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A B S T R A C T   

The protozoan parasite Perkinsus marinus causes Dermo disease in eastern oysters, Crassostrea virginica, and can 
suppress apoptosis of infected hemocytes using incompletely understood mechanisms. This study challenged 
hemocytes in vitro with P. marinus for 1 h in the presence or absence of caspase inhibitor Z-VAD-FMK or Inhibitor 
of Apoptosis protein (IAP) inhibitor GDC-0152. Hemocytes exposure to P. marinus significantly reduced gran
ulocyte apoptosis, and pre-incubation with Z-VAD-FMK did not affect P. marinus-induced apoptosis suppression. 
Hemocyte pre-incubation with GDC-0152 prior to P. marinus challenge further reduced apoptosis of granulocytes 
with engulfed parasite, but not mitochondrial permeabilization. This suggests P. marinus-induced apoptosis 
suppression may be caspase-independent, affect an IAP-involved pathway, and occur downstream of mito
chondrial permeabilization. P. marinus challenge stimulated hemocyte differential expression of oxidation- 
reduction, TNFR, and NF-kB pathways. WGCNA analysis of P. marinus expression in response to hemocyte 
exposure revealed correlated protease, kinase, and hydrolase expression that could contribute to P. marinus- 
induced apoptosis suppression.   

1. Introduction 

Infection with the alveolate parasite Perkinsus marinus, the causative 
agent of Dermo disease, contributes to seasonal mortality and decline of 
the eastern oyster, Crassostrea virginica, along the Gulf of Mexico and 
Atlantic coasts of the United States (Smolowitz, 2013). P. marinus tro
phozoites potentially gain entry into the oyster host during filter feeding 
through parasite migration across mucosal interfaces and/or by 
engulfment by granulocytes, a type of hemocyte and the main phago
cytic oyster immune cell (Allam et al., 2013; Lau et al., 2018a; Smolo
witz, 2013; Vasta et al., 2020; Wikfors and Alix, 2014; Yadavalli et al., 
2020). This process may be mediated by oyster lectins (Vasta and Wang, 
2020). Complex host responses are induced in granulocytes following 
P. marinus engulfment, including release of cytotoxic enzymes, reactive 
oxygen species (ROS), and serine protease inhibitors by hemocytes 
(Anderson et al., 1992; He et al., 2012; La Peyre et al., 2010; Lau et al., 

2018b; Sullivan and Proestou, 2021). P. marinus can overcome or sup
press host hemocyte defenses, particularly respiratory burst and 
apoptosis (a form of regulated cell death) pathways, through release of 
serine proteases, such as perkinsin, or ROS-neutralizing enzymes, such 
as superoxide dismutase (SOD) (Anderson, 1999; Anderson et al., 1992; 
Faisal et al., 1999; Fernández-Robledo et al., 2008; Lau et al., 2018b). 
Inhibition of host ROS and apoptotic responses may prolong granulocyte 
survival, thereby allowing for increased P. marinus intracellular repli
cation, leading to dissemination of infected parasites through tissues, 
and, eventually, hemocyte lysis and parasite release (Alavi et al., 2009; 
Anderson, 1999; Anderson et al., 1992; Smolowitz, 2013; Volety and 
Chu, 1995). Apoptosis of eastern oyster hemocytes, therefore, is a key 
immune response to P. marinus, and increased apoptosis of 
P. marinus-infected granulocytes may contribute to oyster disease 
resistance by disrupting a replicative intracellular niche (i.e. protected 
from oyster immune responses) for the parasite, thereby limiting the 

; IAP, Inhibitor of Apoptosis Protein; WGCNA, Weighted Gene Co-expression Network Analysis. 
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speed of parasite propagation and disease progression within tissues 
(Goedken et al., 2005a,b; Hughes et al., 2010). P. marinus suppression of 
oyster hemocyte apoptosis, however, is nuanced and variable according 
to factors such as such as P. marinus strain, salinity, level of host resis
tance, and time post-infection (Goedken et al., 2005a; Hughes et al., 
2010; Lau et al., 2018b; Proestou and Sullivan, 2020; Yee et al., 2005). 
Oyster apoptotic responses to P. marinus and mechanisms of P. 
marinus-induced host apoptosis suppression remain incompletely 
described. 

In bivalve molluscs, apoptosis is critical for maintaining cellular 
homeostasis and defenses against pathogens and parasites, and involves 
two separate but linked pathways (Gerdol et al., 2018; Kiss, 2010; 
Romero et al., 2015). The intrinsic, or mitochondrial, apoptosis pathway 
is stimulated by intrinsic damage (reactive oxygen species, UV radiation, 
etc.) and is characterized by mitochondrial outer membrane per
meabilization (MOMP). In contrast, the extrinsic, or death 
receptor-mediated, apoptosis pathway is triggered by extrinsic binding 
of ligands to pattern-recognition receptors and does not typically 
involve MOMP. Both pathways converge on action of the caspase family 
of cysteine-aspartic proteases which cleave apoptosis substrates and lead 
to apoptosis execution (Galluzzi et al., 2016). Caspase-independent 
apoptosis pathways have been identified in bivalves and involve 
release of mitochondrial enzymes, such as Apoptosis Inducing Factor 
(AIF) and endonuclease G (endoG), which translocate to the nucleus and 
trigger the final steps of apoptosis (Romero et al., 2015). 

Previous research suggests that P. marinus suppression of eastern 
oyster hemocyte apoptosis involves modulation of ROS and stimulation 
of the pro-survival Nuclear Factor-Kappa B (NF-kB) pathway (Hughes 
et al., 2010; Lau et al., 2018b), a mechanism of host apoptosis sup
pression identified in other intracellular parasite systems. Mechanisms 
of host apoptosis evasion or suppression by the intracellular parasite 
Toxoplasma gondii, for example, involve prevention of mitochondrial 
cytochrome c release, caspase enzyme inhibition, and activation of the 
NF-kB pathway involving complexes of TRAFs and BIRC2/3 (cIAP1/
cIAP2) (Lodoen and Lima, 2019; Sangaré et al., 2019a). T. gondii addi
tionally triggers upregulation of antiapoptotic Bcl-2 family proteins and 
Inhibitor of Apoptosis (IAP) proteins (Mammari et al., 2019). The IAP, or 
Baculoviral IAP Repeat-Containing (BIRC) gene family, is a critical 
family of apoptosis regulatory genes involved in both the intrinsic and 
extrinsic apoptosis pathways which has been recently characterized in 
oysters (Estornes and Bertrand, 2015; Witkop et al., in press BMC Ge
nomics). The oyster IAP gene family is highly diverse and expanded, and 
IAP expression is tightly associated with apoptosis pathway expression 
across diverse immune challenges, suggesting their potential involve
ment in apoptosis regulation (Witkop et al., in press BMC Genomics). 

To further understand apoptosis mechanisms involved in oyster 
granulocyte response to P. marinus, this study performed in vitro he
mocyte assays coupling flow cytometry and dual transcriptomics of 
C. virginica and P. marinus. Specifically, the role of caspases, MOMP, and 
IAPs in hemocyte P. marinus response were evaluated after hemocyte 
pretreatment with the IAP inhibitor GDC-0152 and the pan-caspase in
hibitor Z-VAD-FMK (Ekert et al., 1999; Flygare et al., 2012). This 
research helps elucidate the role of apoptosis in eastern oyster 
host-parasite interactions and reveals specific hemocyte immune path
ways and P. marinus apoptosis-modulatory enzymes for future 
investigation. 

2. Materials and methods 

2.1. Oyster source and maintenance 

Eastern oysters were obtained from the family-based breeding pro
gram at the Aquaculture Genetics and Breeding Technology Center 
(ABC) at the Virginia Institute of Marine Science (VIMS). Oyster juve
niles (<one year old, shell height 52–106 mm) from 22 selectively-bred 
families with varying levels of survival in the Chesapeake Bay were 

delivered to the USDA ARS Shellfish Genetics Laboratory, Kingston, RI, 
in early June 2020 and subjected to a state-required disinfection pro
tocol. Oyster maintenance and parasite challenge protocols have been 
previously described in detail (Proestou et al., 2019). Briefly, oysters 
were maintained in a 750-L, recirculating, aerated aquarium system 
running 1-μM filtered, UV-sterilized seawater following filtration. Oys
ters were acclimated to experimental conditions of 25 ◦C and 25 PSU 
over a period of two weeks and fed daily with Shellfish Diet 1800® 
instant algae (Reed Mariculture) throughout the experiment. Tempera
ture was maintained at 25 ◦C using tank heaters when necessary and 
kept at ambient salinity (25–30 PSU) until hemolymph extraction. 

2.2. Perkinsus marinus culture 

Perkinsus marinus from ATCC® strain 50508 (American Type Culture 
Collection), a strain comparable in virulence to P. marinus strains pre
sent in the Chesapeake Bay (Bushek and Allen, 1996), was used. Cultures 
were used during the more virulent, log-phase growth stage (Ford et al., 
2002). Parasite cell preparation for challenge was performed according 
to previous protocols (Proestou and Sullivan, 2020). Briefly, P. marinus 
cells were concentrated in 50-mL falcon tubes by centrifugation at 1,500 
g for 5 min at 4 ◦C and washed using 0.45-μM filtered, sterile seawater at 
28 PSU (FSSW, Red Sea) three times. Cells were stained with neutral red, 
counted with a hemacytometer and light microscope, and cell count was 
adjusted to the desired stock concentration for treatment. 

