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Executive Summary 

Since 2005, mortality episodes of young-of-year (YOY) Smallmouth Bass Micropterus dolomieu 

(SMB) were consistently reported from a number of river systems in Pennsylvania, such as the 

Susquehanna, Juniata, and Allegheny rivers.  These mortality events were more persistent and 

severe in the Susquehanna and Juniata River systems, occurring annually to varying degrees, 

than in the Allegheny and other drainages.  These SMB die-offs have created considerable 

concerns among the sport-fishing industry, as well as in state and federal agencies, as the relative 

abundance of YOY and adult SMB decreased and shifts in size structure were noticed (Smith et 

al., 2015). 

Several different bacterial pathogens, myxozoan and trematodes parasites, and the viral pathogen 

Largemouth Bass Virus (LMBV) have been isolated from moribund SMB over the course of the 

investigation.  LMBV has consistently been isolated from moribund YOY SMB from the 

Susquehanna River Basin; however, the role that LMBV may play in causing the underlying 

stress is unknown. Previous studies have not been designed to determine if LMBV is pathogenic 

to SMB, but its consistent detection in moribund YOY SMB warranted further investigation. 

This study evaluated whether LMBV isolates from Susquehanna River Basin are pathogenic to 

YOY Smallmouth Bass and at what concentration (i.e., LD50) in a laboratory setting. Further, 

we evaluated the role that temperature regimes similar to those observed in the focus area and 

co-occurring opportunistic bacteria known to be pathogenic to SMB had in inducing clinical 

disease in YOY Smallmouth Bass 

First, we screened five LMBV strains that were associated with YOY SMB mortality episodes 

for their pathogenicity to SMB using an intraperitoneal (IP) injection method. Second, we 

established the median lethal dose (LD50) by immersion of the two most pathogenic LMBV 

strains. Third, we described gross clinical signs and histopathological alterations of LMBV-

experimentally infected fish. Fourth, we compared the five LMBV strains phylogenetically using 

major capsid protein (MCP) gene sequencing. Fifth, we determined the optimal temperature for 

LMBV to cause disease in SMB by immersion. Last, we determined the role that two other fish-

pathogenic bacteria may play in exacerbating the LMBV infection. The series of experiments 

described herein unraveled some of the potential mechanisms leading to the YOY SMB 

mortality episodes noticed in several watersheds in Pennsylvania. 

Exposure of SMB to LMBV by IP resulted in morbidity and mortality in all LMBV infected 

groups with variable LD50 levels that ranged from as little as <10 TCID50/fish for the 13-295 

Susquehanna strain to 10
3.13

 TCID50/fish in the case of the 14-204 Pine Creek strain. In LMBV 

immersion studies, gross clinical signs in LMBV-infected SMB were, to a great extent, similar to 

those observed in IP-infected fish; however, there were some lesions in the two immersion 

groups that were not observed in the IP infected SMB groups. When the water temperature was 

maintained at 23 °C, cumulative mortality was 10% and occurred on the 13
th

 day post-infection. 

However, when water temperatures were maintained at 28 °C, half of the fish died. During co-

infection challenge studies, when LMBV-infected SMB were exposed to F. columnare, a 

significant (P < 0.05) increase in cumulative mortality was observed (75.0 ± 12.5%). SMB 

exposed to A. salmonicida only experienced a very high cumulative mortality of 95.8 ± 7.2% by 

16 days post infection (PI). Mortality of co-challenged SMB began 10 days PI and continued 

until 27 days PI, reaching a cumulative mortality of 100%. 
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The findings of this study clearly demonstrate that LMBV infection, regardless of the method of 

exposure, is lethal to YOY SMB. The variability in LD50 values among the five SMB LMBV 

strains can be attributed to inherent variability in pathogenicity among LMBV strains, a 

phenomenon that is common in most animal viruses, including LMBV (Grgić et al., 2008; Kang 

et al., 2014).  Based on the gross and microscopic lesions, it is possible that the dermal lesions 

observed in SMB in affected rivers are initiated primarily by LMBV and that affected areas 

became colonized by opportunistic bacteria and fungi; both of which are abundant in the aquatic 

environment during the summer. Similar to LMB, water temperature plays an important role in 

LMBV pathogenicity for SMB under controlled experimental conditions. Raising the water 

temperature above 23 °C was necessary for successful experimental infection of SMB with 

LMBV.  This coincides well with the water temperatures recorded during the YOY SMB 

mortality episodes that fluctuated between 22 and 34 °C. High water temperatures are often 

associated with other stressors including low dissolved oxygen concentrations. These factors 

favor LMBV replication and can compromise host defense mechanisms. Additionally, co-

infection of LMBV with F. columnare or A. salmonicida may have important implications for 

YOY SMB mortality across a wide temperature range. During warmer summer months, LMBV 

alone or in combination with F. columnare can cause YOY SMB mortality at the magnitude 

noticed in the multiple river systems. F. columnare alone cannot be the primary cause of 

mortality since, even at extremely high concentrations in experimental settings, it does not cause 

mortality levels as high as reported for the Susquehanna and Potomac River basins. 

The sum of data generated in this study, including LMBV ability to cause, without co-infection, 

high mortality rates associated with dermal lesions under laboratory conditions that are visually 

similar to the skin lesions observed in YOY SMB during the mortality episodes, and its relatively 

high optimal temperature which coincides with those prevailing at the affected rivers during the 

peak of mortality episodes, strongly suggest that this iridovirus is the most likely primary cause 

of this large-scale mortality afflicting SMB. While chemicals and other adverse environmental 

factors could be indirectly involved (e.g., immune suppressor), their role in the mortality 

episodes remains unclear. 
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Introduction 

 

Since 2005, mortality episodes of young of the year (YOY) Smallmouth Bass Micropterus 

dolomieu (SMB) are consistently reported from a number of river systems in Pennsylvania, such 

as the Susquehanna, Juniata, and Allegheny Rivers.  These mortality events were more persistent 

and severe in the Susquehanna and Juniata River systems, occurring annually to varying degrees, 

than in the Allegheny and other drainages.  These SMB die-offs have created considerable 

concerns among the sport-fishing industry, as well as in state and federal agencies, as the relative 

abundance of YOY and adult SMB decreased and shifts in size structure were noticed (Smith et 

al., 2015). Affected SMB exhibited exophthalmia, dermal lesions (e.g., fin erosion and rounded, 

shallow ulcers), and organomegaly. The prevalence of moribund fish varied both spatially and 

temporally and was most prevalent during years with high water temperatures (Smith et al., 

2015). Several fish-pathogenic bacteria and parasites were reported from fish collected during 

the course of mortality episode examinations, such as Aeromonas spp., Shewanella putrefaciens, 

Flavobacterium columnare, Pseudomonas aeruginosa, myxozoa (e.g., Myxobolus inornatus) and 

trematodes (Chaplin et al., 2009; Walsh et al., 2012; Starliper et al., 2013; Smith et al., 2015). 

The Largemouth Bass Virus (LMBV, genus Ranavirus, Family Iridoviridae) has also been 

isolated from both apparently healthy and moribund SMB during fish kill episodes in several 

river watersheds in Pennsylvania (https://www.fws.gov/wildfishsurvey/) and the Chesapeake 

Bay watershed (Blazer et al., 2010). The contributions of each of these pathogens (single or 

combined) in causing these recurrent SMB kills have not been thoroughly investigated under 

controlled laboratory conditions.   

Most of the existing knowledge on LMBV is derived from surveys and experiments performed 

on Largemouth Bass Micropterus salmoides (LMB), although this virus has been isolated from 

several centrarchid fish species. The median lethal dose (LD50) of LMBV by intraperitoneal (IP) 

injection in juvenile LMB was estimated to be 10
2.45

 median tissue culture infectious dose 

(TCID50) as reported by Plumb and Zilberg (1999). Typically, LMBV-infected LMB exhibit 

lethargy, external and internal hemorrhages and organomegaly (Zilberg et al., 2000). However, 

Deng et al. (2011) described an outbreak in LMB in China that was associated with the 

formation of widespread ulcerative lesions. The causative agent was a ranavirus named 

Largemouth Bass ulcerative syndrome virus (LBUSV) by Deng et al. (2011). Upon phylogenetic 

analysis of LBUSV using major capsid protein (MCP) gene sequencing, it proved to be a 

ranavirus sharing 100% similarity to the Doctor Fish Virus (DFV) and 98% similarity to LMBV. 

Most recently, another ranavirus, named LMBV-like, was detected in farmed Barcoo Grunter 

Scortum barcoo in Thailand during outbreaks that were associated with ulcerative lesions 

(Kayansamruaj et al., in press). The MCP gene sequencing of the Thai ranavirus shared 100% 

similarity to the Chinese LBUSV, clustered in the same clade with high bootstrap support, and 

shared 99.3-99.5% similarity to LMBV and DFV.   

Previous studies have reported that an optimal temperature of 25 to 30 °C is necessary for 

LMBV to cause mortality in LMB (Grant et al., 2003).  Similar observations have been made 

during in vitro studies where LMBV was found to replicate in FHM) and BF-2 cell lines at 

optimal incubation temperatures between 25 and 30 °C (Piaskoski et al., 1999; Grant et al., 

2003).  Similar temperature regimes have been observed at locations where YOY SMB die offs 

have occurred, thus suggesting that environmental conditions within the river system could in 

theory promote virus replication. 

https://www.fws.gov/wildfishsurvey/
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This study was designed to investigate the role that LMBV may play in causing the recurrent 

YOY SMB mortality episodes. First, we screened seven LMBV strains that were associated with 

YOY SMB mortality episodes in Pennsylvania for their pathogenicity to SMB using the IP 

injection method. An additional isolate obtained from a fish kill in Michigan involving adult 

SMB was also screened. Second, we established the LD50 by immersion of the two most 

pathogenic LMBV strains. Third, we described gross clinical signs and histopathological 

alterations of LMBV-experimentally infected fish. Fourth, we compared the five LMBV strains 

phylogenetically using MCP gene sequencing. Fifth, we determined the optimal temperature for 

LMBV to cause disease in SMB by immersion. Last, we determined the role that two other fish-

pathogenic bacteria may play in exacerbating LMBV infection. The series of experiments 

described herein unraveled some of the potential mechanisms leading to the YOY SMB 

mortality episodes noticed in several watersheds in Pennsylvania. 

