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The crocodile lizard (Shinisaurus crocodilurus) is an endangered ancient reptile species. Captive breeding is an important conservation measure for the potential restoration and recovery of their wild populations. However, a skin ulcer disease caused by an unknown pathogen has become a serious threat to captive breeding individuals. In the current study, based on microbial isolation, we identified Pseudomonas aeruginosa as the dominant pathogen in skin ulcer disease. Chinese skinks (Plestiodon chinensis) were used to verify the pathogenicity of P. aeruginosa in skin ulcer disease in vivo. As expected, subcutaneous inoculation of P. aeruginosa induced skin disease in healthy skinks and P. aeruginosa was re-isolated from the induced skin ulcers. Therefore, P. aeruginosa, an opportunistic and ubiquitous pathogen that causes a wide range of infections, appears to be the main pathogen of the skin disease affecting crocodile lizards. In the aquaculture industry, probiotics are widely used in the prevention and control of animal diseases caused by such pathogens. Here, we administered probiotics to the breeding crocodile lizards for 6 months. The three experiment groups treated with different kinds of probiotics showed significance at controlling case incidence. Three of the four groups treated with probiotics showed significant disease prevention (Effective Microorganisms mixed probiotics P = 0.0374; Double-dose Effective Microorganisms, P = 0.0299; Bacillus subtilis, P = 0.0140, T-test), and CFUs in the water of the breeding enclosures were also inhibited after probiotics usage (P < 0.001, T-test). Our study demonstrated the role of Pseudomonas aeruginosa in development of skin ulcer disease of crocodile lizards in a local zoo and offered the probiotic-based method for control measurements, which would be of benefit for the conservation of endangered reptiles.
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INTRODUCTION

While artificial breeding holds promise as a method for protecting endangered species, its successful application remains limited (1–3). One reason for previous failures is that artificial populations, including reptiles, are often housed under unnatural high-density conditions. For example, in Gandong Station at Daguishan National Nature Reserve, captive lizards were previously housed in enclosures at a density of 2–3 individuals per m2, which may increase the risk of fights and injury and thus susceptibility to various diseases and infections (2, 4–9). Several recent studies have shown that infection in breeding reptiles can impact protection efforts and health endeavors (4, 6, 7, 10–12). Thus, infections and diseases in captive populations need to be considered not only to ensure that reserves do not squander their limited resources but to ensure the best chance of successful breeding. However, limited by various protection laws, lack of funds, and shortage of professionals, protection work in this field remains poor.

The crocodile lizard (Shinisaurus crocodilurus) is a highly endangered reptile found in the streams and forests (800–1,200 m altitude) of the Guangxi and Guangdong Provinces in China and in North Vietnam. The crocodile lizard is currently classified as a first-class protected animal in China and is listed in the Red List of Threatened Species of the IUCN and in CITES Appendix I. At present, only 1,200 lizards are thought to remain in China, with a small population of 150 in Vietnam (3, 13). All populations in China are small and many are isolated due to habitat fragmentation. Thus, to recover these wild populations, artificial populations have been established for captive breeding and eventual release. However, several diseases have been reported in these captive populations, including an obvious skin disease. This disease manifests as ulcers and swellings around the limbs, and cases of death always present with intestinal inflammation, indicating severe bacterial infection. According to the records of the breeding stations at the Daguishan and Luokeng nature reserves, this disease kills over 30% of infected juveniles (aged <1 year). In addition to the high mortality rate, the disease also causes stunted growth, further undermining attempts to recover wild population. Of concern, the release of these captive-bred lizards may introduce the disease to unprotected wild populations, further impacting restoration efforts and population decline (2, 14–16). Several reports also suggest that humans are at risk of zoonotic infections from reptiles (6, 8, 17–19). Thus, prevention and control of this disease is a critical challenge. Jiang et al. (14) used metataxonomics to identify the pathogens related to cutaneous granuloma disease in crocodile lizards and Omondi David et al. (20) also use molecular method to detect the pathogen in reptiles (14, 16, 20). However, identification of pathogens in animal skin diseases remains rare. Thus in our earlier study (21), we explored the epidemiology of this skin disease and identified several potential pathogens by sequencing. Notably, we determined the incidence rate and various symptoms of the disease and used 16S rRNA gene sequencing to detect wound microbiota in 12 diseased individuals, with Pseudomonas identified as the most likely pathogen.

