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This study evaluated two approaches to the aquaculture of Limulus polyphemus
with the ultimate goal of harvesting Limulus amebocyte lysate (LAL) at an industrial
scale. To monitor Horseshoe crabs (HSCs), a combination of physical, biochemical
and cellular components were examined for HSC cohorts in an indoor recirculating
aquaculture system (RAS) and an outdoor on-bottom pen culture system (PCS) over
a 6-month period. The metrics included body weight, hemocyanin (Hc) concentration,
amebocyte density, and LAL reactivity. In addition, a simulated biomedical bleeding
event (extracting 30% of the total hemolymph volume) was performed to assess the
impact on physiochemical properties of the hemolymph and amebocytes. Overall, the
HSCs fared better in the RAS compared to the PCS, with higher rebound kinetics with
respect to Hc, amebocyte density, LAL reactivity, and with 100% survival in the RAS
cohort. Further, hemolymph reinfusion (after amebocyte removal) was shown to improve
HSC recovery time. In summary, outcomes of this research show that a RAS, coupled
with adequate nutrition and monitoring can provide HSCs with a suitable environment
for sustainable hemolymph extraction and year-round LAL production.

Keywords: horseshoe crab (Limulus polyphemus), hemocyanin, pen culture system, recirculating aquaculture
system, Limulus amebocyte lysate

Abbreviations: h, Parts per thousand; BET, Bacterial endotoxin test;◦C, Celsius; ANOVA, Analysis of variance; DO,
Dissolved oxygen; HSC, Horseshoe crab; EC, Electric conductivity; EU, Endotoxin unit; FDA, Food and Drug Administration;
ft, Feet; Hc, Hemocyanin; LAL, Limulus amebocyte lysate; lb, pound; LPS, Lipopolysaccharide; NaCl, Sodium Chloride;
NEM, N-ethylmalemide; nm, Nanometer; OD, Optical density; Oxy-Hc, Oxyhemocyanin; PCS, Pen culture system; ppm,
Parts per million; PTFE, polytetrafluoroethylene; RAS, Recirculating aquaculture system; rcf, Relative centrifugal force;
rFC, Recombinat Factor C; SD, Standard deviation; SE, Standard Error; SOP, Standard operating procedure; Tris–HCl,
Tris(hydroxymethyl)aminomethane hydrochloride; µ, Micro; UV-Vis, Ultraviolet-visible; v/v, Volume/volume.
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INTRODUCTION

The horseshoe crab (HSC) belongs to the order of arthropods,
xiphosurans, dating back to the Ordovician period and are
believed to be morphologically unchanged for some 148 million
years (Rudkin and Young, 2009; Blazejowski, 2015; Manca
et al., 2016; Akbar-John et al., 2018; Bicknell and Pates, 2020).
Annually, several hundred thousand Atlantic HSCs (Limulus
polyphemus) are collected from the wild along the Eastern
shore of the United States for production of biomedical
industry quality control tests. Upon harvesting amebocyte cells
from HSC hemolymph or “blue blood,” a vital extract called
Limulus amebocyte lysate (LAL) is used to ensure sterility
of pharmaceutical and medical devices, worldwide. When
combined with demand for HSCs as whelk and eel fishing bait,
as well as climate change and consequent habitat erosion also
threatening numerous migrating shorebird species, compounded
by corresponding threats to Asian HSCs, alternative strategies to
ensure sustainable supplies of LAL are increasingly vital.

Notwithstanding their distinction as “living fossils,” HSCs are
of interest to the medical device and pharmaceutical industries
given the importance of their blood (hemolymph), which
contains a specialized cell, or amebocyte (Mürer et al., 1975;
Van Holde and Miller, 1995; Rudkin et al., 2008). LAL extracted
from the amebocytes contain clotting factors which catalyze a
highly defined and immediate coagulation cascade when exposed
to lipopolysaccharides (LPS) in the outer membranes of gram-
negative bacterial endotoxins and/or fungal beta-glucans (Tai
et al., 1977; Liu et al., 1979; Krisfalusi-Gannon et al., 2018).
HSCs evolved with a form of “innate immunity” characterized
by these granular amebocytes that can trigger extracellular clot
formation (a polymer of protein coagulin) to act as an anti-
microbial and anti-fungal barrier for the neutralization and
immobilization of infectious pathogens (Shuster, 1990; Iwanaga
et al., 1998; Medzhitov and Janeway, 2000; Iwanaga, 2002; Isakova
and Armstrong, 2003). This immediate response to LPS and
subsequent gel-clot formation has been employed in an assay
using LAL, which has been considered the gold standard for
quality assurance against pyrogens in the pharmaceutical and
medical device industry since the 1970’s (Mikkelsen, 1988).

Currently, to obtain amebocytes for LAL extraction, HSCs
are removed from their habitats, transported to secondary
locations, bled, and then returned to the water. Given
increasing international demand for LAL for the testing of
biomedical products sold in markets requiring FDA compliance,
these practices pose considerable uncertainties as to whether
current harvesting levels are sustainable while meeting future
requirements (Krisfalusi-Gannon et al., 2018). This demand has
been fueled by rapid global growth in vaccines, pharmaceuticals
and United States medical device markets (trending at 6–8%
and 25% per annum, respectively; Novitsky, 2015; Smith et al.,
2017). Bled for Asian and Pacific biomedical testing reagents,
increasing threats to the Asian HSC species could also lead to
increased international demand for American LAL or require
industry use of other methods (Akbar-John et al., 2018). While
testing alternatives such as recombinant factor C (rFC) have been
introduced, the LAL assay has remained the most reproducible,

sensitive, rapid, and accurate FDA-approved method for the
detection and quantitation of LPS. Although the European
health authorities have approved rFC as an alternative to the
LAL assay, the United States Pharmacopeia has recommended
more validation studies would be necessary before rFC can be
considered equivalent to the LAL test. To date the FDA has
denied approval of this alternative Bacterial Endotoxin Test
(BET) as a standalone compendial standard. The LAL assay
market has been entrenched by specifications in FDA guidance
documents for nearly four decades, and quality standards for
existing products have been based on the LAL test with rare
exceptions (Hochstein, 1990). Accordingly, additional resources
would be required for existing LAL users to adopt alternative
methods. These hurdles represent a significant driver for industry
to source LAL derived from an abundant, sustainable approach.