2.3. Hemolymph isolation and preparation 

To assess general in vitro mechanisms of apoptotic response to 
P. marinus independent of the disease resistance level of each sampled 
oyster family, and to have sufficient hemocytes to perform multiple 
assays and treatments in parallel using the same samples, three biolog
ical replicate pools were prepared using hemolymph extracted from a 
mix of randomly-selected oysters from the 22 families (total of 48 mL in 
each of the 3 hemolymph pools, n = 48–60 oysters per hemocyte pool, 
1–3 oysters per family per pool). Oysters were scrubbed and cleaned 
using a freshwater rinse, shells were notched using small, hand-held 
wire cutters prior to bleeding, and hemolymph was collected from 
each oyster through the notch using a using a sterile, 1.5′′ 25 G needle 
and 1-mL syringe primed with 100 μL of ice-cold, 0.45-μM filtered sterile 
seawater (FSSW) (Hégaret et al., 2003a). As much hemolymph as 
possible (average of 0.5 mL per oyster) was collected from each oyster, 
filtered using a 75-μM mesh screen to remove large debris and tissue that 
may interfere with flow cytometry analysis and added to the respective 
hemolymph pool. Hemocyte concentrations in each pool were quanti
fied using neutral red staining on a hemacytometer with a light micro
scope, and P. marinus volumes required to achieve the desired 1:1 
Multiplicity Of Infection (MOI) were calculated based upon hemocyte 
concentrations in each pool. Hemolymph suspensions were stored on ice 
through all procedures to avoid hemocyte aggregation and used within 
hours of extraction from oysters. All assays were performed using un
diluted hemolymph and the required amount of sample for each assay 
(viability, apoptosis, caspase 3/7, phagocytosis, and RNA-seq; as 
described below) was aliquoted out of each of the three pools and kept 
on ice until processing. 

2.4. Dose and temporal effects of GDC-0152 and Z-VAD-FMK on oyster 
hemocytes 

The effects of IAP inhibitor GDC-0152 (ApexBio Technology, cat. no 
A4224) and pan-caspase inhibitor Z-VAD-FMK (BD, CAT# BDB550377) 
on oyster hemocyte viability, apoptosis, and caspase 3/7 activity in the 
absence of P. marinus were determined using flow cytometry to identify 
proper doses and incubation times for these inhibitors and investigate 
basal mechanisms of hemocyte apoptosis (see methods below). This 
experiment was performed prior to the main experiment and utilized 
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oysters from a single family to minimize biological variability. Hemo
lymph pools (n = 2 pools per treatment, n = 8 oysters per pool) were 
incubated at room temperature with different concentrations for each 
inhibitor (10, 50, or 100 μM) or control (FSSW) for either 3 or 4 h. Each 
treatment was performed in duplicate. 

2.5. In vitro challenge of oyster hemocytes with P. marinus for flow 
cytometry 

Live P. marinus cells used for oyster hemocyte challenge were incu
bated with 2 μL of a 1-mM stock solution of CellTrace Far Red live cell 
stain (ThermoFisher C34564) in DMSO per 1 mL of P. marinus culture 
(final concentration 2 μM), to facilitate identification of these cells in 
downstream flow cytometry analysis. Cells were gently agitated 
following reagent addition and incubated for 30 min at room tempera
ture in the dark. Following incubation, cells were centrifuged at 2,000 g 
for 10 min at 4 ◦C, supernatant was removed, and cells were resus
pended in 1 mL FSSW, and counted using a hemocytometer to adjust 
concentration to the amount needed for 1:1 MOI. 

Hemolymph (200 μL for the caspase 3/7 activity assay, 100 μL for all 
other assays) was aliquoted into sterile, 5-mL polystyrene, round-bottom 
tubes for flow cytometry to achieve a final concentration ranging be
tween 5–9 × 103 cells per tube, depending upon the initial hemocyte 
concentration of each pool and the assay. Treatments, each performed in 
triplicate, included: 1) Negative Control: hemolymph and FSSW; 2) 
Positive Control: hemolymph plus fluorescent beads (~6 μM Flow Check 
Ruby Red microspheres, Polysciences, CAT # 24288-5) coated with the 
pathogen-associated molecular pattern LPS (ThermoFisher, CAT #00- 
4976-93) (1:1 hemocyte to beads ratio based upon starting hemolymph 
concentration); 3) P. marinus: hemolymph incubated with live-stained 
P. marinus at a 1:1 multiplicity of infection (MOI); 4) IAP inhibitor 
assay: hemolymph preincubated for 3 h with 50-μM of the IAP inhibitor 
GDC-0152 plus live-stained P. marinus at a 1:1 MOI; 5) Caspase inhibitor 
assay: hemolymph preincubated for 1 h with 100-μM Z-VAD-FMK plus 
live-stained P. marinus at a 1:1 MOI. Hemolymph samples were incu
bated with P. marinus (1:1 MOI based on initial hemolymph pool cell 
concentration), beads (1:1 MOI based on initial hemolymph pool cell 
concentration), or FSSW for 1 h at room temperature, and flow cytom
etry was performed as described below. 

2.6. Flow cytometry 

Four assays were performed using hemolymph from each of the 
biological replicate pools: a) viability assay (4 μL 10X SYBR Green – 
SYBR- or 4 μL of 1 mg/mL propidium iodide – PI - in 100 μL hemolymph 
and 300 μL FSSW) to measure the proportion of live (SYBR Green) and 
dead (PI) hemocytes in each sample (Croxton et al., 2012); b) apoptosis 
assay (FITC Annexin-V, BD Pharmingen, catalog # 556419; final con
centration of 25 μL/mL in 100 μL hemolymph and 100 μL FSSW) to 
measure the proportion of apoptotic hemocytes in each sample (Hughes 
et al., 2010); c) caspase 3/7 activity (caspase) assay (CellEvent Caspase 
3/7 Green Detection Reagent, Thermo Fisher, Cat #C10427; final con
centration of 1.25 μL/mL in 200 μL hemolymph and 200 μL FSSW) to 
measure the proportion of caspase 3/7 active hemocytes in each sample; 
and d) mitochondrial outer membrane permeabilization (MOMP) assay 
to measure the proportion of hemocytes with permeabilized outer 
mitochondrial membranes, a critical morphological feature of intrinsic 
apoptosis (MitoProbe JC-1 Assay kit for Flow Cytometry, ThermoFisher 
Cat #M34152; 2 μM final concentration in 100 μL hemolymph and 100 
μL FSSW (Rodriguez et al., 2020)). Following reagent addition, tubes in 
the caspase and viability assays were incubated for 1 h at room tem
perature in the dark, while apoptosis and MOMP assays incubated at 
room temperature in the dark for 15 min per manufacturer’s 
instructions. 

Additional control assays were performed for each biological repli
cate pool: 1) MOMP assay positive control, to confirm proper detection 

of MOMP in treated samples (hemolymph plus mitochondrial membrane 
disruptor CCCP; MitoProbe JC-1 Assay kit for Flow Cytometry, Ther
moFisher Cat #M34152; 50 μM final concentration); 2) Unstained 
P. marinus control (for all 4 assays), to determine basal P. marinus pa
rameters in the absence of oyster hemocytes (same amount of P. marinus 
cells as used to achieve a 1:1 MOI); 3) Fluorescent probe single stained 
compensation controls, in order to assist with proper gating during flow 
cytometry results analysis (SYBR Green plus hemolymph, PI plus he
molymph, CellTrace Far Red live cell stain plus P. marinus, fluorescent 
beads plus hemolymph); 4) Hemolymph phagocytosis assay (Hégaret 
et al., 2003b) to compare hemocyte rates of phagocytosis between beads 
vs. P. marinus (hemolymph plus LPS-coated beads, or hemolymph plus 
P. marinus). 

Flow cytometry assays were run on a BD Accuri C6+ flow cytometer 
(BD) (NOAA NEFSC Milford Laboratory) for 1 min 30 s using a fast flow 
rate (66 μL/min) with a threshold of 100,000 on FSC-H. Instrument QC 
was checked prior to use with the BD CS&T RUO beads (Becton Dick
inson, CAT # 661414). All flow cytometry plots were compensated using 
manufacturers recommendations in the BD Accuri C6 Plus flow Software 
(V 1.0.23.1). Populations of granulocytes and agranulocytes were gated 
using custom FSC-H vs SSC-H gates on scatterplots (Wikfors and Alix, 
2014). Subpopulations of granulocytes positive for each assay, with and 
without engulfed P. marinus, were determined based upon custom 
quadrant gates (see “correction factor” procedure below). Gating single 
stained controls for each fluorescent probe and samples plotted as count 
histograms for each stain were utilized to precisely adjust gating posi
tions for all assays. 

