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The Limulus amebocyte lysate (LAL) isolated from cells in the horseshoe crab (HSC)
hemolymph is a critical resource for global biomedical and pharmaceutical quality control
and sterility testing. Given the necessity of and limitations associated with wild capture,
a conservational approach to LAL harvesting would benefit the medical community
that relies on the raw material while helping ensure species viability. We posited that
aquaculture and year-round collection represented a sustainable alternative for the
production of LAL from a finite HSC cohort, thereby averting the impact of current
practices on wild populations. Given the specter of captivity diseases linked to diet,
such as panhypoproteinemia, this work, at the outset, focused on optimizing a feed
formulation to ensure animal vitality. In turn, each preparation required evaluation with
respect to effects on LAL, as well as vital HSC health markers, so as to meet or exceed
industry requirements and establish a new supply chain paradigm. In this controlled
husbandry study, we conducted three 8-week feeding trials and demonstrated a∼7-fold
LAL reactivity range among the HSC feed groups. Relative protein abundance patterns
of HSC amebocyte clotting factors (i.e., Factor C, Factor B, and proclotting enzyme)
were influenced by diet in particular, and the up-regulation of specific LAL factors
correlated with enhanced reactivity. These results also cite the discovery that coagulation
Factor C, the LPS-sensitive serine protease proenzyme, may be a phosphoprotein.

Keywords: amebocyte, aquaculture, horseshoe crab, Limulus amebocyte lysate, nutrition, protein expression,
sustainable

Abbreviations: 1, delta; h, parts per thousand; A-chain, alpha-chain; AF, As fed; AP, alkaline phosphatase; ALP,
aquaculture lysate pool; ASMFC, Atlantic States Marine Fisheries Commission; β, beta; B-chain, beta-chain; BET, bacterial
endotoxin test; BCA, bicinchoninic acid assay; b/w, body weight; BSA, bovine serum albumin; Ca++, calcium; CaCl2,
calcium chloride; ◦C, celsius; COCH, cochlin; dL, deciliter; DM, dry matter; CP, crude protein; HSC, Horseshoe crab;
EC, electric conductivity; EU, endotoxin unit; ft, feet; g/mol, grams per moles; kDa, kilodalton; kJ, kilojoules; kJ/g,
kilojoules per gram; H-chain, heavy chain; Hc, hemocyanin; LAL, Limulus amebocyte lysate; lb, pound; L-chain, light
chain; LPS, lipopolysaccharide; MgCl2, magnesium chloride; mmol/L, millimoles per liter; NaCl, sodium chloride; nm,
nanometer; OD, optical density; Oxy-Hc, oxyhemocyanin; g/mol, molar mass; GPCR, G-Protein-Coupled Receptor; PNGase,
glycopeptidase F; ppm, parts per million; RAS, recirculating aquaculture system; rcf, relative centrifugal force; SOP,
standard operating procedure; TGase, transglutaminase; Tris-HCl, tris(hydroxymethyl)aminomethane hydrochloride; µ,
micro; UV-Vis, ultraviolet-visible; v/v, volume/volume; w/v, weight/volume.
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INTRODUCTION

Marine pharmacognosy focuses on the development of clinically
significant products obtained from marine species (Malve, 2016).
A common limitation of this sector is the lack of viable
supplies of unique compounds (Lindequist, 2016). In recent
decades, aquaculture has advanced significantly and currently
plays a prominent role in global food and environmental
sustainability. Similarly, aquaculture represents an opportunity
to establish a reliable source for production of marine-derived
biomedical compounds.

The HSC, Limulus polyphemus, is one such marine species that
has been utilized by pharmaceutical and device manufacturers,
worldwide (Krisfalusi-Gannon et al., 2018; Bolden, 2019).
Annually, some 600,000 Atlantic HSCs are captured and bled
to meet the demand for Limulus amebocyte lysate (LAL)
testing (Atlantic States Marine Fisheries Commission, 2019).
The assay is the primary FDA-approved method for bacterial
endotoxin testing (BET) of biomedical products and devices
(Wachtel and Tsuji, 1977; Hochstein, 1990; Bryans et al.,
2004; Novitsky, 2009; Food and Drug Administration, 2014).
Aquaculture husbandry represents a sustainable alternative to
wild-capture bleeding practices associated with an estimated
30% mortality rate (Anderson et al., 2013). Establishing a finite
cohort (∼5–10% of one year’s catch) of carefully monitored
and consistently nourished HSCs in managed habitats would
allow year-round, low-impact harvesting to meet current LAL
demand for the majority of the typical HSC life expectancy of
up to ∼20 years while helping to replenish wild populations
(Grady and Valiela, 2006).

Derived from HSC blood cells (amebocytes), LAL is
exceptionally sensitive (parts per trillion) to lipopolysaccharides
(LPS). Also known as endotoxin, LPS is a constituent of the
cell wall of gram-negative bacteria (Roslansky and Novitsky,
1991). Activation of the LAL pathway results in cleavage of three
serine protease zymogens: Factor C, Factor B and proclotting
enzyme, as well as the secretion of transglutaminase (TGase)
from the amebocyte cytosol (Osaki et al., 2002; Osaki and
Kawabata, 2004). Endotoxins trigger autocatalytic activation of
Factor C zymogen into its active form, which in turn activates
Factor B in an LPS-dependent manner, converting the proclotting
enzyme to the clotting enzyme that cleaves coagulogen (Iwanaga
et al., 1992, 1998; Muta and Iwanaga, 1996; Kawabata and
Muta, 2010; Kobayashi et al., 2015). The endpoint is the
conversion of coagulogen into coagulin, an altered fibrin-like
protein gel (Iwanaga, 2007). In a Ca++-dependent pathway,
TGase helps to stabilize the clot by cross-linking coagulin with
two other proteins, proxin and stablin (Osaki et al., 2002;
Matsuda et al., 2007).

Previous studies have determined the diet and food
preferences of HSCs in their natural habitat, but there is
relatively little information available regarding the diet of HSCs
in aquaculture, with most captive diets composed of a natural
feed sources, such as shrimp, krill, mussels, sprat, sand eels,
squid, mackerel, and trash fish (Botton, 1984). Three decades of
adult HSC aquaculture have yet to define optimal parameters
required for long-term management in captivity (Carmichael

and Brush, 2012). Sustained aquaculture (exceeding 6 months)
has been associated with low survival rates, principally linked to
poor water quality (due to high stocking density) and inadequate
nutrition, both of which place the HSCs under stress and
increase their susceptibility to pathogens and vulnerability to
captivity-induced disease (Kautsky, 1982; Smith and Berkson,
2005; Defoirdt et al., 2007; Carmichael et al., 2009; Nolan and
Smith, 2009; Schreibman and Zarnoch, 2009; Kwan et al., 2014).
Specifically, the most notable malady of captive adult HSCs
has been panhypoproteinemia; whereby, hemolymph protein
concentrations drop below 3.4–11.7 mg/mL after 3–4 months
(Nolan and Smith, 2009). This syndrome is thought to be
caused by nutritional deficiencies and results in protein-losing
enteropathy and nephropathy, as well as hepatic insufficiency
(Nolan and Smith, 2009).

Studies of HSC feed formulations have also been largely
lacking, defaulting to costly natural resources (e.g., fish,
crustaceans, and mollusks) for short-term indoor research. Many
factors affect the nutrient composition of natural feeds, further
complicating nutritional parameters and requiring frequent
adjustment. In the wild, most aquatic animals are opportunistic
and consume a diverse array of prey. However, captive diets are
typically limited in complexity due to species availability and
consist of frozen and thawed bivalves, cephalopods, or pelagic
fish, often exposed to prolonged storage. Freezing and thawing
natural feeds can also cause water-soluble vitamin loss through
diffusion at erratic, non-linear rates (Rigdon and Drager, 1955;
Dierenfeld et al., 1991).

Alternatively, synthetic options provide affordable and
nutritionally defined aquaculture feedstocks. Manufactured feed
is typically formulated for the type and life stage of each species.
To date, however, HSC-specific commercial feed has not been
developed, and the suitability of adapting current feedstocks for
captive HSCs has not been extensively studied. Given that such
products are typically intended to stimulate consumption and
rapid growth, they nonetheless may not be appropriate for long-
term HSC maintenance. Current aquatic feed trends have also
transitioned to alternative, terrestrial sources of proteins and
lipids to keep prices competitive and growth rates high, whereas
an optimal HSC product would center on animal vigor and
cellular health.

One circulating cell type, the amebocyte, confers HSC
immunity. In response to microbial exposure, amebocytes
initiate formation of coagulin, a polymer of protein, to envelop
endotoxins (LPS) and prevent systemic infection. This single-cell
simplicity of the HSC hemolymph (copper-rich blood) offers a
unique model to investigate the impact of various diets at the
cellular level, not feasible in most species.

Ultimately, this aspect of our work focused on the effects
of diet on HSC wellbeing, cellular health, and LAL quality in
the greater context of establishing prototypical nutritional and
aquaculture standards for adult HSC husbandry and year-round
LAL production (Tinker-Kulberg et al., 2020a,b). Specifically,
these efforts concentrated on developing feed formulations
enriched with natural sources of vitamins, minerals, and
probiotics to support long-term HSC aquaculture management
and establish a new, sustainable supply paradigm for a critical
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industrial raw material (LAL). This work may also provide a
foundation for applications in a variety of sectors.