Among other reptiles, researches mainly focused on larger animals like turtles or snakes. As the spreading of COVID-19, people are more and more aware of the wild or semi-wild breeding animals for any possible pathogens, infection cases among reptiles are reported more frequently these years, such as Salmonella infection, Nematoda infections and Nidovirus infections (22–29). Among these reports, Pseudomonas infections among lizards are reported since decades before. Lizards were also highlighted because reptiles (pets) were assumed to transfer pathogens to human recent years (30–32). The internal environment for these pathogens, microbiota, both in guts microbiota and skin microbiota, were assumed to play important roles in disease occurrence (33). Microbiota in the gut and skin can fight against pathogens and enhance body immunity, with many studies identifying a relationship between probiotics and health (34–36). Probiotics have been used in livestock and fish breeding, as well as in several human diseases (such as mild enteritis, acne, and atopic dermatitis) (37, 38). With increasing antibiotic resistance, probiotics are an environmentally friendly replacement that may ease some of these issues (39, 40). Probiotics are extensively used in livestock breeding and can effectively prevent disease in animals due to defensive surface protection and immune enhancement, and there are some mechanism researches among livestock (such as Domestic chickens)and human (33, 41). In addition, among marine animals, probiotics are widely applied to ameliorate water quality during breeding. Thus, as a water-living reptile, we assumed that probiotics may help reduce disease incidence in crocodile lizards (39, 42). In the current study, we identified related pathogens in vitro and in vivo and explored the provision of probiotics as an effective measure to prevent skin ulcer disease in these reptiles.



METHODS


Ethical Statement

All experimental procedures were conducted following the guidelines approved by the Institutional Animal Care and Use Committee (IACUC) of Guangxi Normal University (Reference Number: 202105-003).



Bacterial Isolation and Cultivation

Based on our former research (21), we assumed that water in the enclosures may be the main medium for disease outbreaks. Thus, we collected water samples from the enclosures for pathogen extraction and identification. According to our former research, Pseudomonas was considered the most likely pathogen, so we used Pseudomonas selective media, including Pseudomonas CFC selective agar and additives (Qingdao Hope Bio-Technology Co., Ltd., Qingdao, China) and glycerol (LIRCON Medical Technology Co., Ltd., Dezhou, China) to isolate and cultivate Pseudomonas from five breeding pool water samples. We used colony forming units (CFUs) to count bacterial density in these samples. Bacterial cultivation was conducted at 30°C in an incubator for 48 h (43). After that we had a series of bio-chemical tests for the cultivated colonies, including cultivation on Cetrimide agar plates (Qingdao Hope Bio-Technology Co., Ltd., Qingdao, China), Gram staining, Oxidase test (Oxidase test paper made by Qingdao Hope Bio-Technology Co., Ltd., Qingdao, China), Pyocyanin test (Pseudomonas Agar Medium for Detection of Pyocyanin, PDP produced by Qingdao Hope Bio-Technology Co., Ltd., Qingdao, China) and 42°C cultivation test.

After cultivation, colony samples were collected and DNA was extracted (44). The 16S rRNA gene was amplified using 338F (5'-GTGCCAGCMGCCGCGGTAA-3') and 806R (5'-GGACTACHVGGGTWTCTAAT-3') primers. Bacteria were annotated by matching similarity results in the NCBI database using BLASTn (https://blast.ncbi.nlm.nih.gov). These results were genetically and morphologically compared to our former cultivation of P. aeruginosa standard strain (CMCC[B]10104) (Qingdao Hope Bio-Technology Co., Ltd., Qingdao, China). The original colonies were deposited in agar under 28°C for infection verification.