Beyond such demands, an immediate environmental
consideration is the viability of various species of birds that
depend on HSC eggs for fuel and nutrition during migration
(Botton et al., 1994; Gillings et al., 2007; Krisfalusi-Gannon
et al., 2018). Thus, the overall aim of this work was to develop a
sustainable approach to address LAL supply by cultivating HSCs
in captivity as an alternative to annual wild capture and the
consequent ecological threats to HSCs and dependent species.
Past captivity research was dissuasive and cited numerous reasons
why the species would languish and die in captivity (Walls et al.,
2002). However, such reports seemed counterintuitive, since
HSCs have survived and adapted over millions of years in an
almost unchanged form and appear readily adaptable (Kin
and Blazejowski, 2014; Blazejowski, 2015; Bicknell et al., 2019).
Nevertheless, the literature suggested that a natural habitat would
satisfy the environmental needs of this species (Botton, 1984);
therefore, a saltwater pond in Coastal Georgia was selected as
an experimental location for an outdoor HSC habitat. A second
cohort of animals were subsequently tested in an indoor
aquaculture facility to compare the two cultivation models with
respect to feasibility and practicability.

In summary, two approaches to HSC husbandry were
evaluated by designing an indoor recirculating aquaculture
system (RAS) and an outdoor on-bottom pen culture system
(PCS). Water quality in both systems, as well as HSC health
parameters were monitored [i.e., weight, hemocyanin (Hc) levels,
amebocytes concentration, LAL reactivity, and survival]. Tests
were performed to analyze the rebound kinetics of amebocytes
and Hc levels after hemolymph extraction to help maximize
LAL yield and maintain HSC vigor, allowing for more frequent,
sustainable harvesting over the 6-month study.

MATERIALS AND METHODS

Horseshoe crabs (n = 64) used in this study were procured
manually, as bycatch from regional shrimpers, or purchased
commercially from a sea life supplier (Dynasty Marine
Associates, Marathon, FL, United States; NC Division of
Marine Fisheries; and Georgia Department of Natural Resources)
in accordance with an aquaculture operation permit (North
Carolina Department of Environmental Quality, Division of
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FIGURE 1 | Indoor and Outdoor HSC culturing systems. (A) Recirculating aquaculture system (RAS; Greensboro, NC, United States). The temperature-controlled
system is comprised of two flow-through saltwater aquaculture systems, each containing two raft tanks (one pair is outfitted with UV lights for sterility), and a hospital
tank for extraction recovery. Open circles represent open valves, closed circles represent closed valves during normal operational procedures. Closed valves can be
open for clean-out or for water temperature control. Photographs of (B) installed system and (C) HSCs in place. Tidelands pond pen culture system (PCS; Jekyll
Island, GA, United States). Photographs of (D) enclosure location and (E) two of four pens positioned in Jekyll Island.

Marine Fisheries #1946771 and #1947050; Georgia Department
of Natural Resources LOP20180194). Mature HSCs used in this
study on average weighed 1.77 ± 0.77 kg (3.91 ± 1.58 pounds).
The salinity of both the indoor and outdoor culturing systems
was consistent with the ambient salinities of where the HSCs
were originally collected and/or maintained.

Recirculating Aquaculture System
The HSC studies were conducted in a RAS (Clear Flow
Aquaponic System, Nelson and Pade, Montello, WI,
United States) as previously described (Tinker-Kulberg
et al., 2020a,b; Figures 1A–C). The tanks were brought to a
salinity of 20 to 22h using a commercial sea salt preparation
(Crystal Sea

R©

, Marine Enterprise International, Baltimore, MD,
United States) and weekly saltwater exchanges were performed
between 1 and 2%.

Target water-quality parameters were determined based on
standard saltwater aquaculture methods, and comprehensive
daily, weekly and monthly analyses were conducted as previously
described (Timmons, 1994; Nolan and Smith, 2009; Schreibman
and Zarnoch, 2009; Ebeling and Timmons, 2010; Shelley and
Lovatelli, 2011; Tinker-Kulberg et al., 2020a,b). Briefly, daily
water conditions were optimized as shown in Table 1 for:
temperature (18.5–20◦C); salinity (20–22h); pH (7.5–8.2);
dissolved oxygen (6–9 mgL−1); photoperiod (12-h of natural
light); ammonia (0–1.5 ppm); nitrates (< 150 ppm); nitrites
(2–5 ppm), and alkalinity (90–150 ppm). Water parameters were
measured and adjusted as needed six times per week and did not
vary significantly throughout the course of the study.

In the indoor system, HSCs (n = 24) were provided a natural
feed (e.g., glass minnows and krill; Aylesworth’s Fish and Bait,

St. Petersburg, FL, United States) ad libitum and maintained
as described previously (Tinker-Kulberg et al., 2020a). A health
assessment was recorded for each HSC upon intake (i.e., sex,
weight, carapace length/width, as well as an appendage, carapace,
eye, and mouth evaluation). HSCs were stocked at a density of
0.454-kg (1.0-lb) per square foot, resulting in approximately one
HSC per 4-ft3 of tank space. Each cohort (n = 6 per indoor
tank) had the same number of males and female HSCs to avoid
differences in feeding behavior or data bias.

