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Abstract

:

The insect gut is home to a wide range of microorganisms, including several bacterial species. Such bacterial symbionts provide various benefits to their insect hosts. One of such services is providing metabolites that resist infections. Little data are available about gut-inhabiting bacteria for several insect groups. Through the present work, the gut bacteria associated with the American cockroach (Periplaneta americana L.) were isolated, identified, and studied for their potential antimicrobial activity against multidrug-resistant (MDR) human pathogens. The cockroaches were collected from three different environmental sites. Gut bacteria were isolated, and sixteen species of bacteria were identified using Vitek MALDI-TOF MS. The antagonistic activity of the identified bacteria was tested against a panel of multidrug-resistant bacteria and fungi, namely: methicillin-resistant Staphylococcus aureus (MRSA) (clinical isolate), Streptococcus mutans Clarke (RCMB 017(1) ATCC ® 25175™) (Gram-positive bacteria), Enterobacter cloacae (RCMB 001(1) ATCC® 23355™) and Salmonella enterica (ATCC® 25566™) (Gram-negative bacteria). The isolates were also tested against human pathogenic fungi such as Candida albicans (RCMB005003(1) ATCC® 10231™), Aspergillus niger (RCMB002005), Aspergillus fumigatus (RCMB002008), Aspergillus flavus (RCMB002002), and Penicillium italicum (RCMB 001018(1) IMI193019). The results indicated that some bacterial species from the cockroach gut could antagonize the growth activity of all the tested pathogens. Such antimicrobial properties could ultimately lead to the future development of therapeutic drugs. The evaluation and mode of action of antagonistic gut bacteria against the most affected MDR pathogens were demonstrated using transmission electron microscopy (TEM).
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1. Introduction


Drug-resistant pathogens are one of the most challenging issues facing public health today [1]. The WHO considers drug-resistant bacterium as one of the ten most threatening health issues confronting humanity in the present century [2]. Many species of bacteria have developed strong resistance against several groups of antimicrobial agents, especially with the rapid global spread of multi- and pan-resistant bacteria that have induced infections while not being treated with existing antimicrobial drugs [3]. In the same way, the problem of drug resistance is found in the treatment of pathogenic fungi. Searching for new sources of antimicrobial agents for tackling this problem is becoming increasingly urgent. Insects form one of these interesting new alternative sources of drugs for the next era [4].



Insects that live in polluted environments have a strong immune system for resisting microbial infections. The gut-inhabiting bacteria of such insect species produce antimicrobial agents that form a potential source of novel antimicrobial compounds [5,6]. Insects possess a wide variety of antagonistic bacteria that produce bioactive elements, which are being isolated and characterized for their ability in the treatment of some human diseases. As the insect gut is considered to be a very favorable niche for microbial colonization, symbiont bacteria potentially provide many beneficial services to their hosts [7]. Many insect species display a wide range of dependence on gut bacteria for some basic functions: some microorganisms protect their insect hosts against pathogens, parasitoids, and other parasites by synthesizing specific toxins that aid the insect immune system [8]. The gut microbiome of butterflies and moths (Lepidoptera), for example, shows a high variability between and within species. Gut bacteria of the families Enterobacteriaceae, Bacillaceae, and Pseudomonadaceae were the most widespread across lepidopteran species, with Pseudomonas, Bacillus, Staphylococcus, Enterobacter, and Enterococcus being the most common genera [9]. On the other hand, many insect groups have rarely been tested for their gut-inhabiting microorganisms, including the cockroach.



Cockroaches belong to the order Blattodea of the class Insecta. There are about 4000 known species worldwide. They are found everywhere, especially in bat caves, in human dwellings, under stones, on trees and plants, in forest litter. Most cockroach species are omnivorous. They feed mainly on plant sap, dead animals, and vegetable matter. From an ecological point of view, cockroaches play an important role in the environmental balance by digesting a wide range of waste substances, including decomposing forest and animal waste material. Although household cockroaches can contaminate food and can spread human diseases [10], their gut microbiota plays an important role in their own health and fitness [11,12,13]. Several associated bacterial families have been reported from cockroaches, particularly members of the family Enterobacteriaceae, but species of Staphylococcaceae and Mycobacteriaceae have also been found. Streptomyces, Bacillus, Enterococcus, and Pseudomonas were the most commonly reported genera from the cockroach gut [14]. In view of the wide range of cockroach habitats and of their species diversity, the gut-inhabiting bacteria of most of them are hardly known [15]. The American cockroach, Periplaneta americana L. (Blattidae), is one of the species for which we have insufficient knowledge of their gut microbiota [16].



P. americana is common in tropical climates, but human activity has extended its range, and it is now virtually cosmopolitan in distribution due to global commerce [17]. It is a pest that can threaten human health as it is the largest of the house-infesting roaches [18]. American cockroaches can contaminate food with bacterial pathogens that result in food poisoning, dysentery, and diarrhea, and these can cause childhood asthma [19]. Very little information about the gut bacterial symbionts of P. americana is available despite its widespread distribution [20]. Furthermore, as it lives in very polluted environments (e.g., garbage and drainage pipes), the gut-inhabiting symbionts of this species can be expected to show antimicrobial activity.



New antimicrobial alternatives are very important for sustaining the level of infection control through our public health systems [21]. There is a wide range of drug-resistant pathogens, including several species of bacteria and fungi. Among this multidrug-resistant (MDR) diversity, bacteria such as Enterobacter cloacae have emerged as a significant nosocomial pathogen in neonatal units, with numerous outbreaks of infection being reported [22,23]; Salmonella enterica, associated with typhoid and paratyphoid fever [24]; Staphylococcus aureus, a natural inhabitant of human and animal skin but sometimes able to cause infections affecting many organs and also incriminated in food poisoning [25]; Streptococcus mutans, the main contributor to tooth decay and oral infections [26]. These are all species that have become difficult to treat with conventional antibiotics [27]. On the other hand, there are pathogenic fungi that are among species that can resist a wide range of anti-fungal drugs [28]: Aspergillus flavus, which produces aflatoxin B1, the most toxic and potent hepatocarcinogenic natural compound ever found [29]; A. fumigatus, a species incriminated in a wide range of diseases including chronic pulmonary aspergillosis [30]; A. niger, known to produce mycotoxins called ochratoxins [31]; Candida albicans, which initiates a wide range of diseases such as chronic disseminated candidiasis, endocarditis, vaginitis, meningitis, and endophthalmitis [32]; Penicillium italicum, attributed to the pathogenesis of pneumonia, hypersensitivity, allergic alveoli, skin sensitivity, and emphysema [33].



