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ABSTRACT
Pathogen surveillance must be part of any 
population supplementation or reintroduction 
program for the conservation of threatened and 
endangered species. The unintended transmission 
of pathogens can have devastating effects on 
these already at-risk populations or the natural 
ecosystem at large. In the San Francisco Estuary 
(estuary), abundance of the endemic Delta 
Smelt (Hypomesus transpacificus) has declined 
to the point where regulatory managers are 
preparing to augment the wild population using 
fish propagated in a hatchery to prevent species 
extinction. Although disease is not an overt 
cause of population decline, comprehensive 
pathogen presence and prevalence data are 

lacking. Here, we performed a pilot study that 
applied molecular assays originally developed in 
salmonids to assess the presence of a wide variety 
of pathogens in the gill tissue of cultured and wild 
Delta Smelt—as well as cultured fish—deployed 
in enclosures in the estuary. We found the assays 
to be highly sensitive, and observed positive 
detections of a single pathogen, Ichthyophthirius 
multifiliis, in 13% of cultured Delta Smelt. We also 
detected ten other pathogens at very low levels 
in cultured, enclosure-deployed, and wild Delta 
Smelt that likely represent the ambient pathogen 
composition in the estuary (as opposed to actual 
infection). Our results corroborate previous work 
that cultured Delta Smelt do not appear to present 
a high risk for pathogen transmission during 
population supplementation or reintroduction. 
However, the molecular pathogen screening 
assays tested here have great utility as an early 
warning system indicator of when further 
diagnostic testing might be necessary to limit the 
extent and frequency of disease outbreaks; their 
utility will be further increased once they are 
customized for Delta Smelt.

KEY WORDS
Delta Smelt, pathogen, San Francisco Estuary, 
supplementation, Ichthyophthirius multifiliis
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INTRODUCTION
Pathogen screening is an integral component of 
any population supplementation or reintroduction 
program (Viggers et al. 1993; Leighton 2002; 
Kock et al. 2010). Before release into the wild, 
source individuals must be tested to confirm 
that they do not carry infectious pathogens 
which may be transmitted into naïve recipient 
populations or to other susceptible sympatric 
taxa. Conversely, released individuals may 
also be vulnerable to pathogens in the wild 
environment; native populations and putative 
release sites should also be screened to prevent 
population supplementation or reintroduction 
failure due to disease. Pathogen screening paired 
with the collection of baseline health status data 
from source and recipient populations can help 
minimize risk and contribute to risk assessments 
of these high-profile conservation and 
management actions (Leighton 2002; Mathews et 
al. 2006; Muths and McCallum 2016). 

Disease-causing agents may be bacteria, 
viruses, fungi, or parasites; and the nature 
and type of test required for their detection is 
species- and ecosystem-dependent. Common 
screening methods for these pathogens include 
microbial culture, microscopy, histology and 
immunohistochemistry, serology, and molecular 
methods such as Polymerase Chain Reaction 
(PCR) (Adams and Thompson 2011). Despite the 
breadth of methods, there are many inherent 
challenges associated with pathogen surveillance 
in wild populations: the species of interest may 
be rare and difficult to locate; the habitat may be 
vast or inaccessible to humans; invasive or lethal 
sample collection (e.g., liver, lung, or heart tissue) 
of threatened and endangered species may not be 
permissible under state and federal Endangered 
Species Acts; and collection of samples in the field 
setting may introduce contamination or cause 
degradation. Additionally, pathogen screening 
tests may not capture novel or emerging 
pathogens. For these reasons, instances of disease 
in wild populations are often under-reported 
or may rely on anecdotal evidence (Naish et al. 
2007; Kock et al. 2010), but with supplementation 
and reintroduction the potential for pathogen 

transmission to wild populations should not be 
underestimated. 

In fish, individuals used for population 
supplementation and reintroduction are often 
propagated in a hatchery. History has repeatedly 
shown that a lack of pathogen knowledge and 
inadequate pathogen surveillance can have dire 
consequences when cultured fish are released into 
the wild. The release of hatchery trout infected 
with the myxosporean parasite Myxobolus 
cerebralis, which causes whirling disease in 
salmonids, is believed to have contributed to wild 
trout population declines throughout the United 
States (Hedrick et al. 1998; Bartholomew and Reno 
2002). Several mass mortalities of wild Pilchard 
(Sardinops sagax) in Australia were preliminarily 
traced to herpesvirus-infected Pilchard feedlots 
introduced into the marine environment as 
part of Tuna (Thunnus maccoyii) aquaculture 
(Gaughan 2002). Threatened and endangered 
wild fish populations are at even greater risk of 
adverse outcomes with unintentional pathogen 
transfer from cultured fish because of small 
population size, potentially low genetic diversity, 
and concomitant reduced ability to respond to 
stochastic pressures (Lively et al. 1990; Frankham 
2003). Conservation aquaculture programs 
therefore routinely monitor for pathogens 
perform pathogen surveillance, and the results 
of these tests direct the treatment, release, and 
adaptive management actions for hatchery fish, 
such as in Silvery Minnow (Woodland 2009) and 
numerous salmonid species (Brenkman et al. 
2008; Barry et al. 2014; Hardiman et al. 2017).

In the San Francisco Estuary (hereafter 
“estuary”), the endemic osmerid, Delta Smelt 
(Hypomesus transpacificus) is a state (CDFW 2021) 
and federal (USFWS 1993) Endangered Species 
Act listed species that needs more monitoring 
for pathogens. Delta Smelt were once ubiquitous 
in the estuary, but anthropogenic ecosystem 
change has caused a precipitous decline in the 
wild population (Moyle et al. 2016, 2018). Many 
are concerned that wild Delta Smelt are now so 
rare that the species may soon become extinct 
(Baumsteiger and Moyle 2017; Hobbs et al. 2017). 
To prevent extinction, regulatory agencies are 
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planning experimental release and subsequent 
population supplementation of Delta Smelt 
using hatchery fish reared at the University of 
California Davis Fish Conservation and Culture 
Laboratory (FCCL; Byron, CA) (Lessard et al. 2018; 
USFWS 2019, 2020; CDFW 2020); to date, only very 
small numbers of cultured Delta Smelt have been 
released in the estuary for special studies (Castillo 
et al. 2012) and not for the purpose of reinforcing 
the wild population. 

Overt signs of widespread disease have not 
been observed in wild Delta Smelt, and disease 
is therefore not known to be a driving factor 
of population decline (USFWS 1993); however, 
comprehensive baseline disease status data is 
lacking (Teh 2007; Miller et al. 2012; Teh et al. 
2020). Cultured Delta Smelt reared at the FCCL 
are routinely screened for pathogens by a US Fish 
and Wildlife Service pathologist at the California–
Nevada Fish Health Center (Anderson, CA) before 
fish are transferred to the back-up facility at 
the Livingston Stone National Fish Hatchery 
(Shasta Lake, CA). Current regulations only 
require screening for six pathogens according 
to the standard US Fish and Wildlife Service 
protocol for salmonids: Aeromonas salmonicida 
(bacterium), Yersinia ruckeri (bacterium), 
infectious hematopoietic necrosis virus, 
infectious pancreatic necrosis virus, Oncorhynchus 
masou virus, and viral hemorrhagic septicemia 
virus; a screen for Mycobacterium spp. (bacterium) 
is also performed occasionally, upon request. 
Previous studies have documented sporadic 
infections of Mycobacterium (Antonio et al. 2000) 
and Ichthyophthirius multifiliis (Ich; ectoparasite) 
(Frank et al. 2017) in Delta Smelt propagated at 
the FCCL; Mycobacterium and helminth parasites 
were also detected in wild Delta Smelt (Foott and 
Bigelow 2010; Baxa et al. 2015). Chronic infection 
with Mycobacterium is typically well-tolerated in 
Delta Smelt but can cause reduced swimming 
performance (Swanson et al. 2002), whereas 
infection with Ich if left untreated may result 
in gill and skin defects, behavioral changes, or 
mortality (Frank et al. 2017). In preparation for 
population supplementation and reintroduction, 
it will be necessary, in following best scientific 
practices, to expand the scope of pathogen testing 

and to understand the potential for pathogen 
transmission between the wild and hatchery 
environments.

