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A B S T R A C T   

Secondary active transporters shuttle substrates across eukaryotic and prokaryotic membranes, utilizing different 
electrochemical gradients. They are recognized as one of the antimicrobial efflux pumps among pathogens. While 
primary active transporters within the genome of C. difficile 630 have been completely cataloged, the system-
atical study of secondary active transporters remains incomplete. Here, we not only identify secondary active 
transporters but also disclose their evolution and role in drug resistance in C. difficile 630. Our analysis reveals 
that C. difficile 630 carries 147 secondary active transporters belonging to 27 (super)families. Notably, 50 (34%) 
of them potentially contribute to antimicrobial resistance (AMR). AMR-secondary active transporters are 
structurally classified into five (super)families: the p-aminobenzoyl-glutamate transporter (AbgT), drug/metab-
olite transporter (DMT) superfamily, major facilitator (MFS) superfamily, multidrug and toxic compound 
extrusion (MATE) family, and resistance-nodulation-division (RND) family. Surprisingly, complete RND genes 
found in C. difficile 630 are likely an evolutionary leftover from the common ancestor with the diderm. Through 
protein structure comparisons, we have potentially identified six novel AMR-secondary active transporters from 
DMT, MATE, and MFS (super)families. Pangenome analysis revealed that half of the AMR-secondary transporters 
are accessory genes, which indicates an important role in adaptive AMR function rather than innate physiological 
homeostasis. Gene expression profile firmly supports their ability to respond to a wide spectrum of antibiotics. 
Our findings highlight the evolution of AMR-secondary active transporters and their integral role in antibiotic 
responses. This marks AMR-secondary active transporters as interesting therapeutic targets to synergize with 
other antibiotic activity.   
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1. Introduction 

Clostridioides (Clostridium) difficile is a high risk pathogen due to its 
antibiotic resistance spectrum [1,2]. Exposure to broad-spectrum anti-
biotics (e.g., amoxicillin, ampicillin, cephalosporins, clindamycin, and 
fluoroquinolones) causes dysbiosis of gut microbiota. As a result, 
C. difficile can proliferate, colonize, and induce illness [3]. Pathogenicity 
of C. difficile infection (CDI) is caused by cytotoxin (TcdB) and/or 
enterotoxin (TcdA) [4]. TcdA and TcdB are glucosyltransferases that 
inactivate Rho family GTPase, which, in turn, disrupts the actin of 
epithelial cells and causes tight junction disruption, fluid secretion, 
epithelial cell rounding, and cell death [5]. Moreover, TcdA activates 
neutrophils causing an inflammatory response, while TcdB induces 
neutrophil chemotaxis and the formation of pseudomembranes [6]. 
Clinical manifestations of CDI range from mild diarrhea, severe diar-
rhea, pseudomembranous colitis, and megacolon to loss of life. As an 
obligate anaerobe, vegetative C. difficile cannot survive in an oxygenated 
environment. Therefore its dormant spore serves as an infective stage, 
primarily through the fecal-oral route. Currently, vancomycin (VAN) 
and fidaxomicin (FDX) are the primary antibiotics for CDI treatment [7, 
8]. Other antibiotics are ineffective for CDI due to intrinsic resistance 
mechanisms, such as an active efflux of antibiotics [9]. Recently, 
Bezlotoxumab, a monoclonal antibody that targets TcdB, received 
approval by the US FDA to mitigate the risk of CDI recurrence episodes 
in immunosuppressed patients or those who had severe, initial episodes. 
[10–12]. Additionally, fecal microbiota transplantation (FMT) is pre-
scribed for patients with a history of multiple recurrence episodes. [13]. 
Monoclonal antibodies and FMT are reserved for treatment after mul-
tiple episodes and severe symptoms [14]. Antibiotics are still standard 
for initial infection and first recurrent episodes [8]. Therefore, advanced 
developments are centered around small molecule antibiotics [15]. 
Strategies to enhance or retain antibiotic activity remain the focus of 
current research (e.g., an approach counteracting resistance mecha-
nisms by preventing drug extrusion, allowing them to reach their 
target). 

Efflux pumps (EPs) are transmembrane proteins that function as active 
exporters of antibiotic(s) from within the cell, contributing to antimi-
crobial resistance (AMR) [16]. Active transporters are classified into 2 
types: primary active transporters energized by ATP hydrolysis and sec-
ondary active transporters, which utilize force from an electrochemical 
gradient of solutes [17]. ATP-binding cassette (ABC) transporters, known 
as primary active transporters are ubiquitous in all domains of life, 
serving as both importers and exporters. ABC subfamily III, VI, VII, and IX 
have been shown to contribute to multidrug resistance in C. difficile [18, 
19]. In addition, four groups of secondary active transporters have been 
associated with drug resistance: major facilitator superfamily (MFS), 
drug/metabolite transporter (DMT) superfamily (i.e., small multidrug 
resistance (SMR) family), multidrug and toxic compound extrusion 
(MATE) family (i.e., multidrug/oligosaccharidyl-lipid/polysaccharide 
(MOP) flippase superfamily), and resistance-nodulation-division (RND) 
family [16]. Notably, the last family is prevalent in diderm rather than 
monoderm bacteria [20]. Recently, the proteobacterial antimicrobial 
compound efflux (PACE) family and the p-aminobenzoyl-glutamate 
transporter (AbgT) family have also been recognized as novel classes of 
AMR-secondary active transporters [21,22]. An inhibitor targeting these 
efflux pumps is a promising approach to restoring the activity of other 
antibiotics. Efflux pump inhibitors (EPIs) targeting secondary active 
transporters have been identified, such as pyridylpiperazine-based com-
pounds targeting AcrAB-TolC [23], berberine (BBR) targeting MdfA [24], 
and samarium oxide nanoparticles, which target MFS coding genes [25]. 
TransportDB reported 516 active transporters from 47 classes within the 
C. difficile 630 genome. 141 transporters have been identified as sec-
ondary active transporters [26]. Schindler and Kaatz hypothesized that 
the genome of C. difficile 630 encoded 45 AMR-active transporters chro-
mosomally. Most of them have been designated as secondary active 
transporters (13 MFS, 15 MATE, 2 DMT, and 1 RND); the remainder are 

ABC transporters [27]. We systematically analyzed ABC transporters in 
C. difficile 630 [19]; but the complete and systematic classification of 
secondary active transporters in C. difficile is still lacking. 

In the present work, we systematically analyzed secondary active 
transporters of C. difficile 630 with emphasis on AMR association. To 
achieve this, we utilized sequence-based and structure-based identifi-
cation and classification. Together with gene expression study of these 
transporters under antibiotic exposure using RT-qPCR and published 
transcriptome data, we identified novel AMR-secondary active trans-
porters and revealed their evolutionary relationship. Using pangenome 
analysis, we classified AMR-secondary active transporter genes into core 
and accessory genes. Core genes are genes that are present in all 
analyzed genomes, while accessory genes are only identified in some of 
the genomes. Pangenome analysis allows us to better understand the 
evolution of these genes within the species. Certain AMR-secondary 
active transporters could potentially serve as targets for the develop-
ment of EPIs that may enhance antibiotic activity against C. difficile. Our 
discoveries will be a basis for future works on the functional and 
evolutionary study of these transporters and pave the way for future 
drug development. 

2. Results 

2.1. The repertoire and classification of secondary active transporters of 
C. difficile 630 

To establish a complete repertoire of secondary active transporters in 
the reference genome of C. difficile 630, we initially used protein 
sequence motif(s) for annotation (Fig. 1). We collectively identified 
consensus motifs for four (super)families known to be associated with 
antibiotic resistance, namely DMT (i.e., SMR), MATE (i.e., MOP), MFS, 
and RND, from the published data. We retrieved 12 MFS motifs, 30 DMT 
motifs, 4 MATE motifs, and 5 RND motifs (Suppl. Table 1). Identified 
motifs were less conserved and varied, rendering them inappropriate for 
manually identifying proteins in the reference genome of the C. difficile 
630. Following that, we performed sequence alignment to identify the 
consensus motif by MEME suite server [28] using protein sequences 
from Pfam of each (super)family. Only a limited number of conserved 
motifs were identified across all (super)families, rendering them un-
suitable for annotating secondary active transporters in the reference 
genome. Therefore, we redesigned the pipeline to construct a complete 
library of secondary active transporters. Our new pipeline involved 
initially extracting all membrane proteins, as we postulate that all 
transporters must be membrane proteins, followed by a sorting process 
to isolate secondary active transporters. In this study, we examined the 
entirety of the membrane proteins within the C. difficile 630 genome 
through deepTMHMM [29,30] and SOSUI [31]. These analyses showed 
that C. difficile 630 contains 996 and 1063 proteins harboring at least 1 
transmembrane helix, according to deepTMHMM and SOSUI analyses, 
respectively. These amounts accounted for 26% and 27.8% of the total 
proteome of C. difficile 630, respectively. Finally, we identified all sec-
ondary active transporters in C. difficile 630 through annotations with 
Pfam [32] and InterPro [33] from the pool of membrane proteins (Suppl. 
Table 2). 141 proteins were identified as secondary active transporters 
and classified into 27 (super)families according to Transporter Classifi-
cation Database, TCDB [34] (Table 1). Among the 27 (super)families 
identified, we focused on 5 AMR-(super)families including AbgT, DMT, 
MATE, MFS, and RND. We retrieved a total of 44 transporters, distrib-
uted as follows: 1 AbgT, 1 RND, 10 DMT, 14 MATE, and 18 MFS 
members (Table 1). From our inconclusive analysis using motif identi-
fication, we hypothesized that sequence similarity is probably insuffi-
cient to identify or classify secondary active transporters as the motifs 
are rather small and less conserved. Our speculation was confirmed by 
sequence-based phylogenetic analysis of AMR-secondary active trans-
porters using the MAFF alignment [35] followed by PhyML tree con-
struction [36,37] of 44 amino acid sequences of identified transporters. 
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The sequence-based phylogenetic analysis suggested homogeneous 
grouping among MATE and DMT but there was incoherent grouping 
among AbgT, MFS, and RND (Suppl. Fig. 1). Except for MATE, this 
resulted in a paraphyletic assemblage of AbgT, DMT, MFS, and RND 
transporters due to the low similarity among members of each group. As 

Pfam and InterPro are mostly sequence-based annotations, we inferred 
that relying on sequence-based classification might not be adequate due 
to the overall sequence variability. 