Based on this, the originality of our work rests on the search for new alternative antimicrobial agents from insect sources by evaluating the antagonistic activity of bacteria isolated from the gut of P. americana L. against certain human pathogens. Four types of MDR bacteria (Streptococcus mutans, Enterobacter cloacae, Staphylococcus aureus, and Salmonella enterica) and three types of MDR fungi (Aspergillus spp., Candida albicans, and Penicillium italicum) were used to test the antipathogenic effects of P. americana gut symbionts.




2. Materials and Methods


2.1. Collection of Cockroaches and Extraction of Gut Bacteria


2.1.1. Sample Collection


Adult American cockroaches, P. americana L., were collected from three different environmental sites in three different governorates: a paper factory (Cairo), a food store (Qalyubia), and sewage water (Giza), Egypt. Bait trapping and active collection methods were used [34]. The identification of samples was performed using the standard taxonomic key [35]. A total of 231 individuals were collected, while only some of them were used to perform the experiments.




2.1.2. Isolation and Identification of the Gut-Associated Bacteria


Cockroaches were transferred to the laboratory of the Entomology Department, Faculty of Science, Ain Shams University, where their guts were removed using a sterile blade and forceps. The gut was completely crushed with a mortar in 1 mL sterile distilled water. 50–100 μL of the sample was inoculated into the nutrient agar medium. The inoculated samples were incubated at 37 °C for 24–48 h. Morphologically different colonies were selected. The collected samples were further sub-cultured on an appropriate medium. All the isolated samples were stored at 4 °C for 15–20 min, and the isolated colonies were subjected to the phenotypic analysis method, which includes analysis of color, consistency, surface texture, appearance, and opaqueness. All bacterial isolates were stained with Gram’s dye for the identification of Gram-positive or Gram-negative bacteria [36]. Finally, isolated gut bacteria were identified by matrix-assisted laser desorption ionization-time of flight mass spectrometry (Vitek MALDI-TOF MS), which depends on the protein profile and biochemical activities of each isolate [37]. The samples were performed in duplicate, with tests performed simultaneously on the same target slide. Part of a single colony was transferred to an individual spot on the 48-well Vitek Mass spectrometry disposable slides MS-DS. Each spot was covered with 1 µL ready-to-use Vitek MS alpha-cyano-4-hydroxycinnamic acid (HCCA) matrix (bioMérieux, France). The target plate was then read, the spectra were acquired using the MALDI-TOF Vitek MS (bioMérieux) and analyzed on Vitek Mass spectrometry in vitro diagnostic MS-IVD system (bioMérieux; Marcy l’Etoile, France). The protein profiles of each specimen with an m/z of 3000 to 15,000 were produced, and the profiles were further matched with the Vitek MS reference CE-IVD certified database (>20,000 spectra). Matching results with confidence percentages of 90% to 98% confidence were considered for genus level, results of >98% confidence were considered for species level, but <90% confidence was unacceptable for identification. All isolated and identified bacteria were given a number from 1 to 16, and we will refer to them according to these numbers throughout this article.





2.2. Antagonistic Activity of the Gut Associated Bacteria


Multidrug-resistant (MDR) bacteria and fungi were obtained from the Regional Center for Mycology and Biotechnology Antimicrobial Unit Test Organism, Al-Azhar University, Nasr City, Egypt. Gram-positive bacteria used were methicillin-resistant Staphylococcus aureus (MRSA) (clinical isolate), and Streptococcus mutans Clark (RCMB 017(1) ATCC ® 25175™), and the Gram-negative bacteria used were Enterobacter cloacae (RCMB 001(1) ATCC® 23355™) and Salmonella enterica (ATCC®. 25566™). Human pathogenic fungi used were Candida albicans (RCMB005003(1) ATCC® 10231™), A. niger (RCMB002005), A. fumigatus (RCMB002008), A. flavus (RCMB002002), and Penicillium italicum (RCMB 001018(1) IMI193019). The purified colonies of isolated gut bacteria were cultured on nutrient broth medium, which was prepared by adding 13 gm of a mixture of beef Extract-Peptone-Sodium Chloride to 1 L of distilled water, which was mixed to dissolve completely and sterilized by autoclaving at 121 °C for 15 min; incubation was then done at 37 °C. for 24 h in a shaker incubator before testing their antagonistic activity [38]. The agar well diffusion method was used to test the antagonistic activity of the gut-isolated bacteria against the selected human pathogens (using nutrient agar media for testing bacteria and malt extract agar media for testing fungi) [39]. Then the plates were incubated for 24 h at 37 °C for testing human pathogenic bacteria and 28 °C for testing human pathogenic fungi. The zones of inhibition of pathogenic bacteria and fungi were measured by a transparent ruler. Three replicates for each test were done for every evaluated pathogenic species. Matrix cluster analyses using two-way single linkage Euclidian distance were made to evaluate the degree of antimicrobial activity for each bacterial symbiont. Statistical analysis was made using SYSTAT version 13, from Systat Software, Inc., San Jose, CA, USA, www.sigmaplot.com (accessed on 30 December 2020).




2.3. Transmission Electron Microscopy (TEM)


Morphological studies of the most affected pathogenic bacteria and fungi that were treated with isolated gut bacteria were demonstrated by TEM (JEOL 1010). For TEM preparation, the samples were fixed in 3% glutaraldehyde, rinsed in phosphate buffer, and post-fixed in potassium permanganate solution for 5 min at room temperature. The samples were dehydrated in an ethanol series ranging from 10% to 90% for 15 min in each alcohol dilution and finally with absolute ethanol for 30 min. Samples were infiltrated with epoxy resin and acetone through a graded series until finally in pure resin. Ultrathin sections were collected on copper grids. Sections were then double-stained in uranyl acetate, followed by lead citrate. Stained sections were observed with a JEOL-JEM 1010 transmission electron microscope at 70 kV at the Regional Center for Mycology and Biotechnology (RCMB), Al- Azhar University [40,41].





3. Results


3.1. Identification of Isolated Gut Bacteria by Using Vitek (MALDI-TOF MS)


Table 1 reveals that the bacteria isolated from the paper factory belonged mostly to the families Enterobacteriaceae (25%), Brucellaceae (8%), and Xanthomonadaceae (4%), while bacteria isolated from the food store belonged mostly to the families Enterobacteriaceae (15%), Comamonadaceae (2%) and Micrococcaceae (3%). Finally, the bacteria isolated from sewage water belonged mostly to the families Bacillaceae (29%), Enterobacteriaceae (27%), and Staphylococcaceae (2%). Most of the isolated gut bacteria belonged to the families Bacillaceae and Enterobacteriaceae.



All bacteria species were isolated from a single site except two species: Bacillus sphaericus, which was isolated from insects collected at the paper factory and from sewage water, referred to as 1 and 12, respectively; and Serratia marcescens, which was isolated from insects collected from the food store and from sewage water, referred to as 4 and 15.




