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Abstract 29 

Background. The Malayan pangolin (Manis javanica) is a placental mammal and is listed as 30 

Critically Endangered on the IUCN Red List of Threatened Species. Most pPrevious attempts to 31 

breed pangolins in captivity have met with little success because of dietary issues, infections, and 32 

etcother complications, although. Although this used to be the case, Yan et al. (2021) reported 33 

breeding pangolins in captivity to the third generation (1). In our previous pangolin genome 34 

sequencing data analysis, we obtained a considerable amount of bacterial DNA from a pregnant 35 

female Malayan pangolin (named “UM3”), which was likely infected by Paraburkholderia 36 

fungorum – an agent of biodegradation and bioremediation in agriculture.  37 

Methodology. Here, we further confirmed and characterized this bacterial species using PCR, 38 

histological staining, whole-genome sequencing, and bioinformatics approaches. PCR assays 39 

with in-house designed primer sets and 16S universal primers showed clear positive bands in the 40 

cerebrum, cerebellum, lung, and blood tissues of UM3, such as cerebrum, cerebellum, lung, and 41 

blood, suggesting that UM3 might have developed septicaemia. Histological staining showed the 42 

presence of Gram-negative rod-shaped bacteria in the pangolin brain and lungs, indicating the 43 

colonization of the bacteria in these two organs. In addition, PCR screening of UM3’s fetus 44 

tissues revealed the presence of P. fungorum in the gastrocnemius muscle, but not in other 45 

tissues that we examined. We also sequenced and reconstructed the genome of pangolin P. 46 

fungorum, which has a genome size of 7.7 Mbps.  47 

Conclusion. Our study is the first to report present detailed evidence of the presence of P. 48 

fungorum in a carcass of a pregnant mammalian pangolin species and a her fetus (although 49 

preliminary results were presented in Tan et al. (2020) (2)). Here, we raise the concern that P. 50 

fungorum may potentially infect humans, especially YOPI (young, old, pregnant, and 51 

immunocompromised) people. Therefore, caution should be exercised when in using this 52 

bacterial species as biodegradation or bioremediation agents in agriculture.  53 

 54 
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Pangolins are unique terrestrial mammals with special physical traits such as being covered in 59 

scales, lacking teeth, having poor vision, and having a well-developed sense of smell (3). 60 

Pangolins are extremely difficult to maintain and breed in captivity (4, 5) mainly because they 61 

frequently die of infections such as gastrointestinal diseaseinfections, pneumonia, skin disease, parasitic 62 

infections, dietary issues, and etc other complications (4, 5)(5). During a previous pangolin genome 63 

sequencing project, we performed in-silico screening of the contig sequences for bacterial 64 

sequences, and found many exogenous DNA sequences (17). 65 

The genus Burkholderia belongs to β‐Proteobacteria – a Gram-negative, aerobic, rod-shaped 66 

bacteria associated with lethal human diseases (6). They are widely used in agriculture because 67 

they can fix nitrogen, promote plant growth, and degrade recalcitrant chemical compounds (6). 68 

They have been further categorized into Burkholderia and Paraburkholderia – the former being 69 

an animal and plant pathogen, and the latter being environmental and beneficial to plants (7–-9). 70 

Among the well-known members of Burkholderia are B. pseudomallei and B. mallei (both of 71 

which have been used as bioweapons in wars) (10, 11), as well as Paraburkholderia fungorum 72 

which is a soil bacterium usually isolated from diverse ecological niches (12, 13). 73 

Paraburkholderia fungorum is commonly used in agriculture as a biodegradation and 74 

bioremediation agent (14, 15). However, there have been reports of the isolation of P. fungorum 75 

from mouse nose and cystic fibrosis patients (12). Therefore, there are debates on the suitability 76 

of P. fungorum in agricultural use because some people believe that it would affect human 77 

health, although no clear evidence has been reported (16).  78 

Here, we report a case of P. fungorum infection in a pregnant female pangolin (named “UM3”) 79 

and its fetus, supported by evidence from Polymerase Chain Reaction (PCR) assays, histological 80 

analysis, whole-genome analysis, and phylogenetic analysis. Our PCR and whole-genome 81 

sequencing results also showed the presence of this bacterial species in the muscles of the fetus, 82 

suggesting that P. fungorum may also have the capability to colonize the fetus.  83 

 84 

Methods 85 

Ethics statement 86 

Veterinary officers conducted all procedures involving dissecting animals under the oversight of 87 

experts from the Department of Wildlife and National Parks (DWNP) Peninsular Malaysia 88 

(PERHILITAN), following internationally recognized guidelines and approved by the University 89 
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of Malaya Institutional Animal Care and Use Committee (reference number 90 

DRTU/11/10/2013/RH (R)).  91 

 92 

Biological samples 93 

In 2012, more than 40 Malayan pangolins (Manis javanica) were seized in a smuggling 94 

operation by PERHILITAN in Malaysia. One of the female pangolins (“UM3”) was alive and 95 

pregnant , and weigheding 2.73 kg at the time of confiscation. It was euthanized by the 96 

professional and experienced veterinarians at PERHILITAN using the Dolethal® method 97 

(Pentobarbitone sodium 200mg/L; dosage: 1mL/kg body weight) for animal welfare reasons. 98 

Only after the veterinary surgeon had pronounced the animal dead by checking for vital signs 99 

such as breathing and pulse, which ceased within five minutes of administering the drug, several 100 

organs including the cerebellum, cerebrum, lungs, thymus, liver, blood, heart, spleen and, skin of 101 

the female and the fetus’s cerebrum, cerebellum, intestine, kidney, cord blood, liver, lung, and 102 

gastrocnemius muscle were harvested and used in this study. Organ harvest and other sampling 103 

procedures were conducted and tThe samples were immediately flash-frozen immediately using 104 

liquid nitrogen and for subsequently storage stored at -80°C. For DNA extraction, minimal 105 

thawing was performed to obtain the tissue samples. Blood was drawn from seven additional live 106 

adults from the same seizure. Before conducting blood sampling, an anaesthetic mixture of 107 

ketamine-xylazine 1:1 (dosage: 0.5–-1mL per pangolin) or Zoletil 100 (3–-4mg/kg) was injected 108 

intramuscularly (IM) into the adult pangolins (276T, 2T9, 12T, 2T2, UM1, UM2, and UM3) to 109 

minimize their intervention. Once the muscles had relaxed, blood sampling was carried out via 110 

the coccygeal vein located at the tail, using a 5 mL syringe and 21G needle.  111 