We then proposed that the proteins’ 3D structures will better reflect 
their putative functions and may support their classification. Therefore, 

Fig. 1. Schematic of the construction of the secondary active transporter repertoire in the C. difficile 630 genome. Workflows represent (A) the motif-based analysis 
using published data, (B) the motif-based analysis using MEME suite, (C) the transmembrane domains-based analysis using deepTMHMM and SOSUI, (D) the 
sequence-based phylogenetic tree analysis, and (E) the structure-based phylogenetic tree analysis. 
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we retrieved all transmembrane protein, identified by deepTMHMM and 
SOSUI, models from the AlphaFold database [38] and utilized Dali 
3D-structure comparison [39] for structural clustering. A phylogenetic 
analysis of the Dali results demonstrated that transporters within each 
group consistently clustered together within the same branch (Fig. 2). 
The structure-based dendrogram depicted a robust clustering pattern, 
and the correspondence analysis of their pairwise distances indicated 
that each transporter group formed a cohesive cluster (Fig. 3A). The 
structural similarity matrix, which was constructed using Dali Z-scores 

for pairwise protein comparisons, consistently revealed that individuals 
within each group displayed notable structural homogeneity. Specif-
ically, MATE and MFS have high structural similarity within the family, 
whereas DMT members exhibited only slight similarity among them-
selves (Fig. 3B). By using structure-based classification, we have un-
equivocally classified AMR-secondary active transporters into 5 (super) 
families and identified 1, 2, and 3 potentially novel MATE, DMT, and 
MFS transporters, respectively (Fig. 2). NCBI records CD630_14990 as a 
putative membrane protein, which is a novel putative MATE member. 
Putative DMT members, CD630_19680 and CD630_35060, are hypo-
thetical proteins and putative membrane proteins, respectively. 
CD630_07020, CD630_00340, and CD630_22010, which have been 
designated as a putative membrane protein, putative xylose transporter, 
and transporter, respectively, are potentially novel MFS members. 
Altogether, a total of 147 secondary active transporters were compiled; 
50 (34%) of which are AMR-secondary active transporters including 1 
AbgT, 1 RND, 12 DMT, 15 MATE, and 21 MFS. The remaining 97 (66%) 
secondary active transporters may not be associated with AMR, and 
therefore are not of particular focus for this work. 

To further explore the evolutionary relationships of secondary active 
transporters among C. difficile, 158 genome sequences were obtained 
from the NCBI database. Pangenome analysis revealed that secondary 
active transporters are equally classified as core and accessory genes; 
49% of the genes encoding secondary active transporters in C. difficile 
630 were classified as accessory genes, whilst the other 51% were 
designated as core genes. (Fig. 4). This distribution underscores the 
remarkable diversity and adaptability of these transporters within the 
C. difficile species. Focusing solely on the 5 (super)families associated 
with AMR, it’s noteworthy that 67% of them are categorized as acces-
sory genes, while 34% are considered core genes (Fig. 4). 

2.2. Characteristics of AMR-secondary active transporters on C. difficile 
630 genome 

Secondary active transporters are of critical importance in various 
cellular processes, facilitating the entry of vital nutrients while expelling 
deleterious substances like biocides and antibiotics. Transporters of this 
nature play an essential function in cellular homeostasis maintenance, 
growth promotion, and reproduction facilitation [40,41]. To investigate 
the biological functions of AMR-secondary active transporters in 
response to biotic, abiotic stresses, and antibiotic exposure, we per-
formed a thorough analysis of gene expression based on our RT-qPCR 
results and the datasets retrieved from previous transcriptome studies 
[42–45]. Stresses were grouped into antibiotics (RT-qPCR and micro-
array), abiotic stresses, and biotic stresses, as illustrated in Fig. 5. 

We performed RT-qPCR to determine expression level during the 
treatments of eight antibiotics. We chose these antibiotics because they 
have been reported as substrates for efflux pumps [46] and/or treatments 
for CDI [7,8]. Several efflux pumps have been reported as multidrug 
efflux pumps [47]; therefore, different classes of antibiotics with different 
targets were included in our RT-qPCR. The eight antibiotics belong to 6 
chemical classes including β-lactams (cloxacillin), glycopeptides (vanco-
mycin), nitroimidazoles (metronidazole), lincosamides (lincomycin), 
macrolides (erythromycin and fidaxomicin), and fluoroquinolones (cip-
rofloxacin and levofloxacin). Cloxacillin and vancomycin inhibit pepti-
doglycan synthesis [48,49]. Metronidazole interacts with DNA causing 
the breakage of DNA strands [50]. Lincomycin and erythromycin bind to 
23S rRNA of the 50S ribosome subunit, inhibiting protein synthesis [51]. 
Fidaxomicin targets RNA polymerase, which inhibits transcription [52]. 
Fluoroquinolones target type IV-topoisomerase and type II-topoisomerase 
(DNA gyrase) to form the quinolone-topoisomerase-DNA ternary com-
plex, which arrests DNA replication [53,54]. Unlike the other six antibi-
otics, cloxacillin and ciprofloxacin are not effective against gram-positive 
bacteria. However, they are the empirical therapy for infectious diseases 
and were thus included in the gene expression study of AMR-secondary 
active transporters. 

Table 1 
List of secondary active transporter (super)families retrieved from Pfam  

(Super)Family TC 
No.a 

Count Substrate and function 

2-Keto-3-deoxygluconate 
transporter (KdgT) 

2. 
A.10 

2 2-Keto-3-deoxygluconate 

Alanine or glycine: cation 
symporter (AGCS) 

2. 
A.25 

3 Na+: Ala symporter 

Amino acid efflux (AAE) 2.A.3 1 Asp: Ala antiporter 
Amino acid-polyamine- 

organocation (APC) 
2.A.3 6 Amino acid antiporter 

Aromatic acid exporter (ArAE) 2. 
A.85 

3 Fusaric acid 

Arsenite-Antimonite (ArsB) efflux 2. 
A.45 

1 As3+

Auxin efflux carrier (AEC) 2. 
A.69 

3 Indole 3- acetic acid 

Branched chain amino acid: cation 
symporter (LIVCS) 

2. 
A.26 

3 Branched chain amino 
acid (BCAA) 

C4-dicarboxylate uptake C (DcuC) 2. 
A.46 

2 C4-dicarboxylate (C4DC) 
carrier 

Divalent anion: sodium symporter 
(DASS) 

2. 
A.47 

1 Na+: divalent anion/ 
sulphate symporter 

Drug/metabolite transporter 
(DMT) 

2.A.7 10b Drug/metabolite/ 
quaternary ammonium 

Glutamate: sodium symporter (ESS) 2. 
A.27 

1 Na+: Glu symporter 

Major facilitator superfamily (MFS) 2.A.1 18b H+: peptides/drug 
symporter or antiporter 

Membrane-bound acyl transferase 
(MBOAT) 

2. 
A.50 

2 Glycerol: H+ symporter 

Monovalent cation: proton 
antiporter-1 (CPA1) 

2. 
A.36 

3 K+/Na+: H+ antiporter 

Monovalent cation: proton 
antiporter-2 (CPA2) 

2. 
A.37 

1 K+/Na+: H+ antiporter 

Multidrug/oligosaccharidyl-lipid/ 
polysaccharide (MOP) 

2. 
A.66 

14b Drug/multidrug: Na+

and/or H+ antiporter 
(Included multidrug and toxic 

compound extrusion (MATE) 
family) 

Natural resistance-associated 
macrophage proteins (Nramp) 

2. 
A.55 

1 Mn2+/Fe2+

NhaC sodium: proton antiporter 
(NhaC) 

2. 
A.35 

4 Na+:H+ antiporter 

Nucleobase: cation symporter-1 
(NCS1) 

2. 
A.39 

1 Nucleotide: H+/Na+

symporter 
Nucleobase: cation symporter-2 

(NCS2) 
2. 

