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ARTICLE INFO ABSTRACT

Keywords: Disease management in shrimp aquaculture is heavily dependent on accurate and rapid pathogen detection and
Aquaculture diagnosis. Understanding the presence and distribution of pathogens within various tissues of the shrimp host is
Pathogen detection critical to ensure detection efforts are targeted for optimal sensitivity and reliability. Modern advancements in
;r/?g;/[Z?Stribution molecular technologies, including nucleic acid extraction and RT-qPCR, have yielded significant improvements
Sampling in pathogen detection capabilities. Despite these advancements and their widespread adoption within both

research and industry applications, evidence to inform their optimised use, such as revisions to tissue-specific
viral detection to support selection of appropriate target tissues, has not been established. To address these
gaps, this study aimed to establish contemporary evidence of viral tissue tropism for three major shrimp path-
ogens. TagMan qPCR analysis was used to determine tissue-specific loading of viral pathogens in naturally
infected Penaeus monodon pleopod, gill, hepatopancreas, lymphoid organ, abdominal muscle tissue, hindgut and
ventral nerve cord. The viral targets analysed included Penaeus stylirostris penstyldensovirus 1 (PstDV1), formerly
named infectious hypodermal haematopoietic necrosis virus (IHHNV) and, two genotypes of the yellow head
virus complex, including genotype 2 known as gill associated virus (YHV-2/ GAV), and genotype 7 (YHV-7).
QPCR analyses demonstrated the highest level of genetic IHHNV detection from gill tissue, followed sequentially
by hindgut, pleopod, hepatopancreas, lymphoid organ, ventral nerve cord and abdominal muscle. For the yellow
head viruses (GAV and YHV-7), no significant differences in genetic viral detection were demonstrated, although
a non-significant advantage was observed for lymphoid organ and hindgut tissue. Beyond establishing
contemporary evidence of viral distribution to improve understanding of host-viral interactions, these findings
offer supporting evidence for revisions to appropriate target tissue recommendations, within the World Orga-
nisation for Animal Health (WOAH, founded as OIE) Manual of Diagnostic Tests for Aquatic Animals, for opti-
mised modern shrimp pathogen detection.

1. Introduction aquaculture (Kumar et al., 2022; Lightner and Redman, 1998; WOAH,

2023).

Rapid expansion and intensification of global aquaculture has coin-
cided with the rise of aquatic diseases (Kennedy et al., 2016; Pulkkinen
et al., 2010; Walker and Winton, 2010). Consequently, effective disease
management presents a central challenge for both sustaining current,
and increasing future aquaculture production (Stentiford et al., 2017;
Stentiford et al., 2012). Reliable and rapid pathogen detection and dis-
ease diagnosis is fundamental to effective disease management in

While diseases are of major concern across the diversity of primary
aquaculture species, shrimp aquaculture is one of the most severely
impacted (Asche et al., 2021; Leung and Bates, 2013). Global shrimp
production endures sustained impacts from diseases that range from
reduced productivity via disorders of fecundity and growth, to outbreaks
of diseases resulting in mass mortality events (Shinn et al., 2018;
Valappil et al., 2021). Currently, shrimp pathogen detection for
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surveillance and diagnostics relies primarily on real-time quantitative
PCR (qPCR) analysis due to its availability, utility, diagnostic specificity,
sensitivity, and scalability of throughput (WOAH, 2023).

Application of technologies, including PCR and qPCR, for the
detection and diagnosis of aquatic diseases is guided by the World
Organisation for Animal Health (WOAH, founded as OIE). The WOAH
Manual of Diagnostic Tests for Aquatic Animals (herein referred to as the
Aquatic Manual), provides information to support a standardised and
validated approach for the detection and diagnosis of diseases listed in
the WOAH Aquatic Animal Health Code (herein referred to as the
Aquatic Code) (WOAH.org). Since the first edition in 1995, successive
editions of the Aquatic Code and Aquatic Manual have expanded in
response to the emergence of new pathogens and improved diagnostic
technologies. Expansions have incorporated new chapters and updates
to recommended practices in line with the latest developments in
knowledge. However, some sections have evolved more rapidly, out-
pacing revisions to supporting sections. For example, where the defini-
tion of suitable target tissues for diagnosis and surveillance has
remained unchanged, despite the significantly improved detection
sensitivity and reliability of the updated detection practices. Definition
and recommendation of appropriate target tissues is crucial to support
sensitive pathogen detection and efficient sampling practices. Inconsis-
tent updates to these sections may result in the sampling and analysis of
suboptimal tissue types, resulting in a loss of efficiency and detection
accuracy (Hou et al., 2023). Conversely, the non-inclusion of tissue types
that may be suitable for detection of a broad range of pathogen targets
may result in multiple tissue analysis that needlessly increases costs of
surveillance.

Accordingly, this study aimed to generate evidence supporting
appropriate target tissue selection for viral pathogen detection using
contemporary techniques. Our study investigated tissue-specific QPCR
detection of Penaeus stylirostris penstyldensovirus 1 (PstDV1) (ICTV,
2023), formerly named and herein referred to as infectious hypodermal
haematopoietic necrosis virus IHHNV) and, two genotypes of the yel-
low head virus complex, including genotype 2 known as gill associated
virus (YHV-2, GAV), and genotype 7 (YHV-7), in naturally infected giant
black tiger shrimp, Penaeus monodon.

2. Material and methods
2.1. Experimental animals

Two cohorts of shrimp were used for analysis in this study. Cohort 1
(n =10, 35.99 + 6.63 g) originated from a commercial shrimp farm in
Queensland, Australia and were known to be naturally infected with
both IHHNV and GAV based on previous qPCR and reverse transcriptase
(RT) qPCR pathogen screening conducted throughout the production
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cycle. Cohort 2 (n = 10, 37.46 + 9.17 g) originated from a commercial
shrimp farm in Queensland, Australia and were known to be naturally
infected with YHV-7 based on previous RT-qPCR pathogen screening
conducted throughout the production cycle.

