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Abstract  
 
Infections caused by luminescent Vibrio harveyi CV1 in shrimp hatcheries represent 
significant losses in this food production sector. As the use of antibiotics is restricted given 
the rapid emergence of resistance and the presence of residuals in shrimp tissues, new 
alternatives are needed to control the presence of pathogens. Phage therapy has grown 
as a viable alternative; the great abundance and diversity of phages, as well as their 
infectious lytic process, supports their therapeutic use in both clinical and industrial 
scenarios. Still, the natural interaction between the phage and its host allows the system to 
evolve, where the eventual emergence of bacterial resistance against the phage might 
take place. Since this is undesirable in contexts where phages are used as control agents, 
the main objective of this study was to evaluate the dynamic interactions of Vibrio harveyi 
CV1 and its lytic phage V1P2 in coevolutionary and evolutionary conditions. Moreover, 
evaluation of a phage cocktail composed of V1P1, V1P2 and V1G under the same 
conditions was considered, given that the use of more than one phage is a common 
strategy in phage therapy to avoid or delay bacterial resistance. Finally, molecular markers 
such as the outer membrane protein OmpK and CRISPR structures were followed in order 
to evaluate its variation throughout coevolutionary and evolutionary change. 
Coevolutionary and evolutionary interactions showed an increased and accelerated 
bacterial resistance driven by strong directional selection, where bacterial resistance was 
mostly favored and maintained. Treatment with the phage cocktail, compared to the 
treatment using solely phage V1P2, revealed that bacterial resistance is significantly 
reduced and no coevolutionary change is observed. From the OmpK gene analysis it was 
observed that most isolates from coevolutionary and evolutionary conditions diverged 
significantly from the ancestral bacterium (Vibrio harveyi CV1), but show no direct relation 
to the observed resistance patterns. On the other hand, we were unable to evidence the 
presence of CRISPR structures that could account the rapid emergence of resistance 
observed when using bacteriophage V1P2. The data mainly suggest that a coevolutionary 
arms race takes place with strong directional selection favoring rapid bacterial host 
resistance; it is noteworthy that the use of phage cocktails represents an important 
strategy in phage therapy since it reduces the emergence of resistance and sustains it for 
a prolonged period of time.  
 
Introduction 
 
Aquaculture in marine environments comprises one of the fastest growing food production 
sectors worldwide, involving all forms of animals and plants [1-3]. However, since the 
marine environment supports a significant amount of microbial diversity, aquatic 
pathogens can produce bacterial infection that ultimately threatens survival rates of marine 
animals and therefore food production [3, 4]. One of the most common infections in 
aquaculture is caused by luminescent vibrios (i.e. Vibrio harveyi, Vibrio campbelli and 
Vibrio parahemolyticus) on shrimp hatcheries (Penaeus monodon), especially during larval 
stages where a significant increase in mortality takes place [2, 5, 6].   
 
Different control mechanisms are routinely used in order to prevent bacterial infections, 
being the use of complex filtering systems the most common practice. Still, despite filter 
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usage the appearance of different pathogens is custom [6, 7]. The prophylactic use of 
antibiotics (AB) is also common, but several concerns arise from this practice [2, 5, 6, 8]. 
For instance, while laboratory trials have demonstrated the effectiveness of AB, field 
studies show rather low promising results [5, 6]; there’s a significant amount of evidence 
regarding the emergence of resistance, and the presence of AB residuals on shrimp 
tissue, which will eventually remain in human consumers and facilitate AB resistance 
among opportunistic pathogens [2, 3, 5, 6, 8-10]. Ultimately, these considerations have 
resulted in the ban of AB use from food producing sectors like shrimp production, 
generating the need for developing new alternatives to control bacterial pathogens in 
hatchery systems [2, 3, 10]. 
 
Over the last years, the use of bacteriophages (phages), viruses that specifically infect 
bacteria, has grown as an alternative for the control of bacterial infections in industrial and 
clinical contexts [10-15]. Phages represent one of the most abundant and diverse 
biological entities in the marine environment, acting as the most active predator of 
bacteria, therefore controlling bacterial populations in this environment [10, 16-20]. In this 
context, the natural interaction between a phage and its host is typically initiated by binding 
to the host’s surface, with the subsequent injection of its genetic material to the hosts cell 
interior. As it uses host’s cellular machinery to replicate its genetic material and synthetize 
structural proteins, it produces numerous phage progeny that is lately released through 
cell lysis [10, 19, 20]. Since this is a highly specific and self-replicative process, a high viral 
concentration could be obtained; therefore the efficient control of particular bacterial 
populations could be exploited [10, 21].  
 
An important characteristic of this interaction is the dynamic process of infection that 
allows the system to rapidly evolve, allowing both to co-exist [16, 19, 20, 22]. The 
dynamics of co-existence between bacterial populations and their respective phages has 
been described as a model of antagonistic coevolution [23-27], in which a constant 
evolutionary arms race takes place with bacteria using a diverse array of resistance 
mechanisms and phages counteracting them [20, 28]. In this co-evolutionary system, a 
susceptible bacterium generates or activates a resistance mechanism that allows it to 
grow in spite of the pressure exerted by the phage [25, 28]. As this resistant population 
develops and dominates its environment, the susceptible population diminishes; 
meanwhile phages overcome the resistance barrier, mostly by point mutations or 
nitrogenous base modification that allows them to infect the resistant and abundant 
population [19, 20, 25, 26, 28]. 
 