 112 

Genomic DNA extraction and library preparation 113 

The fetal gastrocnemius muscle tissue was used for genomic DNA extraction . The extraction 114 

was done using a Qiagen Genomic Tips 20/G kits according to the manufacturer’s protocol. 115 

Genomic DNA  116 

 117 

Library preparation and sequencing 118 
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Llibraries for genomic DNA obtained from fetal muscle were prepared with a fragment length of 119 

approximately 300 bp and sequenced using Illumina HiSeq 2000 following the vendor’s 120 

manufacturer’s sequencing protocol.  121 

 122 

Discovery of bacterial sequences in the pangolin genome 123 

The female pangolin’s genome was previously sequenced and assembled by our group (17). The 124 

tissue-specific genome assemblies were generated by CLC Assembly Cell using sequencing data 125 

from pangolin brain (cerebrum and cerebellum), liver, and lung samples. The sequencing reads 126 

were searched against a bacterial nucleotide sequence database using BLASTN (18). We 127 

screened the bacterial identity using two criteria: 90% sequence identity and 90% sequence 128 

coverage, and 97% sequence identity and 97% sequence coverage.  129 

 130 

Average nucleotide identity (ANI) and average amino acid identity (AAI) analyses 131 

The average nucleotide identity (ANI) values between bacterial species were calculated using 132 

previously described methods (19–-22). We used two-way BLAST and only used the forward 133 

and reverse-matched orthologs in the calculations. For robustness, the BLAST hits were filtered 134 

for at least 50% identity at the nucleotide and amino acid level, and a sequence coverage of at 135 

least 70%.  136 

The protein sequences of 18 genomes belonging to the Paraburkholderia and Burkholderia 137 

genera were annotated using Rapid Annotation Search Tool (RAST) (23). The RAST-predicted 138 

protein sequences for each assembly were retrieved, and average amino acid identity (AAI) 139 

values were calculated using the AAI calculator (19, 20).  140 

 141 

PCR assays 142 

To further validate the presence of the bacterial sequences in the pangolin, the frozen tissue 143 

samples of pangolin UM3 and her fetus were examined. The gGenomic DNA was extracted from 144 

nine adult tissues (cerebrum, cerebellum, liver, lungs, heart, spleen, thymus, skin, and blood) and 145 

the eight fetal tissues (cerebrum, cerebellum, intestine, kidney, cord blood, liver, lung, and 146 

gastrocnemius muscle), and these were screened using polymerase chain reaction (PCR) assays. 147 

Three different target genomic regions that showed top hits to the bacteria identified from the 148 

previous BLASTN results were selected to design and synthesize novel PCR primers. We used 149 

Commented [Rev1]: This has now been included in the 
Introduction. 
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bacterial universal 16S primers and three in-house designed primer sets (Table S1), targeting 150 

bacterial 16S rRNA, Burkholderia-specific transposase genomic region, OI25_7129 hypothetical 151 

protein genomic region, and the P. fungorum-specific DNA polymerase genomic region, 152 

respectively.  153 

All PCR assays were performed using a total reaction volume of 50 µL containing 160 ng 154 

purified organ gDNA, 0.3 mol of each primer, deoxynucleotides triphosphates (dNTP, 400 µM 155 

each), 1.0 U Taq DNA polymerase and a supplied buffer. The PCR was performed as follows: 156 

one cycle (94ºC for two minutes) for initial denaturation; 35 cycles (98ºC for 10 seconds; 68ºC 157 

for three minutes) for annealing and DNA amplification. After completion of PCR, we visualized 158 

the PCR products on a 1% TAE agarose gel at 100V for 70 minutes. The PCR products were 159 

purified by GeneJET PCR Purification Kit and directly sequenced with the same primers using 160 

BigDye© Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems) for validation.  161 

 162 

Tissue preparation and histological staining 163 

We examined the histology of the adult pangolin’s cerebellum and lungs. Each of the thawed 164 

organs was excised into two sets of smaller tissue pieces and fixed in 10% buffered formalin at 165 

12ºC for a week, followed by embedding in paraffin wax to produce paraffin blocks. For 166 

histology, the tissue blocks were sectioned on a rotary microtome (Leica RM2235, Leica 167 

Biosystems) with using a blade of 3 μm blade. To prevent cross contamination, the blades were 168 

cleaned with 99% ethanol between sections. Subsequently, the slices were dewaxed using graded 169 

alcohol. Tissue slices were separately counterstained using hematoxilin/eosin (HE, Sigma) for 170 

tissue abnormality such as inflammation, and Brown-Hopps Gram stains for bacterial presence, 171 

as described by (24). Slices were examined under a light microscope with a Leica DF300 camera 172 

(Leica).  173 

 174 

Assembly of P. fungorum genomes 175 

To further analyse the genomes of P. fungorum, we assembled genomes using three different 176 

strategies: (i) mapping reads from UM3’s cerebrum and cerebellum whole-genome data onto P. 177 

fungorum reference genome ATCC BAA-463 reference genome (Aaccession number: 178 

CP010024-27) and assembling them into contigs; (ii) sequencing the DNA extracted from 179 

UM3’s fetal muscle and mapping these reads onto the P. fungorum reference genome and 180 
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assembling them into contigs, and (iii) mapping reads from UM3’s cerebrum, cerebellum, and 181 

fetal muscle whole-genome data onto the P. fungorum reference genome and assembling them 182 

into contigs.  183 

The core-genome single nucleotide polymorphisms (SNPs) were employed in constructing a 184 

sturdy phylogenetic tree to determine the taxonomic classification of these genomes. Core-185 

genome SNPs are single nucleotide polymorphisms (SNPs) that are found in the core genome of 186 

a species or a group of closely related strains (25) and . They are commonly used in phylogenetic 187 

studies to infer evolutionary relationships among bacterial populations. The use of core-genome 188 

SNPs has been shown to be a powerful tool for phylogenetic analyses, as they are less likely to 189 

be subject to homoplasy (convergence or reversal of nucleotide changes) compared to other 190 

markers. The assembled genome sequences and 17 Seventeen other Burkholderia and 191 