MATERIALS AND METHODS

Recirculating Aquaculture System for
HSC Husbandry
The HSC studies were conducted in a recirculating aquaculture
system (RAS; Clear Flow Aquaponic System, Nelson and Pade,
Montello, WI, United States) equipped with four holding
tanks (4′ × 6′ × 1′); a biofiltration tank with K1 medium
(Pentair, Minneapolis, MN, United States); and a clarifying
(solids separation) tank (Figure 1). Ambient air supplied
oxygen to the water via a piston pump with supplemental air
stones positioned in each tank (Nelson and Pade, Montello,
WI, United States). Water was recirculated through biological
filtration tanks, allowing for purification, hygiene and disease
prevention. The tanks were brought to a salinity of 20–22h
using a commercial sea salt preparation (Crystal Sea R©, Marine

FIGURE 1 | Recirculating aquaculture system (RAS). Temperature-controlled,
saltwater system optimized for HSC comprising: four discrete tanks, filtration
units, and aeration system. Respective feed formulations were provided to
specific tanks with 6 HSCs each.

Enterprise International, Baltimore, MD, United States), an
aquatic salinity refractometer (AEROway, ImagitariumTM, San
Diego, CA, United States), and an electric conductivity (EC)
meter (Bluelab Corporation, San Dimas, CA, United States).
Weekly saltwater exchanges were performed between 1 and 2%.

Target water-quality parameters were determined based
on standard saltwater aquaculture methods (Timmons, 1994;
Schreibman and Zarnoch, 2009; Ebeling and Timmons, 2010;
Shelley and Lovatelli, 2011), and comprehensive daily, weekly
and monthly analyses were conducted. Daily water conditions
were optimized 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.

HSCs (n = 24) were procured (Dynasty Marine Associates,
Marathon, FL, United States) or obtained via a collection
permit and then maintained in accordance with an aquaculture
operation permit (North Carolina Department of Environmental
Quality, Division of Marine Fisheries; #1946771 and #1947050,
respectively). 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 1.0-lb per square foot, resulting in
approximately one HSC per 4-ft3 of tank space.

Feed Studies, Sources and Key
Parameters
For the feed studies, ∼6 adult HSCs were held in each tank,
such that their combined weight was similar between the four
cohorts. Mature HSCs used in this study on average weighed
1.77 ± 0.77 kg (3.91 ± 1.58 pounds). Each cohort had the
same number of males and female HSCs to avoid differences in
feeding behavior or data bias. To ensure HSC wellbeing and avoid
captive-induced panhypoproteinemia, diet and feeding rates were
established over a 6-week period prior to initiation of the trials.
The feed rates, crude protein (CP) intake, nutrient composition,
and daily energy requirements were determined for natural feed
preparations and a commercial aquaculture feed (Tables 1–3).
Initial observations revealed that HSCs fed at different rates per
day (expressed as the percent of b/w of the HSC) depending on
the diet. Feed rates were calculated as a percentage of HSC body
weight eaten within 8 h (any feed not consumed was removed
from the tanks), with a total daily feed rate of 3%, consistent
with Carmichael and Brush (2012). We found that at this rate,
feed was in slight excess and not limiting, and thus HSCs were
more or less feeding at ad libitum throughout the day. The
average gross energy of each diet was calculated by summing
the content of its protein (23.6 kJ/g), lipid (39.5 kJ/g), and
carbohydrate (1.2 kJ/g) components (National Research Council,
1993). The nutrient content of natural sourced diets (Diets B–D;
Tables 2, 3) was estimated from published references (McRoberts
Sales Co. Inc, 2014; Food and Agriculture Organization,
2019; United States Department of Agriculture, 2019). Chemical
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TABLE 1 | Feed trial and respective cohort diets.

HSC Cohort Stocking Feed Rate† Feed Trial 1 Feed Trial 2 Feed Trial 3

1 6 HSC/tank 3% A A A

2 6 HSC/tank 3% B C D

3 6 HSC/tank 3% E E E

4 6 HSC/tank 3% – F F

†Feed was provided as a percentage of HSC body weight.

TABLE 2 | Composition and costs of feed trial diets.

Diet Type Composition Cost / lb

A† Manufactured Feed Beef Gelatin; Blood Meal; Corn Gluten Meal; Feather Meal; Fish Meal;
Fish Oil; Poultry By-product Meal; Soybean Meal; Wheat Flour; Wheat
Middlings; Synthetic Supplements (15 Vitamins and 9 Minerals)

$0.78

B Natural Feed (Low Complexity) Chicken Hearts; Shrimp $5.00 – $6.00‡

C Natural Feed (Mild Complexity) Chicken Hearts and Livers; Earthworms; Fish Remnants; Mussels;
Shrimp

$5.00 – $6.00‡

D Natural Feed (High Complexity) Anchovies; Chicken Hearts and Livers; Earthworms; Fish Remnants;
Glass Minnows; Krill; Mussels; Scallops; Shrimp; Squid; Whole Fish

$5.00 – $6.00‡

E Experimental Feed 1 Albumin; Beef Gelatin; Cholesterol; Enzymes; Fatty Acids; Fish (Several
Species); Macro- and Microalgae; Prebiotics; Probiotics; Whey
Proteins; Natural and Synthetic Supplements (20 Amino Acids; 17
Minerals; and 13 Vitamins)

$0.89

F Experimental Feed 2 Beef Gelatin and Collagen; Poultry By-products; Natural Supplements
(20 Amino Acids; 10 Minerals; and 6 Vitamins)

$2.00

†Commercial Feed – Skretting Classic Brood 46/12 Complete Feed. ‡Average. Costs reflect the finished feed.

TABLE 3 | Nutrient content of feed trial diets.

% Nutrient Content (As Fed)

Diet Gross Energy* Moisture Protein Lipids Fiber Ash

A 244 50.0 23.0 6.0 2.0 n.d.

B† 187 77.5‡ 18.0 5.0 < 1.0 n.d.

C† 161 77.5‡ 16.0 4.0 < 1.0 n.d.

D† 161 77.5‡ 16.0 4.0 < 1.0 n.d.

E 196 66.0‡ 16.2‡ 6.9‡ < 1.0 5.8‡

F 153 66.0‡ 11.8‡ 5.9‡ < 1.0 1.15‡

DM, dry matter. ∗Gross Energy = Kilojoules/kg of HSC/day. †Natural diets
estimated from literature. ‡Average. n.d., not determined.

analyses of experimental gelatin-based diets were performed
by an external independent laboratory (i.e., dry matter,
DM; Carolina Analytical Services, LLC, Bear Creek, NC,
United States). Dry weight was determined by comparison before
and after dehydration of feeds at 125–140◦C for 48 h. The
nutrient content of the wet feed (AF, As Fed) used in the feeding
trials was determined by multiplying the DM nutrient content by
the DM ratio (dried/wet feed weight).

Six feed sources were combined into the three evaluations,
including: natural sources (three variations); a commercial hard
pellet feed (Classic Brood 46/12 Complete Feed, Skretting,
Tooele, UT, United States); and two experimental formulations
shown in Table 2 [amino acid composition (%); Supplementary
Table 1]. The commercial and experimental feeds were modified

with gelatin (5% w/v) to retain moisture, limit nutrient leaching
and facilitate sinking to allow characteristic HSC bottom foraging
while providing the same stability between feeds. The gelatin-
based matrix conferred an ability to easily and economically
encapsulate the nutritional inputs, while readily retaining
palatability, consistency, and stability (in storage, as well as in
the aquaculture system). Natural, frozen feeds were purchased
commercially (Aylesworth’s Fish and Bait, St Petersburg, FL,
United States) or sourced locally and fed directly. Except for
natural feeds that were given whole, the experimental feeds were
processed through a meat grinder, mixed with hot gelatin (65–
70◦C) and allowed to solidify at room temperature. They were
measured for each cohort based on daily consumption rates and
then frozen at −20◦C to preserve freshness. Feed was thawed
only once and fed daily to each cohort. Fresh batches were
made at the beginning of each trial to safeguard vitamins that
are susceptible to oxidation during prolonged frozen storage.
Diets were optimized to ensure that macronutrients (protein and
lipids) and micronutrients (Vitamins B, C, E, and K, copper,
etc.) were available for hemocyanin production, as hemocyanin
loss initially follows hemolymph harvest. Some feed formulations
(Diets B–F, Table 2) naturally contained or were enriched with
probiotics and prebiotics from natural sources to ensure healthy
gut microbiota and improve digestion and extraction of energy
and nutrients from the feed (Abelli et al., 2009; Qi et al., 2009;
Fukuda and Ohno, 2014; Torrecillas et al., 2014; Carnevali et al.,
2017; Gibson et al., 2017; Egerton et al., 2018).

Respective feed trials, HSC cohorts, and diet compositions are
shown in Tables 1, 2. The feeds were dispersed in individual
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tanks, and each group received the same feed at ∼3% of the total
body weight per tank each day throughout the 8-week periods,
with the exception of Cohort 2 (Table 1). The variety of natural
feed sources was increased with each successive trial for the
latter cohort (Tables 1, 2) to investigate dietary complexity and
diversity. After each study, HSCs were also physically examined
with respect to the carapace, joints, eyes, and book gills, as well as
weight and size. Total serum protein concentration, amebocyte
density (cells/mL), and LAL reactivity were also analyzed at the
beginning and conclusion of each feed trial.

