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Editorial on the Research Topic

Evolution of Innate Immunity in Eukarya: Advances and Implications

Immune networks are nearly as old as life itself. A rapidly-expanding body of evidence is revealing
remarkable similarities in the recognition of non-self and in the attendant downstream signaling,
across eukaryotic kingdoms. Studies are also revealing the likely drivers of the evolution of innate
immune networks, both within eukaryotic cells and in the cellular ‘dialogue’ between the host and
the corresponding commensal or pathogenic organisms. This Research Topic focuses on recent
advances in our understanding of the origins of innate immunity, conditions that may have shaped
its evolution in various species occupying different environments, and co-evolution between
microbes and their host. It includes both reviews and primary research articles.

A large cluster of articles in this Research Topic comprises articles on the evolution of innate
immune signaling mechanisms. Nimma et al. performed a comprehensive analysis of the structural
features of assemblies formed by TIR (Toll/interleukin-1 receptor/resistance) domain-containing
proteins, featuring in innate immunity pathways in animals and plants. They report that TIR-
domain complexes can be classified into “scaffold” and “enzyme” assemblies, which play distinct
roles in innate-immunity and cell-death signaling, respectively. The key enzymatic function
featured by enzyme TIR domains is the cleavage of NAD+ (nicotinamide adenine dinucleotide).
An important protein possessing such activity is SARM1, initially characterized as a Toll-like
receptor (TLR) adaptor protein. In neurons, the catalytic activity of SARM1 TIR domain is induced
upon axon injury and leads to axon destruction. DiAntonio et al. highlight the evolutionarily
conserved enzymatic function of TIR-domain proteins as a new class of metabolic regulatory
enzymes and discuss the regulatory and functional resemblance between SARM1 activation and
bacterial toxin-antitoxin systems.

Ozakman et al. used Drosophila and its interaction with the insect parasitic nematodes
Heterorhabditis bacteriophora as a model to present novel evidence on the function of activin
and bone morphogenetic protein (BMP) signaling in the regulation of host immune responses to
parasitic nematode infection. They show that BMP signaling activity modulates the DUOX/ROS
response and that activin signaling activity modulates the antimicrobial peptide and melanization
org April 2022 | Volume 13 | Article 87942915
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responses to nematode infection. These findings contribute to a
better understanding of the evolution of the immune role of
transforming growth factor b (TGF-b) signaling in invertebrates.
Humoral and cellular immune signaling and function are well
conserved in insects, but the timing of and duration of the
response to bacterial infection is not well understood. Bruno
et al. explored the immune reaction times in the black soldier fly
Hermetia illucens, which comes into contact with a wide range of
bacteria that live in decaying substrates. They find that cellular
immune processes such as phagocytosis and encapsulation
against Gram-negative and Gram-positive bacteria are
activated faster than antimicrobial peptide activity in the
hemolymph. This information can be used to improve mass-
rearing practices, through enhancing insect immune capacity
against microbial pathogens.

Comparing cellular immune processes between vertebrates
and invertebrates can lead to the discovery of conserved
mechanisms. Kokhanyuk et al. compared immune processes in
coelomocytes in the earthworm Eisenia andrei and human
macrophage-like cells. Using endocytosis inhibitors, to examine
the engulfment mechanisms of Escherichia coli and
Staphylococcus aureus bacteria, the authors show that although
there were differences in intracellular signaling, bacterial
internalization through actin-dependent phagocytosis in
earthworm and human immune cells is well conserved.
Comparative genomics analysis of immune molecules has the
potential to reveal their potential conserved roles throughout
evolution. Saco et al. performed a comparative genomics study of
the key inflammatory cytokines in the interleukin-17 (IL-17)
family across different phyla. Comparing multiple genomes from
the Mediterranean musselMytilus galloprovincialis, they find 379
unique IL-17 sequences, which show similar patterns of
expansion and variability to IL-17 sequences in other marine
invertebrates. Functional validation of certain isoforms through
experimental infection with Vibrio bacteria confirmed the
conserved role of IL-17 in epithelial immune signaling. Li et al.
look into the involvement of the newly described amphioxus
(cephalochordate) apextrin C-terminal (ApeC)-containing
proteins ACP3 and ACP5 in antimicrobial immune responses.
They performed expression and microbial binding studies with
recombinant proteins, to show that both ACPs bind and
aggregate microbes. They exhibit binding specificity to
microbial cell wall components, but lack microbial inhibitory
activity, and ACP3 regulates the intracellular pathway involving
TRAF6 and NF-kB. These findings have the potential to expand
interest in understanding the immune role of ACPs in animals.

Recent work has led to an improved understanding of
immune signaling and the evolution of immunity to pathogens
in plants. Fang and Gu review the regulation of plant immunity
by nuclear membrane proteins and highlight functional
counterparts in animals. In particular, they discuss recent
information on the significant participation of nucleoporins,
nuclear transport receptors, and the nuclear lamina in the
regulation of nuclear membrane-associated plant immunity.
Also, on the topic of immunity in plants, another research
article highlights the involvement of miRNAs in modulating
Frontiers in Immunology | www.frontiersin.org 26
the transcriptomic basis of the anti-fungal immune response in
the poplar tree, Marssonina brunnea. Liao et al. use high-
throughput sequencing, together with qPCR validation and
functional approaches to identify key fungal-pathogen-
responsive genes and miRNAs that take part in the poplar
immune response to fungal infection, through regulating
pathways that control diverse functions, including plant
hormone signaling, antioxidant systems, and lignin biosynthesis.

The Research Topic also includes several articles analyzing
the mutual evolutionary pressures between the host and the
pathogen and the corresponding arms race. Tsu et al. highlight
the evolutionary significance of interactions between viral
proteases and the host. The authors summarize recent
information suggesting that viral proteases from positive-sense
single-stranded RNA genome have evolved to adapt to novel
hosts and that this process continues to evolve. They posit that
targeting essential host processes by viral proteases occurs in a
virus-specific manner and this is indicated by the fact that viral
proteases are typically directed against innate antiviral immune
proteins. They further describe evolutionary conserved host
signaling pathways that are known to detect viral protease
activity and the consequences from this dynamic process. An
important mechanism for the protection of host cells against
viral infection is the necroptotic cell-death pathway. Águeda-
Pinto et al. examine the molecular evolution of necroptosis in
mammals and show that certain mammalian orders lost the
necroptotic pathway during evolution. Their work suggests that
disruption of necroptosis in mammalian lineages does not
necessarily pose a disadvantage for their development, and that
the corresponding naturally infecting poxviruses lost their ability
to suppress this pathway. These findings demonstrate a co-
evolutionary link between viral infection components and the
immune signaling machinery in their hosts. Furthermore,
genomic instability in the host may form an evolutionary
mechanism to facilitate diversification of immune gene
families. Barella Hudgell and Smith perform a detailed
bioinformatic and phylogenetic examination of the immune-
related SpTransformer (SpTrf) gene family in the genome of the
purple sea urchin, Strongylocentrotus purpuratus, which reveals
an additional cluster of genes. Analysis of the structural
properties of this new gene cluster provides information on its
evolutionary origin and offers clues for the type of genomic
changes that took place through evolutionary history to expand
the number of genes and their sequence variations in this
gene family.

The manuscripts in this Research Topic present exciting
findings and insights into the evolutionary basis of innate
immune signaling and function in a wide range of eukaryotes.
This information helps us clarify the fundamental processes that
fine-tune the interplay between pathogenic microbes, their
effector molecules, and the activity of host defense
mechanisms. This is critical knowledge for designing novel
means for the genetic manipulation of innate immune cells to
combat the emergence of infectious diseases. We thank all the
authors, reviewers and editors for their contributions to
this collection.
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The Evolution and Diversity of
Interleukin-17 Highlight an Expansion
in Marine Invertebrates and Its
Conserved Role in Mucosal Immunity
Amaro Saco1, Magalı́ Rey-Campos1, Umberto Rosani2, Beatriz Novoa1

and Antonio Figueras1*

1 Institute of Marine Research (IIM), National Research Council (CSIC), Vigo, Spain, 2 Department of Biology, University of
Padova, Padova, Italy

The interleukin-17 (IL-17) family consists of proinflammatory cytokines conserved during
evolution. A comparative genomics approach was applied to examine IL-17 throughout
evolution from poriferans to higher vertebrates. Cnidaria was highlighted as themost ancient
diverged phylum, and several evolutionary patterns were revealed. Large expansions of the
IL-17 repertoire were observed in marine molluscs and echinoderm species. We further
studied this expansion in filter-fed Mytilus galloprovincialis, which is a bivalve with a highly
effective innate immune system supported by a variable pangenome. We recovered 379
unique IL-17 sequences and 96 receptors from individual genomes that were classified into
23 and 6 isoforms after phylogenetic analyses. Mussel IL-17 isoforms were conserved
among individuals and shared between closely related Mytilidae species. Certain isoforms
were specifically implicated in the response to a waterborne infection with Vibrio splendidus
in mussel gills. The involvement of IL-17 in mucosal immune responses could be conserved
in higher vertebrates from these ancestral lineages.

Keywords: interleukin, IL-17, comparative genomics, mucosal immunity, evolution, cytokines, comparative
immunology, mussel
INTRODUCTION

Conserved innate immunity mechanisms based on nonself recognition, signal transduction and
immune gene activation are essential for effective protection against bacterial and viral invasions.
Invertebrate species present a wide range of recognition mechanisms and molecules that specifically
bind pathogens (molecules such as lectins, C1q-containing proteins, fibrinogen-like receptors or
FREPs, Toll-like receptors, peptidoglycan recognition proteins, etc.), as well as effector agents
against infection (antimicrobial peptides, lysozymes, proteases and protease inhibitors) (1). Because
of the complexity of adaptive systems in higher vertebrates, certain invertebrate species represent a
strong model to study the innate immune mechanisms acquired and conserved during evolution, of
which great efficiency and importance have been demonstrated.

The signaling pathways induced by cytokines link recognition molecules with immune effectors,
so they are essential for understanding how immune mechanisms are finely regulated. The existence
of cytokines, which are classified as interleukins, chemokines and interferons in vertebrates, has
org July 2021 | Volume 12 | Article 69299718
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been slowly revealed in several invertebrate lineages (2, 3).
Cytokines are soluble immune-regulatory molecules that can
modulate the expression of immune genes in defensive cells and
lead to proinflammatory and innate immune signaling functions
from mucosal or epithelial cells under infection situations (4, 5).