Paraburkholderia whole-genome sequences were retrieved from NCBI 192 

(http://www.ncbi.nlm.nih.gov) (26; ) as shown in Table S2), with the sequences used being  (the 193 

selected genome sequences for other Burkholderia and Paraburkholderia were similar to those 194 

used by the previously published article in Tan et al. (2020) (2)). The newly generated and 195 

reference sequences were uploaded to the PanSeq server to identify the core-genome SNPs in 196 

common genomic regions (27), and t. The extracted core SNPs were subsequently merged into a 197 

lengthy continuous sequence for each genome. Recent studies used conserved sequence indels 198 

(CSI) to study the relationships between species of Burkholderia and Paraburkholderia (7). 199 

Thus, conserved sequence indelsCSI had been performedwere used to further verify the 200 

taxonomic classification in this study. The CSI wasConserved  sequence indels were identified 201 

using the protein sequence of the assembled genome (iii) and 17 selected closely related species 202 

that were detected by ProteinOrtho (28).  and The resultant the 27 CSI were further aligned using 203 

ClustalW (29). The phylogenicy trees using sequences of core genome SNPs and CSI were 204 

reconstructed using MEGA-X (30). Neighbour-joining trees were was inferred using the 205 

Kimura’s two parameter model and nodal support was estimated using 1,000 non-parametric 206 

bootstrap replicates. 207 

 208 

Results 209 

Presence of bacterial sequences in UM3 210 
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In our previous pangolin genome sequencing project, we sequenced the genomes of pangolin 211 

cerebellum, cerebrum and liver using the Illumina HiSeq2000 platform (17). During an in-silico 212 

bacterial sequence screening of the contig sequences of the tissue-specific assemblies using 213 

BLAST, we found many exogenous DNA sequences. The bacterial sequences were found in the 214 

assemblies of the cerebrum and cerebellum, but not in the liver assembly (Table S3). 215 

Specifically, in the assembled cerebral genome, there were 6,730 contigs mapped to bacterial 216 

genomes, where 6,635 of them (98.58%) had best matches with P. fungorum. Similarly, in the 217 

cerebellum-specific genome, 3,533 contigs mapped to bacterial genomes, among which 3,452 218 

(97.7%) were from P. fungorum. These results indicate that the cerebrum and cerebellum tissues 219 

were predominantly colonised or infected by P. fungorum aleven though they should be sterile.  220 

 221 

PCR screening and Sanger sequencing across different tissues of UM3  222 

Our results showed clear positive bands in the lung, cerebrum, cerebellum, and blood of UM3 223 

(Fig. 1). A ; albeit weaker positive band was also visible showed in the liver (Fig. 1, whereas no 224 

clear bands were observed in the other tissue types (Fig. 1). The positive band in the blood tissue 225 

indicates that UM3 might have developed septicaemia.  226 

 227 

Histological examinations 228 

To further confirm the presence of P. fungorum in UM3, the lung and cerebellum tissues were 229 

dissected and stained using Brown-Hopps Gram stains. Our staining revealed the presence of 230 

gram-negative and rod-shaped bacteria with a size of approximately 6–-7 microns, supporting 231 

the notion that the lungs and cerebellum were invaded by P. fungorum (Fig. 2A, B, D, and E).  232 

Histopathology screening was also performed using hematoxylin/eosin (H&E) staining to 233 

confirm the P. fungorum infection in the pangolin lung and brain (cerebrum and cerebellum). 234 

The histological presentation of Paraburkholderia infection observed from lung tissues in other 235 

mammals is an abscess composed of cellular debris, numerous degenerate neutrophils, and 236 

macrophages that contain abundant intracytoplasmic basophilic material composed of rod-237 

shaped bacteria (31). However, our analyses investigations showed no significant pathological 238 

signs in the dissected organs (Fig. 2C and F).  While this may suggest that the bacteria could 239 

colonise pangolin tissues without any overt disease pathological presentations, we cannot rule 240 

out the possibility that the P. fungorum might have invaded the pangolin host after the immune 241 

Commented [Rev2]: This should be moved to the 
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system had been compromised under the stressful conditions and was at an early stage of 242 

infection before any observable histological changes occurred in the tissues.  243 

 244 

Presence of P. fungorum in other adult pangolins 245 

To examine whether the presence of P. fungorum in the UM3 pangolin organs was an isolated 246 

case, we randomly selected and screened for the presence of P. fungorum in the blood of four 247 

live individual adult pangolins (26T, 2T9, 12T, and 2T2) that were seized in the same batch as 248 

UM3.  in the operation by PERHILITAN using the same sets of primers (Table S1) (32). As a 249 

control, wWe also tested the blood of two living individuallive adult pangolins (UM1 and UM2) 250 

seized in a separate operation. UM 3 was included as a positive control. All samples were 251 

screened for the presence of P. fungorum using the same primer sets as were used for UM3 and 252 

her fetus (Table S1). Of the seven blood samples, four (2T9, 12T, 2T2, and UM3) showed 253 

positive PCR bands for P. fungorum, and the bacterial identitiyes were was confirmed by Sanger 254 

sequencing and phylogenetic analyses (see Choo et al. 2020 refer to our previous publication 255 

Figure 4 and Supplementary Table S4 (32)), again indicating that the pangolins' blood were was 256 

infected by P. fungorum (Fig. 3).  257 

 258 

Paraburkholderia  fungorum may have the capability to colonize infect the fetus 259 

Since UM3 was pregnant, we wondered whether its fetus was also infected by P. fungorum. To 260 

examine this, we harvested and screened tissues of from its fetus (including cord blood, lungs, 261 

intestine, kidney, liver, and brain) by performing PCR with the same sets of primer setss. We 262 

found that the fetal gastrocnemius muscle showed clear positive PCR bands (Fig. 4), and the 263 

bacterial identity ies werewas confirmed by Sanger sequencing and phylogenetic analyses (see 264 

Choo et al. 2020 refer to our previous publication Figure 4 and Supplementary Table S4 (32)). , 265 

but nNo significant bands were observed in other tissues (cerebrum, cerebellum, kidney, lung, 266 

cord blood, intestine and liver; ) (Fig. 4). Furthermore, the fetal muscle genome was also 267 

sequenced using the Illumina HiSeq 2000 platform with a 20X sequencing coverage (after 268 

removing the pangolin sequences) and we found a substantial amount of P. fungorum DNA 269 

sequences.  270 

 271 

Assembly of P. fungorum genomes 272 

Commented [Rev3]: This should be moved to the 
Discussion. 
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The newly assembled genome sequences of P. fungorum (accession numbers: CP028829–273 

