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Abstract

:

Pathogens, which survive from stressed environmental conditions and evolve with antimicrobial resistance, cause millions of human diseases every year in the world. Fortunately, the NCBI Pathogen Detection Isolates Browser (NPDIB) collects the detected stress response genes and antimicrobial resistance genes in pathogen isolates sampled around the world. While several studies have been conducted to identify important antimicrobial resistance genes, little work has been done to analyze the stress response genes in the NPDIB database. In order to address this, this work conducted the first comprehensive statistical analysis of the stress response genes from five countries of the major residential continents, including the US, the UK, China, Australia, and South Africa. Principal component analysis was first conducted to project the stress response genes onto a two-dimensional space, and hierarchical clustering was then implemented to identify the outlier (i.e., important) genes that show high occurrences in the historical data from 2010 to 2020. Stress response genes and AMR genes were finally analyzed together to investigate the co-occurring relationship between these two types of genes. It turned out that seven genes were commonly found in all five countries (i.e., arsR, asr, merC, merP, merR, merT, and qacdelta1). Pathogens E. coli and Shigella, Salmonella enterica, and Klebsiella pneumoniae were the major pathogens carrying the stress response genes. The hierarchical clustering result showed that certain stress response genes and AMR genes were grouped together, including golT~golS and mdsB~mdsC, ymgB and mdtM, and qacEdelta1 and sul1. The occurrence analysis showed that the samples containing three stress response genes and three AMR genes had the highest detection frequency in the historical data. The findings of this work on the important stress response genes, along with their connection with AMR genes, could inform future drug development that targets stress response genes to weaken antimicrobial resistance pathogens.
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1. Introduction


Pathogens cause 9.4 million foodborne illness, 55,961 hospitalizations, and 1351 deaths in the US each year [1]. These pathogens survive the stress imposed by hostile environments before they reach humans and cause diseases. In particular, they must survive any decontaminating processes designed to eliminate them, especially if the pathogens are transmitted through food or water [2]. For example, E. coli, a widespread foodborne pathogen, is partly susceptible to freezing temperatures [3,4]. However, many strains of E. coli have obtained genes triggering thermal stress responses to the cold shock, in which the environmental temperature suddenly drops. The production of cold shock proteins is one of the ways the pathogen mediates this stress response. These proteins regulate essential cellular functions such as transcription, translation, and recombination that aid in the microorganism’s survival [5]. Other than the cold stress, pathogens have to experience other types of stresses to survive extreme conditions and proliferate more rapidly before they cause human infection. For example, the pathogens must also protect themselves against the body’s natural defenses, including gastric acid (pH-stress), fevers (thermal stress), and nutrient restriction (starvation stress) [6]. It is thus important to study the mechanisms of microbial stress response in which pathogens perceive and quickly adapt to changes in environmental conditions that may otherwise harm or kill them [2]. Fortunately, existing databases, such as the NCBI Pathogens Isolates Browser [7], provide stress response gene detection data sampled from both environmental and clinical pathogen isolates. It is necessary to systematically analyze those existing datasets to identify genes that play an important role in regulating the stress response of pathogens.



While stress response mechanisms may enable the survival of pathogens from a hostile environment (e.g., high/low temperature, low pH, and limited nutrients), pathogens may be further treated by antimicrobials. Those pathogens that survive from the treatment contribute to antimicrobial resistance (AMR). In particular, proteins encoded by AMR genes may degrade antimicrobials, alternate the targets of antimicrobials, expel antimicrobials via efflux pumps, or reduce the cell membrane permeability of antimicrobials [8,9,10]. Unfortunately, AMR genes can be transmitted by horizontal gene transfer through conjugation, transformation, transduction, or mobile genetic vectors like plasmids [9]. It is reasonable to infer that pathogens with stronger stress response ability may have higher chances of survival from the treatment of antimicrobials, as stress response was implied to be coordinated with the pathogen’s response to antimicrobials [11,12] and more effective stress responses have been tentatively linked with increased antimicrobial resistance [12,13,14]. It is thus important to identify the genes that coordinate the stress response and antimicrobial resistance in pathogens [15,16,17].