Pen Culture System
An HSC outdoor PCS was designed using PVC pipe and crab trap
netting and was located in a semi-tidal saltwater pond (Tidelands
Pond, Jekyll Island, GA; 31◦ 2′ 19.2048′′ N81◦ 25′ 12.8496′′ W;
∼10.2 hectares). Designed to allow HSCs (n = 40) to naturally
forage along the bottom of the salt marsh, four (4) outdoor PCS
enclosures (15 ft long × 5 ft high × 5 ft wide) were erected to
house HSCs at a density of 1 HSC per 6 ft2 (Figures 1D,E). Pens
were positioned proximal to the shore, and they extended into
the water to a minimum depth of 4 ft and staked to the bottom
along the perimeter. The pens were separated by approximately
4 ft to support the availability of natural food and exchange of
materials with the bottom, as well as adequate water flow through
the cages to avoid formation of “dead zones” along the bottom. To
decrease build-up of sediment pollution, one pen was left empty,
and each week one HSC cohort was moved in a clockwise manner
into the adjacent empty pen in succession, allowing the pen that
previously held the HSCs to remain vacant over the ensuing week.
The HSC cohorts in the outdoor PCS were fed ad libitum once per
week on the same diet used in the indoor RAS study (e.g., glass
minnows and krill; Aylesworth’s Fish and Bait, St. Petersburg, FL,
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TABLE 1 | HSC water quality and nutrient parameters comparisons between indoor (RAS) and outdoor (PCS) systems (value ranges throughout study).

Water quality parameters Ideal Caution Danger RAS PCS

Ammonia, total (ppm; Daily) <1–3 2–4 >4 <1–3 0

Carbon dioxide (ppm; Daily) <10 >10–40 >60 0 0

Dissolved oxygen (mg/L; Daily) >3–5 1–3 <1 8.30 5.51

pH (Daily) 7.5–8.8 6.5–6.9 <6.5; >9.0 7.64 7.61

Secchi disk (cm; Daily – Pond) 15–25 <30 <12; >80 – 59

Water Temperature (◦C; Daily) 15–25 29–32 <15; >32 19.9 32.2

Nitrate (ppm; Bi-weekly) 15–150 200–400 >400 40.6 0

Nitrite (ppm; Bi-weekly) 0.5–10 >10 15–300 5.5 0.76

Alkalinity (ppm; Monthly) 75–175 25–50; >200 <25; >300 150 90

Calcium (ppm; Monthly) 25–100 >600 <10; >250 207 234

Hardness (ppm; Monthly) <3,200 <40 <20; >3,200 2,500 3,570

Salinity (ppt; Monthly) 15–35 <15; >35 – 20–22 19–23

Nutrient parameters RAS PCS

Aluminum (ppm) 0 0

Bicarbonate (mEq/L) 2.21 1.80

Boron (ppm) 3.56 3.02

Carbonate (mEq/L) 0 0

Chlorine (ppm) 13,400 12,800

Copper (ppm) 0.02 0

EC (mS/cm) 41.10 38.40

Iron (ppm) 0.02 0

Magnesium (ppm) 0.05 0

Manganese (ppm) 636 729

Nitrogen (ppm) 12.40 1.65

Phosphorus (ppm) 1.34 0.01

Potassium (ppm) 218 226

Sodium (ppm) 8,550 7,640

Sodium absorption ratio 66.60 54.30

Sulfur (ppm) 726 596

Zinc 0.01 0

United States). Due to the natural environmental limitations and
in compliance with the governing ecological authorities, feeding
was performed by hand outside of the PCS. These limitations
represented a challenge with the experimental design, and the
impact of such restrictions should be considered throughout
the comparative analysis. Each cohort (n = 13–14 per outdoor
enclosure) had the same number of males and female HSCs to
avoid differences in feeding behavior or data bias.

The pH, ammonia, temperature, alkalinity, and carbon
dioxide were recorded daily, while the remaining water
parameters (i.e., nitrate, nitrite, calcium, hardness, and salinity)
were conducted monthly at both aquaculture sites as shown
in Table 1. Prior to hemolymph collection and periodically
throughout the study, HSCs were weighed, measured (prosomal
width and length from the tip to the tip of the telson)
and inspected physically to determine whether the animals
had sustained any injuries (i.e., to carapace, joints, eyes,
and book gills), infections or other changes over time
(Nolan and Smith, 2009).

The invertebrate benthic diversity of Tideland Pond was
sampled from April-October 2019. Seven sites were sampled

along the eastern shore of the pond near the HSC enclosures.
Two of the sampling sites were culverts which connect the
pond to the ocean. Kick sampling was conducted parallel to
the eastern shore for 5 m in the direction of the current. One
researcher held a D-net with 500 micron mesh against the
bottom of the pond while another researcher dislodged benthic
animals by shuffling their feet while moving toward the net.
Specimens were preserved in 95% ethanol and identified to
species or morphospecies if identification to species was not
possible. Sampling was conducted every-other week or as often
as weather conditions permitted. Alpha diversity was calculated
using Simpson’s diversity index to give weight to more common
species by using the formula Diversity = 1/6(pi)2 where pi is the
relative abundance of the ith species.

Hemolymph Collection
Hemolymph was collected for amebocyte counting and for
supernatant and amebocyte collection as described previously
(Tinker-Kulberg et al., 2020a,b).

Hemolymph extraction for HSC “no bleed controls” (n = 4)
and post-bleed health assessments to monitor recovery was
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FIGURE 2 | HSC reinfusion and immobilizing station. (A) The immobilizing block is comprised of two ventilated chambers attached perpendicularly and fitted with
foam padding in a 24-gallon reinforced PTFE (polytetrafluoroethylene) tub with pipe to allow saltwater flow outward. A separate tube is positioned beneath the foam
padding to allow flow over the HSC book gills (maintaining respiration rates) during the biomedical bleeding procedure. (B) Side-view of system displaying internal
saltwater flow tubing to the HSC. Two photographs (C, D) of the hemolymph reinfusion process.

carried out by removing 2.5 mL of hemolymph for analysis.
To simulate a biomedical bleeding event, hemolymph volumes
equivalent to a total of 30% of the total hemolymph were removed
from HSCs (n = 4) and collected via syringe-free drip method
directly into a pyrogen-free vial. Hemolymph volume of the HSCs
was calculated as a percentage of wet body weight with 25± 2.2%
for males and 25 ± 5.1% (mean ± SD) for females with the
density of hemolymph estimated at 1.04 g/mL (0.0023-lbs per mL;
Hurton et al., 2005).