2.2. Sample collection

Seven tissues including pleopod (PLEO), gill (GILL), hepatopancreas
(HP), lymphoid organ (LO), hindgut (HG), ventral nerve cord (NER) and,
abdominal tail muscle (TAIL), were sampled from each individual
shrimp (Fig. 1). Each tissue sample was weighed and placed immedi-
ately into 2 mL Lysing Matrix D tubes (MP Biomedicals™) containing
350 pL of MagMAX™ CORE Lysis Solution (Applied Biosystems™).
Samples were stored at ambient temperature (~25 °C) in lysis solution
for 48 h prior to nucleic acid extraction.

2.3. Nucleic acid extraction

Nucleic acid extraction was conducted as per Arbon et al. (2022)
with minor adaptaion. Briefly, 5 pL of 20 mg ml ! MagMAX™ CORE
Proteinase K (Applied Biosystems™) was added to each 2 mL Lysing
Matrix D tube (MP Biomedicals™) containing the sample and 350 pL of
MagMAX™ CORE Lysis Solution (Applied Biosystems™). Samples were
homogenised for 30 s at 5000 rpm and incubated at ~72 °C for 60 min.
Total nucleic acid (TNA) extraction was conducted using the MagMAX™
CORE Nucleic Acid Purification Kit (Applied Biosystems™) with a
KingFisher™ Flex 96 Deep-Well Magnetic Particle Processor (Thermo-
Fisher Scientific™) as per the manufacturer’s instructions. All tissue
samples belonging to each experimental cohort were extracted on 96
well plates together using the same reagent batches to minimise inter-
run variation on nucleic acid extraction. TNA was eluted into 100 pL
of MagMAX™ CORE Elution Buffer (Applied Biosystems™). Template
was stored at —20 °C until required.

2.4. Quantitative real-time PCR (qPCR)

RT-qPCR and qPCR analysis was used for the detection of GAV and
IHHNV from cohort 1, and YHV-7 from cohort 2. Additionally, the
Penaeus monodon Dicer-1 gene (Dicer-1) (Su et al., 2008) was targeted
for detection using RT-qPCR as a protocol integrity control (Table 1).
Target DNA and RNA in each TNA extract were quantified using TagMan
Real-Time quantitative PCR (qPCR). For the detection of IHHNV (DNA
target), the SensiFAST™ Probe Lo-ROX Kit (Meridian Bioscience™) was
used. For the detection of GAV (YHV-2), YHV-7 and Dicer-1 (RNA tar-
gets), the reverse transcriptase (RT) SensiFAST™ Probe Lo-ROX One-
Step Kit (Meridian Bioscience™) was used. A total of 1.25 pL of sample
template was added to 8.75 pL of master-mix to yield a 10 pL reaction;

Fig. 1. Tissue specific sample collection diagram.
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Table 1
Quantitative polymerase chain reaction (qQPCR) primer and probe details, as used in the present study.
Genetic target Primer/ Probe Sequence Product length Reference
[5-31 [bp]
IHHNV 309 qF CCTAAAGAAAACAGTGCAGAATAT
THHNV THHNV 309 qR TCATCGTCAAGTTTATTGACAAGTTC 98 (Cowley et al., 2018)
IHHNV 309 gProbe CTCCAACACTTAGTCAAA
YHV-2 GAV-gF GGGATCCTAACATCGTCAACGT
syn GAV GAV-qR AGTATGGATTACCCTGGTGCAT 81 (De La Vega et al., 2004)
GAV-qProbe TCAGCCGCTTCCGCTTCCAATG
YHV7-qF CATCCAACCTATCGCCTACA
YHV-7 YHV7-qR TGTGAAGTCCATGTGAACGA 79 (Cowley et al., 2019)
YHV-7 qProbe CAACGACAGACACCTCATCCGTGA
Dicer-1 qF TGGTACCAAAGTCACCCATTAG
Dicer-1 Dicer-1 qR ACCTTCCCATCAACAAGACGTT 91 (Su et al., 2008)
Dicer-1 qProbe AACCAGAAACAGCCAAAT

inclusive of 0.1 pL of the respective target primers (0.2 pM final con-
centration) and 0.025 pL of target probe (0.05 pM final concentration).
Primer and probe sequences are listed in Table 1. Analysis was con-
ducted using a QuantStudio™ 5 Real-Time PCR System, 384-well
(Applied Biosystems™). Cycle conditions were standardised for both
DNA and RNA targeting assays, consisting of a reverse-transcription
(RT) step of 45 °C for 10 min, initial denaturation at 95 °C for 5 min,
followed by 45 cycles of denaturation at 95 °C for 10 s and annealing and
extension at 60 °C for 30 s. Raw data were processed using Quant-
Studio™ Design & Analysis Software v1.5.2 (ThermoFisher Scienti-
fic™), using the ARn method with a relative threshold of 0.05, to
produce cycle threshold (Ct) values of positive detections. Samples
which did not amplify beyond the relative threshold within 45 cycles
were categorised as undetected.

To minimise non-biological variation introduced during qPCR anal-
ysis, three 1.25 pL aliquots of each TNA extract were tested as technical
replicates for each target. Technical replicates of TNA extracts that were
extracted on the same 96-well plate were tested on the same 384-well
plate using the same reagent batches to minimise inter-run variation.
Within each analysis run, a non-template control and positive nucleic
acid control for each target were included in triplicate.

Serial 10-fold dilutions of gBlock™ Gene Fragments (Integrated DNA
Technologies™, NSW, Australia) were used as synthetic linear dsDNA
template for IHHNV, GAV and YHV-7. The gBlock™ Gene Fragments
were designed to comprise the genomic sequence of each pathogen
targeted by the qPCR or RT-qPCR assays described in Table 1, including
flanking sequence, derived from sequences available on the National
Centre for Biotechnology Information (NCBI) database. Each point on
the 10-fold dilution series was analysed in triplicate by qPCR. Each
dilution series were used to generate standard curves, from which the
conversion of Ct value to target copy number (uL 1) could be estimated.
Calculated target copy number pL~! TNA extract was standardised to
target copy number mg ™~ tissue for each sample for further analyses.
Samples categorised as undetected were assumed to have a viral copy
number mg ™! tissue of zero.