CP028832) can be downloaded from the GenBank database at the National Center for 274 

Biotechnology Information (NCBI) website. Our whole-genome results confirm that the 275 

sequences are most similar to the P. fungorum reference sequence ATCC BAA-463 (Figs. 5 & 6) 276 

which further validatesd the assignment of our sequences to P. fungorum ATCC BAA-463 (Fig. 277 

6).  278 

To further validate this species assignment, wWe analyzed the genomes of the identified 279 

compared the P. fungorum genomes and compared them to other Burkholderial and 280 

Paraburkholderial species using . ANI and AAI values. These comparisons indicated were used 281 

for this comparison, which showed that the identified P. fungorum was closely related to the 282 

reference P. fungorum ATCC BAA-463, with an ANI value of 98.49% (Fig. 7). Other species 283 

had ANI values below the threshold of 97% used to define a species (19). The identified P. 284 

fungorum found in UM3's brain and fetal muscle had almost identical AAI and ANI values, 285 

indicating that they were from the same source. The ANI, AAI, and core-genome SNP-based 286 

phylogenetic analyses provided consistent evidence for the presence of P. fungorum in UM3. 287 

 288 

 289 

Discussions 290 

Here, we report a case of infection of P. fungorum in a pregnant placental mammal, the Malayan 291 

pangolin and its fetus. The presence of P. fungorum in Malayan pangolins was confirmed by 292 

PCR assays, histological examinations, whole-genome sequencing, phylogenetic analyseis, ANI 293 

and AAI analyses. We observed the presence ofdetected P. fungorum in sequences across 294 

UM3’sthe  cerebrum, cerebellum, lung, and blood of the pregnant adult Malayan pangolin, but 295 

not in other tissues that we examined. Gram-negative and rod-shaped bacteria with a size of 296 

approximately 6–-7 microns in the lungs and cerebellum provide strong evidence to support the 297 

invasion of P. fungorum in these supposedly sterile mammalian tissues. Wiersinga et al. (33) 298 

suggested that the lung is the primary target organ for infectious Burkholderia species such as B. 299 

pseudomallei and B. mallei. Moreover, P. fungorum has been isolated from blood of humans 300 

with septicaemia, and the bacterium was being transported in the circulatory system to other host 301 

organs (12, 34). The fact that the adult female pangolin’s blood tested positive for P. fungorum 302 
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positive band in the blood tissuecould indicates that UM3 might haveshe had developed 303 

septicaemia.  304 

 305 

Therefore, P. fungorum might have initiated a systemic infection through the lungs of UM3 and 306 

spread to other critical organs, including the brain and blood.  307 

 308 

 309 

Our results are the For the first to time, our data reported indicate that P. fungorum could can 310 

colonize the pangolin brain tissues. Colonisation of the brain could have occurred by A 311 

possibility is that the bacterial species might invade invading the pangolin blood-brain barrier 312 

(BBB), or through gaining access via . Another possibility is that it might invade the brain 313 

through the olfactory nerve. The second possibility is more likely for two main reasons. First, Iit 314 

has been demonstrated that other Burkholderia species such as B. pseudomallei can invade the 315 

nerves of the nasal cavity by colonizing the thin respiratory epithelium and rapidly migrating 316 

along the underlying trigeminal nerve to penetrate the cranial cavity, thus leading to direct brain 317 

infection without going through the BBB (37). Therefore, it is possible that the genetically 318 

related P. fungorum may also invade the pangolin brain via olfactory nerve cells. Second, 319 

Ppangolins are presumed to have weak immunity due to the loss of the interferon epsilon (IFNE) 320 

gene, which is exclusively expressed in other mammalian epithelial cells and is important for 321 

skin and mucosal immunity (17). The weakened mucosal immunity of pangolin may make the 322 

invasion of P. fungorum into the olfactory epithelium easier.  323 

 324 

Altogether, our data have confirmed the existence of P. fungorum in the fetal muscle and suggest 325 

the possibility of transplacental infection or an ascending infection pathway from the cervix. Our 326 

PCR assays showed the presence of P. fungorum in pangolin fetal gastrocnemius muscle, but not 327 

in other fetal tissues (e.g., cord blood, lung, and brain). Our results suggest that this bacterial 328 

species can infect a mammalian fetus in vitro; however, its underlying mechanism remains 329 

unknown. Notably, B. pseudomallei has been reported to cause infectious disease in a pregnant 330 

woman, resulting in intrauterine infection with a subsequent spontaneous abortion (38). 331 

Therefore, it is possible that pangolin P. fungorum can colonized the fetal muscle via a 332 

transplacental invasion as previously shown in B. pseudomallei in goats (39). However, it this 333 
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scenario is unlikely since we could not detect P. fungorum in the umbilical cord blood. Another 334 

possibility is that P. fungorum invaded the fetus through the urinary tract. This mechanism is 335 

similar to the invasive Group B Streptococcus bacteria that are able to infect the perinatal space 336 

in humans (40). Another possible mechanism is that the P. fungorum may be an invasive 337 

bacterial species that can penetrate the mucosa-protected cervix of the female pangolin and 338 

bypass the amnion of the uterus and the fetal skin before arriving in the leg muscle. Notably, 339 

some invasive pathogens such as Group B Streptococcus (40), Listeria monocytogenes (41) and 340 

Mycoplasma hominis (42) are also known to use this route to infect fetusses. If it is true, this 341 

could be the first indirect evidence to show that P. fungorum can be an invasive bacterial species, 342 

and this possibility deserve more further studyies.  343 

 344 

Paraburkholderia fungorum was detected in more than half of the seven individuals that were 345 

tested, indicating that it is not an isolated case. Furthermore, All the pangolins that tested positive 346 

showing positive PCR bands were all originated from the same seizurebatch 1, supporting our 347 

view that P. fungorum in UM3 is not an isolated case. It is possible that  P. fungorum was 348 

transmitted between the individuals in this seizure due to their unnaturally close proximity and 349 

probably compromised immunity owing to the stress of being trafficked– perhaps they might be 350 

transmitted within the batch 1 pangolins. This possibility is lent support by the Pphylogenetic 351 

analyseis and sanger sequencing, which  also confirmed that they had carriedy the identical P. 352 

fungorum sequences, suggesting that the P. fungorum were transmitted among the pangolins. 353 