Due to limitations in the number of available flow cytometer lasers 
(and, therefore, the number of simultaneously measurable fluorophores 
in each assay), and the fact that free P. marinus cells sometimes overlap 
with hemocytes in flow cytometry scatterplots due to their similar size 
and complexity, the specific contributions of free and hemocyte- 
engulfed P. marinus to the granular cell apoptosis, MOMP, and caspase 
3/7 activity assay results was calculated indirectly by combining the 
following data: a) assay values (apoptosis, caspase 3/7, and MOMP 
phenotypes) for the unstained P. marinus-only controls (Supplementary 
Fig. 1); b) the combined total number of measured hemocytes and 
stained P. marinus in each sample; c) the total stained P. marinus cells 
measured in each sample; d) the average percent of P. marinus cells that 
overlap in size with granular hemocytes; and e) data derived from the 
phagocytosis assay, which identified the average percentage of phago
cytosed P. marinus (Supplementary Fig. 1); These five values were used 
to calculate a “correction factor” for each assay that estimated the likely 
number of phagocytosed, granular hemocyte-overlapping, assay-posi
tive free P. marinus present in the targeted gated quadrant. The value of 
this correction factor was then subtracted from the values for each assay 
in these relevant flow cytometry quadrants. This process is described in 
detail in the analysis code on github (Supplementary Figs. 1 and 3). 

2.7. Flow cytometry statistical analysis 

Results are expressed as average ± standard deviation (sd) of percent 
cells showing a particular phenotype (i.e. viability, apoptosis, etc.). 
Significant differences between treatment groups for apoptosis, 
viability, MOMP, and caspase 3/7 activity were measured using one- 
way and two-way ANOVA with arcsine-transformed cell percentage 
data to ensure normal distribution. Post-hoc testing was performed for 
ANOVA tests with the Tukey Honestly Significant Difference (HSD) test. 
For comparison of granular and agranular cell composition and viability 
between cell types, differences were assessed using a Student’s T-test (t. 
test). All statistical analyses were performed in R Studio (V 3.6.1) (R 
Studio Team, 2020). Plots were generated in R Studio using ggplot2 and 
compiled with egg (V 0.4.5) and cowplot (V 1.0.0) (see code on github). 
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2.8. Hemocyte in vitro challenge with P. marinus for transcriptome 
sequencing 

Assays for transcriptome analysis were performed in parallel with 
the flow cytometry assays, using cells from the same hemolymph pools 
and the same experimental conditions, except for volume and the 
absence of fluorescent stains. Hemolymph pools were aliquoted into 
three sterile, 50-mL falcon tubes for each treatment (10 mL hemolymph 
each sample with 4.5–9 x 105 total hemocytes in each sample, 12 sam
ples total, n = 3 for each treatment). The following treatments were 
performed: 1) Hemolymph only; 2) Hemolymph plus unstained 
P. marinus (MOI 1:1); 3) Hemolymph pretreated for 3 h with the IAP 
inhibitor GDC-0152 plus P. marinus (MOI 1:1); 4) Hemolymph pre
treated for 1 h with the pan-caspase inhibitor Z-VAD-FMK plus 
P. marinus (MOI 1:1). All treatments were incubated for 1 h after 
P. marinus addition, at which point samples were centrifuged at 
1,500×g, 4 ◦C for 15 min, supernatant was removed, cell pellets were 
flash frozen in liquid nitrogen, and samples were stored at − 80 ◦C prior 
to RNA extraction. 

2.9. RNA extraction, cDNA synthesis, sequencing 

Cell pellets (from 10 mL hemolymph) were lysed by incubation with 
750 μL of Trizol reagent (Invitrogen, CAT# 15596018) for 15 min on ice 
(ThermoFisher CAT #15596026). Cellular debris was removed by 
centrifugation at 12,000 g for 10 min at 4 ◦C. RNA was extracted with 
200 μL of chloroform, shaken vigorously, and incubated at room tem
perature for 15 min. Following centrifugation at 12,000 at 4 ◦C for 15 
min, the aqueous layer was removed. An additional chloroform extrac
tion was performed with 500 μL of chloroform, shaken vigorously, and 
incubated at room temperature for 15 min. Following centrifugation at 
12,000 g at 4 ◦C for 15 min, the aqueous layer was removed. RNase-free 
glycogen (5 μg; ThermoFisher, CAT #AM9510) was added to all samples 
as a carrier to the aqueous phase. Room temperature 500 μL of iso
propanol was added and incubated for 10 min at room temperature, 
followed by centrifugation at 12,000×g for 10 min at 4 ◦C. Three 
sequential washes were performed with ice-cold, molecular grade 75% 
ethanol. Samples were air-dried for 5 min and resuspended in 15 μL of 
DEPC-treated water. Samples were DNase treated using the DNA-free 
DNA Removal Kit (Invitrogen, CAT #AM1906) using manufacturer 
recommendations. Quality and quantity of extracted RNA was assessed 
using the Nanodrop 8000 Spectrophotometer (ThermoFisher). cDNA 
library preparation and paired-end sequencing were performed by 
GENEWIZ (https://www.genewiz.com, Azenta Life Sciences, New Jer
sey, USA). An rRNA removal protocol was used during library prep and 
libraries were sequenced on Illumina Hi-Seq 2 x150bp at a depth of 
15–20 million reads per sample. 

2.10. Mapping and assembly of RNAseq data 

BBTools BBMap (V 37.36) was used to trim adapters, quality trim the 
left and right sides of reads with Phred quality scores of less than 20 and 
remove entire reads with an average Phred score of less than 10 (Bush
nell, 2014) (NCBI BioProject PRJNA769054). Transcriptomes were first 
aligned to the C. virginica reference genome sequence 
(GCF_002022765.2) using HISAT2 (V 2.1.0) with default parameters 
and without use of a reference annotation to allow for novel transcript 
discovery (Kim et al., 2016; Pertea et al., 2016). HISAT2 output files 
were sorted and converted to BAM format using SAMtools (V 1.9.0) (Li 
et al., 2009). Transcripts were assembled and quantified using the 
C. virginica reference genome annotation (GCF_002022765.2_C_virgini
ca-3.0_genomic.gff) using Stringtie (V 2.1.0) (Pertea et al., 2016). 
Comparison of transcriptome annotation to the reference for each 
sample was conducted using gffcompare (V 0.11.5) (Pertea et al., 2016). 
Stringtie output was formatted into matrices of transcript count data and 
uploaded into R Studio (V 3.6.1) (R Studio Team, 2020). The same 

process for alignment, assembly, and quantification was repeated with 
transcriptome files using the P. marinus reference genome sequence and 
reference annotation (GCA_000006405.1). Scripts used for analysis are 
available on github. 

2.11. Differential expression analysis 

Differential expression of transcripts in both C. virginica and 
P. marinus RNAseq datasets was calculated using DESeq2 (V 1.24.0) in R 
Studio (V 3.6.1) (Love et al., 2014; R Studio Team, 2020). To analyze 
hemocyte differential gene expression, the formula “~condition” was 
used to compare each individual treatment to control non-treated he
mocytes in a pairwise manner and results of individual comparisons 
were analyzed using the results() function. To analyze the effect of he
mocyte inhibitor treatment on P. marinus differential gene expression, 
the formula “~condition” was used to compare P. marinus expression in 
P. marinus exposed to hemocytes alone with gene expression in 
P. marinus exposed to hemocytes pretreated with either GDC-0152 or 
ZVAD-FMK. Transcript counts were log-scale transformed and normal
ized to the library size using the rlog formula (Love et al., 2014). Tran
scripts with <10 counts were removed from analysis. Log fold changes 
(LFC) in expression between transcripts within experiments were 
considered significant when p-values adjusted (Padj) using the Benja
mini–Hochberg to control for the False Discovery rate (FDR) were 
≤0.05. LFC shrinkage was performed using “apeglm” to improve ranking 
transcripts by effect size and to enable comparison of LFC between ex
periments (Zhu et al., 2018). LFC heatmaps were generated with Com
plexHeatmap (V 2.0.0) (Gu et al., 2016), transcript count heatmaps were 
produced with pheatmap (V) and volcano plots were generated with 
ggplot2. Gene Ontology enrichment was conducted with the list of 
significantly correlated genes in each module using the package topGO 
(V 2.36.0) (Alexa and Rahnenfuhrer, 2019) in R (V 3.6.1). GO terms for 
each protein were obtained by running the full protein sequences for the 
eastern oyster genome assembly (GCA_002022765.4) and the P. marinus 
assembly (GCA_000006405.1) through Interproscan (V 5.44). Bubble 
plots of GO enrichment data were created with ggplot2. Treemap plots 
were generated with REVIGO using default parameters and the treemap 
package (V 2.4–2) in R (Supek et al., 2011). 

