant positive relation-
ship between income and g-lactam consumption (R = 0.51, p =
0.024, Figure S11, Supporting Information) The correlation be-
tween antibiotic consumption and f-lactamase abundance was
similar to that observed between the income of different coun-
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tries and gene abundance (Figure 4c). A positive correlation ex-
isted between income and total -lactamases of Classes A, B, and
D (R=0.54,p=0.0016; R=0.50, p=0.0029; R=0.58, p = 0.0091;
R =0.46, p = 0.049, respectively), while no significant correlation
was observed between income and Class C f-lactamases (R = -
0.33, p = 0.16). These insights can guide public health strategies
and interventions to reduce antibiotic consumption.

2.4. Alteration in the Abundance of S-Lactamases Within the Gut
Microbiome of Individuals with Various Diseases

The correlation observed between the abundance of f-lactamases
and antibiotic consumption suggests a relationship between the
abundance of B-lactamases and certain disease states. To con-
firm this, we performed a comparative study of f-lactamase abun-
dance in 17 publicly accessible metagenomic case-controlled co-
horts to investigate possible correlations between their abun-
dance and various diseases (Table S3, Supporting Information).
These datasets covered 13 disease types, including gastrointesti-
nal disorders (Crohn’s disease (CD), Ulcerative colitis (UC), col-
orectal adenomas (CA), colorectal cancer (CRC)), cardiovascu-
lar diseases (CVD), metabolic conditions (impaired glucose tol-
erance [IGT] and Type 2 diabetes [T2D]), breast cancer (BR),
liver diseases (mild nonalcoholic fatty liver disease [NAFLD], ad-
vanced NAFLD, and liver cirrhosis [LC]), and neurological disor-
ders (Parkinson’s disease [PD] and epilepsy). Our analysis com-
prised 1484 patient and 1412 healthy control samples. We as-
sessed the abundance of f-lactamases by aligning them with gut
metagenomic datasets and determined significant differences in
the abundance between the control and disease groups using the
Wilcoxon rank-sum test (Figure 5; Figure S12, Supporting Infor-
mation).

The oral consumption of antibiotics can cause dysbiosis, which
prompted us to investigate the abundance of f-lactamases in in-
testinal diseases, particularly CD, UC, CA, and CRC (Figure 5;
Figure S12a-d, Supporting Information). In the gut microbiomes
of patients with CD (n = 239, n = 121 CTRLs) in the cohorts from
USA and Netherlands, Class B f-lactamase abundance was in-
creased (p = 0.027, FC = 0.58) while Class B and D f-lactamase
abundances were decreased (p = 0.017, FC = -0.49). however,
the patients with UC (n = 160, n = 121 CTRLs), no significant
changes in the overall f-lactamase abundance or any specific class
were observed (p>0.05). Similarly, no significant alterations were
detected in the gut microbiomes of patients with CA (n = 117)
compared with those of the controls (n = 157) in the cohorts
from Austria, France, and Germany (p>0.05). However, analy-
ses of seven independent cohorts from Austria, China, Germany,
Italy, and the USA (n = 345, n = 351 CTRLs) revealed a signifi-
cant increase in the f-lactamase abundance of Classes A, C, and
D in the gut microbiomes of patients with CRC (p = 0.0011, p =
0.0041, and p = 0.019, respectively; fold-change [FC] = 1.49, FC
= 2.07, and FC = 0.35, respectively), while the abundance of the
total f-lactamases showed a significant increase also (p = 0.00016,
FC = 0.82). The increased f-lactamases in the gut of the patients
may be caused by prophylactic antibiotic therapy.**! Additionally,
dysbiosis caused by oral antibiotic use was associated with an in-
creasing risk of CRC,*®l which may also alter the composition of
microbial f-lactamases in the gut.
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Figure 5. Association between the abundance of gut f-lactamases and human diseases. The statistical alteration of the p-lactamases between the
metagenomes of healthy controls and patients was determined using the Wilcoxon rank-sum test. Three levels of statistical significance (0.0T<p<
0.05, 0.001<p<0.01, and p<0.001) were displayed by the size of the bubble size. A heatmap was used to display the generalized fold change in a red
color to indicate an increased abundance and a blue color to indicate a decreased abundance. The definitions of the disease abbreviations are as follows:
CD: Crohn’s disease, UC: ulcerative colitis, CA: colorectal adenomas, CRC: colorectal cancer, IGT: impaired glucose tolerance, T2D: Type 2 diabetes,
CVD: atherosclerotic cardiovascular disease, BC: Breast cancer, m-NAFLD: mild nonalcoholic fatty liver disease, a-NAFLD: advanced NAFLD, LC: liver