Direct evidence of coevolution is scarce given difficulties such as the time-scale of 
coevolutionary change, the measurement of interactions across time and lack of control 
over the environment and genetics [20, 26, 27, 29].  The use of laboratory populations of 
bacteria addresses these problems since they can be carefully propagated in replicated 
environments, where any change in host resistance or parasite infectivity can be ascribed 
to mutation and selection, with the subsequent reciprocal selection between the interacting 
populations, and not to other environmental variation [20, 25, 27, 29, 30]. Additionally, 
long-term storage facilitates the measurement of interactions across time and space [13, 
27, 30, 31]. 
 
The genetic basis that drive molecular evolution and generation of defense mechanisms in 
both bacteria and phage, greatly influence the dynamics and level of coevolutionary 
change [13, 14, 26, 32, 33]. For instance, bacteria have shown to readily evolve resistance 
through a large array of defense mechanisms such as cell structure modification or the 
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innate mechanism orchestrated by the CRISPR/Cas (Clustered Regulated Interspaced 
Short Palindromic Repeats) loci [34-36]. For example, among vibrios outer membrane 
proteins (OMPs), OmpK has been reported as a common broad-host phage receptor in 
Vibrio harveyi [22, 37, 38]. Even though its function is not fully understood; it has been 
shown that it plays an important role in responses to different environmental stresses [39, 
40]. The implication of OmpK in both contexts makes it a good molecular marker to 
evaluate particular variations in the host that could confer resistance or variations in 
specificity [37, 40]. On the other hand, the CRISPR loci acts as a heritable mechanism that 
incorporates sequences derived from foreign genetic elements, such as phages or 
plasmids, that further develop into a small RNA repertoire that will subsequently program 
an enzymatic complex to specifically recognize and destroy the invader from which the 
sequence was incorporated [34, 35, 41-43].  
 
The emergence of resistance, as a result of the coevolutionary arms race, is undesirable in 
both clinical and industrial scenarios such as shrimp hatcheries where phage therapy can 
be a viable alternative [3, 11, 44, 45]. Thus, considering the use of phages as an 
alternative to control the presence of pathogens in shrimp hatcheries, evaluation of 
coevolution dynamics of phage and their host is important in order to establish more 
suitable strategies, such as the use of phage cocktails or optimization and timing of viral 
doses [46-49]. This could allow to efficiently control both the emergence of pathogens and 
phage resistance. Therefore the aim of this study was to evaluate the dynamics of host-
parasite interactions, under evolutionary and coevolutionary conditions, of the lythic phage 
V1P2 on Vibrio harveyi (CV1), as well as the effect over this interaction when a phage 
cocktail composed of V1P1, V1P2 and V1G is used. Additionally, molecular variation of the 
OmpK gene was evaluated for isolates from evolutionary and coevolutionary interactions.  
 
Materials and Methods 
 
Microorganisms 
 
Vibrio harveyi (CV1) was isolated from infected shrimp larvae by Ceniacua in Cartagena, 
Colombia. Vibrio bacteriophages V1P1, V1P2 and V1G were isolated from shrimp 
hatcheries sediments at the CIMIC, Universidad de los Andes (Bogota, Colombia). CV1 
was stored at -80°C with 10% Glycerol. Similarly, high titer bacteriophage stocks were 
stored at 4°C in SM Buffer until used.  Bacterial populations were activated in Luria Bertani 
(LB) broth and statically incubated at 30°C for 18-20 hours. 
 
Coevolutionary conditions 
 
To ensure the persistence of coexistence of bacteria and phages, and to evaluate 
coevolutionary change, six replicate microcosms (25 mL glass universals containing 6 mL 
of Luria Bertani (LB) broth) were inoculated with 106 cells of CV1 and 107 viral particles of 
V1P2, and statically incubated at 30°C for 24 days. A fixed portion of each culture was 
propagated into fresh broth at regular intervals, hereby termed as transfers. Each transfer 
consists of a sixty microliters inoculum transferred to fresh broth every 2 days, for a total of 
12 transfers. A sample of each transfer was processed in order to separate bacterial 
cultures by serial dilutions in LB plates, and isolating 5 colonies per replicate; each 
bacterial colony isolated in the dilution process will be considered as a distinct bacterial 
population as in Buckling & Rainey 2002 [20]. In order to obtain phages, centrifugation with 
0,1 vol. chloroform and 0.22µm filtering was performed; similarly, phages isolated at each 
transfer will be considered as distinct phage populations as in Buckling & Rainey 2002 
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[20]. Bacterial and phage populations were stored at -80°C and 4°C respectively until the 
end of the 12 transfers.  
 
In order to evaluate the effect of a phage cocktail composed of V1P1, V1P2 and V1G, the 
same procedure was carried out. In this case, propagation was carried out until the sixth 
transfer, with to particular purposes: First, to evaluate if a phage cocktail could disrupt any 
particular pattern in resistance during the co-evolutionary process, and; second, to 
observe if during the developmental period of shrimp larvae (12 days) a phage cocktail is 
effective in the control of bacterial infection [1, 7].  
 
Evolutionary control 
 
An evolutionary control is needed in which the host population is held constant, and only 
the phage will be allowed to evolve, in order to control the confounding effect of time on 
the changes driven by coevolutionary change that could be acquired trough drift or general 
adaptation to experimental media [26]. To achieve these conditions, the same general 
procedure was carried out as previously explained; but in this case, propagation involved 
the initial separation of the phage population by centrifugation and filtering (0,22 µ), 
followed by a 60µL transfer of this population into fresh broth; in order to maintain the 
bacterial population constant, an overnight culture (ON) of the parental was also 
inoculated into fresh broth at every transfer, where the phage population was already 
transferred. The same procedure was carried out to evaluate the phage cocktail previously 
mentioned, but in this case propagation was carried out until the sixth transfer as 
previously explained.   
 