Methods 

 

Acquisition and care of fish. 

 

The PA Fish & Boat Commission (PAFBC) delivered approximately 450 live Smallmouth Bass 

(SMB) of 2015 year class from Hackettstown State Fish Hatchery, NJ to Michigan State 

University (MSU) on July 15, 2015, along with a supply of feeder fatheadminnows (FHM). SMB 

arrived in good condition, although they were housed with FHM during 

transport. FHM arrived with Ichthyophthirius multifiliis (ich), and an outbreak of ich followed in 

the SMB. Fish were treated and the outbreak ceased, but mortality was substantial (50% of 

SMB). Due to the substantial mortality the project was extended and more fish were acquired to 

complete the study.   

 

The second lot of Smallmouth Bass was transported from Zetts Fish Farm and Hatchery, Inc., 

Drifting, PA to the University Research Containment Facility, Michigan State University, on 

July 19, 2016.  Fish were held in a tank at 22 ± 1 °C and fed commercial pellets. After holding 

fish for one week, fish (n = 10) were sampled for pathogen screening, to include LMBV and 

parasites. Few to moderate numbers of Dactylogyrus sp. and Chilodonella sp. were seen on gill 

scrapings in 3 out of 10 fish. Moreover, cestodes (Proteocephalus sp). were observed in the liver, 

gastrointestinal tract and swim bladder of every fish. Daily mortalities ranged from 3 to 6 fish 

per day. Therefore, it was decided to eliminate or reduce parasite loads before using these fish in 

experiments. A treatment of praziquantel (3-hr bath at 10 mg l
-1

, once a week for 3 weeks) was 

initiated. The treatment was fairly effective, as cestodes were expelled from the gastrointestinal 

tract of treated fish during each treatment.  Likewise, external parasite loads were decreased. 

All protocols described in this study involving the use of live fish have been approved by the 

Michigan State University (MSU) Institutional Animal Care and Use Committee (IACUC AUF # 

08/15-129-00). Upon arrival at the MSU-Research Containment Facility, fish were allowed to 

acclimate to the laboratory conditions in 720-L rectangular fiberglass tank at a water temperature 

of 22 ± 1 °C for 4 weeks. Fish were fed commercial pellets (Classic Fry – 1.5 mm, Skretting Co., 

Tooele, UT) and tanks were cleaned daily. A subsample of 10 SMB was tested for the presence 

of LMBV and other viruses in their visceral organs using the fathead minnow (FHM) cell line as 

detailed below. 
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Acquisition of virus. 

 

Six LMBV isolates recovered from SMB in Pennsylvania rivers weredelivered to MSU by the 

PFBC on July 15, 2015 (14-204 Pine Creek, 13-286 Juniata River, 13-295Susquehanna River, 

12-329 Juniata River, 12-333 Schuylkill River, 12-342 Allegheny River). 

Isolates received were thawed on ice upon arrival (not optimal condition). Isolates were 

aliquoted the same day. Additional isolates were recovered from the Susquehanna River on July 

27, 2015(shipped to MSU August 19, 2015, 15-232 Susquehanna). Efforts to achieve high virus 

titers weresuccessful (i.e., 3.72 – 6.31 x 108 TCID50 ml-1) in five LMBV isolates from 

Pennsylvania (13- 

286 Juniata, 13-295 Susquehanna, 14-204 Pine Creek, 12-342 Allegheny and 15-232 

Susquehanna) and one isolate from Michigan (130903-1 Lake St. Clair), which was very high 

and ideal for the proposed experimental challenges (Table 1). 

 

Table 1. Titers of LMBV isolates from Pennsylvania and Michigan used in this study. 

 

LMBV origin LMBv isolates Virus concentration (TCID50 ml
1
)
 

Pennsylvania 13-286 Juniata 6.31 x 10
8 

 13-295 Susquehanna 4.68 x 10
8 

 14-204 Pine Creek 3.72 x 10
8 

 12-342 Allegheny 6.31 x 10
8 

 15-232 Susquehanna 6.31 x 10
8 

 12-329 Juniata 4.68 x 10
3 

 12-333 Schuylkill 3.72 x 10
3 

Michigan 130903-01 Lake St. Clair 6.31 x 10
8 

 

Confirmation of virus. 

 

Isolates were inoculated onto FHM cell lines, where all isolates exhibited cytopathic effect 

(CPE)with complete cell lysis. All LMBV isolates were subject to molecular testing polymerase 

chain reaction (PCR)amplification using the assay of the AFS-Fish Health Section Blue Book 

(2016) and genetic 

sequencing to confirm their identity. All isolates showed 99% to 100% similarity to LMBV, and 

stock concentrations were made for challenges. 

 

Preliminary experimental infection. 

 

Five of the eight LMBV isolates from PA (13-286 Juniata, 13-295 Susquehanna, 14-204 Pine 

Creek, 12-342 Allegheny and 15-232 Susquehanna) were selected for experimental infections 

based on:  

 

a)  The likelihood that they were associated with kills of YOY SMB in large rivers of 

the Susquehanna Basin; and 

 

 b)  The high virus titers that were achieved via cell culture.  
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Initial experimental infections included seven challenge groups using five isolates from PA, one 

isolate from Lake St. Clair, Michigan (LSC) and one negative control group. Fish were injected 

with undiluted virus stock (i.e., 108), which is considered an extremely high dose. This was done 

for two reasons: 

 

1. To ensure that each fish was subject to enough PFUs of the virus. 

2. To create a stock of SMB-adapted virus after numerous passages of the virus in cell 

culture. 

 

All LMBV-challenged and control fish were necropsied and examined for gross pathological 

changes. Tissues from representative fish were collected for viral isolation and also fixed in 

buffered 10% formalin for histopathology. 

 

Calculation of the median lethal dose (LD50) of experimentally challenged SMB exposed to 

the virus through intraperitoneal injections. 

 

To elucidate the median infectious lethal dose (LD50) for intraperitoneal (IP) injections of the 

LMBV isolates used in this study, LMBV stocks of each isolate (3.72 – 6.31 x 10
8
 TCID50 ml-1) 

were 10- fold serially diluted in media. Fish then received IP injections (50 μl per fish) of a 

LMBV isolate at four different concentrations (10
1
, 10

3
, 10

5
 and 10

7
 TCID50 ml

-1
); another 

group was IP injected with only sterile medium, which served as the negative control. 

Throughout the experimental infection, cumulative mortality and gross pathological changes 

were recorded.  Tissues from representative dead and moribund fish were also collected and 

fixed in 10% buffered formalin for histopathology.   

 

Exposure of SMB to LMBV. 

Screening by IP injection. This experiment was designed to compare the pathogenicity of the 

five LMBV strains in juvenile SMB and to be used as a guide for the selection of the LMBV 

strains and doses for waterborne infection. The IP route was employed for screening to ensure 

that each fish received an identical virus dose. Twenty groups of fish (n=5/tank/dose) were each 

housed in 70-L static circular tanks equipped with air-driven sponge filters (Hydro–Sponge III 

Filter, Aquarium Technologies, Decatur, GA). Water temperature was elevated by 2 °C/day to 

reach 28 °C ± 1 °C, which is reported to be the optimum temperature for LMBV experimental 

infection (Grant et al., 2003), using submersible 150-W heaters (Aqueon®-Pro 150, Central 

Aquatics™, Franklin, WI). Prior to injection, fish were anesthetized with sodium bicarbonate-

buffered-tricaine methanesulfonate (100 mg/L; MS-222, Western Chemical, Ferndale, WA). Fish 

were IP injected with 50 μl of tissue culture medium (TCM) containing LMBV at one of four 

concentrations: 10
1
, 10

3
, 10

5
 and 10

7
 TCID50/fish. The negative control consisted of fish (n=5) 

that were sham-injected with 50 μl of LMBV-free TCM. Fish were monitored daily for 30 days, 

whereby disease signs, cumulative mortality and behavior were recorded daily. LD50 values of 

each LMBV isolate were then calculated according to Reed and Muench (1938). 

Immersion challenge. Based on the results of the LMBV isolate screening by IP, the 13-286 

Juniata and 13-295 Susquehanna LMBV strains were selected for the SMB waterborne 

challenge. Immersion exposures (n=10 fish/tank/dose) were performed in aerated water at six 
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final concentrations (10
1
, 10

2
, 10

3
, 10

4
, 10

6
 and 10

7
 TCID50/mL) for each of the two LMBV 

isolates for 1 hour and then placed back into their respective tanks. An additional group of fish 

(n=10/tank) was subjected to the same procedure, except that they were immersed in water 

containing a LMBV-free TCM and were considered negative controls. Fish were kept at 28 ± 1 

°C in circular 70-L tanks and clinical signs and mortality were recorded daily. LD50 levels for 

each isolate were calculated as described below. 

 

Calculation of the median lethal dose (LD50) of experimentally challenged SMB using 

immersion exposure. 

 

Based on the results of the screening trials of five Pennsylvania LMBV isolates (13-286 Juniata, 

13-295 Susquehanna, 14-204 Pine Creek, 15-232 Susquehanna, and 12-342 Allegheny) and one 

Michigan LMBV isolate (130903-1 Lake St. Clair) using IP injection, two virulent PA LMBV 

isolates (e.g., 13-286 Juniata and 13-295 Susquehanna) were selected for challenge in 

Smallmouth Bass using waterborne infection (i.e., immersion exposure). Although the virulence 

of the LMBV isolate originating from Michigan (130903-1 Lake St. Clair) was as high as in the 

13-295 Susquehanna isolate (< 10 TCID50 ml-1), we selected 13-286 Juniata isolate which 

showed an LD50 value of 2.89 x 10
2
 TCID50 ml

-1
, since this isolate was associated with kills of 

YOY SMB in Pennsylvania, the area of primary focus for this study. Infection of Smallmouth 

Bass to estimate the median lethal dose (LD50) of LMBV using waterborne immersion was 

accomplished. Six groups of SMB (n=10 fish/tank/treatment) were immersed in six different 

concentrations of the 13-286 Juniata or 13-295 Susquehanna isolates (10
1
, 10

2
, 10

3
, 10

4
, 10

6
 and 

10
7
 TCID50 ml

-1
). A mock-challenged group of SMB (n=10) served as a negative control. 