Hemolymph Reinfusion
For comparison, a subset of the HSCs (n = 4) were bled at 30%,
amebocytes were pelleted and removed from the hemolymph by
centrifugation (e.g., 1000-rcf for 5 min), and the amebocyte-free
hemolymph (referred to as autologous supernatant, hereafter)
was reinfused at different volumes back into the HSC. To do this,
the autologous supernatant was transferred into an endotoxin-
free 60 mL syringe (to maintain a closed system for reinfusion),
and a standard evacuated tube/straight needle connected to
tubing was then attached to the end of the syringe. The syringe
was then placed in a calibrated pump, and the needle at the
other end of the sterile tubing was inserted into the sterilized
HSC pericardial membrane. The autologous supernatant was
then reinfused into the HSC at a rate of 5,000 µL/min. Given
the time and precision required for reinfusion, an apparatus was
engineered that secured the HSC in place and gently pumped
saltwater across its book gills throughout the procedure; within
the inert polyethylene retention tub, an immobilizing block was

affixed to prevent movement during reinfusion and to facilitate
pericardial membrane access. A schematic and photographs of
the reinfusion system are shown in Figure 2.

Hemocyanin Concentration and
Amebocyte Density
Total serum protein concentration was determined as
described previously (Tinker-Kulberg et al., 2020a,b) via
UV-Vis Spectrometer (Cary 6000i, Agilent Technologies,
Santa Clara, CA, United States) and measured at 280 nm.
Dioxygen-bound Hc (Oxy-Hc) was likewise measured at
340 nm. The total protein concentration was calculated
according to Nickerson and Van Holde (1971), using the
absorption coefficient A280 = 1.39 mg−1 ml−1 cm−1 for
Hc and A350 = 0.223 mg−1 ml−1 cm−1 for Oxy-Hc.
Amebocyte density was calculated as described previously
(Tinker-Kulberg et al., 2020a,b).

LAL Reactivity
To determine LAL reactivity to endotoxin, LAL was purified
as described previously (Tinker-Kulberg et al., 2020a,b) and
fractions were then tested for LAL reactivity against a commercial
endotoxin standard (Escherichia coli 055:B5 lipopolysaccharide,
Sigma Aldrich, St. Louis, MO, United States). Aliquots that had
been frozen and thawed only once were used for comparison
assays. Four different batches of commercial LAL (E-ToxateTM,
Sigma Aldrich, St. Louis, MO, United States) were evaluated,
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yielding reproducible results likewise from freshly thawed
commercial lysates in all LAL experiments.

A gel clot assay was performed by incubating a standard
endotoxin solution (50 EU/mL) with varying concentrations
of the LAL extracts (ranging from 25 to 75 µg) in a 96-well
plate. The gel-clot was allowed to form for 1 h at 37◦C. Results
were measured using a microplate reader (BioTek 800, BioTek
Instruments, Winooski, VT, United States) at 340 nm, and the
relative absorbance readings between experiments were reported.

Data Analysis
Data from 24 HSCs (procured from Georgia) were included in
this study with 12 each in the respective indoor and outdoor
systems. Data from indoor HSCs (n = 12) procured from Florida
were also collected to serve as a control. Three groups of 4 HSCs
served as: “No Bleed” controls, as “30% Bleed” controls, and
“30% Bleed + Reinfusion” controls in each system. Each data
point reported represents the combined data from four of the
HSCs in each system (indoor versus outdoor); thus, the unit is
equivalent to the average data collected from each HSC cohort
and not the individual crabs, unless otherwise noted. All data
points represent the mean ± standard error, where n equals the
number of HSCs in each data subset. Data were subjected to a
one-way analysis of variance (ANOVA) to determine significant
differences among groups. If a difference was determined, it was
compared by a Student’s t-test, assuming equal variance, with a
significant difference set at p ≤ 0.05.

RESULTS

Water Quality
As shown in Table 1, both the indoor and outdoor systems
revealed similar water quality parameters, with only temperature
and DO (dissolved oxygen) differing over the course of
the study in the outdoor system (Figure 3). In the indoor
RAS, water temperature varied between 17.1–21.7◦C and
DO between 6.3–11.1 mgL−1 across all tank systems using
supplemental aeration, without discernable trends appearing
over time (Figures 3A,C). The temperature in the outdoor system
increased steadily (∼15◦C) over the course of the study due to
seasonal fluctuations and consequently, the DO varied between
3.7–7.6 mgL−1 (supplemental aeration was not utilized in the
outdoor system), with a subtle, yet concurrent, decrease over
time (Figures 3C,D).

The indoor system yielded greater viability with survival of all
HSCs over the course of the study. The outdoor system, however,
recorded a loss of 15% of the HSCs over a 3-month period, which
was concurrent with high water temperatures and lower levels of
DO, with an initial loss of the outdoor HSCs occurring prior to
any non-health bleeding events (Figures 3C,D).

Physical Parameters and Cohort Survival
All HSCs were physically inspected prior to introduction into the
study and at various intervals over the course of this research.
HSCs included in both the indoor and outdoor systems were
deemed acceptable for inclusion in the study based on physical

FIGURE 3 | Key metrics for RAS (Greensboro, NC) and PCS (Jekyll Island,
GA). Areas within the green bars indicate safe ranges for temperature (◦C) and
dissolved oxygen (mgL−1), yellow or red bars and shading indicate caution or
danger levels, respectively (Table 1). Graphs represent temperature and
dissolved oxygen for RAS (A, B) and for PCS (C, D) installations. X: Indicates
each horseseho crab (HSC) that expired during the study.

characteristics (free of crush fractures or open wounds); and
any arthropod (e.g., barnacles) or mollusk growth was carefully
removed using a hard bristle brush without damaging the shell.
For all animals included in the RAS cohort, any cosmetic
observations noted at the beginning of the study were monitored
and remained unchanged over the course of the study. However,
HSCs in the PCS accumulated a layer of biofilm and discoloration
on their shells, without apparently affecting their health.

