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Abstract

This study describes the occurrence and magnitude of latent mycobacterial
infections and other pathogens in delta smelt (Hypomesus transpacificus), an
endemic fish in the San Francisco Estuary (SFE). Our current knowledge on
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subclinical infections is characterized by the presence of mycobacterial DNA and
absence of clinical signs and Mycobacterium. In our previous studies however,
we showed that handling and increased water temperature, stress factors
frequently encountered in captivity, have altered infections from benign to severe

mycobacteriosis. In the current study, sub adult and adult smelt captured from
August 2011 to May 2012 in the SFE were analyzed for presence of bacterial
and viral agents (n=741) using standard isolation and culture techniques and
Mycobacterium gPCR (n=237). Although mycobacteriosis, Mycobacterium, and
virus were not observed in all of the fish examined, 96% of the smelt were
positive for mycobacterial DNA. Higher pathogen scores and mycobacterial
gene copy numbers were observed in smelt from anthropogenically impacted
sites, isolated tributaries, and adult fish. Smelt captured in low salinity zone (1-6
practical salinity units, psu), the preferred habitat in summer and fall, had more
infections (higher pathogen scores and mycobacterial gene copy numbers)
compared to other salinity regions. Harboring mycobacterial DNA and bacterial
pathogens are robust indicators of the cumulative effect of multiple stressors on
delta smelt health and the ecological conditions of habitats in the SFE. These
findings may provide a foundation in our current understanding of microbial
infections in smelt and their potential contribution to health and conservation
efforts of this threatened species.
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mycobacteriosis, have not been observed among smelt captured in
their natural habitats in the SFE, smelt harboring Mycobacterium
DNA are predominant [8a-8e]. In captivity, infections can progress
from dormant to disease when wild cohorts are subjected to intensive
culture conditions and increased water temperature (>16°C) [8].

Abbreviations

SFE: San Francisco Estuary; FMWT: Fall Midwater Trawl;
SKT: Spring Kodiak Trawl; AHP: Aquatic Health Program; MTC:
Mycobacterium tuberculosis complex

Introduction Mycobacteriosis affects a wide range of freshwater and marine

aquatic organisms [9,10] to the extent that all fish species are
vulnerable to the disease [11]. Epizootics of mycobacteriosis have
impacted many resident fish species in the Chesapeake Bay [12,13],
an estuarine ecosystem altered by anthropogenic inputs as the
SFE. The purpose of this study is to evaluate the nature and extent
of subclinical mycobacterial infections and other bacterial and
viral pathogens in delta smelt within the SFE and its tributaries. In
cooperation with ongoing fish monitoring surveys, subadult and
adult delta smelt were captured across salinity regions and habitats
and analyzed by sampling months, location, and salinity zones to
determine for potential association of these factors with infection
occurrence and severity.

Methods

Fish sampling and processing

The upper San Francisco Estuary (hereafter SFE) is the largest
estuary in the U.S. Pacific Coast. The estuary provides habitat for
ecologically and economically important fish species and is the largest
source of municipal and agricultural water in California [1]. Multiple
stressors, invasive species, and anthropogenic activities have been
implicated in the degradation of the SFE, viewed as one of the most
altered ecosystems in the world [2,3]. These factors have contributed
to the decline of fish populations [3,4].

Although the cumulative impact of various stressors has been
the major hypothesis explaining fish population declines [2-4],
the contribution of pathogens and diseases is one potential yet an
understudied factor that may affect pelagic fishes in the SFE. The
Delta smelt, Hypomesus transpacificus, endemic to the Sacramento
San Joaquin Delta [5], is currently protected under the federal and
state Endangered Species Acts [6]. Extensive occurrence of latent
mycobacterial infections (non—lethal DNA carrier) has been reported
in wild smelt populations [7]. Furthermore, recent findings in our
laboratory showed that although Mycobacterium and the disease,

This study is part of an ongoing project with a broader goal of
evaluating the health of delta smelt inhabiting the low salinity zone
(1-6 psu, practical salinity units) of the SFE. In collaboration with
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Figure 1: Upper San Francisco Estuary: Sampling locations for delta smelt
used in the current study as monitored by the California Department of Fish
and Wildlife.