Infection Verification

As crocodile lizards are a protected species, we chose closely related Chinese skinks (Plestiodon chinensis) for in vivo testing and constructed an artificial infection animal model by creating abrasions on the skin of the skinks (14, 16, 45–48). Jiang et al. (14) also used Chinese skinks as an animal model for cutaneous granuloma identification in crocodile lizards. Here, all experimental skinks were adult males obtained from the Longmeng Lizard Breeding Station (Business license: 102620002940) in China. A scalpel was first used to make a small round wound (0.5 cm in diameter) under sterile conditions, after which P. aeruginosa fluid (1 ml, 1CFU:105 ml in solution) was administered to the wounds (14, 16, 33, 41). Two control groups were established, including a no-operation group and a wound-only group. Two separate wounds were created on each of the eight skinks (14, 16).

The skinks were fed crickets once every 2 days and housed under a high humidity (>85%) environment, the same as the crocodile lizard breeding pools (3, 13), with limited bacterial exposure. As soon as the wounds showed obvious infection, we compared them to the crocodile lizard wounds in appearance. The skinks were then sacrificed via oral administration of formalin (30 ml). Tissue sections around the wounds were collected for hematoxylin and eosin (H&E) staining (49) and microscopic observation.



Disease Prevention

Since the Ministry of Agriculture and Rural Affairs of the People's Republic of China (http://www.moa.gov.cn/) announced Proclamation 194 in January 2020 restricting the use of antibiotics in China, other effective methods must be used to prevent animal disease. Here, we evaluated the effects of probiotics on skin disease prevention in crocodile lizards at the captive facility. We recorded all infection cases in 2021 (with probiotic use) and compared the statistics to those recorded in 2019 (with no probiotic use). The disease incidence rate of each group divided by the incidence rate of the control group was determined as an indicator of the effectiveness of the probiotics.

Starting in April 2021, we used three kinds of probiotics and four crocodile lizard groups at the Gandong breeding station to test the effects on skin disease incidence (39, 40, 42, 50–53). Each group contained about 40 animals, according to the maximum allowed by the management regulations of Daguishan National Nature Reserve. The experiment lasted 6 months, from April to October (non-hibernation period).

The four treatment groups were provided with probiotic supplements in food as well as external application. The groups included Group A [30 mg/kg effective microorganism (EM) mixed probiotics, produced by Morishita Jintan Co., Ltd., Japan, containing ~80 probiotics, e.g., Bacillus subtilis, Saccharomyces cerevisiae, Lactobacillus, Cyanobacteria], Group B (60 mg/kg EM mixed probiotics, produced by Morishita Jintan Co., Ltd., Japan, containing ~80 probiotics, e.g., Bacillus subtilis, Saccharomyces cerevisiae, Lactobacillus, and Cyanobacteria), Group C (30 mg/kg of Bacillus subtilis, produced by Qiang Xing Biotech Corporation, Beihai, China), and Group D (30 mg/kg of Saccharomyces cerevisiae, produced by Angel Yeast Corporation, Yichang, China). All groups were divided under systematic sampling. Groups B, C, and D contained equal enclosures of different age and sex (e.g., one adult male, one adult female, two juveniles, and two sub-adult enclosures). Group A contained the remaining lizards not contained in Groups B, C, and D. The doses used in Groups A, C, and D followed the recommendations of the manufacturer, while the dose used in Group B was doubled. All treatment groups were fed probiotics once every 2 days (same as food supply), and water in the enclosures was treated once per week by putting probiotics solutions into pools.

We recorded the incidence rate and death rate in all groups from May to October 2021, as well as disease statistics from the no-probiotics control group (39, 40, 42, 50–53). These data were used for comparative and effectiveness analyses. All crocodile lizards were provided with the same food, including crickets, earthworms, and mealworms. Chi-square test of total incidence cases, one-way analysis of variance (ANOVA) between all groups, and T-test between each two groups were applied to test the effectiveness of the probiotics, with P-values recorded. Statistical analyses were performed using GraphPad Prism (v8.4.2).