A.40 
8 Xan/Ura 

p-Aminobenzoyl-glutamate 
transporter (AbgT) 

2. 
A.68 

1 p-Aminobenzoyl- 
glutamate 

Resistance-nodulation-cell division 
(RND) 

2.A.6 1 Multidrug/solvent 

Riboflavin transporter (RFT) 2. 
A.85 

3 Biotin/riboflavin/Typ 

Solute: sodium symporter (SSS) 2. 
A.21 

10 Na+:H+ symporter 

Threonine/serine exporter (ThrE) 2. 
A.79 

3 N/A 

Unclassified N/A 35 Vary  

a TC No. is from the Transport Commission (TC) system [118]. 
b We identified potential novel transporters: MATE (CD630_14990), 2 DMT 

(CD630_19690 and CD630_35060), and 3 MFS (CD630_07020, CD630_00340, 
and CD630_22010), using the Dali server for 3D-structure comparison. Finally, 
we included a total of 15 MATE, 12 DMT, and 21 MFS transporters in our 
classification analysis. 
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Gene expression profiles revealed that all transporters from AMR- 
(super)families: MFS, MATE, DMT, RND, and AbgT, were prominently 
upregulated during antibiotic treatments, as well as biotic treatments 
rather than abiotic treatments (Fig. 5). The expression profile raised the 
assumption that transporters belonging to the five AMR-(super)families 
associate with antibiotic resistance and pathogenicity. Our RT-qPCR 
analysis supported that all genes from the five AMR-(super)families 
exhibited statistically significant changes in gene expression levels 
(Friedman’s ANOVA, p < 0.001) when exposed to the eight antibiotics 
tested at their respective MICs (Fig. 5 and Suppl. Fig. 2). Fidaxomicin, 
metronidazole, levofloxacin, erythromycin, and lincomycin strongly 
induced the systematic upregulation of all AMR-super(families), 
whereby 94.6% of genes were upregulated by 50% (Fig. 5). Vancomy-
cin induced the systematic upregulation of MATE, DMT, RND, and AbgT 
(96.6% of them were upregulated by 50%), while more than half 
(57.2%) of MFS genes were upregulated up to 50% (Fig. 5). Cloxacillin 
also induced the systematic upregulation of all five AMR-(super)fam-
ilies; however, it had a small effect on the expression of DMT (Fig. 5). 
The effect of antibiotics on AMR-secondary active transporter gene 
expression was evaluated by ranking the mean of induction fold change. 
Fidaxomicin was the strongest inducer (8.58-fold) followed by linco-
mycin (4.18-fold), erythromycin (2.54-fold), metronidazole (2.45-fold), 
levofloxacin (2.44-fold), vancomycin (2.28-fold), cloxacillin (2.04-fold), 

and ciprofloxacin (1.91-fold). As a result, we proposed that drugs active 
against gram-positive anaerobic bacteria can be stronger inducers than 
empirical antibiotics. In addition, drugs targeting RNA, DNA, and pro-
tein synthesis are stronger inducers for the upregulation of AMR- 
secondary active transporters than drugs targeting peptidoglycan syn-
thesis. Most AMR-secondary active transporters showed limited 
response to abiotic stimuli (Fig. 5). However, biotic factors seemed to 
systematically upregulate the expression of AMR-secondary active 
transporter genes but not as high as antibiotics (Fig. 5). We proposed 
that AMR-secondary active transporter genes are more responsive to 
antibiotics than other factors, which indicates an association between 
these secondary active transporters and the cellular response to these 
antibiotics. The following sections will contextually elaborate on each 
(super)family in greater detail. 

2.2.1. Major facilitator superfamily (MFS) 
MFS is the largest group of AMR-secondary active transporters in the 

genome of C. difficile 630 comprising 21 proteins (Fig. 2). We identified 
3 novel MFS proteins (CD630_07020, CD630_00340, and CD630_22010) 
through whole proteome structural clustering using Dali. According to 
the NCBI database, CD630_07020 was identified as a membrane protein, 
CD630_00340 was identified as a xylose transporter, and CD630_22010 
was identified as a transporter [55]. As amino acid sequences of MFS are 

Fig. 2. Phylogenetic tree of 50 AMR-secondary active transporters on C. difficile 630 genome derived by protein structure similarity. The tree was constructed by 
average linkage clustering of the Z-scores from the Dali server. AMR-secondary active transporters are classified into 5 (super)families according to protein structure 
similarity. Blue dots at the tip indicate the novel, putative secondary active transporters identified by structural comparison. The outer circle illustrates core (orange) 
and accessory (gray) genes from pangenome analysis of 158 C. difficile genomes. Protein structures shown are representative for each (super)family and were from 
AlphaFold database: CD630_28350 (UniProt: Q183S2) for AbgT; CD630_24070 (UniProt Q181Y9) for RND; CD630_14180 (UniProt Q18BT5) for MATE; 
CD630_34830 (Uniprot Q180Y1) for ZupT; CD630_14160 (UniProt Q183R3) for small DMT; CD630_30170 (UniProt Q184K7) for large DMT; CD630_24230 (UniProt 
Q18BT7) for MFS. 
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Fig. 3. Outputs from all-against-all protein structure comparison of 50 AMR-secondary active transporters of C. difficile 630 using Dali server. (A) The multidi-
mensional correspondence analysis shows consistent clusters of AMR-secondary active transporters. (B) The similarity matrix generated by Dali Z-scores shows the 
homogeneity of each AMR-secondary active transporter (super)family. Yellow, green, pink, purple, and blue boxes indicate MFS, DMT, MATE, RND, and AbgT, 
respectively. The color indicates the similarity percentage between structures whereby, red is the highest similarity and gray is the lowest similarity. 
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diverse in both composition and length, a sequence-based phylogenetic 
tree grouped MFS with AbgT, DMT, and RND (Suppl. Fig. 1). A 
structure-based phylogenetic tree grouped all MFS separated from the 
rest of AMR-secondary active transporters as a monophyletic group 
(Fig. 2). MFS proteins exhibited a highly conserved structure 
(Fig. 3A–B). The RCSB PDB-pairwise structure alignment also showed a 
remarkable similarity score of 91–94% (Suppl. Fig. 3A). MFS has 8–14 
transmembrane helices and most MFS have 12 transmembrane helices. 
Among the small MFS, CD630_07020, and CD630_00340 have 8 and 9 
transmembrane helices, respectively. CD630_27070 and CD630_05780 
have 10 transmembrane helices. CD630_16200 and CD630_30570 have 
11 transmembrane helices. The largest MFS proteins, including 
CD630_13800, CD630_25060, and CD630_32990, have 14 trans-
membrane helices. CD630_31980 has been experimentally character-
ized as an ortholog of NorA from Staphylococcus aureus, and it was 
named as Cme facilitating erythromycin resistance [56]. Pangenome 
analysis showed that 66.7% of MFS were classified as accessory genes 
(Fig. 4). TransportDB proposed that MFS is a proton-driven transporter, 
serving as either proton:peptides/drug symporters or antiporters [26] 
suggesting diverse functions for MFS (Table 1). The substrate prediction 
was supported by the characterization of Cme [56]. 

Our RT-qPCR and microarray [42] reaffirmed the role of MFS in 
multidrug resistance (Fig. 5 and Suppl. Fig. 2). The MFS proteins 
responded largely to all 8 antibiotics tested. To disclose the ability and 
specificity of MFS transporters, which were induced by various antibi-
otics, the induction folds were sorted into quartiles. The genes that were 
sorted to the first quartile were considered the top 25% of the upregu-
lated induction folds. CD630_24230 was the top 25% of upregulated 
genes against 8 antibiotics, followed by CD630_35760 with 7 drugs 
(except CIP), CD630_33120 with 5 drugs (FDX, MTZ, LVX, LMC, CLO), 
CD630_05780 with 5 drugs (FDX, MTZ, LVX, ERY, LMC), CD630_25060 
with 5 drugs (MTZ, LVX, LMC, VAN, CLO), CD630_22600 with 4 drugs 
(CIP, LVX, LMC, CLO), CD630_13800 with 3 drugs (FDX, CIP, ERY), 
CD630_07020 with 2 drugs (ERY, VAN), CD630_24580 with 2 drugs 
(CIP, CLO), CD630_32990 with 2 drugs (FDX, MTZ), CD630_08150 with 
2 drugs (CIP, ERY), CD630_00340 with VAN, CD630_30360 with CIP, 
and CD630_22010 with VAN (Suppl. Fig. 2). Notably, 38% of MFS were 
upregulated by 50% for all antibiotics, while most MFS were 

upregulated by 50% for at least 3 drugs (Suppl. Fig. 2). Therefore, we 
proposed that MFS transporters are broad-spectrum efflux pumps. 
Additionally, certain MFS transporters were involved in physiological 
homeostasis during abiotic stresses and in pathogenicity during spore 
germination and in vivo infection processes (Fig. 5). During abiotic 
stresses, most of the MFS genes had slight up or downregulation re-
sponses, inferring that abiotic stresses may not be their primary stimuli 
(Fig. 5). Antibiotics more strongly increased the expression of MFS genes 
(95% CI = 2.85–3.91) than the induction from spore germination and in 
vivo infection (95% CI = 1.96–2.16) as well as abiotic treatments (95% 
CI = 1–1.22) (Fig. 5). These suggest a predominant function for MFS 
proteins in responding to antibiotic challenges rather than pathogenicity 
during in vivo infection and spore germination and homeostasis during 
abiotic stresses. Interestingly, 3 novel identified MFS genes 
(CD630_07020, CD630_00340, and CD630_22010) were upregulated 
upon most antibiotic exposure (95% CI = 1,99–3.99, 1.10–2.89, and 
1.10–1.80, respectively) except ciprofloxacin (Fig. 5 and Suppl. Fig. 2). 
Ciprofloxacin treatment resulted in down regulation of these genes by at 
least 50% (0.47, 0.34, and 0.28-fold, respectively). In addition, cloxa-
cillin downregulated the level of CD630_22010 by 83% (0.17-fold). 
These gene expression patterns suggest strong association between these 
genes and antibiotic resistance. 