Fortunately, the data for stress response genes of pathogen isolates became available recently in the NCBI Pathogen Detection Isolates Browser (NPDIB), which was mainly focused on detecting AMR in pathogens in the US first and later in other countries over the world [7]. Accordingly, existing research on the NPDIB database was mainly related to antimicrobial resistance. In particular, Li et al., 2019 [15], examined the prominent AMR genes from the clinical pathogens that carried those genes in six countries and studied the occurrence trend of AMR genes over time. Yang et al., 2020 [16], further extended the work of Li et al., 2019 [15], to foodborne pathogens and studied the important AMR genes in foodborne pathogens for eight countries. It was reported in that study that the occurrence of these AMR genes shows an increasing trend over time. While Li et al., 2019 [15], and Yang et al., 2020 [16], studied clinical and foodborne pathogens, respectively, Hua et al., 2020 [17], further compared AMR genes sampled in these two types of pathogens in the US. It was found in this study that antimicrobial resistance was detected in the foodborne pathogens first and then in the clinical pathogens. This study then inferred that AMR genes might be found in the foodborne pathogens (mainly carried by animals) first and then transferred to the clinical pathogens (mainly carried by humans). While the aforementioned studies have reported findings that are helpful for combating antimicrobial resistance, the recently available stress response data were not considered in them. It is thus necessary to further identity the common stress response genes from the data and investigate the genes that coordinate the stress response and antimicrobial resistance.



This work aimed to broaden the scope of knowledge by identifying important stress response genes and analyzing the relationship between those genes and AMR genes. While some studies have examined specific genes that play a role in both stress response and antimicrobial resistance [12,14], few have looked at the general relationships and patterns between these genes from a large scale of data sampled in various countries. In this work, we analyzed stress response gene data from NCBI Pathogen Detection Isolates Browser for five countries that contain the greatest amount of available data in the five major continents (i.e., the US, the UK, China, South Africa, and Australia). Since thousands of gene samples were available for analysis, multivariate statistical methods like principal component analysis (PCA) [18,19] were used to project the high-dimensional gene data onto a two-dimensional space to visualize the genes. On the basis of the projection of the genes by PCA, the hierarchical clustering approach [20,21] was further applied to identify those important stress response genes from the dataset for each country. The genes that coordinate stress response and antimicrobial resistance were then investigated.




2. Materials and Methods


2.1. The Stress Response Gene Data from the NCBI Pathogen Detection Isolates Browser


The gene data were sourced from the National Center for Biotechnology Information (NCBI) Pathogen Detection Isolates Browser. The NPDIB database contains records on the origins of pathogens. The downloaded data for each country were organized in an Excel table with each row corresponding to an isolate sample and each column indicating the pathogen name (represented by an integer in correspondence with a table of listed pathogens), collection year (from 2010 to 2020), source (clinical represented with a “1” and environmental represented with a “2”), number of AMR genes the sample is resistant to, and the stress response genes (detected genes indicated with a “1” and non-detected genes indicated with a “0”). Interested readers can refer to Appendix A Figure A1 for an example of Excel data table. The Excel file was further imported in the R programming platform for further analysis.




2.2. Principal Component Analysis and Hierarchical Clustering


The data tables vary between thousands of rows (i.e., samples) and about 200 columns (i.e., dimensions) in size for each of the five countries studied. Therefore, it is impossible to neatly represent this high-dimensional data in a two-dimensional space without using dimension-reducing techniques like PCA, which rotates and moves the coordinate plane so that the projections of data points onto two new coordinate directions contain the largest variance (i.e., the largest amount of information). Figure 1 provides an overview of the data analysis procedure implemented in this work to identify the important stress response genes from the dataset. Specifically, a data matrix was constructed so that each row represents one stress response gene and each column stands for a pathogen. The elements in the matrix represent the number of the samples in which the gene in the row was detected in the pathogen in the column (Figure 1A). The high-dimensional data matrix was reduced to a two-dimensional PC1~PC2 space (Figure 1B). The outlier genes were then identified from the PC1~PC2 plots. They generally showed high detection patterns across all pathogens and thus represented important stress response genes.