Measuring bacterial resistance 
 
For every replicate at each transfer, 5 bacterial populations and one phage population 
were isolated (a total of 30 bacterial and 6 phage populations per transfer were obtained 
for the co-evolutionary model and the evolution control for treatments with the phage 
cocktail and with V1P2 only). In order to evaluate the resistance of the bacterial 
populations at every transfer, a spot plaque assay was performed. Briefly, an overlay of LB 
soft agar containing 100 µL of the bacterial population was added into a LB plate; 
subsequently, after solidification, 3 µL of the phage populations were added superficially 
over the soft agar layer in order to form a spot and evaluate the formation of plaques or 
bacterial growth. At every assay, the phage populations obtained from all 12 transfers (6 
for the phage cocktail treatment) were spotted. The ancestral phage V1P2 was also 
spotted in order to evaluate susceptibility to coevolved and evolved phages. Similarly, 
when the phage cocktail was used as a treatment, ancestral phages V1P1, V1P2 and V1G 
were spotted.   
 
Plates were incubated at 30°C for 18 hours, after which every plate was tested for the 
presence or absence of phage plaques; presence indicated bacterial susceptibility, 
whereby absence indicates resistance. In order to measure bacterial resistance, for every 
replicate the mean proportion of resistance was determined as the number of resistant 
bacterial populations over the total number of bacteria at each transfer. Particular attention 
was given for resistance against phage populations from two previous transfers (Past 
phages), phages of the same transfer (Contemporary phages) and phages from two 
transfers ahead in time (Future phages).  
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OmpK amplification, sequencing and analysis 
 
OmpK gene of Vibrio harveyi, along with 4 bacterial populations that corresponded to 
transfers 1, 3, 7 and 10 of both evolving and coevolving interactions where only the phage 
V1P2 was used, were amplified using primers previously reported to amplify a complete 
ompK ORF of 730-820 bp in different Vibrio species (ompK-F 
CATATGCGTAAATCACTTTTA and ompK-R CTCGAGGAACTTGTAAGTTAC) [40]. 
Briefly, the amplification conditions were: 5 min at 94°C; 32 cycles of 60 s at 94°C, 40 s at 
55°C and 60 s at 72°C; and a final extension at 72°C for 10 min. PCR products were 
purified and sequenced at MACROGEN Inc. (#60-24, Gasan-dong Geumchen-gu Seoul, 
Korea). Phylogenetic analysis of the translated protein sequence included a maximum 
likelihood tree with bootstrap iteration (1000) constructed in the CIPRES Gateway platform 
(http://www.phylo.org/portal2/), using as outgroup the OmpK sequence of Vibrio 
parahemolyticus (Accession Number: ADM88043).  
 
CRISPR/Cas approach 
  
The complex architecture of the CRISPR/Cas loci, lead us to design primers that annealed 
a consensus sequence of the CRISPR/Cas associated protein csy3 found in the proximity 
of a CRISPR structure of Vibrio harveyi ATCC BAA-1116 (Accession number: 
NC_009784) at the online CRISPR database (http://crispr.u-psud.fr/index.php) [50].  A 
single primer long pcr (SP-LPCR) was performed using both cas1 primers (cas1_F: 
TGTGTACCTTACGGAGCAGAGA, and cas1_R: AATTGGAGCGTTTGTTCCTAAA), in 
order to amplify from a known region to an unknown and obtain a longer sequence that, if 
present, could capture a CRISPR structure. Briefly the amplification conditions were:  3 
min at 94°C; 10 cycles of 30 s at 94°C, 60 s at 43°C and 270 s at 72°C; 25 cycles of 30 s 
at 94°C, 60 s at 49°C and 270 s at 72°C; and a final extension at 72°C for 10 min. PCR 
products were purified and sequenced at Universidad de los Andes (Bogota, Colombia). 
 
Statistical analysis 
 
Co-evolutionary change suggests that, after several propagations, bacterial populations 
tend to be more resistant to phage populations they have already met [20, 25, 29, 51]. For 
instance, at a given transfer, contemporary and past phage populations should have less 
effect over the bacterial populations; given that coevolution is taking place, bacterial 
populations should be more capable to resist phages of previous transfers, or even 
contemporary phages, since it has become able to overcome the phage infectivity 
pressure [20, 25, 29, 51]. In contrast, when a given bacterial population is challenged 
against a phage population of transfers ahead in time, the level of resistance should be 
reduced since solely the phage population has evolved to increase infectivity [20, 25, 29, 
51].  
 
Given this, the mean proportion of resistance of past, contemporary and future phages at 
each transfer, were individually plotted where pairwise calculation of slopes between future 
and contemporary resistance and between contemporary and past resistance was 
performed. The slope at every transfer is an indicative of the level of coevolutionary 
change, and the tendency along transfers is an indicative of the level of directional 
selection; for example, if a single phenotype, such as bacterial resistance, is favored along 
time then directional selection is the mode with which natural selection causes genetic 
change to accumulate in that population [45, 52]. Different coevolutionary interactions can 
be interpreted as a result of slope evaluation [19, 23, 24]; for instance, if resistance to 
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future phages is low with respect to contemporary and past phages, a negative slope 
should be observed indicating that coevolution is taking place. But, if a progressive 
augmentation of the resistance is observed from past to contemporary and to future phage 
populations, a positive slope should be seen instead; indicating that strong directional 
selection is acting during the coevolutionary interaction in a greater extent to favor 
bacterial resistance [19, 20, 23, 24]. A slope equal to 0 indicates that resistance or 
susceptibility is sustained through time.  
 