2.2.2. Multidrug and toxin extrusion (MATE) family 
MATE is the second-largest secondary active transporter group 

within the C. difficile 630 genome. This family comprises 15 proteins and 
is closely related to DMT, as evidenced by phylogenetic analyses (Fig. 2). 
Based on our analysis, we successfully discovered one novel putative 
MATE member, CD630_14990, through structural clustering using Dali 
comparison, annotated as MurJ flippase [55]. MATE transporters have 
10–14 transmembrane helices (TMHs). The smallest MATE is 
CD630_21080, comprising 10 TMHs. The largest MATE is CD630_14990, 
containing 14 TMHs. CD630_01690 and CD630_15140 possess 11 TMHs. 
The remaining MATE are designated as MepA, characterized as 
substrate-responsive regulatory proteins, and they possess either 11 or 
12 TMHs. MepA-like proteins with 11 TMHs include CD630_33610, 
CD630_04340, and CD630_06300. The remaining MepA-like proteins 
with 12 TMHs are CD630_20030, CD630_14180, CD630_20230, 

Fig. 4. Stacked columns of pangenome analysis on C. difficile 630 secondary active transporters. The charts illustrate core and accessory genes encoding secondary 
active transporters from 27 (super)families, 5 AMR-(super)families, and each AMR-(super)family. The numbers at the center of the plot indicate protein counts. 
Orange and gray indicate core and accessory genes, respectively. 
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Fig. 5. Expression levels of genes encoding 5 (super)families of AMR-secondary active transporters during antibiotics, abiotic, and biotic treatment with induction 
fold scale. Colors indicate differential expression level, where red indicates up-regulation and blue indicates down-regulation. Treatment conditions are indicated on 
the top. Antibiotic treatments are separated into RT-qPCR, performed in this study, and microarray data published previously [42]. The abiotic treatments including 
heat stress, heat shock, acid, alkali, and aerobic condition were incorporated from published data [42,44] as well as spore germination [45] and in vivo infection 
[43]. Asterisks after the gene name indicate the novel putative secondary active transporters identified from protein structure clustering. White boxes indicate the 
absence of data. 
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CD630_15060, CD630_32070, CD630_09850, and CD630_28740. 
CD630_06300 is CdeA, as revealed via a BLAST result, which is the first 
MATE identified in C. difficile [57]. CdeA has been experimentally 
characterized as an ethidium bromide and acriflavine transporter, 
shown to mediate fluoroquinolone resistance when heterologously 
expressed in E. coli [57]. MATE proteins exhibited highly conserved 
structure and high similarity scores among their members (Fig. 3B and 
Suppl. Fig. 3B). MATE proteins also exhibited moderate conservation in 
their amino acid sequences. This family is classified into three 
sub-families: eukaryotic MATE (eMATE), NorM, and DNA 
damage-inducible protein F (DinF), based on their primary sequences. 
We subsequently classified 15 C. difficile 630 MATE proteins into 
sub-families based on amino acid sequence alignment using MAFF. 
Alignment showed all C. difficile 630 MATE belong to the DinF 
sub-family, as they share two distinct residues, D85 and D249, which are 
located within the N-terminal motifs NV(I)I(V)D and NII(V)LD, respec-
tively (Suppl. Fig. 4). These are conserved signature residues within 
DinF members [58]. Pangenome analysis indicated that 26.7% of MATE 
are core genes (Fig. 4). TransportDB proposed that MATE function as 
multidrug transporters with Na+ or H+ or combines Na+ with H+ for an 
antiport mechanism in line with CdeA [57]. So, we hypothesized that all 
other MATE proteins may use a Na+ and/or H+-derived electrochemical 
gradient similar to CdeA and other MATE from other bacteria [59]. 

Our RT-qPCR results demonstrated statistically significant upregu-
lation of genes encoding MATE in response to all antibiotics tested 
(Fig. 5 and Suppl. Fig. 2), which agreed with reported microarray studies 
(Fig. 5). To disclose the ability and specificity of MATE, the induction 
folds were ranked into quartiles. CD630_14180 were in the top 25% of 
upregulated induction folds with 6 antibiotics (FDX, MTZ, CIP, ERY, 
LMC, CLO), followed by CD630_28860 with 4 drugs (FDX, MTZ, LMC, 
CLO), CD630_33610 with 4 drugs (MTZ, LVX, ERY, VAN), CD630_32070 
with 4 drugs (MTZ, CIP, ERY, LMC), CD630_21080 with 3 drugs (CIP, 
LVX, ERY), CD630_06300 with 2 drugs (CIP, LVX), CD630_28740 with 2 
drugs (FDX, CLO), CD630_15410 with 2 drugs (FDX, LMC), 
CD630_14990 with VAN, CD630_01690 with LVX, CD630_20380 with 
VAN, CD630_15060 with VAN, CD630_04340 with CLO (Suppl. Fig. 2). 
Eight (53%) MATE transporters were broad-spectrum efflux pumps as 
they were the top 25% of induction folds for at least 2 drugs. Notably, 4 
(27%) MATE transporters may be narrow-spectrum efflux pumps as they 
were the top 25% of induction folds for vancomycin (CD630_14990, 
CD630_01690, and CD630_20380) and cloxacillin (CD630_04340). We 
speculated that these 4 MATE transporters may have substrate prefer-
ence. 86.7% of MATE transporters were upregulated by 50% for eight 
antibiotics. Interestingly, 8 (53%) MATE transporters have a high 
expression (>8.39-fold increase) upon fidaxomicin exposure compared 
to the rest of the MATE members (Suppl. Fig. 2). Certain MATE proteins 
appear to participate in both abiotic and biotic responses (Fig. 5). 
However, we speculated that MATE contributes more toward antibiotic 
responses rather than abiotic and biotic conditions, as changes in gene 
expression are more pronounced during antibiotic stresses: the 95% CI 
of induction folds by antibiotics was 2.82–4.27; by abiotic treatments 
was 1.01–1.85; and by biotic conditions was 1.82–2.57 (Fig. 5 and 
Suppl. Fig. 2). Proposing that CD630_14990 may be the novel putative 
MATE transporter, we then analyzed the expression upon antibiotic 
treatments. Our RT-qPCR firmly supported that CD630_14990 is asso-
ciated with antibiotic resistance, since it was upregulated by 50% for 
most antibiotics (95% CI = 1.41–3.53) except ciprofloxacin and cloxa-
cillin (Suppl. Fig. 2). 

2.2.3. Drug/metabolite transporter (DMT) superfamily 
There are 12 proteins classified as DMT within the genome of 

C. difficile 630 (Fig. 2), and two new DMT members have been identified 
in this study. Though DMT proteins were previously recognized as 
members of the SMR family, currently, the SMR family is considered a 
subfamily within the broader DMT superfamily [60]. Notably, DMT is 
the most heterogeneous cluster, exhibiting the lowest structural 

similarity compared to MFS and MATE (Fig. 3 and Suppl. Fig. 3C). 
Members of C. difficile 630 DMT have 4–10 TMHs as other prokaryotic 
DMT [61]. Variation of TMH contributes to the structural heterogeneity 
among the DMT [61]. Therefore, we divided the DMT superfamily into 
two groups, including ZupT and the DMT group based on intrinsic 
functions. The ZupT group comprises 4 proteins possessing 6–7 TMHs. 
They facilitate zinc uptake to regulate intracellular and extracellular 
zinc ion concentrations, contributing to zinc balance [62,63]. Within the 
ZupT group, CD630_10870 and CD630_34830 are canonical ZupT 
transporters [55]. CD630_19680 and CD630_35060 are novel putative 
ZupT, identified by structural clustering using Dali comparison. 
Currently, CD630_19680 and CD630_35060 are classified as a mem-
brane protein and an uncharacterized hypothetical protein in the NCBI 
database, respectively. CD630_19680 and CD630_10870 have 6 TMHs, 
while CD630_34830 has 7 TMHs. Eight proteins in the DMT group have 
4–10 TMHs; as a result, they were divided into two subgroups based on 
their number of TMHs: small DMT (4–5 TMHs) and large DMT (10 
TMHs). Small DMT comprises 3 proteins including 4-TMH proteins 
(CD630_04880, CD630_14160) and 5-TMH protein (CD630_03541). 
Large DMT is characterized by 10 TMHs including CD630_14130, 
CD630_13930, CD630_30170, CD630_15230, CD630_35060, and 
CD630_28290. Small DMT facilitates multidrug, metabolite, and qua-
ternary ammonium compound transport, while large DMT facilitates 
drug and metabolite transport (Suppl. Table 2). 