2.12. Weighted gene correlation network analysis (WGCNA) and GO 
enrichment 

WGCNA (V 1.68) was performed in R (V 3.6.1) with the hemocyte 
and P. marinus expression datasets separately. For both data sets, 
expression data were transformed as for the DESeq2 experiment using 
the rlog transformation prior to network construction. Networks were 
constructed as “signed hybrid” type with robust correlation performed 
using the bi-weight mid-correlation (corFunc = “bicor”) (Langfelder and 
Horvath, 2008). A soft thresholding power of 7 produced the best fit to 
scale free topology and was selected to construct each network. For the 
hemocyte WGCNA analysis, significant and interesting modules were 
identified based on the following criteria: 1) Modules significantly 
correlated with challenge condition (Pearson’s correlation, cor function; 
p-value ≤ 0.05); 2) Contain apoptosis-related transcripts (annotated 
from Witkop et al., in press BMC Genomics); 3) High (r > 0.4) and sig
nificant (p < 0.05) correlation between gene significance and module 
membership, indicating that highly connected genes in the module were 
also significant for the effect of P. marinus challenge of hemocytes; 4) 
Significant correlation with apoptosis phenotype (arcsine transformed 
percentages of hemocytes that had engulfed P. marinus cells and were 
apoptotic). For P. marinus WGCNA analysis, significant and interesting 
modules were identified by: 1) Significant correlation of modules with 
challenge condition (Pearson’s correlation, cor function), p-value ≤
0.05); 2) High (r > 0.4) and significant (p < 0.05) correlation between 
gene significance and module membership; and 3) Significant correla
tion with apoptosis phenotype (arcsine transformed percentages of 
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hemocytes that had engulfed P. marinus cells and were apoptotic). 
For both analyses, intramodular hub genes were identified as genes 

in each module with a high absolute value for gene significance (GS) >
0.6, and high absolute value for module membership (MM) (calculated 
with the signedKME function) > 0.8 (Langfelder et al., 2011; Liu et al., 
2019). Gene Ontology enrichment was conducted with the list of 
significantly correlated genes in each module using the package topGO 
(V 2.36.0) (Alexa and Rahnenfuhrer, 2019) in R (V 3.6.1). Modules of 
interest (identified using criteria above) were exported from WGCNA 
using exportNetworkToCytoscape without prior subsetting for edge 
weight, and edge files were then uploaded to Cytoscape (V 3.8.0), along 
with corresponding product annotations and trait significance for visu
alization (Shannon et al., 2003). Selected modules were subset for 
apoptosis-related genes of interest (both hub genes and non-hub genes 
identified above in WGCNA based on GS for treatment and MM) and 
genes of interest with significant correlations with apoptosis phenotype. 
The network was drawn with the prefuse force directed layout using 
edge weight (Shannon et al., 2003). For P. marinus modules, nodes were 
filtered to keep intramodular hub genes for treatment and edges with 
weights greater than or equal to the 80th percentile of edge weights from 
the entire module. P. marinus modules were drawn using the circular 

layout. 

3. Results 

3.1. Basal apoptosis in unstimulated granulocytes may be IAP-dependent 
and involve caspase-independent pathways 

Potential hemocyte apoptosis mechanisms and optimal conditions 
for treatment with inhibitors were investigated in unstimulated hemo
lymph (i.e. not challenged with P. marinus). Agranulocytes were more 
abundant on average than granulocytes in pooled hemolymph samples 
(55% ± 3% vs. 45% ± 3%, One-way ANOVA, Tukey HSD p < 0.05; 
Fig. 1a). Pan-caspase inhibitor Z-VAD-FMK treatment did not signifi
cantly affect granulocyte viability (as determined by membrane rupture) 
at any concentration (91–94% viable cells, p > 0.5), suggesting no 
cytotoxic effect (Fig. 1b). IAP inhibitor GDC-0152 treatment for 3 or 4 h 
significantly increased granulocyte cell death at the 100 μM dose only 
(One-way ANOVA, Tukey HSD, p < 0.02), indicating potential cyto
toxicity at this concentration. To avoid potential cytotoxicity of GDC- 
0152, subsequent in vitro assays were performed with 3 h pre- 
incubation at a 50 μM final concentration. 

Fig. 1. Basal apoptosis in unstimulated 
granulocytes may be IAP-dependent and 
involve caspase-independent pathways. 
Percent (average±standard deviation, n = 3 
hemolymph pools) of hemolymph composi
tion (A) granulocyte viability (B), apoptosis 
(C), and caspase 3/7 activity (D) following 
treatment with either GDC-0152 or Z-VAD- 
FMK was measured by flow cytometry. (A) 
Percent of total (viable and unviable) gran
ulocytes and agranulocytes in hemolymph 
(n = 3 pools). (B) Percent live granulocytes 
measured as 100% minus the percent PI 
stained. GDC-0152 (100 μM) significantly 
decreased granulocyte viability as compared 
to control. (C) Dose and time effect of in
hibitor treatment on percent apoptotic 
granulocytes. GDC-0152 (100 μM, 4 h) 
significantly increased granulocyte apoptosis 
as compared to control. (D) Dose and time 
effect of inhibitor treatment on percent cas
pase 3/7 active granulocytes. No significant 
differences observed compared to control. 
GDC-0152 and Z-VAD-FMK treatments 
significantly differed from one another (One- 
Way ANOVA, p = 0.004, a vs. b), and the 
effect of time was significant in Z-VAD-FMK 
treatments (One-Way ANOVA, p = 0.009, c 
vs. d). Statistical tests were performed with 
arcsine transformed percentages 
(*p<=0.05; **p<=0.01; ***p<=0.001). 
Significance is displayed only for treatments 
differing from control for (A) and (B).   
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Overall, few unstimulated granulocytes and agranulocytes were 
apoptotic (Fig. 1c, Supplementary Fig. 2), although granulocyte 
apoptosis significantly differed in response to inhibitor treatment in the 
GDC-0152 treatment, but agranular cell apoptosis did not (Fig. 1c, 
Supplementary Fig. 2). Based upon this and the known importance of 
granulocytes in eastern oyster immune responses to P. marinus (La Peyre 
et al., 1995; Soudant et al., 2013; Vasta et al., 2020; Wikfors and Alix, 
2014), granulocytes were the focus in subsequent analyses. As predicted 
by the demonstrated action of GDC-0152 in other organisms (Hu et al., 
2015), IAP inhibition significantly increased granulocyte apoptosis 
compared to control (100 μM, 4 h, One-Way ANOVA, p = 0.001; Fig. 1c), 

revealing some or all granulocyte apoptosis may be IAP-dependent. 
Caspase 3/7 activation was not significantly affected by IAP inhibition 
in granulocytes (Fig. 1d), suggesting apoptosis triggered by IAP inhibi
tion may be caspase-independent. 

Treatment with pan-caspase inhibitor Z-VAD-FMK did not lead to a 
significant decrease in caspase 3/7 activation in hemocytes as compared 
to the already low levels seen in control samples (Fig. 1d). Despite no 
differences being observed between these treatments, lower levels of 
granulocyte caspase 3/7 activation were seen as the dose of the inhibitor 
increased, although this trend was also not significant (One-Way 
ANOVA, p = 0.09). However, levels of caspase 3/7 activation were 

Fig. 2. Pretreatment with an IAP inhibitor affected P. marinus inhibition of apoptosis downstream of membrane permeabilization, while caspase in
hibitors had no effect. Control and inhibitor-pretreated (IAP inhibitor GDC-0152 for 3 h or caspase inhibitor Z-VAD-FMK for 1 h) hemolymph was incubated for 1 h 
with activated beads or P. marinus at an MOI of 1:1, and the average±sd percent granular cell apoptosis (A, annexin-V assay), membrane permeabilization (B, JC-1 
assay), and caspase 3/7 activation (C) was determined by flow cytometry. Percent of cells in different cellular portions (different gates) are presented: total gran
ulocytes (left panel); granulocytes without engulfed P. marinus (middle panel), and granulocytes with engulfed P. marinus (right panel). Black lines represent the 
standard deviation. Statistical tests were performed with arcsine transformed percentages (*p<=0.05; **p<=0.01; ***p<=0.001). 
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significantly lower at 3 h than 4 h post-exposure (One-Way ANOVA, p =
0.009, Fig. 1d), with caspase 3/7 activation significantly lower at 3 h 
than 4 h post-exposure, suggesting the slight effect of the inhibitor may 
have been transient, leading to a compensatory increase in caspase 3/7 
after inhibition was released. Caspase 3/7 activation in Z-VAD-FMK 
treated hemocytes was also significantly lower overall than in GDC-0152 
treatments (Fig. 1d, One Way ANOVA, Tukey HSD, p = 0.02). To 
streamline the assays (i.e. stagger the two inhibitor treatments) and 
measure results prior to any compensatory effects observed at longer 
incubation times, subsequent assays employed a 1 h hemocyte Z-VAD- 
FMK pretreatment at the highest tested dosage, 100 μM concentration. 