2.5. Statistical analysis

Statistical analysis was conducted using R (R Core Team, 2022).
Descriptive statistical parameters were calculated for each target and
between tissue types. For individual shrimp, tissues were ranked from 1
to 7, with a rank of 1 representing the tissue yielding the highest copy
number mg ~! for that specific shrimp, and 7 representing the lowest.
The mean and modal rank of each tissue type was calculated for shrimp
within each cohort, for each pathogen target. Further statistical analysis
to evaluate the differences in copy number and correlation of detection
between tissues were conducted using log;o transformed copy number
mg ! tissue, after zero values were adjusted to one. Significant differ-
ences in IHHNV and YHV-7 detection between the various tissue types
were determined using an ANOVA with Tukey HSD post-hoc test.

Differences in GAV detections were determined using Kruskal-Wallis
analysis with Dunn test post-hoc analysis (Ogle et al., 2022) due to
significant deviation from homogeneous variances, as determined via a
Levene’s test (Fox and Weisberg, 2019). The statistical relationship of
target detections between the various tissue types for individual shrimp
was determined using Pearson’s correlation analysis (Harrell, 2023).

3. Results
3.1. Overall detection of pathogens

Detection of IHHNV across all tissue types ranged between 1.2 x 10*
and 1.58 x 10° copies mg_1 tissue, yielding the highest average copy
number of the three targets analysed (mean + SD; 2.2 x 107 + 3.15 x
107 copies mg ! tissue). YHV-7 detection across all tissue types ranged
between 1.3 and 9.66 x 10° copies mg™! tissue, yielding an average
detected copy number of 4.6 x 10° + 1.49 x 10° copies mg " tissue
(mean + SD). GAV was detected at the lowest average copy number
across all tissue types of the three viral targets analysed. GAV detections
ranged from no detection to 3.52 x 10° copies mg ™! tissue (mean =+ SD;
7.4 x 10* + 4.28 x 10° copies mg’1 tissue). Tissue-specific detection
levels for the shrimp analysed in this study are detailed in Table 2.

3.2. IHHNV

Detection of IHHNV was the highest and most consistent across tissue
types for all pathogen targets analysed, ranging between ~10* and 10%
copies mg ™! tissue (Table 2), with a maximum logio fold difference in
copies mg’1 tissue of 1.5 between tissues of the same shrimp (TAIL: 5.06
x 105, LO: 1.53 x 10%). Overall, per mg of tissue, average IHHNV copy
number was highest in GILL, followed sequentially by HG, LO, PLEO,
HP, NER, and TAIL (Fig. 2A). Mean log;o IHHNV copy number mg~*
tissue varied significantly between tissue types (fy = 4.39, p =
0.000915). On average, GILL yielded significantly higher detection of
IHHNV than both NER (p = 0.013) and TAIL (p = 0.003). HG yielded
significantly higher detection than TAIL (p = 0.022). When tissues were
ranked to represent highest to lowest copy number detected within in-
dividual shrimp, on average, GILL ranked as the best tissue, followed by
HG, PLEO, HP, LO, NER and TAIL. Analysing tissue ranking for indi-
vidual shrimp, as opposed to observing the average IHHNV copy number
for each tissue across the whole cohort, HP and PLEO were revealed to
be more consistently advantageous for the detection of IHHNV than LO,
despite yielding lower average copy number across the cohort. IHHNV
copy number mg~! were significantly linearly correlated between all
tissue types within individual shrimp (r > 0.65, p < 0.05; Fig. 2B).

3.3. GAV

Detected GAV was lower than the detected IHHNV copies mg ™! tis-
sue from cohort 1 (GAV mean copy number mg ! tissue ~10% Table 2).
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IHHNV, GAV and YHV-7 detection in different tissues of naturally infected Penaeus monodon (GILL = gill, HG = hindgut, HP = hepatopancreas, LO = lymphoid organ,
NER = ventral nerve cord, PLEO = pleopod, TAIL = tail muscle). Tissue quantity (mg) used in TNA extraction for each shrimp is given as mean =+ SD for each tissue
type. Mean and modal tissue rank (1 = highest detection to 7 = lowest detection) from individual shrimp was calculated for each pathogen across all shrimp, within

each relevant cohort IHHNV and GAV in cohort 1, YHV-7 in cohort 2).

Tissue IHHNV copy mg ™ tissue GAV copy mg ™! tissue YHV-7 copy mg™ tissue
Type Weight (mg) Rank mean Mean + SD Min - max Rank mean Mean =+ SD Min - max Rank mean Mean + SD Min - max
mean + SD (mode) (mode) (mode)
1.4 x 3.3 x
40.76 + 5.0 x 107 + o 23x102+ 1.8 x 10'-1.17 1.3 x 10° + f
GILL 582 1.6 415 x 107 18{1'05 x 420 3.49 x 102 x 10° 383 1.98 x 10° 185"6'35 x
1.9 x 1.2 x
90.13 + 2.9 x 107 + S 7.6 x 10% + 9.2 x 10°-3.32 3.3 x10° + i
HG 33.88 25@ 2.52 x 107 187_6'79 x 2@ 1.15 x 10° x 10° 21@ 4.45 x 10° 186_1'44 x
3.5 x 1.5 x
144.62 £ 2.1 x 107 + S 25x10°+ 67 x107'- 3.1 x 10* + o
HP 58.31 364 1.81 x 107 137_4'66 x 41 433x10°  1.09 x 10* 483 3.28 x 10° 124_9'90 x
1.7 x 9.4 x
23.75 + 2.4 x 107 + S 4.4 x10°+  undetected - 2.6 x 10° + ]
Lo 10.24 46 4.80 x 107 138_1'58 x 22 110 x 10°  3.52 x 10° 180 3.27 x 10° 126_9'66 x
1.2 x 1.3 x
80.47 + 5.2 x 10° + 4 2.2 x 102+  undetected - 5.8 x 10° + 5
NER 1578 6.2(6) 6.92 x 10° 137"2'09 % 56(7) 3.64 x 102 1.15 x 10° 6.6 (7 8.66 x 10° 124"2'74 x
6.8 x 3.0 x
41.93 + 2.2 x 107 + A 89x10'+ 6.4 x 10°-3.83 8.8 x 10* + 1
PLEO 15093 35 2.96 x 107 187’8'95 x 49 1.13 x 102 x 102 384 1.04 x 10° 185’2'42 x
1.4 x 3.2 x
2.1 x 10° + A 4.6 x 10>+  undetected - 1.2 x 10* + 1
TAIL  9.36 + 4.54 6.6 (7) 201 % 10 18675.06 x 4.6 (5) 777 % 10 2.56 x 10° 5.1 (6) 105 x 10° 18472.52 x
c be abe abic e A GILL B
% R " ab o o
b3 7.54 | —— .-r
o
E . ° 7
> l\' . e
g » %
S 504 2 .
>
zZ o °
I
(=]
S5 2.54
o
-
0.0
GILL HG HP LO NER  PLEO  TAL
- -08 -06 -04 02 0 02 04 06 08 1
Tissue