cirrhosis, and PD: Parkinson’s disease.

Antibiotic use could also affect glucose metabolism by alter-
ing gut microbiota.’”] Thus, we compared the #-lactamase abun-
dance in the gut between the controls and patients with IGT us-
ing the dataset from Sweden (n =49 and n = 43 CTRLs) (Figure 5;
Figure S12e, Supporting Information). The results showed that
Class A and B g-lactamase abundances in the gut of patients with
IGT were decreased (p = 0.010, FC = -0.64 and p = 0.010, FC =
-0.69). Furthermore, analysis of the two T2D cohorts from Swe-
den and China (n = 240 and n = 226 CTRLs) showed that the
abundance of Class B f-lactamases in the gut of patients were de-
creased (p = 0.0076, FC = 0.26) (Figure 5; Figure S12f, Support-
ing Information). However, the cause for the decrease in these f-
lactamases was unelucidated. Some studies have shown that the
prevalence of diabetes showed an inverse association with the
consumption of the broad-spectrum antibiotic penicillin,!3$2P]
suggesting a complex relationship among antibiotic consump-
tion, glucose metabolism, and f-lactamase abundance.

Considering that prolonged changes in the gut microbiota ow-
ing to antibiotic exposure might be associated with a higher risk
of CVD,I*I we further investigated the abundance of f-lactamases
in the gut microbiomes of patients with CVD ((Figure 5; Figure
S12g, Supporting Information) using a Chinese cohort (n = 214,
n = 171 CTRLs). The total abundance of f-lactamases in indi-
viduals with ailments was significantly increased compared with
those of the control (p = 5.0e-06, FC = 0.56). This increase was
primarily caused by the increased Class C and D g-lactamases,
which were positively associated with the disease (p = 4.2e-09,
FC=1.23 and p = 2.5e-05, FC = 0.72, respectively). We proposed
that the increased microbial f-lactamases in the gut of patients
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with CVD may be caused by the antibiotic consumption because
antibiotic treatment has been used for the secondary prevention
of atherosclerosis.[*"l We found that the alteration trend of gut -
lactamases in participants with CVD was similar to that observed
in patients with BR, where analyzing the Chinese BR cohort (n =
62, n =71 CTRLs) showed that the total abundance of the genes
was increased significantly (p = 9.1-e04, FC = 0.53) with the in-
crease from the Class C and D g-lactamases (p = 7.7-e08, FC =
1.23 and p = 1.3-e03, FC = 0.72, respectively) (Figure 5; Figure
S12h, Supporting Information). As the CVD and BR datasets
were collected from the same Chinese region (South China), the
same alteration in gut f-lactamases may be caused by regional
or subsistence-specific variations.*!l Additionally, the increased
microbial f-lactamases may be caused by the antibiotic consump-
tion because f-Lactam treatment has been used for the secondary
prevention of atherosclerosis!*! and for the prevention of infec-
tion in BR.[*Z]

Several lactam antibiotics, such as penicillin, amox-
icillin/clavulanate, and  cephalosporins, could cause
hepatotoxicity, ] implying that the gut microbial f-lactamase
levels are essential for patients with liver diseases. We retrieved
the metagenomic datasets with NAFLD from the USA (n = 74
mild NAFLD, n = 12 advanced NAFLD, n = 308 CTRLs) and
the LC datasets from China (n = 123, n = 114 CTRLs) (Figure 5;
Figure S12i-k, Supporting Information). After examining the
two cohorts (Figure 5), only the Class C f-lactamases showed a
notably decreased presence in the gut microbiomes of patients
with LC (p = 0.040, FC = 1.29). The data implies that the antibi-
otic resistance patterns were altered in these individuals, which
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might influence the antibiotic choice in treating infections in
patients with LC.