While outlier genes are shown on the PC1~PC2 plot, PCA is not able to quantitatively determine which genes are outliers. Genes are lumped together in PCA. This makes it challenging to determine the relationship between those genes in the way they are carried by pathogens. In order to address this, hierarchical clustering was used to study the genes projected on the PC1~PC2 plot and further separate them into groups. The set of genes represented with clustering looked like an evolutionary tree with lines that branch out from the top at a single node and end with an element of data (Figure 1B). In a clustering diagram, genes with similar occurrence patterns are grouped together. The vertical distance between genes indicates their relatedness. The important genes are typically located on the top branches and separated from the crowded clusters that contain the lumped bulk genes. The Elbow method was used to identify those important genes from the hierarchical clustering tree: (1) all the genes were regarded as a single cluster at the beginning; (2) one cluster was added at one time when the cutting line was gradually moved down in Figure 1B, and the summary of the variance of individual clusters was calculated; (3) the total variance of all individual clusters reduced sharply for the first few clusters and then decreased gradually afterward. The bending point of the total variance profile indicated the number of clusters for separating the genes. The outlier genes were further validated by their projection on the PC1~PC2 plot. This clustering approach was implemented to identify both the outlier genes and the outlier pathogens that were mainly detected from the historical data for each selected country between 2010 and 2020. It turned out that the outlier genes or pathogens were generally identified when six clusters were obtained from the data.




2.3. Investigating the Occurrence Correlation between the Stress Response Genes and AMR Genes


In order to further study the correlation between the occurrence of stress response and AMR genes detected in isolate samples, the number of stress response genes detected in each sample was plotted against the number of AMR genes in the same sample. The following equation was then used to determine the occurrence correlation between the AMR genes and stress response genes detected in pathogen isolates for each of the five selected country.


  Cor _ AMR _  Stress    =    N  AMR   ×  N  Stress      |   N  AMR    |  ×  |   N  Stress    |     



(1)




where NAMR is a vector consisting of the number of AMR genes detected in individual samples, NStress is a similar vector for stress response genes, and Cor_AMR_Stress stands for the correlation of the number of AMR genes and the stress response genes over all the samples for each selected country. The elements were paired in NAMR and NStress for the same samples.





3. Results


3.1. Identification of Important Stress Response Genes for the Five Countries


The approach, based upon PCA and hierarchical clustering (as described in the Section 2), was performed to identify important stress response genes that were commonly carried by pathogens in each country’s data. Since most of the genes were lumped together in their projects on the PC1~PC2 space, the result of hierarchical clustering was mainly used to identify the outlier (i.e., important) stress response genes. For example, Figure 2 shows the clustering results of the stress response genes for the US data. Many of the stress response genes are grouped together at the same height, which means they were similarly detected in the pathogens in the dataset. On the other hand, outlier genes not included in the biggest cluster were more dissimilar to the other genes and occurred more frequently in the samples. In particular, the stress response genes were generally separated into six clusters and the genes not in the biggest cluster were regarded as outlier genes, which were of high occurrences as important genes (Figure 2). These genes were worthy of further investigation as their related findings may have broader and more useful applications. For a more visual explanation, the important outlier genes are the ones not enclosed by the red rectangle in Figure 2.