Here, we conducted a pilot study using high-
throughput microfluidic quantitative PCR (qPCR) 
with assays originally developed for salmonid 
pathogen testing (Miller et al. 2016; Teffer et al. 
2017) to assess differences in pathogen presence 
between Delta Smelt reared at the FCCL and 
in the estuary. In the absence of a Delta Smelt-
specific pathogen panel, this pathogen panel 
is an appropriate proxy because salmonids, 
specifically Rainbow Trout (O. mykiss) and 
Chinook Salmon (O. tshawytscha), are found in 
the estuary, and some pathogens may infect both 
salmonid and smelt species; it is not possible to 
know definitively whether the pathogens on the 
panel can infect and cause disease in Delta Smelt 
without extensive pathogenicity studies. The 
assays are specific to 47 pathogens (Table A1), 
including Ich, significantly increasing the range 
of pathogen testing that has been performed in on 
Delta Smelt in the past. Four of the six pathogens 
tested for by the California–Nevada Fish Health 
Center (A. salmonicida, Y. ruckeri, infectious 
hematopoietic necrosis virus, and O. masou 
virus) are represented on the Miller et al. (2016) 
panel; an assay for Mycobacterium spp. was not 
developed and validated as part of this original 
panel, but given its relevance to cultured Delta 
Smelt, should be in the future. Molecular assays 
are well-suited for pathogen screening in rare, 
listed species because they are highly sensitive, 
require minimal starting material (e.g., such 
as what could be obtained with a mucus swab 
for some pathogens), can be fully customized 
to accommodate novel or emerging pathogens, 
and can be used to detect pathogens in the 
environment (e.g., environmental DNA [eDNA] in 
water and soil samples). Despite their benefits, 
molecular methods are most appropriately 
and powerfully used as a complement to 
standard disease diagnostic tests rather than 
as a replacement. DNA-based molecular assays, 
such as in Miller et al. (2016), can only confirm 
pathogen presence and relative quantities. A 
positive detection does not necessarily mean that 
a pathogen is infective or that there is an active 
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infection. Instead, molecular pathogen screening 
assays can be performed routinely and serve 
as an early warning system that signals when 
other, “gold standard” diagnostic tests should be 
conducted to confirm a disease outbreak. Also, as 
with any molecular test, assays in the Miller et al. 
(2016) panel can only be used to the detect specific 
pathogens for which they were designed, which 
may limit the scope of information gleaned and 
conclusions drawn from any analyses. 

In this exploratory study, our specific objectives 
were to identify pathogens in (1) cultured Delta 
Smelt reared at the FCCL, (2) cultured Delta 
Smelt that originated from the FCCL deployed in 
enclosures in the Estuary, and (3) the wild Delta 
Smelt population using the molecular assays 
developed by Miller et al. (2016) and to (4) evaluate 
the utility of these assays for pathogen screening 
in future population supplementation and 
reintroduction.

MATERIALS AND METHODS
In July 2018, we collected gill tissue (lethally) 
from 60 cultured pre-spawning adult Delta Smelt 
produced and held at the FCCL from across 
multiple tanks that had been stored at – 20 °C. 
Hatchery staff observed signs of disease in some 
of these fish at the time of collection, but they did 
not communicate this information to us before 
our laboratory analyses. In January 2019, Delta 
Smelt (243 dph) propagated at the FCCL from 
the same cohort (but reared in an unconnected 
culture system) were deployed in enclosures for 4 
weeks in the natural estuary environment at Rio 
Vista, CA for a separate feeding and survival study 
(see Baerwald et al., forthcoming). The authors 
chose the Rio Vista site and deployment time of 
year because typical environmental conditions 
are favorable for the survival of adult Delta 
Smelt, and the Enhanced Delta Smelt Monitoring 
program is still able to occasionally capture wild 
fish in this area (USFWS 2021). Baerwald et al. 
measured several environmental parameters 
during the deployment period, including 
temperature (range: 8.40 to 11.80 °C), turbidity 
(range: 13.90 to 99.63 FNU), and dissolved oxygen 
(range: 8.45 to 10.90 mg L-1) which were in range of 

what is expected for preferred Delta Smelt habitat 
(Sommer and Mejia 2013). Upon completion of 
the study, we opportunistically took gill tissue 
(lethally) from 60 of these fish. We also obtained 
gill tissue from 60 archived wild individuals 
collected between June 2011 and December 
2016 that had been stored at – 80 °C, which were 
provided by the California Department of Fish 
and Wildlife (Table 1); we selected samples that 
represented a wide geographic range throughout 
the estuary. The sample number of 60 is derived 
from a 5% assumed pathogen prevalence level 
(APPL) in a population with greater than 100,000 
individuals (USFWS and AFS–FHS 2014) and is 
what is used for diagnostic disease testing at 
the California–Nevada Fish Health Center. We 
selected gill tissue for this analysis because, as a 
filtering organ, the gill is a first contact site and 
thus has a high chance of detection for many 
pathogens of interest, and because it was the only 
tissue available to us in all cultured, enclosure-
deployed, and archived wild Delta Smelt samples. 

We extracted DNA from tissue samples with 
DNeasy Blood and Tissue kits (Qiagen, Venlo, 
Netherlands), using a QiaCube robotic liquid 
handler (Qiagen) following the manufacturer’s 
protocols. For pathogen screening of all 
samples, we conducted high-throughput qPCR 
on a BioMark HD system (96.96 dynamic array; 
Fluidigm Corp., South San Francisco, CA) 

Table 1 Location, number, and date of collection of archived wild Delta 
Smelt samples. n = number of samples.

Location n Year Month

Sherman Lake/ 
Sacramento River

2 2011 June

10 2012 October

Decker Island/ 
Sacramento River

9 2016 December

Lindsey Slough/ 
Cache Slough

3 2011 June

9 2012 March

7 2012 May

Prospect Island/ 
Deep Water Ship Channel

4 2012 May

16 2014 June
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according to the methods described by Teffer 
et al. (2017). In brief, we used a 96.96 Dynamic 
Array IFC for Gene Expression (Fluidigm) 
with primer sets for 47 pathogens (Table A1) 
developed by Miller et al. (2016); we ran each 
sample in duplicate. We included positive controls 
consisting of pooled gBlock synthetic DNA of all 
pathogens in the panel, and negative controls 
consisting of suspension buffer both in duplicate 
alongside our samples for each assay during pre-
amplification and qPCR cycling. For each positive 
control, to estimate relative assay efficiency 
and approximate pathogen concentration per 
sample, we prepared 5-fold serial dilutions with 
concentrations that ranged from 2.0x104 to 
32 DNA molecules/μl. To ensure qPCR suitability 
for these assays, we calculated individual assay 
qPCR efficiencies separately for each assay 
on each plate. We analyzed qPCR results with 
Fluidigm Real-Time PCR Analysis Software v 
4.5.2. 

In qPCR, a fluorescent reporter dye is released 
when a target sequence (here, specific to 
a particular pathogen) is identified by a 
complementary oligonucleotide primer and 
amplified via DNA polymerase. If the target 
sequence is present, the resulting fluorescent 
signal will increase and accumulate with each 
PCR amplification cycle. The PCR cycle number 
at which the fluorescent signal surpasses the 
background fluorescence of the negative control 
is known as the cycle threshold (Ct). The amount 
of the target sequence in the sample is therefore 
inversely proportional to the Ct value. For 
all samples, we averaged the Ct values of the 
duplicates; we discarded data from samples in 
which only one of the two duplicates amplified. 
The limit of detection (LOD) for each assay 
was the Ct of the lowest dilution of the positive 
control, or 32 DNA molecules μl-1 (see “Results”). 
The sensitivity of the BioMark instrument is as 
low as one DNA molecule, which corresponds to a 
Ct value of 27 to 28 (Fluidigm Corp). We therefore 
categorized a sample as “negative” (meaning 
the pathogen was not detected) if the Ct was (1) 
greater than that of the lowest concentration 
of the positive control, (2) greater than 27, or 
(3) if there was no detectable fluorescence. For 

three assays, we obtained Ct values greater than 
27 at the lowest dilution of 32 DNA molecules 
μl-1, meaning beyond the sensitivity of the 
BioMark instrument. However, we consistently 
obtained a Ct value less than 27 for each assay’s 
positive control at a concentration of 160 DNA 
molecules/μl and all other concentrations. 
We subsequently considered a detection to be 
“marginal” if the Ct value was greater than that 
of the 160 DNA molecules μl-1 concentration 
of the positive control, but less than that of 
the 32 DNA molecules μl-1 concentration of 
the positive control or 27. We conservatively 
labeled samples with Ct values less than that 
of the 160 DNA molecules μl-1 positive control 
concentrations as “positive” detections. 

RESULTS
Each pathogen assay amplified the positive 
control samples across all dilutions, including 
the lowest concentration tested (32 DNA 
molecules/μl). All qPCR efficiencies ranged 
between 80 and 120%, except for the Moritella 
viscosa assay from plate 1, which had a qPCR 
efficiency of 74.4% (Figure A1). Most assays (57 
of 94, or 61%) had an efficiency between 90% 
and 110%, or the desirable target efficiency 
level for quantitative assays (Bustin et al. 2009). 
Because we used these assays to detect pathogen 
presence alone and only quantified relative 
levels of pathogen concentrations based on serial 
dilutions, efficiencies outside of the ideal range 
(i.e., between 80% to 90% and 110% to 120%) 
are acceptable, and likely caused by primer 
competition and low binding affinity as a result of 
the complex (i.e., 47 pathogens) multiplex reaction 
in the Fluidigm pre-amplification reaction step. 

There were robust positive detections of Ich in 
13% of Delta Smelt reared and held at the FCCL 
(Figure 1). There were also marginal detections 
of 10 pathogens, including Ich, among the three 
fish groupings, namely: Ceratonova shasta, 
Flavobacterium psychrophilum, Kudoa thyrsites, M. 
viscosa, O. masou virus, Parvicapsula minibicornis, 
Piscichlamydia salmonis, infectious salmon anemia 
virus, and viral encephalopathy and retinopathy 
(Figure 1, Table A2); the assay and detection 
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system used is highly sensitive, and the Ct values 
of these samples were near the LOD for the assays 
and the sensitivity of the BioMark instrument, 
and therefore should be interpreted with caution. 