Fig. 2. (A) IHHNV detection in different tissues of naturally infected Penaeus monodon. Each point represents the log;o(IHHNV copy number mg ™! tissue) calculated
from the average cycle threshold value of technical triplicate RT-qPCR. Mean log1o(IHHNV copy number mg~! tissue) for each tissue are indicated by a black
diamond. Letters indicate significant difference between means (« = 0.05). (B) Pearson’s correlation coefficient matrix of log;o(IHHNV copy number mg ! tissue)
between tissue types. (GILL = gill, HG = hindgut, HP = hepatopancreas, LO = lymphoid organ, NER = ventral nerve cord, PLEO = pleopod, TAIL = tail muscle).

Detection across tissue types was also less consistent for GAV, ranging
from undetected to 10° copies mg ™" tissue, with a maximum log;o fold
difference of 4.4 between tissues of the same shrimp (HP: 1.33 x 103 LO
3.52 x 10%). Per mg of tissue, average GAV copy number was highest in
LO, followed sequentially by HG, HP, TAIL, GILL, NER and PLEO
(Fig. 3A). Despite the apparent inconsistency of GAV detection levels
between tissue types, mean logo GAV copy mg ™! tissue did not signif-
icantly vary. When tissues were ranked to represent highest to lowest
copy number detected within individual shrimp, on average, HG ranked
as the best tissue, followed by LO, HP, GILL, TAIL, PLEO and NER.
Analysing tissue ranking for individual shrimp compared to observing
the average GAV copy number for each tissue across the cohort, HG was
revealed to be more consistently advantageous for the detection of GAV
than LO. This is likely strongly influenced by the single shrimp from
which GAV was undetected in the LO. Similarly, while the cohort
averaged GAV copy number detected from TAIL was higher than
detection from GILL, ranking tissues in individual shrimp revealed GILL

to be more consistently advantageous, likely due to the two shrimp from
which GAV was undetected in TAIL. With the same rationale, PLEO
ranked better than NER, despite having lower average copy number
across the cohort. Except for PLEO and GILL, detection levels in the
various tissues of the experimental shrimp were significantly linearly
correlated all other tissue types (r > 0.70, p < 0.05; Fig. 3B). While copy
number rng’1 tissue in PLEO and GILL correlated significantly with one
another (r = 0.66, p = 0.04), GAV load in PLEO did not correlate
significantly with any other tissue types. Detection in GILL significantly
correlated with tissues excluding HG (r = 0.29) and HP (r = 0.47).

3.4. YHV-7

Detection of YHV-7 across tissue types ranged between <10 and 10°
copies mg_1 tissue (Table 2), with a maximum log,( fold difference of
2.6 between tissues of the same shrimp (GILL: 2.13 x 104, LO: 9.66 x
10°). Per mg of tissue, average YHV-7 copy number was highest in LO,
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Fig. 3. (A) GAV detection in different tissues of naturally infected Penaeus monodon.

Each point represents the log;o(GAV copy number mg ! tissue) calculated from

the average cycle threshold value of technical triplicate RT-qPCR. Tissue samples where GAV was undetected (assigned zero value copy number) are indicated by a
triangle. Mean log;o(GAV copy number mg ! tissue) for each tissue are indicated by a black diamond. No significant difference between means (x = 0.05) were
found. (B) Pearson’s correlation coefficient matrix of log1o(GAV copy number mg ™ tissue) between tissue types. Non-significant correlations (a = 0.05) are marked
by a cross. (GILL = gill, HG = hindgut, HP = hepatopancreas, LO = lymphoid organ, NER = ventral nerve cord, PLEO = pleopod, TAIL = tail muscle).

followed sequentially by HG, GILL, PLEO, HP, TAIL and NER (Fig. 4A).
No significant differences were observed for mean logio YHV-7 copy
number mg ™! tissue between tissue types. When tissues were ranked to
represent highest to lowest copy number detected within individual
shrimp, rankings reflected the order of tissues defined by the cohort
average YHV-7 copy number mg ™! tissue. YHV-7 detection between all
tissue types were highly significantly correlated (r > 0.86, p < 0.001;
Fig. 4B).

3.5. Dicer-1

Dicer-1 was detected consistently from all tissues analysed. No
negative correlations between the quantity of tissue used for TNA
extraction and the level of Dicer-1 detected were observed within any of
the tissue types analysed, suggesting that there was no significant in-
hibition of DNA extraction or PCR from co-precipitated specimen matrix
inhibitors.

