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Abstract

Vibrio parahaemolyticus is a bacterial pathogen that when acquiring the pVA1-Type

plasmid carrying the pirABvp genes become lethal to Penaeus shrimps, causing Acute

Hepatopancreatic Necrosis Disease (AHPND). This disease causes significant losses in

the shrimp industry across the world, with outbreaks reported in Southeast Asia, Mexico

and, more recently, South America. Virulence level and mortality differences have been

reported in challenges tests with V. parahaemolyticus isolates from different locations,

and whether this phenomenon is caused by plasmid related elements or genomic

related elements from the bacteria remains unclear. In this project, nine genomes of

South American V. parahaemolyticus isolates were assembled and analyzed using a

comparative genomics approach. The results of these analyses indicated that all nine

isolates were Mexican-like strains. Furthermore, although all genomes were highly

similar, two groups of genomes: (1) genomes BA110 and BA37P5, (2) genomes

BA94C2, LH47-1, LH49 and LH53-1, could be clustered together by outstanding

similarities that the members of the group presented between them with respect to the

rest of the genomes. In depth analyses of these similarities were carried out at (i)

whole-genome, (ii) secretion system oriented, and (iii) plasmid oriented level, and lead

to the identification of relevant genomic elements to the disease that varied among the

different isolates in patterns that might be insightful in the understanding of the disease.
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Introduction

Acute hepatopancreatic necrosis disease (AHPND) is a bacterial disease that affects

crustacean and has caused severe losses in the global shrimp industry (Wang et al.,

2020). It was first reported in Asia in 2009, being the first outbreak in China and then

spreading quickly in other Southeast Asian countries such as Vietnam, Malaysia,

Thailand and Philippines (Wang et al., 2020). Nunan et al. (2014) reported the

propagation of AHPND into Mexico in early 2013, and in 2016, a pathogenic bacterial

strain of AHPND genomically similar to those reported in Southeast Asia was reported

in South America (Restrepo et al., 2016).

The AHPND infection process is that bacteria first colonize the stomach and then

excrete toxins that cause necrosis to the epithelial cells of the hepatopancreatic (HP)

cavity, which leading to complete atrophy of the HP tubules, the emptying of the

stomach and midgut, and as a consequence, the death of the shrimp (Tran et al., 2013).

To date, several members of the Vibrionaceae family from the Harveyi and Orientalis

clades have been identified as capable of causing AHPND to shrimp (Dong et al., 2017;

Restrepo et al., 2018). However, the first pathogen in which the disease was identified

and the one most reported to cause outbreaks of AHPND is Vibrio parahaemolyticus

(Tran et al., 2013). Some V. parahaemolyticus strains already recognized as a causal

agent for human acute gastroenteritis caused by eating raw contaminated seafood, but

the causative agents of AHPND have been identified by containing a mobile genetic

element (pVA1-type plasmid) with genes encoding the binary toxin PirABvp (Han et al.,

2015).

Besides the two toxins (PirAvp and PirBvp) which dimerarize forming toxin PirABvp, two

variable regions have been identified in pVA1-type plasmids that have been linked to

the geographical region of the origin of the pathogen isolates (Han et al., 2015). These

regions are a tn3-like transposon of 4243 pb, and a 9bp Small Sequence Repetition

(SSR) (Han et al., 2015). Presence of the tn3-like transposon and the SSR has been
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only reported in V. parahaemolyticus from Mexico, while absence of these features

seems to be characteristic in Southeast Asian isolates (Restrepo et al., 2018).