All HSCs were mature and no longer prone to molting, and
thus their growth rate was consistent over the course of the study
(data not shown). The weight of HSCs not subjected to a bleeding
regimen was recorded and also remained constant in both the
indoor and outdoor cohorts (Table 2).
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TABLE 2 | HSC weight of all experimental groups reared in RAS and PCS.

System Day 0 Day 47 Day 88

Recirculating aquaculture system 3.35 ± 0.45 3.43 ± 0.97 3.32 ± 0.98

Pen culture system 3.00 ± 0.34 3.05 ± 0.49 3.02 ± 0.53

ANOVA analysis revealed no statistically significant differences in either group
during the study.

TABLE 3 | Dates and values of Simpson’s diversity index for the PCS region.

Date Simpson’s diversity index

April 5, 2019 3.895978

April 19, 2019 5.244538

May 3, 2019 4.538752

May 18, 2019 4.878173

June 4, 2019 1

June 28, 2019 1.742268

August 3, 2019 1.623608

September 13, 2019 3.571429

September 27, 2019 2.159551

October 12, 2019 1.8

Although HSC weight did not vary throughout the study in the
RAS or PCS groups (Table 2), mortality occurred in the outdoor
PCS cohort with a recorded loss of 15%. Behavior and health
parameters of indoor HSCs (n = 12) procured from Florida were
indistinguishable from that of HSCs procured from Georgia, and
therefore data from the latter were only reported in this study.

The following invertebrate species identified as potential
natural HSC feed sources in Tideland pond were indexed: Cancer
irroratus (Atlantic rock crab); Dosinia discus clam; Geukensia
demissa (ribbed mussel); Mnemiopsis leidyi (sea walnut comb
jelly); Molgula manhattensis (sea grape tunicate); Neopetrolisthes
maculatus (spotted porcelain crab); Palaemonetes pugio (grass
shrimp); Penaeus setiferus (white shrimp); Petrolisthes armatus
(porcelain crab); Phrontis vibex (Bruised nassa snail); Styela
plicata (rough tunicate); Tritia obsolete (Eastern mud snail);
Tritia trivittata (threeline mudsnail); and Tubeworms (species
unknown). Invertebrate diversity decreased over the summer
as shown in Table 3. The diversity index takes into account
the number of species in a habitat but also the relative
abundance of each species (i.e., how many of each species are
sampled). The higher the index, the greater the diversity of
species were collected.

Hemolymph Parameters
Hemocyanin concentration was tracked in HSCs maintained in
both the PCS and the RAS. Results shown in Figure 4 revealed
that Hc concentrations remained stable in the HSC “No Bleed”
RAS cohort, with a slight, but not statistically significant decrease
over time (48.9± 11.13 mg/mL to 37.1± 9.85 mg/mL). The mean
concentration observed in this group was within the range of
values observed in wild caught HSCs from past studies (i.e., 32–
97 mg/mL; Smith et al., 2002; James-Pirri et al., 2012). In contrast,
a significant decrease was observed in HSCs in the “No Bleed”
control group maintained in the outdoor environment, with an

FIGURE 4 | Hemocyanin concentrations in the HSC “No Bleed” control group
cultured in RAS and PCS. (A) HSC Hemocyanin (Hc) Concentrations in RAS
and PCS. Hc concentrations were unchanged in the RAS but decreased over
time in PCS cohorts. (B) Percent Hc with Dioxygen Bound (Oxy-Hc) in RAS
and PCS. Hc concentration and Oxy-Hc remained stable in HSCs in the RAS
but decreased over time for those in the PCS. Results are represented as
mean ± S.E. (n = 4); bars sharing different letters in each index are significantly
different (P < 0.05). *, ** represent significance (p < 0.05) between groups.

absolute decrease from 61.1± 9.45 mg/mL to 11.5± 9.45 mg/mL
at the culmination of this study. Similarly, the proportion of
dioxygen bound Hc (i.e., Oxy-Hc), an indicator of health status,
ranged from 60 to 76% across all assays in both the indoor and
outdoor systems. Statistically significant effects were not observed
in either control group.

Amebocyte concentrations in hemolymph from HSCs in both
systems were monitored to assess immune function, as decreases
had been observed among stressed HSCs (Coates et al., 2012).
Using a standard hemocytometer and cell counting technique,
results showed that amebocyte density remained consistent in
“No Bleed” HSCs maintained in the RAS; whereas, amebocytes
decreased slightly over time in HSCs maintained in the outdoor
PCS (Figure 5).

Changes in LAL reactivity to endotoxins from the respective
aquaculture settings were directly analyzed. Pooled LAL extracts
from 4 individual HSCs in the “No Bleed” control groups reared
in either the PCS or RAS were sampled for LAL reactivity
(Figure 6). Results showed that gel-clot formation increased as
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FIGURE 5 | Amebocyte density in the HSCs “No Bleed” control group in RAS
and PCS. Amebocyte concentrations were stable for the RAS cohort, but
decreased over time in the PCS HSCs. Results are represented as
mean ± S.E. (n = 4); bars sharing different letters in each index are significantly
different (P < 0.05). *, ** represent significance (p < 0.05) between groups.

FIGURE 6 | LAL reactivity of HSCs in the “No Bleed” control group in RAS
and PCS. LAL reactivity of the RAS and PCS HSC cohorts compared to
control (commercial kit LAL; E-ToxateTM, Sigma Aldrich, St. Louis, MO,
United States) at increasing LAL concentrations (25–75 µg protein) exposed
to 50 EU/mL of LPS. Reactivity of LAL derived from RAS and PCS HSCs were
consistent with commercial LAL (E-ToxateTM, Sigma Aldrich, St. Louis, MO,
United States). Results represented as mean ± S.E. (n = 4).