Cumulative mortality was calculated for each isolate and dose, and the LD50 was calculated 

according to Reed and Muench (1938). Tissue samples from lesions were fixed and stained for 

the histopathological study. Kidney, spleen and liver tissues from dead and surviving 

Smallmouth Bass in all groups were collected for LMBV re-isolation, inoculated onto FHM cell 

lines, and confirmation was based on conventional PCR assay following standard protocols of 

the Fish Health Section of the American Fisheries Society Blue Book (2016). 

 

Influence of water temperature on pathogenicity of the 13-286 Juniata isolate. 

 

This portion of the study was designed to investigate whether temperature influences clinical 

disease of LMBV isolates. This is important in determining the exact role of the environment 

necessary to cause disease in fish. Based on the results of estimation of median lethal dose 

(LD50) of the two LMBV isolates, the LMBV isolate with the lowest LD50 (13-286 Juniata 

isolate) was used in this study. Fish were fed ad libitum with appropriate fish pellets 

commensurate with the fish size. An immersion challenge was conducted to more closely mimic 

the natural waterborne route of virus transmission. Smallmouth Bass (n=10/group/treatment) 

were immersed in a concentration of LMBV equivalent to the LD50 determined by the fish 

exposed to the virus through the immersion portion of this study and maintained at three water 

temperatures (11 ᵒC, 23 ᵒC, and 28 ᵒC). A group of 10 fish were also sham infected with FHM 

growth medium as a negative control tank. 

 

Tank layout: 

Tank 1: Negative control tank 11 ºC 



Pennsylvania Sea Grant College Program 

Award # 5031-COP-NOAA-0063 

Page 9 
 

Tank 2: Negative control tank 23 ºC 

Tank 3: Negative control tank 28 ºC 

Tank 4: 13-286 Juniata isolate at LD50 tank 11 ºC 

Tank 5: 13-286 Juniata isolate at LD50 tank 23 ºC 

Tank 6: 13-286 Juniata isolate at LD50 tank 28 ºC 

 

These fish were monitored for 30 days. At the end of the 30 days, percent cumulative mortality 

was calculated for each tank. All surviving fish were euthanized with an overdose of MS-222 as 

described above. During the challenge, kidney, spleen and liver tissues of any fish found dead or 

moribund, as well as those euthanized at the end of the study, were processed for the presence of 

LMBV. 

 

Experimental challenges to investigate the role of bacterial co-infections. 

 

Experimental challenges were administered using the same LMBV isolate used in the 

temperature challenges (13-286 Juniata isolate) to address the role of bacterial co-infections.  

Flavobacterium columnare was used based on the observation that it is often concomitantly 

isolated with LMBV from moribund YOY SMB in the Susquehanna River.  Aeromonas 

salmonicida was also used, and although it has not been isolated from SMB in the Susquehanna 

Basin, it has been associated with large SMB die offs in the Potomac Drainage in Virginia. 

 

For experimental co-infection challenges, Smallmouth Bass (n=8/tank) were immersed in the 

LD50 concentration of 13-286 Juniata isolate in triplicate. The purified virus suspended in FHM 

growth medium was added directly to the water in an amount to achieve the desired 

concentration. The fish were then held in the suspension for one hour of exposure 

time, after which they were transferred to a holding tank and maintained at 28 ºC, where the 

majority of the mortalities of LMBV-challenged Smallmouth Bass were observed. Immersion in 

suspension of F. columnare (~108 colony forming units ml
-1

) was done after 7 days post 

infection of the 13-286 Juniata isolate. For co-infection experiment between the 13-286 Juniata 

isolate and A. salmonicida, water temperature was decreased from 28 ºC to 20 ºC (2 ºC per day) 

at day 7 post-infection, and then LMBV-challenged Smallmouth Bass were immersed in a 

suspension containing the pathogenic bacterium at a logarithmic phase of growth (i.e., 108 

colony forming units ml
-1

). Control groups included LMBV challenged only (triplicate), bacteria 

challenged only (triplicate), and mock challenged in medium (triplicate). During the trial period 

of 30 days, cumulative mortalities were recorded. All surviving fish have been also euthanized 

with an overdose of MS-222. All mortalities and euthanized moribund fish, as well as those 

euthanized at the end of the study, were necropsied for the presence of LMBV as previously 

described. 

 

Sample collection for LMBV-re-isolation and histopathology. 

Moribund fish were euthanized with an overdose (250 mg/L) of MS-222. At the end of the 

observation period for each experiment, all surviving fish were euthanized. Freshly dead and 

moribund fish, as well as fish that were euthanized at the end of the observation period, were 

necropsied. Portions of kidneys, spleen, and liver were collected in 1.5-mL centrifuge tubes and 

kept frozen at -80 C until processed for LMBV re-isolation and confirmation. 
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To examine tissue pathological consequences associated with LMBV infection in SMB, portions 

of external and internal lesions of LMBV-infected fish (moribund and recently dead fish) were 

collected and fixed in 10% buffered formalin. Fixed samples were then dehydrated in a graded 

series of alcohol, embedded in paraffin, sectioned and stained with hematoxylin and eosin 

(Prophet et al., 1992). Stained tissues were visually examined under a light microscope 

(Olympus, Model BX41TF, Kyoto, Japan) and photographs were taken using image software 

(Olympus DP25-BSW, version 2.2) connected to a camera (Olympus DP25). 

Virus and bacteria re-isolation and confirmation.  

LMBV re-isolation was performed using FHM cells following the USFWS and AFS-FHS (2016) 

protocols. Tissue pools (kidney, spleen and liver) were diluted 1:20 (w/v) in Eagle’s minimum 

essential medium (Gibco) supplemented with 0.3% tryptose phosphate broth (BD Biosciences, 

Sparks, NY), penicillin (100 U/mL), streptomycin (100 µg/mL), and amphotericin B (2.5 

µg/mL) and then homogenized using a hand-held pestle and tissue grinder (Fisherbrand
®
, Fisher 

Scientific, Pittsburgh, PA) in a 1.5-mL centrifuge tube. Samples were clarified by centrifugation 

at 5,000 rpm (2,711 × g) for 30 min. Supernatants were inoculated (25 μL) in triplicate wells of 

96-well microplates containing a monolayer of FHM cells. Infected plates were incubated at 28 

°C and observed for the formation of cytopathic effect (CPE; i.e., cell lysis with wide areas of 

monolayer detachment). After 7 days post-incubation, cultures with no evidence of CPE were 

blind passaged by inoculating fresh FHM cells with cell culture supernatant and observed for an 

additional 7 days. Samples that exhibited the formation of CPE at any time during incubation 

were considered presumptively positive for LMBV. Confirmatory identification of the virus from 

cell culture supernatant was made by polymerase chain reaction (PCR) as described below.  

To confirm that the virus isolated from experimentally infected fish was LMBV, total DNA was 

extracted from CPE-positive cell culture using a DNeasy
®

 Blood & Tissue Kit following the 

manufacturer’s protocol and then stored at -20 °C. For samples that exhibited no signs of CPE at 

the end of the second passage, DNA extraction was performed directly from collected tissues 

using the same extraction kit. Extracted DNA was quantified using a Qubit fluorometer 

(Invitrogen, Eugene, OR). Primer pairs used to confirm LMBV were forward: 5'-GCG GCC 

AAC CAG TTT AAC GCA A -3’ and reverse: 5'- AGG ACC CTA GCT CCT GCT TGA T -3’ 

(Grizzle et al., 2003). A PCR reaction tube included 12.5 µL of GoTaq Green Master Mix 

(Promega, Madison, WI), 0.8 µM of each primer, 70 ng of DNA template and DNAase-free 

water to produce a final volume of 25 μL. The thermocycler program was set up in a GeneAmp
®
 

PCR System 9700 (AB Applied BioSystems, Singapore) using a single denaturation step at 94 

°C for 5 min, followed by 30 cycles of 94 °C for 30 sec, 56.5 °C for 30 sec and 72 °C for 35 sec, 

with an additional elongation at 72 °C for 7 min. The desired amplicon (248 bp) was visualized 

in 1.5% (w/v) agarose gel electrophoresis containing SYBR safe (Invitrogen) for 30 min at 100 

V under UV transillumination (UVP, Model TFM-26, Upland, CA).      

DNA was extracted from re-isolated bacteria using a DNeasy
®
 Blood & Tissue Kit according to 

the manufacturer's protocol. Bacterial DNA was quantified as previously described. PCR 

amplification of F. columnare was conducted using the primers FCISRFL (5’ -TGC GGC TGG 

ATC ACC TCC TTT CTA GAG ACA - 3’) and FCISRR1 (5’ -TAA TYR CTA AAG ATG TTC 

TTT CTA CTT GTT TG – 3’; detailed in Faisal et al., 2017). To confirm A. salmonicida, 

amplified PCR product was produced using MIY1 (5’- AGC CTC CAC GCG CTC ACA GC- 



Pennsylvania Sea Grant College Program 

Award # 5031-COP-NOAA-0063 

Page 11 
 

3’) and MIY2 (5’- AAG AGG CCC CAT AGT GTG GG -3’) primers (detailed in Loch and 

Faisal, 2010).   

Phylogenetic confirmation of LMBV.   