Hemolymph Collection and Analysis
Hemolymph was collected at the start and culmination of each
feed study via previously established methods (Coates et al., 2012;
Anderson et al., 2013). The pericardial membrane was cleaned
twice with 70% ethanol prior to hemolymph collection with a
22-gauge needle (Becton Dickinson, NJ) using a standard SOP
(Armstrong and Conrad, 2008). An aliquot of the hemolymph
was diluted (1:1) in a pre-chilled anticoagulant mixture (pH
7.3) of N-ethylmaleimide (NEM; 0.125%), NaCl (3%), and Tris-
HCl (0.5M, pH 7.5) for amebocyte density analysis. Sterile tubes
containing the balance of each harvest were centrifuged (1000
rcf/5 min), and the supernatant was removed and stored at
−70◦C pending hemocyanin analysis. Any samples that appeared
clotted after centrifugation were discarded. Amebocyte pellets
were washed with endotoxin-free NaCl (3% v/v) and then stored
at -70◦C pending LAL extraction.

Hemocyanin and amebocyte density were measured
throughout the study as HSC health indicators (Nagai
et al., 2001). Total serum protein concentration was used as
a proxy for hemocyanin (Hc) by diluting the hemolymph
supernatant in 0.1M Tris-HCl (pH 7.5) and measuring
absorbance at 280nm (UV-Vis Spectrometer; Cary 6000i, Agilent
Technologies, Santa Clara, CA, United States). Dioxygen-bound
Hc (Oxy-Hc) was likewise measured at 340nm. The total
protein concentration was calculated according to Nickerson
and Van Holde (1971), using the absorption coefficient
A280 = 1.39 mg−1mLcm−1 for hemocyanin.

Amebocyte density was calculated by adding 10 µL of
the NEM-stabilized cells to a hemocytometer and analyzed
microscopically. Since amebocytes are susceptible to rapid
degranulation, a digital camera was used to record bright field
images from the hemocytometer, and counts were processed
offline (ImageJ Software, NIH, Bethesda, MD, United States).

LAL Preparation and Reactivity
Limulus amebocyte lysate reactivity was also evaluated
throughout the study as an HSC health indicator and to
investigate the effects of aquaculture diets on quality. LAL was
prepared by thawing frozen amebocyte pellets on ice and then
lysing them in pyrogen-free water at a 1:1 ratio to original
hemolymph collection volume under gentle agitation overnight
at 4◦C. Next, a chloroform extraction (1:1 v/v) of the lysate was
performed, and the aqueous phase was measured for total protein
using a BCA kit (Pierce, Thermo Fisher Scientific, Waltham, MA,
United States). All LAL extracts were aliquoted and frozen at
−80◦C pending analysis (consistent LAL reactivity was observed

in frozen samples for up to 6-months). LAL samples were also
limited to a single freeze-thaw cycle to preserve reactivity.

Limulus amebocyte lysate from HSCs fed different diets
was evaluated turbidimetrically. Equal protein amounts of
amebocyte lysate (LAL) isolated from individual HSCs in each
feed cohort (n = 6) were pooled and analyzed for their
relative reactivity. LAL from commercial kits (E-ToxateTM,
Sigma Aldrich, St. Louis, MO, United States) served as a
reference. For each LAL assay, an equal amount of protein
from pooled aquaculture lysates and reference LAL were
brought to a total volume of 100 µL using endotoxin-free
water; these were mixed gently with 100 µL of endotoxin
solution (final concentration: 0 – 50 EU/mL) in a pyrogen-
free, 96-well microplate and incubated at 37◦C for 1 h. The
conversion of coagulogen to coagulin was measured at 340 nm
on a microplate reader (BioTek 800, BioTek Instruments,
Winooski, VT, United States). The turbidity of the blank
(endotoxin-free lysates) was subtracted from test values, and
the relationship between endotoxin concentration and clot
formation was measured. The reactivity of the aquaculture
LAL was normalized to the reference LAL, and relative
absorbance was measured.

Protein Analyses
Purified protein extracts (10 µg) from each feed group were
subjected to SDS-PAGE in the presence of β-mercaptoethanol.
Each sample was diluted in a loading buffer (NuPageTM,
Invitrogen, Carlsbad, CA, United States) containing
2.5% β-mercaptoethanol and heated to 85◦C for 3 min.
Electrophoresis was performed on 8% Tris-Glycine
gels (NovecTM Wedge Well, Invitrogen, Carlsbad, CA,
United States). A pre-stained protein standard (SeeBlue R©

Plus2, Invitrogen, Carlsbad, CA, United States) was used
as a molecular weight marker, and commercial LAL
was used as a reference (E-ToxateTM, Sigma-Aldrich, St.
Louis, MO, United States). The gel was either stained
(Coomassie Brilliant Blue R-250; Bio-Rad, Hercules, CA,
United States) or transferred to a polyvinylidene fluoride
(PVDF) membrane (Invitrogen, Carlsbad, CA, United States) for
Western blot analysis.

For Western blotting, the PVDF membranes were blocked
with PBS (pH 7.4) containing 5% BSA (or 5% non-fat milk)
and 0.1% Tween 20 for 1 h at room temperature. Primary
rabbit polyclonal antibodies [COCH (A6562), Factor IX (A1578)
and KLKB1 (A5318)] were used for the detection of LAL
clotting factors (ABclonal Inc., Woburn, MA) by overnight
incubation at 4◦C (1:1,000 – 1:3,000; determined experimentally).
Membranes were washed 3X with PBS/Tween 20 (0.1%) for
7 min with agitation and then incubated with a goat anti-rabbit
secondary antibody (1:10,000 dilution) labeled with horseradish-
peroxidase (HRP; ABclonal Inc, Woburn, MA, United States)
for 1 h at room temperature. Residual secondary antibody
was removed by washing, as described above. The membranes
were incubated with ECL reagent (Thermo Fisher Scientific,
Waltham, MA, United States) for 5 min at room temperature,
and consequent target protein luminescence was measured
(AmershamTM Imager 600; GE Life Sciences, Piscataway, NJ,
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United States). Relative protein abundance within the linear
dynamic range was quantified using densitometry.

Post-translational protein modification of the LAL extracts
was measured by Coomassie staining or Western blot, as
described above. Prior to electrophoresis, LAL extracts were
treated with either glycopeptidase F (PNGase F; ∼36 kDa;
New England BioLabs, Ipswich, MA, United States), under
denaturing conditions at a final concentration of ∼0.4 units
of enzyme (20 ng/µg of lysate) or alkaline phosphatase (calf
intestine AP; ∼54 kDa; Roche, Indianapolis, IN, United States)
at a final concentration of 2 units of enzyme (2 µg/µg
of lysate) according to the manufacturer’s instructions.
Protein deglycosylation and dephosphorylation were assessed
by analyzing mobility shifts (AmershamTM Imager 600,
Buckinghamshire, United Kingdom).

Data Analysis
Individual HSC cohorts were used for each respective analysis
(Table 4). Standard deviation between individual HSCs (n = 6)
within each cohort was calculated. For simplicity and assay
accuracy, LAL reactivity was measured using pooled samples
from HSCs within each feeding cohort (n = 6), comprised of
equal amounts of proteins from each one. The standard deviation
of LAL reactivity represents each assay performed in triplicate.
LAL reactivity derived from individual HSCs was close to the
mean of pooled samples from each cohort. All trials represent the
mean ± standard deviation, where n equals the number of HSCs
per cohort. If a difference was determined, a Student’s t-test was
used for comparison, assuming equal variance, with a significant
difference set at p ≤ 0.05.

RESULTS

Feed Rate Determination
Three separate 8-week feed trials were conducted to investigate
the effect of diet on health parameters of respective HSC cohorts
(n = 6 per study) as described in Table 1. The nutritional
composition and economic analyses were determined for each
experimental feed (Tables 2, 3). CP intake for adult HSCs
ranged between 3.6 and 6.9 mg per gram of HSC b/w per
day [(CP (mg)/(HSC body weight (g) per day)] when fed an

TABLE 4 | Effect of diet on aquaculture LAL vs. Reference LAL reactivity.

LAL Reactivity (Compared to Reference LAL)

HSC Cohort Diet Group Feed Trial 1 Feed Trial 2 Feed Trial 3

1 A 1.9X 1.5X 1.0X

2† B 1.1X – –

2† C – 1.4X –

2† D – – 1.6X

3 E 2.1X 1.4X 0.4X

4 F – 1.6X 2.9X

†HSC Cohort 2 was provided increased dietary complexity in each
successive feed trial.

11–23% protein diet at a 3% daily feed rate. Experimental
feeds were developed to provide the target energy requirements
(Joules) from 153 to 244 kJ [HSC body weight (kg) per day]
determined in the pre-trial feed studies (Table 3). These values
are aligned with growth trials conducted with juvenile HSCs that
were shown to require 224 kJ of digestible energy and 8.7 mg
of digestible protein for maintenance per gram b/w per day
(Tzafrir-Prag et al., 2010).