Bearing this in mind, and given the lack of independency among the data, a randomization 
test (n=18, m=100,000) for each transfer was performed using the R platform [53] 
considering as statistic the pairwise slope between the mean proportion of resistance of 
future and contemporary phage populations, and between contemporary and past phage 
populations at each transfer. The null hypothesis considered that the slope was “0”.  
 
Similarly, in order to evaluate differences between treatment with phage cocktail and solely 
with V1P2, in evolutionary and coevolutionary conditions, and in consideration of the lack 
of independency of the data of bacterial resistance to past, contemporary and future phage 
populations between transfers, a randomization test for each transfer was performed. As a 
statistic, the difference between the means of bacterial resistance, calculated as previously 
explained, for both treatments was considered. The null hypothesis contemplated that the 
difference was equal to “0”.   
 
Results 
 
Coevolutionary and evolutionary interactions with phage V1P2  
 
In order to measure coevolutionary interactions in time, evaluation of resistance against 
past (phages from two previous transfers), contemporary (phages from the same transfer) 
and future (phages from two transfers ahead in time) phage populations was performed at 
each transfer. Following these interactions, evaluation of the slope pattern (either positive 
or negative, or with lack of tendency (Slope=0)) gives a direct evidence of coevolutionary 
change.  
 
Our data reflect no pattern in the slope (Slope=0) of mean bacterial resistance after the 
third transfer, when only phage V1P2 was used (Fig. 1a). The slope of the first three 
transfer’s indicate significant coevolutionary change (p<0.05) with maintenance of high 
bacterial resistance; after the first transfer, the pattern of transfers 2 and 3 display a 
progressive augmentation of bacterial resistance, particularly against contemporary 
phages (Fig. 1a and Fig. 2a). The lack of slope pattern after the fourth transfer (either 
negative or positive), along with the patterns of previous transfers indicates that strong 
directional selection is taking place, favoring in great extent bacterial populations, since it 
was maintained at high proportions (>80%). Additionally, resistance to ancestral phage 
V1P2 increased after the fourth transfer and was maintained at high levels (>75%) until the 
end of the experiment (Fig. 2a). During the experimental procedure, transfers 8 and 12 
were lost due to different practical difficulties. 
 



	   7	  

 
Fig.1 a) Coevolutionary and b) Evolutionary change of CV1 with V1P2. At each transfer the mean bacterial resistance was 
evaluated against phage population from two previous transfers (P), contemporary transfers (C) and two transfers in the 
future (F). Coevolutionary change is observed by significant patterns in the slope formed between future and contemporary 
phage populations, and contemporary and past phage populations at each transfer.  
(*) Corresponds to a level of significance of p<0.05 for the lope pattern at each transfer. 
 
Phage populations obtained from evolutionary interactions with phage V1P2 exhibit 
significant slope patterns (p<0.05) until the fifth transfer (Fig. 1b). Since the pattern in 
slopes elucidated at these transfers is positive, a progressive augmentation of bacterial 
resistance to evolving phages results from the effect of strong directional selection (Fig. 
1b). After the sixth transfer, bacterial resistance is maintained (>80%), and no significant 
pattern in the slope of past, contemporary and future phages is observed (Fig. 1b and Fig. 
2b). The accelerated increase in bacterial resistance observed (Fig. 1b), suggests that if 
solely the phage is allowed to evolve, molecular resistance is progressively enhanced 
among bacterial populations that temporarily coevolve (at least within the time of each 
transfer). Susceptibility to ancestral phage V1P2 is maintained through time (Fig. 2b), 
which allows considering that any change among bacterial populations that allows them to 
be resistant to evolving phages, do not confer resistance to ancestral (not evolved) 
phages.  
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Fig. 2 Mean (± SE, n=6) bacterial resistance against phage population of two previous transfers (Violet), contemporary 
transfers (Orange) and two transfers in the future (Purple) phage during a) coevolutionary and b) evolutionary interactions. 
Additionally, the mean proportion of resistance against ancestral phage V1P2 (Green-blue) was evaluated for both 
conditions.  
 
Coevolutionary and evolutionary change with phage cocktail 
 
Analysis of the cocktail data revealed important differences with treatments when only 
phage V1P2 is used  (Fig. 3a and Fig. 3b). Two lines of evidence demonstrate that a 
phage cocktail diminishes the emergence of resistance of bacterial populations; first, in the 
coevolutionary interaction significant patterns (p<0.05) were observed in transfer 1, 3 and 
5. Moreover, the negative slopes indicate that coevolution is taking place, and that in this 
case directional selection is substantially favoring the phage populations, since resistance 
to future phages is reduced with respect to contemporary phages (Fig. 3a). Additionally, 
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when only the phage is allowed to evolve, no apparent pattern is observed throughout the 
transfers (Fig. 3b); except for the second one (p<0.05), in which mean resistance 
proportion is relatively increased (Fig. 1b and Fig. 3b). When the mean resistance of 
coevolutionary and evolutionary conditions in treatment with the phage cocktail is 
compared with the challenge with V1P2, clear difference is observed in most transfers 
(p<0.01); resistance to the phage cocktail is considerably reduced (Fig. 3a and 3b). Along 
experimentation, we were unable to isolate bacterial isolates from the sixth transfer. 
 