Viral DNA from cell culture was purified and pelleted according to Szpara et al. (2011), and 

viral DNA from the resulting pellets was extracted using a DNeasy
®

 Blood & Tissue Kit 

(Qiagen, Hilden, Germany) according to the manufacturer’s instructions. Mate pair libraries were 

prepared for each isolate using the Illumina Nextera Mate Pair Library preparation kit. No size 

selection protocol was followed in preparation of the libraries. Illumina paired end libraries were 

prepared using the Rubicon Genomics ThruPLEX DNA Library kit. All libraries were pooled in 

equimolar concentration and this pool was loaded on an Illumina MiSeq standard flow cell (v2) 

and sequencing was performed in a 2x250bp paired end format using a 500 cycle, v2 MiSeq 

reagent cartridge. Base calling was done by Illumina Real Time Analysis (RTA) v1.18.54 and 

output of RTA was de-multiplexed and converted to FastQ format with Illumina Bcl2fastq 

v1.8.4. Reads were trimmed and sequenced using Trimmomatic (Bolger et al. 2014) with default 

settings. Default de novo assembly was conducted using CLC Genomics Workbench v. 10 with 

scaffolding (mismatch cost: 2; insertion cost: 3; deletion cost: 3; length fraction: 0.5; similarity 

fraction: 0.8). For two isolates (Jun 13-286 and Sus 13-295), full-length major capsid protein 

gene sequences were PCR amplified using the forward 5’- ATG TCT TCT GTT ACG GGT TCT 

GGC-3’ and reverse 5’- TTA CAG GAT GGG GAA ACC CAT GG-3’ primer pairs and 

sequenced using the primer walking method. The resulting sequences were processed with 

BLAST at NCBI (Altschul et al., 1990) against the nr database to identify the assemblies 

containing full-length major capsid protein coding region. The resulting sequences (1,392 bp) 

were deposited in GenBank (Accession #: KY825779-KY825781 to be provided later).  Highly 

similar BLAST matches were included in the dataset for phylogenetic analysis. Additional 

sequences were included in the dataset based on the findings of Kayansamruaj et al. (in press). 

Sequences were aligned with ClustalW as implemented in MEGA 7.0 (Tamura et al., 2011) 

using default settings. The length of final alignment was 1,392 nucleotide positions. Bayesian 

inference of phylogenetic construction was performed with MRBAYES v 3.1.2 (Huelsenbeck 

and Ronquist, 2001) using the transitional model (Rodriguez et al., 1990) with γ distributed rates 

(GTR + G) as selected by the program jModelTest (Darriba et al., 2012) using the corrected 

Akaike information criterion (AICc) (Hurvich and Tsai, 1993) as an information-theoretic 

approach for model selection. Bayesian analysis included four Monte Carlo Markov chains 

(MCMC) for 1,000,000 generations with one tree retained every 100th generation. After 

discarding the burn-in samples (first 25% of samples), the remaining data were used to generate 

a 50% majority-consensus tree. 

Statistical analysis. 

Mortality data of SMB in co-infection experiments were expressed as mean ± standard deviation. 

The data were normalized by sine transformation prior to statistical assessment by a one-way 

analysis of variance (ANOVA). Duncan’s new multiple range test was used for post-hoc 

comparison at a P-value of 0.05. All statistical analyses were performed using SPSS statistics 

version 22 (IBM Corp, Armonk, NY).  
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Results 

 

Evaluation of the IP Experimental Infection trials. 

 

All LMBV isolates tested were lethal to injected naïve SMB. Virus re-isolation trials provided 

evidence that LMBV had replicated in the visceral organs of infected SMB at relatively high 

titers. Virus titers ranged from 105 - 106 TCID50 g
-1

 tissue (Table 2). 

 

Table 2. Virus titer in young of the year Smallmouth Bass intraperitoneally injected with six 

undiluted virus isolates 

 

Treatments 
LMBV concentration in infected SMB 

(TCID50 g
-1

 of fish tissue) 

Control Not detected 

13-286 Juniata 2.13 – 6.31 x 10
5
  

13-295 Susquehanna 3.72 x 10
5
 – 4.68 x 10

6
 

14-204 Pine Creek 2.69 – 6.31 x 10
5
  

12-342 Allegheny 3.16 x 10
5
 – 4.68 x 10

6
 

15-232 Susquehanna 2.69 x 10
5
 – 6.31 x 10

6
 

130903-1 Lake St. Clair*  2.69 x 10
5
 – 2.13 x 10

6
 

*This strain was included as it was isolated from wide spread morbidity of SMB in Lake St. 

Clair, MI. 

 

Calculation of the medial lethal dose (LD50) of experimentally challenged SMB. 

 

Infections of the first four LMBV isolates (13-286 Juniata, 13-295 Susquehanna, 14-204 

Pine Creek and 130903-1 Lake St. Clair) were completed in 2015. Injections of last two LMBV 

isolates (15-232 Susquehanna and 12-342 Allegheny) were finished in 2016, this was due to a 

shortage of desired-sized fish and their health issues. Previously described in the acquisition and 

care of fish section. The percent cumulative mortality of YOY Smallmouth Bass that received IP 

injections of five LMBV Pennsylvania isolates and one LMBV Michigan isolate is shown in 

(Table 3). The LD50 of 13-286 Juniata and 14-204 Pine Creek isolates were estimated to be 2.89 

x 102 TCID50 ml
-1

 and  1.35 x 103 TCID50 ml
-1

, respectively. The percent cumulative mortality 

in SMB IP injected with 13-295 Susquehanna and 130903-1 Lake St. Clair isolates were 

somewhat higher than those infected with 13-286 Juniata and 14-204 Pine Creek isolates (Table 

3). The LD50 of 13-295Susquehanna and 130903-1 Lake St. Clair isolates were both lower than 

10 TCID50 ml
-1

. In the 2016 trials mortality occurred in SMB that were IP injected with 15-232 

Susquehanna and 12-342Allegheny isolates, with an estimated LD50 of 6.32 x 10
2
 and 8.48 x 10

2
 

TCID50 ml
-1

, respectively (Table 3). 
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Table 3. Percent cumulative mortality of young of the year Smallmouth Bass Micropterus 

dolomieu intraperitoneally injected with four concentrations of six LMBV isolates. 

Treatments Mortality (%) Lethal dose 50 (LD50) 

Control 0  

Juniata           13-286     10
1
TCID50ml

-1 
40  

Juniata           13-286     10
3
TCID50ml

-1
 100 2.89 x 10

2 
TCID50 

Juniata           13-286     10
5
TCID50ml

-1
 100  

Juniata           13-286     10
7
TCID50ml

-1
 100  

Pine Creek     14-204     10
1
TCID50ml

-1
 0  

Pine Creek     14-204     10
3
TCID50ml

-1
 60 1.35 x 10

3 
TCID50 

Pine Creek     14-204     10
5
TCID50ml

-1
 100  

Pine Creek     14-204     10
7
TCID50ml

-1
 100  

Susquehanna  13-295     10
1
TCID50ml

-1
 60  

Susquehanna  13-295     10
3
TCID50ml

-1
 100  < 10

 
TCID50 

Susquehanna  13-295     10
5
TCID50ml

-1
 100  

Susquehanna  13-295     10
7
TCID50ml

-1
 100  

Lake St. Clair 130903-1 10
1
TCID50ml

-1
 80  

Lake St. Clair 130903-1 10
3
TCID50ml

-1
 100 < 10

 
TCID50 

Lake St. Clair 130903-1 10
5
TCID50ml

-1
 100  

Lake St. Clair 130903-1 10
7
TCID50ml

-1
 100  

Susquehanna  15-232     10
1
TCID50ml

-1
 0  

Susquehanna  15-232     10
3
TCID50ml

-1
 100 6.32 x 10

2 
TCID50 

Susquehanna  15-232     10
5
TCID50ml

-1
 100  

Susquehanna  15-232     10
7
TCID50ml

-1
 100  

Allegheny      12-342     10
1
TCID50ml

-1
 0  

Allegheny      12-342     10
3
TCID50ml

-1
 80 8.48 x 10

2 
TCID50 

Allegheny      12-342     10
5
TCID50ml

-1
 100  

Allegheny      12-342     10
7
TCID50ml

-1
 100  

 

Note: Infections of the first four LMBV isolates (13-286 Juniata, 13-295 Susquehanna, 14-204 

Pine Creek and 130903-1 Lake St. Clair). Injections of last two LMBV isolates 

(15-232 Susquehanna and 12-342 Allegheny) were finished in 2016 due to a shortage of desired-

sized fish and their health issues. 

 

Clinical signs and mortality of SMB associated with IP induced LMBV infection.  

 

Gross pathological lesions were similar in moribund and dead fish of all four infected groups 

during the 2015 trials, this included erratic swimming in moribund fish, gill pallor, inflammation 

of the vent, abdominal distension, petechial hemorrhage on the ventrum, and intestinal prolapse 

(Fig 1). Internal disease signs included generalized visceral edema; enlarged, friable, severely 

congested livers; enlarged, friable and darkened spleens; mild to severe hemorrhagic enteritis, 

swollen and hemorrhagic heart; petechial to ecchymotic hemorrhage within the swim bladder; 

diffuse hemorrhage within the gonads and hemorrhage within the kidneys (Fig 2).  Disease signs 

in moribund and dead fish of both infected groups in 2016 were similar to those of SMB that 

were IP injected with the other four LMBV isolates: erratic swimming and loss of appetite in 
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moribund fish, gill pallor, inflammation of vent, abdominal distension, mild to severe 

hemorrhages at operculum and ventrum, and intestinal prolapse at vent. Internally, moribund and 

dead fish showed visceral edema; mottled, friable, hemorrhagic and enlarged livers; darkened, 

friable and enlarged spleens; mild to severe enteritis; swollen and hemorrhagic heart; petechial 

hemorrhages within the swim bladder; mild to severe hemorrhages within the gonads; and edema 

with enlargement and hemorrhages within the kidneys (Fig. 3).  