the California Department of Fish and Wildlife (CDFW), smelt
were collected in 2011-2012 from ongoing surveys: the Fall Mid
Water Trawl (FMWT) in September to December and the Spring
Kodiak Trawl (SKT) from January to May. The surveys collect fish
annually across sites in the SFE to determine the abundance and
distribution of delta smelt and other pelagic species (FMWT) and to
follow movements of reproductively mature smelt (SKT). Smelt were
collected once or twice a month according to CDFW monitoring
schedules across discreet locations in the upper SFE (Figure 1). This
study used water temperature and salinity measured at 1 m below
the water surface using YSI 6600 (YSI Inc.). Fish captured from each
site were counted, assigned individual ID numbers, flash—frozen in
liquid nitrogen, and brought to the Aquatic Health Program (AHP)
laboratory at UC Davis for analysis.

Validation of bacterial and viral isolation using nitrogen
flash frozen tissues

A validation test was conducted to ensure the diagnostic accuracy
of bacterial isolation in tissues of fish flash frozen in nitrogen after field

collections. Flash freezing in liquid nitrogen and then transporting
to the lab for dissection was the only practical option to maintain
the integrity of the tissues for various analyses where disease was an
integral component. For the validation test, laboratory grown smelt
were used to determine if bacteria in kidney and spleen were viable
after flash freezing whole fish in liquid nitrogen. Standard methods
require fresh tissues for bacterial and viral isolation [14], however
under extenuating circumstances, freezing samples are useful for
pathogen isolation [15,16]. Common bacterial fish pathogens
remained viable at 20-60 days post freezing [17]. The World Health
Organization [18] suggests preserving clinical specimens in liquid
nitrogen or in —20 or -70°C for viral analysis.

In the validation test, parallel tissues (pooled spleen and kidney)
of smelt (n=10) that were fresh or nitrogen frozen for 7 days, the
average number of days for storing fish samples in liquid nitrogen
prior to necropsy, were compared for bacterial isolation. Fresh
samples were processed as follows: kidney and spleen were dissected
from each smelt, pooled, suspended in 350 pl Minimum Essential
Medium Eagle (MEM, Sigma Aldrich), and homogenized for 1 min.
After thorough mixing, a 50 ul homogenate was inoculated onto each
of the three media as indicated below. The remaining homogenate
from each pooled tissue were stored in liquid nitrogen for 7 days,
referred to as the frozen samples. Prior to inoculation, samples were
briefly thawed on ice at room temperature, and inoculated (50 pl)
onto each medium. Results showed that the types and number of
bacterial colonies, and overall pathogen scores were similar between
fresh and 7-day post frozen tissues after incubation at 15°C for 7
days (Table 1), suggesting that flash freezing is an acceptable method
for preserving field samples of delta smelt. Among 4 of 10 fish that
showed colonies, the overall pathogen scores were similar in fresh
and frozen tissues (Table 1).

Bacterial and viral isolation from wild smelt

A total of 741 delta smelt collected between 2011 and 2012 across
sites in the SFE were used for pathogen isolation (Table 2, Figure
1). Following necropsy of each fish, the kidney and spleen pool was
placed in sterile tubes containing 2 ml MEM and homogenized for

Table 1: Number of bacterial colonies and overall pathogen score from fresh or frozen tissue (kidney + spleen) of delta smelt.

Fish number Ger?le(r)ZIdi:\o?:trion Tryptone Yeast Extract (TYES) Flexibacteria Mi?\;’;ift:g:tke;glo Pathggsr:agcore

Fresh Frozen Fresh Frozen Fresh Frozen Fresh Frozen
1 1* 1 3 2 0 0 1 1
2 0 0 1 1 0 0 1 1
3 0 0 0 0 0 0 0 0
4 0 0 0 0 0 0 0 0
5 0 0 0 0 0 0 0 0
6 0 0 0 0 0 0 0 0
7 0 0 2 2 0 0 1 1
8 0 0 0 0 0 0 0 0
9 0 0 2 2 0 0 1 1
10 0 0 0 0 0 0 0 0

*Number of colonies/50 pl of tissue homogenate. Bacterial types are similar in fresh or frozen tissues. Aeromonas sp. was isolated on Blood Agar while flexibacteria

were recovered on TYES. Frozen tissue homogenate was stored in liquid nitrogen for 7 days.