Microbiota Test

In October 2021, we performed skin microbiota 16S rRNA gene high-throughput sequencing to determine bacterial infection after probiotic treatment. We used the Levine cotton swab method (54) to collect skin microbiota samples from crocodile lizards from each group. For sequencing, we constructed a 20-μl reaction system using TransGen AP221-02: TranStart Fastpfu Polymerase (TransGen Biotech, Beijing, China), including 5 × FastPfu Buffer (4 μl), 2.5 mM dNTPs (2 μl), forward primer (5 μM, 0.8 μl), reverse primer (5 μM, 0.8 μl), FastPfu Polymerase (0.4 μl), bovine serum albumin (BSA, 0.2 μl), template DNA (10 ng), and distilled water (to volume). Primers 338F (5'-GTGCCAGCMGCCGCGGTAA-3') and 806R (5'-GGACTACHVGGGTWTCTAAT-3') were used to amplify the V3 and V4 hypervariable regions of the 16S rRNA gene. The amplicon library was prepared using a TruSeq R DNA PCR-Free Sample Preparation Kit (Illumina Inc., USA). Sequencing on the Illumina MiSeq platform (150-bp paired-end reads) was performed by the Majorbio Corporation (Shanghai, China). After sequencing, the operational taxonomic units (OTUs) were constructed, and raw tags were filtered using the QIIME2 package (v2020.8) to remove low-quality and chimeric sequences. Sequences with ≥97% similarity were assigned to the same OTU using Uparse in USEARCH (v10). A representative sequence for each OTU was annotated using Mothur1 by searching the SILVA database (https://www.arb-silva.de/) (threshold = 0.8). OTU abundance of P. aeruginosa and skin microbiota composition were compared to groups and 16S rRNA gene analysis results in our previous study (21). All raw sequences obtained from high-throughput sequencing were deposited in the NCBI Sequence Read Archive (SRA) under accession number PRJNA789133.

We sampled water in five random enclosures in Group A in August 2021 to assess the effectiveness of water purification (Groups B, C, and D had so few enclosures they were not included). Total CFUs and P. aeruginosa CFUs were recorded. Statistical analyses (T-tests) were performed using GraphPad Prism (v8.4.2).




RESULTS


Pathogen Verification

Tissue samples from ulcerated and healthy crocodile lizard skin were obtained using Levine cotton swabs. The samples were then cultured in selective P. aeruginosa medium. We found typical colonies with green water-soluble colorants in the ulcer skin samples, but no colonies in the healthy skin samples (Figure 1B). Moreover, we found P. aeruginosa proliferation in the breeding pools at ~40 CFUs/ml according to five water samples (Figure 1A), suggesting that P. aeruginosa proliferation occurred during July and August 2021.The biochemical test shows support for P. aeruginosa identification (images of tests in Supplementary Material, gram negative, 42°C cultivation positive, Cetrimide agar proliferation positive, Pyocyanin test positive and Oxidase test positive), and all bacterial sequence identities showed >97% similarity to the P. aeruginosa standard strain [CMCC(B)10104] (0.98, 0.99, 0.98, 0.97, 0.97, 0.97, 0.98, and 0.98). The green metal-like colonies (as in Figure 1B) supported our assumption morphologically.


[image: Figure 1]
FIGURE 1. (A) Pseudomonas aeruginosa CFUs isolated from five groups of water samples in breeding enclosures. (B) Colonies of P. aeruginosa isolated from water samples on agar plates. (C) Pseudomonas aeruginosa-infected wounds in Chinese skinks. Arrows point to ulcers. (D) Infection rate under P. aeruginosa strain compared to control group, with obvious differences between groups. (E) Pseudomonas aeruginosa-infected wound under the microscope. Arrows point to inflammatory changes.


Pseudomonas aeruginosa infection also caused skin ulcer disease in the Chinese skinks, with white and blue swollen ulcers appearing on the skin around the artificially created wounds, consistent with skin ulcers in the crocodile lizards (Figure 1C). The images showed inflammatory cell infiltration in the interstitial tissues, signifying that true inflammation changes had occurred under the ulcers in Chinese skinks. The wound infection rate reached ~95% 1 week after infection, whereas the wound-only and no-operation groups showed infections rates of 15% and 0%, respectively (Figure 1D). Tissue observation showed inflammatory infiltration in the tissue under the skin (Figure 1E), indicating that P. aeruginosa had caused an infection. These results indicate that the existence of open wounds provides the opportunity for disease, but P. aeruginosa is the decisive factor.