Irrespective of feed type, adult HSCs consumed similar
amounts of food energy per day across all groups (i.e.,
mean = 150 kJ per kg of HSC b/w per day), and the previously
cited 3% feed rate was thus validated and employed (Carmichael
and Brush, 2012; Table 1). Maintenance levels of CP for adult
HSCs were found to be ∼5.25 mg per gram b/w per day
when fed an 11–23% protein diet, which aligned with various
fish, shrimp, and juvenile HSC aquaculture studies (Kuresh
and Davis, 2000; Blanc and Margraf, 2002; Lupatsch et al.,
2008; Berkson et al., 2009; Tzafrir-Prag et al., 2010). The daily
feed rate and diet formulations sustained HSC weight (±1.2%)
and serum protein levels (>5.0 mg/mL) over the course of
the feed study with a 100% survival rate (Supplementary
Table 2). All HSCs were mature and no longer prone to
molting; thus, their growth rate did not increase over the
course of the study.

Feed Trial 1: Effect of Diet on LAL
Reactivity and Protein Levels
Horseshoe crabs were provided three different diets over a
period of 8 weeks (Diet A, Diet B and Diet E; Tables 1–
3). At the outset of Feed Trial 1, the aquaculture HSC
serum protein baselines (hemocyanin concentration, Hc) ranged
from 44.49 to 65.15 mg/mL. Upon trial conclusion, HSCs
fed Diet E had the highest LAL reactivity (2.1X higher than
reference LAL) but showed the lowest Hc concentration (Diet
E = 21.2 + 1.22 mg/mL vs. Diet A and B = 43.6 + 8.9 and
65.2 + 11.8 mg/mL, respectively); whereas, amebocyte density
remained constant across the three groups, ranging between
∼2× 107 to 3× 107 cells/mL.

The reactivity of LAL extracts (150 µg) for each feed group and
a reference LAL are shown in Figure 2A. LAL incubation with
low concentrations of LPS (0.5 EU/mL) revealed similar reactivity
(clot formation) for aquaculture-derived LAL from HSCs fed
Diet E and reference LAL as a standard control (E-ToxateTM;
Sigma-Aldrich, St. Louis, MO, United States). However, the LAL
reactivity derived from HSCs fed Diets A and E was ∼2X more
responsive than reference LAL at high concentrations (saturation
levels) of LPS (50 EU/mL) (Figure 2B). Diet B, the least-complex
feed (Table 2) showed the lowest reactivity at 0.5 and 5.0 EU/mL
concentrations of LPS, but it was equivalent to that of reference
LAL at 50 EU/mL.

The reactivity of LAL from the Diet E cohort and the reference
LAL were evaluated at increasing protein concentrations (0,
10, 25, 50, and 75 µg, Figure 2C) to assess gelation (1OD)
between LAL extracts in the presence of saturation levels of LPS
(50 EU/mL). Both extracts required at least 50 µg of total protein
(or 250 µg/mL) for absorbance to increase 0.200 units above the
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FIGURE 2 | Effect of diet on LAL reactivity to endotoxins (Feed Study 1).
(A) Gel formation measured by absorbance at 340 nm. Hundred and fifty µg
of aquaculture LAL was evaluated at a range of endotoxin concentrations: 0,
0.5, 5.0, and 50.0 EU/mL with a reference LAL. Results are represented as
mean ± SD between individual LAL assays performed in triplicate. (B) LAL
reactivity to endotoxin from each diet cohort was normalized to reference LAL
reactivity at 50 EU/mL of LPS. (C) Reactivity (gelation) of increasing
concentrations of LAL (0, 10 25, 50, and 75 µg total protein) from HSCs fed
Diet E vs. reference LAL at 50 EU/mL of LPS measured by absorbance at
340 nm. Results are represented as mean ± SD between individual LAL
assays performed in triplicate.

background (indicative of a positive reaction/gel formation). At
75 µg of LAL protein, the Diet E cohort also showed greater
reactivity (2.1X higher) per µg of total protein compared to
control LAL after 1 h of incubation with a saturation-level
(50 EU/mL) of the LPS substrate.

Feed Trial 2: Effect of Increased Diet
Diversity on LAL Reactivity
In the first feed trial, HSCs in Cohort 2 were provided a
natural feed diet (Diet B; Tables 1, 2) as previously reported
(Carmichael and Brush, 2012), and their LAL demonstrated
the lowest reactivity (Figures 2A,B). During the second feed
trial, the nutrient complexity and diversity of the natural feed
sources were increased by adding a greater variety of marine-
derived proteins [Table 2: Diet B (2 sources) compared to
Diet C (6 sources)]. Additionally, a new experimental feed
(Diet F) was developed with different sources of proteins and
lipids than those used for Diet E (Table 1), in an effort to
avoid declining Hc (21.2 mg/mL) values observed in Trial
1 for Diet E. In Feed Trial 2, HSC Cohorts 1 and 3 were
provided the same diets as in Trial 1 (Table 1: Diets A and
E, respectively).

At the conclusion of Feed Trial 2, hemolymph was harvested
from each HSC cohort, and LAL reactivity was measured.
A titration was performed with increasing concentrations of
LAL protein (37.5, 75.0, and 150 µg) derived from each diet
and a reference LAL (E-ToxateTM, Sigma-Aldrich, St. Louis,
MO, United States) incubated with saturation levels of LPS at
50 EU/mL (Figure 3A). Similar to Feed Study 1, the aquaculture
LAL had slightly greater reactivity per µg of total protein
compared to the reference LAL (1.4–1.6X higher; Figure 3B). The
degree of nutrient diversity affected LAL: Diet C (Feed Trial 2; 6
sources) outperformed Diet B (Feed Trial 1; 2 sources) in terms
of reactivity (Diet B = 1.1X versus Diet C = 1.4X more sensitive
when normalized to the control LAL).

Feed Trial 3: Effect of Diet on LAL
Reactivity, Hc Concentrations and
Amebocyte Density
In Feed Trial 3, a significantly more diverse natural feed diet (Diet
D; 12 ingredients; Table 2) was compared with Diets B and C (2
and 6 ingredients, respectively). HSCs fed diet D yielded more
reactive LAL than HSCs fed the other natural diets: 45% greater
than diet B (the lowest-complexity diet) and 14% greater than diet
C (moderately complex diet) (Table 4).

Overall, the HSC cohort fed Diet F over an 8-week period
appeared to outperform all feeds with 2.9X greater LAL reactivity
over the control; and across two successive feed trials (16 weeks),
sensitivity increased (Table 4). Notably, the overall LAL reactivity
of extracts derived from HSCs fed Diet F was 7.25X greater than
those given Diet E (Figure 4A).

In contrast, the LAL reactivity of the HSC cohorts fed Diets A
and E in all three trials (24 weeks) declined over time (Table 4).
In Feed Trial 1, Diet E resulted in a 2.1X increase over baseline
(Figure 4), which fell to 1.4- and 0.4X in Feed Trials 2 and 3,
respectively. The LAL sensitivity from HSCs fed Diet E dropped
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FIGURE 3 | Effect of diet on LAL reactivity to endotoxins (Feed Study 2).
(A) Standard curves of aquaculture LAL reactivity to endotoxins by diet vs.
reference LAL with 50 EU/mL LPS measured by absorbance at 340 nm.
Results are represented as mean ± SD between individual LAL assays
performed in triplicate. (B) Aquaculture LAL from each diet was normalized to
reference LAL reactivity in the presence of 50 EU/mL of LPS. (C) SDS-PAGE
of crude amebocyte lysates from aquaculture HSCs (Lanes 3 – 6) compared
to reference LAL. Each sample was loaded at 5 µg protein per lane on an 8%
Tris-Glycine gel and stained with Coomassie blue; the See Blue+2 molecular
weight marker was loaded as a ladder. Factor C (L-chain) is highlighted in
white and appeared as a well-defined band at ∼43 kDa in reference LAL and
at ∼52 kDa in the aquaculture LAL.

33% after the second 8-week trial and 71% after the third 8-
week trial.

Horseshoe crabs from each cohort demonstrated consistent
total amebocyte counts (Figure 4C). The low LAL reactivity
observed in HSCs fed Diet E was thus not related to lower
amebocyte concentrations. Rather, in Feed Trial 3, it correlated
with low Hc levels (Figure 4D). HSCs offered Diet F also had
the highest Hc levels and produced the most reactive LAL.
Conversely, Diet E resulted in the lowest Hc and LAL response
among all evaluated feed cohorts.

In Feed Trial 3, the LAL reactivity varied between the
different cohorts more than observed in the previous studies
(e.g., Figures 3A vs. 4A). Equal amounts of LAL protein (µg)
pooled from each group (aquaculture LAL pool; ALP) had∼1.6X
higher reactivity than reference LAL (Figure 4B). This reactivity
is approximately equivalent to the average of the LAL response
derived from individual diet cohorts (∼1.5X). Therefore, pooling
the LAL protein had no effect on reactivity. The LAL sensitivity
of each HSC cohort relative to the reference LAL is shown in
Table 4.

Effects of Diet on LAL Clotting Factors
LAL Factor C protein characteristically generates an 80 kDa
(H-chain) and a 43 kDa subunit (L-chain) under denaturing
electrophoresis (Figure 5A). LPS activation of Factor C results
in the conversion of the L-chain into the A (9 kDa) and
B-chain (34 kDa) fragments, thereby initiating the reaction
cascade (Figure 5B). The Factor C L-chain subunit in the
aquaculture-derived LAL extracts notably migrated as a higher
molecular weight species compared to that of reference LAL
(Figures 3C, 6A,C).