3.2. Hemocyte IAP inhibitor pretreatment affected P. marinus apoptosis 
inhibition downstream of membrane permeabilization, but caspase 
inhibitor had no effect 

Treatment with P. marinus significantly decreased granulocyte 
apoptosis compared to control in both subsets of hemocytes (containing 
and not containing engulfed P. marinus; p < 0.02; Fig. 2a, Supplementary 
Fig. 3a), confirming previous research showing that P. marinus sup
presses hemocyte apoptosis (Goedken et al., 2005a; Hughes et al., 2010). 
Active phagocytosis of P. marinus by hemocytes was additionally 
confirmed (Supplementary Fig. 1a), also supporting previous research 
(Hughes et al., 2010), and P. marinus was phagocytosed at a significantly 
higher rate than LPS-activated beads (13% ± 2% of engulfed P. marinus 
vs 2% ± 1% of engulfed beads; One Way ANOVA, Tukey HSD p =
0.0006, Supplementary Fig. 1a). High viability of the P. marinus tro
phozoites utilized in all assays was shown with SYBR green staining 

Fig. 3. Dual P. marinus and IAP inhibitor treatment triggered differential gene expression in oyster hemocytes of TNFR and NF-kB pathways and upre
gulation of oxidation-reduction processes. Hemocytes were pretreated with control (FSSW) or 50 μM of GDC-0152 for 3 h prior to incubation with P. marinus (1:1 
MOI) for 1 h before processing for RNA extraction. Gene expression in each treatment was compared to control non-exposed hemocytes. (A) PCA plot of rlog 
transformed counts for each sample. (B) Volcano plots of DEGs, with those transcripts involved in apoptosis plotted with red triangles. Transcripts with negligible 
differential expression (− 0.1-0.1) were excluded from plotting. (C) LFC plots of hemocyte apoptosis DEGs compared between both treatments. (D) Bubble plot 
showing significantly enriched BP and MF GO terms identified by topGO in each set of DEGs. 
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(95% ± 2% viable P. marinus, n = 3; Supplementary Fig. 1b). 
To further investigate mechanisms of apoptosis inhibition by 

P. marinus, apoptotic activity was quantified after hemocytes were 
pretreated with the selective IAP inhibitor GDC-0152, which can affect 
both intrinsic and extrinsic apoptosis pathways (Erickson et al., 2013; 
Hu et al., 2015; Tchoghandjian et al., 2016). Although hemocyte pre
treatment with GDC-0152 alone increased apoptosis in granulocytes 
compared to non-treated controls (Fig. 1c), pretreatment of hemocytes 
with GDC-0152 followed by P. marinus challenge led to a significant 
decrease in total granulocyte apoptosis (granulocytes with and without 
engulfed P. marinus; Fig. 2a, left panel) and apoptosis in granulocytes 
not containing engulfed P. marinus compared to control hemocytes 
(Fig. 2a, middle panel). Furthermore, apoptosis in granulocytes con
taining engulfed P. marinus was also significantly lower in the dual 
GDC-0152 and P. marinus treatment than in the treatment with 
P. marinus alone (p = 0.03, Fig. 2a). These results show that the effect of 
P. marinus on hemocyte apoptosis inhibition was even stronger when 
selected oyster IAPs are inhibited by GDC-0152, suggesting that normal 
P. marinus inhibition of granulocyte apoptosis is not directly mediated 
by the activity of GDC-0152-targetted IAPs, but could involve some 
interaction with IAP pathways. 

Although total granulocyte apoptosis following GDC-0152 pretreat
ment and P. marinus challenge decreased compared to control (Fig. 2a, 
left panel), MOMP significantly increased (p = 0.0005; Fig. 2b, left 
panel, Supplementary Fig. 3b), an unexpected result because steps 
downstream of MOMP are expected to trigger apoptosis. Furthermore, in 
the granulocytes containing engulfed P. marinus, MOMP was not 
significantly affected by GDC-0152 pretreatment (Fig. 2b, right panel, 
Supplementary Figs. 3a and b), although dual GDC-0152 and P. marinus 
treatment led to significant apoptosis suppression (as compared to he
mocytes challenged only with P. marinus; Fig. 2a, right panel). These 
results imply that P. marinus suppressed apoptosis downstream of 
MOMP. 

Finally, P. marinus treatment, coupled with either Z-VAD-FMK or 
GDC-0152 treatment, had no significant effect on caspase 3/7 activity 
(Fig. 2c, Supplementary Fig. 3c), suggesting apoptotic processes sup
pressed by P. marinus do not involve caspase activation. 

3.3. P. marinus triggered expression of oyster genes involved in catalytic 
and proteolytic activity, RNA binding, and metabolic processes in 
hemocytes, but few genes in apoptosis pathways 

Differential gene expression of hemocytes challenged with P. marinus 
was first evaluated. Transcriptome sequencing produced 10–30 M reads 
per sample (not shown) and rlog transformed read counts clustered by 
hemocyte pool and treatment (Fig. 3a). P. marinus-challenged hemo
cytes differentially expressed 518 total transcripts compared to control 
untreated hemocytes, most of which were upregulated in response to 
P. marinus (Fig. 3b). Few apoptosis-related transcripts, 15 total and 3 
with LFC >1, all of which were IAP transcripts, were differentially 
expressed in hemocytes challenged with P. marinus (Fig. 3b). Of the 3 
differentially expressed IAP transcripts, two were upregulated (LFC >2, 
BIRC2/3-like, and TY-BIR-RING), and one was strongly downregulated 
(BIRC5-like, LFC = − 5) (IAP annotations from Witkop et al., in press 
BMC Genomics). Differentially expressed apoptosis-related transcripts 
with low LFC (<1) included some involved in the TLR pathway (TLR13, 
MyD88, TRAF4), the TNFR pathway (BIRC2/3-like, caspase 8), and the 
ER and calcium signaling pathway (IP3R, PDCD6, calpain 9). These 
results show that P. marinus exposure triggered hemocyte expression of 
IAP proteins, but little change in apoptosis pathway gene expression 
overall. 

Eighteen molecular function (MF) and 14 biological process (BP) GO 
terms were significantly enriched (Fisher’s Exact test, p ≤ 0.05) (Fig. 3d) 
in the differentially expressed hemocyte transcripts responding to 
P. marinus. The top five significant MF terms were protein binding 
(GO:0005515), motor activity (GO:0003774), GTPase activator activity 

(GO:0005096), and ATP binding (GO:0005524), and the top five sig
nificant BP terms were anion transport (GO:0006820), protein phos
phorylation (GO:0006468), signal transduction (GO:0007165) and 
transcription initiation from RNA polymerase (GO:0006367). Addi
tional enriched terms were associated with key enzymes involved in 
parasitic infection response (Chakraborti et al., 2019; Dean et al., 2014; 
Siqueira-Neto et al., 2018; Xue, 2019), including serine-type endopep
tidase inhibitor activity (GO:0004867), protein kinase activity 
(GO:0004672), peptidase activity (GO:0008233), and metallopeptidase 
activity (GO:0008237). Serine protease inhibitors (serine-type endo
peptidase inhibitor) are important C. virginica secreted enzymes in de
fense against P. marinus and other pathogens (Xue, 2019), and 3 
transcripts were significantly differentially expressed with this GO term; 
two inter-alpha-trypsin inhibitor heavy chain H3-like proteins 
(XP_022300431.1, XP_022300432.1) possessing inter-alpha-trypsin do
mains (IPR013694), and one spondin-1-like transcript 
(XP_022294477.1) which possessed basic protease (Kunitz-type) inhib
itor family signatures (IPR002223). 

Finally, REVIGO analysis revealed RNA binding, catalytic activity, 
motor activity, protein binding, GTPase activator activity, and cation 
transmembrane transporter activity to be the most representative 
enriched GO molecular functions, and anion transport, glycosamino
glycan metabolic processes and regulation of small GTPase mediated 
signal transduction to be the most representative biological processes in 
P. marinus exposed hemocytes (Supplementary Figs. 4a and b). 

3.4. Hemocyte pretreatment with IAP inhibitor GDC-0152 followed by 
P. marinus challenge led to upregulation of oxidation-reduction processes 
and modulation of TNFR and NF-kB pathway signaling 

Differential expression analysis was also used to better understand 
mechanisms contributing to further apoptosis suppression in the dual 
GDC-0152 and P. marinus treatment (Fig. 3). This treatment stimulated 
three times as many differentially expressed transcripts compared to 
challenge with P. marinus alone (1577 versus 518) and included a higher 
number of transcripts associated with apoptosis-related pathways, with 
62 differentially expressed transcripts (17 with LFC≥1 or ≤ − 1) 
compared to 15 (Fig. 3b right panel, d, Supplementary Fig. 5). More GO 
terms were also significantly enriched (44 MF, 37 BP) compared to 
P. marinus treatment alone (Fig. 3d). The top five significant MF GO 
terms included protein binding (GO:0005515), ATP binding 
(GO:0005524), DNA-binding transcription factor activity 
(GO:0003700), unfolded protein binding (GO:0051082), and oxidore
ductase activity, acting on diphenols and related substances as donors 
(GO:0016679). The top five BP enriched GO terms included protein 
folding (GO:0006457), oxidation-reduction process (GO:0055114), 
regulation of transcription, DNA-template (GO:0006355), tRNA ami
noacylation for protein translation (GO:0006418), and tissue regenera
tion (GO:0042246). Additional enriched GO terms previously 
implicated in intracellular parasite infections (Chakraborti et al., 2019; 
Siqueira-Neto et al., 2018; Xue, 2019) were regulation of metal ion 
transport (GO:0010959), superoxide metabolic processes 
(GO:0006801), and several endopeptidase related terms, including 
peptidase activity, endopeptidase activity (GO:0004175), 
threonine-type endopeptidase activity (GO:0004298) and aspartic-type 
endopeptidase activity (GO:0004190) (Fig. 3d). REVIGO analysis of 
BP terms highlighted regulation of metal ion transport, metabolic pro
cesses, oxidation-reduction process, superoxide metabolic process and 
protein folding, among others, as key representative terms in the set of 
enriched BP terms (Supplementary Fig. 4d). 