 
Fig. 3 a) Coevolutionary and b) Evolutionary change of CV1 with a phage cocktail composed of V1P1, V1P2 and V1G. At 
each transfer the mean bacterial resistance was evaluated against phage population from two previous transfers (P), 
contemporary transfers (C) and two transfers in the future (F). Coevolutionary change is observed by significant patterns in 
the slope formed between future and contemporary phage populations, and contemporary and past phage populations at 
each transfer.  
(*) Corresponds to a level of significance of p<0.05 for the lope pattern at each transfer. 
(+) Indicates the significance level of the difference of mean resistance proportion between the phage cocktail treatment and 
the treatment with V1P2: p<0.05=(+), p<0.01=(++) and p<<0.001=(+++). 
 
Throughout the transfers, resistance never reached more than 50% of the isolated 
bacterial populations when using the phage cocktail. Resistance to any of the ancestral 
phages in the cocktail, was also found to be reduced in comparison with the treatment that 
only considered V1P2 (Fig. 4a and 4b); in most of the transfers, for both evolutionary and 
coevolutionary interactions, resistance to ancestral phages and other temporary distinct 
phage populations never reached levels higher than 40-45%.  
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Fig. 4 Mean (± SE, n=6) bacterial resistance against past (Purple), contemporary (Green-blue) and future (Orange) phage 
populations from the cocktail treatment obtained during a) coevolutionary and b) evolutionary interactions. Additionally, the 
mean proportion of resistance against ancestral phages V1P1 (Green), V1P2 (Yellow) and V1G (Violet) was evaluated for 
both conditions.  
 
OmpK receptor and CRISPR 
 
Phylogenetic analysis of OmpK of 4 bacterial isolates from transfers 1, 3, 7 and 10 
reflected an initial separation from the ancestral CV1 in coevolutionary (80 bootstrap 
value) and, more drastically, in evolutionary interactions (99 bootstrap value)  (Fig. 5 and 
Fig. 6). Suggesting that coevolutionary and evolutionary conditions drive significant 
change from the ancestral bacterium Vibrio harveyi CV1. Despite it, subsequent bootstrap 
node values suggest that no particular separation is significant enough (>75 bootstrap 
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values over 1000 iterations) to consider that a major change in this gene could account for 
the observed tendency of bacterial populations in both treatments.  
 
 

 
Fig. 5 Maximum likelihood tree, with bootstrap values of 1000 iterations shown at each node, of the OmpK protein rooted to 
Vibrio parahemolyticus. Protein sequences of OmpK of ancestral Vibrio harveyi (CV1) and 4 isolated bacterial populations 
from coevolutionary interactions from transfers 1, 3, 7 and 10 were analyzed; each branch corresponds to one of the four 
bacterial isolates from transfers 1, 3, 7 and 10.   
 
 
Table. 1 Amino acid modification of the OmpK protein of Vibrio parahemolyticus, ancestral CV1 and isolates of different 
transfers under coevolutionary conditions 

 
a Transfer 10 corresponding to the fifth branch on Fig. 5 
b Transfer 3 corresponding to the seventh branch on Fig. 5 
c Transfer 7 corresponding to the ninth branch on Fig. 5 
d Transfer 3 corresponding to the tenth branch on Fig. 5  
 
OmpK translated sequences from coevolutionary isolates of the most distant transfers 
(Fig. 5, yellow clade), exhibit amino acid modifications that most commonly altered the 
hydrophobic activity of the protein (Table.1). Replacement of the hydrophobic amino acids 
alanine or leucine with serine or threonine accounted a change from hydrophobic to polar 
characteristics. The remaining sequences where nearly identical to the ancestral CV1 and 
completely identical among each other (Fig. 5, red clade); amino acid modification, if any, 

Bacteria Position 
1-25 146-168 260-278 

Vibrio parahemolyticus MRKSLLALSLLAATSAPVLAADYSD ASEVNSQKIGLGSDVMVPWLGK NGVDSTGFGHYIAVTYKF 

Ancestral CV1 MRKSLLALSLLAATSAPVMAADYSD STTVNNQKIGLGSDVMVPWLGK DGVDLNWAGHYVAVTYKF 

Transfer 10 MRKSLLTLSLLAATSAPVMAADYSD STTVNNQKIGLGSDVMVPWLGK DGVDSTGFGHYVAVTYRF 

Transfer 10a 
MRKSLLSFSLLAATSAPVMAADYSD STTVNNQKIGLGSDVMVPWLGK DGVDSTGFGHYVAVTYKF 

Transfer 3 MRKSLLSFSLLAATSAPVMAADYSD STTVNNQKIGLGSDVMVPWLGK DGVDSTGFGHYVAVTYKF 

Transfer 3b 
MRKSLFSFSLLAATSAPVMAADYSD STTVNNQKIGLGSDVMVPWLGK DGVDSTGFGHYVAVIYKF 

Transfer 7 MRKSLLYFSLLAATSAPVMAADYSD STTVNNQKIGLGSDVMVPWLGK DGVDSTGFGHYVAVTYKF 

Transfer 7c 
MRKSLLYFSLLAATSAPVMAADYSD STTVNNQKIGLGSDVMVPWLGK DGVDSTGFGHYVAVTYKF 

Transfer 3d 
MRKSLFSFSLLAATSAPVMAADYSD STTVNNQKIGLGSDVMVPWLGK DGVDSTGFGHYVAVTYSF 

!
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represented a change to an amino acid with similar characteristics, for instance an 
asparagine for a serine (Polar), or a leucine for an isoleucine (Hidrophobic).  
 