Gel electrophoresis of crude LAL from the different feed
groups also revealed distinct differences in Factor C patterns
relative to other protein bands with Western blot testing
(Figure 6). In fact, Western blot analysis of Factor C
suggested that relative abundance of this protein correlated
to LAL reactivity.

For example, the Diet E cohort yielded 40% lower LAL
reactivity and 50% less Factor C than reference LAL per µg of
total protein; whereas, Factor C protein levels and LAL reactivity
were equivalent to the reference (Figures 4, 6A,B). The HSCs
fed Diet D showed 1.2X higher Factor C levels and 1.6X greater
LAL reactivity compared to the reference; while the Diet F cohort
had 1.5X higher Factor C protein levels and 2.9X greater LAL
response (Figures 4, 6A,B).

Western blot analysis with polyclonal antibodies specific to
Limulus Factor B (Figure 7) and proclotting enzyme (Figure 8)
was also conducted to determine the relative concentrations
of these clotting factors. The single-chain form of Factor
B (Figure 5A) was observed only in the aquaculture LAL
(Figure 7A, L- + H-chain). The total amount of Factor B in
the LAL of HSCs fed Diet E was 2.4X higher than reference
LAL, despite this lysate revealing 40% lower LAL reactivity
(Figures 4B, 7B and Table 5). Factor B protein abundance was
between 2 and 4X higher in all LAL derived from the aquaculture
cohorts in comparison to the reference. In contrast to Factor B,
the relative protein levels (Figure 8) of the proclotting enzymes
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FIGURE 4 | Effect of diet on LAL reactivity, amebocyte density, and hemocyanin concentration (Feed Study 3): (A) Aquaculture LAL reactivity from four diets over
8-week period vs. reference LAL at 50 EU/mL LPS concentration. Equal protein amounts from each Diet (75 µg; total = 300 µg) were pooled and tested for clotting
[ALP: Aquaculture Lysate Pool (Diet A, D, E, F)] and reactivity to endotoxins was measured by absorbance at 340 nm. (B) Aquaculture LAL reactivity to endotoxins
vs. reference LAL. (C) Amebocyte density of aquaculture HSC determined microscopically on a hemocytometer. (D) Hc concentration of aquaculture HSC
hemolymph measured by UV spectrophotometry (280 nm). Results are represented as mean ± SD between individual HSCs in each cohort (n = 6). *p < 0.05
compared to Diet E.

corresponded to the observed LAL reactivity of the respective
groups (Figures 4B, 8B and Table 5). However, Western blotting
showed variations in the molecular weights of the proclotting
enzyme(s) among the diet groups.

The highest LAL reactivity observed in the HSCs fed Diet
F (2.9-fold; Figure 4B and Table 4) also correlated to the
greatest abundance of clotting factor proteins relative to the
reference LAL baseline [Table 5: Factor C: 1.5X (Figure 6B);
Factor B: 3.8X (Figure 7B); and proclotting enzyme: 2X
(Figure 8B)]. HSCs provided Diet E produced the least reactive
LAL (0.4X; Figure 4B and Table 5); had the lowest protein
expression for Factor C (0.5X; Figure 6B and Table 5), and
of proclotting enzyme (0.7X; Figure 8B). However, Factor B
in this cohort had 2.4X higher protein levels (Figure 7B and
Table 5) compared to reference LAL. In fact, comparison of
the highest (Diet F) and lowest (Diet E) LAL reactivity revealed
that Factor B may not be the limiting component of the
coagulation cascade.

Additionally, the Diet A cohort had similar LAL response
(Figure 4B), levels of Factor C protein expression (Figure 6B),
and levels/banding patterns of proclotting enzyme (Figure 8B) as
the reference LAL. However, this group (Diet A) had 2X higher
levels of Factor B protein (Figure 7B) than reference LAL, further
signifying that Factor B is not the limiting component. In Diet

D-derived LAL, Factor C and proclotting enzyme protein levels
were directly related to LAL response.

In all feed groups, Factor C and proclotting enzyme protein
levels correlated more closely to LAL reactivity; whereas, the
relative abundance of Factor B did not.

Protein Analysis: Glycosylation and
Phosphorylation of Clotting Factor
Subunits
The most abundant protein bands produced by the crude
LAL derived from all aquaculture cohorts were similar, but
they differed from the reference LAL as shown via Coomassie
gel staining (Figure 3C). Specifically, the L-chain of Factor
C (subsequently determined via Western blot in Figure 7)
migrated faster (∼43 kDa) in the reference LAL than in the
aquaculture LAL (∼52 kDa) (Figure 3C). Both subunits of Factor
C have multiple glycosylation sites. The glycosylation sites of
the Factor C A-chain subunit have been shown to be partially
modified; whereas, the B-chain has two potential glycosylation
sites (Figure 5A).

The shift in mobility of the Factor C L-chain subunit between
aquaculture and reference LAL was evaluated to determine if
the difference in migration was related to glycosylation. Equal
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FIGURE 5 | LAL clotting factors structures and coagulation cascade. (A) Cleavage sites [] for activation; [] nicking site; [] potential glycosylation sites; and []
newly proposed phosphorylation site in the protein zymogen. Zymogen Factor B is a single-chain form; whereas, “nicked” double-chain form is composed of L- and
H-chains, both containing internal disulfide bond. (B) Schematic of LPS and 1,3-Beta-Glucan LAL coagulation cascade. LPS converts phosphorylated or
glycosylated Factor C zymogen (H- + L-chain subunits) into activated Factor C enzyme (A- + B-chain subunits). Activated Factor C nicks single-chain Factor B
zymogen into Factor B′ (H-chain) glycosylated precursor that is converted to activated Factor B enzyme (B-chain). Activated Factor B and activated (1–3)-D-glucan
binding factor G, initiate cleavage of various proclotting enzymes to form the clotting enzyme, which hydrolyzes coagulogen into coagulin, resulting in insoluble clot.

amounts (µg) of aquaculture LAL protein (pooled from all
diet cohorts; ALP) and the reference LAL were treated with
a glycopeptidase (peptide:N-glycosidase F; PNGase) to remove
N-linked glycans from glycoproteins. PNGase-treated LAL was
then analyzed using Coomassie staining (Figure 6C). Both ALP
and the reference LAL revealed a mobility shift in the H-chain
subunit of Factor C, thus verifying glycosylation (Figure 6C). The
PNGase-induced mobility shift caused an increase in migration
that aligned with the expected 80 kDa protein subunit size.
Western blotting with an anti-Factor C antibody revealed similar
results (data not shown). PNGase treatment of reference LAL also
caused an unexpected upward shift in the mobility of the Factor
C L-chain subunit after removal of the N-glucan (Figure 6C), and
the Factor C L-chain of PNGase-treated reference LAL continued
to migrate faster than the ALP Factor C L-chain.

To test whether the higher molecular weight of the Factor
C L-chain in aquaculture-derived LAL relative to reference
LAL was caused by post-translational phosphorylation, LAL was
treated with alkaline phosphatase (AP). As shown in Figure 6D,
Western blot analysis revealed that the Factor C L-chain was
phosphorylated in the aquaculture LAL; as treatment with AP
resulted in a migration pattern of the Factor C L-chain subunit
that aligned with reference LAL (∼43 kDa). The mobility of
the B-chain subunit of activated aquaculture LAL Factor C
(Figure 6D) was unaffected by AP treatment. Factor C in the
reference LAL was also unaffected by AP treatment.

Western blotting of residual Factor C B-chain in LAL
preparations, presumably generated from LPS activation of
Factor C, showed that this segment was not glycosylated

or phosphorylated, since PNGase and AP treatment did not
change band migration (data not shown). Low levels of this
“activated” Factor C B-chain subunit were found in both ALP
and reference LAL and may be present naturally in HSC
hemolymph (Figure 6A).

As shown in Figure 5A, Factor B and the proclotting enzyme
also have characteristic glycosylation sites. Factor B is known to
contain two molecular species: a single-chain form (64 kDa; L-
+ H-chain) and a “nicked” double-chain form (40 and 25 kDa)
tethered by a disulfide bond (Figure 6). The reference LAL
contained the double-chain but not the single-chain form of
Factor B (L- + H-chain) found in aquaculture LAL (Figures 5B,
8A). Glycosylation of the Factor B H-chain was present in both
the aquaculture and reference LAL; however, the single-chain
form of Factor B (L- + H-chain) was not sensitive to PNGAse
treatment (Figure 7A). The banding patterns of the proclotting
enzyme(s) were also not affected by PGNase treatment (data
not shown). Lastly, both Factor B and proclotting enzyme were
insensitive to AP treatment.