Our RT-qPCR and published microarray [42] showed that all DMT 
were upregulated (95% CI = 2.61–3.51) upon antibiotic exposure. Most 
DMT responded to antibiotic exposure in our RT-qPCR gene expression 
assay (Fig. 5 and Suppl. Fig. 2). Transcriptome analyses [43–45] illus-
trated that DMT exhibits a lower response to abiotic conditions (95% CI 
= 0.85–2.68) but displays a heightened response during spore germi-
nation and in vivo infection (95% CI = 2.09–2.44) (Fig. 5). Their 
upregulation during spore germination and in vivo infection likely 
serves pathogenic functions related to metabolite transport, nutrient 
uptake, and possibly virulence factors, which are intrinsic functions of 
the DMT [61]. Our RT-qPCR suggested that ZupT transporters are less 
responsive to biotic treatments (95% CI = 1.98–2.37) than the DMT 
(95% CI = 2.10–2.52). This is also the case for antibiotic treatments 
where ZupT is slightly less upregulated (95% CI = 2.04–3.57) than the 
DMT (95% CI = 2.63–3.70). While ZupT showed limited response (95% 
CI = 0.47–1.79) to abiotic stresses, the DMT tended to respond more 
(95% CI = 0.81–3.39) to abiotic stresses. Notably, CD630_10870 dis-
played a significantly higher response (>2-fold) to fidaxomicin 
compared to CD630_34830 (Suppl. Fig. 2). This difference suggests a 
potential specialization or differential role for CD630_10870 in the 
response to fidaxomicin. Moreover, RNA sequencing illustrated that 
CD630_10870 was upregulated to 3.61-fold in the low iron condition, 
suggesting an important role in iron uptake and maintaining cellular 
iron concentration [64]. So, CD630_10870 may play a crucial role in 
both antibiotic resistance as well as iron regulation. The DMT trans-
porters showed an expression pattern akin to ZupT transporters, as they 
were more responsive to antibiotic treatments than abiotic or biotic 
treatments. However, the effects of antibiotics on the DMT were more 
pronounced than those on ZupT (Fig. 5). Small and large subgroups of 
the DMT showed the same pattern of gene expression; however, the 
induction folds of small DMT transporters were higher (95% CI =
2.54–4.13) than those of the large DMT (95% CI = 2.45–3.76) in anti-
biotic treatments. 

Seven (58.3%) DMT transporters were upregulated by 50% for all 
antibiotics, supporting the broad-spectrum efflux pump hypothesis of 
DMT (Suppl. Fig. 2). To test this hypothesis, we sorted the induction 
folds by quartiles. CD630_14160 and CD630_15230 were in the top 25% 
of the induction folds against 6 drugs (FDX, MTZ, CIP, ERY, LVX, CLO for 
CD630_14160 and MTZ, CIP, ERY, LVX, LMC, CLO for CD630_15230) 
followed by CD630_34830 with 4 drugs (FDX, MTZ, CIP, CLO), 
CD630_10870 with 4 drugs (CIP, LVX, ERY, CLO), CD630_14130 with 4 
drugs (MTZ, LVX, ERY, VAN), CD630_19680 with 3 drugs (CIP, LVX, 
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ERY), CD630_30170 with 3 drugs (CIP, LVX, ERY), CD630_03541 with 3 
drugs (CIP, LVX, VAN), CD630_04880 with 2 drugs (LVX, ERY), 
CD630_35060 with VAN, and CD630_28290 with CLO. Therefore, we 
proposed that DMT transporters were broad-spectrum efflux pumps. 
Moreover, the novel putative DMT transporters were upregulated by 
50% for most antibiotics (95% CI = 1.15–2.22 for CD630_35060 and 
1.42–3.47 for CD630_19680). These results supported that the novel 
putative DMT transporters are associated with antibiotic resistance as 

they were in the top 25% of induction increase for at least 1 antibiotic. 
Interestingly, the response pattern to antibiotics, abiotics, and biotics 

observed across all DMT suggested that, under normal conditions, DMT 
transporters were involved in nutrient uptake, metabolite export, and 
pathogenicity. When C. difficile was challenged by antibiotics, a hy-
pothesis emerged: DMT proteins may switch their role to act as (multi) 
drug efflux pumps, potentially contributing to the bacterium’s resistance 
against antibiotic exposure [64]. 

Fig. 6. Comparison between the AlphaFold model of C. difficile 630 RND and the cryo-EM structure of E. coli RND. (A) Amino acid similarity was analyzed by 
sequence alignment between subunits of C. difficile 630 RND and that of E. coli K12. The position and arrangement of genes encoding (B) C. difficile 630 RND and (C) 
E. coli K12 AcrAB-TolC: the schematics were generated based on the E. coli reference model [119]. (D–F) The comparative structural superimposition of each RND 
subunit shown with scores from RCSB PDB pairwise structure alignment. (G) RND model of C. difficile 630. (I) cryo-EM structure of E. coli AcrAB-TolC. (H) The 
comparative structural superimposition of the tripartite RND complex (C. difficile vs E. coli). 
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Pangenome analysis showed that 58.3% of DMT are accessory genes, 
while the remaining 41.7% are core genes (Fig. 4). 75% of ZupT are core 
genes that are highly responsive to abiotic and biotic conditions, 
compared to all DMT (Fig. 5); while 75% of the DMT are accessory genes 
that strongly responded to antibiotic treatments compared to all DMT 
(Fig. 5). Therefore, we proposed that the accessory genes of DMT are 
more associated with antibiotic resistance than abiotic and biotic re-
sponses. On the other hand, the core genes of DMT are associated with 
abiotic and biotic responses. 

2.2.4. Resistance-nodulation-division (RND) family 
Following the discovery of the RND member in the C. difficile 

genome, we examined the genomic landscape to identify the 
completeness of the RND complex in C. difficile using the Kyoto Ency-
clopedia of Genes and Genomes (KEGG) database in comparison with 
orthologs from the Escherichia coli AcrAB-TolC system [65]. The RND 
family is a well-known drug efflux protein family in gram-negative 
bacteria. The tripartite assembly comprises three functional units 
spanning their double membrane architecture, including an inner 
membrane protein (IMP), an outer membrane protein (OMP), and a 
periplasmic membrane fusion protein (MFP) that links the IMP and OMP 
[66]. Identifying the RND member within the genome of a 
gram-negative bacterium holds particular significance. We identified a 
gene from the RND family, namely CD630_24070. This locus encodes a 
12-TMH protein, which is an ortholog of the IMP AcrB in E. coli 
(Fig. 6A–C). These results exceeded our expectations, since C. difficile is a 
monoderm, characterized by a single membrane layer in its architecture. 
However, prior research suggested the presence of a single RND protein 
within the C. difficile genome, as indicated by TransportDB. Collectively, 
these findings raise questions about the presence of the other compo-
nents of the RND system within the genome of C. difficile 630. 

We utilized CD630_24070 as the reference locus to identify its po-
tential complex partners within the vicinity. This identification was 
achieved by conducting orthologous comparisons with the AcrAB-TolC 
complex found in E. coli K12 using KEGG. Remarkably, we identified 
CD630_24060 and CD630_24080 as components of the RND system 
(Fig. 6A). The MFP encoding CD630_24060 is an AcrA ortholog with 
19.6% identity. The OMP encoding CD630_24080 is a TolC ortholog 
with 21.2% identity. Therefore, it is evident that the genome of 
C. difficile 630 carries all the main functional components of the 
tripartite RND complex. Furthermore, we have identified the presence of 
a regulatory gene on the genome of C. difficile 630, known as 
CD630_24050, i.e., the MarR regulator. It is located upstream of the loci 
encoding the RND complex, akin to the role of the AcrR regulator in the 
RND complex of E. coli K12 (Fig. 6B–C). However, we were notably 
unable to identify the accessory AcrZ ortholog within the genome of 
C. difficile 630. We further compared the AlphaFold structures of the 
RND functional units of C. difficile 630 with the cryo-EM structure of the 
RND of E. coli using RCSB PDB pairwise structure alignment [67]. The 
pairwise structure showed that all components of C. difficile 630 dis-
played moderate to high coverage when aligned with their E. coli 
orthologs: CD630_24070 covered 90% of AcrB structure with 20% 
identity (Fig. 6D); CD630_24060 covered 52% of AcrA structure with 
19% identity (Fig. 6E); and CD630_24080 covered 74% of TolC structure 
with 10% identity (Fig. 6F). Root-mean-square deviation (RMSD) sug-
gested that the pairwise structure alignments between C. difficile RND 
and E. coli AcrAB-TolC were acceptable (2.31–3.30Å). The topological 
similarities between the E. coli AcrAB-TolC and C. difficile RND showed 
that CD630_24070 and CD630_24080 were similar to AcrB and TolC, 
respectively (TM-score >0.5; Figs. 6D and 6F). However, CD630_24060 
was only slightly similar to AcrA (TM-score < 0.2; Fig. 6E). The RND 
complex of C. difficile 630 overall exhibits substantial structural con-
servation with that of E. coli. 

