
AGRICULTURAL RESEARCH FOUNDATION 
INTERIM REPORT  

FUNDING CYCLE 2021– 2023 
 
 

TITLE: Control of Vibriosis in Oyster Aquaculture Through Antisense Inhibition of lpxC Expression 
 
RESEARCH LEADER: Hong Moulton 
 
COOPERATORS: Claudia Hase 
 
SUMMARY/ABSTRACT:  
Outbreaks of pathogenic Vibrio bacteria have commonly been reported to be associated with 
high mortalities of oyster larvae.  Hatchery industry is actively searching for novel, 
environmentally friendly and sustainable approaches for reducing larval mortalities for their 
operations.  Our strategy is to utilize a class of antisense oligomers called peptide-conjugated 
phosphorodiamidate morpholino oligomers (PPMOs) to prevent expression of lpxC, an essential 
Vibrio coralliilyticus gene encoding UDP-3-O-[3-hydroxymyristoyl] N-acetylglucosamine 
deacetylase, an enzyme necessary for lipid A synthesis.  We designed and synthesized PPMOs 
targeting the IpxC and metalloprotease (VcpA) of V. coralliilyticus, and the non-sense controls.  
VcpA is a critical secreted virulence factor for Vibrio infection of shellfish.  We have developed a 
Vibrio coralliilyticus culture system for testing effects of the PPMOs.  We demonstrated the 
concentration-dependence of the vcpA-targeting PPMO effects and the IpxC-targeted PPMO 
didn’t inhibit the bacterial growth. Next, we plan to redesign of the lpxC-targeting PPMO in order 
to synthesize and test a second PPMO with distinct sequence. We will test this new lpxC-
targeting PPMO in the same manner as for the first in order to more completely evaluate this 
strategy for reducing the impact of vibriosis in oyster aquaculture. In addition, we will continue to 
develop the vcpA protease-targeting approach, evaluating its performance in the in vivo setting 
using larval pacific oysters.  
 
OBJECTIVES: 
The overall objective of this project is to explore the development of PPMO technology for 
reducing vibriosis-associated mortality of larval oysters to the point where subsequent larger-
scale studies aimed toward commercialization should be feasible. Three specific tasks will be 
addressed during the proposed study: (1) Synthesize delivery enabled PPMO compounds that 
target V. coralliilyticus lpxC expression. We will also produce non-targeting “scrambled” 
negative control PPMOs; (2) Test the ability of the different PPMOs to inhibit proliferation and 
exert bactericidal activity in pure V. coralliilyticus bacterial culture.  This will be achieved by 
monitoring bacterial growth through measurement of OD600 and through colony enumeration; 
and (3) Test the ability of the PPMO candidates to prevent V. coralliilyticus-associated oyster 
larvae disease and/or mortality using our established in vitro infection models.    If these “proof-
of principle” studies performed during this project are successful, there will be a strong basis for 
moving forward with larger studies and commercialization efforts in order to fully establish 
PPMOs as a novel intervention strategy to reduce Vibrio-based shellfish mortalities in 
commercial shellfish hatcheries. 
 
PROCEDURES:  
Task #1. Synthesize PPMOs that target V. coralliilyticus lpxC expression.  We synthesized 
and purified the PPMO compounds along with non-targeting “scrambled” negative control 
PPMOs using methods described previously (Abes et al. 2006). For this, we used the (RXR)4XB 



cell-penetrating peptide to conjugate the morpholino oligomers for making PPMOs. The efficacy 
of this peptide to deliver morpholino oligomers to various bacteria has been well demonstrated 
(Howard et al. 2017, Sully et al. 2017). The final products were analyzed by mass spectrometry 
and HPLC. 
Task #2. Test PPMO inhibitory and bactericidal activity in pure V. coralliilyticus bacterial 
culture. We assessed the efficacy of our designed PPMOs to inhibit bacterial growth at 
concentrations ranging from 1-100 µM to determine the minimum inhibitory concentration of 
each V. coralliilyticus PPMO, with OD600 measurements used as the experimental endpoint.  
Scrambled PPMOs were used as controls to evaluate the specificity of the lpxC-targeting 
PPMOs. Bactericidal activity was determined using the traditional drop plate method, in which 
colony counts are used to identify the presence of colony forming units remaining in treated 
bacterial cultures. Colistin (polymyxin E), an antibiotic to which we have determined V. 
coralliilyticus to be susceptible, will be used for control experiments. If we do not observe 
inhibitory or bactericidal activity, the oligomer sequences will be redesigned and retested. 
 
SIGNIFICANT ACCOMPLISHMENTS TO DATE 
 
Culture System Development 
In order to prepare for assessment of the effects of treatment with a PPMO targeting the 
expression of lpxC upon the viability of Vibrio coralliilyticus in pure culture, it was necessary to 
establish an appropriate bacterial culture method. We sought to establish such a method using 
low reagent volumes, allowing for efficient use of PPMOs. Using V. coralliilyticus strain 
OCN008, we tested a culture method using multiwell plates based upon a published method 
that has been used for other bacterial species. We found that the bacterial growth cycle was 
rapid in this format, and that culture viability was quickly lost. 
 

 
 

V. coralliilyticus strain OCN008 growth curve, 96-well plate. Mean of three replicates 
shown, error bars represent standard deviation. 