DISCUSSION
When releasing captively bred individuals into 
natural ecosystems, the potential for disease 
transmission must not be overlooked. Here, we 
report the results of the first effort to conduct 
pathogen screening of cultured and wild Delta 
Smelt using high-throughput qPCR and assays 
developed for salmonid pathogen screening 
by Miller at al. (2016). Based upon our control 
data, we found the assays to be highly sensitive, 
with detectable amplification at the lowest DNA 
concentration tested, consistent with Miller 
et al. (2016). Our most notable finding was the 
detection of Ich in 13% of Delta Smelt tested, 
which originated from and were held at the 
FCCL. As a ciliate protozoan, Ich infiltrates 

epithelial tissue and rapidly causes the formation 
of trophonts (visible as white spot disease) that 
can be particularly damaging to gill tissue and 
prevent proper osmoregulation and gas exchange 
(Ewing et al. 1994; Tumbol et al. 2001). Ich is 
common in hatcheries, including the FCCL, and 
if treated early should not cause lasting damage 
(2021 email communication between T-C Hung 
and DG, unreferenced, see “Notes”). It is not 
surprising that we found Ich in FCCL fish in this 
study, given that this pathogen is ubiquitous 
in the estuary (Lehman et al. 2020), appears 
following thermal stress (Frank et al. 2017), and 
hatchery staff noted disease in some tanks at the 
time of fish collection. Our positive results are 
therefore congruent with this data and suggest 
that the assays of Miller et al. (2016) can be used 
to accurately detect the presence of pathogens 
in Delta Smelt; further histological examination 
of skin and gill tissue would be required to 
definitively diagnose disease in these specimens. 
Another important outcome of this study was 

Figure 1 Average Ct values obtained from Delta Smelt gill tissue using Miller et al. (2016) qPCR assays corresponding to positive and marginal pathogen 
detections. The gray shading denotes Ct values above 27, or the sensitivity of the BioMark instrument. The average Ct value of positive control duplicate 
samples at concentrations of 32 and 160 DNA molecules μl-1 are shown as diamonds and cross-marks, respectively. Positive detections are samples with Ct 
values less than that of the positive control at a concentration of 160 DNA molecules/μl. Marginal detections are samples with Ct values greater than that 
of the positive control at a concentration of 160 DNA molecules μl-1 but less than that of the positive control at a concentration of 32 DNA molecules μl-1 
or 27. Marginal detections are considered unreliable but presented for transparency on system limitations. Archived = amples from archived wild-caught 
fish provided by CDFW (n = 60); FCCL = samples from fish produced and held at the FCCL (n = 60); Rio Vista = samples from fish propagated at the FCCL 
and deployed in enclosures at Rio Vista (n = 60). Ce_shasta = Ceratonova shasta; Fl_psy = Flavobacterium psychrophilum; Ic_mul = Ichthyophthirius 
multifiliis; Ku_thy = Kudoa thyrsites; Mo_vis = Moritella viscosa; OMV = salmonid herpesvirus/Oncorhynchus masou herpes virus; Pa_min = Parvicapsula 
minibicornis; Pch_sal = Piscichlamydia salmonis; ISAV8 = infectious salmon anemia virus; VER = viral encephalopathy and retinopathy virus.
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the absence of positive pathogen detections in 
fish deployed in enclosures at Rio Vista or in 
archived wild fish. This finding corroborates 
previous, albeit limited, work on the presence 
and prevalence of pathogens in Delta Smelt Delta 
Smelt pathogen presence and prevalence, and 
points to a low pathogen burden in wild fish and 
the estuary, at least for pathogens that affect 
salmonids; to expand upon this conclusion, the 
screening of other tissues that are specific targets 
of certain pathogens would be useful. 

Although close to the LOD of our assays or the 
sensitivity of the qPCR instrument, we obtained 
marginal detections of 10 pathogens (Table A2). 
The greatest number of marginal detections were 
for Ich and K. thyrsites. We posit that marginal 
detections of Ich in FCCL fish could represent one 
of the many stages of the Ich life cycle present 
in the FCCL environment, or potentially low-
level infection. The large, single-celled parasitic 
trophonts that are visible on infected fish 
eventually fall off the host, at which point they 
are called tomonts. When a tomont settles on 
a substrate, it undergoes reproduction (binary 
fission) and becomes a tomocyst containing as 
many as 1,000 tomites (McCartney et al. 1985; 
Wei et al. 2013). The tomites then break through 
the tomocyst as free-swimming, infective 
theronts (Dickerson and Clark 1998). Given the 
extreme sensitivity of our pathogen assays and 
Ich outbreak at the time of fish collection when 
fish were collected from the FCCL, it is not 
unreasonable to suppose that marginal detections 
of Ich could be of individual tomonts, or theronts, 
or multicellular tomocysts that have been filtered 
by gill tissue or that are merely present in the 
water and environment. Marginal detections of 
Ich in our study could also denote early infection 
with just a few established trophonts. A similar 
justification could be made for the marginal 
detection of Ich in an archived wild Delta Smelt, 
especially because Ich is pervasive in the estuary 
(Lehman et al. 2020). Detection of K. thyrsites 
was puzzling and unexpected because these 
myxosporean parasites are typically found in 
marine host species, although they can infect 
anadromous fishes such as salmonids that move 
through estuaries (Whipps and Kent 2006; Eiras 

et al. 2014). It is possible that the highly sensitive 
molecular screening approach is detecting 
DNA contamination sourced from other fish 
species (Burger and Adlard 2011) because this 
microparasite has not been reported in the Delta; 
further investigation is warranted. 

The remaining eight pathogens (Table A2) 
with marginal detections were in enclosure-
deployed or archived wild Delta Smelt only. 
Given the high Ct values, incidence in only 
one or two individuals, and specificity of 
the pathogens to salmonids, it is likely that 
these marginal detections reflect the ambient 
pathogen community of the estuary rather than 
infection in Delta Smelt. However, subclinical, or 
asymptomatic infection in which an individual 
is infected but does not show overt signs of 
disease cannot be ruled out without conventional 
diagnostic testing. F. psychrophilum is endemic 
to California, including the estuary, and causes 
bacterial coldwater disease in salmonids, namely 
Rainbow Trout, as well as in other non-salmonid 
fishes (reviewed in Starliper 2011; Sebastião et 
al. 2020). Similarly, C. shasta and P. minibicornis 
are myxosporean parasites of the digestive tract 
and kidneys, respectively, that are known to be 
present and infect salmonids throughout the 
estuary and its tributaries year-round (Lehman 
et al. 2020). The other five pathogens with 
marginal detections in enclosure-deployed or 
archived Delta Smelt are found globally but have 
not been associated with large-scale infection or 
mortalities in California, and so are unlikely to 
represent true infection. Yet, it is important to 
note that not all pathogens are equal and affect 
hosts in the same way, and some could be highly 
virulent even at very low concentrations. 

This pilot study showed that the assays developed 
by Miller et al. (2016) could successfully detect 
pathogens in Delta Smelt gill tissue, but further 
validation and customization will be necessary 
for the assays to be informative about the 
presence and load of pathogens in Delta Smelt. 
An immediate next step would be to sequence the 
PCR amplicons of positive or marginal detections 
and confirm that the resultant sequence matches 
that of the expected pathogen and not a closely 
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related pathogen or an analogous region of the 
Delta Smelt genome; this step should be repeated 
for every pathogen at first detection. Another 
important experiment to ensure applicability 
for use in an endangered species would be to 
evaluate and confirm the success of these assays 
in detecting pathogens on non-invasive samples 
such as a mucus swab (applicable for select 
pathogens). It would also be prudent to expand 
the temporal range of archived wild Delta Smelt 
samples to span at least a 5- to 10-year period, 
as well as numbers of samples per year, to gain 
a more comprehensive understanding of the 
scope of the presence of pathogens and potential 
differences among water year types (e.g., wet 
versus dry) or other environmental conditions in 
the estuary. Similarly, collecting samples from 
Delta Smelt across seasons could inform seasonal 
trends in the presence of pathogens in wild or 
hatchery fish. Using these same assays, distinct 
changes in pathogen profiles have been observed 
in Chinook Salmon in the Fraser River among 
seasons (Tucker et al. 2018). Increasing the spatial 
range of wild Delta Smelt samples collected to 
be from throughout the estuary could improve 
our understanding of whether some pathogens 
are localized or widespread. Pathogens that 
affect Delta Smelt which the Miller et al. (2016) 
assays do not cover could be identified through 
an RNA-seq, metagenomics, or multi-locus 
sequence typing approach, using multiple tissues 
from wild, cultured, and enclosure-deployed 
fish (Urwin and Maiden 2003; Houldcroft et 
al. 2017; Fu et al. 2019). Since the BioMark HD 
system is fully customizable, once Delta Smelt-
specific pathogens are identified, developed, 
and validated, they can be screened alongside 
those from Miller et al. (2016). The addition 
of an assay for Mycobacterium spp. would be 
particularly beneficial because this pathogen has 
been reported in wild and hatchery Delta Smelt 
previously (Antonio et al. 2000; Swanson et al. 
2002; Foott and Bigelow 2010). Finally, although 
qPCR can be used to assess relative pathogen load 
per fish (only presence was considered here), it 
does not necessarily predict pathogenicity. Gene 
expression assessments in conjunction with 
histopathology can confirm disease progression, 

which could be correlated with pathogen load 
(Connon et al. 2012; Teffer et al. 2017). 