4. Discussion

This study aimed to generate contemporary evidence of viral distri-
bution patterns of IHHNV, GAV and YHV-7 using qPCR detection, in
naturally infected P. monodon. The findings of this study provide modern
understanding of infection patterns to improve detection for

surveillance and disease diagnosis purposes. This work will also be
valuable to support ongoing maintenance and modernisation of the
Aquatic Manual, in alignment with the 2021 WOAH Strategy on Aquatic
Animal Health.

4.1. IHHNV

THHNV was listed in the first edition of the Aquatic Code and is the
only WOAH listed pathogen that is frequently detected in the Australian
shrimp aquaculture industry (Arbon et al., 2022; OIE, 1995; WOAH,
2023). IHHNV is generally described as a systemic virus, infecting tis-
sues of ectodermal and mesodermal origin, and as such, does not
replicate in endodermal or enteric tissues. Accordingly, the Aquatic
Manual specifically defines hepatopancreas and midgut tissues as un-
suitable for surveillance and diagnosis of IHHNV (WOAH, 2023). The
historical studies cited to support this exclusion assert that such tissues
(endoderm-derived hepatopancreas, midgut and midgut caeca) show no
histological signs of infection with IHHNV and are usually negative by
in-situ hybridisation (ISH) (Lightner, 1993; Lightner et al., 2009;
Lightner et al., 1983; Lightner and Redman, 1998; OIE, 2019; WOAH,
2023). Histology is often used to detect IHHNV-specific Cowdry type A
inclusion bodies, which are considered pathognomonic for IHHNV
infection. However, recent studies have since confirmed that tissues
naturally and experimentally infected with IHHNV frequently lack
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Fig. 4. (A) YHV-7 detection in different tissues of naturally infected Penaeus monodon. Each point represents the log;o(YHV-7 copy number mg ! tissue) calculated
from the average cycle threshold value of technical triplicate RT-qPCR. No significant difference between means (a« = 0.05) were found. (B) Pearson’s correlation
coefficient matrix of log;o(YHV-7 copy number mg ™ tissue) between tissue types. (GILL = gill, HG = hindgut, HP = hepatopancreas, LO = lymphoid organ, NER =

ventral nerve cord, PLEO = pleopod, TAIL = tail muscle).
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corroborative observation of Cowdry type A inclusion bodies and posi-
tive reaction by ISH, especially in P. monodon and P. stylirostris, or when
infection loads are low (Aranguren Caro et al.,, 2022; Chayaburakul
et al., 2005). As such, determining IHHNV infection status using histo-
pathological observation of Cowdry type A inclusions or ISH may
potentially yield false negative results. Therefore, molecular detection of
IHHNV represents a more reliable means for determining IHHNV
infection status.

There is growing evidence to substantiate the suitability of hep-
atopancreatic tissue as a target tissue for detection of IHHNV DNA using
molecular techniques. For example, in naturally infected P. monodon
similar infection levels were detected by PCR between hepatopancreas,
heart, haematopoietic tissue, gill, subcutaneous tissue, pleopod,
abdominal muscle, ventral nerve cord, lymphoid organ and haemo-
lymph (Chayaburakul et al., 2005). Severe IHHNV infection of the
hepatopancreas was detected by PCR in naturally infected Macro-
brachium rosenbergii, with corroborating histology and ISH analysis
(Hsieh et al., 2006). IHHNV DNA was also detected by PCR from
hepatopancreas tissue in frozen commodity Cherax quadricarinatus (Lee
et al., 2021). Most recently IHHNV was detected in hepatopancreas of
experimentally challenged Penaeus vannamei by qPCR (Hou et al., 2023).
In these studies, IHHNV was detected more reliably in hepatopancreas
tissue, compared to other target tissues including gill (Lee et al., 2021),
pleopod, and muscle tissue (Hou et al., 2023; Hsieh et al., 2006). In our
study, detection of IHHNV from hepatopancreas yielded high copy
number mg ! tissue, with significant linear correlation to detection in
other target tissues including the gill, lymphoid organ and pleopod. Our
findings enhance the existing body of evidence, confirming that PCR-
based detection of IHHNV from the hepatopancreas is possible and
reliable. This evidence supports consideration for revision of current
recommendations within the Aquatic Manual, specifically, that hepa-
topancreas be considered as a suitable tissue type for the detection of
IHHNV.

Detection of IHHNV in the hindgut also yielded high IHHNV copy
number mg ! tissue, with significant linear correlation to detection in
other target organs. This finding contrasts the Aquatic Manual’s classi-
fication of enteric tissues as unsuitable for IHHNV surveillance and di-
agnostics. Nevertheless, our results suggest the potential suitability of
this tissue, under the examined and specific conditions of this study.
However, it is important to caution that commercial shrimp feeds
frequently contain detectable template of shrimp pathogens (reviewed
in Tacon, 2017). The potential for feed present in the gut of shrimp,
containing non-viable pathogen template, to confound pathogen
detection from hindgut samples should be considered. This study rec-
ognises the possible impact of this occurrence, especially since the
timing between shrimp sampling and preceding feeding instances was
not controlled. While this limitation is acknowledged, for all pathogen
targets analysed, detection in the hindgut was significantly correlated
with detection in other examined target organs. This strong correlation
implies that any residual feed within the hindgut had minimal to no
impact on the accurate detection of IHHNV, GAV, or YHV-7. Nonethe-
less, the potential for non-viable viral template in feed to erode the
reliability of pathogen detection from the hindgut must be considered in
result interpretation from this tissue.

The present study found IHHNV in the ventral nerve cord and tail
muscle tissue to be significantly lower than other target organs,
including gills. Chayaburakul et al. (2005) also found that the ventral
nerve cord and muscle tissue of P. monodon were among the lowest
ranking tissues for the detection of IHHNV, compared to eight other
tissue types. Similarly, IHHNV detected in the tail muscle of P. vannamei
in the study by Hou et al. (2023), yielded the lowest average copy
number mg ! tissue of all tissue types analysed. These findings together
confer that muscle tissue and ventral nerve cord may be less suitable for
reliable diagnostics and surveillance of IHHNV at lower viral loading,
such as early in infection progression. The ventral nerve cord and
ganglia are currently recommended as suitable target tissues for
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molecular detection of IHHNV within the Aquatic Manual (WOAH,
2023). Based on our analysis, and the additional works referenced, we
suggest that sampling of nerve tissue is not advantageous for detection of
IHHNV compared to other, more easily sampled tissue types such as gill
or pleopod.