In addition to inhibiting infections against bacteria, lactams
have been used as agents to combat neurological diseases by
restoring glial glutamate transporter expression and activating
glutamate—the primary excitatory neurotransmitter.**! We suc-
cessfully assessed the prevalence of f-lactamases in the gut mi-
crobiomes of individuals with Parkinson’s disease and epilepsy
(Figure 5; Figure S12l-m, Supporting Information). For the
Parkinson’s disease cohort from Germany (n = 28, n = 31
CTRLs), the abundance of total f-lactamases and the genes in each
class showed no significant alterations (p>0.05). However, in the
cohort of Swedish patients with epilepsy (n = 24, n = 22 CTRLs),
the total abundance of microbial f-lactamases was increased sig-
nificantly (p = 0.0014, FC = 0.53), which was primarily from the
Class C f-lactamases (p = 1.0e-06, FC = 3.67). The alteration in
the abundance of f-lactamases occurred in patients with epilepsy,
and the data can be used to guide the usage of antibiotics for the
disease.

3. Discussion

The widespread and mostly inappropriate use of antibiotics in
human medicine, agriculture, and animal husbandry has caused
an increased selection pressure on bacteria to develop and spread
antibiotic resistance mechanisms, including p-lactamases. The
emergence and spread of f-lactamase-producing bacteria con-
tribute to antibiotic resistance, which is a significant global health
concern. Hence, the discovery and mining of novel f-lactamases
have generally gained attention from the scientific and medi-
cal fields. Some p-lactamases, such as the New Delhi metallo-g-
lactamase from Enterobacteriaceae,[*! KPC type f-Lactamases,[*!
AmpC p-lactamases,*’] and CTX-M p-lactamases,!*8] have caused
significant global health concern. However, a panoramic view of
p-lactamases in the human microbiome, including the diversity,
abundance, and biochemical knowledge, remains lacking. In this
study, we identified and characterized nine f-lactamases from
bacteria colonized in humans by combining network analyses.
By combining large-scale metagenomic data from geographically
diverse human cohorts, our study shows that the abundance of
p-lactamases in the human gut microbiome is positively associ-
ated with f-lactam consumption. We observed that f-lactamase
abundance in the human gut is highly increased in patients with
certain diseases, such as CRC and CVD. This study provides rich
and novel information for tracking f-lactamase diversity, under-
standing p-lactam resistance, and guiding antibiotic stewardship.

The gene sequence named f-lactamase increases exponen-
tially in the public databases!®); however, misannotation and over-
annotation of the molecular functions and the inadequate func-
tional validation owing to computational annotation by sequence-
based similarity raises concerns on whether all of the named
p-lactamase genes have resistant functions. Although micro-
bial p-lactamases have a long history of experimental discov-
ery, the verified f-lactamases account for only a small frac-
tion of all the p-lactamases in nature. The functional verifi-
cation of f-lactamases was performed by examining individ-
ual pathogenic organisms in pure culture, while the functional
metagenomics verified via screening a metagenomic library is
reportedly an effective and confident method to ascribe a resis-
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tance function to known p-lactamases and discover f-lactamases
with novel sequences; 13 f-lactamases were identified from the
soil using this approach.l?) Using a similar approach, 32 g-
lactamase candidates with four novel p-lactamases were identi-
fied from wildlife and their habitats.[*] However, this screen-
ing method is laborious and time intensive owing to the abun-
dant colonies screened and the low rate at which clones of in-
terest are obtained (which rarely exceeds 6% based on a previ-
ous report).>®! Moreover, the computational method was used to
identify metallo-g-lactamases, and 76 novel Class B f-lactamases
were predicted, while 18 of the 21 tested genes were confirmed
to be B-lactamases.['!] Nevertheless, the 70% amino acid identity
cut-off used for the Basic Local Alignment Search Tool search
may have caused the loss in novelty of the hit proteins. In this
study, we used an SSN analysis of the 40% identity cut-off to
cluster p-lactamases from the four classes because homologous
proteins above the cut-off are more likely to share a similar
function.5!! Clustering methods significantly reduce the number
of sequences that need to be processed individually by grouping
similar sequences together. This is particularly important when
dealing with large-scale datasets, as it improves computational
efficiency and saves time and computing resources. Moreover,
clustering helps identify and distinguish functionally similar or
related protein families. By grouping proteins with similar func-
tions into the same cluster, clustering reveals the biological sig-
nificance and evolutionary relationships of protein families. This
approach not only enhances the interpretability of the data but
also facilitates more comprehensive analyses of protein functions
and interactions.