Pathogen Score: 0=absence of bacterial growth; 1=minimal number of colonies (N=1-10); 2=moderate number of colonies (N=11-20); 3=high number of colonies

(>21-200); 4=colonies are too numerous to be counted (>201). Pathogen scores were assigned based on the range of colony numbers that grew on plates.

Submit your Manuscript | www.austinpublishinggroup.com

Austin J Vet Sci & Anim Husb 2(1): id1004 (2015) - Page - 02




Baxa DV

Austin Publishing Group

Table 2: Number of delta smelt examined and proportion of infected smelt (Mycobacterium DNA or growth of other bacteria) from the San Francisco Estuary.

Survey/Month No. fish for Mycobacterium No. fish with Mycobacterium No. fis_h for_bacterial No. fish_with
qPCR DNA isolation bacteria**
FMWT 2011 — Subadult
August 4 4 4 4
September 17 17 43 14
October 14 13 44 0
November 22 20 41 30
December 27 26 122 87
Total in FMWT 84 80 (95%) 254 135 (53%)
SKT 2012 — Adult

January 63 59 151 105
February 27 26 105 76
March 26 26 95 41
April 30 30 108 79
May 7 7 28 13
Total in SKT 153 148 (97%) 487 314 (64%)
Total number of samples examined or %

infected 237 96% 741 61%

* FMWT=Fall Midwater Trawl; SKT=Spring Kodiak Trawl

** Bacteria were isolated from spleen and kidney pool/fish by culture on plate media and identified by phenotypic characterization and representative isolates by 16S

rDNA sequencing (see supplemental data).

1 min. Subsamples of the homogenate were inoculated (ca. 20 ul/
plate) onto three media: Blood agar for general bacterial isolation,
Tryptone Yeast Extract Salt (TYES) for fastidious flexibacteria, and
Middlebrook 7H10 agar (Difco) for mycobacteria. The plates were
incubated at 15°C and examined for bacterial growth at 7 days
post inoculation. Bacterial isolation followed the procedures of the
AFS-Fish Health Section [14]. The severity of anomaly was assessed
according to Goede and Barton [19] where values were assigned
(0-4) based on the number and identity of colonies that grew on
plates, referred to as “pathogen score”: 0=absence of bacterial growth,
1=minimal number of colonies (N=1-10), 2=moderate number
of colonies (N=11-20), 3=high number of colonies (21-200), and
4=colonies are too numerous to be counted (>201). Pathogen scores
were assigned based on these range of colony numbers that grew on
plates; known fish pathogens (e.g. Flavobacterium) were assigned
higher scores.

After bacterial inoculation, the supernatant from the remaining
homogenate from each of the 741 fish was used for viral isolation by
tissue culture following standard methods [14]. Cell lines including
EPC (Epithelioma papulosum Cyprinid carp), CHSE-214 (Chinook
Salmon Embryo), and BF2 (Bluegill Fry) were inoculated with each
supernatant sample. In addition, specific cell lines that we developed
from delta smelt gill and threadfin shad gill following standard
methods [14] were also used for virus isolation. Cell cultures were
incubated at 15°C for a minimum of 21 days and sub cultured for 14
days.

Identification of bacterial isolates and pathogen scores

Colonies on Blood agar, TYES, and MiddleBrook 7H10 agar were
examined for basic morphologic and biochemical characteristics
[14]. Dominant bacterial isolates were identified presumptively by
phenotypic characterization and verified using 16S ribosomal RNA

(rRNA) gene sequencing [20]. The universal bacterial primers EUBA/
EUBB were used for initial PCR to amplify the 16S ribosomal DNA
(rDNA) regions. The amplified products were submitted to Davis
Sequencing Inc. (http://www.davissequencing.com/index.htm) to
determine the DNA sequences of representative isolates and then
compared to known sequences in the GenBank database. BLAST
search results are provided as supplementary data.