While Figure 2 shows the important stress response genes detected from the data for the US, a similar approach was implemented to identify the important stress response genes for the other four countries. The obtained important stress response genes for each country are summarized in Table 1. Notably, seven genes (indicated in green) were shared across all five countries: arsR, asr, merC, merP, merR, merT, and qacdelta1. Of such genes, four belong to the mer operon, responsible for mercury resistance and the encoding of proteins involved in the regulation of Hg binding [22]. The gene arsR belongs to the ars operon, which mediates arsenic resistance [23]. Meanwhile, qacdelta1 and asr were found to be unassociated with any particular operon. The gene qacEdelta1 encodes for an antiseptic-resistance protein [24], while asr regulates an acid shock protein that allows for growth and survival in acidic conditions [25].



Additionally, several stress response genes were found to be unique to individual countries (Table 1). Genes terB, terC, and terE were found to be exclusive to China. These genes belong to the ter operon, which is attributed with tellurite resistance [26]. Similarly, hsp and pcoE were only found in South Africa. Gene hsp encodes for a heat shock protein, while pcoE belongs to the pco operon that allows for copper resistance [27]. Finally, copB, responsible for copper homeostasis and virulence in select pathogens [28], was found only in Australia. In contrast, the US and UK did not have any unique genes.




3.2. Identification of Important Stress Response Pathogens for the Five Countries


Similarly to the analysis of important stress response genes shown in the previous subsection, the PCA and hierarchical clustering approach was implemented to identify the major pathogens carrying the stress response genes for each of the selected five countries. The results for the US data are shown in Figure 3 as an example, in which the following five important pathogens were distinguished from the clustering result: E. coli and Shigella, Salmonella enterica, Klebsiella pneumoniae, Enterococcus faecium, and Klebsiella oxytoca. Similarly, important pathogens were identified for each of the other four countries and are summarized in Table 2. Pathogens E.coli and Shigella, Salmonella enterica, and Klebsiella pneumoniae were found to be shared across all five countries. Additionally, Enterobacter (South Africa, China, and Australia), Enterococcus faecium (Australia and the UK), and Klebsiella oxytoca (China and the UK) corresponded to two or more countries. On the other hand, Citrobacter freundii and Serratia marcescens (South Africa), as well as Cronobacter (China), were unique to their respective countries.



On the basis of the important stress response genes in Table 1 and the important pathogens in Table 2, Figure 4 illustrates how those important stress response genes were carried by the important pathogens. The important genes were grouped by their respective operons because genes in the same operon are expressed as one unit. As shown in the figure, seven of the nine important pathogens (E. coli and Shigella, Klebsiella pneumoniae, Salmonella enterica, Citrobacter freundii, Serratia marcescens, Enterobacter, and Klebsiella oxytoca) were attributed to at least one important gene. E. coli and Shigella and Klebsiella pneumoniae were the two pathogens with the greatest number of corresponding genes: E. coli and Shigella were associated with all the important genes except for golS and golT, while Klebsiella pneumoniae was associated with all but golS, golT, asr, emrE, and copB. In terms of noteworthy stress response genes, qacEdelta1 corresponded with all seven of the notable pathogens, and genes in the pco and sil operons were found in six pathogens (all but Klebsiella oxytoca).




3.3. The Relationship between Stress Response Genes and AMR Genes for Individual Countries


The stress response genes were analyzed with AMR genes using the PCA and clustering approach to investigate the relationship between these two types of genes. The result for the US dataset is shown in Figure 5, in which the AMR genes are marked in green while the stress response genes are in black. It was interesting to see that the same type of genes tended to stay together in the clustering tree. On the other hand, several stress response genes were distributed in the subgroups of AMR genes. For example, golT and golS were located in the same group as AMR genes mdsA and mdsB. In addition, qacEdelta1 and AMR gene sul1 were grouped together. The AMR genes in Figure 5 were taken from References [15,16,17], which identified the important AMR genes from the historical data in the NPDIB database. This work moved one step further from the previous work [15,16,17] by exploring the relationship between stress response genes and the AMR genes.