LAL concentrations increased in both the indoor and outdoor
cohorts, which was consistent with the commercial control
(E-ToxateTM, Sigma Aldrich, St. Louis, MO, United States).
Additionally, LAL extracts from both the indoor and outdoor
cohorts, exposed to higher endotoxin concentrations (e.g., 25 and
75 µg), had higher levels of reactivity when compared with that
of the commercial control (E-ToxateTM, Sigma Aldrich, St. Louis,
MO, United States).

Simulated Biomedical Bleeding
Response
To determine if hemolymph rebound rates after simulated
biomedical bleeding differed in indoor and outdoor systems,
HSCs were separated into a control (No Bleed) group; those
from which 30% of the hemolymph was extracted (30% bleed);
and those with 30% extracted, followed by reinfusion of
autologous supernatant (i.e., amebocyte-free hemolymph; 30%
bleed + reinfusion). Hc concentration and amebocyte densities
were assessed just prior to bleeding, 72 h after, and 7 days
following the procedure.

Notably, the weight of all HSCs decreased after a 30%
hemolymph extraction (without reinfusion) and recovered to
baseline within 72 h. As expected, serum protein concentrations
and amebocyte density decreased initially during this period,
presumably due to a dilution effect caused by the animal replacing
its lost hemolymph with interstitial fluid. As expected, Hc
concentrations were more stable after 30% of the hemolymph was
removed when followed by reinfusion of autologous supernatant
(i.e., Hc restored); a decrease in amebocyte density was also
seen due to the dilution effect during this 72-h window (data
not shown). Results, presented as a function of the percent
change before and after bleeding, showed that HSCs reared in
the indoor environment showed improved rebounding based on
Hc (Figures 7A,C; 30% Bleed) and amebocyte concentrations
(Figures 7B,D; 30% Bleed) 7 days after the 30% bleed compared
to the outdoor cohort.

However, 7 days after HSCs were bled at 30% and
immediately reinfused with a portion of autologous supernatant,
Hc concentration rose (∼10%) above pre-bleed baselines
(Figure 7A). After this 7-day recovery period, amebocyte density
increased ∼31% after reinfusion of the RAS cohort (Figure 7B).
Results from the outdoor study were similar; with reinfusion
resulting in a higher rebound of Hc (∼4.5%; Figure 7C) and
circulating amebocytes surging almost 25% following reinfusion
at 7 days post-recovery (Figure 7D).

With respect to LAL reactivity before and after bleeding,
reinfusion also appeared to have enhanced LAL reactivity when
compared to that of HSCs that were not reinfused (Figure 8).
However, after hemolymph removal with or without reinfusion,
the average LAL reactivity across the indoor HSC groups
decreased below baselines, despite increasing amebocyte counts.
All HSCs tolerated bleeding in both the RAS and PCS groups.

DISCUSSION

In the wild, HSCs consume a diverse array of prey in their
natural habitat (Botton, 1984; Botton and Ropes, 1989; Hu
et al., 2013; Kin and Blazejowski, 2014). Although information
concerning the natural diet of HSCs has been reported (Botton,
1984), dietary requirements under natural pond-farming systems
and how natural food supplies impact overall health have
not been previously established. While macronutrient and
caloric densities of feed for aquatic species can be matched in
captivity, compositional disparities exist, which was illustrated in
bottlenose dolphin research showing a lack of diversity in the diet
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FIGURE 7 | Effect of 30% hemolymph extraction and autologous supernatant reinfusion on hemocyanin (Hc) and amebocyte density in HSCs in RAS and PCS.
Note: black bars = with reinfusion; blue bars = without reinfusion. RAS: (A) The percent change in serum protein concentration, measured by Hc and (B) in
amebocyte density, 7 days after 30% bleed (n = 4) with and without hemolymph reinfusion. PCS: (C) Percent change in Hc and (D) amebocyte density, 7 days after
30% bleed (n = 4) with and without reinfusion.

contributes to poor nutrition and health (Barros and Wells, 1998;
Cunningham-Smith et al., 2006; Berens-McCabe et al., 2010;
Powell and Wells, 2011). In the case of HSCs, the most abundant

FIGURE 8 | Effect of 30% hemolymph extraction and autologous supernatant
reinfusion on LAL reactivity. Average LAL reactivity from amebocytes extracted
at Day 0 and a week after 30% bleed (Day 7). Reactivity of a commercial LAL
control (E-ToxateTM, Sigma Aldrich, St. Louis, MO, United States) is
represented by a dashed line. Results are represented as mean ± S.E. (n = 4).

food source in the wild may not be the most suitable feed source
for aquaculture (Botton, 1984; Hu et al., 2013). Likewise, the
nutritional requirements of HSCs in captivity based on controlled
feeding trials have not yet been defined (Botton, 1984; Carmichael
and Brush, 2012). Inadequate nutrition and poor water quality
(due to high stocking density) can also contribute to HSC
stress, increasing susceptibility to pathogens and vulnerability to
captivity-induced disease (Kautsky et al., 2000; Carmichael et al.,
2003; Smith and Berkson, 2005; Defoirdt et al., 2007; Nolan and
Smith, 2009; Schreibman and Zarnoch, 2009; Kwan et al., 2014).

The objective of this research was aimed at comparing an
indoor RAS and an outdoor PCS for sustainable LAL production.
The initial hypothesis was that HSCs raised in an outdoor PCS
with access to natural sources of feed, as well as their exposure
to tidal rhythms and circadian light cycles approximating their
wild habitat, would fare better than HSCs reared in an indoor
RAS (Shuster, 1982; Barlow et al., 1986; Botton and Ropes, 1989).
However, the results of the studies suggest that indoor RAS
cohorts demonstrated more vigor across all health parameters,
with significant monitoring, access and management advantages
over the PCS approach.