Once pathogen screening assays have been 
honed for Delta Smelt, they can be applied in 
the health management of cultured Delta Smelt. 
Knowing that disease outbreaks are not out of the 
ordinary in hatcheries and that we detected Ich 
in Delta Smelt at the FCCL, pathogen prevention 
measures are equally if not more important 
than pathogen monitoring, and the two can be 
coupled to help ensure the healthiest possible 
cultured stock for population supplementation 
or reintroduction. The first line of defense 
against pathogen contamination at the FCCL is 
sand filtration and ultraviolet (UV) irradiation of 
water pumped in from the Clifton Court Forebay 
reservoir. In sand filtration, water percolates 
through a column of sand particles that is 
enriched with microorganisms. Mechanical 
and biological processes in the column, such 
as biofilm formation, result in adherence to 
and removal of bacteria, viruses, and parasites 
(Maurya et al. 2020). UV irradiation causes 
the formation of thymine and uracil dimers 
and prevents replication of DNA and RNA, 
respectively, in all waterborne pathogens but to 
varying degrees (Harris et al. 1987; reviewed in 
Hijnen et al. 2006). Next, the recirculating systems 
at the FCCL are bleached before fish are brought 
in, and maintenance equipment is disinfected 
daily with high concentrations of brine and 
iodine. Additionally, wild broodstock are kept 
in a separate holding area at the FCCL (never 
integrated with the refuge population), treated 
with antibiotics for 3 consecutive days (4 h per 
day) after capture (2022 email communication 
between T-C Hung and DG, unreferenced, see 
“Notes”); FCCL staff are trained to recognize the 
onset of potential infections and disease. Despite 
these rigorous pathogen prevention procedures, 
some potential routes for pathogen introduction 
cannot be controlled. The FCCL is a large-scale 
hatchery and, as such, requires more water 
than can be sourced from a well, which would 
pose a much lower risk of harboring pathogens 
(Yanong and Erlacher–Reid 2012). Sand filtration 
and UV irradiation are not infallible, and some 
pathogens are resistant to these methods. Even 
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with regular maintenance and exchange, UV 
bulbs become less potent and reliable with age. 
Lastly, pathogen dispersal is always possible 
by bringing in wild broodstock and live feed or 
excretion by birds (e.g., Arsan and Bartholomew 
2009). Periodic screening of water before and after 
sand filtration and UV irradiation, scrapings of 
water samples from across tanks, or mucus swabs 
of wild broodstock for some pathogens using the 
molecular assays described above could help 
anticipate and limit the spread of any disease 
outbreaks. 

Pathogen screening using the Miller et al. 
(2016) assays, especially with species-specific 
modifications, would be invaluable in guiding 
cultured Delta Smelt population supplementation 
and reintroduction efforts. A recent health 
evaluation performed by fish pathologists at the 
California–Nevada Fish Health Center indicated 
that cultured Delta Smelt were at a “low health 
risk” based upon the findings of previous disease 
studies mentioned earlier (Teh 2007; Foott and 
Bigelow 2010; Baxa et al. 2015) and the absence 
of viral disease in all fish tested from the FCCL 
since 2005 (2022 email communication between 
S. Foott and DG, unreferenced, see “Notes”).
However, movement or release associated with
population supplementation and reintroduction
could be restricted by an unexplained large die-
off or if a significant pathogen is detected in the
cultured population (2022 email communication
between S. Foott and DG, unreferenced, see
“Notes”). A pathogen is considered significant
if it is virulent and untreatable, novel to the
estuary, or capable of causing high mortality
(2022 email communication between S. Foott
and DG, unreferenced, see “Notes”). To defend
against possible interruption or termination
of cultured Delta Smelt release for population
supplementation or reintroduction, molecular
pathogens could be screened for regularly (e.g.,
monthly or quarterly) and before release, and
serve as an early warning system for some of
these significant pathogens. As stated earlier, the
assays used for qPCR on the dynamic array can
be customized and made specific to pathogens
that are of greatest concern to fish pathologists.
Any positive detections could point to active

infection and be a trigger for fish pathologists 
to move forward with gold-standard diagnostic 
tests. Depending on the pathogen and whether 
fish pathologists believe it is significant to the 
natural population, a marginal detection may 
not necessitate additional diagnostic testing but, 
instead, increased watchfulness and possibly 
repeated molecular screening. By screening for 
molecular pathogens alongside standard health 
monitoring, the risk of unintended introduction 
of pathogens into the estuary is further reduced. 
Moreover, the collection and screening of eDNA 
or eRNA in water and soil samples from putative 
release sites before release occurs, and regularly 
throughout the year, could tell managers when 
conditions for population supplementation and 
reintroduction are not optimal because of a 
high risk for significant pathogen exposure and 
disease. More generally, pathogen screening using 
molecular assays could be conducted on any field-
collected mortalities, and as part of laboratory-
controlled experimental studies, to gain a better 
understanding of why wild fish die, as well as 
the presence and prevalence of pathogens in the 
estuary.

CONCLUSIONS
The study presented here and previous work 
indicate that the pathogen burden in cultured and 
wild Delta Smelt is low. However, to minimize 
the risk of unintended pathogen transmission, 
vigilance in pathogen monitoring of cultured 
and wild fish and environmental samples 
should continue in preparation for the release 
of cultured Delta Smelt into the estuary. Our 
principal finding was the detection of Ich in 13% 
of cultured Delta Smelt tested. If Ich infection 
were confirmed by diagnostic tests, these fish 
could be deprioritized for potential future release 
until after treatment. Given that Ich is known to 
be present in the estuary, the potential release of 
fish infected with Ich does not pose a substantial 
risk to the ecosystem, but could affect the success 
of population supplementation and reintroduction 
efforts because Ich typically elicits a stress 
response in the fish host (Frank et al. 2017). We 
also obtained marginal detections of several 
other pathogens in archived wild and enclosure-
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deployed cultured Delta Smelt (e.g., O. masou 
virus) which suggest that the ambient pathogen 
community in the estuary may not yet be fully 
understood; further investigation of assay and 
host specificity is warranted to clarify whether 
these pathogens are indeed present, and whether 
they can infect are infective to Delta Smelt. The 
assays used herein were developed for salmonid 
species but could be customized for Delta Smelt 
through conducting RNA-seq, metagenomics, or 
multi-locus sequence typing approaches using 
multiple tissue types from cultured, wild, and 
enclosure-deployed fish, along with assessments 
of confirmed infection infectivity confirmation 
assessments within laboratory-controlled studies. 
A valuable future application could be pairing of 
primers in these assays with the CRISPR-Cas13a 
platform Specific High-sensitivity Enzymatic 
Reporter unLOCKing (SHERLOCK) (Baerwald 
et al. 2020) to develop a rapid, non-lethal (e.g., 
a mucus swab) screening approach for certain 
pathogens in Delta Smelt. Molecular pathogen 
screening assays will have a critical function in 
future Delta Smelt population supplementation 
and reintroduction.

ACKNOWLEDGEMENTS
We thank Paola Perez, Ted Flynn, Morgan Battey, 
Jenna Rinde, Anjali Shakya, Craig Stuart, Brooke 
Watkins, and Michelle Winn for assistance with 
fish dissections and sample processing. This 
study would not have been possible without the 
provision of Delta Smelt and advice from Tien-
Chieh Hung, Luke Ellison, and FCCL staff. We 
gratefully acknowledge Randy Baxter and the 
California Department of Fish and Wildlife for 
coordinating the acquisition of archived wild 
Delta Smelt samples. We also thank Dennis 
Cocherell and members of the Fangue lab at the 
University of California Davis for assistance with 
fish deployment, and Scott Foott for his expertise 
in fish pathology and review of this manuscript. 
This study was supported by funding from the 
California Department of Water Resources 
(Contract #4600011637 to DAG, REC) and the 
Metropolitan Water District (Grant #191455 to 
DAG, MRB, REC).