The enrichment of oxidation-reduction processes observed in he
mocytes in response to dual GDC-0152 and P. marinus treatment was not 
observed with hemocyte P. marinus treatment alone, but has been 
identified previously as a key component of oyster response to P. marinus 
(Fernández-Robledo et al., 2008; Lau et al., 2018b; Schott et al., 2003; 
Sullivan and Proestou, 2021; Xue, 2019). DEGs representing enriched 

E.M. Witkop et al.                                                                                                                                                                                                                              



Developmental and Comparative Immunology 129 (2022) 104339

9

superoxide metabolic processes included superoxide dismutase [Cu-Zn], 
chloroplastic-like (XP_022304796.1) and glutenin, high molecular 
weight subunit DX5-like (XP_022314583.1) which contains a 
Cu-Zn-superoxide dismutase family signature. DEGs also contained 
oxidoreductase activity related transcripts, which included a condi
tioned medium factor receptor 1-like (XP_022336529.1) with a 
GG-red-SF: geranylgeranyl reductase family domain, and 7-dehydrocho
lesterol reductase-like transcripts (XP_022318313.1, XP_022318314.1). 

Further investigation of significantly differentially expressed 
apoptosis-related transcripts in the dual GDC-0152 and P. marinus 
treatment revealed complex responses of multiple apoptotic pathways, 
including strong upregulation of intrinsic (mitochondrial apoptosis, 

oxidative stress, ER stress, DNA damage response) and extrinsic 
apoptosis pathways (TNFR pathway, NF-kB pathway), strong upregu
lation of multiple IAPs, and downregulation of the TLR pathway 
(Fig. 3c). Inflammatory pathways and extrinsic apoptosis were the most 
responsive apoptosis related pathways, including receptors (TNRSF5, 
TLR3,4,6,13), receptor adapter proteins (TRAF3,4,6, BIRC2/3-like), 
signal transduction molecules (MyD88), inhibitory molecules (hsp70, 
BAG3, hsp90), transcription factors (LITAF, AP-1, IRF1), and effector 
molecules (caspase 8, IRF1), although NF-kB specifically was not iden
tified as differentially expressed. A total of 8 IAP transcripts were 
differentially expressed, 7 of those upregulated with LFC >1, including 2 
BIRC2/3-like, 1 BIRC7-like, 1 novel BIRC11, 1 novel BIRC12, and two 

Fig. 4. TNFR pathway and oxidoreductase transcript expression in oyster hemocytes were significantly correlated with apoptosis transcripts and 
apoptosis phenotype following dual P. marinus and IAP inhibitor treatment. Hemocytes were pretreated with control (FSSW) or 50 μM of GDC-0152 for 3 h and 
then incubated with P. marinus (1:1 MOI) for 1 h before analysis of hemocyte gene expression. Associations between hemocyte gene expression and apoptosis 
phenotype (percent granular cell apoptosis in response to treatment) were investigated using WGCNA. (A) Heatmap of modules selected based on the following 
criteria: significantly correlated with either P. marinus challenge alone or GDC-0152 and P. marinus treatment, showing high Gene Significance (GS) and Module 
Membership (MM) relationship, and containing apoptosis intramodular hub genes. Modules are plotted with their correlation with apoptosis phenotype. X-axis 
indicates modules of correlated transcripts and the y-axis plots each trait for which module significance was calculated. Correlation values (-1 – 1), followed by and 
significance values (p between 0 and 1) in parentheses, are listed in each cell. Color indicates strength and direction of correlation. (B) Relationship between GS and 
MM for the navajowhite2 module, where each point is a transcript in the module. (C) GO enrichment for Biological Process (BP) and Molecular Function (MF) for the 
navajowhite2 module. (D) Hemocyte navajowhite2 module network (Cytoscape, V 3.8.0) showing apoptosis-related and oxidoreductase genes of interest signifi
cantly correlated with apoptosis phenotype. Nodes colored by significance for apoptosis phenotype (yellow = high significance, blue = low significance), edge width 
and color were scaled to edge weight (thicker = higher weight, darker = higher weight), and node shape indicated hub gene status (triangle = hub gene, circle = non- 
hub gene). 
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BIRCs in un-supported groups, containing a novel Type Y BIR domain 
(LOC111100402) and the other with TII-DD-RING structure 
(LOC111100400) (annotations from Witkop et al., in press BMC Geno
mics). These results indicate that dual GDC-0152 and P. marinus treat
ment stimulated complex oxidation-reduction processes which may 
trigger or work alongside TNFR and NF-kB inflammatory pathways 
involved in regulating apoptosis, potentially leading to the increased 
suppression of apoptosis in this treatment. Results from the Z-VAD-FMK 
gene expression analysis are not presented here because no significant 
effect on apoptosis phenotype in dual challenge with P. marinus was 
found. 

3.5. TNFR pathway and oxidoreductase transcripts were significantly 
associated with apoptosis inhibition in granulocytes following P. marinus 
and GDC-0152 treatment 

WGCNA was performed to identify gene modules associated with 
further apoptosis suppression following dual GDC-0152 and P. marinus 
treatment. Forty-one modules were significantly correlated in the GDC- 
0152 and P. marinus treatment (Supplementary Figs. 6a and c). Specific 
modules were prioritized based on Module Membership (MM) and Gene 
Significance (GS) for apoptosis phenotype (arcsine transformed per
centages of hemocytes that had engulfed P. marinus cells and were 
apoptotic), and if they had opposing directions of correlation for dual 
GDC-0152 and P. marinus treatment and apoptosis phenotype (Fig. 4a). 
Opposing directions of trait correlation were selected because 

transcripts potentially involved in apoptosis suppression in the dual 
GDC-0152 and P. marinus treatment group were hypothesized to be 
positively correlated with treatment (treatment leads to increased 
expression) and negatively correlated with apoptosis (treatment leads to 
decreased apoptosis). 

This selection process identified the navajowhite2 module (264 total 
transcripts) as the most promising to investigate (Fig. 4b, c, d), and gene 
expression in this module was perfectly correlated (r = 1, p = 7e-12) 
with the hemocyte-only control vs. GDC-0152 and P. marinus treatment, 
highly negatively correlated with apoptosis phenotype (r = − 0.86, p =
3e-04), and had a strong correlation between GS for apoptosis pheno
type and MM (cor = 0.63), indicating genes strongly associated with 
apoptosis were also highly connected in this module (Fig. 4a and b). 
Enriched GO terms in this module overlapped with enriched terms in the 
differentially expressed transcripts from the dual GDC-0152 and 
P. marinus treatment, including protein binding, ion transport, and 
oxidoreductase activity (Fig. 4c). Two oxidoreductase-related tran
scripts were significantly correlated with apoptosis phenotype; 7-dehy
drocholesterol reductase-like, transcript variant X2 (which was an 
intramodular hub gene, i.e. a highly interconnected gene with high trait 
significance), and cytochrome P450 2D27-like. Genes coding for cyto
chrome P450 enzymes, which play critical roles in ROS production 
(Zangar et al., 2004) were also differentially expressed in this treatment 
(13 cytochrome-related DEGs). This module also contained 79 intra
modular hub genes strongly associated with apoptosis phenotype, 5 of 
which were apoptosis-related and differentially expressed in the DEG 

Fig. 5. Pre-exposure of hemocytes with GDC-0152 before treatment with P. marinus induced differential expression of transporter genes in P. marinus. 
Hemocytes were pretreated with control (FSSW) or 50 μM of GDC-0152 for 3 h and then incubated with P. marinus (1:1 MOI) for 1 h before analysis of P. marinus gene 
expression. P. marinus DEGs were analyzed in comparison to P. marinus expression in control (non-GDC treated) hemocytes. (A) PCA plot of rlog transformed counts 
for each sample. (B) Volcano plots of differentially expressed genes (DEGs) in P. marinus in response to GDC-0152 pretreatment of hemocytes. Transcripts with 
negligible differential expression (− 0.1 to 0.1) were excluded from plotting. (C) LFC heatmap plot of all identified P. marinus DEGs in response to GDC-0152 pre
treatment of hemocytes. (D) Bubble plot showing significantly enriched Biological Process and Molecular Function Gene Ontology terms identified by topGO in 
the DEGs. 
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analysis: caspase-2-like, heat shock protein 27-like, transcription factor 
AP-1-like, tumor necrosis factor receptor superfamily member 5-like, 
and the IAP uncharacterized LOC111100400, transcript variant X1 (a 
BIRC7-like protein; Witkop et al., in press BMC Genomics) (Fig. 4d). The 
module also contained a caspase-8-like and a cdc42 homolog transcript 
which were significantly correlated with apoptosis phenotype but not 
hub genes. 

Overall, oxidoreductase and apoptosis-related transcripts in the 
module presented complex connection patterns (Fig. 4d). TNFR pathway 
transcripts (caspase 8-like, hsp-27-like, TNFRSF5-like) and inflamma
tory modulators (transcription factor AP-1, hsp-27) were directly con
nected with ROS production enzymes (cytochrome P450 2D27-like), 
suggesting they may work in similar pathways and/or may be co- 
regulated by GDC-0152 and P. marinus treatment. These results 

suggest GDC-0152 and P. marinus affect the NF-kB and TNFR pathways 
and oxidation-reduction processes in ways that are correlated with 
enhanced apoptosis suppression, providing further support that IAPs 
and NF-kB and TNFR pathways are important for apoptosis regulation in 
response to P. marinus. 