The connected stress response genes and AMR genes shown in Figure 5 may imply the mechanisms of coordinating the stress response and antimicrobial resistance. The connected stress response genes and AMR genes for each of the five selected countries are summarized in Table 3. Notably, some similar stress response and AMR gene pairs were found in multiple countries (differentiated by color in the table). The previously mentioned grouping of golT, golS, mdsA, and mdsB was found in the US, the UK, and South Africa. Furthermore, qacEdelta1 corresponded with sul1 in the US, China, and Australia. ygmB (stress response) and mdtM (AMR) were also two similar genes found in China and Australia.




3.4. Comparing the Numbers of Stress Response Genes and AMR Genes in Individual Samples for Each Country


While the previous section was focused on identifying the stress response genes and AMR genes that were grouped in the same clusters, the correlation of the occurrence frequencies of these two types of genes were further studied in this section. In particular, the number of the stress response genes and the number of AMR genes in each sample were quantified for each country. These two numbers were plotted over all the samples for each country (refer to Figure 6 as an example for the US data). Additionally, the correlation coefficient between the occurrence frequencies of these two types of genes was calculated using Equation (1). Our calculations yielded a correlation coefficient of 0.3 in the US data, and Figure 6 displays the frequencies of samples containing various numbers of stress response genes and AMR genes. Among the combinations of various stress response genes and AMR genes, the one containing three AMR genes and three stress response genes was detected in the largest amount of samples (i.e., the largest circle in Figure 6).





4. Discussion


4.1. Significance of Important and Shared Stress Response Genes


The important stress response genes and pathogens carrying those genes have been, for the first time, studied and identified from historical data in the NPDIB database. They are shown in Table 1 and Table 2, while Figure 4 shows how those important stress response genes were carried by the pathogens. The important genes shared across all five countries are arsR, asr, merC, merP, merR, merT, and qacdelta1. Among those important genes, arsR encodes the regulatory protein of arsenical resistance operon [29]. Arsenic is the most prevalent environmental toxic compound causing public health issue [30]. It is not surprising to see that pathogens commonly contain arsR genes to survive arsenic. Differently from arsR, asr is required for pathogens to grow at moderate acidity and induce acid tolerance [31]. The four genes merC, merP, merR, and merT belong to the mer operon. They are carried by mercury-resistant bacteria after extensive evolution. In particular, mercuric mercury placed a pronounced effect on bacteria since the Earth’s oxygenation so that mer operon has evolved from a simple system in geothermal environments to a widely distributed stress response mechanism in pathogens [22]. The stress response gene found to be connected to the greatest number of pathogens was qacEdelta1 [24]. The stress imposed by overused disinfectant is one major driving force for the prevalence of qacEdelta1 in pathogens. For example, qacEdelta1 was found in the wastewater samples in multiple countries [32,33]. Knowledge of these important and commonly shared stress response genes, which facilitate the survival of pathogens under various stresses, can inform future drug development. Drugs created to inhibit them will have broader and more useful applications across different locations and settings. Furthermore, using multiple drugs that attack several stress response genes may result in a decreased reliance on antimicrobials to get rid of pathogens, which could reduce the prevalence of AMR and other harmful impacts of antimicrobial overuse.