Interleukin 17 (IL-17) is one of the most conserved cytokines
among animal phyla; therefore, it is thought to be a key player in
innate immunity. IL-17 was originally identified in humans by
Rouvier et al. (6) as a cytolytic T lymphocyte (CTL)-associated
antigen, and it was cloned and studied for the first time as an
interleukin by Yao et al. (7). In humans, IL-17 is a family of
proinflammatory cytokines comprising six members (named
IL-17A-F) and five receptors (IL-17RA-E) (8). IL-17 is known
to be produced by activated T lymphocytes and other cell types
implicated in innate immunity, such as mucosal epithelial cells
(4, 9). Their mode of action is based on union into dimers
(homodimers or heterodimers) whose activity is dependent on
attachment to their receptors (IL-17Rs). Receptors possess a
cytoplasmic conserved domain (SEFIR) that interacts with
adaptor proteins to induce downstream signal transduction
pathways to activate transcription factors such as NF-kB and
the expression of immune and proinflammatory target genes
such as cytokines and antimicrobial peptides (10–13). Human
IL-17 family members display functional diversification. IL-17A
and IL17-F induce IL-6, IL-8 and CXC chemokines (8, 14), while
other human IL-17 forms are characterized by the induction of
type-2 immunity (8, 15, 16).

Human IL-17 family members share low amino acid identity
(35% average identity between human forms). Other mammals
present the same IL-17 repertoire as humans, but because of the
low sequence identities in these cytokines, it is rare to find
sequence homologs among phyla. The identification of IL-17
sequences is based instead on the detection of their functional
domain, which is characterized by unique structural features
among the cysteine knot fold motifs and which implies different
receptor interactions than other cytokines (8). This 4-cysteine
conserved motif forms intrachain disulphide bonds and
facilitates dimerization (17).

Other vertebrates, such as teleost fishes, present similar IL-17
families including 4-7 members (18). Danio rerio presents a
family with homologous proteins for the A, F, C, and D forms
but lacks the B and E forms (19). D. rerio instead possesses a
novel ligand (IL-17N) characteristic of teleost fishes (20). This
ligand was first identified in the fish Takifugu rubripes and
encodes 7 isoforms (21). Equivalent repertoires have been
found in other fishes (22–24), and functional studies have
demonstrated their proinflammatory implications (25–27).

Invertebrate phyla possess IL-17 genes as well, although the
knot fold motif is characterized by 2 extra cysteines located in
positions characterized by two serine residues in chordates (28).
Close to vertebrate species is the invertebrate chordate Ciona
intestinalis, with three IL-17 genes activated by LPS inoculation
(29). Several IL-17 and IL-17R genes have been subsequently
identified in other invertebrates. Some show particularly large
repertoires, as in the purple sea urchin Strongylocentrotus
purpuratus, with 35 IL-17 genes and 2 receptors (30). IL-17
Frontiers in Immunology | www.frontiersin.org 29
genes from the sea urchin were classified into 10 different
subfamilies, showing functional diversification of their immune
implications in the gut epithelium or in immune cells (31). In the
mollusc Octopus bimaculoides, an expansion of IL-17 genes was
also reported when 31 genes were identified in its genome (32).

Il-17 genes have also been identified in bivalves such as
Pinctada fucata martenssi (33), Crassostrea gigas (34, 35), and
mussels (Mytilus galloprovincialis), with 6 IL-17s and 3 IL-17Rs
(35). IL-17 pathway components such as CIKS and TRAF6 have
been traced in bivalves, and IL-17 bivalve genes are responsive to
LPS or bacterial infections, demonstrating inflammatory
functions through NF-kB signaling pathways (34–37).

Bivalves, specifically, M. galloprovincialis, represent an
interesting species in terms of comparative immunology and
genomics. These animals are intertidal filter feeders capable of
dealing with the wide range of different pathogens that they are
persistently exposed to, achieving extraordinary survival success
(38–40). This resilience to pathogens and their invasive behavior
make mussels an interesting model to investigate genomic
adaptations that could explain these phenomena. The recently
publishedM. galloprovincialis pangenome was characterized by a
core set of 45,000 genes and a set of dispensable genes (20,000)
which are affected by presence/absence phenomena and
therefore could be absent in individual genomes. This
phenomena, in addition to the great variability of specific gene
families, could endow the species with a more diverse and
enriched response capacity (41).

In bivalves, only a few cytokines have been identified in
addition to IL-17, including TNF homologs, allograft
inflammatory factor 1, macrophage migration inhibitory factor,
and astakine, and the presence and modulation of an interferon-
related pathway after viral infection could indicate the presence
of an interferon-homologue cytokine not yet discovered (42–45).
Additionally, some molecules initially known as antimicrobial
peptides, such as myticin C inM. galloprovincialis, were revealed
to have chemotactic functions as well as modulatory activity over
some immune genes, acting as cytokines (46). Myticin C genes
are subjected to massive variation and presence/absence
phenomena in their variants in the mussel pangenome (47).

IL-17 inflammatory triggering functions seemed to be of
importance in the mussel immune response in gills after the
recognition of a bath bacterial infection (48). IL-17 genes were
modulated in gills against the incoming infection, while there
was no modulation in the defensive cells (the hemocytes), against
a systemic infection with the same bacteria (48, 49). This might
be another example of the role of IL-17 in the immune response
of epithelial cells in different species (4, 31).

In the present work, we carried out a comparative genomics
analysis of the IL-17 gene family across different phyla of interest.
We were able to reveal potential ancestor species and conserved
patterns in the evolution of IL-17 repertoires in certain animal
classes. The genomic resources originating from the sequencing
of 16 individuals to construct the mussel pangenome (41)
allowed us to confirm that Il-17 did not show the presence/
absence phenomena characteristic of numerous immune gene
families previously described. Instead, there was a similar
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repertoire, in terms of expansion and variability, to those found
in other marine invertebrates. Functional experiments and
transcriptomic data for studying the implications of these
cytokines in the mussel immune response against a waterborne
infection in gills suggested functional specialization of the IL-17
family in mucosal immunity. The large IL-17 repertoires of
certain marine invertebrates may be associated with different
functions, but epithelial immune defenses appear to be conserved
throughout evolution to humans.
MATERIAL AND METHODS

Identification and Analysis of IL-17 and
IL-17R Sequences in the Mussel Genome
The M. galloprovincialis reference genome LOLA (41) was
analyzed to identify the IL17-related sequences. Moreover, 15
resequenced mussel genomes (41) were also analyzed to identify
putative IL-17 genes not included in the reference. These 16
genomes referred to five Galician female mussels (GALF1,
GALF2, GALF3, and PURA apart from the mussel reference
genome LOLA), five Galician males (GALM1, GALM2, GALM3,
GALM6 and GALM11), three Italian females (ITAF1, ITAF2 and
ITAF3) and three Italian males (ITAM1, ITAM2 and ITAM3).
Analysis was mainly performed inside the CLC Genomics
Workbench v.20 (Qiagen, Hilden, Germany).

First, the previously identified 6 IL-17 and 3 IL17-R mussel
sequences (35) were used as queries and blasted (tblastn) with an
e-value threshold of 1x10-3 against a blast database generated
from the mussel reference genome. The resulting contigs were
manually checked for the presence of complete open reading
frames (ORFs), and the resulting genes were recovered. Then, a
Pfam domain scan (hmmsearch algorithm) was performed on
the predicted proteins from coding sequences of the mussel
reference genome. Sequences containing IL17 domains
(PF06083) or SEFIR domains (PF08357) were retrieved and
compared with those obtained from the BLAST approach to
remove redundancies. A final list of IL17 and IL17-R sequences
obtained from the mussel reference genome with both methods
was generated.

This list was blasted (blastn) against the 15 resequenced
mussel genomes (41). All genomic contigs corresponding to
IL17 and IL17-R sequences were retrieved from each genome.
Blast hits were analyzed as described above, and the obtained
ORFs were also translated to their encoded proteins. The final list
of IL-17 and IL-17R genes obtained from the 16 mussel genomes
was submitted to CD-HIT (50–52), and only unique sequences
were retained. The unique nucleotide sequences cleared in the
exon coding for their protein domain (IL17 or SEFIR) were
aligned and submitted to model testing using CLC Genomics
Workbench to test the best-fitting molecular model of evolution
for these sequence sets. Jukes–Cantor (53) was obtained as the
best-fitting model for IL-17 sequences, while GTR+G with a
gamma-distributed rate of variation across sites (54) was the
model for the receptors. IL-17 and IL-17R unique sequences
were submitted to independent Markov chain Monte Carlo
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analyses run in Mr. Bayes v3.2.7a (55). The substitution model
obtained for each case was considered, and analyses were run
with a sampling frequency of 1,000 and a burn-in of 25%
sampled trees until the average standard deviations of the split
frequencies were ≤ 0.05. The analyses were run for 4 million
generations with IL-17 and 350,000 generations with the
receptors. The obtained consensus trees were graphically
rendered using FigTree (56) and iTOL (57).

Clustering of mussel IL17 and IL17-R sequences was
performed based on phylogenetic analyses. CD-HIT analyses
with a sequence identity cut-off of 0.8 (80% homology) resulted
in the same clusters. Primary sequence analysis was performed
with a representative sequence of each cluster or isoform.
Conserved domains were analyzed with HMMER 3 (58),
transmembrane domains were analyzed using the TMHMM
Server v. 2.0 (59, 60) and signal peptides were analyzed using
the SignalP-5.0 Server (61, 62).

The genomic location in the reference genome scaffolds, the
gene structure and the neighboring genes were also analyzed for
the IL-17 and IL-17R genes present in the reference genome.

Phylogenetic Distribution of IL-17
Repertoires Among Species
Genome assemblies and their encoded protein databases were
downloaded from the NCBI for several species of interest across
different phyla (IDs are displayed). The analysis strategy was
equivalent to that performed in mussels.