Since we discovered C. difficile 630 harboring three units of the RND 
complex within its genome, the model should consider how they 
assemble as a whole complex. To this end, we used Chimera matchmaker 

through UCSF ChimeraX [68,69] to assemble the complete RND system. 
We also used the cryo-EM structure of the AcrAB-TolC of E. coli as a 
template structure [70], ensuring the same stoichiometry. The resulting 
complete RND model for C. difficile 630 exhibited remarkable similarity 
to the E. coli AcrAB-TolC complex (Fig. 6G–I). However, the structure of 
the MFP of C. difficile 630 RND appeared to be shorter than the AcrA, and 
there is a smaller cavity within the OMP of C. difficile 630 compared to 
that of E. coli (Fig. 6H). However, experimental structure elucidation is 
needed to confirm the hypothesis. 

Pangenome analysis designated CD630_24070 as an accessory gene 
(Fig. 4). TransportDB proposed that CD630_24070 may serve as a 
transporter for multiple drugs and solvents [26]. Our RT-qPCR analysis 
and published microarray data [42,43,45] verified its association with 
antibiotic resistance because our RT-qPCR showed significant upregu-
lation during most antibiotic treatments (95% CI = 2.28–2.72; Suppl. 
Fig. 2), except ciprofloxacin and cloxacillin treatments. There is a pos-
sibility that CD630_24070 may be involved in spore germination and in 
vivo infection according to transcriptomic data (95% CI = 2.03–2.85; 
Fig. 5). During abiotic conditions, CD630_24070 was slightly changed 
(95% CI = 0.66–1.27) suggesting that it may be slightly involved in 
abiotic conditions. As CD630_24070 has two possible partners: 
CD630_24060 and CD630_24080. To determine whether CD630_24070 
collaborates with its partners or functions independently, we also 
analyzed the gene expression of its partners and compared all using 
published microarray and transcriptional data [42–45]. During the 
amoxicillin, clindamycin, and metronidazole treatments, CD630_24060 
was marginally changed (95% CI = 1.06–1.26), whereas CD630_24080 
was slightly downregulated (95% CI = 0.74–0.94; Suppl. Fig. 5A). 
Abiotic factors induced more obvious changes in CD630_24080 and 
CD630_24060 expression (95% CI = 0.85–2.05 and 0.65–1.99, respec-
tively) as well as spore germination (2.46 and 2.72-fold, respectively) 
and in vivo infections (95% CI = 2.11–2.45 and 1.84–2.56, respectively; 
Suppl. Fig. 5A). These expression patterns were observed in 
CD630_24070 for antibiotic (95% CI = 0.94–1.13), abiotic (95% CI =
0.66–1.27), and biotic factors (95% CI = 2.03–2.85; Suppl. Fig. 5A). The 
results confirmed that the three genes are not pseudogenes, since they 
produced detectable mRNA and exhibited inducible expression. There-
fore, we believe that CD630_24070 may collaborate with CD630_24060 
and CD630_24080. Nevertheless, we proposed that CD630_24070 
probably transports antibiotics and solvents and may function within 
C. difficile by natural system assembly but their assembly is still un-
known and debated. 

2.2.5. p-aminobenzoyl-glutamate (AbgT) family 
CD630_28350 is the sole AbgT on the genome of C. difficile 630. AbgT 

functions as a homodimer [71]. CD630_28350 has 12 TMHs. Trans-
portDB proposed that CD630_28350 was the importer of p-amino-
benzoyl-glutamate, i.e., PABA-Glu (Table 1), corroborating with 
previous studies that proposed its role in the import of PABA-Glu for 
folate production and involvement in sulfonamide efflux [71]. The 
AlphaFold structure of CD630_28350 was highly conserved to the AbgT 
prototype, i.e., MtrF of Neisseria gonorrhoeae and YdaH of Alcanivorax 
borkumensis (Suppl. Fig. 6). The RMSD suggested that the pairwise 
structure alignments between CD630_28350 and MtrF, and between 
CD630_28350 and YdaH were acceptable (1.52 and 1.84Å, respec-
tively). The topological similarities between CD630_28350 and its 
orthologs showed that CD630_28350 was highly similar to MtrF and 
YdaH, respectively (TM-score = 0.93 and 0.92, respectively; Suppl. 
Fig. 6). 

Pangenome analysis indicated that CD630_28350 is a core gene, 
consistent with its essential role in folate biosynthesis [72]. Previous 
transcriptomic analyses [42] showed the substantial downregulation of 
CD630_28350 in response to amoxicillin, clindamycin, and metronida-
zole treatments (95% CI = 0.32–0.52; Fig. 5). Our RT-qPCR showed that 
CD630_28350 was downregulated in response to ciprofloxacin 
(0.39-fold) and cloxacillin (0.62-fold). On the other hand, the 
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CD630_28350 was upregulated by 50% in response to fidaxomicin, 
metronidazole, levofloxacin, erythromycin, lincomycin, and vancomy-
cin (95% CI = 1.88–2.88; Fig. 5 and Suppl. Fig. 2). These results sug-
gested that CD630_28350 was associated with antibiotic resistance for 
several antibiotics. Moreover, transcriptome analysis [43] showed that 
CD630_28350 was upregulated by 50% during in vivo infections (95% CI 
= 2.02–2.22; Fig. 5). This pattern of upregulation during infection 
supports its primary role as an importer of essential metabolites [21,73, 
74]. The response of CD630_28350 to abiotic conditions [42,44] 
appeared to be limited (95% CI = 0.75–1.18; Fig. 5). Therefore, we 
hypothesized that AbgT in C. difficile 630 primarily functions as an 
importer of folate precursors and has an adaptive role in antibiotic 
resistance. It is limited to general physiological maintenance. Therefore, 
we proposed that AbgT belonging to C. difficile is strongly involved in 
antibiotic resistance and the import of folate precursors. 

Considering these findings and the predominant gene response to 
antibiotic treatments, we hypothesized that secondary active trans-
porters are strongly associated with antibiotic resistance in C. difficile. 
However, it is possible that these transporters may have additional roles 
in physiological maintenance processes as well. 

3. Discussion 

Transporters serve a crucial function in cellular homeostasis and the 
survival of cells by importing or exporting various substrates. Some 
transporters can export toxic substances including antibiotics leading to 
the AMR phenotype. C. difficile can employ several mechanisms for drug 
resistance, with the active transport of drugs out of the cell being one 
such mechanism [75–77]. Building upon our recent exploration of the 
complete collection of ABC transporters in C. difficile 630 [19], this study 
aims to systematically assemble the entire repertoire of secondary active 
transporters in the genome of C. difficile 630. Our goal is to examine the 
contribution of AMR-secondary active transporters to antibiotic resis-
tance. This research will establish a foundation for further studies in 
drug resistance and drug discovery. 

Within the genome of C. difficile 630, 28% of proteins are membrane 
proteins (1063 membrane proteins/3828 whole proteome). This aligns 
with previous reports that 20–30% of the bacterial proteome is made up 
of membrane proteins [78,79]. Among these, 226 are ABC transporters 
[19]; 147 are secondary active transporters; and the rest are other 
membrane proteins (Table 1). We classified 50 secondary active trans-
porters as AMR-secondary active transporters belonging to 5 (super) 
families: AbgT, DMT, MATE, MFS, and RND. While there are 6 
well-known prokaryotic AMR-(super)families, we could not identify any 
proteins belonging to the PACE family within the genome of C. difficile 
630. It is noteworthy that this does not preclude the existence of PACE 
protein(s) in C. difficile. Based on our whole (membrane) proteome 
structural clustering, using Dali comparison, we identified 6 potential 
novel secondary active transporters in the genome of C. difficile 630: 1 
MATE, 2 DMT, and 3 MFS. Our clustering of AMR-secondary active 
transporters was achieved through structure-based phylogenetic anal-
ysis, which successfully grouped 50 AMR-secondary active transporters 
into 5 main groups, providing a robust understanding of their evolution 
and functions. Our repertoire comprises 50 AMR-secondary active 
transporters, more than the curation by Schindler and Kaatz at 31 [27]. 
The rest of the secondary active transporters may serve innate biological 
functions including signal transduction, protein secretion, antigen pre-
sentation, bacterial pathogenesis, sporulation, and nutrient uptake [80, 
81], rather than conferring antibiotic resistance. 

Initially, we utilized a conventional sequence-based phylogenetic 
analysis to classify AMR-secondary active transporters, but surprisingly 
failed to group them accordingly (Suppl. Fig. 1). We speculated that 
lacking a highly conserved sequence in each (super)family was the cause 
of the perplexed clustering (Suppl. Table 1). On the other hand, this 
posited that these (super)families are somewhat related. We then used 
AlphaFold structures for clustering AMR-secondary active transporters 

based on structural similarity. The results gracefully classified the 
transporters into 5 homogeneous groups, namely AbgT, DMT, MATE, 
MFS, and RND (Fig. 2). Our structure-based phylogenetic analysis sup-
ported the hypothesis that the amino acid sequence alone is insufficient 
to uncover the evolutionary relationship among AMR-secondary active 
transporters due to the low conservation of their consensus motifs. The 
protein structure is normally more conserved than the primary sequence 
to retain the conserved folds and functions [82]. Furthermore, structural 
clustering of the whole (membrane) proteome allowed us to identify 6 
unannotated AMR-secondary active transporters, however, further ex-
periments are required to verify the function of these proteins as 
AMR-secondary active transporters. The benefit of using structural ho-
mology to annotate or classify proteins has been evident in the recent 
adoption of this strategy by the Pfam database [32]. The advent of 
machine learning protein prediction software opens vast opportunities 
for protein structure-related research as the accuracy of the models has 
seen a leap in improvement compared to most conventional methods 
[83]. Recently, structure-based classification has been effectively 
revealing the evolutionary relationships among proteins, facilitating 
their classification and providing trustworthy annotations for novel 
proteins and their putative biological roles using AlphaFold structures 
[84,85]. Hence, our structure-based clustering analysis has the potential 
to shed light on the evolution of AMR-secondary active transporters in 
the genome of C. difficile 630. Furthermore, protein structure pairwise 
analysis using Dali is a powerful tool to perform phylogenetic and 
evolutionary analyses [86–88]. 