Disease Prevention Result

The incidence rate of disease recorded in showed lower level in all four groups. All groups showed significant differences compared to the control group, indicating that probiotic treatment helped prevent disease against P. aeruginosa infection (Figure 2A). Notably, the total incidence rate was 49.6% (128/258) in the control group and only 10.3% (40/389) in the experimental groups, with significant differences between the control (no-use) and all experiment groups (total) (χ2 = 124.82, P < 0.01, chi-square test). The Group A (mixed probiotics) and Group B (double dose) results indicated that increasing the effective concentration of the probiotics dose had little effect on disease prevention, while Group C (Bacillus subtilis) exhibited a slight increase in effectiveness among the groups, and one-way ANOVA (GraphPad Prism v8.4.2) showed no significant differences among these experimental groups (P = 0.430). The disease incidence rates each month (May to October) indicated that probiotics ameliorated disease outbreak compared with the control, thereby reducing the risk of severe epidemic issues (Figures 2B,C). T-test analysis of each group pair showed no significant differences among the experimental groups, but significant differences compared to the control group except Group D (Group A, P = 0.0374; Group B, P = 0.0299; Group C, P = 0.0140; Group D, P = 0.0581) (Table 1).


[image: Figure 2]
FIGURE 2. (A) Yearly incidence rate of skin disease compared to all four experiment groups and control. (B) Incidence rate each month, with peak in May and October not observed in all experimental groups. (C) Effectiveness of treatment in each experimental group (compared to control). Former three groups showed a high level of effectiveness groups.



Table 1. T-test results between groups.
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Microbiota Functional Analysis

After sequencing, we obtained skin microbiota data from 31 samples from all four treatment groups, and those common species in the central part of Venn graph were highlighted (Figure 3A). P. aeruginosa levels did not show significant differences among the four groups, but OTU abundance was markedly lower than that in samples from the control group [Figures 3B,C, Supplementary Figure 1 (control group)]. Thus, probiotics had a considerable effect on disease prevention, but there was little difference among treatments in preventing P. aeruginosa proliferation. In addition, there was no difference in the effectiveness of doses higher than the minimum effective dose.


[image: Figure 3]
FIGURE 3. (A) Venn diagram of relationship between four experimental groups at genus level from sequencing statistics, with focus on commonality in these groups. (B) Heatmap of microbiota in experimental individuals. Pseudomonas (red arrow) is lower in that in control. (C) Differences in OTU abundance between experiment and control groups. (D) Composition of microbiota in experimental groups. Level of four kinds of pathogen is quite lower than samples from control group (in former research) (19).


The water samples contained 850 CFUs (average) after probiotics usage compared to 37,822 CFUs (average) before probiotics use (P < 0.001, T-test). At the P. aeruginosa level, the samples contained 8.07 CFUs (average) compared to 31.6 CFUs before probiotics usage (P < 0.001, T-test), suggesting that the use of probiotics can inhibit P. aeruginosa proliferation in the water environment of the breeding enclosures.

For microbiota analysis, smooth rare fraction curves showed that sequencing of the skin microbiota was reliable in terms of depth and accuracy (as in Supplementary Figure 2). The dominant genus in the probiotic-treated samples was Deinococcus (Figure 3D). Ralstonia and Pseudomonas were the dominant flora in the untreated crocodile lizard skin, with Acinetobacter and Elizabethkingia also observed in our former research (21). These four bacteria are all reported as pathogens among humans and animals. Based on sample comparison, the OTUs of the four above mentioned pathogens decreased with statistical significance in the probiotic-treated samples. From these results, the change in skin microbiota was associated with a lower possibility of disease occurrence after probiotics usage.




DISCUSSION

In the current study, we investigated the pathogenicity of P. aeruginosa, with evidence supporting the assumption that P. aeruginosa is the pathogen causing crocodile lizard skin infections. Strong evidence supported the source of the P. aeruginosa came from water in pools of enclosures. We also examined changes in the disease incidence rate after probiotics use. In general, the probiotics had a positive influence on skin disease prevention. According to the local breeders at Gandong Station, there were many cases of skin disease in the crocodile lizards in 2017 and 2018 (without probiotics usage), although accurate disease rates and lizard numbers were not recorded. However, compared with levels in 2019 (128/258) and 2020 (97/301), the incidence of disease showed a significant and rapid declining trend in 2021 [40/389 (10.3%) from May to October following the introduction of probiotics from 2020].