For each species, previous IL-17 sequences were downloaded
from the Pfam database and used as a query seed list that was
blasted in a tblastn search against the corresponding genome
assembly (e-value threshold of 1x10-3). For species with no
previous sequences with IL17 domains, sequences of the
phylogenetically closest species were downloaded from Pfam
and used as queries. BLAST hits were analyzed, and the potential
ORFs and protein sequences were retrieved. In a complementary
way, a Pfam domain scan (hmmersearch) was conducted for the
encoded proteins of each downloaded genome. CD-HIT was
used to remove redundant sequences obtained from both
methods for each species (identity cut-off of 1).

The exceptions to this pipeline were Homo sapiens and Mus
musculus, since their IL17 gene repertoires were retrieved
directly from the UniProt database (Q16552, Q9UHF5,
Q9P0M4, Q8TAD2, Q9H293, Q96PD4, Q62386, Q9QXT6,
Q8K4C5, A0A0B4J1G4, Q8VHH8, and Q7TNI7).

The IL-17 families from each species were clustered with the
same 80% homology criteria. The evolutionary cladogram of the
studied species was built using the TimeTree resource of MEGA-
X Software (63).

A subset of selected species was submitted to MEME Suite
5.1.1 (64) to identify conserved motifs among their
IL17 sequences.

Several Mytilidae species were also analyzed by searching for
repertoires homologous to those discovered in Mytilus
galloprovincialis. Genomic or transcriptomic assemblies were
downloaded from the NCBI-SRA database, depending on the
material available (IDs are displayed). A list containing
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representative sequences from each IL-17 isoform found in M.
galloprovincialis was used as a query in a BLASTn search against
these Mytilidae assemblies (e-value threshold of 1x10-3). BLAST
hits were analyzed, and the potential ORFs were retrieved and
translated to the protein sequences, confirming the presence of
the IL-17 domain. The nucleotide coding sequences were
submitted to phylogenetic neighbor joining analysis using the
Jukes–Cantor substitution model (the best fitting molecular
model of evolution for these sequences).

Expression of IL-17 and IL17-R in
Transcriptomic Studies
Transcriptomic data were recovered from two different
experiments performed with individual Mytilus galloprovincialis
mussels, including a gill transcriptome obtained after 24 h of
waterborne exposure to an infection with Vibrio splendidus (48)
and a transcriptome obtained from hemocytes 24 h after injection
with the same bacteria, with the goal of establishing a systemic
infection (49). Assemblies were constructed as explained in Saco
et al. (48) and in Rey-Campos et al. (49), and reads from each
transcriptome are accessible through PRJNA638821 and
PRJNA466718, respectively. IL-17 and IL-17R protein sequences
from the isoforms of the reference genome were used in a tblastn
search against those assemblies. Contigs corresponding to the blast
hits were obtained and aligned to verify their classification within a
specific IL17/IL17-R cluster or isoform. Transcriptomic
expression was retrieved in transcripts per million (TPM).

Mussel Bath Infection and
Tissue Sampling
Adult Mytilus galloprovincialis mussels were obtained from a
commercial shellfish farm (Vigo, Galicia, Spain) and
acclimatized in tanks with open-circuit filtered seawater (FSW)
at 15°C with aeration. Mussels were submitted to a waterborne
exposure to 108 CFU/ml Vibrio splendidus (reference strain
LGP32), while control mussels were maintained in FSW.

Samples from hemocytes and gills were obtained after 24h of
waterborne exposure to the bacterial infection. Hemolymph was
withdrawn from the posterior adductor muscle using a 0.5 mm-
diameter (25 G) disposable needle through a hole made in the
shell. Hemolymph was centrifuged at 4°C at 1000xg for 20 min,
and the hemocyte pellet was suspended and homogenized in the
same volume of FSW. Gills were sampled and homogenized in
FSW, as well.

RNA Extraction, cDNA Synthesis and
Quantitative Real-Time PCR (qRT-PCR)
RNA was extracted from individual triplicates of infected and
control hemocyte and gill samples. RNA extraction was carried
out using the Maxwell 16 LEV simply RNA kit (Promega, Madison,
Wisconsin, United States), and its concentration and purity were
measured with a NanoDrop ND1000 spectrophotometer
(NanoDrop Technologies, Wilmington, Delaware, United States).
cDNA was synthetized by reverse transcription from 300 ng of total
RNA from each sample using an NZY First-Strand cDNA Synthesis
Kit (Nzytech, Lisboa, Portugal).
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The gene expression of several mussel IL17 and IL17-R genes
(Supplementary Table ST1) was analyzed in a Step One Plus
qPCR System (Applied Biosystems, Foster City, California,
United States). The selected isoforms were those showing
expression in the previously mentioned gill transcriptome. The
cycling conditions were 95°C for 10 min, followed by 40 cycles of
95°C for 15 s and 60°C for 30 s. Reactions were performed in
technical triplicates, and the relative expression was normalized
using highly stable 18S gene expression as a housekeeping gene,
following the delta-delta-CT method (65). Significant differences
were analyzed (t-test, p-value ≤ 0.05).

In Situ Hybridization in Tissue Samples
In situ hybridization (ISH) was carried out to localize the
expression of the IL17-3 gene in gill histology preparations
with digoxigenin-labelled IL17-3-specific RNA probes. This
isoform was selected because it was one of the most expressed
isoforms (35), and it was modulated in the analyzed gill
transcriptome. To obtain the probes, mussel cDNA was
amplified in two different PCRs combining pairs of IL17-3
primers, one of which was a normal primer at 10 mM, and the
other included the attached SP6/T7-corresponding probe
sequence (Supplementary Table ST1) at 100 mM (Fsp6 + R;
F + RT7). Cycling conditions were set to 94°C 5 min, 35 cycles of
94°C 30 s + 60°C 30 s + 72°C 1 min and a final step of 72°C
7 min. PCR products were filtered and concentrated using
Amicon Ultra 0.5-10k devices following kit instructions
(Sigma-Aldrich, St. Louis, Missouri, United States).
Digoxigenin-labelled IL17-3-specific RNA probes, both
antisense (As) and sense (S; control), were obtained by in vitro
transcription of 1 µg of purified cDNA from each PCR product
using the DIG RNA labelling kit (SP6/T7) and following the kit
instructions (Roche, Basel, Switzerland). Finally, both sense and
antisense probes were purified using SigmaSpin Sequencing
Reaction Clean-Up (Sigma-Aldrich). After each step of the
probe preparation process, the cDNA/RNA concentration was
measured using a NanoDrop ND1000 spectrophotometer, and
electrophoresis gels were run to check the specificity.

ISH assays were performed simultaneously on two sets (As
and S) of duplicate slides, each with serial sections of gill from the
same animal. Briefly, mussels were fixed using formaldehyde and
embedded in paraffin. Seven-micrometer cut sections were
placed on polylysine-coated glass slides (Thermo Scientific,
Waltham, Massachusetts, United States), dried and submitted
to deparaffinization and rehydration (passes with xylene, 100%,
95% and 70% ethanol and DEPC-treated ddH2O). After
incubation with DEPC-PBS (2x5 min) and DEPC-PBS
with 100 mM glycine (2x5 min), tissue sections were treated
with DEPC-PBS 0.3% Tween-20 (15 min) and washed again with
DEPC-PBS (2x5 min). Afterward, a permeabilization step with
20 µg/ml proteinase K in TE buffer (100 mM Tris-HCl, 50 mM
EDTA, pH 8) at 37°C°C for 30 min was performed. Finally,
sections were postfixed with PBS-PFA 4% (5 min, 4°C), washed
and acetylated for 20 s with 20% acetic acid.

Prehybridization was carried out by incubating tissue sections
for 90 min at 37°C in a humid chamber with hybridization buffer
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(40% formamide, 10% dextran sulphate, 1x Denhardt’s solution,
4x SSC, 10 mM DTT, 1 mg/ml yeast t-RNA, 1 mg/ml salmon
sperm DNA). Hybridization buffer was added again and
supplemented with 50 ng of the corresponding digoxigenin
(DIG)-labelled RNA probe for each slide. Sections were
incubated at 42°C overnight in a humid chamber.

After incubation, the samples were washed at 37°C in 2x SSC
(2x15 min) and 1x SSC (2x15 min). To digest any single-stranded
nonspecifically bound probes, incubation for 30 min at 37°C with
20 µg/ml RNaseA in NTE buffer (500 mM NaCl, 10 mM Tris,
1 mMEDTA, pH 8) was performed. The slides were again washed
at 37°C in 0.1x SSC (2x30 min), incubated in a buffer containing
100 mM Tris-HCl and 150 mM Nacl at pH 7.5 (2x10 min), then
incubated for 30 min in a blocking solution with 0.1% Tween-20
and 2% normal sheep serum added to the buffer, and finally
incubated for 2 h in a humid chamber after supplementing the
buffer with 0.1% Tween-20, 1% normal sheep serum and a
dilution 1:250 of anti-DIG-alkaline phosphatase antibody [Fab
fragments]. After two washes with the buffer, the slides were
incubated for 10 min with 100 mM Tris-HCl, 100 mM NaCl, and
50 mM MgCl2 at pH 9.5, and then 1 mM levamisole, 4.5 µl/ml
nitroblue tetrazolium (NBT) and 3.5 µl/ml 5-bromo-4-chloro-3-
indolyl-phosphate (BCIP) solutions were added. Finally, the slides
were covered with this solution and incubated in darkness in a
Frontiers in Immunology | www.frontiersin.org 512
humid chamber until an easily visible color was found due to
alkaline phosphatase detection. The color reaction was stopped
with 10 mM Tris-HCl and 1 mM EDTA at pH 8.1, and the slides
were washed and finally mounted using DPX.
RESULTS

Screening and Classification of the Mussel
IL-17 and IL-17R Repertoire
In total, 552 sequences of IL-17 were identified after applying the
screening pipeline to 16 mussel genomes (41), resulting in 379
unique sequences that are deposited in Supplementary Data 1.
These sequences were clustered based on an identity percentage
threshold of 80%, yielding 23 clusters. The Bayesian tree of the
379 unique sequences displayed diversification in the same 23
clusters (Figure 1). Six out of 23 IL-17 forms (1-6) were already
described by Rosani et al. (35). The new forms were named using
the numbers 7 to 23.