Based on these limited observations, animal-to-animal transmission may be common in seized 354 

pangolins, perhaps due to their reported poor immunity (5, 17) especially under stressful 355 

conditions. The lack of obvious pathological manifestations in the tissues examined in this study 356 

despite the evidence of theconfirmed presence of P. fungorumthe bacterium also merits further 357 

longitudinal observations of pangolin infections by P. fungorumstudy. The lack of pathological 358 

symptoms may suggest that the  359 

bacteria is able to colonise pangolin tissues without any overt symptomatic presentation, 360 

although we cannot rule out the possibility that the infection was at an early stage, with a 361 

resultant absence of any observable histological changes in the tissues.  362 

Also, our finding shows that P. fungorum was detected in more than half of seven other 363 

individual pangolin blood samples tested showing that it is not an isolated case and thus supports 364 
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the view that it is unlikely a contamination of the organ samples during sample preparation and 365 

suggests that the pangolin had potentially developed septicaemia. As the bacteria was detected in 366 

the blood samples of mostly the same batch of pangolin, it might also suggest that the bacteria 367 

were transmitted among the pangolins. Phylogenetic analysis and sanger sequencing also 368 

confirmed that they had carry the identical P. fungorum sequences, suggesting that the P. 369 

fungorum were transmitted among the pangolins. Based on these limited observation, animal-to-370 

animal transmission may be common in seized pangolins, perhaps due to their reported poor 371 

immunity (5, 17) especially under stressful conditions. Therefore, we believe that our findings 372 

suggest the need for increased vigilance and testing for diseases in captive pangolins, particularly 373 

those that have been subjected to stressful conditions. 374 

 375 

In light of addition, looking at the Malayan pangolin’s ecology and lifestyle of burrowing in the 376 

soil, sleeping in the burrows, and foraging in tearing apart ant and termites’ nests, they the 377 

pangolin could probably obtain the P. fungorum naturally from the environment naturally. 378 

However, all tested pangolins were from the illegal wildlife trades, where they would be 379 

stressed, maintained in an unnatural environment, and occur in unnaturally close proximity for 380 

an unnaturally long length period of time. It is generally accepted that trafficking (and the 381 

resultant reduction in immunity brought on by stress) increases the risk of disease spillover 382 

between species. Therefore, the fact that P. fungorum was found in pangolins in trade does not 383 

necessarily mean that it naturally occurrsing in pangolins. This is lent support by P. fungorum 384 

only being detected in individuals that were sampled from the same trafficking event could 385 

possibly be due to a spillover event. Moreover, the pangolin is well-known to have a poor 386 

immune system especially under stress condition which more susceptible to infection, in our case 387 

they could probably obtained the P. fungorum from the environment that they were kept in 388 

during smuggling (e.g., a contaminated floor, combined with a weakened immune system due to 389 

stress of being trafficked).Thus, the investigation of wild pangolins needs to be undertaken to 390 

assess whether this is indeed an example of a spillover event, or whether P. fungorum does 391 

indeed occur naturally in wild pangolins. 392 

 393 

In another aspect, several other opportunistic pathogenic burkholderial species (e.g. B. 394 

phytofirmans,  and B. cepacia complex ; and etc) (14, 43) have also been  suggested as 395 
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bioremediation/ biodegradation medium agents for polycyclic aromatic hydrocarbon (PAHs) 396 

contaminated soil (14) and oxidised halo-benzene contaminated water (44, 45). The P. 397 

araburkholderia fungorum is able to degrade the polycyclic aromatic hydrocarbon (PAH) 398 

phenanthrene, as well having the ability to remove heavy metals from contaminated soil (15). 399 

The use of Burkholderia species including P. fungorum, in bioremediation, however, potentially 400 

increases the possibility of burkholderial infection in both humans and animals by artificially 401 

introducing these bacteriam into the environment and should be treated with caution. Similarly, 402 

the extensive use of Paraburkholderiales as a plant growth promoting bacteria (PGPB) and plant 403 

growth promoting rhizobacteria (PGPR) in agricultureal needs to be revised and re-evaluated. 404 

However, our previous study has demonstrated the presence of virulence and defence 405 

mechanisms associated with pathogenesis in the pangolin genome data (2) as well as a 406 

histopathological distribution in organs supporting its pathogenicity in pangolins. Taken together 407 

with other documented cases of identified P. fungorum in human and animals (13, 46, 47), we 408 

presume posit that this species could be classified as a potential and probably opportunistic 409 

pathogen. The Burkholderia species exhibits zoonotic capabilities as well as being an 410 

opportunistic pathogens (48), however, the zoonotic capabilities of the subgroup 411 

Paraburkholderia is not yet well understood. Hence, the results of thise study on the pangolin 412 

identifyingied P. fungorum in pangolins supports the possibility of its zoonotic and opportunistic 413 

potential. This is especially so as the human pathogenic species has also previously been isolated 414 

in the cerebrospinal fluid (49), and the synovial tissue of humans (46). Notably, there are some 415 

reported clinical cases such as a nine-year-old female with P. fungorum causing septicaemia 416 

(13), a 66-year-old woman with P. fungorum LMG 16307 observed in the cerebrospinal fluid 417 

(33), and P. fungorum V02 10158 cultured from a pregnant woman’s vaginal secretion (33). Our 418 

study showed that P. fungorum could cause septicaemia and colonize the brain and lungs, as well 419 

as fetus, supporting the pathogenicity of P. fungorum. Our study may raise an alert on the use of 420 

P. fungorum in agriculture. We cannot rule out the possibility that P. fungorum may potentially 421 

target YOPI (young, old, pregnant, and immunocompromised) people. 422 

 423 

Our study highlights the importance of improving the management of these endangered 424 

pangolins in captivity. We should provide cCareful treatments and extensive medical care should 425 

be provided to pangolins in captivity because they frequently succumb to infection. . It is 426 
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important to provide a hygienic environment (as well as hygienic food and water) when keeping 427 

pangolins in captivity in order to minimize the risk of infection and stress. Regular monitoring of 428 

possible infections (e.g., have blood tests if the individuals show signs of disease) may also be an 429 

important measure in the rescue and conservation of the threatened pangolins in captivity.  430 