Together with the genome context and the signal peptide char-
acteristics of p-lactamase, we discovered several novel clusters
and sequences within Class A (one cluster: 79 sequences), B
(three clusters: 80, 41, and 15 sequences, respectively), C (three
clusters: 162, 104, and 52 sequences, respectively), and D (two
clusters: 630 and 154 sequences, respectively) f-lactamases. Sub-
sequent to experimental validation, it was confirmed that the pro-
tein from the second cluster of Class D exhibited no lactam ac-
tivity, while nine of the ten candidate enzymes demonstrated -
lactamase activity. The notably high success rate can be attributed
to several factors: 1) the use of databases with precise and detailed
annotations, including DOI numbers; 2) the adoption of a multi-
tiered selection methodology, encompassing techniques such as
SSN, GNN, and signal peptide analysis, to effectively sift through
potential sequences. A similar high success rate was also reported
in mining haloalkane dehalogenases from the database, which
yielded 40 active enzymes from 45 genes.[>?! We identified 1163
unique f-lactamases belonging to eight clusters (Figure S13, Sup-
porting Information), suggesting that our approach is efficient
and reliable. As research on antibiotic resistance and metage-
nomics has evolved, we propose that this approach enables the
mining of other resistant genes and is crucial for enhancing the
global surveillance of antibiotic resistance.

Our novel proteins were primarily from Proteobacteria (33%),
Bacteroidetes (22%), Firmicutes (17%), Actinobacteria (8%), and
Verrucomicrobia (5%) (Figure S13a, Supporting Information).
The ratio of the sources of the newly identified f-lactamases dif-
fered from that of the previously characterized enzymes, which
were primarily from Proteobacteria (89%). The comparison
suggests that our study expanded the spectrum of p-lactamase
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producing bacteria at the phylum level. The abundance from
the HMP dataset of the healthy human gut microbiome showed
that the newly identified f-lactamases in Class D ranked first,
followed by those in Classes C, B, and A (Figure S13b, Sup-
porting Information), which also differed from the previously
characterized enzymes, where the Class A f-lactamases showed
the highest abundance in the same dataset (Figure 2c). These
differences suggest that the human gut microbiome is a rich
reservoir with a high level of unknown f-lactamases.

Many clinically relevant g-lactamases have evolutionary ori-
gins in environmental microorganisms and spread through mo-
bile genetic elements, such as plasmids, integrative conjugative
elements, and transposons.’] We surveyed the genetic context
upstream and downstream of the novel f-lactamases (Figure
S14, Supporting Information) and found no mobility element
syntenic nearby, foreshadowing that the newly identified p-
lactamases may only be future threats for f-lactam resistance.
We observed that f-lactamases, predominantly chromosomal,
lack the ability for horizontal gene transfer, indicating that dif-
ferences in their abundance are associated with changes in the
host’s relative abundance rather than spread to additional hosts.
This is further supported by the fact that shifts in microbial
community structure can significantly influence the abundance
of these genes. For example, the impact of microbial commu-
nity changes on the abundance of antibiotic-resistance genes,
including f-lactamases.>3] Moreover, Calderén-Franco et al. em-
phasize the influence of microbial community dynamics on -
lactamase distribution.l>* These findings align with the assertion
that changes in f-lactamase gene abundance are likely secondary
to broader ecological shifts in bacterial populations rather than
a direct result of antibiotic consumption. Despite this, some of
the p-lactamases in the new clusters were from pathogens that
may have global health impacts, such as Porphyromonas gingi-
valis, which encodes a Class C p-lactamases identified in this
study (AOAOK2J4x4). P. gingivalis is a major contributor to pe-
riodontitis (gum disease), which is a common oral health prob-
lem affecting a large portion of the global population.®®! When
these enzymes are produced in large quantities, they can play a
role in developing resistance to carbapenems, particularly when
this overproduction is coupled with reduced permeability of the
outer membrane and/or heightened activity of efflux pumps. Ad-
ditionally, the Rickettsiaceae bacterium, harboring a Class D g-
lactamase (AOATW9SC55), causes Rocky Mountain spotted fever
and typhus globally.>®! Thus, our study may pre-estimate a future
risk of B-lactam resistance.