4.2. Relationship between Stress Response Genes and AMR Genes


The public perception of antimicrobial resistance is that the overuse of antimicrobials has exacerbated the proliferation of antimicrobial resistance. This is explained by the selection pressure from the misuse of antimicrobials, which imposes microbial mutations and results in the prevalence of AMR genes in the microbial community. While this is observed globally as the number of unnecessary or ineffective antimicrobial prescriptions continues to grow rapidly, the stress response mechanisms may be another factor that facilitates pathogens’ antimicrobial resistance. The results in this work suggests that there may be a co-occurring relationship between those stress response genes and AMR genes (as evidenced by the genes detected together listed in Table 3). For example, stress response genes golT and golS were co-detected with AMR genes mdsA and mdsB in three countries—the US, the UK, and South Africa. This co-occurring relationship of these two types of genes was confirmed in a report in which most Salmonella isolates containing golS gene also carried mdsB and mdsC genes [34]. This can be explained by the fact that the golS gene is a promoter for mdsABC, which encodes AMR multidrug efflux pump [34]. In addition to the golT~golS and mdsB~mdsC group, ymgB and mdtM formed another pairing of a stress response gene (ymgB) and an AMR gene (mdtM) that were commonly carried by multiple countries. Gene ymgB was found to be involved in the regulation of biofilm formation and the resistance of acids [35], while mdtM that encodes a multidrug resistance protein [36] was commonly detected in the best biofilm-forming E. coli isolates [36,37]. This may imply the common co-occurrence of these two genes. Another pairing, comprised of a stress response gene and an AMR gene, was formed by qacEdelta1 and sul1, which were commonly found in the US, China, and Australia. This pair of genes was detected in 94.12% of 136 E. coli isolates [38]. In addition, this pair of genes was commonly detected in Klebsiella pneumoniae [39], Salmonella enterica [40], and other pathogens [41].



While three pairs of stress response genes and AMR genes were mainly discussed above, more pairs are presented in Table 3. Figure 6 shows that co-existence of stress response genes and AMR genes in pathogens is a common phenomenon. In particular, the most common samples in the datasets studied in this work contain three AMR genes and three stress response genes. All these indicate that underling relationships exist between stress response genes and AMR genes. The findings from this work (Table 3) indicates directions for combating antimicrobial resistance. For example, inhibition of the stress response genes in the pair (e.g., golT and golS) may be beneficial to inhibiting the pathogens carrying the AMR genes (e.g., mdsA and mdsB).




4.3. Limitations


This work was based on the NCBI Pathogens Isolates Browser database, which is a valuable source of historical data samples. While rapid technological improvements mean reporting gene occurrences has become easier in many countries over the past few decades, some countries are comparatively lacking in technology to collect extensive samples of pathogen isolates. This raises the possibility that a reduced number of reported gene samples in some countries may be due to a lack of efficient technology instead of a lack of stress response or AMR genes. In addition, because it is nearly impossible to ensure that every single occurrence of a stress response gene was recorded, the samples available from each country are not complete. Therefore, the findings reported in this work are dependent on the data available for the five selected countries. It is suggested to reconduct a similar research ten years later over more countries to get a more comprehensive picture on the relationship between stress response genes and AMR genes. The historical time profiles of the stress response genes were not presented in this work either, because far less samples were collected in the early years in this decade (e.g., in year 2010).



Only the stress response genes and AMR genes were studied in this work, as it was the focus of this study and these genes had been annotated by the NCBI Pathogens Isolates Browser database. It is possible to further study the sequencing data in the database to identify other genes that are related to stress response genes to get a more complete picture on how stress response is involved in other biological pathways or functions in pathogens. In addition, the hierarchical clustering was mainly based upon the detection frequencies of stress response genes across various pathogens. It is possible to cluster the genes according to the location or sources in which the pathogens were detected. That will be another interesting problem for further investigation.