As shown in Table 1, in each genome, the number of IL-17
genes varied between 29 and 42, with an average repertoire of 34
genes per mussel. These variants were classifiable into the 23
defined clusters. There was no presence/absence phenomenon at
the isoform level. Instead, every individual mussel had its own
FIGURE 1 | Phylogenetic analysis of the 379 unique IL-17 sequences obtained from the 16 mussel genomes. The 379 unique IL-17 sequences retrieved from 16
mussel genomes were submitted to phylogenetic analysis with Bayesian phylogenetic inference using the Jukes and Cantor (JC) evolution model. The 23 different
IL-17 clusters or isoforms obtained are indicated with ellipses that englobe all their unique variants. The figure shows branch posterior probabilities. It can be seen
how isoforms IL17-3 and IL17-16 would be diverging from IL17-17, since the branch of the latter contains both isoforms. The distinction between these isoforms
was maintained due to the homology criterion and to expression evidence.
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unique sequences belonging to the 23 clusters, characterized by
variations in specific positions and resulting in a large number of
379 nonshared sequences. Isoforms IL17-18 and IL17-21 were
the most diverse, presenting up to 5 different variants in
some mussels.

Considering this conservation at the isoform level,
representative sequences were selected from the reference
genome for each isoform (listed in Supplementary Data 2). As
indicated in Table 2, they ranged from 126 to 221 amino acids,
always with an IL-17-defined domain towards the C-terminus.
The signal peptide was predicted in 12 out of 23 consensus
isoforms. The multiple sequence alignment of the conserved
domains is displayed in Supplementary Figure S1. Every
isoform presented 6-8 cysteine residues in the functional
domain, which would conform to the at least three disulphide
bonds typical of invertebrate IL-17s. Isoforms 18 and 21 showed
only 4 conserved cysteine residues, and therefore, they could
form only the two disulphide bonds characteristic of
chordate species.

In total, 115 nucleotide IL-17 receptor sequences were
retrieved from the 16 mussel genomes, resulting in 96 unique
sequences (deposited in Supplementary Data 3). These unique
sequences were clustered into 6 isoforms (identity percentage
threshold of 80%) and submitted to phylogenetic analysis, which
resulted in the same 6 isoforms or clusters (Figure 2). Again, as
Frontiers in Immunology | www.frontiersin.org 613
with the IL-17 genes, variability was enormous inside each
cluster, but no presence/absence phenomenon was observed at
the isoform level (Table 1). Three out of six clusters were already
described by Rosani et al. (35), which were A, B and C. The three
new clusters were named D, E and F to maintain the
nomenclature system already in use for mussel, but this is not
related to possible vertebrate orthologous. Representative
sequences for each isoform were retrieved from the reference
genome (Supplementary Data 4). SEFIR domains were
conserved, as were the transmembrane regions that separate
extracellular and cytoplasmic domains, indicating that these
receptors would be functional in terms of signaling (Table 3).

IL-17 Gene Families Throughout Evolution
Genomic or transcriptomic assemblies from different Mytilidae
species were scanned for IL-17 sequences, and those matching
the requirements were retrieved (Table 4). Every IL-17 gene
from the studied Mytilidae species was homologous to a certain
isoform ofM. galloprovincialis. Hence, the resulting phylogenetic
tree was clustered by isoform and not by species (Figure 3).
Mytilus coruscus was the closest species, presenting every IL-17
isoform found in M. galloprovincialis. The most variable
isoforms, IL17-18 and IL17-21, were characterized by two
different genes each in the M. coruscus genome. Most isoforms
were only conserved with homologous sequences in M.
TABLE 1 | Sequences present in each of the 16 analyzed mussel genomes that correspond to the different IL-17 and IL-17R isoforms.

Sequenced mussel genomes
IL17 LOLA GALF1 GALF2 GALF3 GALM1 GALM2 GALM3 GALM6 GALM11 ITAF1 ITAF2 ITAF3 ITAM1 ITAM2 ITAM3 PURA

IL17-1 1 1 1 1 3 1 2 1 2 1 1 1 2 1 2 1
IL17-2 2 1 2 2 1 1 1 2 1 2 2 1 1 1 1 1
IL17-3 2 1 1 1 1 1 1 1 1 1 1 1 1 2 2 1
IL17-4 2 1 1 1 1 1 1 2 2 2 1 1 2 2 2 1
IL17-5 1 1 1 1 1 1 1 2 2 1 1 1 2 2 1 1
IL17-6 2 2 2 1 1 2 2 2 2 1 1 1 1 1 1 2
IL17-7 2 1 2 1 2 2 2 1 1 2 1 2 2 1 1 1
IL17-8 1 1 2 1 1 2 2 2 2 1 1 2 2 2 2 1
IL17-9 1 1 1 1 2 1 1 1 1 1 1 1 1 1 1 1
IL17-10 1 1 1 1 1 1 1 2 1 1 1 1 1 1 1 1
IL17-11 2 3 2 2 4 2 3 2 2 2 2 1 2 2 2 2
IL17-12 1 2 2 1 1 1 1 2 1 – – 1 1 2 1 1
IL17-13 1 2 1 2 1 1 1 1 1 1 1 1 1 1 1 1
IL17-14 1 1 1 1 2 1 1 2 1 2 1 2 2 2 2 1
IL17-15 1 1 1 2 1 1 2 1 1 1 1 1 1 1 1 1
IL17-16 1 1 2 1 2 1 1 2 1 – 1 1 1 1 1 1
IL17-17 1 2 1 2 2 1 1 1 1 2 2 2 1 1 2 1
IL17-18 3 4 4 4 5 4 3 4 4 3 3 3 4 2 2 2
IL17-19 1 1 2 1 1 1 1 2 1 1 1 1 1 1 1 1
IL17-20 1 1 2 2 2 2 2 2 1 2 2 1 1 1 2 2
IL17-21 3 5 5 1 3 2 5 5 5 2 4 2 2 5 3 3
IL17-22 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
IL17-23 1 1 1 1 1 1 2 1 1 1 1 1 1 1 1 1
Total 33 36 39 32 40 32 38 42 36 31 31 30 34 35 34 29
IL17R LOLA GALF1 GALF2 GALF3 GALM1 GALM2 GALM3 GALM6 GALM11 ITAF1 ITAF2 ITAF3 ITAM1 ITAM2 ITAM3 PURA
IL17R-A 2 1 2 2 2 1 1 1 1 1 1 1 2 1 1 1
IL17R-B 1 1 1 1 1 – 1 1 1 1 1 1 1 1 1 1
IL17R-C 1 1 1 1 1 2 2 1 1 2 1 1 1 1 1 1
IL17R-D 2 1 2 2 1 1 2 1 1 2 1 2 1 1 1 1
IL17R-E 1 2 2 2 1 1 1 2 1 1 1 1 1 1 1 1
IL17R-F 1 1 2 1 1 – 2 1 1 1 2 1 1 1 1 1
Total 8 7 10 9 7 5 9 7 6 8 7 7 7 6 6 6
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FIGURE 2 | Phylogenetic analysis of the 96 unique IL-17R sequences obtained from the 16 mussel genomes. The 96 unique IL-17R sequences retrieved from 16
mussel genomes were submitted to phylogenetic analysis with Bayesian phylogenetic inference using the GTR+G evolution model. The 6 different IL-17 clusters or
isoforms obtained are indicated. The figure shows branch posterior probabilities.
TABLE 2 | Sequence and domain information of the 23 isoforms of mussel IL-17.

IL17 cluster
representatives

Predicted Protein Length Signal peptide Sec/SPI
Likelihood

Predicted signal peptide
cleavage site

IL17 domain e-value (HMMER3) IL17 domain
position

IL17-1 194 0.6047 27 to 28 1.1e-13 102 to 185
IL17-2 192 0.9448 18 to 19 1.2e-16 89 to 168
IL17-3 194 0.9842 23 to 24 3.7e-12 94 to 169
IL17-4 165 0.9053 26 to 27 3.4e-17 82 to 157
IL17-5 221 0.5281 23 to 24 2.2e-12 95 to 173
IL17-6 192 0.7977 24 to 25 8.8e-14 94 to 170
IL17-7 192 0.937 22 to 23 4.4e-13 95 to 170
IL17-8 134 0.0033 - 2.4e-13 46 to 119
IL17-9 169 0.0008 - 2.4e-19 60 to 134
IL17-10 180 0.9751 20 to 21 1.7e-14 85 to 162
IL17-11 179 0.0021 - 4.1e-17 91 to 166
IL17-12 194 0.939 22 to 23 8.1e-19 106 to 181
IL17-13 198 0.4734 - 1.6e-19 87 to 161
IL17-14 185 0.9211 17 to 18 1.7e-16 82 to 168
IL17-15 185 0.0654 - 6.5e-14 85 to 167
IL17-16 194 0.4703 - 1.4e-11 94 to 169
IL17-17 190 0.9332 19 to 20 4.4e-12 90 to 166
IL17-18 126 0.0043 - 3.3e-08 43 to 116
IL17-19 133 0.0019 - 2.8e-15 53 to 127
IL17-20 137 0.001 - 5e-14 55 to 131
IL17-21 116 0.0033 - 6.4e-12 41 to 114
IL17-22 174 0.0009 - 1.9e-17 85 to 169
IL17-23 133 0.996 20 to 21 3.6e-05 53 to 131
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galloprovincialis and M. coruscus, while others, such as IL17-2,
IL17-3, IL17-9 or IL17-14, were quite conserved across the
different Mytilidae species studied.

Species belonging to different animal phyla were also analyzed
in search of their IL-17 gene repertoires (Table 5). The results
revealed putative ancestor species and expanded IL-17
repertoires in certain invertebrate species (Figure 4). We could
not identify any putative IL-17 gene in the sponge Amphimedon
queenslandica or in the first divergent cnidarian analyzed, Hydra
vulgaris. Nevertheless, the two other cnidarians analyzed
displayed relatively high numbers of IL-17 sequences, reaching
11 genes in Pocillopora damicornis, which were classified into 8
clusters. In the present work, Cnidaria emerged as the most
ancient divergent phylum with IL-17 gene families. Brachiopoda
and Annelida species included in the analysis did show different
repertoires present in all species, as did the studied Nematoda
species (T. spiralis and C. elegans). Concerning Mollusca, there
was a common evolutionary pattern, with large expanded IL-17
repertoires compared to other phyla, as shown in Figure 4. This
was observed in all the marine bivalves included in the study (M.
yessoensis, C. gigas and M. galloprovincialis) and in the marine
cephalopod Octopus bimaculoides, as reported by Albertin et al.
(32). These species surpassed the 30 genes each and clustered
into 23 isoforms, except C. gigas, with 24 genes and 16 clusters
(Table 5). Analyzed mollusc species from the Gastropoda class
(Biomphalaria glabrata and Aplysia californica) did not show
these expanded IL-17 families.