3.2. Evaluating the Antagonistic Activity of Isolated Gut Bacteria


In measuring the antagonistic activity of isolated gut bacteria against a panel of selected MDR human pathogens, it was found that most of them produced an inhibitory effect against the tested pathogens, and the measured inhibition zones are listed in Table 2 and Table 3 and Figure 1.



Table 2 provides information about the antagonistic activity of isolated gut bacteria against the tested microbes. Stenotrophomonas maltophilia had the highest antagonistic growth effect against Streptococcus mutans (37 ± 0.3 mm) while Serratia marcescens (15) had a high multiple antagonistic effects against the growth of Streptococcus mutans with an inhibition zone of 35 ± 0.1 mm, MRSA with an inhibition zone of 30 ± 0.1 mm, and Enterobacter cloacae with an inhibition zone of 20 ± 0.2 mm. Gram-positive bacteria (Streptococcus mutans and MRSA) were more sensitive than Gram-negative bacteria (Enterobacter cloacae and Salmonella enterica).



Table 3 shows that seven isolated bacteria had inhibitory activity against the tested fungi. Bacillus cereus has the highest antagonistic effect against Candida albicans (25 ± 0.4 mm). Also, Serratia marcescens (15) shows multiple antagonistic effects against Aspergillus niger and Candida albicans with inhibition zones of 13 ± 0.4 mm and 11 ± 0.5 mm, respectively, while Delftia acidovorans induced good inhibition against Penicillium italicum and A. fumigatus, with 23 ± 0.5 mm and 20 ± 0.4 mm inhibition zones, respectively.



Matrix cluster analysis indicated a wide degree of antagonistic activity of bacterial symbionts, from no activity to highly active. For the pathogenic bacteria (Figure 2), the highest activity was reported from Stenotrophomonas maltophilia against Streptococcus mutans, followed by Serratia marcescens (15) against Streptococcus mutans and MRSA. With the pathogenic fungi (Figure 3); however, the bacterial symbionts showed less antagonist activity toward fungi than against bacteria. The highest activity was shown by Bacillus cereus against Candida albicans.




3.3. Ultrastructural Changes Shown by the Tested Pathogens Due to the Antagonistic Effects of Bacterial Symbionts


Regarding the TEM stained ultrathin sections (70 nm) of all tested organisms, in Streptococcus mutans ultrathin sections, the control cells showed an identical spherical (coccoidal) shape (Figure 4a), but when treated with Stenotrophomonas maltophilia (Figure 4b) and Serratia marcescens (15) (Figure 4c) showed great alterations in their cell structure. This resulted in membrane damage which appeared to have the potential to rupture, with leaks of intracellular materials and cellular damage finally leading to complete cell deformation. When the control cells of Enterobacter cloacae, which showed a rod-shaped structure with an undamaged and intact outer membrane (Figure 5a), were compared with the affected cells treated with Serratia marcescens (15), it appeared that all cells were lysed and devoid of cytoplasmic fluid, with complete shrinkage of the cytoplasmic membrane (Figure 5b). Untreated cells of Staphylococcus aureus (MRSA) had a normal cell condition, with a spherical shape and rigid surface with cytoplasm, continuously in close contact with the cell wall with normal intact cytoplasmic membrane (Figure 6a). Complete cellular damage, with breaks in the cell wall and leaks of cytoplasmic materials, was observed after treatment with Serratia marcescens (15), which is illustrated in Figure 6b.



The normal Candida albicans showed rounded cells with an intact cell wall (CW), cell membrane (CM), mitochondria (M), nucleus (N), and vacuole (V) (Figure 7a). In contrast, ultrathin sections of Candida albicans treated with Bacillus cereus revealed interference activity upon the structure of the yeast with alterations to the cell wall, which became irregular, and with changes in the cytoplasmic membrane, which increased in thickness and showed cytoplasmic materials constricted in the center of the cell (Figure 7b).



Compared to the control ultrastructure of Penicillium italicum (Figure 8a), with an intact cell wall (CW) and cell membrane (CM) with identified organelles, mitochondria (M), vacuole (V), and nucleus (N), the Penicillium italicum treated with Delftia acidovorans, showed deformations of both the cell wall and cell membrane, with the disappearance of the identified cytoplasmic materials, which were concentrated in the center of the cell, and there was the appearance of numerous vacuoles (Figure 8b).





4. Discussion


The rapid emergence of antibiotic resistance among human and animal pathogens represents a major health threat. It is projected that by 2050, infections from antibiotic-resistant pathogens will exceed ten million cases [15,42,43,44], which will increase the cost of treatment and require longer hospitalizations. The emergence of this resistance to most conventional antibiotics has forced researchers to look for new promising alternatives. Testing antimicrobial agents from different natural sources such as plants, insects, and sometimes animals can lead to the discovery of new powerful substitutional antimicrobial drugs [45,46].



Many researchers have suggested that the microbial gut flora of insects living in polluted habitats such as cockroaches could produce certain antagonistic metabolites to resist microbial infections. Even insects that inhabit unpolluted environments (e.g., bees and wasps) have a gut microflora that has antagonistic effects against pathogens [47]. Miroslava et al. 2020 isolated and identified the gut bacteria of Apis mellifera and evaluated its antagonistic effect against Paenibacillus larvae, which causes American foulbrood (AFB) in honeybees [48]. The results of Guzman and Vilcinskas [15] revealed that the gut bacteria of cockroaches produce active molecule(s) with potent antibacterial properties. In their specific niches, microorganisms compete for nutrients and space by producing defensive molecules. These molecules gave a growth advantage to producer species by killing or inhibiting the growth of other species. Producer species are usually immune to these molecules [49].



Our results have shown that the variation in types of bacterial loads in cockroaches, as well as their pathogenicity, are related to their environmental heterogeneity [50,51,52]. Douglas, in 2015, indicated that, in general, insect microbiota differs from microorganisms in the external world, including food that is ingested, but that the conditions and resources in the insect habitat favor certain microbial taxa with certain characteristics that could be different from the characteristics of the same species in other habitats [53,54]. Such a case fits with our findings, as the strains of Bacillus sphaericus (12) and Serratia marcescens (15), which were isolated from cockroaches collected from sewage systems-a highly polluted environment-showed a high antagonistic activity against pathogenic organisms, while the different strains of the same species Bacillus sphaericus (1) and Serratia marcescens (4), which were isolated from cockroaches from less polluted environments, showed no antagonistic activity at all.



The matrix cluster analysis indicated that there were three bacterial isolates from the American cockroach with satisfactory antagonistic activity against the tested pathogens and are promising for discovering new antimicrobial drugs: Stenotrophomonas maltophilia, which had relatively high inhibition activity against Streptococcus mutans; Serratia marcescens (15), which antagonized the growth of three important drug-resistant pathogens (Streptococcus mutans, Enterobacter cloacea, and MRSA); Bacillus cereus, which had antagonistic activity against Candida albicans. On the other hand, Bacillus sphaericus had only a mild antagonistic activity against Streptococcus mutans, MRSA, and Salmonella enterica.