REFERENCES
Adams A, Thompson KD. 2011. Development 

of diagnostics for aquaculture: challenges 
and opportunities. Aquac Res. [accessed 
2022 Jan 12];42:93–102. https://doi.
org/10.1111/j.1365-2109.2010.02663x 

Antonio DB, Swanson C, Cech JJ Jr., Mager RC, 
Doroshov S, Hedrick RP. 2000. Prevalence of 
Mycobacterium in wild and captive Delta Smelt. 
Calif Fish Game. [accessed 2022 Jan 12];86:233–
243. Available from: https://www.researchgate.
net/publication/275155338_Prevalence_of_
Mycobacterium_in_wild_and_captive_Delta_smelt

Arsan EL, Bartholomew JL. 2009. Potential dispersal 
of the non-native parasite Myxobolus cerebralis in 
the Willamette River Basin, Oregon: a qualitative 
analysis of risk. Rev Fish Sci. [accessed 2022 Jan 
12];17:360–372.  
https://doi.org/10.1080/10641260802013726 

Athanassopoulou F, Billinis C, Prapas T. 2004. 
Important disease conditions of newly cultured 
species in intensive freshwater farms in Greece: 
first incidence of nodavirus infection in Acipenser 
sp. Dis Aquat Organ. [accessed 2022 Jan 12];60:247–
252. https://doi.org//10.3354/dao060247

Atkinson SD, Jones SRM, Adlard RD, Bartholomew 
JL. 2011. Geographical and host distribution 
patterns of Parvicapsula minibicornis (Myxozoa) 
small subunit ribosomal RNA genetic types. 
Parasitology [accessed 2022 Jan 12];138:969–977. 
https://doi.org/10.1017/S0031182011000734 

Baerwald MR, Goodbla AM, Nagarajan RP, 
Gootenberg JS, Abudayyeh OO, Zhang F, Schreier 
AD. 2020. Rapid and accurate species identification 
for ecological studies and monitoring using 
CRISPR-based SHERLOCK. Mol Ecol Resour. 
[accessed 2022 Jan 12];20:961–970.  
https://doi.org/10.1111/1755-0998.13186 

Barry PM, Hudson JM, Williamson JD, Koski ML, 
Clements SP. 2014. Clackamas River Bull Trout 
reintroduction project. 2013 annual report. Oregon 
Department of Fish and Wildlife and US Fish 
and Wildlife Service. [accessed 2022 Jan 13]. 46 p. 
Available from: https://www.fws.gov/columbiariver/
publications/2014_clack_bt_2013_ar.pdf

https://onlinelibrary.wiley.com/doi/full/10.1111/j.1365-2109.2010.02663.x?casa_token=a4EwK2raOXUAAAAA%3A9pmbcl2l7m34nX3EOGqj3uMaCRA73n2zdNNzfdI4FIFA1bX7A4tD-_yc7b6J26kD6wLWD8tGtVpa7LY
https://www.researchgate.net/publication/275155338_Prevalence_of_Mycobacterium_in_wild_and_captive_Delta_smelt
https://doi.org/10.1080/10641260802013726
https://doi.org//10.3354/dao060247
https://doi.org/10.1017/S0031182011000734
https://doi.org/10.1111/1755-0998.13186
https://www.fws.gov/columbiariver/publications/2014_clack_bt_2013_ar.pdf


11

MARCH 2022

https://doi.org/10.15447/sfews.2022v20iss1art4

Bartholomew JL, Atkinson SD, Hallett SL, 
Zielinski CM, Foott JS. 2007. Distribution and 
abundance of the salmonid parasite Parvicapsula 
minibicornis (Myxozoa) in the Klamath River 
basin (Oregon–California, USA). Dis Aquat Organ. 
[accessed 2022 Jan 13];78:137–146.  
https://doi.org/10.3354/dao01877 

Bartholomew JL, Reno PW. 2002. The history and 
dissemination of whirling disease. Am Fish S S. 
[accessed 2022 Jan 13];26:1–22.  
https://doi.org/10.47886/9781888569377 

Baumsteiger J, Moyle PB. 2017. Assessing extinction. 
BioScience [accessed 2022 Jan 13];67:357–366. 
https://doi.org/10.1093/biosci/bix001 

Baxa DV, Javidmehr A, Mapes SM, Teh SJ. 2015. 
Subclinical Mycobacterium infections in wild 
Delta Smelt. Austin J Vet Sci & Anim Husb. 
[accessed 2022 Jan 13];2:1004. Available from: 
https://austinpublishinggroup.com/veterinary-science-
research/fulltext/avsah-v2-id1004.php 

Bigarré L, Cabon J, Baud M, Heimann M, 
Body A, Lieffrig F, Castric J. 2009. Outbreak of 
betanodavirus infection in tilapia, Oreochromis 
niloticus (L.) in fresh water. J Fish Dis. [accessed 
2022 Jan 13];32:667–673.  
https://doi.org/10.1111/j.1365-2761.2009.01037.x 

Brenkman SJ, Mumford SL, House M, Patterson C. 
2008. Establishing baseline information on the 
geographic distribution of fish pathogens endemic 
in Pacific salmonids prior to dam removal and 
subsequent recolonization by anadromous fish 
in the Elwha River, Washington. Northwest Sci. 
[accessed 2022 Jan 13];82:142–152.  
https://doi.org/10.3955/0029-344X-82.S.I.142 

Burger MA, Adlard RD. 2011. Low host specificity 
in the Kudoidae (Myxosporea: Multivalvulida) 
including seventeen new host records for Kudoa 
thalassomi. Folia Parasit. [accessed 2022 Jan 
13];58:1–16. https://doi.org/10.14411/fp.2011.001 

Bustin SA, Benes V, Garson JA, Hellemans J, 
Huggett J, Kubista M, Mueller R, Nolan T, 
Pfaffl MW, Shipley GL, et al. 2009. The MIQE 
guidelines: minimum information for publication 
of quantitative real-time PCR experiments. Clin 
Chem. [accessed 2022 Jan 13];55:611–622.  
https://doi.org/10.1373/clinchem.2008.112797 

Castillo G, Morinaka J, Lindberg J, Fujimura R, 
Baskerville–Bridges B, Hobbs J, Tigan G, Ellison L. 
2012. Pre-screen loss and fish facility efficiency 
for Delta Smelt at the south Delta’s State Water 
Project. San Franc Estuary Watershed Sci. 
[accessed 2022 Jan 13];10.  
https://doi.org/10.15447/sfews.2012v10iss4art4 

[CDFW] California Department of Fish and 
Wildlife. 2020. California Endangered Species 
Act Incidental Take Permit No. 2081-2019-066-00. 
Long-term operation of the State Water Project in 
the Sacramento–San Joaquin Delta. [accessed 2022 
Jan 13]. Sacramento (CA): CDFW. p.1–141. Available 
from: https://water.ca.gov/-/media/DWR-Website/
Web-Pages/Programs/State-Water-Project/Files/ITP-for-
Long-Term-SWP-Operations.pdf 

[CDFW] California Department of Fish and Wildlife. 
2021. State and federally listed endangered and 
threatened animals of California. [accessed 
2022 Jan 13]. Sacramento (CA): CDFW. p.1–25. 
Available from: https://nrm.dfg.ca.gov/FileHandler.
ashx?DocumentID=109405&inline 

Ching HL, Munday DR. 1984. Geographic and 
seasonal distribution of the infectious stage 
of Ceratomyxa shasta Noble, 1950, a myxozoan 
salmonid pathogen in the Fraser River system. 
Can J Zool. [accessed 2022 Jan 13];62:1075–1080. 
https://doi.org/10.1139/z84-154 

Connon RE, D’Abronzo LS, Hostetter NJ, 
Javidmehr A, Roby DD, Evans AF, Loge FJ, 
Werner I. 2012. Transcription profiling in 
environmental diagnostics: health assessments in 
Columbia River Basin Steelhead (Oncorhynchus 
mykiss). Environ Sci Technol. [accessed 2022 Jan 
13];46:6081–6087. https://doi.org/10.1021/es3005128 

Dickerson H, Clark T. 1998. Ichthyophthirius 
multifiliis: a model of cutaneous infection and 
immunity in fishes. Immunol Rev. [accessed 2022 
Jan 13];166:377–384.  
https://doi.org/10.1111/j.1600-065X.1998.tb01277.x 

Draghi A II, Bebak J, Daniels S, Tulman ER, 
Geary SJ, West AB, Popov VL, Frasca S Jr. 2010. 
Identification of ‘Candidatus Piscichlamydia 
salmonis’ in Arctic Charr Salvelinus alpinus during 
a survey of charr production facilities in North 
America. Dis Aquat Organ. [accessed 2022 Jan 
13];89:39–49. https://doi.org/10.3354/dao02171 

https://doi.org/10.15447/sfews.2022v20iss1art5
https://doi.org/10.3354/dao01877
https://doi.org/10.47886/9781888569377
https://doi.org/10.1093/biosci/bix001
https://austinpublishinggroup.com/veterinary-science-research/fulltext/avsah-v2-id1004.php
https://doi.org/10.1111/j.1365-2761.2009.01037.x
https://doi.org/10.3955/0029-344X-82.S.I.142
https://doi.org/10.14411/fp.2011.001
https://doi.org/10.1373/clinchem.2008.112797
https://doi.org/10.15447/sfews.2012v10iss4art4
https://water.ca.gov/-/media/DWR-Website/Web-Pages/Programs/State-Water-Project/Files/ITP-for-Long-Term-SWP-Operations.pdf
https://nrm.dfg.ca.gov/FileHandler.ashx?DocumentID=109405&inline
https://doi.org/10.1139/z84-154
https://doi.org/10.1021/es3005128
https://doi.org/10.1111/j.1600-065X.1998.tb01277.x
https://doi.org/10.3354/dao02171