When considering non-destructive tissue sampling, gill and pleopod
tissues are recommended for the detection of IHHNV (WOAH, 2023).
Similar detection of IHHNV from pleopod and gill tissues was observed
in a comparable study by Hou et al. (2023) in P. vannamei. In the present
study, both gill and pleopod yielded high IHHNV copy number mg~?
tissue, were ranked among the best tissues, and detection between the
two tissue types was highly correlated. This evidence suggests that gill or
pleopod tissue would provide similar detection sensitivity for surveil-
lance and diagnosis of IHHNV infection. Given the susceptibility of gill
filaments to further damage during sampling (Mitchell et al., 2023),
pleopod is likely preferential for non-lethal tissue sampling for IHHNV
detection, despite gill tissue yielding negligibly increased copy number
mg’l.

4.2. YHV (Genotype 2 and 7)

Yellow head virus (YHV-1) has long been considered a significant
pathogen of global shrimp aquaculture and was accordingly listed in the
first edition of the Aquatic Code (OIE, 1995). While YHV-1 has never
been reported from Australia, local variants of the yellow head complex
including yellow head virus genotype 7 (YHV-7) and yellow head virus
genotype 2, syn gill associated virus (GAV), are considered endemic
within Australia.

Based on sequence analysis of ORF1b, the seventh distinct YHV ge-
notype (YHV-7) shares highest similarity to YHV-1 (Mohr et al., 2015).
YHV-7 was discovered in association with elevated mortalities among
broodstock P. monodon originating from Northern Australia in 2012
(Mohr et al., 2015), and has since been detected in P. monodon sampled
from various regions across Northern Australia between 2013 and 2019
(Arbon et al., 2022; Cowley et al., 2015, 2019). Pathogenicity of YHV-7
was demonstrated in P. monodon by experimental inoculation, resulting
in cumulative mortality of approximately 60% at 28 days post-infection
(Moody and Crane, 2016). YHV-7 outbreaks have also been associated
with sporadic disease events in pond reared P. monodon (Cowley et al.,
2019). As yet, YHV-7 has not been reported outside of Australia. Given
the relatively modern discovery and its current containment to
Australia, there are no known studies which investigate the tissue
tropism of YHV-7. From the few studies published reporting the detec-
tion of YHV-7, detection has only been reported from pleopod, gill and
epidermis tissues (Arbon et al., 2022; Cowley et al., 2019; Mohr, 2020;
Mohr et al., 2015). Due to its apparent pathogenicity as indicated by
both its association with mass mortality events on farm, and the
experimental challenge conducted, current Australian shrimp aquacul-
ture industry practice prioritises removal of broodstock with positive
YHV-7 detection by RT-qPCR. As such, it is important to elucidate its
tissue tropism for optimised detection by RT-qPCR.

YHV-7 and GAV are not listed in the Aquatic Code or Manual,
therefore, no guidelines describing the selection of target tissues for
their detection are available. However, given their relatedness to YHV-1
and current taxonomic classification within the same viral complex, the
recommendations established for YHV-1 will be used as a proxy for YHV-
7 and GAV (Mohr et al., 2015; Munro and Owens, 2007; Wijegoona-
wardane et al., 2009). These pathogens will herein be collectively
referred to as yellow head viruses (YHV).

YHV is known to target tissues of the ectoderm and mesoderm (De La
Vega et al.,, 2004; Munro and Owens, 2007; WOAH, 2023). While
lymphoid organ is determined to be the primary target organ of YHV
replication, the presence of YHV has been historically confirmed by
bioassay, TCIDsy assay, Monoclonal Antibody, PCR, RT-qPCR, and
classical histopathology in shrimp tissues including gill, gut, muscle,
heart, nerve cord, hepatopancreas, haematopoietic tissue and
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haemocytes, connective tissue, eyestalk and gonads, and hence YHV is
considered a systemic virus (Chantanachookin et al., 1993; Cowley
et al., 2002; Cowley et al., 2001; Lu et al., 1995; Soowannayan et al.,
2002). To this body of evidence, we add the supporting results of the
present study, which demonstrate non-significant differences in viral
loading for both YHV genotypes (2 and 7) across pleopod, gill, lymphoid
organ, hepatopancreas, hindgut, ventral nerve cord and abdominal
muscle tissue.

While no significant differences in average copy number mg’l tissue
were detected, a clear advantage of lymphoid organ was observed for
detection of YHV-7 and GAYV, yielding the highest average copy number
mg ! tissue of the seven tissues analysed. Accordingly, this study sup-
ports the WOAH recommendation of lymphoid organ for detection of
YHV (WOAH, 2023).

Given the systemic nature of YHV, currently, specific tissues that are
unsuitable for the detection of YHV are not determined (WOAH, 2023).
While detection of both YHV genotypes was statistically consistent
among tissue types in the present study, there were clear disadvantages
associated with sampling and analysis of ventral nerve cord and muscle
tissues. This was especially evident for detection of GAV, where the
overall range of detected GAV was lower, possibly reflective of sub-
acute, chronic, or tolerated infection within the cohort. Based on GAV
detection under these conditions, the results of the present study indi-
cate that ventral nerve cord and tail muscle are least suitable for YHV
detection as they may yield false negative results.