Several previous studies have indicated the antimicrobial effects of some identified bacterial symbionts isolated from cockroaches. For example, Stenotrophomonas maltophilia showed antimicrobial activity against the phytopathogens Rhizoctonia solani and Pythium ultimum [55]. Our results also agree with those of Berg [56], who recorded that S. maltophilia inhibited the growth of R. solani, possibly because of antibiosis and the production of some lytic enzymes that act against pathogenic fungi. In addition, another study recorded an apparent reduction in the growth of R. solani exposed to volatile molecules produced by S. maltophilia [57,58].



Bacteria have different mechanisms to support their antagonistic activity against other microorganisms, such as the production of toxins, peptides, antibiotics, bacteriocins, and enzymes that interfere with the growth of other microbial competitors. Bacteriocins are proteinaceous or peptidic toxins produced by some species of bacteria to inhibit the growth of similar or closely related bacterial strains and are structurally, functionally, and ecologically diverse. The applications of some bacteriocins are being tested to assess their application as narrow-spectrum antibiotics [59]. The chemistry behind the results obtained from our work, especially those from the electron microscope, could indicate the presence of some types of bacteriocins that, if identified, could help to produce new effective antibiotics against MDR microbes in the near future. Natural products derived from insect–microbial symbioses have vast biochemical properties that suggest that they could provide promising drugs, especially against difficult-to-treat microbial infections [60].



Concerning pathogenic fungi, the gut bacterium Delftia acidovorans recorded a high antagonistic activity against Aspergillus fumigatus, which is a pathogenic fungus that is the most common etiological agent of human aspergillosis, and Penicillium italicum, which is a known causative agent of necrotizing esophagitis, endophthalmitis, keratitis, and asthma [61]. The nucleus of Penicillium italicum became empty due to the nuclease activity of Delftia acidovorans, and such activity could be directed against the nuclear chromosomal DNA, a mechanism that was hypothesized by Gautam et al. [62].



Serratia marcescens (15) also demonstrated remarkable inhibitory influence against the pathogenic fungus Aspergillus niger, which is known to produce certain mycotoxins that are hepatocarcinogenic and nephrogenic immunological in nature [28,63], and against Candida albicans which under certain conditions can initiate a wide range of diseases such as chronic disseminated candidiasis, endocarditis, vaginitis, meningitis, and endophthalmitis [31]. The gut bacteria Klebsiella pneumonia is the only isolated bacterium from all the isolated bacteria that showed antigenicity toward Aspergillus flavus, which is considered to be the second leading cause of invasive aspergillosis and is the most common cause of superficial infection [64]. A Serratia marcescens strain, previously isolated from the citrus rhizosphere in São Paulo State, had its antagonistic activity against Phytophthora parasitica established [65], which explained the inhibition of fungal growth in KB media due to the production of siderophores as well as antibiotics from associated Serratia sp.



The Bacillaceae group (Bacillus subtilis, Bacillus cereus, and Bacillus licheniformis) proved its antagonistic potential against Aspergillus fumigatus and Candida albicans, respectively. Bacillus subtilis which was isolated from a pepper stem, confirmed its antimicrobial activity against the pathogenic fungi Fusarium solani, Sclerotium rolfsii, Rhizoctonia solani, and Erwina carotovora [66,67]. Bacillus subtilis is known to produce antibiotics such as iturins and bacillomycins as part of its’ antimicrobial activities [47].



Serratia marcescens (15) and Stenotrophomonas maltophilia showed promising antagonistic activity against most tested pathogenic microbes. Antagonism was confirmed by ultrastructural changes observed in tested pathogens. The cell-leakage was assumed to be due to alterations in the cell wall permeability of the pathogen cells, leading to pore formation in the plasma membrane, which, in turn, led to the deformation of ion exchange channels. Such a mechanism is due to the action of bacteriocins, and this is supported by [61,68]. Shrinkage of the cytoplasm in Figure 4 (MRSA) following treatment by Serratia was assumed to be induced by the efflux of phosphate or K+, causing the depletion of cytoplasmic ATP [69].



Finally, of the 16 types of identified gut bacteria, we identified only four species that were previously isolated and identified from the guts of different species of cockroach (Serratia marcescens, Klebsiella pneumonia, Escherichia coli, and Bacillus sp.). Further studies are therefore needed to characterize the chemical nature involved in the inhibitory activities of such bacteria. The present findings suggest that some bacterial species associated with P. americana L. could be used to develop various pathogen management strategies until new pharmaceutical products are developed. A large-scale study to screen the bacterial inhabitants of the P. americana L. gut from different geographic locations and/or at different seasons would therefore be useful in the search for new biological agents that could potentially be applied to the discovery of more antimicrobial agents. An understanding of the bacteriome inhabiting the intestine of different species of cockroaches could help in the development of advanced antibiotics that resolve the problem of drug-resistant microbes.




5. Conclusions


The present work showed that some of the gut bacteria isolated from the American cockroach, P. americana L., had outstanding antimicrobial activities against the most tested MDR human pathogens. It is evident that the isolated gut bacteria could produce novel compounds (metabolites) that may be used as substitutes for current antimicrobial drugs in order to overcome the problem of drug resistance. Our work will pave the way for the identification of new antimicrobial compounds from the gut microbes of the American cockroach, P. americana L., especially of the secondary metabolites of the enteric bacterium Serratia marcescens, as it revealed a high level of antagonistic activity against a high percentage of multidrug-resistant human pathogens, similar to the secondary metabolites of Delftia acidovorans and Stenotrophomonas maltophilia. Bacteriocins of Delftia acidovorans are also substitutes for overcoming bacterial and fungal infections. Of the 16 bacterial species isolated through this study, only four species were recorded previously from cockroaches, while the others were isolated and identified for the first time from the American cockroach P. americana L., which were here considered to be a newly-recorded host for them.







Author Contributions


Conceptualization, M.R., S.A. (Sara AlAshaal), and A.A.; methodology, A.A., B.H., and M.E.; software, A.A. and S.A. (Sara AlAshaal); validation, A.A, B.H., and M.E.; formal analysis, A.A., M.R., B.H., and S.A. (Sara AlAshaal); investigation, A.A., B.H., and M.E.; resources, M.E. and B.H; writing—original draft preparation, M.R., S.A. (Sara AlAshaal)., B.H., and A.A.; writing—review and editing, M.R., B.H., D.M., S.A. (Sara AlAshaal), T.A., and S.A. (Sulaiman Alharbi); visualization, S.A. (Sara AlAshaal); supervision, M.R., B.H., D.M., and S.A. (Sara AlAshaal); project administration, S.A. (Sulaiman Alharbi), and T.A.; funding acquisition, S.A. (Sulaiman Alharbi) and T.A. All authors have read and agreed to the published version of the manuscript.