Effect of Divalent Cations on LAL
Reactivity
The inclusion of divalent cations (MgCl2 and CaCl2) has
reportedly enhanced LAL reactivity (Sullivan and Watson, 1974,
1978). Given that LAL preparation methods by commercial
sources are proprietary, the inclusion of divalent cations were
evaluated to determine the potential influence of processing
techniques on the LAL reaction. Addition of MgCl2 at 10 and
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FIGURE 6 | Effect of diet on Factor C protein expression (Feed Study 3). (A) Western blot of crude lysates (5 µg) of LAL from each diet vs. reference LAL. Extracts
from Diet E (Lane 1), Diet A (Lane 2), Diet C (Lane 3), Diet F (Lane 4), and reference LAL (Ref; Lane 5) with See Blue+2 molecular weight marker. Each sample was
resolved across 8.0% Tris-Glycine gel and transferred to PVDF membrane. Proteins analyzed by membrane incubation with anti-Factor C polyclonal rabbit
antibodies (COCH). (B) Total Factor C protein abundance (% band intensity) quantified on an imaging device. Zymogen and activated Factor C were observed.
(C) Coomassie-blue staining of equal protein amounts from each diet were pooled [ALP: Aquaculture Lysate Pool (Diet A, D, E, and F)]; treated with (+) or without (–)
PNGase. (D) Western blot of crude LAL lysate (ALP) and reference LAL treated with (+) or without (–) alkaline phosphatase (AP). Ref: Reference LAL.

25 mM to the assay using aquaculture LAL (Diet F) reduced
reactivity (−32% and −30%, respectively; Figure 9A); whereas,
the inclusion of 2 mM CaCl2 revealed a modest increase (5.8%),
but blunted response (−7.8%) at 10 mM (Figure 9A). In contrast,
the addition of MgCl2 (10 and 25 mM) and CaCl2 (2 and 10 mM)
in reference LAL increased sensitivity at all concentrations
(Figure 9A). As shown in Figure 9B, aquaculture LAL revealed
greater response than reference LAL preparations under optimal
salt conditions for each lysate of 2 mM CaCl2 and 25 mM
MgCl2, respectively.

Experimentally derived concentrations of divalent cation
effects were also investigated across a range of endotoxin
concentrations (0.5 – 50 EU/mL). Incubation of aquaculture
LAL with divalent cations increased sensitivity at low endotoxin
concentrations (0.5 EU/mL; Figure 10). As presented in
Figure 9A, aquaculture LAL reactivity to moderate LPS levels
(5.0 EU/mL) was also amplified by CaCl2 (2 mM); but it was
reduced with MgCl2 (10 and 25 mM), as well as CaCl2 (10 mM).
Notably, the addition of divalent cations at both concentrations
reduced LAL reactivity at high levels of LPS (50 EU/mL;
Figure 10). While slight improvements were shown at lower

levels of LPS with 2 mM Ca++, inclusion of divalent cations did
not significantly enhance aquaculture LAL assay performance.

DISCUSSION

Globally, four HSC species have suffered population declines as
a result of increased harvesting for biomedical sterility testing
and bait, commercial fishing bycatch, loss of spawning habitat,
pollution, and declining oceanic ecosystems (Berkson et al., 2009;
Gauvry, 2015; Krisfalusi-Gannon et al., 2018). Furthermore,
commercial LAL reactivity (from various suppliers) has been
shown to vary from batch to batch due to spawning-induced
stress and diet limitations that reduce sensitivity (Sullivan and
Watson, 1974; Owings et al., 2019). Sustainable HSC aquaculture
could afford a more consistent LAL supply, eliminate HSC
mortality associated with wild-capture bleeding practices (10–
30%), and provide the potential to enhance reagent quality and
reactivity. This study suggests that highly reactive LAL can be
produced from HSC aquaculture on a year-round basis. The
HSCs have continued to thrive in aquaculture after completion
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FIGURE 7 | Effect of diet on Factor B protein expression (Feed Study 3).
(A) Western blot of crude lysates (5 µg) of LAL from each diet analyzed vs.
reference LAL. Extracts from Diet E (Lane 1), Diet A (Lane 2), Diet C (Lane 3),
Diet F (Lane 4), Diet F + PNGase (Lane 5), reference LAL (Lane 6), and
reference LAL + PNGase (control; Lane 7) with See Blue+2 molecular weight
marker. Each sample was resolved across 8.0% Tris-Glycine gel and
transferred to PVDF membrane. Proteins analyzed by membrane incubation
with anti-Factor B polyclonal rabbit antibodies (KLKB1). Both aquaculture
(Diet F) and reference LAL revealed Factor B H-chain glycosylation as shown
by slight molecular weight shift in Lanes 4 and 5 of aquaculture LAL and
Lanes 6 and 7 in reference LAL. Single-chain Factor B (L- + H-chain) was
resolved only in the aquaculture LAL (Lanes 1–5 vs. Lanes 6 and 7); it was not
sensitive to PNGAse treatment (Lane 4 vs. 5). Activated Factor B (A- and
B-chains) was not observed. (B) Total Factor B protein abundance (% band
intensity) quantified on an imaging device. Ref, reference.

of this feed evaluation and after more than 1 year of captivity on
routine feedings of Diet F. All HSCs have maintained their weight
(+3.2% change) and the LAL isolated from this cohort remains
2.36 ± 0.44 times higher than reference LAL. To date, a key
barrier to successful husbandry has been ascribed to nutritional
imbalances, dietary deficiencies, captivity-induced diseases, such
as panhypoproteinemia, and increased mortality rates over time
(Smith and Berkson, 2005; Nolan and Smith, 2009; Carmichael
and Brush, 2012). These feed studies suggest that diet directly
affects LAL sensitivity and amebocyte protein production and/or
prevention of breakdown.

FIGURE 8 | Effect of Diet on Proclotting Enzyme Protein Expression (Feed
Study 3). (A) Western blot of crude lysates (5 µg) of LAL from each diet
analyzed vs. reference LAL. Extracts from Diet E (Lane 1), Diet A (Lane 2), Diet
C (Lane 3), Diet F (Lane 4), and reference LAL (Lane 5) with See Blue+2
molecular weight marker. Each sample was resolved across 8.0% Tris-Glycine
gel and transferred to PVDF membrane. Proteins analyzed by membrane
incubation with anti-proclotting enzyme polyclonal rabbit antibodies (Factor
IX). (B) Total proclotting enzyme protein abundance (% band intensity)
quantified on an imaging device.

In the wild, most aquatic animals are opportunistic feeders
and consume a diverse array of prey; whereas, captive animal
diets characteristically lack relative diversity and quality of
feed products and can affect animal health through digestive
microbiota. Captive adult HSCs reportedly have been provided
natural sources of feed to mimic wild foraging; however,
such diets can be costly, seasonally limited, and yield variable
nutrient quality and composition due to storage and other
variables. Specifically, in this study a comprehensive strategy was
developed to leverage affordable, sustainable, and nutritionally
diverse feed sources to satisfy metabolic requirements, promote
cellular health, aid in harvest recovery, and support long-term
husbandry. Wherein, some experimental diets promoted overall
cellular health throughout the course of the trial by maintaining
sufficient HSC hemocyanin levels and LAL sensitivity, both of

TABLE 5 | Effect of diet on aquaculture LAL reactivity and protein expression vs. reference LAL.

Feed Trial 3 (Compared to Reference LAL)

HSC Cohort Diet Group LAL Reactivity Factor C Factor B Proclotting Factor

1 A 1.0X 1.0X 1.0X 0.9X

2 D 1.6X 1.2X 3.6X 1.3X

3 E 0.4X 0.5X 2.4X 0.7X

4 F 2.9X 1.5X 3.8X 2.0X
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FIGURE 9 | Effect of Different Cations on LAL-LPS Reactivity of Aquaculture and Reference LAL. (A) Effect of MgCl2 and CaCl2 addition on LAL (300 µg) from HSCs
fed Diet F in Feed Study 3 vs. reference LAL at 5.0 EU/mL of LPS. LAL reactivity to endotoxins evaluated for aquaculture (Solid Bars) and reference (Striped Bars) at
340 nm on microplate reader after 1-h incubation at 37◦C (B) Maximum LAL reactivity of aquaculture LAL (Diet F; Feed Study 3) vs. reference LAL at 2 mM CaCl2
and 25 mM MgCl2, respectively. Results are represented as mean ± SD between individual LAL assays performed in triplicate. *p < 0.05 of aquaculture LAL
compared to the reference LAL for the respective cation conditions evaluated.

which play a central role in immunity to defend against pathogens
(Nagai et al., 2001).

Conversely, manufactured feeds are typically economical,
abundant and shelf-stable; however, they are generally
formulated to foster rapid growth rates in lieu of animal vitality,
per se. As illustrated in this study, LAL reactivity from HSCs
given manufactured feed declined over the three 8-week feeding
trials. Another recent aquaculture study has also validated the
link between diet and adult HSC hemolymph enzyme activity,
indicating that serum hemocyanin levels increased at a faster rate
with low levels of copper than when higher levels were added to
feed formulations (Xu et al., 2020).

The feeding rationale for this study focused on economical,
diverse sources that met the nutritional requirements of
other aquatic invertebrates with respect to maintenance,
digestibility, and utilization (i.e., 15–32% protein and 4–8% lipid
composition; Aranyakananda and Lawrence, 1993; Unnikrishnan
and Paulraj, 2010). HSC diets were also optimized to ensure
that macronutrients (i.e., protein and lipids) and micronutrients
(e.g., Vitamins B, C, E, and K, copper) were available for
proper hemocyanin production, as such any deficiencies may
be exacerbated with hemolymph extraction. All trial diets,
with the exception of Diet A (commercially manufactured
aquafeed), contained natural probiotics. However, further studies
are required to characterize such probiotics in the nutritional
blend to understand whether and how each enhances the HSC
immune response.