SAN FRANCISCO ESTUARY & WATERSHED SCIENCE

12

VOLUME 20, ISSUE 1, ARTICLE 4

Draghi A II, Popov VL, Kahl MM, Stanton JB, 
Brown CC, Tsongalis GJ, West AB, Frasca 
S Jr. 2004. Characterization of “Candidatus 
Piscichlamydia salmonis” (Order Chlamydiales), 
a Chlamydia-like bacterium associated with 
Epitheliocystic in farmed Atlantic Salmon (Salmo 
salar). J Clin Microbiol. [accessed 2022 Jan 
13];42:5286–5297.  
https://doi.org/10.1128/JCM.42.11.5286-5297.2004 

Elsayed EE, Dien NEE, Mahmoud MA. 2006. 
Ichthyophthiriasis: various fish susceptibility or 
presence of more than one strain of the parasite? 
Nat Sci. [accessed 2022 Jan 13];4:5–13. Available 
from: http://www.sciencepub.net/nature/0403/02-
0170-elsayed-ns.pdf 

Eiras JC, Saraiva A, Cruz C. 2014. Synopsis of 
the species Kudoa Meglitsch, 1947 (Myxozoa: 
Myxosporea: Multivalvulida). Syst Parasitol. 
[accessed 2022 Jan 13];87:153–180.  
https://doi.org/10.1007/s11230-013-9461-4 

Ewing MS, Black MC, Blazer VS, Kocan KM. 1994. 
Plasma chloride and gill epithelial response of 
Channel Catfish to infection with Ichthyophthirius 
multifiliis. J Aquat Anim Health. [accessed 2022 
Jan 13];6:187 –196. https://doi.org/10.1577/1548-
8667(1994)006%3C0187:PCAGER%3E2.3.
CO;2 

Foott JS, Bigelow J. 2010. Pathogen survey, 
gill Na-K-ATPase activity and leukocyte 
profile of adult Delta Smelt. Calif Fish Game. 
[accessed 2022 Jan 13];96:223–231. Available 
from: https://nrm.dfg.ca.gov/FileHandler.
ashx?DocumentID=47266&inline=1 

Frank DF, Hasenbein M, Eder K, Jeffries KM, Gesit J, 
Fangue NA, Connon RE. 2017. Transcriptomic 
screening of the innate immune response in 
Delta Smelt during an Ichthyophthirius multifiliis 
infection. Aquaculture [accessed 2022 Jan 
13];473:80– 88.  
https://doi.org/10.1016/j.aquaculture.2017.01.027 

Frankham R. 2003. Genetics and conservation 
biology. Comptes Rendus Biologies [accessed 2022 
Jan 13];326:229.  
https://doi.org/10.1016/S1631-0691(03)00023-4 

Fu S, Ni P, Wang Y, Jin S, Jiang Z, Ye S, Li R. 2019. 
Delineating origins of multidrug-resistant 
pathogens in ornamental fish farms by multilocus 
sequence typing and identification of a novel 
multidrug-resistant plasmid. Can J Microbiol. 
[accessed 2022 Jan 13];65:551–562.  
https://doi.org/10.1139/cjm-2019-0097 

Gaughan DJ. 2002. Disease-translocation across 
geographic boundaries must be recognized as a 
risk even in the absence of disease identification: 
the case with Australian Sardinops. Rev Fish Biol 
Fisher. [accessed 2022 Jan 13];11:113–123.  
https://doi.org/10.1023/A:1015255900836 

Gudmundsdóttir BK, Björnsdóttir B. 2007. 
Vaccination against atypical furunculosis and 
winter ulcer disease of fish. Vaccine [accessed 
2022 Jan 13];25:5512–5523.  
https://doi.org/10.1016/j.vaccine.2007.02.009 

Hardiman JM, Breyta RB, Haskell CA, Ostberg CO, 
Hatten JR, Connolly PJ. 2017. Risk assessment 
for the reintroduction of anadromous salmonids 
upstream of Chief Joseph and Grand Coulee 
Dams, northeastern Washington. Prepared in 
cooperation with the Upper Columbia United 
Tribes. US Geological Survey Open-File Report 
2017–1113. [accessed 2022 Jan 13]. 87 p. Available 
from: https://pubs.usgs.gov/of/2017/1113/ofr20171113.pdf 

Harris GD, Adams D, Sorensen DL, Curtis MS. 1987. 
Ultraviolet inactivation of selected bacteria and 
viruses with photoreactivation of the bacteria. 
Water Res. [accessed 2022 Jan 13]; 21:687–692. 
https://doi.org/10.1016/0043-1354(87)90080-7 

Hedrick RP, El–Matbouli M, Adkison MA, 
MacConnell E. 1998. Whirling disease: 
re-emergence among wild trout. Immunol Rev. 
[accessed 2022 Jan 13];166:365–376.  
https://doi.org/10.1111/j.1600-065X.1998.tb01276.x 

Hegde A, Teh HC, Lam TJ, Sin YM. 2003. Nodavirus 
infection in freshwater ornamental fish, guppy, 
Poicelia reticulata — comparative characterization 
and pathogenicity studies. Arch Virol. [accessed 
2022 Jan 13];148:575–586.  
https://doi.org/10.1007/s00705-002-0936-x 

Hijnen WAM, Beerendonk EF, Medena GJ. 2006. 
Inactivation of UV radiation for viruses, bacteria 
and protozoan (oo)cysts in water: a review. Water 
Res. [accessed 2022 Jan 13];40:3–22.  
https://doi.org/10.1016/j.watres.2005.10.030 

https://doi.org/10.1128/JCM.42.11.5286-5297.2004
http://www.sciencepub.net/nature/0403/02-0170-elsayed-ns.pdf
https://doi.org/10.1007/s11230-013-9461-4
https://doi.org/10.1577/1548-8667(1994)006%3C0187:PCAGER%3E2.3.CO;2
https://nrm.dfg.ca.gov/FileHandler.ashx?DocumentID=47266&inline=1
https://doi.org/10.1016/j.aquaculture.2017.01.027
https://doi.org/10.1016/S1631-0691(03)00023-4
https://doi.org/10.1139/cjm-2019-0097
https://doi.org/10.1023/A:1015255900836
https://doi.org/10.1016/j.vaccine.2007.02.009
https://pubs.usgs.gov/of/2017/1113/ofr20171113.pdf
https://doi.org/10.1016/0043-1354
https://doi.org/10.1111/j.1600-065X.1998.tb01276.x
https://doi.org/10.1007/s00705-002-0936-x
https://doi.org/10.1016/j.watres.2005.10.030


13

MARCH 2022

https://doi.org/10.15447/sfews.2022v20iss1art4

Hobbs JA, Moyle PB, Fangue N, Connon RE. 2017. 
Is extinction inevitable for Delta Smelt and 
Longfin Smelt? an opinion and recommendations 
for recovery. San Franc Estuary Watershed Sci. 
[accessed 2022 Jan 13];15.  
https://doi.org/10.15447/sfews.2017v15iss2art2 

Hoffmaster JL, Sanders JE, Rohovec JS, Fryer JL, 
Stevens DG. 1988. Geographic distribution of the 
myxosporean parasite, Ceratomyxa shasta Noble, 
1950, in the Columbia River basin, USA. J Fish Dis. 
[accessed 2022 Jan 13];11:97–100.  
https://doi.org/10.1111/j.1365-2761.1988.tb00528.x

Houldcroft CJ, Beale MA, Breuer J. 2017. Clinical and 
biological insights from viral genome sequencing. 
Nat Rev Microbiol. [accessed 2022 Jan 13];15:183–
192. https://doi.org/10.1038/nrmicro.2016.182 

Jones SRM, Prosperi–Porta G, Dawe SC, Barnes DP. 
2003. Distribution, prevalence and severity 
of Parvicapsula minibicornis infections among 
anadromous salmonids in the Fraser River, British 
Columbia, Canada. Dis Aquat Organ. [accessed 
2022 Jan 13];54:49–54.  
https://doi.org/10.3354/dao054049 

Jones S, Prosperi–Porta G, Dawe S, Taylor K, Goh B. 
2004. Parvicapsula minibicornis in anadromous 
Sockeye (Oncorhynchus nerka) and Coho 
(Oncorhynchus kisutch) Salmon from tributaries in 
the Columbia River. J Parasitol. [accessed 2022 Jan 
13];90:882–885. https://doi.org/10.1645/GE-210R1 

Jørgensen LVG. 2017. The fish parasite 
Ichthyophthirius multifiliis – host immunology, 
vaccines and novel treatments. Fish Shellfish 
Immun. [accessed 2022 Jan 13];67:586–595.  
https://doi.org/10.1016/j.fsi.2017.06.044

Kent ML, Whitaker DJ, Dawe SC. 1997. Parvicapsula 
minibicornis n. sp. (Myxozoa, Myxosporea) from 
the kidney of Sockeye Salmon (Oncorhynchus 
nerka) from British Columbia, Canada. J Parasitol. 
[accessed 2022 Jan 13];83:1153–1156.  
https://doi.org/10.2307/3284376 

Kock RA, Woodford MH, Rossiter PB. 2010. Disease 
risks associated with the translocation of wildlife. 
Rev Sci Tech OIE. [accessed 2022 Jan 13];29:329. 
https://doi.org/10.20506/rst.29.2.1980 