Most research on crocodile lizard disease has occurred within the last 5 years. In 2017, Austwickia chelonae was reported to cause cutaneous granuloma in crocodile lizards, with pathogenicity also recorded at another crocodile lizard reserve (14). These captive crocodile lizard infections have impacted species protection, with cases now also found in the wild (July 2021, Yusanchong in Daguishan Reserve, Figure 4). However, reports on these diseases in lizards remain limited. Based on our results, crocodile lizard skin disease was highly dependent on the presence of open wounds, and disease lesions were all located on the extremities or on vulnerable areas such as the abdomen. Notably, infection appeared to start from a small skin injury, before progressing to form ulcers and swellings with wound enlargement.


[image: Figure 4]
FIGURE 4. Typical wild case found in 2019 in Yusanchong of Daguishan National Nature Reserve, Hezhou, China. Infection wound is highlighted by a red circle and showed high similarity to captive cases.


Pseudomonas aeruginosa is a well-known opportunistic pathogen causing diverse diseases in humans and animals. There are several reports about the Pseudomonas aeruginosa infections among reptiles, stocks and human, mainly cause skin infections and can transfer to septicemia (18, 19, 46, 55). These bacteria can cause skin, respiratory, and digestive system infections and septicemia in reptiles (10–12). In addition, reptiles are considered reservoirs for P. aeruginosa, which can spillover and threaten humans and livestock (17–19). Considering the close contact that occurs in zoos and reserves, not only among animals within the same enclosure but also humans and other animals, the spillover risk from crocodile lizards should not be ignored (7, 56). We also observed typical Saprolegnia ferax infection symptoms (white branched filaments on wounds) in several dead crocodile lizards, suggesting that co-infection may be possible in severely diseased cases with larger wounds, as supported by the late changes in Saprolegnia-infected ulcers after water exposure. Due to the abundance and seriousness of antibiotic resistance in P. aeruginosa, as well as the recent prohibition on excessive antibiotic use in China (18, 57, 58), we did not perform an antibiotic sensitivity test (AST). Instead, we studied disease prevention using probiotics rather than antibiotics. Before 2021, captive management at the breeding station relied on 0.1% potassium permanganate solution for body surface disinfection as well as the isolation of cases. In contrast, probiotics provide a cheaper and more environmentally friendly treatment method than disinfectant, without drug-resistance issues (39, 40, 42, 50, 52, 53). Our results showed that disease incidence decreased markedly after probiotic treatment, showing over 60% effectiveness. In the treated crocodile lizards, there was no significant difference in the effectiveness of the different probiotics and no difference in effectiveness at doses above the minimum effective dose. According to our results, the use of probiotics in crocodile lizards should be considered, as supported by previous wound microbial research (33, 43, 59, 60). In addition, as most P. aeruginosa exposure occurs in water, water health in the enclosures should also be monitored. At present, the main water supply for the crocodile lizard enclosures comes from nearby streams (belonging to the He River) and improved water treatment could help reduce disease incidence. Reducing population density within the enclosures may also help limit injury and disease. Furthermore, given their wide use in aquacultural fish breeding, probiotics may be a good approach not only for crocodile lizards but also for other protected animals (39, 40, 42, 52, 53). Our results should benefit lizard breeding and lessen the potential of trans-species disease.

However, due to the limitation of pathogenicity research allowed in our laboratory, further experiments on the underlying disease mechanism, including antibiotic resistance tests, are still ongoing. In the current study, we mainly verified the disease and countermeasures at the macro scale. As such, molecular mechanisms of crocodile lizard immunity and pathogens still need to be further studied.
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Group A (EM mixed probiotics, P < 0.05), Group B (double-cose EM, P < 0.05), and Group C (Bacillus subtils, P < 0.05) showed significant difference to control group. Group D
(Saccharomyces cerevisiae) did not shows significance to control group. *means significant results (P<0.05).
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