 

Exposure of SMB to LMBV by IP injection resulted in morbidity and mortality in all LMBV 

infected groups with variable LD50 that ranged from as little as  <10 TCID50/fish for the 13-295 

Susquehanna strain to 10
3.13

 TCID50/fish in the case of the 14-204 Pine Creek strain. The 13-286 

Juniata resulted in an LD50 value of 10
2.47 

TCID50/fish, followed by the 15-232 Susquehanna 

(10
2.80

 TCID50/fish), and then the 12-342 Allegheny (10
2.93

 TCID50/fish). Mortality in SMB in 

the groups that received LMBV at a concentration of 10
3
-10

7
 TCID50/fish started at the 2

nd
 day 

post-infection (pi) and reached a cumulative mortality of 100% within 14 days pi, except the fish 

exposed to 12-342 Allegheny and 14-204 Pine Creek strains (Table 3, Fig. 4). In the groups 

challenged with 10
1 

TCID50/fish, mortality was observed only in 13-295 Susquehanna and 13-

286 Juniata infections, reaching a cumulative mortality of 60% and 40%, respectively.   

 

 

 

 
 

Fig. 1 External clinical signs of Smallmouth Bass Micropterus dolomieu intraperitoneally 

injected with 130903-1 Lake St. Clair or 13-295 Susquehanna isolates of Largemouth Bass virus: 

(A) abdominal distension and intestinal prolapse protruding from vent and (B) diffuse 

hemorrhage at operculum and fins. 

 

 

 

 

 

 

 

 

A 
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Fig. 2 Internal clinical signs of Smallmouth Bass Micropterus dolomieu intraperitoneally 

injected with 130903-1 Lake St. Clair or 13-295 Susquehanna isolates of Largemouth Bass virus: 

(A) friable, congested and enlarged liver; (B) swollen and hemorrhagic heart; visceral edema; 

darkened, friable and enlarged spleen; (C) multifocal hemorrhage within the swim bladder; (D) 

diffuse hemorrhage within the kidneys; and (E) hemorrhage within the gonads; and enteritis. 
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Fig. 3 Clinical signs of Smallmouth Bass (Micropterus dolomieu) intraperitoneally injected with 

15-232 Susquehanna (A,B) or 12-342 Allegheny (C,D) isolates of Largemouth Bass virus: (A) 

severe hemorrhage on ventrum and vent, and abdominal distention; (B) severe ascites and severe 

ecchymotic hemorrhage in gonads; (C) swollen and hemorrhagic heart; visceral edema; mottled, 

friable, enlarged and hemorrhagic liver; darkened, friable and enlarged spleen; (D) edematous, 

enlarged and ecchymotic hemorrhage within the kidneys 

A 

B 

C 

D 
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Figure 4. Cumulative mortality of Smallmouth Bass, Micropterus dolomieu, intraperitoneally 

injected with Largemouth Bass virus isolates.  
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Histopathology 

In fish challenged with LMBV by IP injection or by immersion, multifocal hepatic necrosis, 

multifocal splenic necrosis, multifocal necrotizing steatitis, and to a lesser extent, necrotizing 

nephritis were the most dominant lesions observed (Fig. 5). Early lesions in the liver were 

characterized by foci of coagulative necrosis characterized by loss of nuclear detail and 

hypereosinophilia of affected hepatocytes. Lesions expanded quickly involving large portions of 

the hepatic parenchyma with hepatocytes in affected areas undergoing degeneration and necrosis 

as evidenced by cytoplasmic vacuolation, nuclear pyknosis and ultimately, accumulation of 

cellular debris admixed with infiltrating heterophils (Fig. 5a,b). Lesions in the spleen were 

similar, starting as focal areas of necrosis and lymphocytolysis characterized by foci of 

karyorhectic debris (Fig. 5c) that quickly expanded to confluent areas of coagulative necrosis 

(Fig. 5d). Necrotizing steatitis, especially affecting the mesenteric fat, was a consistent lesion in 

all fish regardless of the route of inoculation and presented as focal areas of necrosis as 

evidenced by nuclear pyknosis and accumulation of karyorhectic debris surrounded by 

infiltrating heterophils (Fig. 5e). Necrotic adipocytes commonly underwent saponification and 

were surrounded by large numbers of macrophages. Focal areas of fibrinoid necrosis were 

observed in the kidneys of some fish and in those animals renal tubules were focally lost and 

replaced by accumulation of fibrin admixed with cellular debris and macrophages (Fig. 5f). In 

one fish challenged with the IP injection route, necrotizing myocarditis was observed. Only fish 

in the immersion group developed severe skin lesions characterized by severe epithelial necrosis 

that lead to focally extensive ulcerative dermatitis (Fig.6a). The affected epithelium was 

characterized by cytoplasmic swelling and vacuolation of epithelial cells, nuclear pyknosis and 

ultimately cellular necrosis (Fig. 6b). Severe inflammation extended into the underlying muscle 

causing massive myofiber necrosis (Fig. 6c). Necrotic myofibers were surrounded by extensive 

infiltrates of heterophils admixed with macrophages. The necritizing dermatitis and myositis 

locally progressed to severe heterophilic and granulomatous inflammation associated with 

secondary colonization by bacteria and fungal hyphae (Fig.6d). Exophthalmia observed in SMB 

challenged via the immersion route and the affected eye had a severe necrotizing panuveitis and 

keratinitis. There were marked necrosis and heterophilic and histiocytic inflammation expanding 

the uveal tract including the iris, the ciliary body, and the choroid (Fig. 6e) and causing 

secondary vitritis (Fig. 6f). The uveal tract also contains multifocal hemorrhage and fibrin, and 

inflammatory infiltrates fill the ciliary cleft, obscure the trabecular meshwork and extend into the 

limbus and sclera. Inflammatory cells also dissect underneath Descemet’s membrane, commonly 

extended into the cornea causing perforating ulcers and severe conjunctivitis and infiltrate the 

episclera. All chambers of the eye contain fibrin and hemorrhage admixed with large numbers of 

heterophils and fewer macrophages 
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Figure 5. Histopathological lesions in Smallmouth Bass (Micropterus dolomieu) infected 

with the Largemouth Bass virus. (a) Focally extensive hepatocellular degeneration 

and necrosis with secondary infiltration of heterophils. (b) Liver with focal area of 

coagulative necrosis characterized by loss of nuclear detail and hypereosinophilia of 

affected hepatocytes surrounded by cellular debris and few infiltrating heterophils. (c) 

Focal splenic necrosis with lymphocytolysis and karyorhectic debris. (d) Spleen with 

confluent area of coagulative necrosis. (e) Mesenteric fat with focally extensive 

necrotizing steatis adjacent to the intestinal wall. (f) Kidney with focal area of fibrinoid 

necrosis with loss renal tubules and replacement by accumulating fibrin admixed with 
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cellular debris and macrophages. Fish in a, c, and e were infected by intraperitoneal 

injection, while fish in b, d, and f were infected by immersion. 

 
 

Figure 6. Histopathological lesions in Smallmouth Bass (Micropterus dolomieu) immersion-

infected with Largemouth Bass virus. (a) Extensive ulcerative dermatitis with severe epithelial 

necrosis. (b) Higher magnification of the affected epithelium with cytoplasmic swelling and 

vacuolation of epithelial cells, nuclear pyknosis and infiltration of heterophils. (c) Severe 

necrotizing mysositis with necrotic myofibers being surrounded by extensive infiltrates of 

heterophils admixed with macrophages. (d) Ulcerative dermatitis was commonly associated with 

secondary colonization by bacteria (arrowheads) and fungal hyphae (arrow). (e) Severe 
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necrotizing panuveitis with heterophilic and histiocytic inflammation expanding the choroid and 

extending into the sclera and infiltrating the episclera. (f) Severe heterophilic vitritis with the 

vitreous chambers containing large numbers of heterophils and fewer 
 

Re-isolation and PCR confirmation of LMBV in dead and surviving Smallmouth Bass 

exposed to LMBV by injection. 

 

Kidney, spleen, liver and swim bladder tissues of all dead and surviving Smallmouth Bass were 

collected and used for LMBV re-isolation on the FHM cell line. Homogenates from the negative 

control fish inoculated onto FHM cells did not exhibit CPE and were negative for LMBV via 

PCR performed according to the guidelines of the AFS-Fish Health Section Blue Book (2016). 

Homogenates from dead and surviving Smallmouth Bass experimentally infected 

intraperitoneally with the three highest dosages (103, 105 and 107 TCID50 ml
-1

) of four LMBV 

isolates exhibited CPE similar to that observed in the original viral isolations and were found to 

be positive for LMBV using confirmatory PCR (Fig. 7, Table 4). LMBV reisolation from fish 

challenged with the lowest dose was inconsistent. The virus was reisolated from 2 fish only using 

FHM cells, both from the 130903-1 Lake St. Clair group (Table 4). However, that was different 

with the molecular confirmation PCR assay. Collected tissues (kidney, spleen, liver and swim 

bladder) of all dead and surviving Smallmouth Bass in all lowest dosage groups were used for 

DNA extraction. Genomic DNA was directly extracted from fish tissues using Qiagen’s DNEasy 

extraction kit (Qiagen Inc., Valencia, California). The desired amplicon (248 bp) characteristic of 

LMBV with the primer pair used was PCR amplified from all Smallmouth Bass in the lowest 

dosage group (Fig. 7).  Similar to the 2015 trials LMBV re-isolation from Smallmouth Bass IP 

injected with the lowest dose using FHM cell line in 2016 was inconsistent and different with the 

molecular confirmation PCR technique. Therefore, collected tissues (kidney, spleen, liver and 

swim bladder) of dead and surviving Smallmouth Bass in all groups were used for DNA 

extraction using Qiagen’s DNEasy extraction kit (Qiagen Inc.,Valencia, California). Extracted 

DNA was used to amplify specific primer pairs according to the virus identification protocol of 

the American Fisheries Society - Fish Health Section Blue Book (2016). The desired amplicon of 

LMBV (248 bp) was detected in dead and surviving fish in all doses of both isolates. There was 

no amplification of LMBV gene from surviving fish in the negative control (Table 5). 
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Table 4 Summary of re-isolation and molecular confirmation of dead and surviving Smallmouth 

Bass Micropterus dolomieu IP-challenged with each of four Largemouth Bass virus (LMBV) 

strains (2015). 