Gill and haemolymph are recommended as the most suitable samples
for detection of YHV using non-destructive methods (WOAH, 2023).
While detection of YHV genotypes 2 and 7 from haemolymph was not
analysed in the present study, previous studies have strongly established
its utility for reliable detection of YHV using RT-PCR and RT-qPCR (De
La Vega et al., 2004; Kiatpathomchai et al., 2004; Ma et al., 2008).
Detection of YHV genotypes 2 and 7 from gill tissue was analysed in the
present study. Under the conditions of our analysis, consistent detection
of GAV and YHV-7 between gill and pleopod tissues was observed, with
strong correlation of detection within individual shrimps. Similar ob-
servations were made by Noble et al. (2018), where gill and pleopod
tissues were demonstrated to yield similar GAV loading and variability
from naturally infected P. monodon. As was apparent for the detection of
IHHNV, this evidence suggests that gill or pleopod tissue would provide
comparable detection sensitivity for surveillance and diagnosis of YHV
infection.

4.3. Industry practices and implications

Based on the conditions analysed in the present study, lymphoid
organ and hindgut consistently ranked among the best target tissues for
IHHNV and YHV genotype 2 and 7. Targeting of lymphoid organ is
recommended for the detection of IHHNV and YHV under surveillance
conditions, when shrimp appear grossly normal (WOAH, 2023). Our
findings support this strategy for the detection of YHV-7, YHV-2 (GAV),
and IHHNV, when destructive sampling is permissible. The observed
advantage of the lymphoid organ is likely related to its function in
clearance of foreign material from the haemolymph (Rusaini, 2010).
The involvement of the lymphoid organ in shrimp antiviral and anti-
bacterial immunity potentiates it as a sensitive target tissue for detecting
a range of pathogens, or their degraded products, in broader non-
targeted screening and surveillance applications.

However, generally, the lymphoid organ in Penaeid shrimp is rela-
tively small (1-4 mm in diameter), and its size and position within the
shrimp cephalothorax can vary with shrimp species, sex, maturation
stage, size, and health status (reviewed in Rusaini, 2010). Although
there are advantages of sampling the lymphoid organ for detection
sensitivity, sampling of the lymphoid organ can be challenging due to
the small size and inconsistencies in its location within any given
shrimp. Reliable collection of the lymphoid organ can become especially
challenging when sampling is required from shrimp of a small size,
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shrimp which have been freeze-thawed, or when sampling is being
conducted by untrained staff. Furthermore, for large-scale sampling,
targeting such an organ becomes labour intensive and prone to error.

The findings of this study indicate that sampling of hindgut may
permit a similar level of detection sensitivity to lymphoid organ for
IHHNV and YHV. Given the difficulties of sampling the lymphoid organ,
hindgut tissue may be a more practical target tissue for sampling.
However, detection of any target from a hindgut sample must consider
the presence of non-viable viral template in remnant feed within the
hindgut (Tacon, 2017). Further work is required to elucidate the utility
of the hindgut with respect to these factors, and throughout infection
progression.

Detection from gills yielded the highest viral copy number of the
non-destructive sample types assessed for all pathogen targets analysed.
The highly correlated and comparable level of detection from pleopods
and gills indicates that detection from pleopods will likely provide a
similar level of detection sensitivity as gill tissue (Noble et al., 2018).
Pleopods are already currently sampled from shrimp broadly across the
shrimp aquaculture industry for routine pathogen screening (Arbon
etal., 2022). Furthermore, sampling of gill tissue is more labour and skill
intensive, and can frequently result in extensive damage to the sensitive
gill structures (Mitchell et al., 2023). Continued use of pleopods for
detection of IHHNV, as aligned with WOAH recommendations, and the
addition of pleopods as a recommended target tissue for detection of
YHV is expected to achieve comparable detection sensitivity while
reducing the sampling burden on industry and potential damage to stock
during sampling.

In addition to improving the detection of pathogens for surveillance
and disease diagnosis, having an accurate understanding of virus dis-
tribution in shrimp tissues is an important consideration when devising
risk management protocols to prevent the global transfer of shrimp
pathogens within uncooked crustacean product (Lee et al., 2021). For
example, Australia currently permits importation of uncooked shrimp
product, given compliance of the imported product to specific condi-
tions. The conditions permitting the import of uncooked shrimp product
dictate the shrimp must be frozen, have head and shell removed, be
deveined, and if not from a disease-free source, test free from WSSV and
YHV-1 (DAFF, 2023).

While batch testing to confirm freedom of WSSV and YHV-1 provides
adequate protection against importation of high risk material in most
instances, this protection can be undermined by non-compliance with
testing conditions by importers, weak border security assessment and
inspection procedures, and variation in laboratory testing procedures
and interpretation (Scott-Orr et al., 2017). In these cases, where testing
cannot achieve reliable or complete protection, and for other pathogens
beyond just WSSV and YHV-1, removal of the head, shell and hindgut
from frozen shrimp is expected to reduce biosecurity risk to an appro-
priate level. In the present study, detection of the yellow head viruses
was statistically similar from muscle tissue to other target tissues which
are considered higher risk, including lymphoid organ, hepatopancreas
and hindgut. These results indicate that current measures to de-risk
importation of uncooked crustacean product into Australia, by
removal of the head, shell, and deveining, may be inadequate to reduce
exposure to yellow head virus, and other potential pathogens of conse-
quence beyond those currently tested for (YHV-1 and WSSV) to confirm
freedom. Further research is warranted to extend this evidence to
pathogens of concern to national border security.

4.4. Considerations of experimental design

Biological and technical variability can produce differences in viral
detection using qPCR across distinct tissue types. Biological variability
relates to divergent virion concentration in different tissues due to
complex host-pathogen interactions (referred to as tissue tropism).
Technical variability stems from potential errors arising during sam-
pling and analysis, such as procedural or human error, as well as the
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technical capabilities and limitations of the technologies, including
nucleic acid extraction platforms and protocols. To ensure the fidelity of
this study’s findings in reflecting biological variation of pathogen
loading among tissues, various measures were taken to minimise the
impact of potential technical variations on the analysis. Specifically, all
sampling and analysis was conducted in compliance with international
standard ISO/IEC 17025:2017 (ISO, 2017), and nucleic acid extraction
and testing plans were designed to minimise potential inter-run or inter-
batch reagent variation on subsequent tissue specific pathogen quanti-
tation. Additionally, the potential for non-biological variability of viral
quantification arising from the presence of PCR inhibitors within the
different tissue samples was evaluated and considered.