Funding


This project was supported by the Researchers Supporting Project, number (RSP-2021/5) King Saud University, Riyadh, Saudi Arabia.




Acknowledgments


The work forms a part of the first author’s PhD., concerning the potential antagonistic effect of the microbiota of American cockroaches against drug-resistant microbes and the chemical compounds behind such effects. This project was supported by the Researchers Supporting Project, number (RSP-2021/5) King Saud University, Riyadh, Saudi Arabia; all the authors thank the King Saud University for help and support. The authors show great appreciation to Mohamed Gamal El-Den Nasser, Department of Entomology, Ain Shams University, Cairo, Egypt, for his help in image processing, statistical analysis, and review of the revised manuscript. Adrian Pont from the Oxford University Museum of Natural History is also thanked for his linguistic revision of the manuscript. We also thank the anonymous reviewers for their valuable comments and suggestions, which have helped to improve the final version of this manuscript.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Prestinaci, F.; Pezzotti, P.; Pantosti, A. Antimicrobial resistance: A global multifaceted phenomenon. Pathog. Glob. Health 2015, 109, 309–318. [Google Scholar] [CrossRef] [PubMed]

	



Aslam, B.; Wang, W.; Arshad, M.I.; Khurshid, M.; Muzammil, S.; Rasool, M.H.; Nisar, M.A.; Alvi, R.F.; Aslam, M.A.; Qamar, M.U.; et al. Antibiotic resistance: A rundown of a global crisis. Infect. Drug Resist. 2018, 11, 1645–1658. [Google Scholar] [CrossRef]

	



Odonkor, S.T.; Addo, K.K. Bacteria resistance to antibiotics: Recent trends and challenges. Int. J. Biol. Med. Res. 2011, 2, 1204–1210. [Google Scholar]

	



Fair, R.J.; Tor, Y. Antibiotics and bacterial resistance in the 21st Century. Perspect. Med. Chem. 2014, 6, 25–64. [Google Scholar] [CrossRef] [PubMed]

	



Lee, S.; Siddiqui, R.; Khan, N.A. Animals living in polluted environments are potential source of antimicrobials against infec-tious agents. Pathog. Glob. Health 2012, 106, 218–223. [Google Scholar] [CrossRef] [PubMed]

	



Chellaram, C.; Praveen, M.M. Molecular characterization of antagonistic bacteria, Pseudomonas otitidis from Insect gut, short horned grasshopper. J. Pure Appl. Microbiol. 2015, 9, 2391–2396. [Google Scholar]

	



Engel, P.; Moran, N.A. The gut microbiota of insects—Diversity in structure and function. FEMS Microbiol. Rev. 2013, 37, 699–735. [Google Scholar] [CrossRef]

	



Dillon, R.J.; Dillon, V.M. The gut bacteria of insects: Nonpathogenic interactions. Ann. Rev. Ent. 2004, 49, 71–92. [Google Scholar] [CrossRef] [PubMed]

	



Voirol, L.R.P.; Frago, E.; Kaltenpoth, M.; Hilker, M.; Fatouros, N.E. Bacterial symbionts in lepidoptera: Their Diversity, transmission, and impact on the host. Front. Microbiol. 2018, 9, 556. [Google Scholar] [CrossRef] [PubMed]

	



Beccaloni, G.W. Cockroach Species File Online, Version 5.0/5.0. World Wide Web Electronic Publication. 2014. Available online: http://Cockroach.SpeciesFile.org (accessed on 20 July 2020).

	



Akbar, N.; Siddiqui, R.; Iqbal, M.; Sagathevan, K.; Khan, N.A. Gut bacteria of cockroaches are a potential source of antibacterial compound(s). Lett. Appl. Microbiol. 2018, 66, 416–426. [Google Scholar] [CrossRef]

	



Tinker, K.A.; Ottesen, E.A. The core gut microbiome of the american cockroach, Periplaneta americana, is stable and resilient to dietary shifts. Appl. Environ. Microbiol. 2016, 82, 6603–6610. [Google Scholar] [CrossRef]

	



Cruden, D.L.; Markovetz, A.J. Microbial aspects of the cockroach hindgut. Arch. Microbiol. 1984, 138, 131–139. [Google Scholar] [CrossRef]

	



Gijzen, H.J.; Barugahare, M. Contribution of anaerobic protozoa and methanogens to hindgut metabolic activities of the American cockroach, Periplaneta americana. Appl. Environ. Microbiol. 1992, 58, 2565–2570. [Google Scholar] [CrossRef] [PubMed]

	



Guzman, J.; Vilcinskas, A. Bacteria associated with cockroaches: Health risk or biotechnological opportunity? Appl. Microbiol. Biotechnol. 2020, 104, 10369–10387. [Google Scholar] [CrossRef]

	



Rust, M.K.; Reierson, D.A.; Hansgen, K.H. Control of american cockroaches (Dictyoptera: Blattidae) in sewers. J. Med. Èntomol. 1991, 28, 210–213. [Google Scholar] [CrossRef]

	



William, J.; Adiyodi, K.G. American Cockroach; Springer: Berlin/Heidelberg, Germany, 1981; pp. 1–4. [Google Scholar]

	



Schapheer, C.; Lopez-Uribe, M.M.; Vera, A.; Villagra, C.A. Distribution, habitat use and plant associations of Moluchia brevipennis (Saussure, 1864) (Blattodea: Ectobiidae): An endemic cockroach from Chilean Mediterranean Matorral biome. Rev. Bras. Èntomol. 2017, 61, 114–122. [Google Scholar] [CrossRef]

	



Cochran, D.G. Blattodea:(Cockroaches). In Encyclopedia of Insects; Ring, C., Resh, V.H., Eds.; Academic Press: Cambridge, MA, USA, 2019; pp. 108–112. [Google Scholar]

	



Dietrich, C.; Köhler, T.; Brune, A. The cockroach origin of the termite gut microbiota: Patterns in bacterial community structure reflect major evolutionary events. Appl. Environ. Microbiol. 2014, 80, 2261–2269. [Google Scholar] [CrossRef] [PubMed]

	



Kesselheim, A.; Outterson, K.S. Fighting antibiotic resistance: Marrying new financial incentives to meeting public health goals. Health Aff. 2010, 29, 1689–1696.–1696. [Google Scholar] [CrossRef]

	



Cascio, A.; Mezzatesta, M.L.; Odierna, A.; Di Bernardo, F.; Barberi, G.; Iaria, C.; Stefani, S.; Giordano, S. Extended-spectrum beta-lactamase-producing and carbapenemase-producing Enterobacter cloacae ventriculitis successfully treated with intra-ventricular colistin. Int. J. Infect. Dis. 2014, 20, 66–67. [Google Scholar] [CrossRef]