Lehman BM, Johnson RC, Adkison M, Burgess OT, 
Connon RE, Fangue NA, Foott JS, Hallett SL, 
Martinez–Lopez B, Miller KM, et al. 2020. Disease 
in Central Valley salmon: status and lessons from 
other systems. San Franc Estuary Watershed Sci. 
[accessed 2022 Jan 13];8.  
https://doi.org/10.15447//sfews.2020v18iss3art2 

Leighton FA. 2002. Health risk assessment of the 
translocation of wild animals. Rev Sci Tech OIE. 
[accessed 2022 Jan 13];21:187–216.  
https://doi.org/10.20506/rst.21.1.1324 

Lepa A, Siwicki AK. 2013. Fish herpesvirus diseases: 
a short review of current knowledge. Acta Vet 
Brno. [accessed 2022 Jan 13];81:383–389.  
https://doi.org/10.2754/avb201281040383 

Lessard J, Cavallo B, Anders P, Sommer T, 
Schreier B, Gille D, Schreier A, Finger A, Hung 
T–C, Hobbs J, et al. 2018. Considerations for the 
use of captive-reared Delta Smelt for species 
recovery and research. San Franc Estuary 
Watershed Sci. [accessed 2022 Jan 13];16.  
https://doi.org/10.15447/sfews.2018v16iss3art3 

Lively CM, Craddock C, Vrijenhoek RC. 1990. Red 
queen hypothesis supported by parasitism in 
sexual and clonal fish. Nature [accessed 2022 Jan 
13];344:864–866. https://doi.org/10.1038/344864a0 

Mathews F, Moro D, Strachan R, Gelling M, 
Buller N. 2006. Health surveillance in wildlife 
reintroductions. Biol Conserv. [accessed 2022 Jan 
13];131:338–347.  
https://doi.org/10.1016/j.biocon.2006.04.011 

Maurya A, Singh MK, Kumar S. 2020. Chapter 
7 – Biofiltration technique for removal of 
waterborne pathogens. In: Narasimha M, Prasad 
V, Grobelak A, editors. Waterborne pathogens. 
Oxford (UK): Butterworth–Heinemann. [accessed 
2022 Jan 13]; p. 123–141.  
https://doi.org/10.1016%2FB978-0-12-818783-8.00007-4 

McCartney JB, Fortner GW, Hansen MF. 1985. 
Scanning electron microscopic studies of the life 
cycle of Ichthyophthirius multifiliis. J Parasitol. 
[accessed 2022 Jan 13];71:218–226.  
https://doi.org/10.2307/3281906 

https://doi.org/10.15447/sfews.2022v20iss1art5
https://doi.org/10.15447/sfews.2017v15iss2art2
https://doi.org/10.1111/j.1365-2761.1988.tb00528.x
https://doi.org/10.1038/nrmicro.2016.182
https://doi.org/10.3354/dao054049
https://doi.org/10.1645/GE-210R1
https://doi.org/10.1016/j.fsi.2017.06.044
https://doi.org/10.2307/3284376
https://doi.org/10.20506/rst.29.2.1980
https://doi.org/10.15447//sfews.2020v18iss3art2
https://doi.org/10.20506/rst.21.1.1324
https://doi.org/10.2754/avb201281040383
https://doi.org/10.15447/sfews.2018v16iss3art3
https://doi.org/10.1038/344864a0
https://doi.org/10.1016/j.biocon.2006.04.011
https://doi.org/10.1016%2FB978-0-12-818783-8.00007-4
https://doi.org/10.2307/3281906


SAN FRANCISCO ESTUARY & WATERSHED SCIENCE

14

VOLUME 20, ISSUE 1, ARTICLE 4

Miller O, Cipriano RC, tech. coords. 2003. 
International response to infectious salmon 
anemia: prevention, control, and eradication. 
Proceedings of a symposium; 3–4 September 2002; 
New Orleans, LA. Tech. Bull. 1902. Washington 
(DC): US Department of Agriculture, Animal and 
Plant Health Inspection Service; US Department of 
the Interior, US Geological Survey; US Department 
of Commerce, National Marine Fisheries Service. 
[accessed 2022 Jan 13]. 194 p.  
https://doi.org/10.5962/bhl.title.141684 

Miller KM, Gardner IA, Vanderstiche R, Burnley T, 
Schulze AD, Li S, Tabata A, Kaukinen KH, Ming 
TJ, Ginther NG. 2016. Report on the performance 
of the Fluidigm BioMark platform for high-
throughput microbe monitoring in salmon. 
Fisheries and Oceans Canada, Ecosystems and 
Oceans Science. [accessed 2022 Jan 13].  
https://doi.org/10.13140/RG.2.2.15360.84487 

Miller WJ, Manly BFJ, Murphy DD, Fullerton D, 
Ramey RR. 2012. An investigation of factors 
affecting the decline of Delta Smelt (Hypomesus 
transpacificus) in the Sacramento–San Joaquin 
Estuary. Rev Fish Sci. [accessed 2022 Jan 13]; 20:1–
19. https://doi.org/10.1080/10641262.2011.634930 

Moyle PB, Brown LR, Durand JR, Hobbs JA. 2016. 
Delta Smelt: life history and decline of a once-
abundant species in the San Francisco Estuary. 
San Franc Estuary Watershed Sci. [accessed 2022 
Jan 13];14.  
https://doi.org/10.15447/sfews.2016v14iss2art6 

Moyle PB, Hobbs JA, Durand JR. 2018. Delta Smelt 
and water politics in California. Fisheries 
[accessed 2022 Jan 13];43:42–50.  
https://doi.org/10.1002/fsh.10014 

Munday BL, Kwang J, Mooday N. 2002. 
Betanodavirus and infections of teleost fish: a 
review. J Fish Dis. [accessed 2022 Jan 13];25:127–
142. https://doi.org/10.1046/j.1365-2761.2002.00350.x 

Muths E, McCallum H. 2016. 10. Why you cannot 
ignore disease when you reintroduce animals. 
In: Jachowski DS, Millspaugh JJ, Angermeier 
PL, Slotow R, editors. Reintroduction of fish and 
wildlife populations. Berkeley (CA): University of 
California Press. [accessed 2022 Jan 13]. p. 217–244. 
https://doi.org/10.1525/9780520960381-012 

Naish KA, Taylor JE III, Levin PS, Quinn TP, 
Winton JR, Huppert D, Hilborn R. 2007. An 
evaluation of the effects of conservation and 
fishery enhancement hatcheries on wild 
populations of salmon. Adv Mar Biol. [accessed 
2022 Jan 13];53:61–194.  
https://doi.org/10.1016/S0065-2881(07)53002-6 

Sebastião FDA, Loch TP, Knupp C, Mukkatira K, 
Veek T, Richey C, Adkison M, Griffin MJ, Soto E. 
2020. Multilocus sequence typing (MLST) analysis 
of California Flavobacterium psychrophilum reveals 
novel genotypes and predominance of CC-ST10 
in California salmonid hatcheries. Aquac Res. 
[accessed 2022 Jan 13];51:2349–2358.  
https://doi.org/10.1111/are.14578 

Sommer T, Mejia F. 2013. A place to call home: a 
synthesis of Delta Smelt habitat in the Upper San 
Francisco Estuary. San Franc Estuary Watershed 
Sci. [accessed 2022 Jan 14];11.  
https://doi.org/10.15447/sfews.2013v11iss2art4 

Soto MG, Vidondo B, Vaughan L, Seth–
Smith HMB, Nufer L, Segner H, Rubin J–F, 
Schmidt–Posthause H. 2016. The emergence 
of epitheliocystis in the upper Rhone region: 
evidence for Chlamydiae in wild and farmed 
salmonid populations. Arch Microbiol. [accessed 
2022 Jan 13];198:315–324. 
https://doi.org/10.1007/s00203-016-1192-x 

Starliper CE. 2011. Bacterial coldwater disease of 
fishes caused by Flavobacterium psychrophilum. J 
Adv Res. [accessed 2022 Jan 13];2:97–108.  
https://doi.org/10.1016/j.jare.2010.04.001 

Steinum T, Kvellestad A, Colquhoun M, 
Mohammad S, Grontvedt RN, Falk K. 2010. 
Microbial and pathological findings in farmed 
Atlantic Salmon Salmo salar with proliferative gill 
inflammation. Dis Aquat Organ. [accessed 2022 
Jan 13];91:201–211. https://doi.org/10.3354/dao02266 

Stocking RW, Holt RA, Foott JS, Bartholomew JL. 
2006. Spatial and temporal occurrence of the 
salmonid parasite Ceratomyxa shasta in the 
Oregon–California Klamath River Basin. J Aquat 
Anim Health. [accessed 2022 Jan 13];18:194–202. 
https://doi.org/10.1577/H05-036.1