Mycobacterium qPCR

Frozen tissues are routinely used for standard qPCR analysis
of fish pathogens [21] hence were not validated in this study. For
qPCR analysis, fish (n=237) were randomly selected to represent
a sample population of 741 fish (Table 2) using Excel 2010 simple
random sampling method. DNA was extracted from the remaining
supernatant (virus inoculum) plus the pellets from the kidney and
spleen homogenate (bacterial inoculum) using the DNeasy blood
and tissue kit (Qiagen). The DNA samples were tested by qPCR for
Mpycobacterium tuberculosis complex (MTC) using a proprietary assay
available at the UC Davis Real-time PCR Research and Diagnostic
Core Facility (http://www.vetmed.ucdavis.edu/vme/tagmanservice/).
The assay was designed on the conserved region of the rpoB gene
based on multiple alignment generated from a previous study
(GenBank accession number: GQ293224) [22,23]. The rpoB gene
encodes the beta subunit of RNA polymerase, well conserved within
the Mycobacterium genus [22]. The assay used a hydrolysis probe with
5 prime FAM and 3 prime MGB (Life Technologies). A synthesized
DNA plasmid containing a portion of 16S rRNA of Mycobacterium
marinum, the species commonly found in fish, was used to establish
standard curves for estimating the number of Mycobacterium gene
copy numbers present in smelt tissues. The MTC qPCR detects the
DNA of several Mycobacterium species as causative agents of human
and animal tuberculosis and has been successfully used for evaluating
mycobacterial infections in delta smelt [8a-8e,24].
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Table 3: Comparison of Mycobacterium gene copy numbers in delta smelt collected from various locations in the San Francisco Estuary.

Habitat Sampling sites Nur:ils):r of Mean Mycobacteriungg';;r:e copy numbers/ug
Subadult - FMWT *
A - US Navy weapons station, Concord | 405, 407, 411, 412, 413,502, 503, 507, 509, 510,512 21 842.14
B — Isolated tributaries 606, 609 8 1113.26
C — Migratory region 703,704,705,706, 802, 807 28 1035.98
D — Upstream 716,719, 721, 797 10 643.84
E — US Navy Shipyard, Suisun 418, 516, 517, 518, 519, 601, 602 16 1638.26
Adult — SKT*
A — US Navy weapons station, Concord 501, 504, 508, 513 16 1333.65
B — Isolated tributaries 606, 609, 610 30 3474.95
C — Migratory region 704, 706, 707, 801, 804 34 838.34
D — Upstream 713,715,716, 719 47 1388.94
E — US Navy Shipyard, Suisun 340, 411, 418, 519, 520, 602 21 1250.56

* FMWT=Fall Midwater Trawl survey; SKT=Spring Kodiak Trawl survey
** Kidney + spleen DNA were used for gPCR assays

Statistical analysis

Smelt collected across locations from August 2011 to May 2012
were grouped by sampling months to evaluate seasonal trends and
by salinity gradient (<1, 1-6, >6 psu) to test for associations between
presence of infections (mycobacterial DNA and other pathogens)
and respective salinity zones. To determine if smelt from certain
habitats differed in infection severity, collection sites were clustered
into five distinct geographic groups based on the following habitat
characteristics: close to anthropogenic inputs, upstream for spawning
and migration of adult smelt, and isolated tributaries (Table 3, Figure
1). One way analysis of variance (ANOVA) followed by an all pairs
Tukey’s test was used for the various analyses: mean number of
mycobacterial gene copy numbers and pathogen scores among fish
across sampling months, habitats, and three salinity regions. All data
handling and analyses were performed using Microsoft Excel 2010
and JMP°Prol1.

Results

The prevalence of smelt harboring Mycobacterium DNA was high
in both subadults (95%) and adults (97%) (Table 2). Mycobacterium
gene copy numbers varied each month from August to May (Figure
2A). Although gene copy numbers were relatively higher among
samples in September, they were not statistically different across
smelt captured between August to December (P>0.05); (Figure 2A).
Gene copy numbers were relatively lower among samples examined
from January to March (8-12°C), however fish caught from April
to May (16-22°C) showed a marked increase in gene copy numbers
(Figure 2A). Stress associated with upstream migration and increased
water temperature may be contributing to significantly higher gene
copy numbers among smelt examined in April compared to January
(Figure 2A), (P=0.0415).