	



Dijk, Y.; Bik, E.; Hochstenbach-Vernooij, S.; Vlist, G.; Savelkoul, P.; Kaan, J.; Diepersloot, R. Management of an outbreak of Enterobacter cloacae in a neonatal unit using simple preventive measures. J. Hosp. Infect. 2002, 51, 21–26. [Google Scholar] [CrossRef]

	



Daigle, F. Typhi genes expressed during infection or involved in pathogenesis. J. Infect. Dev. Ctries. 2008, 2, 431–437. [Google Scholar] [CrossRef] [PubMed]

	



Hay, R.J.; Morris-Jones, R. Bacterial Infections. Rook’s Textbook of Dermatology, 9th ed.; Wiley-Blackwell: Hoboken, NJ, USA, 2016; pp. 1–100. [Google Scholar]

	



Krzyściak, W.; Jurczak, A.; Kościelniak, D.; Bystrowska, B.; Skalniak, A. The virulence of Streptococcus mutans and the ability to form biofilms. Eur. J. Clin. Microbiol. Infect. Dis. 2014, 33, 499–515. [Google Scholar] [CrossRef]

	



Zafar, N.; Ali, A.; Afzal, M.Y.; Tanveer, Q.; Bibi, S.; Basit, I.; Nasir, H.; Imtiaz, S.; Nazir, U. Role of Streptococci as etiological agents of dental caries. Nov. Res. Microbiol. J. 2020, 4, 766–778. [Google Scholar] [CrossRef]

	



Hedayati, M.T.; Pasqualotto, A.C.; Warn, P.A.; Bowyer, P.; Denning, D.W. Aspergillus flavus: Human pathogen, allergen and mycotoxin producer. Microbiology 2007, 153, 1677–1692. [Google Scholar] [CrossRef]

	



Walsh, T.J.; Anaissie, E.J.; Denning, D.W.; Herbrecht, R.; Kontoyiannis, D.P.; Marr, K.A.; Patterson, T.F. Treatment of asper-gillosis: Clinical practice guidelines of the Infectious Diseases Society of America. Clin. Infect. Dis. 2008, 46, 327–360. [Google Scholar] [CrossRef] [PubMed]

	



Abarca, M.L.; Bragulat, M.R.; Castellá, G.; Cabañes, F.J. Ochratoxin A production by strains of Aspergillus niger var. niger. Appl. Environ. Microbiol. 1994, 60, 2650–2652. [Google Scholar] [CrossRef]

	



Dutta, A. Candidiasis. In Introduction to Clinical Infectious Diseases; Domachowske, J., Ed.; Springer International Publishing: Geneva, Switzerland, 2019; pp. 335–340. [Google Scholar]

	



Moustafa, S. Possibility of reducing presence of harmful fungi in air-conditioner windows using a transcendental anti-fungal chemical. Egypt. Acad. J. Biol. Sci. G. Microbiol. 2019, 11, 59–70. [Google Scholar]

	



Sanglard, D. Emerging threats in antifungal-resistant fungal pathogens. Front. Med. 2016, 3, 11. [Google Scholar] [CrossRef] [PubMed]

	



Chanbang, Y. Monitoring of Cockroaches (Orthoptera: Blattidae) Population in Bangkok Urban Area and Effective Used of Insecticides. Ph.D. Thesis, Kasetsart University, Bangkok, Thailand, 1997. [Google Scholar]

	



Choate, P.; Burns, S.; Olsen, L.; Richman, D.; Perez, O.; Patnaude, M.; McFarland, C.; McManamy, K.; Pluke, R. A Dichotomous key for the identification of the cockroach fauna (Insecta: Blattaria) of Florida. Fla. Entomol. 2008, 72, 612–617. [Google Scholar]

	



Buommino, E.; Vollaro, A.; Nocera, F.; Lembo, F.; DellaGreca, M.; De Martino, L.; Catania, M. Synergistic effect of abietic acid with oxacillin against methicillin-resistant Staphylococcus pseudintermedius. Antibiotics 2021, 10, 80. [Google Scholar] [CrossRef] [PubMed]

	



Bates, M.K.; Phillips, D.S.; O’Bryan, J. Shaker agitation rate and orbit affect growth of cultured bacteria. Thermo Fish. Sci. Anshorbgrt 2016, 816. [Google Scholar]

	



Bertino-Grimaldi, D.; Medeiros, M.N.; Vieira, R.P.; Cardoso, A.M.; Turque, A.S.; Silveira, C.B.; Martins, O.B. Bacterial community composition shifts in the gut of Periplaneta americana fed on different lignocellulosic materials. Springerplus 2013, 2, 609. [Google Scholar] [CrossRef]

	



Bhat, K.G.; Nalawade, T.M. Antimicrobial activity of endodontic medicaments and vehicles using agar well diffusion method on facultative and obligate anaerobes. Int. J. Clin. Pediatr. Dent. 2016, 9, 335–341. [Google Scholar] [CrossRef]

	



Amin, B. Isolation and characterization of antiprotozoal and antimicrobial metabolite from Penicillium roqueforti. Afr. J. Mycol. Biotech. 2016, 21, 13–26. [Google Scholar]

	



Amin, B.H.; Abou-Dobara, M.I.; Diab, M.A.; Gomaa, E.A.; El-Mogazy, M.A.; El-Sonbati, A.Z.; El-Ghareib, M.S.; Hussien, M.A.; Salama, H.M. Synthesis, characterization, and biological investigation of new mixed-ligand complexes. Appl. Organomet. Chem. 2020, 34, 5689. [Google Scholar] [CrossRef]

	



Nikaido, H. Multidrug resistance in bacteria. Annu. Rev. Biochem. 2009, 78, 119–146. [Google Scholar] [CrossRef] [PubMed]

	



Arias, C.A.; Murray, B.E. Antibiotic-resistant bugs in the 21st Century—A clinical super-challenge. N. Engl. J. Med. 2009, 360, 439–443. [Google Scholar] [CrossRef]

	



Murray, C.J.; Lopez, A.D. Global and regional cause-of-death patterns in 1990. Bull. World Health Organ. 1994, 72, 447–480. [Google Scholar]

	



Davies, S.C.; Fowler, T.; Watson, J.; Livermore, D.M.; Walker, D. Annual report of the chief medical officer: Infection and the rise of antimicrobial resistance. Lancet 2013, 381, 1606–1609. [Google Scholar] [CrossRef]

	



Sheridan, C. Antibiotics au naturel. Nat. Biotechnol. 2006, 24, 1494–1496. [Google Scholar] [CrossRef]

	