Among Arthropoda species, crustaceans such as Penaeus
vannamei and Daphnia magna contained IL-17 repertoires. IL-
17 has not been previously described in Insecta, with no reports
of these genes in the class (28). However, one sequence with the
typical structure of an interleukin, with 218 amino acids, a signal
peptide and with the C-terminal IL-17 domain (e-value of 4.7e-
Frontiers in Immunology | www.frontiersin.org 815
05) emerged from the Drosophila melanogaster genome in our
study. This did not occur in the other analyzed insect,
Apis mellifera.

The echinoderm Strongylocentrotus purpuratus displayed a
large repertoire, which was closer to that of the studied marine
molluscs. We were able to find 26 sequences in its genome.
However, the presence of up to 35 IL-17 sequences in the genome
of this species has been reported, and the repertoire must be
larger than the revealed from the assembly with which we
worked (30, 31). The whole repertoire of 35 genes is reported
to cluster into 10 subfamilies or isoforms, which is more
consistent with the isoforms that we found (31). The identified
sequences may be suitable to represent the diversity of S.
purpuratus in this study, since the comparative genomics
analysis was focused on an approach based on isoforms instead
of genes. As in Mollusca, not all echinoderms displayed
expanded IL-17 repertoires, since only 4 genes were found in
Asterias rubens.

We also described, for the first time, an IL-17 repertoire in
hemichordates, in particular, Saccoglossus kowalevskii. IL-17 had
not been previously reported in this phylum. Focusing on
Chordata species, we studied the invertebrate Ciona intestinalis
and some vertebrate species, finding families with similar
numbers of IL-17 isoforms (± 6) and being the amphibian
Xenopus laevis the one with the richest repertoire.

Due to the low sequence identities that IL-17 sequences
display , homologous forms can be found only in
phylogenetically close species, as seen with Mytilidae or
typically reported among mammals or vertebrates. This can be
observed in the phylogenetic analysis of IL-17 genes from
different phyla, as shown in Supplementary Figure S2. Genes
from different species do not share high sequence homology but
maintain a conserved structure. The IL-17 domain emerges,
TABLE 3 | Sequence and domain information of the 6 isoforms of mussel IL-17R.

IL17 receptor isoforms in LOLA genome Predicted Protein Length Transmembrane region
(TMHMM 2.0)

SEFIR domain e-value (HMMER3) SEFIR domain
position

IL17R-A 636 221 to 243 7.8e-12 286 to 437

IL17R-B 727 350 to 372 3.4e-16 401 to 542

IL17R-C 566 13 to 35 9.9e-30 71 to 223

IL17R-D 778 353 to 375 6.2e-13 429 to 580

IL17R-E 685 353 to 375 9.7e-12 407 to 549

IL17R-F 874 386 to 409 6.6e-12 467 to 602
July 2021 | Volume 12
TABLE 4 | Homologous sequences to the Mytilus galloprovincialis IL-17 isoforms found in other analyzed Mytilidae species.

Species Assembly Project code Contigs count Technology IL17 Forms

Mytilus coruscus Genomic PRJEB33342 10484 PromethION DNA sequencer 25
Mytilus californianus Transcriptomic PRJNA375125 59027 Illumina NextSeq 500 0
Mytilus edulis Genomic PRJNA525607 353272 Illumina HiSeq 7
Perna viridis Transcriptomic PRJNA478494 73264 Illumina HiSeq 0
Limnoperna fortunei Genomic PRJNA330677 61104 Illumina NextSeq 500; PacBio 3
Mytilus trossulus Transcriptomic PRJNA525608 437716 Illumina HiSeq 6
Modiolus philippinarum Genomic PRJNA328544 74573 Illumina HiSeq 9
Bathymodiolus platifrons Genomic PRJNA328542 272497 Illumina HiSeq 5
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supported by the mentioned cysteine pattern and conserved
motifs, as recurrent CPW/SPW in invertebrates and chordates,
respectively (Supplementary Figure S3).

The study of possible synteny conservation between mussel
isoforms and the sequences of other studied species revealed a
common pattern in the expanded repertoires, where IL-17 genes
appeared repeatedly in tandem duplications in a single scaffold/
chromosome. This observation was particularly notorious in the
expanded repertoires of marine invertebrates such as
M. galloprovincialis, M. yessoensis, O. bimaculoides and
S. purpuratus and in the hemichordate S. kowalevskii (Figure 5).

The gene structure and genomic context were also analyzed
(Supplementary Table ST2). The 33 IL-17 genes found in the
mussel reference genome (LOLA) were located on 18 scaffolds,
while the 8 receptor genes were located on 5 scaffolds. Gene
structure was variable, being 2 exons the most repeated structure
in IL-17 and receptors presenting a greater number of exons, up
to 11. There was no clear synteny conservation between any
mussel isoform and other studied species, which could had
suggested a possible conserved ancestral IL-17 gene or isoform
Frontiers in Immunology | www.frontiersin.org 916
(Supplementary Figure S4). Synteny conservation was only
maintained when studying phylogenetically close species that
share homologous IL-17 genes, as mentioned previously with
vertebrates (Supplementary Figure S5).

IL-17 Modulation After a Bath Infection
IL-17 expression retrieved from transcriptomic data of mussels
subjected to bacterial infections differed among isoforms. Two
transcriptomic experiments were analyzed: a bath or waterborne
infection (24 h) sampled in gills (48) and a systemic infection
(24h) sampled in hemocytes (49). As displayed in Figures 6A, B,
the set of isoforms expressed was stimulus-specific and
conditioned by the route of infection. There was a large
diversity concerning which isoforms are expressed in each
individual animal. Clusters such as IL17-3 or IL17-14 were
among the most commonly expressed, while others were
detected exclusively in the gill transcriptome samples (IL17-1,
IL17-2 or IL17-10) or exclusively in hemocytes (IL17-17, IL17-15
or IL17-23). Some isoforms were even expressed only in a certain
sample, i.e., not subjected to any stimulus or tissue (IL17-11,
FIGURE 3 | Phylogenetic analysis of the IL-17 families found in Mytilidae species. Homologous sequences to the M. galloprovincialis IL-17 isoforms were found in
several Mytilidae species and submitted to neighbor joining analysis using the Jukes–Cantor substitution model. Clustering was based on isoform homologs, and
species are indicated with colors.
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TABLE 5 | IL-17 genes and isoforms found in the analyzed species from different phyla.

Phylum Species NCBI Genome ID RefSeq/GenBank
assembly accession

IL-17 unique sequences IL-17 clusters (80%)

Porifera Amphimedon queenslandica 2698 GCF_000090795.1 – –

Cnidaria Hydra vulgaris 12836 GCF_000004095.1 – –

Cnidaria Pocillopora damicornis 22550 GCF_003704095.1 11 8
Cnidaria Nematostella vectensis 230 GCF_000209225.1 3 3
Brachiopoda Lingua anatina 38582 GCF_001039355.2 4 2
Annelida Capitella teleta 15118 GCA_000328365.1 11 8
Annelida Helobdella robusta 15112 GCF_000326865.1 1 1
Mollusca - Gastropoda Biomphalaria glabrata 357 GCF_000457365.1 8 7
Mollusca - Gastropoda Aplysia californica 443 GCF_000002075.1 4 4
Mollusca - Bivalvia Mytilus galloprovincialis 12190 GCA_900618805.1 33 23
Mollusca - Bivalvia Crassostrea gigas 10758 GCF_902806645.1 24 16
Mollusca - Bivalvia Mizuhopecten yessoensis 12193 GCF_002113885.1 31 23
Mollusca - Cephalopoda Octopus bimaculoides 41501 GCF_001194135.1 36 23
Nematoda Caenorhabditis elegans 41 GCF_000002985.6 4 3
Nematoda Trichinella spiralis 238 GCF_000181795.1 1 1
Arthropoda - Insecta Drosophila melanogaster 47 GCF_000001215.4 1 1
Arthropoda - Insecta Apis mellifera 48 GCF_003254395.2 – –

Arthropoda - Crustacea Penaeus vannamei 10710 GCF_003789085.1 6 5
Arthropoda - Crustacea Daphnia magna 10953 GCF_003990815.1 2 2
Echinodermata Asterias rubens 83686 GCF_902459465.1 4 4
Echinodermata Strongylocentrotus purpuratus 86 GCF_000002235.5 26 12
Hemichordata Saccoglossus kowalevskii 359 GCF_000003605.2 9 7
Chordata - Tunicata Ciona intestinalis 49 GCF_000224145.3 7 6
Chordata - Actinopterygii Salmo salar 369 GCF_000233375.1 10 8
Chordata - Actinopterygii Danio rerio 50 GCF_000002035.6 5 5
Chordata - Amphibia Xenopus laevis 81 GCF_017654675.1 18 11
Chordata - Aves Gallus gallus 111 GCF_016699485.2 5 5
Chordata - Mammalia Mus musculus 52 GCF_000001635.27 6 6
Chordata - Mammalia Homo sapiens 51 GCF_000001405.39 6 6
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FIGURE 4 | Comparative genomics analysis of IL-17 gene families throughout evolution. IL-17 repertoires were analyzed in several species from different phyla and
clustered with an 80% homology criterion. The evolutionary cladogram is presented, along with the extension of the IL-17 family from each species.
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IL17-6). The bacterial waterborne infection increased the general
expression levels of IL-17 forms in gills (Figure 6A). In
hemocytes, changes in the expressed isoforms between
individuals and between control and infected conditions were
observed as well, but the differences in expression were not
statistically relevant (Figure 6B). Receptors did not show the
same diversity in terms of the different forms that are expressed
in different individuals. However, it was noticeable that IL-17RA
was not expressed in gills (Figure 6C) while IL-17RF was not
expressed in hemocytes (Figure 6D).