Although the etiological agents of the disease are well known, differences in the

virulence have been reported. Variations in the mortality rate caused by the different

isolates in populations of shrimps have been observed in several regions where

outbreaks of the disease occur (Nunan et al., 2014; Dong et al., 2017). Some studies

suggest that differences in chromosomal and plasmid genes associated with virulence

factors may be linked to variations in virulence (Li et al., 2017; Wang et al., 2020). Wang

et al., (2020) made a review of the pVA1-type plasmid genes that have been reported to

be important for causing AHPND, which include genes related with transposases, DNA

methyltransferases, anti-restriction proteins, post-segregational killing systems and

secretion systems. Also, due to its key role in pathogenic pathways in bacteria and

specially in Vibrio species, T3SS and T6SS are one of the most studied elements and

some of the most promising responsible for explaining virulence differences among V.

parahaemolyticus AHPND-causing strains (Li et al., 2017). However, for V.

parahaemolyticus strains the associations with definitive candidate genes that explain

this phenomenon remain unclear.

Therefore, in the present work we characterize genes to explore the variation at the

intraspecific level of the species of V. parahaemolyticus that cause AHPND. Using a

computational approach, we assembled and analyzed nine genomes from South

American isolates. Our analysis was performed at three different levels, using a

genome-wide comparative approach, at a specific level analyzing the secretion systems

of T3SS and T6SS, and finally at the mobile genetic element level, to target relevant

genes, identifying variations between genomes and determining the important candidate

genes in for the isolates.
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Methodology

Assembly and quality evaluation of the genomes

The raw data were provided by Leda Restrepo PhD (c), who was the person

responsible for extracting the genomic material from the Vibrio parahaemolyticus

isolates coming from in vivo survival challenges of shrimps infected with the pathogens.

Reads for each isolate were generated from the genetic material using an Illumina

TruSeq PCR-Free Library (Illumina Cambridge Ltd., UK) and was performed on the

Illumina MiSeq PE300 platform.

First, the quality of the raw reads was evaluated using FastQC v0.11.7 (Andrews, 2010).

Based on the results, quality trimming of the raw reads was done with Trimmomatic

v0.39 (Bolger et al., 2014) using quality filters to remove the remaining Illumina

adapters, cut sequences whenever the average quality per base was below 15 with a

4-base wide sliding window, and dropping any reads below 100 bases long. After the

trimming, reads quality evaluation was performed again using FastQC v0.11.7 to assure

proper quality of the reads for downstream treatment of the data.

Genomes assembly was carried out using the forward and reverse pair-end clean

datasets and the forward unpaired dataset for each isolate using SPAdes v3.9.0

(Bankevich et al., 2012) with the genome from clinical isolate RIMD2210633 as

reference for V. parahaemolyticus assembly. After the assembly, the raw clean reads

were mapped against the reference genome using Bowtie2 v.2.3.5.1 (Langmead &

Salzberg, 2012) and against their respective assembly to evaluate the proportion of the

information used in the assembly. For each resulting genome from the assembly

process, metric-based quality was assessed using Quast v5.0.2 (Gurevich et al, 2013),

and completeness/contamination quality was evaluated using CheckM v1.1.3 (Parkset

et al., 2015). Additional quality control of the genomes was addressed using MiGA

(Rodriguez-R et al., 2018).
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Annotation and whole-genome comparison analysis between genomes

Genomes annotation was carried out using Prokka v1.13 (Seemann, 2014). From this

process, proteome prediction was obtained for each genome (including the reference

genome).

A genomic orthology analysis was performed between the genomes using Orthofinder

v2.2.6 (Emms & Kelly, 2019). Finally, genome-wide identification of virulence factors

was performed using the VFAnalizer (Liu et al., 2019).

Recovery and characterization of plasmids

Plasmid recovery for each isolate was done by comparing them with a reference

plasmid, plasmid_94, a reference isolate recovered in previous works by Leda Restrepo

PhD (c) (Restrepo et al., 2016). Clean raw reads of each of the isolates were mapped

against the reference plasmid using Bowtie2 v.2.3.5.1 (Langmead & Salzberg, 2012).

Then, this mapping information was subsampled, due to overwhelming sequence depth

that causes inaccurate concatenation of the reads as different sequences, and

converted into fastq files with Samtools v1.13 (Danecek et al., 2021) for further

assembly of the plasmids using SPAdes v3.9.0 plasmid assembly utility (Antipov et al.,

2019) using plasmid_94 as a reference. Plasmid assembly quality was assessed using

Quast v5.0.2 (Gurevich et al, 2013). Plasmid assemblies were aligned and visualized

using Mauve v2.4.0 (Darling et al., 2010) and then manually arranged in relation to the

reference plasmid.