Overall, the frequency of smelt harboring bacterial pathogens
was lower in FMWT subadults (53%) compared to SKT adults
(64%); (Table 2). Although pathogen scores varied among fish
across months, smelt harbored fewer pathogens beginning in August
with no pathogens from smelt in October (Figure 2B). In contrast,
higher pathogen scores were observed among fish in November and

December (Figure 2B) where the pathogen scores were significantly
higher than August (P=0.0002). The highest mean pathogen score
(1.23) was observed in February; this average pathogen score was
significantly higher compared to January (0.78), March (0.43), April
(0.90), and May (0.50) (P<0.0001), (Figure 2B). Pathogen scores were
significantly lower in March compared to January (P=0.004) and April
(P=0.0001). An inverse relationship was observed between pathogen
score and mycobacterial gene copy number across sampling months
that varied in water temperature. For example, pathogen scores were
generally higher among smelt sampled in cooler months (November-
March at 8-16°C) while in warmer months such as May (>16°C),
smelt showed lower pathogen scores (Figure 2B) and increased gene
copy numbers (Figure 2A).

The pathogen scores were based on the number and identity
of bacterial flora found in the kidney and spleen of delta smelt.
Aeromonas, Pseudomonas, Microbacterium, Sphingopyxis, Zooglea,
and Bacillus that grew on Blood agar plates and Flavobacterium on
TYES were identified by phenotypic characterization. Sequencing of
16S rDNA confirmed the identity of most of these species including
Methylibium, Brevundimonas, and Luteimonas (see supplemental
data). These organisms are commonly found in the aquatic
environment and some species of Flavobacterium are pathogenic
in fish. From all of the 741 smelt examined, viral agents (cytopathic
effect) were not observed from any of the cell lines inoculated.

Acid-fast colonies consistent with mycobacteria did not grow
on Middle Brook 7H10 agar. However, 96% of the fish showed
mycobacterial DNA and across sampling sites, higher mycobacterial
gene copy numbers were observed among smelt captured near
anthropogenically altered naval shipyards, among migrating adults,
and among fish sampled from isolated tributaries (Table 3).

Across salinity regions (<1, 1-6, and >6 psu), results showed that
mean Mycobacterium gene copy numbers did not differ statistically
among FMWT subadults (P=0.477) or SKT adults (P=0.077); (Figure
3A). Pathogen scores of subadult smelt varied across salinity regions
while adult collected at 1-6 psu showed significantly higher mean
pathogen scores (1.2) compared to fish at <1 psu (0.64, P<0.0001) and
>6 psu (0.74, P=0.0004) (Figure 3B).
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Figure 2: Mean Mycobacterium gene copy numbers (A) and pathogen scores
(B) of subadult (Fall Midwater Trawl) and adult (Spring Kodiak Trawl) delta
smelt collected across months in the San Francisco Estuary. Mean with the

same letters are not statistically significant.
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Figure 3: Mean Mycobacterium gene copy numbers (A) and pathogen scores
(B) of subadult (Fall Midwater Trawl) and adult (Spring Kodiak Trawl) delta
smelt collected across salinity regions. Mean with the same letters are not
statistically significant.

Discussion

Our findings demonstrate that latent mycobacterial infections are
widespread among delta smelt collected across sampling months and
locations in the SFE. Smelt captured near anthropogenically impacted
sites such as the US Naval weapons station at Concord and the US
Naval shipyard at Suisun Bay, California showed relatively higher
mycobacterial gene copy numbers. The latter is a potential point
source of contaminants corroding from the ships [25]. Exposure of
delta smelt to contaminated waters in these habitats could enhance
their vulnerability to environmental mycobacteria, as fish exposed to
polluted environments are generally more susceptible to infections
[26-29]. While relatively higher mycobacterial gene copy numbers
were also observed among fish captured in isolated tributaries (i.e.
sites 606, 609, 610, Figure 1), it is unknown if gene copy numbers
were associated with mycobacterial community habitat niches [30] or
with the physicochemical attributes of the habitats. Organic content
and pH can affect the growth of environmental bacteria [31]. In
the SFE, the magnitude and range of biotic and abiotic factors and
contaminants [32, 33] could contribute in the vulnerability of smelt

to pathogen exposures in the environment. As frequency and severity
of infections may depend on ecosystem health [34], the degraded
state of the SFE ecosystem has been generally associated with overall
stress effect on resident fishes.