Study feeds were also developed to satisfy required daily
protein levels before reaching maximum energy requirements
(Joules). The energy maintenance requirement for adult
HSCs ranged between 153 and 235 kJ per kg of body weight
per day as determined by pre-trial feed studies, which
was similar to that of juvenile HSCs (224 kJ) and Pacific
White Shrimp (23 kJ for maintenance and up to 345 kJ

FIGURE 10 | Effect of different cations on reactivity of aquaculture LAL at
different endotoxin concentrations. LAL extract (300 µg) derived from HSCs
fed Diet F in Feed Study 3 analyzed to determine effect of MgCl2 (10 and
25 mM) and CaCl2 (2 and 10 mM). LAL was incubated with a range of
endotoxin concentrations (0 – 50 EU/mL) for 1 h at 37◦C. Background
absorbance was subtracted from each at 0 EU/mL, as addition of CaCl2 and
MgCl2 resulted in minor shifts in absorption. Percent change in LAL reactivity
shown vs. Diet F LAL free of divalent cations.

for maximum growth) (Kuresh and Davis, 2000; Lupatsch
et al., 2008; Tzafrir-Prag et al., 2010). For comparison, adult
humans require 135–195 kJ/kg/day and fish, 17–75 kJ/kg/day
(Wilson and Halver, 1986; National Research Council, 1993;
United Nations University, and World Health Organization,
2004; National Research Council, 2011). The protein levels
in the hemolymph did not drop below the protein reference
interval (3.4–11.7 mg/mL) over the feeding trial (or to date)
and, all of the animals remained healthy (100% survival),
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suggesting that HSCs can be maintained in long-term
captivity without risk of panhypoproteinemia using these
diet formulations.

In the presence of high LPS concentrations (50 EU/mL,
saturation levels), aquaculture LAL titrations displayed greater
reactivity than the reference LAL (Figures 2–5 and Table 2).
LAL derived from HSCs fed Diets A and E in Feed Study
1 also had higher levels of clotting factors per µg than the
reference LAL and revealed 2X greater clot formation at the
same total protein concentrations after 1-h of incubation. Thus,
the LAL coagulation cascade appeared to demonstrate a zero-
order enzyme kinetic reaction in which rates were constant; such
that, at a saturation substrate level, the reaction was directly
proportional to the amount of enzyme present. This finding
suggests that the aquaculture LAL had greater LPS-reactivity at
higher endotoxin concentrations due to higher amounts of one
or more of the clotting factors than in the reference.

Further, the lag in coagulin formation from LAL derived
from the Diet A and B cohorts may have been caused by
the slow disassociation of an enzyme-bound inhibitor upon
dilution of the clotting enzymes in the assay. However, the
lower reactivity in the reference LAL was not consistent with
the presence of an inhibitor, as the reaction rate at lower LPS
concentrations (e.g., 0.5 EU/mL) was similar to that of the
aquaculture LAL (Figure 2A).

Notably, the HSC cohort fed Diet F showed the greatest
level of LAL reactivity and concentration of clotting factors
among all feed groups in Feed Study 3 (Figures 4, 6–9).
Results in Figures 3, 4 indicate lower levels of one or more
of the clotting enzymes, Factor C, Factor B, or the proclotting
enzymes in reference LAL compared to aquaculture LAL;
whereby, clot formation (product) was weaker after a 1-h LPS
saturation-level incubation (50 EU/mL). Western blot analysis
also yielded lower clotting factors in the reference LAL than in
the aquaculture LAL (Diet F).

In Feed Study 3, low LAL response also corresponded to
low hemocyanin levels (Figures 4A,D), yet the highest LAL
response in Feed Study 1 was observed in the HSC cohort fed
Diet E with the lowest hemocyanin levels. Across all feed cohorts,
amebocyte density remained consistent irrespective of changes in
LAL reactivity. These results suggest that LAL reactivity may not
be linked to hemocyanin levels or amebocyte density; rather, it
appeared to be connected to diet, such that healthier amebocytes
produced higher concentrations of immunologically essential
protein factors. The variance between the 6 HSCs within the same
tank was low; given that the amebocyte levels stayed consistent
within each cohort between each feed trial, this health parameter
served as a consistent internal control in the experimental design.
Thus, variations in LAL between trials appear to be significant
and did not arise from random environmental factors.

A gradual decline in LAL response (Table 4) was also observed
in HSCs that were provided the same initial feed source across
all three 8-week studies (Table 1; Cohort 1 – Diet A and Cohort
3 – Diet E). Whereas, the increase in diversity of natural sources
between Feed Trials 1 through 3 (Tables 1, 2; HSC Cohort 2)
corresponded to a consistent increase in LAL reactivity [Diet B (2
sources): 1.1X < Diet C (6 sources): 1.4X < Diet D (12 sources):

1.6X] over the 6-month period. Without optimization, long term
rearing on a fixed feed source may not deliver the complexity or
essential nutrients needed to maintain animal vigor, as frequently
observed in captive animals (Worthy, 2001).

While the natural feed diets and Diet F contained fewer
calories (Table 2; gross energy) and higher moisture content
than the manufactured commercial feed, they resulted in
higher quality LAL (as measured by LPS-reactivity and protein
concentration). While Diet E was higher in caloric levels than
natural feeds (Diet B–D) and Diet F but had a similar moisture
content, hemocyanin levels and LAL reactivity from that cohort
declined over the course of multiple feed trials. These findings
suggest that nutritional complexity, and the bioavailability of
the feed ingredients, may be key drivers to maintaining and
safeguarding HSC wellbeing, rather than total caloric density, at
least until the nutritional requirements of the HSC have been
fully elucidated.

Divalent cations play an essential role in stabilizing LPS
dimerization via cross-links, which is thought to be required
for LPS biological activity. In the presence of cation chelating
agents in vitro, LPS dimers are liberated into monomers, which
have been shown to be unresponsive to LAL (Tsuchiya, 2019).
In this study, aquaculture LAL was prepared following standard
SOPs; whereby, amebocytes were washed in 0.5 M NaCl prior to
lysis in water. The presence of 0.15 M NaCl has been shown to
reduce LAL reactivity; however, the addition of divalent cations
(CaCl2 or MgCl2) can reverse this inhibition and increase its
reactivity (Sullivan and Watson, 1974). In fact, the addition of
divalent cations to aquaculture LAL preparations resulted in
greater reactivity at low endotoxin levels; but remarkably, a slight
decrease was seen with specific cations and concentrations as
endotoxin levels increased above 5.0 EU/mL. As expected, the
addition of divalent cations also increased the reactivity of the
reference LAL preparations, as previously described (Sullivan and
Watson, 1974). However, under optimal salt conditions for each
lysate, aquaculture LAL nonetheless outperformed the reference
LAL (Figures 2, 9 mM CaCl2 and 25 mM MgCl2, respectively). It
appears that variables in amebocyte lysate preparations can affect
the biochemical properties of LAL; therefore, the optimization of
LAL extraction methods, buffer formulation, and lyophilization
(for shelf-life stability) are planned for future studies to increase
LAL sensitivity.

These observations of dietary effects on coagulation and
HSC hemolymph clotting factors appear to share similarities
with those of other organisms. For example, Limulus Factor
C, Factor B, and proclotting enzyme suggest functional and
evolutionary parallels with vertebrate complement factors
and certain Vitamin-K-dependent coagulation factors (e.g.,
mammalian Factors VII, IXa, and X). The activity of human
coagulation Factor VII (a homolog to Limulus Factor C)
is regulated by macronutrients with respect to total lipid
intake (Miller et al., 1998). Vitamin K is required for normal
human blood coagulation and tyrosine kinase activation (and
phosphorylation), which plays a central role in cell growth
and metabolism (Saxena et al., 1997; Vermeer, 2012). In
another vitamin-dependent metabolic process associated with
coagulation, calcium, cholecalciferol (Vitamin D3) and retinoic
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acid (Vitamin A) control the protein expression of Kallikrein (a
homolog to Limulus Factor B) in human epidermal keratinocytes
(Morizane et al., 2010). Similarly, enhanced human coagulation
Factor IXa (a homolog to Limulus proclotting enzyme) activity
has been demonstrated in the presence of calcium and
magnesium (Sekiya et al., 1996; Agah and Bajaj, 2009).

In this study, diet was specifically shown to influence the
biochemical properties, concentration, and reactivity of LAL
clotting factors. The relative abundance and ratios of Factor
C, Factor B, and proclotting enzyme varied across diets and
corresponded to protein expression of amebocyte clotting factors.
Factor B was present at a higher concentration in the aquaculture
LAL from all cohorts relative to reference LAL. However, the
amount of Factor B did not directly correlate to LAL reactivity
and may not be a rate-limiting factor in the HSC coagulation
cascade. Whereas, higher Factor C and proclotting enzyme
protein levels correlated to increased LAL reactivity. The LAL
derived from HSCs fed Diet E demonstrated the least response
and contained the lowest levels of Factor C and proclotting
enzyme; thus, suggesting that these clotting factors may be
rate-limiting component(s) of the LAL cascade and therefore
determinants of the overall LAL reaction.