 
Attributing loss of culture viability to insufficient aeration of growth medium, we established a 
culture method using low volumes in culture tubes. This method showed sustained culture 
viability, and was suitable for PPMO testing. 
 



 
 

V. coralliilyticus strain OCN008 growth curve, culture tube format. Mean of three replicates 
shown, error bars represent standard deviation. 

 
We were aware of previous work using PPMOs against another bacterial species that showed 
that culturing in conventional rich growth medium could result in blunted PPMO effects, and that 
culturing in minimal growth medium enabled greater PPMO activity. This effect was postulated 
to be caused by destabilization of bacterial cell wall components due to minimal divalent cation 
presence in growth medium. In order to facilitate PPMO testing under conditions optimal for 
observation of effects, we tested a series of minimal growth media with minimized magnesium 
and calcium content and minimized complex medium components. Initially, we used glycerol as 
the chemical energy source, but found that it did not support robust growth. 
 

 
 

V. coralliilyticus strain OCN008 growth curves in medium #4, glycerol concentration 
varied. Mean of three replicates shown, error bars represent standard deviation. 

 
We found that succinate as the chemical energy source supported more robust culture growth 
and established a minimal growth medium that minimized content of divalent cations and 
complex medium components while supporting sufficient growth for experimentation with 
PPMOs. 
 



 
 

V. coralliilyticus strain OCN008 growth curve in medium #6. Mean of three replicates 
shown, error bars represent standard deviation. 

 
PPMO Design and Synthesis 
We worked with Gene Tools, LLC, a company that synthesizes the oligomer portion of PPMOs, 
to find an oligomer design with optimal characteristics for blocking the translation of lpxC 
transcripts in V. coralliilyticus. A second oligomer was also designed, but had relatively 
unfavorable target binding capacity, so we proceeded with the superior sequence. We chose to 
use an 11-base oligomer based on the published finding that this is the oligomer length that 
produces the highest degree of activity relative to longer or shorter oligomers. 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

 
 

Sequence design for an 11-mer PPMO targeting translation of lpxC transcipts. Target 
sequence (represented as sense DNA strand) shown in blue arrow with start codon in red, 5'-3', 

oligomer sequence shown in green arrow, 3'-5'. 

TCCGTTCGTCT 

ACTGAGGCAAGCAGATGATCAGAC 



 
With the sequence designed and the oligomer portion synthesized, we conjugated the P7 cell-
penetrating peptide to our 11-mer oligomer and purified the product. 
 
 
PPMO Testing 
With our culture system in place and the PPMO designed and synthesized, we tested the 
activity of the PPMO in pure bacterial culture alongside a PPMO containing an irrelevant control 
sequence oligomer, finding no inhibition of culture growth. 
 

 
 
 

OD600 at 8 hrs. (left) and 24 hrs. (right) treatment time, V. coralliilyticus strain OCN008 
treated with P7-lpxC-11mer and irrelevant control sequence PPMO at 40 mM. Mean of 

three replicates shown, error bars represent standard deviation. 
 

While the lpxC-targeting translation-blocking PPMO showed no observable effect, we found that 
another translation-blocking PPMO targeting the expression of vcpA, a gene encoding a 
protease that acts as a virulence factor for pacific oyster larvae, was effective at high 
concentrations for reducing the proteolytic activity of V. coralliilyticus culture supernatants. This 
provides an important alternative approach for the use of PPMOs to address vibriosis in oyster 
aquaculture. The use of EDTA as a positive control provided a reference for reduction of 
proteolytic activity by an agent known to produce that effect by a mechanism distinct from that of 
PPMOs. 
 



 
 

V. coralliilyticus strain OCN008 culture supernatant proteolytic activity under treatment 
with EDTA (100 mM), P7-VcpA-11mer and irrelevant control sequence PPMO at 40 mM. 

Mean of three replicates shown, error bars represent standard deviation. 
 

We demonstrated the concentration-dependence of the vcpA-targeting PPMO effects after 
refining the assay used for determination of proteolytic activity, finding that high PPMO 
concentrations were needed to produce marked change. 
 

 
 

V. coralliilyticus strain OCN008 culture supernatant proteolytic activity under treatment 
with P7-VcpA-11mer and irrelevant control sequence PPMO to 60 mM. Mean of three 

replicates shown, error bars represent standard deviation. 
 

Next Steps for the 2nd year 
Having developed a system for culturing V. coralliilyticus and evaluating PPMO effects within 
this species, we tested the effects of an lpxC-targeting PPMO and found no effect upon the 
viability of treated cultures. We identified an approach that provides an alternative for 
addressing vibriosis in oyster aquaculture through use of a PPMO targeting expression of the 
vcpA protease, a bacterial virulence factor, determining that high PPMO concentrations are 
needed to produce marked effects. We next intend to revisit the design of the lpxC-targeting 
PPMO in order to synthesize and test a second PPMO with distinct sequence. We will test this 
new lpxC-targeting PPMO in the same manner as for the first in order to more completely 



evaluate this strategy for reducing the impact of vibriosis in oyster aquaculture. In addition, we 
will continue to develop the vcpA protease-targeting approach, evaluating its performance in the 
in vivo setting using larval pacific oysters.  
 
ADDITIONAL FUNDING RECEIVED DURING PROJECT TERM: None for this project 
 
FUTURE FUNDING POSSIBILITIES: If the result from the coming year is promising, we plan to 
submit a proposal to USDA.  
 
 

 
 