Plasmids were annotated using Prokka v1.13 (Seemann, 2014). Then identity and

coverage percentage (with respect to the reference plasmid) of each of the elements

found in the plasmids were calculated using Blast v2.6.0+ (Camacho et al., 2009) by

formatting the predicted genes of the reference plasmid as a blast database and using

the plasmid’s predicted genes of each plasmid assembly as the query.
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Experimentally, strain identification is carried out by PCR using primers for the amplicon

for the tn3-like transposon and the SSR. This process was done in silico by seeking for

the characteristic sequences using the primers sequences for each type of strain using

SeqKit v0.15.0 (Shen et al., 2016).

Secretion systems T3SS and T6SS analysis

The entire T3SS1, T3SS2, T6SS1 and T6SS2 secretion systems were identified for

each genome using Blast v2.6.0+ (Camacho et al., 2009) by formatting the predicted

genes of the secretion systems from the reference genome as a blast database and

using the T3SS’s and T6SS’s predicted genes from each genome assembly as a query.

The information for the identity and coverage percentage for the blast results for every

secretion system of every genome was matched with the annotation information of the

proteomes to target interesting genes that presented variations between genomes. The

vast majority of the predicted proteins were annotated as hypothetical proteins, so the

characterization for all the proteins from the secretion systems was manually confirmed

using Blast and the NCBI non-redundant nucleotide database restricting the query

search for V. parahaemolyticus. Protein identification was determined with the obtained

hits for each query that had an identity porcentage superior to 99% and an E-score

lower than 0,9.

A similar process as the previously described was carried out but this time using the

genomes as query and blast database and then using the EMBOSS v6.6.0 extractseq

utility (Madeira et al., 2019) for extracting the entire sequences of T3SS and T6SS. The

T3SS and T6SS nucleotide sequences were aligned and visualized using Mauve v2.4.0

(Darling et al., 2010).
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Results

Assembly and quality evaluation of the genomes

Figure 1 shows the percentage of reads that were conserved after the quality

trimmingIn. In most cases, around 40-50% of the reads were lost after the quality

trimming. Furthermore, it is important to note that in the case of BA112 isolate, almost

60% of the information was lost, which was a first indication that these reads may be

contaminated.

Figure 1. Percentage of conserved reads after the trimming. In red is highlighted the

information for BA112 due the big amount of information that is lost after the

trimming.

Figure 2 shows the size of each genome as a function of the number of contigs required

to reach the total size of the assembly. Overall, all assemblies, except BA112 and

Undeter, assembled in about 275 to 394 contigs and had a total length of about 6 Mbp,
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which is accurate with the length of the reference genome (~5.1 Mbp) plus the plasmid

(~70 kbp).

In the case of assemblies BA112 and Undeter, the genomes assembled in more than a

thousand contigs, which indicates a high degree of fragmentation and is unreliable. For

the BA112 its total length was approximately 9/5 times longer than the other

assemblies, and for the Undeter its total length was slightly shorter than expected. This

again, were strong indications that something might be wrong with these two isolates.

Figure 2. Genomes total size in Mbp as function of the number of contigs needed to

reach the total size of the assembly.

To ensure the quality of the genomes, the percentage of clean raw reads of each isolate

that mapped against the reference genome and against its respective assembly was

calculated (Figure 3). As expected, in all the cases almost 100% of the raw reads
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mapped properly with the genome assembly. It is important to remark that it also means

that about a 100% of the reads were used in the assembly, meaning that even though

some fractions of the reads were trimmed out as a quality filter, the information that

remained was of very good quality and used entirely. In all the cases but the suspect

assemblies (BA112 and Undeter), about 85% of the raw reads mapped properly against

the reference genome, which was a good signal for confirming the origin of the reads.