 431 

Conclusion 432 

This study provides a first insight into the first discovery of Paraburkholderia fungorum in a 433 

mammal species, the Malayan pangolin. We believe that pangolins can be a reference for 434 

humans, particularly the immunocompromised people, due to their reduced immunity. Our study 435 

may also raise the concern for over the usage of P. fungorum as a biodegradation or 436 

bioremediation agents in agriculture. Limited information is available in the literature regarding 437 

the potential impacts of this bacteria on pangolin health and conservation. However, given the 438 

importance of pangolin conservation and the threat of disease to their survival, further research is 439 

needed to understand the potential risks posed by Paraburkholderia P. fungorum to this 440 

vulnerable Critically Endangered species. More research is necessary to determine the potential 441 

transmission pathways of P. fungorum, the effects of exposure to the bacteria on pangolin health, 442 

and potential management strategies to mitigate the risk of transmission. 443 

 444 

Declaration of Competing Interest 445 

The authors have no conflicts of interest.  446 

 447 

Authors Contribution 448 

CSW conceived and coordinated this project. CSW, RH, and FTS performed animal handling 449 

and , sampling, and tagging. TKY, RH and TTK performed experiments. TKY, TTK and RH 450 

analyzed data. KTW performed staining and histology experimentsexaminations. CSW, TKY, 451 

SD, TTK, TBM Mohidin and RF wrote the manuscript, which was revised by TBM Mohidin and 452 

RF. This project was conducted under supervision of SWC and RF. All authors read and 453 

approved the final manuscript.  454 

 455 

Data Availability Statement 456 

Commented [Rev4]: No mention has been made in the 
manuscript regarding "animal tagging". 



  
 

16 
 

The genome datasets analyzed for this study can be found in the GenBank database with 457 
Accession numbers: CP028829–- CP028832.   458 

 459 

References 460 

1. Yan D, Zeng X, Jia M, Guo X, Deng S, Tao L, Huang X, Li B, Huang C, Que T. 461 
Successful captive breeding of a Malayan pangolin population to the third filial generation. 462 
Communications Biology. 2021;4(1):1212. 463 
2. Tan KY, Dutta A, Tan TK, Hari R, Othman RY, Choo SW. Comprehensive genome 464 
analysis of a pangolin-associated Paraburkholderia fungorum provides new insights into its 465 
secretion systems and virulence. PeerJ. 2020;8:e9733. 466 
3. Ganguly S. Pangolin-zoological characteristics and its uniqueness in mammalian group. 467 
Journal of Entomology and Zoology Studies. 2013;1(1):1-2. 468 
4. Yang CW, Chen S, Chang CY, Lin MF, Block E, Lorentsen R, Chin JS, Dierenfeld ES. 469 
History and dietary husbandry of pangolins in captivity. Zoo Biology: Published in affiliation 470 
with the American Zoo and Aquarium Association. 2007;26(3):223-30. 471 
5. Hua L, Gong S, Wang F, Li W, Ge Y, Li X, Hou F. Captive breeding of pangolins: 472 
current status, problems and future prospects. ZooKeys. 2015(507):99. 473 
6. Dias GM, de Sousa Pires A, Grilo VS, Castro MR, de Figueiredo Vilela L, Neves BC. 474 
Comparative genomics of Paraburkholderia kururiensis and its potential in bioremediation, 475 
biofertilization, and biocontrol of plant pathogens. MicrobiologyOpen. 2019;8(8):e00801. 476 
7. Sawana A, Adeolu M, Gupta RS. Molecular signatures and phylogenomic analysis of the 477 
genus Burkholderia: proposal for division of this genus into the emended genus Burkholderia 478 
containing pathogenic organisms and a new genus Paraburkholderia gen. nov. harboring 479 
environmental species. Front Genet. 2014;5:429. 480 
8. Beukes CW, Palmer M, Manyaka P, Chan WY, Avontuur JR, van Zyl E, Huntemann M, 481 
Clum A, Pillay M, Palaniappan K. Genome data provides high support for generic boundaries in 482 
Burkholderia sensu lato. Frontiers in Microbiology. 2017;8:1154. 483 
9. Estrada-de Los Santos P, Palmer M, Chávez-Ramírez B, Beukes C, Steenkamp ET, 484 
Briscoe L, Khan N, Maluk M, Lafos M, Humm E. Whole genome analyses suggests that 485 
Burkholderia sensu lato contains two additional novel genera (Mycetohabitans gen. nov., and 486 
Trinickia gen. nov.): implications for the evolution of diazotrophy and nodulation in the 487 
Burkholderiaceae. Genes. 2018;9(8):389. 488 
10. Larsen JC, Johnson NH. Pathogenesis of Burkholderia pseudomallei and Burkholderia 489 
mallei. Military Medicine. 2009;174(6):647-51. 490 
11. Wheelis M. First shots fired in biological warfare. Nature. 1998;395(6699):213-. 491 
12. Coenye T, Laevens S, Willems A, Ohlen M, Hannant W, Govan JR, Gillis M, Falsen E, 492 
Vandamme P. Burkholderia fungorum sp. nov. and Burkholderia caledonica sp. nov., two new 493 
species isolated from the environment, animals and human clinical samples. International Journal 494 
of Systematic and Evolutionary Microbiology. 2001;51(Pt 3):1099-107. 495 
13. Gerrits GP, Klaassen C, Coenye T, Vandamme P, Meis JF. Burkholderia fungorum 496 
septicemia. Emerging Infectious Diseases. 2005;11(7):1115. 497 
14. Andreolli M, Lampis S, Zenaro E, Salkinoja-Salonen M, Vallini G. Burkholderia 498 
fungorum DBT1: a promising bacterial strain for bioremediation of PAHs-contaminated soils. 499 
FEMS Microbiology Letters. 2011;319(1):11-8. 500 



  
 