3.6. P. marinus WGCNA identifies candidate proteases, hydrolases, and 
kinases for future study as potential NF-kB pathway or TNFR pathway 
modulators 

Finally, P. marinus gene expression was contrasted in P. marinus 
incubated with GDC-0152 pretreated hemocytes or incubated with un
treated hemocytes (i.e. effect of the IAP inhibition on P. marinus 
expression when co-incubated with hemocytes), to identify potential 

Fig. 6. WGCNA reveals correlation of P. marinus proteases, hydrolases, and kinases in response to hemocyte exposure. Hemocytes were pretreated with 
control (FSSW), 50 μM of GDC-0152 for 3 h, or 100 μM of Z-VAD-FMK for 1 h and then incubated with P. marinus (1:1 MOI) for 1 h before analysis of P. marinus gene 
expression. (A) Heatmap of modules significantly correlated with hemocyte and either GDC-0152 or Z-VAD-FMK treatment and high Gene Significance and Module 
Membership relationship in both treatments are plotted along with their correlation with apoptosis phenotype (percent of apoptosis in granulocytes). X-axis indicates 
modules of correlated transcripts and the y-axis plots each trait for which module significance was calculated. Correlation values (− 1 to 1), followed by significance 
values (p between 0 and 1) in parentheses, are listed in each cell. Color indicates strength and direction of correlation. (B) Relationship between Gene Significance 
and Module Membership for the blue4 module, where each point is a transcript in the module. (C) Gene Ontology enrichment for Biological Process and Molecular 
Function for the blue4 module. (D) P. marinus blue4 module network (Cytoscape,V 3.8.0) showing highly connected intramodular hub genes. P. marinus modules 
were drawn using the circular layout. 
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parasite effectors that may be modulating/contributing to the hemocyte 
granulocyte apoptosis suppression observed in the IAP inhibitor – 
P. marinus treatment. P. marinus transformed expression data clustered 
by biological replicate and then by treatment (Fig. 5a), showing that 
pool identity (hemocyte context) had a stronger effect on P. marinus 
gene expression than the inhibitor treatment. Parasite differential gene 
expression in parasites that were incubated with the inhibitor pre- 
treated hemocytes as compared to non-treated hemocytes revealed 39 
differentially expressed P. marinus transcripts, most of them upregulated 
(24 with LFCs >1 or < − 1) (Fig. 5b and c). Unexpectedly, P. marinus 
DEG’s did not include previously studied enzymes with known roles in 
P. marinus virulence and parasite apoptosis, such as superoxide dis
mutases and serine proteases (Joseph et al., 2010; Lau et al., 2018b; Xue, 
2019), suggesting that IAP inhibitor treatment does not affect expression 
of these virulence factors (Supplementary Fig. 7). Transmembrane 
transporter activity and methyltransferase activity were among the few 
enriched GO terms in P. marinus in response to the IAP inhibitor 
(Fig. 5d). This result is consistent with general drug treatment response 
because increased expression of transporters, particularly ABC trans
porters, can play critical roles in drug resistance of protozoan parasites 
(Pramanik et al., 2019; Sauvage et al., 2009). 

WGCNA analysis assessed correlation of P. marinus gene modules 
with treatment and apoptosis phenotype (measured as the level of 
apoptosis in granular hemocytes with engulfed P. marinus) (Fig. 6). To 
isolate modules of parasitic genes that may affect hemocyte apoptosis in 
general, and are not just responsive to hemocytes and a drug (i.e. in
hibitor) treatment, modules of interest were those significantly corre
lated with both GDC-0152 and Z-VAD-FMK treatment and apoptosis 
phenotype. Only one module, blue4, was prioritized for analysis because 
it was positively correlated with both treatments and had a high cor
relation between Gene Significance and Module Membership, but no 
modules were significantly correlated with both P. marinus treatments 
and apoptosis phenotype (Fig. 6a, Supplementary Figs. 6b and d). 
Module blue4 contained 45 transcripts and was significantly enriched 
for protein processing, cell redox homeostasis, transferase activity, and 
cysteine-type endopeptidase activity GO terms (Fig. 6c). Of those 
enriched GO term-related transcripts, only one (CAAX prenyl protease, 
putative (XM_002772524.1, associated with cysteine-type endopepti
dase activity) was a highly interconnected intramodular hub gene. The 
module also contained several other hub gene proteases, kinases, and 
hydrolases that could affect hemocyte apoptotic response; carboxypep
tidase Y precursor, putative, containing serine carboxypeptidase do
mains (IPR001563), epoxide hydrolase, putative, containing hydrolytic 
enzyme domains (IPR000639, IPR000073), and serine/threonine pro
tein kinase 2, putative, containing protein kinase domain profile 
(IPR000719) (Fig. 6d). 

4. Discussion 

This research investigated mechanisms underlying hemocyte 
apoptotic response to the protozoan parasite P. marinus, to identify 
molecular targets for modulation of host-parasite interactions in Dermo 
disease, a disease with a large economic and ecological impact on 
eastern oyster populations (Smolowitz, 2013). Because granulocytes, 
the major phagocytic immune cell of the oyster, may serve as a niche for 
P. marinus, prolonging the life of the granulocyte by decreasing gran
ulocyte apoptosis may allow for enhanced parasite proliferation, 
dissemination through tissues, and disease (Hughes et al., 2010). Our 
results showed that basal apoptosis in unstimulated granulocytes may be 
IAP-dependent and involve caspase-independent pathways and 
confirmed that challenge of hemocytes with P. marinus for 1 h in vitro 
induced suppression of granulocyte apoptosis. Challenge with P. marinus 
alone triggered expression of oyster genes involved in catalytic and 
proteolytic activity, RNA binding, and metabolic processes in hemo
cytes, but few genes in apoptosis pathways, consistent with inhibition of 
apoptosis. Hemocyte pretreatment with the IAP inhibitor GDC-0152 

revealed P. marinus may inhibit apoptosis downstream of membrane 
permeabilization, which could lead to upregulation of 
oxidation-reduction processes and modulation of TNFR and NF-kB 
pathway signaling and apoptosis inhibition. Finally, analysis of 
P. marinus gene expression using WGCNA identified candidate pro
teases, hydrolases, and kinases for future study as potential oyster NF-kB 
pathway or TNFR pathway modulators. 

In vitro challenge of C. virginica hemocytes with P. marinus first 
revealed that P. marinus significantly suppressed granulocyte apoptosis, 
confirming previous studies (Goedken et al., 2005a; Hughes et al., 2010; 
Lau et al., 2018b). Despite the apoptosis suppression observed following 
hemocyte P. marinus challenge, few apoptosis pathway transcripts were 
significantly differentially expressed in response to P. marinus, which 
has been noted in previous studies in Dermo susceptible oysters (Pro
estou and Sullivan, 2020). P. marinus challenge, on the other hand, did 
trigger expression of genes involved in catalytic activity, RNA binding, 
metabolic processes and serine-type endopeptidase inhibitor activity, 
which have been recognized as key components of eastern oyster de
fense against P. marinus (He et al., 2012; La Peyre et al., 2010; Xue, 
2019; Xue et al., 2009; Yadavalli et al., 2020). The very limited 
apoptosis pathway differential expression response observed in hemo
cytes challenged with P. marinus (which notably involved a relatively 
higher proportion of the inhibitors of apoptosis IAPs as compared to 
other apoptosis molecules) indicates that interference of apoptosis 
pathways by P. marinus virulence factors may be an important mecha
nism of apoptosis suppression in hemocytes. Despite limitations in the 
experimental design in this research, in which lack of a P. marinus only 
control group prevented disentangling the effect of inhibitor 
pre-treatment of hemocytes on P. marinus gene expression from the ef
fect of the hemocytes alone, several genes and pathways were expressed 
in P. marinus when incubated with hemocytes that may contribute to 
hemocyte apoptosis inhibition. These included transcripts involved in 
parasite cell-redox homeostasis, as well as proteases, hydrolases, and 
kinases. Further investigation would be required to confirm the poten
tial role of these effectors potentially release by P. marinus on hemocyte 
apoptosis. 

Treatment with the IAP inhibitor GDC-0152 alone caused a signifi
cant increase in granulocyte apoptosis, revealing that regulation of basal 
(unstimulated) hemocyte apoptosis in granulocytes may be IAP- 
dependent. A strong increase in apoptosis following GDC-0152 treat
ment has also been observed in other vertebrate and invertebrate spe
cies, and GDC-0152 is recognized as a potent apoptosis stimulator 
(Derakhshan et al., 2017; Erickson et al., 2013; Flygare et al., 2012; Hu 
et al., 2015; Rosner et al., 2019). Although treatment with GDC-0152 
has been previously tested in urochordates (Rosner et al., 2019), this 
paper represents the first use of this novel, potent IAP inhibitor as an 
apoptosis modulator in molluscs. This research also provides the first 
functional evidence that IAPs are involved in apoptosis in oysters and 
supports that future work should be done to investigate their specific 
roles in apoptosis regulation. 