The SKT survey captures smelt migrating upstream or developing
into fully mature adults in their natural spawning grounds in the
SFE [4, 6]. Smelt examined from SKT showed relatively higher
mycobacterial gene copy numbers and pathogen scores compared
to subadults from the FMWT survey. Furthermore, adult smelt
collected in February showed the highest pathogen scores from
among all of the samples examined across months and life stages in
this study (Figure 2B). While it is unknown if the bacterial species
that were isolated are harmful to delta smelt, it is important to note
that susceptibility to bacterial exposures may be amplified at critical
stages of smelt maturity as shown in our results. In addition to
various stressors, exposure to pathogens may also affect migration
and spawning of smelt in the SFE. Although Mycobacterium was not
isolated from any of the delta smelt (n=741) that we examined, 96% of
the fish were positive for mycobacterial DNA. Our results corroborate
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previous findings in smelt from the lower Sacramento River where
Mycobacterium DNA was detected in 54% of the fish despite the lack
of pathogen isolation [7]. As Mycobacterium is ubiquitous [9-11,35],
it is highly likely the smelt contracted the mycobacteria in the water
column through ingestion of contaminated food and contact with
other infected fishes [35].

Delta smelt captured from the 1-6 psu habitats showed
significantly higher pathogen scores and relatively increased
mycobacterial gene copy numbers than other salinity regions.
As smelt residency is centered in the low salinity zone (ca. 2 psu
isohaline) in the summer and fall [4,36], smelt distribution in summer
may coincide with enhanced exposures to environmental pathogens
through warm temperature effects on pathogen fitness in a weakened
host [37]. However, the relationship between infection prevalence
and salinity, including potential interaction with water temperature,
need to be evaluated within a controlled environment to support this
hypothesis. We have shown in captive smelt that water temperature
(216°C) altered infections with Mycobacterium from benign to lethal
[8]. The current study also demonstrated higher mycobacterial gene
copy numbers among smelt captured at >16°C suggesting that water
temperature can regulate the severity of subclinical mycobacterial
infections of delta smelt in their natural habitat in the SFE. Although
water temperature may exceed 16°C in the estuary during summer,
smelt may move to other sites and therefore not subjected continuously
to high water temperature that may support clinical infections with
Mycobacterium as those observed in controlled laboratory conditions
[8]. Alternatively, exposure of smelt to high water temperatures in
the SFE may cause clinical infections with Mycobacterium, however,
we are only able to collect relatively healthy fish as infected fish may
have been dead or eaten by predators. For this reason, investigating
the factors that trigger the active replication of Mycobacterium in
field populations of smelt is critically important. The role of physico-
chemical stressors in promoting infections in the field is intricately
tied to complex interactions governing the host, the pathogen, and
the environment [26-29,34]. Other critical factors that affect disease
onset and severity in fish are the biology of the pathogen in the host,
the host response, and the epidemiology of the causative organism
[37]; these have yet to be assessed in delta smelt.

Mycobacterial infections have occurred among fish species
with direct or indirect origin in the SFE. Subclinical infections with
Mycobacterium were first reported three decades ago in wild adult
striped bass in the Sacramento and San Joaquin rivers [38]. Chronic
mortalities due to M. marinum were subsequently observed in
cultured yearling striped bass that were progeny of striped bass from
the SFE [39]. In 2000, we observed the first case of mycobacteriosis
and isolation of M. chelonae and Mycobacterium sp. in wild delta
smelt following a one month holding at 16°C-well water [8]. Chronic
mortalities have occurred in smelt culture facilities including acute
infections in reconditioned broodstock [24]. As demonstrated in
these studies, mycobacterial infections may be latent in wild or
cultured smelt populations but the presence of stressors may trigger
infections from subclinical to severe infections. To date, M. marinum,
M. fortuitum, and M. chelonae have been isolated from clinically
infected delta smelt [8,24].