17 
 

15. Liu X-x, Hu X, Cao Y, Pang W-j, Huang J-y, Guo P, Huang L. Biodegradation of 501 
phenanthrene and heavy metal removal by acid-tolerant Burkholderia fungorum FM-2. Frontiers 502 
in Microbiology. 2019;10:408. 503 
16. Jones A, Dodd M, Webb A. Burkholderia cepacia: current clinical issues, environmental 504 
controversies and ethical dilemmas. European Respiratory Journal. 2001;17(2):295-301. 505 
17. Choo SW, Rayko M, Tan TK, Hari R, Komissarov A, Wee WY, Yurchenko AA, Kliver 506 
S, Tamazian G, Antunes A. Pangolin genomes and the evolution of mammalian scales and 507 
immunity. Genome Research. 2016;26(10):1312-22. 508 
18. Mount DW. Using the Basic Local Alignment Search Tool (BLAST). CSH protocols. 509 
2007;2007:pdb top17. 510 
19. Goris J, Konstantinidis KT, Klappenbach JA, Coenye T, Vandamme P, Tiedje JM. DNA-511 
DNA hybridization values and their relationship to whole-genome sequence similarities. 512 
International Journal of Systematic and Evolutionary Microbiology. 2007;57(Pt 1):81-91. 513 
20. Rodriguez-R LM, Konstantinidis KT. Bypassing cultivation to identify bacterial species. 514 
Microbe. 2014;9(3):111-8. 515 
21. Ang MY, Dutta A, Wee WY, Dymock D, Paterson IC, Choo SW. Comparative genome 516 
analysis of Fusobacterium nucleatum. Genome Biology and Evolution. 2016;8(9):2928-38. 517 
22. Tan SY, Tan IKP, Tan MF, Dutta A, Choo SW. Evolutionary study of Yersinia genomes 518 
deciphers emergence of human pathogenic species. Scientific Reports. 2016;6:36116. 519 
23. Aziz RK, Bartels D, Best AA, DeJongh M, Disz T, Edwards RA, Formsma K, Gerdes S, 520 
Glass EM, Kubal M, Meyer F, Olsen GJ, Olson R, Osterman AL, Overbeek RA, McNeil LK, 521 
Paarmann D, Paczian T, Parrello B, Pusch GD, Reich C, Stevens R, Vassieva O, Vonstein V, 522 
Wilke A, Zagnitko O. The RAST Server: rapid annotations using subsystems technology. BMC 523 
genomics. 2008;9:75. 524 
24. Brown RC, Hopps HC. Staining of bacteria in tissue sections; a reliable Gram stain 525 
method. American Journal of Clinical Pathology. 1973;60:234-40. 526 
25. Vignal A, Milan D, SanCristobal M, Eggen A. A review on SNP and other types of 527 
molecular markers and their use in animal genetics. Genetics selection evolution. 528 
2002;34(3):275-305. 529 
26. Pruitt KD, Tatusova T, Maglott DR. NCBI reference sequences (RefSeq): a curated non-530 
redundant sequence database of genomes, transcripts and proteins. Nucleic acids research. 531 
2007;35(Database issue):D61-5. 532 
27. Laing C, Buchanan C, Taboada EN, Zhang Y, Kropinski A, Villegas A, Thomas JE, 533 
Gannon VP. Pan-genome sequence analysis using Panseq: an online tool for the rapid analysis of 534 
core and accessory genomic regions. BMC bioinformatics. 2010;11:461. 535 
28. Lechner M, Findeiß S, Steiner L, Marz M, Stadler PF, Prohaska SJ. Proteinortho: 536 
detection of (co-) orthologs in large-scale analysis. BMC bioinformatics. 2011;12(1):124. 537 
29. Thompson JD, Gibson TJ, Higgins DG. Multiple sequence alignment using ClustalW and 538 
ClustalX. Current protocols in bioinformatics. 2003(1):2.3. 1-2.3. 22. 539 
30. Kumar S, Stecher G, Li M, Knyaz C, Tamura K. MEGA X: Molecular Evolutionary 540 
Genetics Analysis across Computing Platforms. Molecular biology and evolution. 541 
2018;35(6):1547-9. 542 
31. Glaros TG, Blancett CD, Bell TM, Natesan M, Ulrich RG. Serum biomarkers of 543 
Burkholderia mallei infection elucidated by proteomic imaging of skin and lung abscesses. 544 
Clinical Proteomics. 2015;12(1):1-14. 545 



  
 

18 
 

32. Choo SW, Zhou J, Tian X, Zhang S, Qiang S, O'Brien SJ, Tan KY, Platto S, Koepfli KP, 546 
Antunes A. Are pangolins scapegoats of the COVID‐19 outbreak?‐CoV transmission and 547 
pathology evidence.? Conservation Letters. 2020:e12754. 548 
33. Wiersinga WJ, van der Poll T, White NJ, Day NP, Peacock SJ. Melioidosis: insights into 549 
the pathogenicity of Burkholderia pseudomallei. Nat Rev Microbiol. 2006;4(4):272-82. 550 
34. Gerrits GP, Klaassen C, Coenye T, Vandamme P, Meis JF. Burkholderia fungorum 551 
septicemia. Emerging Infectious Diseases. 2005;11(7):1115-7. 552 
35. Strunk N, Engesser KH. Degradation of fluorobenzene and its central metabolites 3-553 
fluorocatechol and 2-fluoromuconate by Burkholderia fungorum FLU100. Applied Microbiology 554 
Biotechnology. 2013;97(12):5605-14. 555 
36. Dobslaw D, Engesser KH. Degradation of toluene by ortho cleavage enzymes in 556 
Burkholderia fungorum FLU100. Microbial biotechnology. 2015;8(1):143-54. 557 
37. John JAS, Ekberg JA, Dando SJ, Meedeniya AC, Horton RE, Batzloff M, Owen SJ, Holt 558 
S, Peak IR, Ulett GC. Burkholderia pseudomallei penetrates the brain via destruction of the 559 
olfactory and trigeminal nerves: implications for the pathogenesis of neurological melioidosis. 560 
MBio. 2014;5(2). 561 
38. Chang CY, Lau NLJ, Currie BJ, Podin Y. Disseminated melioidosis in early pregnancy-562 
an unproven cause of foetal loss. BMC Infectious Diseases. 2020;20(1):1-4. 563 
39. Choy JL, Mayo M, Janmaat A, Currie BJ. Animal melioidosis in Australia. Acta 564 
Tropical. 2000;74(2-3):153-8. 565 
40. Cagno CK, Pettit JM, Weiss BD. Prevention of perinatal group B streptococcal disease: 566 
updated CDC guideline. American family physician. 2012;86(1):59-65. 567 
41. Gibbs RS, Duff P. Progress in pathogenesis and management of clinical intraamniotic 568 
infection. American Journal of Obstetrics & Gynecology. 1991;164(5 Pt 1):1317-26. 569 
42. Eschenbach DA. Ureaplasma urealyticum and premature birth. Clinical Infectious 570 
Diseases. 1993;17 Suppl 1:S100-6. 571 
43. Estrada-de los Santos P, Vinuesa P, Martinez-Aguilar L, Hirsch AM, Caballero-Mellado 572 
J. Phylogenetic analysis of burkholderia species by multilocus sequence analysis. Curr 573 
Microbiol. 2013;67(1):51-60. 574 
44. Dobslaw D, Engesser KH. Degradation of toluene by ortho cleavage enzymes in 575 
Burkholderia fungorum FLU100. Microb Biotechnol. 2015;8(1):143-54. 576 
45. Strunk N, Engesser KH. Degradation of fluorobenzene and its central metabolites 3-577 
fluorocatechol and 2-fluoromuconate by Burkholderia fungorum FLU100. Appl Microbiol 578 
Biotechnol. 2013;97(12):5605-14. 579 
46. Loong SK, Tan K-K, Zulkifle N-I, AbuBakar S. Draft genome of Paraburkholderia 580 
fungorum sequence type 868 recovered from human synovial tissues. Data in brief. 581 
2019;25:104159. 582 
47. Nally E, Groah SL, Pérez-Losada M, Caldovic L, Ljungberg I, Chandel NJ, Sprague B, 583 
Hsieh MH, Pohl HG. Identification of Burkholderia fungorum in the urine of an individual with 584 
spinal cord injury and augmentation cystoplasty using 16S sequencing: copathogen or innocent 585 
bystander. Spinal Cord Ser Cases. 2018;4:85. 586 
48. Elschner MC, Hnizdo J, Stamm I, El-Adawy H, Mertens K, Melzer F. Isolation of the 587 
highly pathogenic and zoonotic agent Burkholderia pseudomallei from a pet green Iguana in 588 
Prague, Czech Republic. BMC veterinary research. 2014;10(1):1-5. 589 
49. Coenye T, Laevens S, Willems A, Ohlen M, Hannant W, Govan JR, Gillis M, Falsen E, 590 
Vandamme P. Burkholderia fungorum sp. nov. and Burkholderia caledonica sp. nov., two new 591 