For assembly BA112 only 26.3% of the reads mapped against the reference genome,

and for assembly Undeter the percentage of raw reads mapped to the reference

genome was almost none; suggesting problems with these two isolates.

Figure 3. In red is plotted the percentage of reads mapped against the reference

genomes, and in blue is plotted the percentage of reads mapped against its own

assembly for each genome. In red are highlighted genomes BA112 and Undeter due

to their low mapping percentages against the reference genome.

The CheckM results indicated that all genomes presented a 100% completeness and

about 75% strain heterogeneity. Furthermore, all assemblies presented a very low

contamination (under 7%), except for assembly BA112 which had a contamination of

almost 90%. This confirmed the hypothesis that isolate BA112 was contaminated
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(Figure 4). Finally, the genomes were evaluated using MiGA, which indicated low

contamination for all assemblies but Undeter, that indicated high contamination from

different sources, and BA112, that indicated contamination with Vibrio alginolyticus

(Supplementary Figures S1-S3). As Vibrio species have very similar genomes, efforts of

separating the contamination sequences with the V. parahaemolyticus sequences were

unsuccessful, thus the BA112 and Undeter assemblies were discarded.

Figure 4. In red is plotted the completeness percentage, in green is plotted the

contamination percentage, and in blue is plotted the strain heterogeneity for each

genome. In red is highlighted genome BA112 due to its high contamination

percentage.

Annotation and whole-genome comparison analysis between genomes

The annotation of the nine trustful assemblies was done with Prokka. Around 5.5k

genes were predicted for each genome. From the orthology analysis, it is worth noting

that the majority of the orthogroups, 4460 orthogroups (from a total of 5784

orthogroups), are present in all nine genomes, which indicates that all genomes are

very similar to each other. In addition, two groups were recognized according to the
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amount of orthogroups they have in common with respect to the other genomes. Group

1, conformed by genomes BA110 and BA37P5 have 5151 orthogroups in common and

have 387 orthogroups that are exclusive for these two genomes; and group 2 integrated

by genomes BA94C2, LH47-1, LH49 and LH53-1 have 5130 orthogroups in common

and 346 of those orthogroups are exclusive for them. Information of the orthogroups in

common between genomes can be checked in Figure 5, where there is a clear pattern

between the groups that have just been described. The information of the orthogroups

that are exclusive for each genome or group of genomes can be observed in Figure 6.

Figure 5. Heatmap showing the one to one amount of orthogroups that each two

genomes have in common. Two groups are noted, Group 1: BA110 and BA37P5; and

Group 2: BA94C2, LH47-1, LH49 and LH53-1.
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Figure 6. Upset plot showing the amount of orthogroups that exclusively have in

common each combination of genomes.

The results of the virulence factor search using VFAnalyzer are shown in Figure 7. All

genomes share similar composition in terms of the types of virulence factors they have.

A core of 152 virulence factors was determined among all the isolates and 18 additional

accessory virulence factors were detected in some genomes. Among the 170 virulence

factors detected, the most represented virulence factors class was the secretion

systems.

Furthermore, an important remark of this analysis was the identification of Thermostable

Direct Hemolysin (TDH), which is a toxin that has been strongly associated with clinical

(human disease-causing) isolates of V. parahaemolyticus and excluded for

AHPND-causing isolates (Li et al., 2017), for the nine isolates.

It is worth noting the consistency of the groups previously identified with the orthology

analysis, where members of group 1 seem to have the same virulence factors, which
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are actually less than the rest of the genomes. Similarly, members of group 2 have the

same number of VF classes. Accessory and unique virulence factors were determined

for each genome and for groups 1 and 2 (Supplementary Table S1); in general, few

virulence factors were detected for each genome as either accessory or unique. For the

case of group 1, no unique virulence factors were identified and only one accessory

virulence factor was identified for the group, gene flaD. On the other hand, four

accessory virulence factors were identified to be present in all members of group 2,

genes wcaG, wbfY, vgrG-3 and lgtF, where only the last of these was identified as

unique for this group.