To explore the modulation under a waterborne infection in
more detail, the gene expression of the isoforms previously
detected in the transcriptomic approach was studied by qRT-
PCR. The expression of these IL-17 isoforms in gills and internal
hemocytes differed completely. The general upregulation in gills
of all expressed isoforms was confirmed, except for IL17-11 and
IL17-8 (Figure 7A). Instead, in hemocytes sampled from the
adductor muscle of the same individuals, IL-17 isoforms were
generally downregulated (Figure 7B). The up-regulation in gills
was significant for IL17-2 and IL17-3 while the down-regulation
in hemocytes was significant for IL17-11 and IL17-2. Receptor
isoform IL17R-D was up-regulated, while B and C were down-
regulated (significant for IL17R-C in hemocytes). Expression in
the isoforms E and F did not show any clear regulation trend.
The expression of IL-17 receptors was analogous between gills
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and hemocytes for every expressed receptor, except for IL17R-F.
The expression of isoforms IL17R-B, IL17R-C, IL17R-D and
IL17R-E showed significant Spearman correlations between gills
and hemocytes of 0.83, 0.77, 0.94 and 0.83 (Figure 7C).

The most highly expressed isoform (IL17-3) was studied by in
situ hybridization in histological preparations of mussel gills. The
results shown in Supplementary Figure S6may suggest that it is
expressed not only in infiltrated hemocytes but also in epithelial
gill cells.
DISCUSSION

The IL-17 proteins are key inflammatory cytokines encoded by a
diverse, expanded gene family in mussels. As indicated
previously, 6 IL-17 sequences and 3 receptors have already
been described in mussels (35), but the advantages provided by
genome sequencing and resequencing data (41), allowed us to
reveal a whole new perspective on this gene family. The analysis
of 16 mussel genomes revealed 379 unique IL-17 sequences. A
similar level of diversity was observed for the receptors, with 96
unique variants. Once all of these sequences were clustered, there
was conservation of almost every isoform among the 16
individual genomes. Therefore, this high variability seems to be
different from the phenomenon of presence/absence variation
FIGURE 5 | IL-17 genes often appear in tandem repetitions in the genomes of marine invertebrates with expanded IL-17 repertoires. Examples of several scaffolds
with IL-17 tandem duplications are presented for these species. IL-17s are indicated with the name of the cluster to which they belong in our analysis. Tandem
repetitions can occur with genes from the same or different isoforms. Neighbor genes are represented with their functional annotations.
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FIGURE 6 | Expression of the different mussel IL-17 isoforms in the gill transcriptome against a waterborne bacterial infection (A) and in the hemocyte transcriptome
against a bacterial infection injected into the muscle (B). It is shown that the isoforms expressed in each transcriptome changed completely. Colored pie charts
represent the diversity of expressed IL-17 isoforms in each individual mussel from the control (C1, C2, C3) and infected conditions (I1, I2, I3). The white pie charts
below represent, for each experiment, the weight that the expression values of each of the upper graphs have (calculated by the sum of the expression values of
every IL-17 form for each of the individual samples). Clear upregulation of IL-17 expression is seen in the gill transcriptome against infection but not in the hemocyte
transcriptome. Expression of IL-17 receptors in the same gill (C) and hemocyte (D) transcriptomes. Regarding the IL-17 receptors, it can be seen that the expressed
isoforms also varied between transcriptomes.
A B C

FIGURE 7 | Normalized expression by qPCR of IL-17 isoforms expressed in the gill (A) and in the adductor muscle hemocytes of the same individual mussels (B)
after a 24-hour waterborne infection with Vibrio splendidus, as well as the expression of the receptors (C). In gills, upregulation of the expressed IL-17 isoforms
occurred, whereas in hemocytes, there was downregulation. Receptors did not show the antagonistic regulation between hemocytes and gills seen with the IL-17
genes, but instead, the expression of each receptor was correlated in both gill and hemocyte samples.
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(PAV) recently reported in M. galloprovincialis (41) and that
characterizes other mussel immune genes. PAV events are
associated with pangenomes, which are common among
prokaryotes and certain plant species, wherein a core set of
indispensable genes is shared among individuals, but there are
large variations in genomic content affecting “dispensable” genes
(one-third of all the protein-coding genes in mussels) present or
absent among individual genomes (66, 67). This phenomenon
may represent a breakthrough in the explanation of mussel
survival success, since it reveals an adaptive strategy that
endows this species with vast levels of variability in key gene
families, mainly those related to immunity. In the case of IL-17,
unique variants of each isoform were caused by the
interindividual variability in specific positions, but every
isoform was conserved among individuals. Concerning isoform
definition, it was revealed by the phylogenetic analysis that
isoforms IL17-3 and IL17-16 would be diverging from IL17-17,
since the branch of the latter contains both isoforms. The
distinction between these isoforms was maintained due to the
homology criterion and the evidence of distinct transcriptomic
expression of these isoforms.

Comparative genomics using the same clustering parameters
with species from different phyla revealed similarly expanded IL-
17 repertoires in other marine invertebrates, as well. This was
observed mainly in marine bivalve mollusc species (C. gigas and
M. mizuhopecten, in addition to the mussels M. galloprovincialis
and M. coruscus), the cephalopod O. bimaculoides and the
echinoderm S. purpuratus. Among molluscs, large IL-17 gene
families have also been reported in more marine bivalves, such as
Pinctada fucata martensii (33), while none of the gastropods
studied possessed expanded repertoires. There was already
previous evidence of IL-17 gene family expansions in octopi
(32) and the purple sea urchin (30, 31), which we confirmed in
this work.

In these marine invertebrate species, expansions are not
restricted to IL-17, as these species are characterized to possess
unusual large repertoires of other innate immune genes. This has
been extensively reported in marine bivalves with C1q genes,
pattern-recognition receptors, TLRs or TNF homologs (41, 68–
73), in octopi with protocadherins, among others (32), and in the
purple sea urchin with Sp185/333 proteins and TLRs, among
other innate immune receptors (30, 74, 75). Expansion
phenomena and diversification in innate immune gene families
are usually associated with a higher degree of specificity, which
endows certain invertebrates with more efficient immune
responses. This has also been revealed on several occasions as
a cause of the acquisition of innate memory capacity against
certain pathogens (76).

The origin of these expanded IL-17 repertoires is not clear.
Even if this proinflammatory cytokine is conserved across a wide
range of species, the characteristics of the IL-17 family strongly
differ among them, and there are no homologous forms that
allow tracing throughout evolution. The fact that these expanded
repertoires appeared in species from different phyla particularly
enriched with highly variable immune genes points to an
independent expansion in each lineage. This phenomenon
Frontiers in Immunology | www.frontiersin.org 1320
would be supported by the observed tandem duplications of
IL-17 genes in these species. The expanded repertoires are
conserved within a specific lineage, and homologues are only
found in the closest species, as observed between some Mytilidae
and strongylocentroid echinoderm species (31). Nonmarine
species and gastropods (nonfilter feeder molluscs) lacked these
expanded repertoires, which could be related in a certain way to
specific species in marine environments and filtering activity,
both factors intrinsically linked to an increased exposure to
pathogens. The lack of expanded repertoires happened as well
in echinoderms as Asterias rubens, which is less closely related to
S. purpuratus, supporting the discussed hypothesis regarding the
independence of IL-17 expansions in specific species.

Nematoda had been proposed as the ancestral phylum of
origin of IL-17 genes (28), but in the current work, we were able
to identify IL-17 families in cnidarians, which emerged 600
million years ago. In the Pfam database, an IL-17 domain
sequence was deposited from the poriferan Amphimedon
queenslandica (ID: A0A1X7 VXB1_AMPQE/359-442), but this
interleukin could not be identified in the sponge genome in our
work or in previous approaches (28).

IL-17 is typically absent from some invertebrates, including
insects and hemichordates (28); however, we found a rich IL-17
family in the hemichordate S. kowalevskii. Concerning insects,
even if they are phylogenetically related to molluscs as
protostomes, there are reports that marine molluscs and
annelids are more closely related in terms of genomic
organization, gene structure and functional content to some
invertebrate deuterostomes, such as the sea urchin (77), which
was also evidenced in this genomic study with IL-17 similarities.
In the current work, we found three proteins in the D.
melanogaster genome encoding the IL-17 domain. The three
proteins had an amino acidic identity of 100% and differed only
in length, therefore the more complete one was selected (NCBI
ID: NP_001285550.1). These three proteins had been
automatically annotated as prothoracicotropic hormones E, F
and G but they share only 23.38% identity with the
prothoracicotropic hormone from D. melanogaster, which did
not contain the IL-17 domain (CAA66841.1). The putative D.
melanogaster IL-17 should be further analyzed in order to verify
its identity.

The study of IL-17 domains highlighted some evolutionary
patterns. Invertebrate isoforms contain 6-8 conserved cysteine
residues that conform to at least 3 disulphide bridges (28), while
vertebrates and chordate invertebrates IL-17s are characterized by
2 bridges. These twomissing cysteines have been replaced by serine
residues. Motif analysis revealed a conserved motif CPW/SPW
(with sporadic variations in the third amino acid) that appeared
repeatedly in invertebrate and chordate sequences respectively.

Chordata species, both invertebrates and vertebrates, showed
similar repertoires. Only in the Atlantic salmon did we find some
additional genes clustered in a family of isoforms similar to
humans and quite conserved in other teleosts (19, 21, 23).
Expansion in certain marine invertebrates may not be
necessary since specificity is guaranteed by their adaptive
immune system. Considering that Chordata species contain a
July 2021 | Volume 12 | Article 692997
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reduced number of IL-17 isoforms that are described to possess
functional diversification, it seems reasonable that the same
would happen in expanded repertoires as mussels.

Analyses of transcriptomic data indicated the importance of
this sequence variability. Expressed isoforms varied among
tissues, individuals and stimuli. There were also IL-17 isoforms
that lacked the signal peptide, as reported previously in other
invertebrate IL-17 repertoires (28). The reason behind this could
be a misannotation that does not identify the exon coding for the
signal peptide. However, this could be also related to putative
functional diversification. In fact, variable exon-intron structures
were reported for mussel IL-17 genes, ranging from 1 to 7 exons,
although the 2 exon structure was the most repeated one. This is
not rare, since invertebrate IL-17 genes are characterized by
more variable exon-intron structures than vertebrates (28, 33).