  
 

19 
 

species isolated from the environment, animals and human clinical samples. Int J Syst Evol 592 
Microbiol. 2001;51(Pt 3):1099-107. 593 
  594 



  
 

20 
 

Legend of Figures 595 

Figure 1. Paraburkholderia fungorum screening of different tissue types of the pregnant 596 

female Malayan pangolin (Manis javanica) UM3 using PCR assays. Nine sets of pangolin 597 

tissues and four sets of independent primer sets were used, including PCR results for (A) 598 

Burkholderia-specific transposase genomic region, (B) OI25_7129 hypothetical protein genomic 599 

region, (C) P. fungorum-specific DNA polymerase genomic region, and (D) the bacterial 600 

universal 16S primer set. N = Negative control, X = Cerebrum, Y = Cerebellum, Liv = Liver, B 601 

= Blood, H = Heart, T = Thymus, L = Lung, S = Spleen, and K = Kidney.  602 

 603 

Figure 2. Histological staining of tissue samples obtained from a pregnant female Malayan 604 

pangolin (Manis javanica). Staining results at a magnification of 100X for brain tissue (A, B 605 

and C) and lung tissue (D, E and F). Red arrows point to the locations of Gram-negative rod-606 

shaped bacteria. (C and F) Hematoxylin and eosin histological staining.  607 

 608 

Figure 3. PCR assays of the blood of seven additional adult Malayan pangolins (Manis 609 

javanica). UM1 and UM2 were seized in one operation, whereas UM3, 26T, 2T9, 12T and 2T2 610 

were seized together in a separate operation. N = negative control; UM3 = positive control; 611 

Target A = Burkholderia-specific transposase genomic region; Target B = OI25_7129 612 

hypothetical protein genomic region; Target C = P. fungorum-specific DNA polymerase 613 

genomic region; 16S = Universal 16S bacterial primers.  614 

 615 

Figure 4. Paraburkholderia fungorum screening of fetal Malayan pangolins (Manis 616 

javanica) tissue using PCR assays. Target A = Burkholderia-specific transposase genomic 617 

region; Target B = OI25_7129 hypothetical protein genomic region; Target C = P. fungorum-618 

specific DNA polymerase genomic region; 16S rRNA = Universal 16S bacterial primers. (-ve = 619 

negative control; +ve = positive control; X = Cerebrum; Y = Cerebellum ; GL = Intestine; K = 620 

Kidney; T = Cord blood; L = Liver; G = Lungs; FB= Gastrocnemius muscle). 621 

 622 

Figure 5. Phylogenetic tree generated using core-genome SNPs mined from whole genomes 623 

of Paraburkholderia fungorum isolated from a Malayan pangolin (Manis javanica) fetus. 624 

Paraburkholderia fungorum assemblies generated from fetal usmuscle, brain (cerebrum and 625 
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cerebellum) tissue sequencing data and fetus pooled sequencing data (cerebrum, cerebellum, and 626 

fetal muscle) aligned with the core-genome SNPs mined from genome sequences of 17 other 627 

reference Burkholderial species. The phylogenetic tree was generated using the Neighbour-628 

joining (NJ) algorithm and 1,000 non-parametric bootstraps replications. 629 

 630 

Figure 6. Burkholderial phylogenetic tree generated using conserved proteins isolated from 631 

a Malayan pangolin (Manis javanica). The conserved protein-based phylogenetic tree was 632 

generated using the Neighbour-joining (NJ) algorithm and 1,000 non-parametric bootstraps 633 

replications.  634 

 635 

Figure 7. Average nucleotide identity (ANI) and average amino acid identity (AAI) 636 

analyses of Burkholderial sequences isolated from Malayan pangolin (Manis javanica). The 637 

horizontal red line indicates the 95% threshold above which sequences are deemed to belong to 638 

the same species.  639 

 640 

Supplementary Table Legends 641 

Supplementary Table S1. PCR primers used in Paraburkholderia fungorum screening of 642 

Malayan pangolins (Manis javanica). Three sets of in-house designed primers and one set of 643 

universal 16S RNA primers were used for screening.  644 

 645 

Supplementary Table S2. The lList of selected Paraburkholderia and Burkholderia species 646 

sequence accession numbers that were used in the phylogenetic analyseis.  647 

 648 

Supplementary Table S3. Identification of Paraburkholderia fungorum sequences in 649 

different Malayan pangolin (Manis javanica) tissue types. We found 6,635 contigs (total 650 

length = 6,818,896 bp) in cerebrum-specific genomic data and 3,533 contigs (total length = 651 

1,109,334 bp) in cerebellum-specific genomic data that have at least 90% identity and 90% 652 

coverage compared to the P. fungorum genome ATCC BAA-463 genome.  653 
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