Our concept of latent mycobacterial infections in delta smelt

draws certain similarities with other species. Latent or chronic
tuberculosis in humans is a state where the agent (M. tuberculosis)
persists in affected individuals without causing any symptomatic
disease [40,41]. Latently infected individuals persistently harbor
M. tuberculosis DNA in their lungs [42]. In mice models of latent
Mpycobacterium infections, tubercle bacilli were lacking but immune
suppression using steroid induced active pathogen replication and
overt infections [43]. In zebra fish, latent mycobacterial infections
were experimentally established and reactivated by irradiation to
demonstrate the mechanisms associated with subclinical and clinical
mycobacterial infections [44]. Latent mycobacterial infections
in delta smelt is characterized by the absence of pathogen but
presence of mycobacterial DNA [7,8a-8e] and infections may
progress from subclinical to clinical in the presence of stressors
such as water temperature and handling [8]. We hypothesize that
the immune system of the smelt could be compromised due to the
immunosuppressive effects of the stressors that rendered activation
to disease as observed in the zebra fish model [44]. Also unknown
in delta smelt is whether the phenomenon (pathogen negative but
DNA positive) is tied to regulation of certain genes associated with
the pathogen or the host. In humans, latent tuberculosis is linked
with gene regulation and metabolic pathways of the etiologic agent
[40] including the complex association of mycobacterial niches and
metabolic states [44]. Assessing the mechanisms and pathogenesis of
latency that prevents or allows progression to mycobacteriosis in the
annual life cycle of the delta smelt [6,45] will be challenging to study.

Pathogens and diseases are one of the least studied stressors
affecting threatened species in the SFE. It is important to note that
although mixed bacteria were isolated from delta smelt, these may
have originated from ubiquitous bacteria that are normally present in
wild fish. For this reason, the recovered bacteria may not be pathogenic
in delta smelt. Pathogens are natural components of ecosystems such
that pathogens and hosts may evolve in response to each other and
to conditions in the ecosystem [46]. The current study encompassed
non-lethal, subclinical mycobacterial infections among a significant
number of smelt at different stages of development. The potential
risk of harboring subclinical mycobacterial infections in smelt is
currently unknown. Based on initial observations in our laboratory,
we have detected mycobacterial gene copy numbers ranging from
5,800-439,000/pg DNA in tissues of smelt that succumbed to
mycobacteriosis in captivity. The implication of the range in gene copy
numbers (Table 3) in latent infections that currently predominate in
smelt populations in the SFE compared to clinical infections [8,24]
remain to be determined. Whether the ranges of mycobacterial gene
copy numbers in wild smelt are harmful will be investigated.

Although the underlying drivers or reservoirs of the
mycobacterial infections in the current study are unknown, disease
prevalence and severity in wild fish represent an intricate interaction
among pathogens, hosts, and the environment of which the latter is
the least understood [34]. Exposure of delta smelt to mycobacteria
across habitats in the SFE is highly likely because of the ubiquity
of the pathogen [9-11,35] combined with the smelt’s extreme
vulnerability to local environmental calamity [6]. As Mycobacterium
is an opportunistic organism [35], it may only cause disease in smelt
under certain environmental conditions as shown in our previous
study [8]. It is important to consider that infected smelt may have
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died in the wild or been eaten by predators, and the fish that are
captured and analyzed are relatively “healthier” fish. This potential
scenario may fundamentally explain, in part, the subclinical nature
of the mycobacterial infection, absence of viral agents, and lack of
overt clinical infections. Mycobacteriosis impaired the swimming
performance of delta smelt held in captivity [47]. In this context,
debilitated movements associated with mycobacterial and other
microbial infections may likely predispose the smelt to predation in
the SFE precluding collection and analysis of infected fish.

Conclusion and Future Direction

This study improves our current knowledge regarding the
prevalence of smelt harboring infections in anthropogenically
impacted sites, and across sampling months and salinity regions in
the SFE. Impacts of infections on wild fish populations have been
perceived as insignificant to catastrophic [34] as stressor effects are
expectedly more severe in captive environments [48]. Although the
risks of harboring subclinical infections are currently unknown in wild
delta smelt, documenting spatial and temporal variations of infection
severity will provide the essential foundation for information critical
for uncovering potential stressors that may trigger the activation of
the subclinical state to full blown mycobacteriosis in the SFE. In the
Chesapeake Bay, mycobacterial epizootics in various fish species were
viewed as a syndromic sentinel of altered environmental conditions
[13], providing highly relevant implication on fish health in the
SFE. Data analyses of various health indicators (e.g. histopathology,
condition indices, nutritional status, enzymatic and reproductive
biomarkers) and water quality from the fish health project will be
evaluated for potential sublethal effects (e.g. growth and reproduction)
of latent mycobacterial infections in delta smelt. Our current results
may lend support to management and conservation efforts associated
with emerging infections for this threatened species including
potential relationship with broader effects on critical habitats in the
SEE altered by anthropogenic impacts.
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