Diet also appeared to affect proclotting enzymes in the
aquaculture HSC amebocytes. While a range of sizes (38, 54, 60,
and >150 kDa) and amino acid compositions of the proclotting
enzymes from North American (L. polyphemus) and Asian
(T. gigas, T. tridentatus, and C. rotundicauda) HSCs have been
described (Roth and Levin, 1992), variations of the proclotting
factors were detected among the different feed groups. Neither
glycosylation nor phosphorylation were responsible for the
observed differences (Figure 9). However, an evolutionary basis
for clotting enzyme size variations between different HSC species
might explain why the beta-glucan-sensitive Factor G pathway is
active in some HSC species and not others.

When Factor C is bound to the amebocyte membrane and
activated by LPS in vivo, it can trigger a G-protein-coupled
receptor (GPCR) signal transduction cascade, leading to the
degranulation of the amebocyte and the release of defense
molecules, including the zymogens of the coagulation cascade
(Ariki et al., 2008). Most GPCR and receptor-mediated signaling
pathways are regulated by phosphorylation (Lefkowitz and
Whalen, 2004). For example, in HSCs the phosphorylation
of both visual arrestin and its respective receptor (via a
calcium/calmodulin-dependent protein kinase) plays a critical
role in uncoupling membrane receptors from triggering GPCR-
dependent cascades (Calman et al., 1996).

To date, a possible role of phosphorylation of Factor
C-mediated amebocyte exocytosis has not been fully
characterized, but this work has now shown that Factor C
is a target of phosphorylation (Figure 5B). As illustrated in
Figure 6, the L-chain of Factor C in the aquaculture LAL
migrated at a higher molecular weight in SDS-Tris glycine
gels than the Factor C (L-chain) in the reference LAL. The
difference in migration was attributed to the phosphorylation
of Factor C in aquaculture LAL (Figure 6D). In addition, AP
treatment of the aquaculture-derived LAL did not affect the
mobility of the B-chain subunit of Factor C, suggesting that the

phosphorylation site(s) in the L-chain of Factor C is located
in the A-chain subunit (Figures 6, 7). Notably, LAL protein
phosphorylation modification of Factor C was present in all
aquaculture HSC cohorts regardless of feed inputs, but not in
the reference LAL. Factor C in LAL sourced directly from the
wild (“wild type”) HSCs and collected within 1 h of habitat
removal was also shown to be phosphorylated (data not shown),
suggesting that this modification is not a consequence of indoor
aquaculture or experimentally diets, per se. The observation
that Factor C was not phosphorylated in the reference lysate
would require additional information with respect to product
preparation and possible additives to draw further conclusions.
Future analysis is directed toward complete characterization of
Factor C phosphorylation observed in the aquaculture LAL.

The role of glycosylation in protein folding, stability,
reactivity, and macromolecular interactions has been well
documented (Medzihradszky, 2005; Kosloski et al., 2009),
including increased sensitivity to endotoxins with glycosylation
of recombinant Factor C (Mizumura et al., 2017). As expected,
Factor C in both reference and aquaculture LAL was glycosylated
in the H-chain region (Figures 5B, 6C). Since the activated
Factor C B-chain was not found to be glycosylated in the
reference LAL, Factor C L-chain glycosylation may occur in
the A-chain subunit. The B-chain of intact Factor C has
two predicted glycosylation sites (Figure 5A), but whether
glycosylation modifications remain on the B-chain after Factor
C activation has not been reported.

Remarkably, PNGase treatment of the Factor C L-chain
caused an upward shift (not the expected downward shift)
in mobility of this subunit derived from the reference LAL
but not in the aquaculture LAL (Figure 6C). Post-translational
modifications like phosphorylation or glycosylation of proteins
typically change protein hydrophobicity and result in a slower
migration. In some circumstances, highly glycosylated proteins
that retain globularity (less frictional drag) have migrated faster;
whereby, the glycosylation branches cannot be linearized after
denaturation (Rath et al., 2009; Schwarz and Aebi, 2011). This
may be the case for the Factor C L-chain in the reference LAL in
this study (Figure 6C).

It further appears that Factor C can be modified by either
glycosylation or phosphorylation and that it most likely occurs in
the A-chain region of the L-chain, since these post-translational
modifications were not detected in the B-chain subunit of
activated Factor C (i.e., the A-chain was not detectable by
Western blot analysis). Conversely, these modifications could
instead reside in the B-chain and be removed after Factor C
activation and L-chain conversion to the A- and B-chain forms
(Figures 5, 6). Future studies will be directed at describing the
observed modifications of the Factor C protein.

The differences in the type of post-translational modification
of Factor C (e.g., glycosylation and phosphorylation) in
aquaculture versus reference LAL may also be directly related to
those seen in clotting activity between the preparations (Table 2).
As the experimental feeds are high in protein and lipids but low
in carbohydrates (Table 1), it would follow that the quantity
and quality of carbohydrates in the diets could lead to lower
blood glucose levels. Whereas, diets low in carbohydrates have
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been shown to reduce in vivo (non-enzymatic) protein glycation
(Guilbaud et al., 2016). The significance of glycosylation and
phosphorylation of Factor C in aquaculture-derived LAL and
the relationship to the diet of the HSC nonetheless remains
to be elucidated.

While Factor B was found to be a glycoprotein in both
aquaculture and reference LAL, glycosylation was detected only
in the double-chain form of Factor B in the H-chain and
not in the intact single-chain form of Factor B (Figures 5B,
7). Whether glycosylation of Factor B triggers the Factor C
dependent nicking of the full-length single-chain form into the
double-chain form of Factor B, or whether glycosylation is
downstream of the nicking process that generates the double-
chain form remains to be determined (Figure 5B). The presence
of the double-chain form of Factor B typically found in
standard LAL preparations is thought to be a result of trace
contamination of Factor C generated during the purification
process (Nakamura et al., 1986).

CONCLUSION

We consider this work to be important in the HSC global context
and the potential role of aquaculture for the future of species
viability. That is, given the valuable resources derived from these
arthropods and the potential for long-term aquaculture solutions,
a meticulous assessment of alternative feed strategies with respect
to the quality of the resources for which they have been
selected is both rational and necessary. This study demonstrated
that protein-dense amebocytes, optimal hemocyanin levels, and
high-quality LAL derived from HSCs in aquaculture can be
produced with functional nutrient-rich feed. Aquaculture LAL
contained higher amounts of clotting factors per µg of total
protein compared to reference LAL preparations and could
thus yield higher reactivity and therefore more tests per unit
of harvested hemolymph. HSC sustentation and reproductive
activities also continued during captivity, such that all aspects
of natural behavior were observed without apparent stress or
decline in wellbeing.

This study highlights the use of amebocyte protein
components as novel biomarkers to objectively measure
HSC nutritional status with respect to the intake of dietary
constituents for usefulness in future studies. The data show
that the expression levels and chemical modifications of such
biomarkers are directly affected by feed inputs and therefore may
provide a new tool to evaluate dietary patterns, especially with
HSCs and possibly other species. We found that LAL reactivity to
an endotoxin standard was similar in the indoor HSCs compared
to LAL sourced directly from wild-type HSC collected within
1 h of habitat removal. However, LAL prepared from husbanded
HSCs had higher reactivity compared to commercially available
LAL preparations (reference) that are also sourced from wild
type HSCs. Additional studies would be needed to identify
and assess possible variations in reference LAL preparation
compared to these methods that do not involve lyophilization. In
addition, batch-to-batch and seasonal variations in commercial
LAL prepared from wild harvested HSC populations have been

shown to differ in their sensitivity to LPS (Lindberg et al.,
1972), although these findings may not reflect differences in
sensitivity to LPS per se but reactivity related to the potency
of LAL. Controlled-environmental aquaculture using diverse
feedstocks may alleviate these LAL variations and result in more
reproducibility and batch-to-batch product consistencies while
producing more robust LAL reactivity.

Ultimately, this work has shown that nutrition imparts an
effect on the LAL derived from an aquaculture cohort. The
research further suggests that highly reactive LAL can be
reproducibly prepared from aquaculture HSCs on a year-round
basis if a properly defined and economical dietary regimen
is established. As such, aquaculture and an enriched feeding
strategy for a finite cohort of HSCs representing a fraction
of the current annual wild catch could satisfy the global
demand for LAL biomedical testing over the long term. Thus,
enduring HSC aquaculture and the resulting raw material quality
represent a promising, sustainable new supply paradigm for the
biomedical industry.

In turn, HSC husbandry also promises unparalleled
conservation advantages for dwindling wild populations
and dependent species, including myriad migrating shorebirds.

With respect to future research, the elemental HSC immune
system based on a single circulating cell also provides an elegant
model to investigate the effects of nutrition on immunity and
vigor at an ingredient and cellular level. Such studies will center
on further examination of the relationship between nutrition and
production and modification of specific, bioactive LAL proteins.
Notably, these strategies to ensure wellbeing in captivity could
also be applied in other sectors, from agriculture stocks to
companion animals and zoos, to human medicine, etc.

Following the submission of this manuscript and during the
peer-review process, it was noteworthy that the United States
Pharmacopeia (USP) ruled to retain LAL as the industry BET
amid new demands for drug and vaccine development and
manufacturing emerging from the novel coronavirus pandemic,
suggesting that LAL will remain the standard for the foreseeable
future (United States Pharmacopeia, 2020a,b).
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