Nutrition and farm maintenance strategies will undoubtedly
play a critical role in HSC immunocompetence and disease
resistance. For outdoor farming strategies, HSCs need to forage
along the bottom of the pond; therefore, PCS enclosures could
not float and instead needed to be fixed in place. This presented
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two major health problems with respect to depletion of natural
feed sources in confined bottom surface areas and waste build-
up, as well as difficulty in animal collection. The labor involved
in HSC collection was complicated by the depth and murkiness
of the water which made it difficult to find and retrieve the
animals, especially considering their ability to burrow into the
sediment that created a suction-like force or vacuum around
the shell and the bottom of the sea floor. The unexpected
difficulty in retrieving HSCs from such outdoor PCS traps for
frequent bleeding and routine health maintenance checks made
this an unsuitable aquaculture approach for LAL production. In
addition, outdoor (PCS) approaches between different farming
operations could vary depending on where and how HSC are
maintained in the outdoor facility in relation to water quality,
culture density, feed availability, natural waste build-up and
removal strategies, and other abiotic environmental variables
such as seasonal temperatures. In fact, earlier research showed
batch-to-batch seasonal variations in LAL prepared from wild
harvested populations in their sensitivity to LPS, which may
be related to HSC health and diet at varying times of the year
(i.e., after, during, or before spawning), as well as conditions in
the surrounding ecosystem (Lindberg et al., 1972). Thus, HSCs
cultured in an indoor RAS controlled diets and environmental
conditions should reduce these batch-to-batch variations that
might be expected in HSCs cultured in outdoor PCS or retrieved
from the wild. HSCs maintained in RAS after the bleeding process
may also provide more protection during this recovery period;
whereas, bled HSCs returned to the wild may be more susceptible
to disease from external influences related to poor water quality
and diet (Rudloe, 1983; Hurton et al., 2009; Anderson et al., 2013).

Due to existing nature conservation, water policy/legislation
and environmental constraints on the selected outdoor study
site, the ability to match the feeding regimen of the indoor
system was limited. Alterations to the habitat were also restricted;
thus, additional aeration was not incorporated. The mortality
in the outdoor system was attributed to diurnal and seasonal
fluctuations in water temperatures over the hotter summer
months (June-July). This was consistent with past results showing
that higher temperatures result in poorer HSC hemolymph
quality and lower survival rates (Coates et al., 2012). A lack
of feed diversity in the diet during the summer months (June-
Aug; Table 3) may have also contributed to poor nutrition and
consequent mortality. Although the HSCs in the PCS were given
supplemental feed weekly, the loss of 6 HSCs was not attributed
to starvation because the HSCs in that cohort rejected more
frequent feeding events (>1X per week when fed ad libitum).
However, the actual available feed intake, caloric density, and
nutrient complexity of the natural feed was not examined at the
pond foraging HSC site and should be considered further when
evaluating differences between the two systems.

Evidence from this study suggest that differences in
environmental conditions between outdoor PCS and indoor RAS
bring about major changes in terms of HSC health performance
and vitality. Further studies and research would be required to
determine whether supplemental feed and presentation strategies
could help address the nutritional needs and overall health of
pond-cultured HSCs without deleterious effects on water

quality (i.e., waste build-up). However, other uncontrollable
environmental factors such as fluctuating seasonal temperatures
can also directly influence oxygen and food consumption, as
well as natural feed (invertebrates) populations, affecting overall
HSC health. Appropriate site selection for pond-based PCS
farms would need to be evaluated to ensure that optimal seasonal
water and feed conditions could offer economic advantages over
environmentally controlled indoor RAS practices (e.g., reduced
feed, infrastructure, and operational costs). Further, hemolymph
quality, as assessed by Hc concentration and amebocyte density,
was shown to be consistent over the course of the 6-month study
in HSCs maintained in the RAS. In contrast, the HSC mortality,
coupled with declining Hc and amebocyte concentrations in the
outdoor study, suggested that this approach was suboptimal for
husbandry and therefore, LAL production.

LAL reactivity to an endotoxin standard (measured by the
opacity of gel-clot) was similar in the indoor and outdoor
HSC “No Bleed” test cohorts. LAL reactivity was also higher in
LAL prepared from husbanded HSCs compared to commercially
available LAL preparations (E-ToxateTM, Sigma Aldrich, St.
Louis, MO, United States); although additional studies would
be needed to identify and assess possible variables in reagent
preparation versus the harvest, freezing and single-thaw methods
herein (Figure 6). These results also indicate that husbandry
systems and nutrition influence the ratio and/or biochemical
properties of LAL protein factors (Tinker-Kulberg et al., 2020a,b).

The impact and long-lasting effects of biomedical bleeding and
handling stress on hemolymph properties of HSCs has not been
fully characterized. The traditional LAL extraction procedure
involves capturing HSCs during the spawning season, ambient
exposure during transport and containment of the animal up to
72 h at the biomedical facility, and substantial blood loss before
HSCs are returned to the point of capture, resulting in 15–30%
mortality or long-term health sequalae (Atlantic States Marine
Fisheries Commission (ASMFC), 1998; Leschen and Correia,
2010; Anderson et al., 2013). Past studies addressing rebound
kinetics of blood components after extensive bleeding have
shown that HSCs regain their blood volume within 1–3 days after
a 30% bleeding extraction, but hemolymph protein concentration
(e.g., 90% being Hc) takes 2–6 weeks to return to normal;
whereas, restoration of amebocytes takes up to 4 months (Rudloe,
1983; Novitsky, 1984; James-Pirri et al., 2012). In comparison,
Hufgard (2012) showed that amebocyte density can be recovered
after 2 weeks within ten percent of the baseline value following
significant hemolymph removal, and that the new amebocytes are
smaller than fully mature and degranulating amebocytes.