Specific isoforms of the expanded S. purpuratus IL-17
repertoire were implicated in the gut epithelium immune
response after bacterial infection in sea urchin larvae,
activating the modulation of several other innate immunity
genes. Another isoform was induced in adult immune cells,
representing evidence of functional diversification of the
repertoire (31). In mussels, an upregulation of IL-17 in the gills
in response to a waterborne infection from the surrounding
water has been reported (48). In situ hybridization with the most
highly expressed isoform (IL17-3) suggested that these
interleukins may be expressed in hemocytes and in the
epithelial cells of gills. IL-17 isoforms responsive to waterborne
bacterial infection could therefore exert specific immune
functions in gills, which is in accordance with the role of IL-17
in other species, where they are also implicated in epithelial
immunity (31, 78).

IL-17 in gill cells triggers the immune response when coupled
to IL-17 receptors, triggering NF-kB signaling and activating
antimicrobial peptide expression in molluscs, among other
immune genes (37, 79–81). This suggests an ancient role of IL-
17 in the mucosal immune responses of gills from marine
animals. Indeed, the continuous filtering activity of bivalves
could lead to repetitive contact with putative pathogens, for
which they would need a strong arsenal of immune molecules
and clear recognition of nonself-elements.

The current work indicates the importance of comparative
immunology and genomics in studying elements of the innate
immune response conserved throughout evolution. IL-17 gene
families were described for the first time in several invertebrate
species, and Cnidaria was found to be the most ancient diverged
phylum. More diverse repertoires were observed in marine
animals, which could be related to their environment rich in
pathogens. Large expansions of IL-17 gene families were
observed in certain phyla of marine invertebrates, revealing
rich repertoires with functional diversification. Mussels are
species characterized by presence/absence variation in key gene
families, but even if they present high sequence variability, IL-17
isoforms are conserved among individuals. This could point to
the great importance of these cytokines in the immune response
of mussels and other marine invertebrates. We demonstrated the
implications of these cytokines in mussel gills, including taking
Frontiers in Immunology | www.frontiersin.org 1421
part in immune signaling after the recognition of an infection
from the environment. The involvement of Il-17 in mucosal
immune signaling seems to be conserved from ancestral lineages
to humans.
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The apextrin C-terminal (ApeC) domain is a class of newly discovered protein domains
with an origin dating back to prokaryotes. ApeC-containing proteins (ACPs) have been
found in various marine and aquatic invertebrates, but their functions and the underlying
mechanisms are largely unknown. Early studies suggested that amphioxus ACP1 and
ACP2 bind to bacterial cell walls and have a role in immunity. Here we identified another
two amphioxus ACPs (ACP3 and ACP5), which belong to the same phylogenetic clade
with ACP1/2, but show distinct expression patterns and sequence divergence (40-50%
sequence identities). Both ACP3 and ACP5 were mainly expressed in the intestine and
hepatic cecum, and could be up-regulated after bacterial challenge. Both prokaryotic-
expressed recombinant ACP3 and ACP5 could bind with several species of bacteria and
yeasts, showing agglutinating activity but no microbicidal activity. ELISA assays
suggested that their ApeC domains could interact with peptidoglycan (PGN), but not
with lipoteichoic acid (LTA), lipopolysaccharides (LPS) and zymosan A. Furthermore, they
can only bind to Lys-type PGN from Staphylococcus aureus, but not to DAP-type PGN
from Bacillus subtilis and not to moieties of PGN such as MDPs, NAMs and NAGs. This
recognition spectrum is different from that of ACP1/2. We also found that when expressed
in mammalian cells, ACP3 could interact with TRAF6 via a conserved non-ApeC region,
which inhibited the ubiquitination of TRAF6 and hence suppressed downstream NF-kB
activation. This work helped define a novel subfamily of ACPs, which have conserved
structures, and have related yet diversified molecular functions. Its members have dual
roles, with ApeC as a lectin and a conserved unknown region as a signal transduction
regulator. These findings expand our understanding of the ACP functions and may guide
future research on the role of ACPs in different animal clades.
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INTRODUCTION

The apextrin C-terminal (ApeC) is a new class of protein
domains, characterized by a sequence of about 200 amino acid
residues, comprising eight conserved Cysteine residues and
three relatively conserved DXED motifs (1). Collectively, here
we refer to the proteins containing ApeC domains as ACP
(ApeC-containing protein) (2). Comparative genomic analyses
show that ACPs exhibit diverse architectures and are widely
distributed in many invertebrates. Most ACPs are present in
aquatic invertebrates or invertebrates from moist environments,
including cnidarians, mollusks, echinoderms, cephalochordates,
flatworms, water bears, nematodes and annelids. However, there
is no ACPs found in vertebrates and in major arthropod lineages
(e.g. insects and crustaceans) except arachnids (2). Distant ApeC
homologs were also found in bacteria, hence the origin of ApeC
could be traced back to the prokaryotes. Despite their wide
distribution, no ACP orthologs could be found between any
phyla or sub-phyla, suggesting that ACPs obviously underwent
rapid turnover and diversification.

The animal ApeC domain has eight conserved cysteines,
while the bacterial ApeC-like domain has only four of them. In
bacteria, ApeC-like seems to exist as single-domain proteins. In
animals, ApeC actively participated in domain shuffling, which
gave rise to many novel domain architectures. So far, more than
twenty different domain architectures involving ApeC have been
identified, suggesting great architectural diversity. This is
reminiscent of other versatile domains like immunoglobulin
(IG) and C-type lectin (CLECT), which are capable of exerting
different functions in various domain architectures (3, 4).

The first ACP was discovered in the sea urchin Heliocidaris
erythrogramma (5–7), which is a secreted protein with a MACPF-
ApeC domain architecture. This protein is concentrated in the
apical extracellular matrix in the columnar cells of the larval
ectoderm, hence it was named apextrin. This apextrin is
present in eggs in a type of secretory vesicles and this maternal
pool, and after fertilization it will be gradually secreted to form
the extracellular matrix. It is proposed that this apextrin is
involved in apical cell adhesion and that its high level of
expression may be necessary for strengthening the large H.
erythrogramma embryo. Another two ACPs from the mussel
Mytilus galloprovincialis may also have a role in embryogenesis
(8): they were expressed rapidly after fertilization (up by
thousands of times), and the expression decreased in later
development but remained in a level in the adult stage. In
Pacific oysters, the expression of an ACP was significantly up-
regulated under hypoxic condition, suggesting that it may be
involved in anti-stress responses (9). There are also reports
suggest that ACPs may have immune functions in different
species. In oysters, sea urchins and amphioxus, the expression
of ACP genes could be significantly up-regulated after bacterial
stimulation (10–12). A mussel ACP was highly expressed in gills
and blood cells and could be further up-regulated after pathogen
invasion (8, 13).

Recently, two ACPs (bjACP1 and bjACP2) from the
amphioxus Branchiostoma japonicum have been functionally
characterized (1). They were concentrated in gill and skin, and
Frontiers in Immunology | www.frontiersin.org 226
could be dramatically upregulated during acute antibacterial
responses. Both them can aggregate bacteria by using their
ApeC domain to bind with the cell wall component
peptidoglycan (PGN). Further analysis indicates that they may
interact with the muramyl dipeptide (MDP), the minimal
bioactive motif of PGN. In addition to being a pattern-
recognition protein, bjACP2 could regulate the TRAF6-NF-kB
pathway when present in cytosol.

Previous studies have shown that some ApeC domains have
carbohydrate binding capacity, and some ACPs are involved in
embryonic development and host defense. However, the
functions of most ACPs and their ApeC domains still remain
unknown. Amphioxus (cephalochordate) is a marine chordate
invertebrate, which represents the basal living chordate lineage
and is therefore considered as an important proxy to study the
evolution from invertebrates to vertebrates (14–19). Amphioxus
has more than twenty ACP genes, hence it can be served as a
valuable model to understand the functions and evolution of
ACPs (2). In this study, we characterized another two ACPs
(bfACP3 and bfACP5) from another amphioxus species
(Branchiostoma floridae), which provides a new line of
mechanistic evidence for the immune functions of ACPs.
MATERIALS AND METHODS

Animals and Cells
Adult amphioxus (Branchiostoma floridae) were obtained from
GL’s lab in Xiamen University (China), which derives from a
stock maintained by Jr-Kai Yu originating from Tampa, Florida.
The culture was maintained under previously described
conditions (20), cultured in aquaria with aeration and supplied
with fresh seawater (1.9%–2.9% salinity) at 20-25°C and fed with
Oocystis sp. daily. HEK293T and Hela cell lines from ATCC, were
grown in DMEM (Gibco) supplemented with 10% FCS at 37°C
under 5% CO2.

RNA Isolation and cDNA Synthesis
Total RNA was extracted using TRIzol Reagent (Invitrogen)
and isopropanol was used for precipitation. RNA quality
was determined by agarose gel electrophoresis and
spectrophotometer. The isolated RNA was reverse-transcribed to
synthesize the first strand cDNA using PrimeScript first Strand
cDNA Synthesis Kit (Takara) using the oligo d(T) primer
according to the manufacturer’s protocol. The cDNA was stored
at -80°C.

Cloning of B. floridae ACP3, ACP5, MyD88
and TRAF6
Amphioxus ACP genes were identified in the B. floridae genome
from the Joint Genome Institute (JGI, http://genome.jgi-psf.org/
Brafl1/Brafl1.home.html) database in our previous work (2). Using
these sequences as baits, we blasted the transcript database of B.
floridae (http://genome.bucm.edu.cn/lancelet/index.php) and
obtained the consensus sequences of B. floridae ACP3 (bfACP3,
with gene ID of 102545) and B. floridae ACP5 (bfACP5, with gene
ID of 95439). Using human MyD88 and TRAF6 as baits, we
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blasted the B. floridae genome from the National Center for
Biotechnology Information database (NCBI, http://www.ncbi.
nlm.nih.gov/genbank/) and obtained the consensus sequences of
B. floridae MyD88 (bfMyD88, with gene ID of 118403304) and B.
floridae TRAF6 (bfTRAF6, with gene ID of 118414689). To obtain
complete cDNA sequences, four pairs of gene-specific primers
were designed for each. The amplified fragments were cloned into
the pGEX-Teasy vector (Promega) and verified by sequencing at
The Beijing Genomics Institute (BGI). The primers were shown in
Table 1. These sequences have been submitted to the NCBI
Frontiers in Immunology | www.frontiersin.org 327
database under the accession number MZ004941, MZ004942,
MZ442381, and MZ442382 respectively.