Silver, L.; Bostian, K. Screening of natural products for antimicrobial agents. Eur. J. Clin. Microbiol. Infect. Dis. 1990, 9, 455–461. [Google Scholar] [CrossRef]

	



Kačániová, M.; Terentjeva, M.; Žiarovská, J.; Kowalczewski, P.L. In Vitro Antagonistic Effect of gut bacteriota isolated from indigenous honey bees and essential oils against Paenibacillus larvae. Int. J. Mol. Sci. 2020, 21, 6736. [Google Scholar] [CrossRef]

	



Mahmoud, D.; Amer, A.; El-Sayed, A.K.; Rady, M. Antibacterial activity of Vespa orientalis L. venom against some antibiotic resistant bacteria. Int. J. Dev. 2017, 6, 13–20. [Google Scholar] [CrossRef]

	



Iqbal, J.; Siddiqui, R.; Khan, N.A. Acanthamoeba and bacteria produce antimicrobials to target their counterpart. Parasites Vectors 2014, 7, 56. [Google Scholar] [CrossRef] [PubMed]

	



Rady, M.; Fallata, S.; El deen, N. Environmental impact assessment of solid wastes on the housefly distribution and fly—Borne diseases. Egypt. Soc. Bioch. Mol. Biol. 2007, 2, 21–28. [Google Scholar]

	



Radi, M.; Merdan, B.A.; Salama, M.S.; El Sayes, S. The first Record of Escherichia coli O157:H7 isolated from wastes and as-sociated houseflies in Egypt. World Appl. Sci. J. 2014, 31, 1437–1445. [Google Scholar]

	



Fawzia, A.E.; Ashraf, A.E.; Samia, A.H.; Hend, A.E.; Nora, F.S. β-sitosterol ameliorates the chemical constituents of sunflower (Helianthus annuus L.) plants, grown under saline condition. IOSR J. Pharm. Biol. Sci. 2016, 11, 36–45. [Google Scholar]

	



Douglas, A.E. Multi organismal insects: Diversity and function of resident microorganisms. Ann. Rev. Entomol. 2015, 60, 17–34. [Google Scholar] [CrossRef] [PubMed]

	



Debette, J.; Blondeau, R. Présence de Pseudomonas maltophilia dans la rhizosphère de quelques plantes cultivées. Can. J. Microbiol. 1980, 26, 460–463. (In French) [Google Scholar] [CrossRef]

	



Berg, R.D. The indigenous gastrointestinal microflora. Trends Microbiol. 1996, 4, 430–435. [Google Scholar] [CrossRef]

	



Wenke, K.; Kopka, J.; Schwachtje, J.; van Dongen, J.T.; Piechulla, B. Volatiles of rhizobacteria Serratia and Stenotrophomonas alter growth and metabolite composition of Arabidopsis thaliana. Plant Biol. 2019, 21, 109–119. [Google Scholar] [CrossRef] [PubMed]

	



Newell, P.D.; Douglas, A.E. Interspecies interactions determine the impact of the gut microbiota on nutrient allocation in Drosophila melanogaster. Appl. Environ. Microbiol. 2013, 80, 788–796. [Google Scholar] [CrossRef]

	



Savadogo, A.; Ouattara, A.C.; Bassole, H.I.; Traore, S.A. Bacteriocins and lactic acid bacteria—A mini review. Afr. J. Biotechnol. 2006, 5, 678–683. [Google Scholar]

	



Fischbach, M.A.; Walsh, C.T. Antibiotics for emerging pathogens. Science 2009, 325, 1089–1093. [Google Scholar] [CrossRef] [PubMed]

	



Walsh, T.; Groll, A.; Hiemenz, J.; Fleming, R.; Roilides, E.; Anaissie, E. Infections due to emerging and uncommon medically important fungal pathogens. Clin. Microbiol. Infect. 2004, 10, 48–66. [Google Scholar] [CrossRef]

	



Gautam, A.K.; Sharma, S.; Avasthi, S.; Bhadauria, R. Diversity, pathogenicity and toxicology of A. niger: An important spoilage fungi. Res. J. Microbiol. 2011, 6, 270–280. [Google Scholar] [CrossRef]

	



Pappas, P.G.; Lionakis, M.S.; Arendrup, M.C.; Ostrosky-Zeichner, L.; Kullberg, B.J. Invasive candidiasis. Nat. Rev. Dis. Prim. 2018, 4, 18026. [Google Scholar] [CrossRef] [PubMed]

	



Han, J.; Sun, L.; Dong, X.; Cai, Z.; Sun, X.; Yang, H.; Wang, Y.; Song, W. Characterization of a novel plant growth-promoting bacteria strain Delftia tsuruhatensis HR4 both as a diazotroph and a potential biocontrol agent against various plant pathogens. Syst. Appl. Microbiol. 2005, 28, 66–76. [Google Scholar] [CrossRef]

	



Sindhu, S.S.; Rakshiya, Y.S.; Malik, D.K. Rhizosphere bacteria and their role in biological control of plant diseases. In Biotechnol Emerging Trends; Sayyed, R.Z., Patil, A.S., Eds.; Scientific Publishers: Jodhpur, India, 2009; pp. 17–52. [Google Scholar]

	



Stein, T. Bacillus subtilis antibiotics: Structures, syntheses and specific functions. Mol. Microbiol. 2005, 56, 845–857. [Google Scholar] [CrossRef] [PubMed]

	



Ongena, M.; Jacques, P. Bacillus lipopeptides: Versatile weapons for plant disease biocontrol. Trends Microbiol. 2008, 16, 115–125. [Google Scholar] [CrossRef]

	



Etminani, F.; Harighi, B. Isolation and identification of endophytic bacteria with plant growth promoting activity and bio-control potential from wild pistachio trees. Plant Pathol. J. 2018, 34, 208. [Google Scholar] [CrossRef] [PubMed]

	



Ibrahim, D.; Nazari, T.F.; Kassim, J.; Lim, S.-H. Prodigiosin—An antibacterial red pigment produced by Serratia marcescens IBRL USM 84 associated with a marine sponge Xestospongia testudinaria. J. Appl. Pharm. Sci. 2014, 4, 1–6. [Google Scholar] [CrossRef]








[image: Antibiotics 10 00294 g001 550] 