 

Treatments 

Number of dead fish Number of surviving fish 

Total dead 

fish 

CPE 

positive 

PCR 

positive  

Total surviving 

fish 

CPE 

positive 

PCR 

positive 

Negative control 0 0 0 5 0 0 

13-286 Juniata 

10
1 
TCID50/mL 

10
3 
TCID50/mL 

10
5 
TCID50/mL 

10
7 
TCID50/mL 

 

2 0 0 3 0 0 

5 5 5 

No surviving fish 5 5 5 

5 5 5 

14-204 Pine Creek 

10
1 
TCID50/mL 

10
3 
TCID50/mL 

10
5 
TCID50/mL 

10
7 
TCID50/mL 

 

0 - - 5 0 0 

3 3 3 2 2 2 

5 5 5 
No surviving fish 

5 5 5 

13-295 Susquehanna 

10
1 
TCID50/mL 

10
3 
TCID50/mL 

10
5 
TCID50/mL 

10
7 
TCID50/mL 

 

3 0 0 2 0 0 

5 5 5 

No surviving fish 5 5 5 

5 5 5 

130903-1 Lake St. Clair 

10
1 
TCID50/mL 

10
3 
TCID50/mL 

10
5 
TCID50/mL 

10
7 
TCID50/mL 

 

4 2 2 1 0 0 

5 5 5 

No surviving fish 5 5 5 

5 5 5 
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Table 5. Presence of desired amplicon of LMBV in dead and surviving Smallmouth Bass 

Micropterus dolomieu IP-challenged with each of two LMBV isolates using molecular assay 

(2016).  

 

Treatments Dead Fish Surviving Fish 

Negative Control ND - 

Susquehanna  13-295   

       10
1
TCID50ml

-1
 ND + 

       10
3
TCID50ml

-1
 + ND 

       10
5
TCID50ml

-1
 + ND 

       10
7
TCID50ml

-1
 + ND 

Allegheny      12-342        

       10
1
TCID50ml

-1
 ND + 

       10
3
TCID50ml

-1
 + + 

       10
5
TCID50ml

-1
 + ND 

       10
7
TCID50ml

-1
 + ND 

Note: + means presence of desired amplicon; ND means not determined due to either no dead 

fish or no surviving fish 
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Fig. 7 Detection of 248 bp product of Largemouth Bass virus (LMBV) in dead and surviving 

Smallmouth Bass (SMB) experimentally infected with 10
1
 TCID50/mL LMBV isolates. 

 1: 1 kb Plus DNA ladder 

2: surviving SMB exposed with 13-286 Juniata isolate 

3: dead SMB exposed with 13-286 Juniata isolate 

4: dead SMB exposed with 14-204 Pine Creek isolate 

 5: surviving SMB exposed with 14-204 Pine Creek isolate 

 6: positive amplification control (14-204 Pine Creek) 

 7: dead SMB exposed with 13-295 Susquehanna isolate 

 8: surviving SMB exposed with 13-295 Susquehanna isolate 

 9: dead SMB exposed with 130903-1 Lake St. Clair isolate 

 10: dead SMB exposed with 130903-1 Lake St. Clair isolate 

 11: surviving SMB exposed with 130903-1 Lake St. Clair isolate 

 12: positive extraction control (dead SMB from 14-204 Pine Creek group) 

    13: negative amplification control (H2O) 

 

Mortality, clinical signs and LD50 of SMB associated with LMBV infection using 

immersion (13-286 Juniata and 13-295 Susquehanna isolates). 

 

Mortality was noted in Smallmouth Bass that were infected with 13-286 Juniata and 13-295 

Susquehanna isolates with an estimated LD50 of 6.17 x 102 and 1.26 x 103 TCID50 ml-1. 

Mortalities were observed in Smallmouth Bass infected with almost all doses of the two LMBV 

isolates ranging from 102 to 107 TCID50 ml-1, except for dose 105 TCID50 ml-1 (Fig. 8). 

Moribund and dead Smallmouth Bass in both infected groups exhibited similar behavioral and 

clinical signs. Behavioral changes of moribund Smallmouth Bass included loss of appetite, 

erratic swimming, and lethargy. External gross pathologies in moribund and dead Smallmouth 

Bass in both groups included gill pallor; abdominal distension; intestinal prolapse at vent; severe 

broken mandible with necrosis; hemorrhages on opercula, mandible, maxilla and ventral areas; 

mild to severe ulceration and necrosis of all fins; multifocal pale discoloration bilaterally along 
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trunk; fungal growth on lesions and/or entire body; unilateral or bilateral exophthalmia with 

ulceration, intrahemorrhage and corneal opacity; and multifocal shallow to deep muscular 

ulceration with hemorrhage and necrosis along lateral line and ventrum (Fig. 9). Moribund and 

dead Smallmouth Bass showed internal pathological gross signs including hemorrhage and 

swelling of ventricle; mild to severe ascites; mottled, friable, edematous, hypervascularized, 

hemorrhagic and enlarged livers; mild to severe enteritis with distension and mucoid content; 

hemorrhagic visceral fat; darkened, friable and enlarged spleens; mild to severe hemorrhages 

within the gonads; and edema with enlargement and hemorrhages within the kidneys (Fig. 11). 

The previously mentioned external ulcers were unique to the immersion group, these lesions start 

as small skin discoloration with hemorrhage, scale loss, and ulcers with white shallow centers 

and hemorrhagic, well circumscribed edges, whose sizes varied from 0.5-3 cm in diameter (Fig. 

11A-F). At later stages, some of these ulcers become deeper, exposing the underlying muscular 

layer. Moreover, some infected SMB exhibited eroded and ulcerated fins.  

 

 
 

 

 
 

Fig. 8. Cumulative mortality of LMBV-challenged Smallmouth Bass Micropterus dolomieu 

throughout a monitoring period of 35 days. 
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Fig. 9. External pathology of Smallmouth Bass Micropterus dolomieu infected with 13-286 

Juniata (AC) or 13-295 Susquehanna (D, E) isolates of Largemouth Bass virus: (A) hemorrhages 

on operculum, mandible and maxilla; (B) unilateral exophthalmia with ulceration, 

intrahemorrhage and corneal opacity; (C) severe ulceration and necrosis on dorsal fin and 

dorsoposterior portion; (D) severe broken mandible with ulceration, necrosis and hemorrhage; 

and (E) deep muscular ulceration with ecchymotic hemorrhage and necrosis on lateral aspect. 
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C 

B 

D 

E 
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Fig. 10. Internal clinical signs of LMBV-challenged Smallmouth Bass Micropterus dolomieu 

using waterborne immersion: (A) swollen and hemorrhagic ventricle; severe ascites; ecchymatic 

hemorrhage with enlargement and edema on liver of 13-286 Juniata-infected fish; and (B) 

edematous, friable and ecchymotic hemorrhage within the kidneys of 13-295 Susquehanna-

infected fish. 

 

 

 

A B 

Figure 11. Histopathological lesions in Smallmouth 

Bass Micropterus dolomieu immersion-

infected with Largemouth Bass virus. (a) 

Extensive ulcerative dermatitis with severe 

epithelial necrosis. (b) Higher magnification of 

the affected epithelium with cytoplasmic 

swelling and vacuolation of epithelial cells, 

nuclear pyknosis and infiltration of heterophils. 

(c) Severe necrotizing mysositis with necrotic 

myofibers being surrounded by extensive 

infiltrates of heterophils admixed with 

macrophages. (d) Ulcerative dermatitis was 

commonly associated with secondary 

colonization by bacteria (arrowheads) and 

fungal hyphae (arrow). (e) Severe necrotizing 

panuveitis with heterophilic and histiocytic 

inflammation expanding the choroid and 

extending into the sclera and infiltrating the 

episclera. (f) Severe heterophilic vitritis with 

the vitreous chambers containing large numbers 

of heterophils and fewer. 
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Re-isolation and confirmation of LMBV in infected Smallmouth Bass using immersion (13-

286 Juniata and 13-295 Susquehanna isolates). 

 

LMBV was present in all dead and surviving Smallmouth Bass that were infected with 13-286 

Juniata and 13-295 Susquehanna isolates at doses between 10
2
 and 10

7
 TCID50 ml

-1
. No identical 

amplicon (248 bp) of the virus was observed in any of the negative control Smallmouth Bass or 

Smallmouth Bass survivors subjected with the lowest dose (10
1
 TCID50 ml

-1
) of either isolate 

(Table 6). 

 

Table 6. Re-isolation and PCR confirmation of dead and surviving LMBV-infected Smallmouth 

Bass Micropterus dolomieu during a period of 35 days post-infection using immersion. 

 

Treatments 
Presence of targeted amplicon (248 bp) 

Dead Fish Survivors 

Negative Control ND - 

Susquehanna  13-295   

       10
1
TCID50ml

-1
 ND - 

       10
2
TCID50ml

-1
 + + 

       10
3
TCID50ml

-1
 + + 

       10
4
TCID50ml

-1
 + + 

       10
6
TCID50ml

-1
 + ND 

       10
7
TCID50ml

-1
 + ND 

Juniata      13-286        

       10
1
TCID50ml

-1
 ND - 

       10
2
TCID50ml

-1
 + + 

       10
3
TCID50ml

-1
 + + 

       10
4
TCID50ml

-1
 + + 

       10
6
TCID50ml

-1
 + ND 

       10
7
TCID50ml

-1
 + ND 

ND: not determined because either there were no mortalities or there were no surviving fish 

–: absence of desired amplicon, +: presence of desired amplicon 

 

 

Influence of water temperature on pathogenicity of 13-286 Juniata isolate. 

 

Pathogenicity degree of 13-286 Juniata isolate on Smallmouth Bass was dependent on water 

temperature upon immersion route of infection. Cumulative mortality in Juniata-infected 

Smallmouth Bass that were maintained at 28 ºC reached 50% of cumulative mortality, whereby 

mortality started from 10 days post-infection to 21 days post-infection. At 23 ºC, mortality of 

Juniata-infected Smallmouth Bass occurred at 13 days post-infection, maximizing only 10% of 

cumulative mortality (Fig. 12). Pathological signs in moribund and dead fish at both water 

temperatures (23 and 28 ºC) were similar to those of Smallmouth Bass that were infected with 

the 13-286 Juniata isolate in Experiment # 2 via immersion. Moribund Smallmouth Bass 

exhibited loss of appetite, erratic swimming, and lethargy. Gross pathological changes of dead 

and 
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moribund fish at both temperatures (23 and 28 ºC) were similar: gill pallor; multifocal deep 

dermal and muscular ulceration with necrosis and ecchymotic hemorrhage of unilateral or 

bilateral area; multifocal to diffuse pale discoloration with scale detachment; hemorrhages on 

operculum, isthmus, mandible, maxilla and ventral portion; abdominal distension; and severe 

unilateral or bilateral exophthalmia with ulceration, hemorrhage and opacity (Fig. 13). Internal 

pathology included mild to severe ascites; hemorrhage and swelling of ventricle; mottled, friable, 

edematous, hypervascularized, hemorrhagic and enlarged livers; mild to severe enteritis with 

distension; hemorrhagic visceral fat; darkened, friable and enlarged spleens; mild to severe 

hemorrhages within the gonads; and edematous, enlarged and hemorrhagic kidneys (Fig. 13). 