Figure 7. Bar plot that shows the distribution of Virulence Factor Classes (VF Class)

for each genome.

13



Recovery and characterization of plasmids

The AHPND-related plasmid was successfully recovered for all isolates. All the

plasmids were approximately 75 kbp in length, which is accurate with the real size of the

plasmid, and in almost all the cases they assembled in a single contig (Figure 8). The

alignment of all the plasmids recovered along with the reference plasmid shows that all

the plasmids are almost identical (Supplementary Figure S4). From the strain analysis,

in all cases, the characteristic tn3-like transposon and SSR sequences for Mexican

strain were obtained. Plasmid annotation identified 86 genetic elements, which included

the pirAvp and pirBvp toxin genes, as well as T2SS, T3SS and T4SS related genes for all

the isolates. Almost neglectable variation among the genetic elements between

plasmids of the different isolates was obtained (Supplementary Table S2).

Figure 8. Total size in Mbp as function of the number of contigs of the plasmid

assemblies.
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Secretion systems T3SS and T6SS analysis

T3SS1, T3SS2, T6SS1 and T6SS1 secretion systems for the nine genomes were

identified, extracted and aligned with the secretion systems of the reference genome,

where arrangement variations can be observed for T3SS1, T6SS1 and T6SS2 between

genomes (Supplementary Figures S5-S8).

All secretion systems were successfully annotated as the vast majority of the most

relevant and well studied genomic elements of the secretion systems were identified.

High variability was obtained in the percentage of identity and coverage among several

genomic elements between the genomes especially for secretion system T3SS1

(Supplementary Tables S3-S6), however, consistency in the variation of identity and

coverage percentage was observed between members of group 1 and group 2, in other

words, genomic elements of the members of each group varied the same between

genomes of the same group in comparison of the rest of the isolates.

Regarding the results related to secretion systems, we highlight that the vopQ effector,

a highly conserved and important effector of the type III secretion system (Li et al.,

2017), showed interesting patterns of coverage variation between the isolates: for

isolates BA095 and BA124 the coverage percentage was of 85.56%, while for members

of group 2 it went down to over 57%, and for the rest of the isolates it was of almost

100%. Likewise, in general, the effectors from the vsc family, which are proteins of the

type III secretion system, presented a differential coverage percentage for isolates from

group 2 in comparison with the rest of the isolates. These types of variations in the

effectors of the T3SS1 secretion system might be insightful and can provide meaningful

clues for what to look out when further experimental assays are conducted.
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Discussion

The procedure developed in the present investigation allowed obtaining genomes of the

highest quality and precision to develop the subsequent analyzes. Only the genome

assemblies of two isolates, BA112 and Undetermined, were discarded due to

contamination.

Although the genomes for all isolates were found to be highly similar between them, two

groups of genomes could be clustered together due to significant higher similarities

between them in comparison with the rest of the genomes at a whole-genome, global

virulence factors, and a secretion systems level.

The plasmids for all the isolates were shown to be practically identical and all the

Mexican type. Several relevant genetic elements were detected in the plasmids such as

both PirAvp and PirBvp toxins, T2SS, T3SS and T4SS related proteins, antirestriction

proteins, and post-segregational associated proteins (Wang et al., 2020), but as there

was low to null variation among these elements between the plasmids of all the isolates,

interesting insights over these genetic elements' role in a differential expression of the

diseases could not be achieved.

Relevance of the secretion systems T3SS and T6SS has been studied in depth by

several researchers (Li et al., 2017; Ahmmed et al., 2019) and consistently observed in

this study. Variations in the effectors of the T3SS1 secretion system, like the ones

previously described for vopQ and vsc, might be insightful and can provide meaningful

clues for what to look out when further experimental assays are conducted.

In contrast with Li et al. (2017) that reported that only clinical isolates presented T3SS2

secretion systems, in this study, T3SS2 was reported for all nine isolates. This result, in

addition with the identification of TDH toxins in the genomes, suggests that

AHPND-causing V. parahaemolyticus may also cause disease to humans.
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Understanding of the role of this secretion system in the expression of AHPND is worthy

to be assessed.