Figure 1. The inhibitory effect of (a) Stenotrophomonas maltophilia (3) against Streptococcus mutans, (b) Serratia marcescens (15) against Streptococcus mutans; (c) Serratia marcescens (15) against Enterobacter cloacae; (d) Serratia marcescens (15) against MRSA; (e) Bacillus cereus (7) against Candida albicans; (f) Delftia acidovorans (5) against Penicillium italicum. 
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Figure 2. Matrix cluster analysis based on two-way single linkage Euclidian distance showing the level of antagonistic activity of bacterial symbionts isolated from P. americana L. against tested MDR pathogenic bacteria. 
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Figure 3. Matrix cluster analysis based on two-way single linkage Euclidian distance showing the level of antagonistic activity of bacterial symbionts isolated from P. americana L. against tested MDR pathogenic fungi. 
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Figure 4. TEM micrograph of Streptococcus mutans; (a) Normal cells: 1. Cell wall, 2. Homogenous cytoplasm, 3. Cell membrane; (b) cell affected with Stenotrophomonas maltophilia: 4. Cell rupture, 5. Damage of cell wall and membrane, 6. Leakage of cytoplasm; (c) cell affected with Serratia marcesens (15): 7. Empty cell. 
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Figure 5. TEM micrograph of Enterobacter cloacae; (a) Normal cells: 1. Cell wall, 2. Nucleic acid material, 3. Uniform cytoplasm; (b) cell affected with Serratia marcesens: 4. Precipitation with cytoplasm, 5. Rigid and irregular cell wall. 
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Figure 6. TEM micrograph of MRSA; (a) Normal cells: 1. Cell wall; 2. Cytoplasm; (b) cell affected with Serratia marcesens: 3. Shrinkage of cytoplasm; 4. Empty cell; 5. Leakage of cell material. 
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Figure 7. TEM micrograph of Candida albicans (a) Normal cells: 1. Cell wall; 2. Cell membrane; 3. Vacuole; 4. Mitochondria; 5. Nucleus; (b) cell affected with Bacillus cereus; 6. Irregular cell wall; 7. Nonhomogeneous cytoplasm. 
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Figure 8. TEM micrograph of Penicillium italicum; (a) Normal cells; 1. Cell wall; 2. Nucleus; 3. Vacuole; 4. Mitochondria; 5. Cell membrane; (b) cell affected with Delftia acidovorans; 6. Nonhomogeneous cytoplasm. 
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Table 1. Summarizing list of isolated gut bacteria of Periplaneta americana L. from the three collecting sites and their frequency.
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Environmental Sites

	
Identification of Gut Bacteria

	
Frequency of Occurrence






	
Paper Factory

	
Bacillus sphaericus *

	
25%




	
Ochrabactrum anthropi

	
8%




	
Stenotrophomonas maltophilia

	
4%




	
Food store

	
Serratia marsescens **

	
15%




	
Delftia acidovorans

	
2%




	
Kocuria rosea

	
3%




	
Sewage Water

	
Bacillus cereus

	
4%




	
Enterobacter hormaechei

	
8%




	
Bacillus subtilis

	
2%




	
Bacillus sp. altitudinis

	
20%




	
Bacillus licheniformis

	
3%




	
Bacillus sphaericus *

	
-




	
Staphylococcus aureus

	
2%




	
Escherichia coli

	
2%




	
Serratia marcescens **

	
-




	
Klebsiella pneumonia

	
2%




	
Total no. of bacterial isolates = 100

	
100%








* Bacillus sphaericus: isolated from two different environmental sites (paper factory and sewage water). ** Serratia marcescens: isolated from two different environmental sites (food store and sewage water).
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Table 2. Antagonistic activity of isolated gut bacteria against multidrug-resistant (MDR) Gram-positive and Gram-negative bacteria.
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Isolated Gut Bacteria

	

	
Growth Inhibition Zone (mm)




	

	
Pathogenic Bacteria

	
Streptococcus mutans.

	
Enterobacter cloacae

	
MRSA

	
Salmonella enterica






	
Bacillus sphaericus

	
-

	
-

	
-

	
-




	
Ochrabacterum anthropi

	
-

	
-

	
-

	
-




	
Stenotrophomonas maltophilia

	
37 ± 0.3

	
-

	
-

	
-




	
Serratia marcescens

	
-

	
-

	
-

	
-




	
Delftia acidovorans

	
-

	
-

	
12 ± 0.5

	
-




	
Kocuria rosea

	
-

	
-

	
18 ± 0.4

	
-




	
Bacillus cereus

	
20 ± 0.5

	
-

	
-

	
-




	
Enterobacter hormaechei

	
-

	
-

	
-

	
8 ± 0.3




	
Bacillus subtilis

	
-

	
-

	
-

	
-




	
Bacillus sp. altitudinis

	
-

	
-

	
12 ± 0.3

	
-




	
Bacillus licheniformis

	
-

	
-

	
-

	
-




	
Bacillus sphaericus

	
15 ± 0.3

	
-

	
12 ± 0.3

	
8 ± 0.2




	
Staphylococcus aureus

	
-

	
10 ±0.1

	
-

	
-




	
Escherichia coli

	
-

	
-

	
11 ± 0.2

	
-




	
Serratia marcescens

	
35 ± 0.1

	
20 ± 0.2

	
30 ± 0.1

	
-




	
Klebsiella pneumonia

	
-

	
12 ± 0.6

	
-

	
8 ± 0.3








The numbers represent means ± standard deviations. (-) absence of susceptibility.
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Table 3. Antagonistic activity of isolated gut bacteria against MDR fungi.
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Isolated Gut Bacteria



	

	
Growth Inhibition Zone (mm)




	

	
Pathogenic Fungi

	
A. niger

	
A. fumigatus

	
C. albicans

	
P. iticulum

	
A. flavus






	
Bacillus sphaericus

	
-

	
-

	
-

	
-

	
-




	
Ochrabacterium anthropi

	
-

	
-

	
-

	
-

	
-




	
Stenotrophomonas sp.

	
-

	
-

	
-

	
-

	
-




	
Serratia marcescens

	
13 ± 0.4

	
-

	
11 ± 0.5

	
-

	
-




	
Delftia acidovorans

	
-

	
20 ± 0.4

	
-

	
23 ± 0.5

	
-




	
Kocuria rosea

	
-

	
-

	
-

	
-

	
-




	
Bacillus cereus

	
-

	
-

	
25 ± 0.4

	
-

	
-




	
Enterobacter hormaechei

	
-

	
-

	
-

	
-

	
-




	
Bacillus subtilis

	
-

	
20 ± 0.3

	
-

	
-

	
-




	
Bacillus sp. altitudinis

	
-

	
-

	
10 ± 0.4

	
-

	
-




	
Bacillus licheniformis

	
-

	
-

	
12 ± 0.3

	
-

	
-




	
Bacillus sphaericus

	
-

	
-

	
-

	
-

	
-




	
Staphylococcus aureus

	
-

	
-

	
-

	
-

	
-




	
Escherichia coli

	
-

	
-

	
-

	
-

	
-




	
Serratia marcescens

	
-

	
-

	
-

	
-

	
-




	
Klebsiella pneumonia

	
-

	
-

	
-

	
-

	
12 ± 0.4








The numbers represent means ± standard deviations. (-) absence of susceptibility.
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