 

 
Fig. 6 Maximum likelihood tree, with bootstrap values of 1000 iterations shown at each node, of the OmpK protein rooted to 
Vibrio parahemolyticus. Protein sequences of OmpK of ancestral Vibrio harveyi (CV1) and 4 isolated bacterial populations 
from evolutionary interactions from transfers 1, 3, 7 and 10 were analyzed; each branch corresponds to one of the four 
bacterial isolates from transfers 1, 3, 7 and 10.   
 
Moreover, isolates from the evolutionary control (Table. 2) exhibit the loss of a 
hydrophobic amino acid (tryonine), particularly at the end of the analyzed sequences, with 
the rare incorporation of an isoleucine. As coevolutionary in the coevolutionary tree, 
isolates grouped under the red clade (Fig. 6) displayed identical sequences among each 
other and with respect to the ancestral CV1. Finally, it is interesting to notice that at least 
three times more isolates from coevolutionary conditions, significantly diverged from the 
ancestral CV1 when compared to isolates from evolutionary conditions.   
 
 
Table. 2 Amino acid modification of the OmpK protein of Vibrio parahemolyticus, ancestral CV1 and isolates of different 
transfers under evolutionary conditions 

 
a Transfer 1 corresponding to the fifth branch on Fig. 6 
b Transfer 3 corresponding to the seventh branch on Fig. 6 
 
 
SP-LPCR gave as a result several bands with different molecular weights (300bp>) (Fig. 
7). Nevertheless, the small sequenced fragments presented no significant hit to either 
CRISPR associated proteins of any type or to a typical CRISPR arrangement. Additionally, 

Bacteria Position 
1-25 146-168 260-278 

Vibrio parahemolyticus MRKSLLALSLLAATSAPVLAADYSD ASEVNSQKIGLGSDVMVPWLGK NGVDSTGFGHYIAVTYKF 

Ancestral CV1 MRKSLLALSLLAATSAPVMAADYSD STTVNNQKIGLGSDVMVPWLGK DGVDLNWAGHYVAVTYKF 

Transfer 1          MRKSLLALSLLAATSAPVMAADYSD STTVNNQKIGLGSDVMVPWLGK DGVDSTGFGHYVAVT-KF 

Transfer 1a 
MRKSLLALSLLAATSAPVMAADYSD STTVNNQKIGLGSDVMVPWLGK DGVDSTGFGHYVAVIT-KF 

Transfer 7 MQGEKISFSLLAATSAPVMAADYSD STTVNNQKIGLGSDVMVPWLGK DGVDSTGFGHYVAVT-KF 

Transfer 7b 
MRKSLLALSLLAATSAPVMAADYSD STTVNNQKIGLGSDVMVPWLGK DGVDSTGFGHYVAVT-KF 

!
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we were unable to complete the stepping primer design process since bigger fragments 
(>2000pb) were not suitable for sequencing or internal primer design.  
 
 

 
Fig. 7 SL-PCR of cas1 where lanes 1-2 (PF) corresponds to the PCR products using the forward primer and lanes 3-4 (PR) 
to reaction with the reverse primer. A 10,000 bp (10000-300 bp) molecular weight ladder was used in lane 1 (MW).  
 
 
Discussion 
 
Bacteriophages are ubiquitous in different natural environments, being the marine 
ecosystem one of the most supportive scenarios for phage diversity [16, 18, 22, 54, 55]. 
The high abundance and diversity, accompanied with an extraordinary infection capacity, 
makes of phages one of the most active bacterial predators in such locations. [18, 22]. The 
dynamics of co-existence between phages and bacteria have implications in community 
and population structure and composition, genetic exchange at population level and 
biogeochemical processes; therefore significant trade-offs between being successful at 
competing for resources and avoiding predation are constantly taking place among 
bacteria [13, 45]. 
 
There is both theoretical and experimental evidence that consider different factors that 
determine the process of phage-host interactions, which by means of a coevolutionary 
arms race ultimately result in coexistence of the predator and its prey [13, 45, 56]. Different 
microbial organisms have been used as models to evaluate both ecological and genetic 
factors that govern the process of coevolution. For instance, Escherichia coli B and 
different T-series phages have been evaluated in continuous resource limited cultures, 
where coevolution showed to be limited to second or third trophic levels of resistant 
bacterial populations as well as infective phage populations [13, 56, 57]. The main 
ecological factor evaluated was the equilibrium between the number of prey populations, 
primary resources and predator populations; other factors such as the effect of competition 
and productivity in this type of community composition were studied [13, 56, 57]. 
 
Recently, Buckling & Rainey (2002), were able to obtain significant evidence of time-
lagged coevolution in the model of the plant colonizing bacterium Pseudomonas 
fluorescens SBW25 and its lytic phage SBW25Φ2. Here, several cycles of resistant and 
susceptible host populations were obtained followed by different infectious and non-
infectious phage populations [20]. The results of this and subsequent studies, clearly 
reflected the importance of antagonistic coevolution in natural process in terms of 
coexistence, population differentiation and molecular evolution [19, 20, 23-26, 31].  
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Our study was based on the experimental procedure of Buckling & Rainey (2002) where 
coevolution occurred in spatially structured and static microcosms. Nonetheless, particular 
differences were considered; first, our model was composed of Vibrio harveyi CV1 and its 
lytic phage V1P2, given our particular interest on the therapeutic and prophylactic use of 
this phage in an industrial process. Second, we considered two additional factors that 
allowed us to comprehend more rigorously the dynamics of coevolution and the natural 
emergence of resistance: An evolutionary control where the host was held constant, and 
only the phage was allowed to evolve was used. Furthermore, the evaluation of a phage 
cocktail under both evolutionary and coevolutionary conditions allowed us to gain more 
evidence of its effectiveness and consider its suitability for therapeutic use.   
 