After the investigations that confirmed our method could be
used to discover diverse, unreported f-lactamases, we used the
characterized clusters in our study and previously character-
ized clusters, which can reduce false alignments, to analyze g-
lactamase abundance in the human gut. Briefly, in the healthy
participants, the population from developed countries showed
a relatively higher abundance of f-lactamases than the popula-
tion from developing countries. Furthermore, the abundance was
positively related to g-lactam consumption and income. A recent
study based on ten countries showed highly significant correla-
tions between the total antibiotic resistance gene (ARG) abun-
dance and antibiotic usage rates and that only g-lactam consump-
tion was correlated with the ARGs related to f-lactams.”) The ten
countries selected in the study were developed countries, except
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Kazakhstan, and the antibiotic consumption rates in the study
were from the Center for Disease Dynamics, Economics & Pol-
icy and the World Health Organization (WHO) reports. However,
the WHO report was not available for many countries, which lim-
ited the analysis. In our study, we also considered several low-
income and middle-income countries and used modeling to an-
alyze antibiotic consumption data, which incorporates antibiotic
usage and consumption data.**] Hence, our data further demon-
strated a correlation with the details and showed that the abun-
dance of Class A and B f-lactamases contributed to the signifi-
cant correlation and that the abundance was related to income.
While Class C f-lactamases behave differently than Class A and B
P-lactamases, this difference can be attributed to their typical ge-
nomic locations. Class C f-lactamases are usually encoded on the
chromosomes of many Enterobacteriaceae and some other bacte-
ria, whereas Class A and B g-lactamases are commonly found on
plasmids. Thus, according to the research, we proposed that the
availability and accessibility of f-lactams in developed countries
are higher than that in developing countries,’*®! which causes
increasing selection pressure for resistant g-lactamase-encoding
bacteria within the gut microbiota of the populations. Notably, the
infections caused by these resistant bacteria may be more chal-
lenging to treat, leading to higher healthcare costs and prompting
the need for caution.

After proposing the association between the abundance of g-
lactamases in the gut and the availability and accessibility of -
lactams at both national and population levels, we aimed to in-
vestigate whether this relationship also exists on a smaller scale
and at the individual level. We utilized two datasets from curated-
MetagenomicData (Table S4, Supporting Information),>%! which
provided information on antibiotic uptake. In the datasets from
Denmark, healthy individuals who had taken meropenem, van-
comycin, or gentamicin (n = 12) were compared to a control
group (n = 12) who had not taken any antibiotics (Figure S15a,
Supporting Information). Although those who had taken antibi-
otics exhibited relatively higher levels of total f-lactamases, statis-
tical analysis revealed no significant difference between the two
groups. In the dataset from Spain and Germany, patients with
pancreatitis who had taken antibiotics (specific antibiotics un-
known) (n = 19, n = 11 CTRL) were studied. The data showed a
similar trend where patients on antibiotics had relatively higher
p-lactamase abundance, but statistical analysis again indicated
no significant difference (Figure S15b, Supporting Information).
The differing results between national and smaller-scale levels
may be due to variations in antibiotic usage among individuals;
some may use antibiotics for a short period, while others may
use them for longer durations. These differences can affect the
accumulation and abundance of resistant strains in the gut mi-
crobiota. Additionally, studies at the individual level typically have
smaller sample sizes, which may result in an inability to detect
subtle but real differences.