We hypothesized that the expression of genes encoding AMR- 
secondary active transporters should be induced during antibiotic ex-
posures. RT-qPCR profiles revealed that all test antibiotics promoted 
increased transcription of AMR-secondary active transporter genes, 
affirming their roles in drug resistance response. Our findings also 
agreed with previous transcriptome data [42–45]. Our RT-qPCR showed 
that all genes encoding AMR-secondary active transporters were 
strongly upregulated upon exposure to metronidazole. However, the 
microarray from Emerson and colleagues [42] showed that only 11 
AMR-secondary active transporters genes were slightly upregulated 
(Fig. 5). This discrepancy in expression level may be caused by different 
concentrations of antibiotics and incubation time. We incubated 
C. difficile 630 with the MIC (0.25 µg⋅mL-1) of metronidazole for a short 
period, while they incubated with a lower concentration (0.15 µg⋅mL-1) 
for longer [42]. 

Furthermore, we explored how genes encoding AMR-secondary 
active transporters respond to other stresses including biotic and 
abiotic stresses through published transcriptome data [42,43,45]. Some 
genes exhibited mild responses to abiotic stresses but displayed strong 
expression during spore germination and in vivo infection. These sug-
gested that AMR-secondary active transporters of C. difficile possess 
multifunctionality, not only in pathogenicity and physiological roles, 
but also in antibiotic resistance. Interestingly, C. difficile showed the 
highest gene upregulation during fidaxomicin treatment, where all 
genes were upregulated. We believed that fidaxomicin increased the 
transcription of genes encoding AMR-secondary active transporters 
through regulation at the transcriptional level [16]. Moreover, it is 
thought to be the influence of efflux regulation due to fidaxomicin tar-
geting RNA synthesis, causing rapid responses, since antibiotic-triggered 
RNA-mediated regulation is common in human pathogens [89]. 

Most AMR-secondary active transporters exhibit broad specificity for 
substrate utilization, allowing them to recognize a wide range of mol-
ecules, including drugs, metabolites, and dyes. Nevertheless, some 
transporters demonstrate narrow specificity [90,91]. The substrate 
specificity of AMR-secondary active transporters typically relies on the 
composition of amino acid residues located within the drug-binding 
cavity [92]. Substrate prediction reveals that AMR-secondary active 
transporters likely interact with multiple substrates, emphasizing their 
role as preferentially broad substrate efflux pumps. Furthermore, gene 
expression profiles provide support for the broad substrate hypothesis, 
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as almost all AMR-secondary active transporters exhibit upregulation 
when exposed to various antibiotics with different chemical classes. This 
observation suggests that a substantial portion of secondary active 
transporters respond to multiple substrates. 

Here, we provide strong evidence that supports the role of well- 
known AMR-secondary active transporter (super)families, MFS, MATE, 
DMT, RND, and AbgT, in mediating multidrug efflux (Fig. 5). Both MFS 
and MATE showed highly conserved structure within the group (Suppl. 
Fig. 4). This inferred that they may share the same functions within the 
group. However, DMT showed structural diversity indicating lower 
structural similarity (Fig. 3 and Suppl. Fig. 3C). Therefore, it was split 
into 2 subgroups based on their putative functions and number of TMH: 
ZupT and the DMT. The DMT subgroup can be further classified into 2 
subgroups: small and large DMT. Surprisingly, 3 genes encoding the 
RND complex (CD630_24060, CD630_24070, and CD630_24080) were 
identified and they are potentially functional genes, not pseudogenes 
since their expressions could be affected by certain stimuli. 

RND is a well-known AMR-secondary active transporter in gram- 
negative bacteria [93,94]. Indeed, the RND represented a complex 
group within the AMR-secondary active transporter system. The SecDF 
family, a sub-family belonging to RND, was found not only in 
gram-negative bacteria, but also in gram-positive bacteria and archaea 
[95]. The SecDF family is a non-essential component of the type II 
secretion system (TIISS) protein secretory complex, which works via a 
coupling of substrate translocation and the proton motive force [96]. 
However, it also works in a partially ATP-dependent manner, which 
complicates its functionality. Therefore, we hypothesized that the RND 
of C. difficile 630 may belong to SecDF members, deriving the appear-
ance and biological role of SecDF in C. difficile. Our hypothesis was 
supported by the SecD and SecF motifs in the amino acid sequence of 
CD630_24070. These motifs provide a proton electrochemical gradient 
[95]. Additionally, structural phylogenetic analysis (Suppl. Fig. 5B) and 
transmembrane domain comparison (Suppl. Fig. 5C) showed 
CD630_24070 was closely related to ABC transporters of C. difficile 630. 
These demonstrate the structural similarity between CD630_24070 and 
ABC transporters and explain the partial ATP-dependence of 
CD630_24070. This reflects, via structural constituents, an evolutionary 
relationship between ABC transporters and RND in C. difficile. The sister 
ABC proteins, CD630_03130, CD630_35840, CD630_04830, and 
CD630_19540, were of unknown family [19]. This may support the 
evolutionary bridge between ABC transporters and RND. However, 
these could at least partially be explained by conserving structural parts 
in both primary and secondary active transporters in C. difficile 630. The 
existence of RND in the genome of C. difficile 630 is thought to be a 
remnant from evolutionary divergence between monoderm and diderm 
bacteria. Gupta proposed that monoderm evolved from a common 
ancestor with diderm [97]. The common ancestor had 2 membrane 
layers to conquer environmental antimicrobial compounds and mono-
derm lost their outer membrane (OM) during evolution [98]. Fermi-
cutes, which are mostly monoderm, have two diderm classes, namely 
Negativicutes and Halanaerobiales [98]. These Firmicutes are posi-
tioned as sister groups to Clostridiales. This observation suggests that the 
common ancestor of Firmicutes possessed genes encoding the OM; 
however, these OM genes have been lost during evolution in Clos-
tridiales and other classes of Firmicutes including Thermoanaer-
obacterales, Bacillales, Lactobacillales, and Natranaerobiales [99,100]. 
We proposed that the retention of genes encoding RND in the genome of 
C. difficile 630 may be an evolutionary footprint of Firmicutes. It is 
conceivable that the far ancestors of Clostridia carried genes encoding 
the RND due to the presence of two membrane layers. Then, the closest 
Clostridia ancestor lost its OM genes during evolution, but the genes 
encoding RND were still carried on in the genome of some C. difficile, 
with CD630_24070 as an accessory gene (Fig. 4). Lopez and colleagues 
also found 3 components of RND in the genome of C. difficile 630, 
constituting an operon. Their experimental validation, indicating 
C. difficile 630 RND contributes to toxic metabolites efflux and 

sub-cellular fractionation, suggested that CD630_24080, a TolC ortho-
log, was associated with surface-layer proteins (SLPs) and cell wall 
proteins [101]. Hence, the analyses conducted by Lopez and colleagues 
corroborated our findings regarding the presence and response of the 
RND on the genome of C. difficile 630. Their results suggested that these 
three genes are not pseudogenes, given their location within the regu-
latory region of the same operon. In the realm of evolutionary biology, it 
is imperative to examine the relationship of the RND system between 
C. difficile and other Firmicutes in comparison to gram-negative bacte-
ria. This inquiry seeks to provide insights into why gram-positive bac-
teria, particularly C. difficile, bear three distinct components of the RND 
efflux pump, a feature that appears to be distinctive within the realm of 
gram-negative bacteria. Furthermore, structural elucidation of the RND 
system will provide solid proof of the arrangement and function of RND 
of C. difficile 630. 