The effect of biomedical bleeding of 30% of total HSC
hemolymph volume was studied in both RAS and PCS
to determine the rebound kinetics of Hc and amebocyte
concentration after a 7-day recovery period (Figure 7). In
contrast to prior studies, HSCs immediately regained their
weight within hours after a 30% bleed extraction presumably
through water sequestration from the recovery tank, a normal
phenomenon used by aquatic animals to regulate their volume
and ion concentrations (Rudloe, 1983; Novitsky, 1984; James-
Pirri et al., 2012). As expected, Hc levels were not fully
recovered within 7 days after being bled in the absence
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of supernatant reinfusion, however, in comparison to prior
studies the amebocyte counts were fully restored within this 1-
week period. HSCs that received reinfusion of the autologous
supernatant (amebocyte-free hemolymph) showed increased
serum protein levels and amebocyte counts above baseline levels
(Figure 7). Further studies have shown similar results when two
successive 10% bleeds, separated by a 1-week recovery period,
were performed on indoor cultured HSCs (Tinker-Kulberg
et al., 2020b). This rapid upregulation of Hc and circulating
amebocytes above baseline levels may be a physiologic response
to compensate for natural blood loss and injury (Hufgard, 2012).

Notably, although amebocyte levels rebounded 1 week
after the 30% bleeding, LAL reactivity did not, with or
without reinfusion. Thus, during amebocyte biosynthesis
and regeneration, immature amebocytes may contain lower
concentrations of LAL components (i.e., lower reactivity per µg
of LAL); and as ameboctyes mature, maximum LAL reactivity
would presumably be reached. Although HSCs maintained in
the RAS and PCS demonstrated similar Hc and amebocyte
rebound kinetics, a slight improvement was observed in RAS
HSCs. In summary, reinfusion appears to enhance post-bleed
recovery, which would allow captive HSCs to be bled more often
if routinely reinfused, and high LAL yields may be obtained if
newly formed amebocytes are allowed to mature.

Reinfusion of supernatant after hemolymph collection and
amebocyte extraction appeared to be not only salutary for
HSC recovery, but it also establishes an entirely new method
in HSC bleeding and management. The commercially vital
component of HSC hemolymph comprises 5–10% of overall
hemolymph volume, leaving some 90% as waste in current
industry practices, and its loss may contribute to subsequent
mortality and deleterious effects after being returned to the
water (Anderson et al., 2013). That is, reinfusion to restore
hemolymph volume and oxygen transfer could prove beneficial
to the HSCs by reducing the risks of hypoxia while accelerating
recovery of metabolic homeostasis and amebocyte rebound;
and therefore, allow for more frequent hemolymph collection.
Further validation of HSC aquaculture could yield significant
industry disruption of current practices, given that a small,
captive cohort of HSCs could be sustainably bled up 12 times
per year with 100% survival in an industry with 30% mortality
resulting from random wild capture and bleeding just once
per year. Further studies to determine the precise relationship
between maximum threshold levels of bleeding and recovery
time required for optimal amebocyte and Hc rebound kinetics
will be particular useful to safeguard against such post-bleeding
mortality in HSCs.

Finally, with respect to outdoor aquaculture as a sustainable
means of producing LAL, and notwithstanding these findings,
the labor and logistics associated with accessing the outdoor
cultivated HSCs for bleeds and health assessments proved a
significant challenge throughout the course of this work. Despite
the custom design of an inshore pen system, the labor and time
associated with swimming/wading to retrieve the HSCs (via tags
affixed to the HSC shell), were especially problematic aspects
of the outdoor system. The indoor system, on the other hand,

proved to be conducive to regular handling of the HSCs, with the
potential for more frequent, low-impact hemolymph harvesting.
Outdoor pond-culturing systems would also be highly variable
in abiotic and biotic factors. While seasonal changes in salinity
and temperature in an outdoor system are inevitable, there is
a greater degree of control in the indoor system and therefore,
reproducibility. Thus, while there were indeed slight differences
in specific water quality parameters between our indoor and
outdoor system (Table 1), this study was aiming to assess
how those differences might affect HSC health and hemolymph
quality. As such, irrespective of the outdoor limitations, indoor
RAS husbandry provided greater environmental control (e.g.,
DO, temperature, and water chemistry) and ease of operation that
would be more practicable for year-round LAL production.

The effects and optimization of diet and different bleeding
volumes and regimens, coupled with optimal recovery times, on
HSC health and LAL production from HSCs raised in an indoor
RAS have been recently reported (Tinker-Kulberg et al., 2020a).
The use of intravascular catheters surgically implanted in the
respective pericardial membranes of the HSCs, which allowed
for routine hemolymph collection without repetitive membrane
punctures, has also been recently investigated (Tinker-Kulberg
et al., 2020b). Notably, these additional strategies would help to
ensure wellbeing of HSC in captivity for optimal LAL production
in indoor culturing systems.

CONCLUSION

During this study, HSC culture conditions, health parameters,
collection and processing SOPs for both indoor and outdoor
aquaculture systems were established. The process was designed
to establish an alternative, sustainable LAL source to address
current and projected issues that face wild HSC populations,
the global biomedical industry demands, and the patients
that depend on safe products. Indoor HSC aquaculture was
proven practicable by demonstrating that indicators of well-
being, including weight, Hc concentrations, amebocyte levels,
and LAL reactivity remained constant; however, the outdoor
PCS in this study posed overarching regulatory, environmental
and accessibility challenges and yielded inferior results across
all parameters, including HSC survival. Additional application
of the indoor RAS method and HSC catheterization, combined
with nutritional optimization could therefore serve to enhance
HSC wellbeing and allow for sustainable, year-round harvesting
of LAL, a wholly unique and globally vital resource. Once
thoughtful innovation and stewardship are amalgamated into
LAL production, the discussion should move toward integrated
aquaculture of the species to ensure sustainability for both HSC
and human medicine.
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