Finally, although variation was observed in some genomic elements from the T6SS1

and T6SS2 secretion systems between the different isolates, a strong pattern could not

be detected. T6SS systems are related with colonization and antibacterial activity (Li et

al., 2017), which means that differences in virulence levels between these isolates

might not be due to their ability to colonize and compete against other bacteria, but

further understanding on the role of this secretion system with the competence that the

pathogen could deal with commensal bacteria that are found in the gastrointestinal tract

of the shrimp should be addressed.

In conclusion, high-quality assemblies and annotations were obtained for nine

AHPND-causing Mexican type V. parahaemolyticus isolates genomes and their

respective pVA1-type plasmid. Although all genomes resulted being highly similar and

the plasmids virtually identical, two groups of genomes could be identified by orthology

analysis where it was noted that the isolates that conformed each of the groups were

clustered due to higher numbers of orthogroups the share between them and that were

exclusive for the in comparison to the rest of the genomes. In contrast to results

previously reported by other researchers, our results suggest that AHPND-causing V.

parahaemolyticus isolates may also cause disease in humans. Finally, our results

showed that we could target genomic elements in the secretion systems that varied in a

manner that might be insightful in the understanding of the differences in virulence

levels of the diseases that may guide in the future the testing of the mortality rate

caused by V. parahaemolyticus in shrimp in experimental assays.
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Supplementary Materials

Figure S1. MiGA identity results for a normal genome identified as V. parahaemolyticus.
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Figure S2. MiGA identity results for isolate BA112 genome. A strong contamination of V. alginolyticus is detected.
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Figure S3. MiGA identity results for the Undetermined isolate genome. High contamination from different sources are

detected.
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Table S1. Accessory and unique virulence factors detected for each genome and form

groups 1 (BA110 and BA37PP5) and 2 (BA94C2, LH47-1, LH49, LH53-1).

Genome Accessory VFs Unique Vs

BA072 wbfT, tadA, pilA, wbfY, vgrG-3, wbfU, flaD,
mshB

wbfT, tadA, wbfU

BA095 wecC, rmlA, pilA, wzb, wecA, wbjD/wecB,
flaD, mshB

webcC, rmlA, wzb, wecA, wbjD/wecB

BA124 pilA, rmlD, rmlC, wcaG, flaD, mshB rmlD, rmlC

BA110 flaD

BA37P5 flaD

BA94C2 lgtF, wbfY, vgrG-3, wcaG, mshB

LH47-1 hasR, lgtF, wbfY, vgrG-3, wcaG hasR

LH49 wcaG, wbfY, vgrG-3, lgtF

LH53-1 wbfY, vgrG-3, lgtF, wcaG, flaD

Group 1 flaD

Group 2 wcaG, wbfY, vgrG-3, lgtF lgtF
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Figure S4. Mauve alignment of the recovered plasmids of each isolate and the reference plasmids.
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Table S2. Identity and coverage percentage for each element of the plasmid per

genome. Table is too big to be displayed here, but are available for viewers in the

following link:
https://docs.google.com/spreadsheets/d/1moKvAHTnE2Y0DYC7RqQYNni-IRjHQWjNG2iSWpIY

edM/edit?usp=sharing
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Figure S5. Mauve alignment of the T3SS1 of all the isolates and the reference genome.
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Figure S6. Mauve alignment of the T3SS2 of all the isolates and the reference genome.
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Figure S7. Mauve alignment of the T6SS1 of all the isolates and the reference genome.
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Figure S8. Mauve alignment of the T6SS2 of all the isolates and the reference genome.
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Table S3-S6. Identity and coverage percentage for each element from each of the

genomes per secretion systems. Tables are too big to be displayed here, but are

available for viewers in the following link:

https://docs.google.com/spreadsheets/d/1aYQuup2tBmHkUXtTU6cq7Ta-Tk6A9m-XHiU

uUYlq-Bc/edit?usp=sharing
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