More than half of the AMR-secondary active transporters in the 
C. difficile 630 genome are accessory genes, according to pangenome 
analysis (Fig. 4), which supports our belief that these genes mediate 
antibiotic resistance rather than having physiological roles. According 
to our hypothesis, they should be found in all C. difficile strains if they 
are meant to be involved in essential physiological processes. Alterna-
tively, it is conceivable that these genes may serve a redundant function 
with distinct variants. Consequently, it may not be imperative to carry a 
multitude of secondary active transporter genes within their genomes. In 
scenarios where certain strains lack specific genes, alternative gene 
variants could potentially fulfill the functions. However, the presence of 
these genes in the context of antibiotic resistance suggests that they may 
have been acquired from other bacterial donors. In practice, genes 
encoding secondary active transporters can have two origins: either they 
are part of the native genome, or they are obtained from mobile genetic 
elements such as transposons or donor plasmids before being incorpo-
rated into the genome [102]. The acquisition and insertion of resistance 
genes from external sources can make a substantial contribution to the 
evolution of antibiotic resistance in C. difficile strains [103–105]. 
Therefore, we suggested that this scenario could be happening within 
the genome of C. difficile, resulting in an abundance of accessory active 
transporter genes. Moreover, abundant accessory genes on the genome 
of C. difficile may be caused and maintained by selection during evolu-
tion [106]. Alternatively, we hypothesize that the gene duplication 
occurred during the evolution of C. difficile 630, leading to an extensive 
presence of accessory AMR-secondary active transporter genes in this 
strain. Genes involved in drug resistance have the potential to be 
duplicated during evolution. hflX genes and some heat shock proteins 
involved in drug resistance are reported to be duplicated in Firmicutes 
bacteria [107]. Moreover, RND genes have been proven to be duplicated 
in several bacteria, making them carry more than one copy in their 
genomes [108,109]. Moreover, a hundred gene duplications occurred in 
Firmicutes genomes during evolution, and those duplications involved 
the antibiotic resistance phenotype [110]. Thus, we proposed that the 
diversity of AMR-secondary active transporters, potentially serving 
similar functions, may be attributed to multiple instances of gene 
duplication. Notably, we believed that accessory AMR-secondary active 
transporter genes were possibly linked to virulence, antimicrobial 
resistance, or other environmental adaptations. However, core genes 
may also be involved in the pathogenicity of C. difficile. Pangenome 
analysis in Streptococcus pneumoniae illustrated that genes involving 
pathogenicity are core genes [111] and accessory genes of Pseudomonas 
aeruginosa are directly associated with pathogenicity [112]. These sup-
ported our hypothesis that both core and accessory genes of C. difficile 
are involved in pathogenicity and accessory genes may intend to involve 
AMR. 

In a previous study, we proposed that C. difficile 630 harbors a total 
of 93 AMR genes [19]. Incorporating our analysis, we have identified 
that secondary active transporters make up 46% of the total AMR genes 
within the genome of C. difficile 630. Specifically, among the identified 
AMR genes, AMR-ABC genes account for 16% of the genome of 
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C. difficile 630 [19]. The prevalence of AMR-secondary active trans-
porter genes in the C. difficile 630 genome is three times higher than that 
of AMR-ABC genes. Furthermore, within the genome of C. difficile 630, 
AMR-secondary active transporter genes makeup approximately 30.5% 
of the total secondary active transporter genes, whereas AMR-ABC genes 
constitute about 6.5% of the total ABC genes in the genome [19]. As 
such, the efflux of antibiotics exhibited by C. difficile 630 is mediated by 
secondary active transporters and ABC transporters. These analyses 
supported the hypothesis that C. difficile 630 uses active transport pro-
teins as one of its main resistance mechanisms, which was supported by 
the diversity and prevalence of AMR-active transporter genes on the 
C. difficile 630 genome. 

4. Conclusion 

C. difficile employs several primary and secondary active transporters 
for homeostasis, pathogenicity, and antibiotic resistance mediation. We 
collected a total of 147 secondary active transporters belonging to 27 
(super)families in the genome of C. difficile 630, 34% of which are AMR- 
secondary active transporters from the AbgT, DMT, MATE, MFS, and 
RND (super)families. We also identified 6 novel putative AMR- 
secondary active transporters through structure clustering that had not 
been previously annotated. Our findings highlight that protein structure, 
made possible by a machine learning protein prediction algorithm, can 
reveal more about AMR-secondary active transporter evolution than 
sequence similarities. We believed that the retention of genes encoding 
tripartite RND on the genome of C. difficile 630 might be an evolutionary 
footprint of Firmicutes, which shares a common ancestor with gram- 
negative bacteria. Gene expression profiles confirmed that AMR- 
secondary active transporters respond to antibiotics more than other 
stresses. We proposed that AMR-secondary active transporters can 
recognize various substrates due to their responses to broad substrates 
and antibiotics. We encourage that AMR-secondary active transporters 
should be extensively characterized as only a handful of AMR-secondary 
active transporters of C. difficile have been studied. Deeper under-
standing of these transporters could potentially lead to new therapeutics 
through efflux pump inhibitor discovery. 

5. Materials and methods 

5.1. Construction of secondary active transporter collection in C. difficile 

The computational identification of a complete secondary active 
transporter system in C. difficile 630 was primarily based on Pfam [32] 
and InterPro [33], which were classified using multiple sequence 
alignments and hidden Markov models (HMMs) [29]. The whole 
genome of C. difficile 630 was used for retrieving all secondary trans-
porter protein families from TransportDB [26] and codes of protein 
names were obtained. The protein names were annotated to Pfam [32] 
and then, mapped to InterPro [33] using the protein code. 

To identify potentially missed AMR-secondary active transporters 
due to reduced amino acid sequence conservation, we sought to classify 
proteins according to their 3D structures using AlphaFold predicted 
structures. We obtained all membrane protein structures (based on 
TMHMM and SOSUI analyses) of C. difficile 630 from the AlphaFold 
database and ran an all-to-all pairwise comparison to generate a distance 
matrix using Dali software [39]. Overall AlphaFold model quality was 
favorable. Most model (~80%) have the median of pLDDT >90. Most 
membrane protein model have ~80% of residues with pLDDT >80 
(Suppl. fig. 7). Any proteins with no clear annotation (or hypothetical) 
that fall into the same cluster with known groups of AMR-secondary 
active transporters were considered potentially novel. 

5.2. Phylogenetic constructions 

By gene annotation, we were able to construct a list of all potential 

secondary active transporters found in the C. difficile 630 reference 
genome. To categorize AMR-secondary active transporters, a phyloge-
netic analysis based on amino acid sequence similarity was built. 
Sequence similarity was elucidated by comparing the amino acid se-
quences using MAFFT multiple sequence alignment with the L-INS-i 
module [35]. Then the phylogenetic tree was analyzed based on mL 
inferences through PhyML version 3.0 [36]. Robustness of the tree to-
pologies was defined as previously described by Martí -Solans, where it 
was assessed based on an automatic model using the Akaike Information 
Criterion (AIC) and inferred using the fast likelihood-based methods 
through aLRT Chi2-based branch support approach [37,113,114]. For 
phylogenetic analysis of AMR-secondary active transporter based on 
structure comparison, Z-scores from all-against-all Dali comparison 
were used to generate distance similarity matric and performed PhyML 
as per sequence-based analysis. 

5.3. Identification of core and accessory genes 

To identify core and accessory secondary active transporters in 
C. difficile, Bacterial Pan Genome Analysis tool (BPGA) software was 
used [115]. All available complete RefSeq C. difficile genomes (in the 
form of protein FASTA format files) totaling 158 (as of October 2023) 
were retrieved from the NCBI database and used as inputs for BPGA 
using default parameters. The USEARCH algorithm was used with a 
sequence similarity cut-off of 0.7. We employed the BPGA default 
USEARCH algorithm as it was shown to generate almost identical results 
to other algorithms, but faster than others. Sequence similarity cut-off of 
0.7 was used, instead of the BPGA default of 0.5; because we are 
comparing genomes of the same species and, therefore, expecting them 
to have higher similarity of the same gene. Core and accessory gene IDs 
were called from the C. difficile 630 genome. 

5.4. Transcriptomic profiles of secondary active transporter genes in 
C. difficile 

Transcriptomic profiles of C. difficile 630 were obtained from 
numerous sources, as previously described, to provide a broad overview 
of the transcription dynamics of genes expressing secondary active 
transporters in C. difficile under stress conditions [19]. The stress con-
ditions were divided into three groups: antibiotics treatment [42], 
physical stresses (including heat stress, heat shock, acid, alkali, aerobic 
condition [42,44]), spore germination [45], and in vivo infection [43]. 
All differential induction fold differences of AMR-secondary active 
transporter genes were presented by heatmap to enable comparisons 
between all treatments. 

5.5. Gene expression analysis 

We initially determined the minimal inhibitory concentration (MIC), 
following the Clinical and Laboratory Standards Institute (CLSI) stan-
dard (M11–A8) with certain modifications, to evaluate gene expression 
during antibiotic treatments (Suppl. Materials and Methods). Gene 
expression was studied by incubating mid-log phase C. difficile 630 with 
MIC of each antibiotic for 1 h. DMSO was used as a negative control. 
Total RNA was extracted using the Direct-zol RNA Miniprep kit (Zymo 
Research) according to the manufacturer’s instructions. Total RNA was 
used to generate a cDNA library using iScript Reverse Transcription 
Supermix for RT-qPCR (Bio-Rad) according to the manufacturer’s in-
structions. The qPCR assays were carried out using an iTaq universal 
SYBR green supermix (Bio-Rad) with specific primers (Suppl. Materials 
and Methods). The PCR reaction was performed using the CFX Real- 
Time PCR system (Bio-Rad). Relative fold change of gene expression 
was calculated using the 2–ΔΔCt method [116] with the standard errors 
of the mean from 4 independently conducted experiments using the rpsJ 
gene as a comparator [117]. The induction folds were tested for statis-
tical significance using the Kolmogorov-Smirnov test for normality, 
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Friedman’s ANOVA to compare treated and untreated conditions, and 
Bonferroni-Dunn’s method for multiple comparisons between the gene 
of interest and comparator (Suppl. Materials and Methods). 
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