Moreover, signs of disease were seen in Juniata-challenged Smallmouth Bass survivors in both 

groups (23 and 28 ºC), including mild to moderate emaciation; easily detached scales; mild to 

moderate ulceration of operculum, lateral line area, fins, and ventral aspects. Interestingly, fish 

survivors exhibited at least one of these following signs: mild to moderate active corneal 

umbonation and/or exophthalmia with lenticular opacity and ulceration; completely ocular 

damage; and previous/healed ulcerated eye, which account for 33.3% and 80.0% in challenged 

fish at 23 and 28 ºC, respectively (Fig. 14). No morbidity or mortality of Smallmouth Bass was 

observed in any negative control fish, or in Juniata-infected Smallmouth Bass that were 

maintained at 11 ºC throughout a period of 30 days of experimental duration. 

 

 

 

Fig. 12. Cumulative mortality of Juniata-challenged Smallmouth Bass at three different 

temperatures throughout a 30-day experimental duration. 
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Fig. 13. Pathological changes of dead and moribund Smallmouth Bass M. dolomieu infected with 

13-286 Juniata at 28 ºC: (A) diffuse pale discoloration with scale detachment; hemorrhage 

on base of pectoral fin; severe ulceration and necrosis of anterior aspect of dorsal fin; and deep 

subdermal ulcer with necrosis and hemorrhage; (B) coincidence of severe necrosis, deep 

ulceration and edema on lateral muscles; (C) severe ascites and hemorrhages within the gonads. 

A 

B 

C 
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Fig. 14 External signs of surviving Smallmouth Bass M. dolomieu infected with 13-286 Juniata 

at 23 ºC (A) and 28 ºC (B, C): (A) endophthalmia and lenticular damage with 

perihemorrhage;(B) unilateral exophthalmia with lenticular opacity; and (C) previous/healed 

ulcerated eye with 

congestion. 

 

Effect of co-infection by F. columnare on LMBV-infected SMB. 

SMB infected with the Juniata LMBV strain by immersion suffered a cumulative mortality of 

54.2 ± 7.2% (Fig. 14) with the virus re-isolated from dead SMB. When LMBV-infected SMB 

were subsequently infected with F. columnare, a significant (P < 0.05) increase in cumulative 

mortality was observed (75.0 ± 12.5%). LMBV was recovered from the tissues of kidney, spleen 

and liver of all SMB survivors in the virus-only and co-challenge groups. F. columnare and 

LMBV were both re-isolated from the moribund and dead SMB co-challenged group and their 

identities were confirmed by PCR. Fish that were infected with F. columnare only endured a 

cumulative mortality of 29.2 ± 7.2% (Fig. 15) at 12 days pi, whereby F. columnare was re-

A 

B 

C 
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isolated from all dead/moribund SMB. No F. columnare was recovered from any SMB that 

survived the bacterial infection.  

 

No gross pathology or clinical signs were observed in the mock-infected SMB. External and 

internal clinical signs of dead/moribund and surviving LMBV-infected SMB were consistent 

with those described above. Immersion of F. columnare alone resulted in skin discoloration, 

subdermal hemorrhage, abdominal distension, and fin erosion and ulceration. Internally, organs 

appeared edematous with hemorrhage within kidneys, hepatomegaly, and splenomegaly.  

 

 

 
Figure 15. Effects of co-infecting Largemouth Bass virus (LMBV)-infected Smallmouth 

Bass Micropterus dolomieu with Flavobacterium columnare. Both experimental infections 

were performed at a water temperature of 28 °C. Data are displayed as box plots of cumulative 

mortality (%) displaying the median and upper/lower quartiles.  

 

 

Effect of co-infection by A. salmonicida on LMBV-infected SMB. 

Dropping the water temperature from 28 to 20 °C was accompanied by a major reduction of 

cumulative mortality in the LMBV-only group from 54.2% observed at 28 °C to 16.7 ± 7.2% 

(Fig. 16), and most mortality that occurred in the 20 °C tanks took place while the temperature 

was declining. SMB exposed to A. salmonicida-only experienced a very high cumulative 

mortality of 95.8 ± 7.2% by 16 days pi. Mortality of co-challenged SMB began 10 days pi and 

continued until 27 days pi, reaching a cumulative mortality of 100% . The presence of LMBV 

and A. salmonicida were confirmed in all dead and moribund co-infected SMB. No CPE of 

LMBV on FHM cells nor A. salmonicida were detected in any mock-challenged SMB.  
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Gross signs in SMB exposed to A. salmonicida only were more severe when compared to F. 

columnare infections, e.g. dermal hemorrhage, ulceration and necrosis on skin, petechial 

hemorrhage and hyperplasia of gill filaments, hemorrhage on base of all fins along with severe 

fin erosion and abdominal distension. Internally, ascites, hemorrhage of liver, splenic 

enlargement and darkening, and distended gastro intestine containing yellowish mucoid content 

were observed. Kidneys appeared edematous and hemorrhagic.  

 

 

 

 

 
 

Figure 16. Effects of co-infecting Largemouth Bass (LMBV)-infected Smallmouth Bass 

Micropterus dolomieu with Aeromonas salmonicida. Experimental infection with 

LMBV took place at a water temperature of 28 °C, while that of A. salmonicida was 

performed when the water temperature reached 20 °C. Data are displayed as box plots 

of cumulative mortality (%) displaying the median and upper/lower quartiles; whiskers 

indicate the maximum and minimum values in each group. Means with different 

superscript letter indicate significant difference (P < 0.05). 

 

 

Phylogenetic confirmation of LMBV.   

Pairwise analysis of genetic distances showed that the sequences from SMB are identical to the 

sequence from LMBV (FR682503). The resulting tree of phylogenetic inference showed the 

sequences obtained from SMB positioned within a clade containing LMBV, with the other 
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Santee-Cooper virus isolates, Doctor fish virus (FR677325) and Guppy virus 6 (FR677325), 

positioned in a separate clade (Fig. 17). Posterior probabilities of branching points based on 

Bayesian inference indicated that the node support of the clade containing the sequences from 

SMB and LMBV was 0.87. Pairwise analysis of genetic distances showed that those sequences 

shared 99.07 % (13/1,392 bp) sequence identity with the two LMBUSV sequences (GU256635 

and KU507315) from fish in China and Thailand that were associated with ulcerative lesions. 

However, the isolates from SMB were well-supported (1.0) as being phylogenetically distinct 

from the Asian isolates.   

 

Figure 17. Phylogenetic tree (50% majority-rule consensus) based on Bayesian 

Inference(MrBayes 3.2.2).  Dendogram (50% majority-rule consensus) of complete 

major capsid protein gene sequences showing the phylogenetic position of five 

Largemouth Bass virus isolates strains that were isolated from young-of-year Smallmouth 

Bass Micropterus dolomieu during mortality episodes in the Susquehanna and Allegheny. 

Numbers at the nodes are Bayesian posterior probabilities/maximum-likelihood bootstrap 

values. 

 

Conclusions 

 

The findings of this study clearly demonstrate that LMBV infection, regardless of the method of 

exposure, is lethal to YOY SMB. Except for the 13-295 Susquehanna strain, the IP injected 

LD50s obtained for the remaining Pennsylvania LMBV strains in SMB (10
2.47-3.13 

TCID50/fish) 

are close to the LD50 of LMBV in LMB that was calculated by Plumb and Zilberg (1999) to be 

10
2.45

. The variability in LD50 values among the five SMB LMBV strains can be attributed to 

inherent variability in pathogenicity among LMBV strains, a phenomenon that is common in 

most animal viruses, including LMBV (Grgić et al., 2008; Kang et al., 2014). Phylogenetic 

analysis based on full-length major capsid protein gene nucleotide sequences demonstrated that 

the SMB-LMBV isolates were all LMBV strains identical to those isolated from LMB and 
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distinctly different from LMBV isolates from fish in China and Thailand that were associated 

with ulcerative lesions. 

The disease in the IP-injected SMB group ran an acute course with most mortalities happening 

within one week pi, which coincides well with disease progression described for LMBV in LMB 

(Plumb and Zilberg, 1999). Infection by immersion seems to have a prolonged time-to-death as 

most of the fish died within 2 weeks pi, reaching up to 100% mortality in SMB exposed to 10
6
 

and 10
7
 TCID50/mL. In contrast, exposure of LMB to 10

6.5 
TCID50/mL LMBV by immersion 

only caused 17% mortality within the same observation period (Plumb and Zilberg, 1999). The 

fact that LMBV could be re-isolated from apparently healthy SMB that survived experimental 

infection for up to 5 weeks raises concerns that these fish can spread the virus to other 

geographical locations and for prolonged time periods.  

Similar to LMB, water temperature plays an important role in LMBV pathogenicity for SMB 

under controlled experimental conditions. Raising the water temperature above 23 °C was 

necessary for successful experimental infection of SMB with LMBV. Grant et al. (2003) 

reported that an optimal temperature of 25 to 30 °C was necessary for LMBV to cause mortality 

in LMB, which agrees with our observations in SMB. Similar observations have been made 

during in vitro studies where LMBV was found to replicate in FHM and BF-2 cell lines at 

optimal incubation temperatures between 25 and 30 °C (Piaskoski et al., 1999; Grant et al., 

2003). This coincides well with the water temperatures recorded during the YOY SMB mortality 

episodes that fluctuated between 22 and 34 °C. High water temperatures are often associated 

with other stressors including low dissolved oxygen concentrations. These factors favor LMBV 

replication and can compromise host defense mechanisms.   