Our findings in the treatment with V1P2 are different from previous evaluations of 
coevolution in bacteria and bacteriophages in at least two key aspects: no time-lagged 
coevolution was observed in coevolutionary interactions, where high levels of bacterial 
resistance were strongly driven and supported by directional selection. These results 
suggest that once resistance has emerged, phage V1P2 is unable to overcome the 
defense barrier, or at least not in a near future; in industrial scenarios one feature that 
advocates the usage of bacteriophages is that it represents a naturally evolving system, 
therefore rapid evolution of a counter-defense would be most desirable [3, 6, 11, 14, 46]. 
Previous reports show that directional selection progressively favors bacterial resistance, 
but our data clearly shows that the acquisition of resistance is rapidly gained and limits the 
amount of trophic levels with resistant bacterial populations and infectious phages; 
possibly due to strong directional selection that results in bacterial resistance that phage is 
not able to overcome, therefore limiting coevolution to a single trophic level.  
 
Among experiments where the host is not allowed to evolve, the most common 
observation is a reduction of host-fitness and an increment of parasite aggressiveness or 
infectivity [25, 57]. Most of these observations were evaluated on transfers of a parasite on 
different hosts, followed by the evaluation of differences in infectivity on the ancestral 
parasite; in our case, the transfers were done over the same host. Results of this study 
indicate that there is a progressive increase of bacterial resistance against contemporary 
and future transfers, probably due to an enhanced response to the growing 
aggressiveness of evolving phage populations. Upon the sixth transfer, no differences 
were observed on resistance against temporary distinct phage populations, which 
corroborates previous observations where once resistance is gained, the phage struggles 
to overcome the resistance and augment its infectiveness. It’s interesting to notice that 
susceptibility to the ancestral phage is maintained during evolutionary conditions, which 
indicates that, the resistance mechanisms that allows bacteria to resist the pressure of the 
evolving phage populations does not confer resistance to previous hosts. This could be 
explained upon the different molecular mechanisms a bacteria disposes; the evolutionary 
response, in terms of molecular machinery activation, when both are allowed to evolve 
could be different when the phage is evolving into a more aggressive form [45].   
 
It is clear from our results, and from previous studies, that the dynamics of coevolution 
might be strictly dependent on the system being considered (i.e. Escherichia coli B and its 
T-series phages, Pseudomonas fluorescens SBW and its lytic phage SBW25Φ2 and, in 
our case, Vibrio harveyi and its lytic phage V1P2). This results very interesting in terms of 
the applicability in different industrial or medical scenarios; the specificity of the system 
allows to create strategies suited for particular pathogens in order to avoid a rapid 
emergence of resistance, or to boost the phage counter-defense response.  
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In consideration of this, the evaluation of a phage cocktail is noteworthy since it has been 
used in different industrial contexts as a strategy to enhance the effectiveness of phages 
as biocontrol agents [21, 47-49]. Different studies have evaluated the effectiveness of 
phage cocktails in laboratory conditions and as a general result, the use of the cocktail 
reduces in a greater extent bacterial titers in comparison to treatments with one phage 
only [21, 47-49, 58]. This study is the first one, to our knowledge, to consider the effect of a 
phage cocktail in evolutionary and coevolutionary conditions. The results obtained, clearly 
demonstrate that a phage cocktail alters the coevolutionary process of the interaction; 
overall, susceptibility to contemporary and future transfers is greater than to past phage 
populations in the coevolutionary interaction, while in evolutionary conditions no difference 
was generally observed for temporary distinct phage populations. Additionally, the mean 
proportion of resistance in the phage cocktail treatment is dramatically reduced when 
compared to treatment with V1P2, which is in agreement with previous observations [21, 
47-49, 58]; in this case resistance never reached 50% of the isolated populations. This 
condition was observed in both evolutionary and coevolutionary interactions, suggesting 
that upon interaction with different phages, the development of resistance is not sufficient 
to overcome the pressure exerted by the three phages. This result is most significant in 
shrimp hatcheries since larvae development represents the most susceptible point of the 
process to bacterial infection [1, 5, 9]; a phage cocktail is capable to reduce and delay the 
emergence of resistance during this time (5 transfers), therefore supporting the use of it as 
an strategy to control disease in industrial processes.    
 
It is important to consider that there are several ways in which multiple phages can interact 
within each other during an infectious process. Initially, they can simply compete for host 
resources (receptors), which could result in inhibition or with a decrease of each other’s 
fitness [33, 36, 45]. But sometimes, infection with one phage might enhance susceptibility 
to a second or third phage, facilitating the infectious process [33, 36, 45]. Since low 
bacterial resistance proportion was observed in our treatment with the phage cocktail, a 
process of facilitation might have taken place during evolutionary and coevolutionary 
interactions.  
 
The marine environment is a dynamic scenario where multiple variables act along several 
natural processes and interactions [54, 59]. For instance, phage abundance is subjected to 
the synchronization of bacterial mortality, viral production and decay; UV irradiation is the 
most common factor affecting phage decay [22, 38]. Even though hatchery systems are 
controlled environments, these factors are determinant when bacterial infection presents 
and bacteriophages are used as control agents; hatchery systems are open spaces that 
present a great exposure to UV irradiation. Additionally, salted water is constantly cycled, 
therefore altering both phage and bacterial numbers [2, 3, 6, 7]. These variables play 
important roles when phage therapy is considered as a biocontrol strategy; despite the fact 
that there is no knowledge on how this variables could affect the use of bacteriophages in 
hatchery systems, there is important evidence that support their use [2, 3, 6]: Survival 
rates are mainly increased when phages are present. Consequently, knowledge of the 
coevolutionary process that the phage-bacteria interaction undertake, along with 
consideration of other variables (UV irradiation or water cycling), might elucidate the 
dynamics of bacterial resistance and phage infectivity in hatchery systems.   
 