5. Conclusions


While antimicrobial resistance genes from the NCBI Pathogens Isolates Browser have been extensively studied, little work has been done on the stress response genes. In order to address this, the study implemented principal component analysis and hierarchical clustering to identify the important stress response genes for five countries and study the relationship between stress response genes and AMR genes. It turns out that: (1) arsR, asr, merC, merP, merR, merT, and qacdelta1 are the common stress response genes shared by all five countries; (2) pathogens E. coli and Shigella and Klebsiella pneumoniae carried the greatest number of common stress response genes; (3) co-occurrence of stress response genes and AMR genes were found, such as the golT~golS and mdsB~mdsC group, the ymgB and mdtM group, and qacEdelta1 and sul1 group; (4) the samples with three stress response genes and three AMR genes detected had the highest detection frequencies in the data. The findings in this study indicate the stress response genes or mechanisms that may facilitate pathogen’s antimicrobial resistance. The important stress response genes identified in this work may serve as drug targets for further investigation to combat AMR pathogens.
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Figure A1. Example data table from the US data. The shaded blue columns correspond to the scientific names of pathogens, the date of sample collection, the type of pathogen source (clinical represented with a “1” and environmental represented with a “2”), number of AMR genes the sample is resistant to. Additionally, the shaded orange columns indicate whether a specific stress response gene was (“1”) or was not (“0”) detected in the sample. The following yellow columns indicate whether the sample resisted an antimicrobial gene (“1”) or not (“0”). Overall, the number of columns varied depending on the country. KEY: Blue = sample properties (pathogen name, collection year, source (clinical = 1, environmental = 2), # of AMR genes). Orange = whether the stress response gene was detected (1 = was, 0 = was not). Yellow = whether the AMR gene was detected (1 = was, 0 = was not). Green = source of sample. Grey = sample number. 
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Figure 1. The schematic description of the procedure for identifying the outlier (i.e., important) genes from the dataset: (A) the high-dimensional space is reduced to the two dimensional PC1~PC2 space with principal component analysis (PC1―principal component 1; PC2―principal component 2); (B) genes are clustered into different groups with hierarchical clustering―two clusters (by the red-dashed line) or three clusters (by the orange-dashed line) or other numbers of clusters (not further clusters shown here due to the space constraint). The optimal number of clusters was determined by the bending point in the plot of the sum of the total variance of within individual clusters. 
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Figure 2. The hierarchical clustering result of stress response genes from the US historical data. Six clusters were obtained when the clustering tree was cut at the height indicated by the blue line. The genes not enclosed by the RED rectangle were regarded as the outlier genes that are highly detected in the pathogens with stress response. 
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Figure 3. The hierarchical clustering result for pathogens carrying stress response genes in the US. 
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Figure 4. The important stress response genes carried by the important pathogens. 
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Figure 5. The hierarchical clustering tree for stress and AMR genes from the US. Black text represents stress response genes and green text represents AMR genes. 
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Figure 6. The number of samples (i.e., frequency) containing the number of stress response genes shown in the x-axis and the number of AMR genes shown in the y-axis. The size of the circle is proportional to the number of samples in the US data (a larger circle meaning a larger number of samples containing that many stress response and AMR genes). 
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Table 1. Important stress response genes identified for individual countries (marked by the shading).
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Table 2. Major pathogens carrying stress response genes across all five countries (marked by the shading).
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	South Africa
	China
	Australia
	UK
	US





	E. coli and Shigella
	
	
	
	
	



	Salmonella enterica
	
	
	
	
	



	Klebsiella pneumoniae
	
	
	
	
	



	Enterobacter
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Table 3. The stress and AMR genes that were connected in the hierarchical tree from each country. The pairs of stress response and AMR genes that were detected in multiple countries are marked in colors.
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Countries

	
Stress Response Genes

	
AMR Genes






	
The US

	
golT, golS

	
mdsA, mdsB




	
qacEdelta1

	
sul1




	
The UK

	
golT, golS

	
mdsA, mdsB




	
emrE

	
acrF




	
ygmB
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arsR
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China

	
ymgB

	
mdtM




	
emrE

	
gyrA_s83L
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oqxA




	
qacEdelta1
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golS, golT

	
mdsA, mdsB




	
hsp20, arsA, arsB, arsR

	
aac(3)-lla




	
arsC, pcoB, pcoC, pcoD, pcoR, silS

	
catB3




	
Australia

	
ymgB

	
mdtM




	
copB

	
aac()-l, msr(C), eat(A)




	
terD, terW, terZ

	
cyaA_S352T




	
merC, merP, merT

	
blaCTX-M-15, gyrA_D87N




	
qacEdelta1

	
sul1
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