We further applied the characterized f-lactamase sequences
to analyze the gene abundance in the gut microbiome of pa-
tients with ailments. The abundance of total g-lactamases or -
lactamases from some classes was increased substantially in the
gut microbiome of patients with CRC, CVD, and BC. This in-
crease can be attributed to the frequent antibiotic treatments
these patients receive, which select for antibiotic-resistant bac-
teria harboring f-lactamase genes, similar to the trend seen in
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populations of developed countries. The increased f-lactamases
in the patients may also be associated with the alteration in the
gut microbiome during disease, as gut microbiota dysbiosis in
diseases has been studied and recognized.[***! The gut micro-
biome is a complex ecosystem with many interacting microor-
ganisms. Certain diseases may alter the structure of the gut mi-
crobiome, leading to an increase in the abundance of f-lactamase
genes. However, this change may be indirect and due to the re-
organization of the microbial ecosystem caused by the disease,
rather than being directly caused by the disease itself. However,
the increased f-lactamases in patients related to any factors may
affect treatment, whether it is a causal relationship caused by an-
tibiotic use or an association with dysbiosis. Such changes com-
plicate the management of secondary infections and negatively
affect patient responses to cancer treatments, such as chemother-
apy or immunotherapy.

This study has certain limitations. First, we may have missed
a few experimentally characterized f-lactamases from previous
studies, as f-lactamases are among the most studied enzymes.
Second, the structure of some newly identified f-lactamases
should be elucidated to investigate the detailed catalytic mech-
anisms. Third, when we analyzed the abundance of f-lactamases
with diseases, some datasets were only from a single region;
therefore, whether the relationship setup in this study is region-
specific or can be shared across other regions requires further
investigation. Fourth, physiological experiments should be per-
formed to study the function of the p-lactamases in the gut of
model animals.

4, Conclusion

Our study highlights the effectiveness of integrating network
analysis techniques with experimental validation in identifying
p-lactamases. Our proof-of-concept research demonstrates a reli-
able approach for discovering new enzymes, providing a more ef-
ficient alternative to traditional experiment-based methods. Cou-
pled with the discovery of new sequences, our study reveals a
notable association between the abundance of f-lactamases and
antibiotic consumption, as indicated by the analyzed sequences,
without asserting a definitive causal relationship. Noting that an
increased abundance of B-lactamases was also observed in pa-
tients with certain diseases is essential. These findings contribute
valuable insights into the antibiotic resistance study, antibiotic
stewardship, and clinical practice.

5. Experimental Section

p-Lactamase Sequence Mining and in Silico Analysis: The experimen-
tally characterized microbial g-lactamases were meticulously collected
from the Swiss-Prot database (status: reviewed) and the BLDB. During
the integration of f-lactamase data from these two sources, each se-
quence’s origin was cross-referenced to ensure completeness. Redundant
sequences were eliminated using CD-HIT, and the remaining sequences
were further validated with PubMed identifiers.I0] For the construction
of the HMM profiles, a multiple sequence alignment of the p-lactamase
sequences from each class was first performed using Muscle. Utilizing
these aligned sequences, specific HMM profiles for each class were then
created employing HMMER 3.3.1, which utilized known sequences, effec-
tively “trained” the HMM profiles to capture the essential features of each
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p-lactamase class.[®] The HMM profiles were subsequently employed as
queries for the HMMER search (e-value = le-15) against the UniProt and
InterPro databases, with a cut-off date of March 2020. The obtained f-
lactamase homologs are listed in Dataset S1 (Supporting Information). A
protein sequence similarity network (SSN) was build employing the En-
zyme Function Initiative-Enzyme Similarity Tool (EFI-EST)[%2] and visual-
ized it with Cytoscape 3.8.193] In the network, each node represents a pro-
tein, and an edge connecting two proteins signifies an e-value below the
chosen threshold. SignalP 6.0 was utilized to predict the signal peptides
of the sequences.[®4]