Swanson C, Baxa DV, Young PS, Cech JJ Jr., 
Hedrick RP. 2002. Reduced swimming 
performance in Delta Smelt infected with 
Mycobacterium spp. J Fish Biol. [accessed 
2022 Jan 13];61:1012–1020. https://doi.
org/10.1111/j.1095-8649.2002.tb01859.x 

https://doi.org/10.5962/bhl.title.141684
https://doi.org/10.13140/RG.2.2.15360.84487
https://doi.org/10.1080/10641262.2011.634930
https://doi.org/10.15447/sfews.2016v14iss2art6
https://doi.org/10.1002/fsh.10014
https://doi.org/10.1046/j.1365-2761.2002.00350.x
https://doi.org/10.1525/9780520960381-012
https://doi.org/10.1016/S0065-2881
https://doi.org/10.1111/are.14578
https://doi.org/10.15447/sfews.2013v11iss2art4
https://doi.org/10.1007/s00203-016-1192-x
https://doi.org/10.1016/j.jare.2010.04.001
https://doi.org/10.3354/dao02266
https://doi.org/10.1577/H05-036.1
https://doi.org/10.1111/j.1095-8649.2002.tb01859.x


15

MARCH 2022

https://doi.org/10.15447/sfews.2022v20iss1art4

Teffer AK, Hinch SG, Miller KM, Patterson DA, 
Farrell AP, Cooke SJ, Bass AL, Szekeres P, 
Juanes F. 2017. Capture severity, infectious disease 
processes and sex influence post-release mortality 
of sockeye salmon bycatch. Conserv Physiol. 
[accessed 2022 Jan 13];5:cox017.  
https://doi.org/10.1093/conphys/cox017 

Teh SJ. 2007. Final report of histopathological 
evaluation of starvation and/or toxic effects on 
pelagic fishes: pilot study of the health status of 
2005 adult Delta Smelt in the upper San Francisco 
Estuary. California Department of Fish and Game. 
[accessed 2022 Jan 13]. 28 p. Available from: https://
new.baydeltalive.com/assets/05058ccde7595f531c3f6b5eda7fa
a2f/application/pdf/Swee_Teh_POD_health_status_2007.pdf 

Teh SJ, Schultz AA, Duarte WR, Acuña S, 
Barnard DM, Baxter RD, Garcia PAT, 
Hammock BG. 2020. Histopathological assessment 
of seven year-classes of Delta Smelt. Sci Total 
Environ. [accessed 2022 Jan 13]; 726:138333.  
https://doi.org/10.1016/j.scitotenv.2020.138333 

Tucker S, Li S, Kaukinen KH, Patterson DA, 
Miller KM. 2018. Distinct seasonal infectious 
agent profiles in life-history variants of juvenile 
Fraser River Chinook salmon: an application of 
high-throughput genomic screening. PLoS ONE 
[accessed 2022 Jan 13];13:e0195472.  
https://doi.org/10.1371/journal.pone.0195472 

Tumbol RA, Powell MD, Nowak BF. 2001. Ionic effects 
of ingestion of Ichthyophthirius multifiliis in Goldfish. 
J Aquat Anim Health. [accessed 2022 Jan 13];13:20–
26. https://doi.org/10.1577/1548-8667(2001)013%3C0020:
IEOIOI%3E2.0.CO;2 

Urwin R, Maiden MCJ. 2003. Multi-locus sequence 
typing: a tool for global epidemiology. Trends 
Microbiol. [accessed 2022 Jan 13];11:479–487. 
https://doi.org/10.1016/j.tim.2003.08.006 

[USFWS] US Fish and Wildlife Service. 1993. 
Endangered and threatened wildlife and plants: 
determination of threatened status for the Delta 
Smelt. Department of the Interior Fish and 
Wildlife Service 50 CFR Part 17. Vol. RIN 1018-
AB66. Federal Register [accessed 2022 Jan 13]; p. 
12854–12864. Available from:  
www.federalregister.gov 

[USFWS] US Fish and Wildlife Service. 2019. 
Biological opinion: for the reinitiation of 
consultation on the coordinated operations of the 
Central Valley Project and State Water Project. 
Sacramento (CA): Department of the Interior. 
Service File Number 08FBTD00-2019-F-0164. 
[accessed 2022 Jan 13]. Available from: https://www.
fws.gov/sfbaydelta/cvp-swp/documents/10182019_
ROC_BO_final.pdf 

[USFWS] US Fish and Wildlife Service. 2020. Delta 
Smelt Supplementation Strategy. 55 p.

[USFWS] US Fish and Wildlife Service. 2021. 
Senegal T, Mckenzie R, Speegle J, Perales B, 
Bridgman D, Erly K, Staiger S, Arrambide A, 
Gilbert M. Interagency Ecological Program and US 
Fish and Wildlife Service: San Francisco Estuary 
enhanced Delta Smelt monitoring Program data, 
2016–2021 ver 7. Environmental Data Initiative. 
[accessed 2022 Jan 13]. https://doi.org/10.6073/pasta/
65f9297a7077320f4ba31c2acd685f93 

[USFWS and AFS–FHS] US Fish and Wildlife 
Service and American Fisheries Society–Fish 
Health Section. 2014. Standard procedures for 
aquatic animal health inspections. In: American 
Fisheries Society–Fish Health Section. 2014. FHS 
blue book: suggested procedures for the detection 
and identification of certain finfish and shellfish 
pathogens. Chapter 2: Sampling. [accessed 2022 
Jan 13]. Available from: https://www.fws.gov/policy/
aquatichandbook/Volume_1/Chapter_2.pdf 

Viggers KL, Lindenmayer DB, Spratt DM. 1993. 
The importance of disease in reintroduction 
programmes. Wildlife Res. [accessed 2022 Jan 13]; 
20:687–698. https://doi.org/10.1071/WR9930687 

Wei JZ, Li H, Yu H. 2013. Ichthyophthiriasis: 
emphases on the epizootiology. Lett Appl 
Microbiol. [accessed 2022 Jan 13]; 57:91–101.  
https://doi.org/10.1111/lam.12079 

Whipps CM, Kent ML. 2006. Phylogeography of the 
cosmopolitan marine parasite Kudoa thyrsites 
(Myxozoa: Myxosporea). J Eukaryot Microbiol. 
[accessed 2022 Jan 13];53:364–373.  
https://doi.org/10.1111/j.1550-7408.2006.00114.x 

https://doi.org/10.15447/sfews.2022v20iss1art5
https://doi.org/10.1093/conphys/cox017
https://new.baydeltalive.com/assets/05058ccde7595f531c3f6b5eda7faa2f/application/pdf/Swee_Teh_POD_health_status_2007.pdf
https://doi.org/10.1016/j.scitotenv.2020.138333
https://doi.org/10.1371/journal.pone.0195472
https://doi.org/10.1577/1548-8667(2001)013%3C0020:IEOIOI%3E2.0.CO;2
https://doi.org/10.1016/j.tim.2003.08.006
http://www.federalregister.gov
https://www.fws.gov/sfbaydelta/cvp-swp/documents/10182019_ROC_BO_final.pdf
https://doi.org/10.6073/pasta/65f9297a7077320f4ba31c2acd685f93
https://www.fws.gov/policy/aquatichandbook/Volume_1/Chapter_2.pdf
https://doi.org/10.1071/WR9930687
https://doi.org/10.1111/lam.12079
https://doi.org/10.1111/j.1550-7408.2006.00114.x


SAN FRANCISCO ESTUARY & WATERSHED SCIENCE

16

VOLUME 20, ISSUE 1, ARTICLE 4

Woodland J. 2009. Evaluation of the Rio Grande 
Silvery Minnow in relation to changes in water 
quality, pathogens and other environmental 
stressors; fish pathogen assessment section. Study 
number: RFP 06-SF-40-2452. [accessed 2022 Jan 
13]. Available from:  
https://webapps.usgs.gov/mrgescp/documents/
Woodland_2009_Evaluation-of-the-RGSM-Health-in-
relation-to-changes-in-water-quality-pathogens-and-
other-environmental-stressors.pdf

Yanong RPE, Erlacher–Reid C. 2012. Biosecurity 
in aquaculture, part 1: an overview. SRAC 
Publication [accessed 2022 Jan 13];4707:522. 
Available from: http://fisheries.tamu.edu/
files/2013/09/SRAC-Publication-No.-4707-Biosecurity-
in-Aquaculture-Part-1-An-Overview.pdf

NOTES
Hung T-C. Email dated May 18, 2021, to Daphne Gille 

regarding Ich occurrence and treatment at the 
University of California Davis Fish Conservation 
and Culture Laboratory. 

Hung T-C. Email dated February 6, 2022, to Daphne 
Gille regarding University of California Davis 
Fish Conservation and Culture Laboratory 
quarantine protocols for wild Delta Smelt 
broodstock.

Foott S. Email dated February 7, 2022, to Daphne 
Gille regarding pathogen screening at the 
University of California Davis Fish Conservation 
and Culture Laboratory and population 
supplementation.

https://webapps.usgs.gov/mrgescp/documents/Woodland_2009_Evaluation-of-the-RGSM-Health-in-relation-to-changes-in-water-quality-pathogens-and-other-environmental-stressors.pdf
http://fisheries.tamu.edu/files/2013/09/SRAC-Publication-No.-4707-Biosecurity-in-Aquaculture-Part-1-An-Overview.pdf