Shrimp tissues including the compound eye and hepatopancreas are
known to contain PCR inhibitors such as melanin-type compounds and
polyphenols (Lin et al., 2022; Lo et al., 1997; Schrader et al., 2012; Wang
et al., 1996), which may be co-extracted with target nucleic acid. Such
inhibitors interfere with PCRs, preventing target amplification via in-
teractions with the template, polymerase, or other reaction components
(Buckwalter et al., 2014; Opel et al., 2010). Many modern commercial
nucleic acid extraction and purification kits/protocols, including those
employed in the present study, are increasingly robust against co-
extraction of inhibitors and incorporate multiple measures to achieve
this (e.g. use of solid-phase magnetic bead extraction (Bordelon et al.,
2013), addition of a chaotropic agent such as guanidinium thiocyanate
(Nelson and Krawetz, 1992), digestion with proteinase K (Rezadoost
et al., 2016), and multiple staged wash phases (Jue et al., 2020)). The
presence of PCR inhibitory compounds in shrimp tissues, including the
hepatopancreas, has historically impacted the reliability of PCR anal-
ysis, and as such, these tissues are precluded from recommended diag-
nostic and surveillance samples types for certain WOAH listed diseases
(Moody and Mohr, 2022; Richards, 1999; WOAH, 2023). However, for
enteric diseases such as acute hepatopancreatic necrosis disease
(AHPND) and infection with Hepatobacter penaeii, the Aquatic Manual
recommends the targeted use of hepatopancreas for surveillance and
diagnosis using qPCR (WOAH, 2023). While modern extraction chem-
istry and protocols are increasingly robust to the presence and impact of
inhibitors, in these instances where recommended target tissues may
contain inhibitors, the inclusion of an internal process control (e.g. gPCR
assay targeting a shrimp house-keeping gene) is required to demonstrate
that the nucleic acid extracted from these tissues is free from inhibitors
(Moody and Mohr, 2022; Schrader et al., 2012). In the present study, the
P. monodon Dicer-1 gene (syn Pm Dcrl) was used as an internal control.
Dicer-1, involved in the crustacean RNA interference pathway, was
selected due to its systemic and independent expression from viral ge-
netic loads in shrimp naturally infected with GAV (Su et al., 2008).
Within all examined tissue types, no significant, or notable non-
significant negative correlations were observed between the detection
levels of the Dicer-1 and the quantity of tissue used in nucleic acid
extraction and purification. This measure, indicative of the potential
presence of co-precipitated inhibitors, demonstrates either the absence
of inhibitors in the purified template or the robustness of subsequent
gPCR analysis to their influence. In either case, the absence of a
discernible effect supports the robustness of the results and attribution
of the variability observed in pathogen detection between tissue types to
biological causes, including viral tissue tropism and host-pathogen
interactions.

While multiple measures were incorporated to ensure the fidelity of
its results with respect to the detection of real biological variation of
viral loading between tissues, there are two notable limitations of our
study. Firstly, while the detections of each pathogen target were diverse
(IHHNV: ~10%-108, YHV-7: <10-10%, GAV: undetectable — 10° copies
mg ! tissue), all shrimp analysed were naturally infected, and were
collected from a single production pond at a single timepoint. Conse-
quently, infection progression was not controlled for, or able to be
measured. Diagnostic sensitivity from specific tissues may be reduced at
lower infection severity, or early in the progress of infection
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(Chayaburakul et al., 2005; Kim et al., 2023). As such, further analysis
may be required to elucidate the qPCR detection patterns observed in
the present study at different stages of infection.

The multiple measures conducted to ensure the fidelity of the results,
could also be considered as a limiting factor for this study. While the
nucleic acid extraction platform (MagMAX™ CORE Nucleic Acid Puri-
fication Kit with KingFisher™ Flex 96 Deep-Well Magnetic Particle
Processor), qPCR assays (Cowley et al., 2019; Cowley et al., 2018; De La
Vega et al., 2004; Su et al., 2008), qPCR master mix (SensiFAST™ Probe
Lo-ROx Kit and SensiFAST™ Probe Lo-ROx One-Step Kit) and instru-
ment (QuantStudio™ 5 Real-Time PCR System, 384-well) utilised in this
study were selected to yield highly reliable detection, robust to the
presence of PCR inhibitors, we recognise that these conditions are not
widely attainable. Consequently, it is acknowledged that factors
including the presence of inhibitory compounds in shrimp tissues pre-
sents ongoing challenges for diagnosis and surveillance of shrimp
pathogens when such conditions have not yet been adopted or are not
readily available. Extension of these studies to incorporate analysis of
detection results from tissues extracted and tested using other platforms
and commercially available kits is needed (Buckwalter et al., 2014).
Irrespective of the availability of such evidence, it remains essential to
consistently implement internal process controls within analysis.

4.5. Conclusions

Definition and recommendation of the appropriate target tissue is
crucial to enable accurate pathogen detection in both diagnostic and
surveillance applications to shrimp aquaculture using real-time PCR
analysis. This study reports tissue-specific qQPCR detection of genetic
viral loads in pleopod, gill, hepatopancreas, lymphoid organ, abdominal
muscle tissue, hindgut and ventral nerve cord from P. monodon naturally
infected with IHHNV, YHV-2/GAV or YHV-7. The results presented
confirm detection of high load IHHNV from hepatopancreas tissue, and
highlight pleopod tissue as a comparably sensitive alternative tissue to
gills for the detection of YHV. These findings indicate that current rec-
ommendations for target tissues of IHHNV and YHV provided in the
WOAH Aquatic Manual may require revision, however, we underline the
need for extension of similar research to support broader review and
modification of the Aquatic Manual. The results of this study will be
valuable for understanding infection patterns of IHHNV and YHV, not
only to improve their detection for surveillance and disease diagnosis,
but also for consideration when devising risk management protocols to
prevent the global transfer of shrimp pathogens within uncooked crus-
tacean product.
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