Analysis of the Abundance of p-Lactamases in Human Gut Metagenomes:
Short, Better Representative Extract Dataset (ShortBRED) was employed
in the built-in EFl-chemically guided functional profiling (EFI-CGFP) plat-
form to create representative protein markers, identify and quantify g-
lactamases in human metagenomes from the Human Microbiome Project
(HMP) as previously reported.!8°] To measure the abundance from other
datasets, DNA sequences of f-lactamases were retrieved from the clus-
ters that were validated in this study and characterized from previous
studies; for example, the sequences in Cluster 4 of Class D were not in-
cluded as the proteins were not f-lactamases. The metagenomic data
were downloaded from the GenBank Sequence Read Archive and listed
in Table S2 (Supporting Information) for the healthy subjects and Table
S3 (Supporting Information) for individual disease samples with corre-
sponding healthy controls. Only data without antibiotic/probiotic treat-
ment in 3 months were considered. Sequencing reads were processed
with Sickle, applying a quality cut-off of 30 and a minimum length of 50 bp
(https://github.com/najoshi/sickle). High-quality reads were aligned to f-
lactamase sequences using the default settings of the Burrows-Wheeler
Alignment (BWA) MEM algorithm.[%¢] The reads were further filtered by
the SAMtools program and only reads above a mapping quality score of
1 were retained.[®”] Reads corresponding to each f-lactamase class were
counted using BEDtools (https://bedtools.readthedocs.io/). To normal-
ize the read counts, counts reads per million (RPM) were calculated us-
ing the ggplot2 package (v3.1.0) in R. For the data from multiple cohorts,
MaAsLin2 was used for mixed-effects model analysis.[6%]

Expression and Functional Assay of B-Lactamases: The DNA sequences
of the selected p-lactamases were tailored for E. coli expression by
Optimizerl®] and these genes were then integrated into the pET26b plas-
mid and introduced into BL21 (DE3) Star cells.l”%! E. coli cells containing
the transformants were grown in 50 mL of LB medium with kanamycin
(50 ug mL™1) at 37 °C for 3 h. Once the OD600 reached 0.7, protein expres-
sion was induced by adding T mM isopropyl-f-D-thiogalactopyranoside
(IPTG). Following 16 h of agitation at 16 °C during cultivation, the cells
were collected via centrifugation at 4 °C for 10 min, and protein expres-
sion was confirmed through SDS-PAGE analysis.

For protein purification, the cell pellets were reconstituted in a highly
concentrated solution consisting of 30 mM Tris and 20% w/v sucrose
(pH 8), in a 25 mL volume, and incubated for 30 min at 4 °C. Following
centrifugation, the resulting supernatant was gathered, centrifuged again,
and applied to a Ni-NTA column. The column was then cleansed with
lysis buffer (50 mM HEPES at pH 7.5, 300 mM NacCl, and 20 mM imida-
zole) before the f-lactamases were extracted using 250 mM imidazole.
Susceptibility was determined using the liquid broth dilution tests with
Mueller-Hinton Broth in accordance with the guidelines put forth by
the Clinical and Laboratory Standards Institute (CLSI, 2017).17" The E.
coli strains with the pET26 vector and the known fg-lactamases (AC, BC,
CC, and DC) were employed as the positive and negative controls. To
analyze antibiotic kinetics, enzyme reaction parameters were assessed
by altering the antibiotic concentrations at 25 °C in the assay buffer (10
mM HEPES, 200 mM NaCl, pH 7.5). Regarding the Class B f-lactamase,
0.01 mM ZnCl, was supplemented in the buffer. The absorbance wave-
lengths for the antibiotic’s degradation test were 235 nm for penicillin
G, oxacillin, ampicillin, amoxicillin, carbenicillin and azlocillin; 260 nm
for cephalosporin, cefaclor, ceftriaxone, and cefpodoxime; and 300 nm
for meropenem and aztreonam, respectively. Enzyme kinetics were deter-
mined through the application of the Michaelis-Menten equation using R.

Statistical Analysis: R was used for all statistical evaluations. The
Mann-Whitney test was applied to determine the significance between two
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subjects. Additionally, the log-based general fold change was computed
for values between subjects using quantile intervals from 0.1 to 0.9 and
increasing by 0.1 increments.[72.5]

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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