Challenge with P. marinus following pre-treatment with the pan- 
caspase inhibitor Z-VAD-FMK suggested P. marinus suppresses 
apoptosis in hemocytes through inhibition of a caspase-independent 
pathway, because levels of apoptosis were not affected by treatment 
with this pan-caspase inhibitor. These results are consistent with pre
vious research in which Z-VAD-FMK has been used to inhibit caspases in 
hemocytes challenged with P. marinus (Hughes et al., 2010). However, 
the effects of Z-VAD-FMK on caspase 3/7 inhibition were not strong in 
our research, and the inhibitor should be further tested at a range of 
concentrations to confirm this result. Caspase-independent apoptosis is 
typically triggered in physiological and pathological conditions in 
response to intrinsic stimuli following MOMP (Tait and Green, 2008). 
Triggering or modulation of caspase-independent apoptosis following 
intracellular infection has been observed previously in bacterial and 
parasite infections. For example, intracellular infection with Mycobac
terium bovis triggers caspase-independent apoptosis by AIF and endoG 
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(Benítez-Guzmán et al., 2018), host apoptosis following intracellular 
Chlamydia infection is caspase-independent (Perfettini et al., 2002), and 
T. gondii can block caspase-independent apoptosis in host cells through 
interference with granzyme B (Yamada et al., 2011). It is important to 
note, however, that although apoptosis observed here in eastern oyster 
hemocytes was potentially caspase-independent, oyster hemocyte 
apoptosis in other situations may be caspase-dependent (Romero et al., 
2015). Overall, this finding is important for the study of hemocyte 
apoptotic response to P. marinus because it supports that other apoptosis 
enzymes, such as AIF (a critical caspase-independent apoptosis enzyme), 
may be involved in P. marinus apoptosis suppression. 

Challenge with P. marinus following GDC-0152 pre-treatment 
revealed P. marinus was able to overcome the effects of GDC-0152 upon 
apoptosis stimulation, further suppressing apoptosis in hemocytes that 
had engulfed P. marinus. Interestingly, apoptosis suppression in the dual 
treatment of hemocytes with GDC-0152 and P. marinus was not 
accompanied by a decrease in mitochondrial outer membrane per
meabilization (MOMP). These results suggest that P. marinus inhibits 
apoptosis downstream of MOMP, potentially through interference with 
an IAP-involved pathway or mechanism, such as interference with 
mitochondria-released apoptotic proteins such as AIF, which can be 
targeted for ubiquitination by BIRC4/XIAP – a target of GDC-0152 
(Wilkinson et al., 2008). Intracellular parasite suppression of AIF is a 
known mechanism of apoptosis modulation, and Toxoplasma gondii can 
prevent the release of AIF following mitochondrial permeabilization 
(Mammari et al., 2019). Previous research in eastern oysters has shown 
that hemocyte apoptosis suppression 24 h post-P. marinus infection also 

led to significant upregulation of AIF gene expression (Lau et al., 2018b). 
In the flat oyster (Ostrea edulis), intracellular hemocyte infection with 
the protozoan parasite Bonamia ostreae induces early activation of he
mocytes and upregulation of AIF expression, suggesting the involvement 
of AIF in intracellular infection (Gervais et al., 2018; Martín-Gómez 
et al., 2014). The differential gene expression analysis done in our 
research did not support, however, modulation of AIF or BIRC4 (XIAP), a 
key modulator of AIF, by P. marinus. This may be attributable to the 
short time frame of our challenge (1 h), and P. marinus modulation of 
AIF at longer time frames may be worth investigating, particularly in 
light of findings by Lau et al. (2018b) of greater AIF upregulation at 24 h 
post-challenge as compared to 6 h. Future inhibition or knockout assays 
should also be done to determine the role of AIF and BIRC4-like and 
other IAPs in the response of hemocytes exposed to P. marinus. These 
studies should additionally couple assays measuring MOMP with mea
surement of other intrinsic apoptosis markers, such as cytochrome c and 
AIF release from the mitochondria to help assess the full extent of 
MOMP, as MOMP can affect only a portion of a cell’s mitochondria or be 
reversed (Ichim et al., 2015; Sun et al., 2017; Tang and Tang, 2018). 

Alternatively, P. marinus may be targeting an IAP-involved pathway 
where MOMP does not necessarily occur (i.e. an extrinsic pathway as 
opposed to an intrinsic pathway) such as the TNFR pathway or NF-kB 
pathway where BIRC2/3 (cIAP1/2), another GDC-0152 target, are 
critical for signal transduction following extracellular ligand binding 
(Estornes and Bertrand, 2015). Although P. marinus challenge alone 
stimulated little apoptotic gene expression response in hemocytes, dual 
challenge with GDC-0152 and P. marinus stimulated TNFR and NF-kB 

Fig. 7. P. marinus-induced hemocyte apoptosis 
suppression may involve interference with the 
TNFR or NF-kB pathways by P. marinus secreted 
enzymes and potential crosstalk with oxidation- 
reduction processes. (A) Model of P. marinus infec
tion informed by this research and work in previous 
studies (Soudant et al., 2013; Tasumi and Vasta, 
2007; Vasta et al., 2020). (B) Significantly differen
tially expressed genes and transcripts in eastern oys
ter hemocytes and P. marinus highlighted in this study 
were used to draw a hypothetical model of mecha
nism of action of P. marinus inhibition of eastern 
oyster hemocyte apoptosis. Critical molecules 
involved in implicated pathways but not significantly 
differentially expressed are outline in gray. Molecules 
involved in apoptosis pathways that have not been 
identified in eastern oysters (based on Witkop et al., 
in press BMC Genomics) are outlined in black.   
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pathways and a much stronger oxidation-reduction response than 
P. marinus alone. GDC-0152 treatment in model systems induces NF-kB 
and TNF-α signaling (Erickson et al., 2013; Vasilikos et al., 2017). 
Likewise, ROS, which are important in oyster responses to P. marinus 
infection, have been shown to trigger the TNF-α and NF-kB pathway 
(Blaser et al., 2016; Morgan and Liu, 2011; Vazquez-Medina, 2017; Yang 
et al., 2020), and NF-kB and TNFR have been shown to be upregulated 
following P. marinus challenge in a previous report (Lau et al., 2018b). 
The correlation between TNFR pathway and oxidoreductase transcripts 
and further apoptosis suppression following GDC-0152 and P. marinus 
treatment, suggests there may be crosstalk between oxidation-reduction 
processes and the TNFR pathway, as observed in other studies (Blaser 
et al., 2016; Morgan and Liu, 2011; Yang et al., 2020). These results are 
also consistent with findings in other systems. For example, modulation 
of host cell survival through parasite-secreted enzymes, such as pro
teases and kinases, is key to host infection by Toxoplasma gondii and 
Leishmania spp. These parasite-secreted enzymes directly interfere with 
host NF-kB signaling pathways (Hodgson and Wan, 2016; Ihara and 
Nishikawa, 2021; Mammari et al., 2019; Sangaré et al., 2019b). The 
intracellular parasite Cryptosporidium parvum also can inhibit host cell 
apoptosis through activation of NF-kB (Di Genova and Tonelli, 2016; 
Mccole et al., 2000), and T. gondii dense granule protein GRA15 can 
activate the NF-kB pathway by interaction with TRAFs (Sangaré et al., 
2019b). Similarly, flat oyster intracellular infection with the parasite 
Bonamia ostreae triggers TNF upregulation following challenge (Mar
tín-Gómez et al., 2014). Future research should investigate the role of 
P. marinus proteases and enzymes identified here, as well as previously 
recognized proteases such as perkinsin (Faisal et al., 1999; Xue et al., 
2006), in NF-kB and TNFR pathway modulation in hemocytes. 

5. Conclusion 

Through a combination of phenotypic assays, treatment with 
chemical inhibitors of apoptosis pathway proteins (caspases and IAPs), 
and dual transcriptomic analysis of C. virginica and P. marinus, we 
conclude that: (1) basal hemocyte apoptosis in C. virginica may be IAP- 
dependent, (2) P. marinus apoptosis suppression may involve caspase- 
independent apoptosis pathways, and (3) apoptosis suppression by the 
parasite likely occurs downstream or independently of mitochondrial 
permeabilization. The discovery that hemocyte apoptosis may be IAP- 
dependent is a novel finding that highlights the need for future work 
to determine the functions of members of this expanded and diverse 
gene family (annotated in Witkop et al., in press BMC Genomics). This 
research also indicates that (4) the mechanism of P. marinus apoptosis 
suppression in hemocytes involves oxidation-reduction processes and 
TNFR and NF-kB pathway modulation in hemocytes. Synthesis of the 
phenotype and gene expression evidence presented here, combined with 
knowledge from previous research (Fernández-Robledo et al., 2008; Lau 
et al., 2018b; Smolowitz, 2013; Soudant et al., 2013), suggests a new, 
hypothetical model for mechanisms of apoptosis suppression in eastern 
oyster hemocytes following P. marinus intracellular infection (Fig. 7). 
Following engulfment of P. marinus, hemocytes generate ROS and ex
press serine protease inhibitors, while P. marinus secretes enzymes such 
as proteases, hydrolases, and kinases that activate the TNFR and NF-kB 
pathways, promoting cell survival, and/or interfere with mitochondrial 
secreted caspase-independent apoptosis enzymes such as AIF, resulting 
in suppression of apoptosis downstream of mitochondrial membrane 
permeabilization in a caspase-independent manner. These pathways 
may also involve crosstalk between ROS and the NF-kB and TNFR 
pathways (Morgan and Liu, 2011; Vazquez-Medina, 2017). Overall, this 
study informs future research of P. marinus apoptosis suppression 
mechanisms in the eastern oyster, advancing our general understanding 
of apoptosis in invertebrate host-parasite interactions. 
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