In both SMB groups exposed to LMBV by either IP injection or by immersion, multifocal 

necrotizing steatitis/peritonitis, hepatitis and splenitis were the dominant lesions observed. 

Necrotizing steatitis/peritonitis as well as necrosis in the liver and spleen have been reported as 

consistent findings in juvenile LMB experimentally inoculated with LMBV via IP injection 

(Zilberg et al., 2000). Steatitis/peritonitis and liver necrosis were also reported in another study 

of juvenile LMBV inoculated with 3 genetically different LMBV isolates (Goldberg et al., 2003). 

However, it seems that LMBV can also induce local changes at the initial site(s) of contact with 

the host. For example, small, inflamed, necrotic lesions developed in the skin and muscle at the 

site of LMBV injection in LMB (Plumb et al., 1996; Plumb et Zillberg, 1999; Zilberg et al., 

2000), but not at other skin locations. In contrast, in our study, SMB infected by immersion 

developed multiple ulcerative skin and ocular lesions that were not seen in IP injected SMB. It is 

apparent that LMBV has tropism to cell types of different origins and that the route of infection 

can cause different pathology. Skin lesions independent of local injection sites, as observed in 

SMB infected by immersion, have never been reported in the case of LMB in the USA or 

Europe, but have been reported in Asia (Deng et al., 2011; Kayansamruaj et al., in press). It is 

noteworthy, however, that the two Asian strains are phylogenetically distinct when compared 

with the LMBV strain of this study. A similar disease course has been described for other 

ranaviruses (e.g., ranavirus 3) in several amphibian species, where lesions ranged from ulcerative 

dermatitis to wide spread necrosis in parenchymal organs (Forzán et al., 2017). 

Based on the gross and microscopical lesions, it is possible that the dermal lesions observed in 

SMB in affected rivers are initiated primarily by LMBV and that affected areas became 
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colonized by opportunistic bacteria and fungi; both of which are abundant in the aquatic 

environment during the summer. It is also possible that the rapidly developing LMBV-induced 

necrotic changes in hematopoietic tissue may have compromised the host defense mechanisms 

leading to secondary infections. The wide tissue distribution of LMBV in the infected SMB and 

variation of lesions based on route of infection are highly suggestive that different routes of 

infection are effective for transmitting disease. These factors combined can lead to explosive 

propagation of a deadly virus among a naïve susceptible population, and can lead to die offs of 

the magnitude reported in the affected rivers.   

One alternative explanation is that bacteria known to cause lethal disease outbreaks and 

associated with dermal lesions at warmer water temperatures, such as F. columnare or 

Aeromonas spp. (Austin and Austin, 2007), might be the primary cause of YOY SMB mortality 

without the involvement of LMBV. While this hypothesis is plausible, no bacterium has 

consistently been isolated from affected SMB. On the contrary, our study demonstrated that F. 

columnare is more likely a contributor to overall SMB mortality in natural disease outbreaks. In 

our study, SMB infected with F. columnare alone developed skin lesions and mortalities at a 

much lower magnitude compared to LMBV-infected fish, despite large numbers of bacteria 

having been added to the water at environmentally unrealistic levels (~10
8
 cfu/mL). Instead, co-

infection of LMBV-infected SMB with F. columnare significantly elevated mortalities. This 

finding further supports the hypothesis that SMB are either immunocompromised through 

infection with LMBV or with a damaged skin barrier due to viral infection, and can therefore 

easily contract secondary bacterial infections.  

At the same water temperature at which LMBV and F. columnare were able to infect SMB 

causing dermal lesions, A. salmonicida, when added to the water at a concentration of 10
8
 

cfu/mL, was unable to cause mortalities or lesions in SMB (data not shown). It is therefore 

unlikely that A. salmonicida plays a causative role in SMB mortalities during the summer 

months. In contrast to LMBV, A. salmonicida was highly pathogenic to SMB at a lower 

temperature, 20 °C, at which LMBV pathogenicity was substantially diminished. Our findings 

clearly demonstrate that A. salmonicida alone can cause high mortality associated with dermal 

lesions albeit at lower water temperature. In conclusion, co-infection of LMBV with F. 

columnare or A. salmonicida may have important implications for YOY SMB mortality across a 

wide temperature range. During warmer summer months, LMBV alone or in combination with 

F. columnare can cause YOY SMB mortality at the magnitude noticed in the multiple river 

systems. As discussed earlier, F. columnare alone cannot be the primary cause of mortality since, 

even at extremely high concentrations in experimental settings, it does not cause mortality levels 

as high as reported for the Susquehanna and Potomac River basins. In addition, since F. 

columnare has a wide host range, other fish species should have been affected as well. In 

contrast, LMBV has a much narrower host range and primarily infects centrarchids (Plumb et al., 

1996; Plumb and Zilberg, 1999; Zilberg et al., 2000). While at lower water temperatures, certain 

bacterial pathogens such as A. salmonicida could become a major contributor to mortality 

episodes, though their host range is also wide and such episodes of high mortality should have 

involved other fish species as well.  The observed YOY SMB fish kills in PA occur at warmer 

temperatures and as a result most likely are not the result of A. salmonicida, however the results 

of this study show that the pathogen could play a role in SMB fish kills in other river systems or 

under different conditions. 
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The sum of data generated in this study, including LMBV ability to cause, without co-infection, 

high mortality rates associated with dermal lesions under laboratory conditions that are visually 

similar to the skin lesions observed in YOY SMB during the mortality episodes, and its relatively 

high optimal temperature which coincides with those prevailing at the affected rivers during the 

peak of mortality episodes, strongly suggest that this iridovirus is the most likely primary cause 

of this large-scale mortality afflicting SMB, a local recreationally and economically important 

fish. While chemicals and other adverse environmental factors could be indirectly involved (e.g., 

immune suppressor), their role in the mortality episodes remains unclear.      

 

Additional Research Indicated 

 

Results from this study indicate that specific strains of LMBV can cause significant mortality in  

SMB populations, this along with the potential for water temperature regimes to increase as a 

result of climate change suggest that wide-spread SMB mortality events may occur throughout 

the Smallmouth Bass range in the future.  As a result it will be critical for fishery managers to 

identify susceptible populations and initiate efforts to monitor them. Although not associated 

with the observed YOY SMB in Pennsylvania rivers, the low LD50 values observed for the 

LMBV isolate from Michigan indicates that LMBV has the potential to affect SMB outside of 

the described study area.  The temperature regimes used for the exposure in the laboratory did 

not meet the maxima observed in the environment (i.e., ≥ 30 
o
C) so it is uncertain how those 

conditions may affect replication rates of LMBV. 

As previously indicated fish in this study were immersed in water containing varying 

concentrations of the virus for 1 hour then returned to their respective tanks.  Once returned to 

the tanks, fish may have been continuously exposed to virus being shed from infected fish, 

however, in the wild, fish may be continually exposed to unknown concentrations of virus, the 

amount of virus fish are exposed to and the vector dictating how the exposer takes place may 

play a role in the severity of the mortality events observed.  Research exploring the amount of 

LMBV in the natural environment and the vectors that exist is needed to gain a better 

understanding of the virus and allow for fishery managers to make more educated decisions and 

regulations regarding LMBV. 

The focus of this study was on a recreationally and locally economically important species where 

signs of clinical disease were observed.  As LMBV has mutated, it has presumably become less 

specific, as evidenced by impacts to Smallmouth Bass, so it stands to reason that other related 

species may be affected as well but those impacts may be overlooked.  Similar exposure studies 

would be beneficial for other important game and non-game fish species to see if they display 

clinical signs of disease, and subsequently, mortality. 

Genetic sequencing of the full genome of all LMBv isolates included in this study is ongoing; 

results from this research may provide greater insight into how the virus functions as well as 

determining some of the factors leading to the varying pathogenicity between LMBV strains.  

Any additional information resulting from this research will be added to this report as an 

addendum at a later date. 
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Appendix A 

A. Staff 

i. Number of individuals: 13 

ii. Number of full-time employees (as part of grant): 0 

iii. Number of full-time employees (as part of match): 2 

B. Students Supported 

i. Number undergraduate students: 0 

ii. Number of graduate students: 1 

iii. Number of Ph.D. students: 1 

iv. Degrees awarded: 0 

C. Outreach/ Extension 

i. Number of meetings, workshops, conferences, and number of attendees 

1. Meetings: TBD (expect more following completion of project) 

2. Attendees: N/A 

ii. Number of public or professional presentation, and number of attendees 

1. Professional presentation: 3 (to date), more expected following 

completion of project 

2. Attendees: N/A 

Appendix B 

Impact Statement 

Since 2005, large-scale mortality of young-of-year (YOY) Smallmouth Bass began in the 

Susquehanna River Basin in Pennsylvania.  One of the commonly isolated pathogens was the 

fish pathogen Largemouth Bass Virus (LMBV).  It was thought that the virus was pathogenic 

only to Largemouth Bass; however, no studies were conducted to determine what effect it had on 

the congener Smallmouth Bass.  This laboratory study demonstrated that certain strains of 

LMBV have the potential to cause large-scale mortality in Smallmouth Bass. Also, the clinical 

signs of disease were different than those observed in Largemouth Bass.  This suggests that 

certain strains of LMBV were likely responsible for mortality events observed in the 

Susquehanna River Basin and contributed in the decreased abundance of a locally recreationally 

and economically important sportfish.  The finding that there is potential impact to Smallmouth 

Bass opens up a large portion of North America to the impacts of LMBV similar to what was 

seen in the Susquehanna River Watershed.  The unique temperature regime of the Susquehanna 

River is suspected as the limiting factor so far in distribution of mortality events, but as 

temperature regimes shift in other river systems as a result of climate change, we can expect to 

see similar catastrophic outbreaks occur in other portions of the species’ range.  Measures should 

be developed and publicized to limit transfer of infected fish and water from areas were 

pathogenic strains of virus have been found. Project partners included Michigan State University, 
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Pennsylvania Fish and Boat Commission, and Pennsylvania Department of Environmental 

Protection. 

 