Different molecular mechanisms could account for the observed data. Most of the 
resistance mechanisms consider the mutation or lost of the receptor that initiate the lytic 
process of the phage [13, 36, 45]. Trough these, bacteriophages are not allowed to adhere 
the bacterial surface and “walk” over it until an insertion point is reached. Commonly, these 
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variations in the surface represent a fitness cost that might result in reduced metabolic 
activity [25, 36, 60]. In the case of the phage cocktail treatment, it is less likely to modify 
three different receptors with low metabolic costs than to modify just one; therefore the 
cost of resistance is higher than the cost of remaining at low titers to avoid predation in a 
static microcosm, where a spatial refuge could be established [20, 23, 24].  
 
It is interesting from our data, that even though there is no evidence that could correlate 
the direct participation of the OmpK as a phage receptor, significant modifications are 
undertaken by this protein during coevolutionary and evolutionary conditions. The role of 
this protein is not clear, but recent studies show that it is important in osmotic regulation 
[37, 39]; as was shown by our data, which presented amino acid modifications that could 
alter the proteins response to osmotic changes (Hydrophobic amino acids where replaced 
for polar amino acids).  It is important to consider that there are other Omp proteins that 
might serve similar functions, thus allowing us to speculate that the accumulation of 
mutations alter each protein function, possibly in an orchestrated mater when osmotic 
pressure is present. Still, more evidence on the implication of this protein in the interaction 
of phage-bacteria is needed, as well as more insights on OmpK function.   
 
Even though functional analysis that demonstrate that the variations on the OmpK protein 
are significant enough to alter their function, it is most interesting to notice that the great 
variability on this protein could account for an accelerated molecular evolution under 
coevolutionary interactions. Recent studies, suggest that coevolutionary interactions 
accelerate molecular evolution of both the phage and the host, when compared to 
evolutionary conditions [13, 26, 31].  
 
Another common mechanisms among vibrios, is the well-known restriction modification 
system (RM) [22, 38].  In vibrios, RM mechanisms are common among different species, 
which is notable since they are usually species or strain specific [22, 38, 61]. These 
molecular mechanisms could explain the rapid emergence of resistance in our model, but 
more evidence of what kind of receptor and description of the restriction modification 
machinery present in Vibrio harveyi CV1 is needed. 
 
Despite the fact that we were unable to determine the presence of a CRISPR structure, we 
consider that this mechanism could account most precisely for the behavior of Vibrio 
harveyi CV1 in evolutionary and coevolutionary conditions; since evidence presumably 
suggest that an innate mechanism of defense is present. The rapid acquisition of 
resistance and the maintenance of it throughout time let us consider that such mechanism 
could be present. Over the past years, an increasing understanding of the CRISPR/Cas 
maturation and effector process has developed [43, 62-64]. It is worth mentioning that 
recent observations suggest that the fragment that is incorporated it is not randomly taken; 
most presumably, a directed selection takes place  [60-62].  If acquisition of a fragment 
that is less prompt to mutation takes place, the innate mechanism would be most effective 
and lasting; this could be reflected from our data, but stronger efforts are needed in order 
to determine the presence of CRISPR structures.  
 
Woolhouse et al. (2002) differentiates the molecular mechanisms that drive coevolution 
[45]. Selective sweeps occur when new alleles appear as a result of mutation and fixate 
into the population; directional selection acts on both populations, meaning that at any 
given point polymorphisms might be in either, both or neither population [45]. This dynamic 
process suits a coevolutionary arms race. On the other hand, when a process of dynamic 
polymorphism takes place both populations are polymorphic at any stage of the 
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coevolutionary process, hence no directional selection takes place and a “Red queen” 
process is most likely [45]. Taking this into account, and considering only the binary trait of 
susceptibility/infectivity, we can hypothesize that our data is supportive of a coevolutionary 
arms race where directional selection has accumulated enough polymorphisms in the 
bacterial population. Even though this hypothesis is of great interest, still molecular 
evidence is needed from both bacterial and phage populations. 
 
 
Conclusions 
 
Different conclusions can be drawn from our study. First, the dynamic process of 
coevolution is greatly orchestrated by the genetic and molecular background of the host 
and the genetic malleability of its phage; interactions seem to be specific of a particular 
bacterial species and its associated bacteriophage. Second, the utilization of a phage 
cocktail in industry represents an important strategy to avoid the emergence of resistance 
and maintain susceptibility for periods long enough for the context of a shrimp hatchery 
system; resistance was mostly below 40% of bacterial isolates. Still, consideration of other 
variables and evaluation of both the phage cocktail and independent phages is needed 
under small scale and field conditions. 
 
Further evaluations of the molecular determinants that drive these interactions are needed, 
not only to determine the mechanisms of resistance, but also to further understand the 
molecular basis of the coevolutionary process of phage-bacteria interactions; perhaps, 
through the complete sequencing of the phages and their host. Despite it, it was observed 
from variations in the ompK gene that coevolutionary interactions might accelerate 
molecular evolution; still further functional analysis are needed to consider if those 
variations represented a significant change in the host viability or fitness.  
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