Bioinformatic Analysis
The domain structure was predicted on the SMART Website
(http://smart.embl-heidelberg.de). BLASTP was performed to
analyze the sequence identities. The isoelectric point (pI) and
m.w. were estimated on ExPASy Website (http://www.expasy.
org/tools/). Multiple sequence alignments were analyzed using
MEGA-X (21) by using the ClustalW algorithm and were
TABLE 1 | Primers used for PCR amplification.

Primers Primer sequence (5′ to 3′)

Gene-specific primers
bfACP3-F 5’-ATGTTAGCACTCAAGCTCATT-3’
bfACP3-R 5’-TCACTAGGCAGGCTGGTAGTA-3’
bfACP5-F 5’-AACAGGTGTGGAGTTAAAGGTG-3’
bfACP5-R 5’-TGTGTAGGCAGCATTACGA-3’
bfMyD88-F 5’-GCAAGAATCCAGCCTTTGATCTG-3’
bfMyD88-R 5’-AAGACTGCAACGGAGGCTAA -3’
bfTRAF6-F 5’-TCTTTCCCTGTCTTCATACTTT-3’
bfTRAF6-R 5’-ATGAAACTCAGAAGTTTTTCTGTG-3’

Primers for Q-PCR
gapdh-F 5’-CAAGGCTGTAGGCAAGGTCAT-3’
gapdh-R 5’-CTTCTTCAGTCGGCAGGTCAG-3’
bfACP1-qF 5’-CTTCGGAAGAAACAACAT-3’
bfACP1-qR 5’-ATCTTCATCGTCCCAATA-3’
bfACP2-qF 5’-GACGATAATAGCAACCAAT-3’
bfACP2-qR 5’-GTTTCCCTTCTTAAAGATACA-3’
bfACP3-qF 5’-AGTGATGGCTCCATTTAC-3’
bfACP3-qR 5’-ATCGTTGTAGGTATTCTCAT-3’
bfACP5-qF 5’-TCCTACAGAACACCGATA-3’
bfACP5-qR 5’-CTAGCTCGTTATGGTTGA-3’

Primers for Recombinant proteins
bfACP3-32aF 5’-gccatggctgatatcggatccGACAATTTTGAGAAAACTCCAGTGG-3’
bfACP3-32aR 5’-acggagctcgaattcggatccgcGGCAGGCTGGTAGTAGCAGTACC-3’
bfACP5-32aF 5’-gccatggctgatatcggatccGACAATGTCTGTGGCGATGATC-3’
bfACP5-32aR 5’-acggagctcgaattcggatccgcTTCATCCCGTTGGTAGAAGCA-3’

Primers for construction of expression vector
bfACP3-HA-F 5’-actactggtacctctggatccATGTTAGCACTCAAGCTCATTGTGC-3’
bfACP3-HA-R 5’-cttaccgaattctgtggatccGGCAGGCTGGTAGTAGCAGTACC-3’
Myc-bfACP3-F 5’-tggccatggaggcccgaattcggATGTTAGCACTCAAGCTCATTGTGC-3’
Myc-bfACP3-R 5’-gatccccgcggccgcggtaccCTAGGCAGGCTGGTAGTAGCAGT-3’
Flag-bfMyD88-F 5’-gacgatgacaagggcggtaccATGGCAACAAACGCGCCA-3’
Flag-bfMyD88-R 5’-ttctgtggatccagaggtaccTCACGGGCGAGAGAGGGC-3’
Flag-bfTRAF6-F 5’-gacgatgacaagggcggtaccATGAAGCCAGGAGGGAGGG-3’
Flag-bfTRAF6-R 5’-ttctgtggatccagaggtaccCTATTGTGGCTGCACCGTACAT-3’
bfACP3-24-561-F 5’-accgagatctctcgaggtaccGACAATTTTGAGAAAACTCCAGTGG-3’
bfACP3-24-561-R 5’-gatccccgcggccgcggtaccCTAGGCAGGCTGGTAGTAGCAGT-3’
bfACP3-24-204-F 5’-accgagatctctcgaggtaccGACAATTTTGAGAAAACTCCAGTGG-3’
bfACP3-24-204-R 5’-gatccccgcggccgcggtaccCTACCCCACCTCCACTGCCG-3’
bfACP3-205-561-F 5’-accgagatctctcgaggtaccAATCAGTGGATGGAGGGCG-3’
bfACP3-205-561-R 5’-gatccccgcggccgcggtaccCTAGGCAGGCTGGTAGTAGCAGT-3’
bfACP3-205-358-F 5’-accgagatctctcgaggtaccAATCAGTGGATGGAGGGCG-3’
bfACP3-205-358-R 5’-gatccccgcggccgcggtaccCTATTTTTTCACATGTGGCTCCAG-3’
bfACP3-165-358-F 5’-accgagatctctcgaggtaccGGCACCAGCAGTGACCAACA-3’
bfACP3-165-358-R 5’-gatccccgcggccgcggtaccCTATTTTTTCACATGTGGCTCCAG-3’
bfACP3-124-358-F 5’-accgagatctctcgaggtaccAAGGAAACAGGCAACGAGAACG-3’
bfACP3-124-358-R 5’-gatccccgcggccgcggtaccCTATTTTTTCACATGTGGCTCCAG-3’
bfACP3-24-358-F 5’-accgagatctctcgaggtaccGACAATTTTGAGAAAACTCCAGTGG-3’
bfACP3-24-358-R 5’-gatccccgcggccgcggtaccCTATTTTTTCACATGTGGCTCCAG-3’
bfACP3-359-561-F 5’-accgagatctctcgaggtaccTGGCCTACTGGAACCTATGGC-3’
bfACP3-359-561-R 5’-gatccccgcggccgcggtaccCTAGGCAGGCTGGTAGTAGCAGT-3’
July 2021 | Volume 12 | Article 715245
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manually corrected using GeneDoc software (22). The Neighbor-
joining phylogenetic tree was built using MEGA-X (21) with the
JTT matrix-based method (23), 1000 bootstrap tests and pairwise
deletion of gaps. The Maximum likelihood phylogenetic tree was
built using MEGA-X with the WAG model, Gamma distribution
of rates across sites model and 1000 bootstrap tests (24).

Real-Time Quantitative RT-PCR
Real-time quantitative RT-PCR (Q-PCR) was performed and
analyzed as described (25). For tissue expression profiles, five
healthy adults were chosen and not fed for 3 days to empty the
gut. Then different tissues (muscle, skin, gill, ovary, hepatic
cecum, intestine) were dissected under an optical microscope.
Total RNA was extracted and reversely transcribed to the first
strand cDNA according to the method in 2.2. Q-PCR was
performed on the Roche LightCycler 480 instrument (using the
384-well module). SYBR® Green Realtime PCR Master Mix
(Toyobo) was used for the assays according to the
manufacturer’s protocol. The reaction volume was 10µl, with
40ng 1st-strand cDNA and a primer concentration of 0.5 µM.
The PCR program is 95 °C for 3 min, followed by 40 cycles of
95 °C for 15 s, 60 °C for 30 s, and 72 °C for 20 s. Reaction of each
sample was performed in triplet. Amphioxus gapdh was used as
the internal control. The cycle threshold values were calculated
by the Roche LightCycler 480 software. Data were quantified
using the 2-DDCt method based on the cycle threshold values. All
results were confirmed by repeating the assays by one or two
more times. Primers used for Q-PCR were listed in Table 1.

For monitoring the gene expression changes after immune
stimulation, ten adults were collected for each treatment and not
fed for 24h in filtered seawater. Each amphioxus was injected
into the coelom with 20 ul LPS (1 mg/mL in PBS, from E. coli
O111:B4, Sigma), LTA (1 mg/mL in PBS, from S. aureus, Sigma),
inactivated bacteria or PBS (as control). The bacteria were 1:1
mixture (vol/vol) of formalin-inactivated Staphylococcus aureus
(2×108 cells/mL) and Vibrio anguillarum (2×108 cells/mL).
Then, the gut (hepatic cecum and intestine) and the gill were
harvested at 0, 2, 4, 8, 12, 24, and 48h after injection and
immediately frozen using liquid nitrogen.

Preparation of Recombinant Proteins
To obtain soluble proteins, we expressed recombinant ACP
proteins using the pET32a system, a thioredoxin (TRX) fusion
system containing a 6×His tag to facilitate the purification on a
Ni2-chelating Sepharose column and a partner TRX to help the
proteins fold correctly. The ClonExpress®II One Step Cloning
Kit (Vazyme) was used to insert the coding regions of mature
bfACP3 (Asp24 to Ala561) and bfACP5(Asp21 to Glu636) into
the pET32a plasmids. The plasmids were transformed into E. coli
BL21 (DE3). The transformed bacteria were cultured to an
OD=0.6-0.8 and induced with 1 mM IPTG at 37°C for four
hours. After induction, the bacterial cells were collected and
sonicated for lysis. The cell lysis supernatant was purified
through a Ni2-chelating Sepharose column (GE Healthcare).
The recombinant proteins were eluted with 250 mM imidazole,
dialyzed in PBS buffer at 4°C for 12 hours three times and
concentrated by ultrafiltration using an Ultrafree centrifugal
Frontiers in Immunology | www.frontiersin.org 428
filter device (Millipore). Pierce™ BCA Protein Assay Kit
(Thermo) was used to determine the protein concentration
according to the manufacturer’s protocol. Primers used for
preparation of recombinant proteins were listed in Table 1.

Microbial Binding Assays
Bacteria Staphylococcus aureus, Enterococcus faecalis,
Escherichia coli, Vibrio anguillarum, Vibrio parahemolyticus,
Acinetobacter calcoaceticus and Saccharomyces cerevisiae were
respectively inoculated into suitable liquid medium and
cultivated overnight under suitable conditions. V. anguillarum
was cultured with high-salt Luria-Bertani (LB) medium at 28°C,
V. parahemolyticus was cultured with seawater medium at 28°C,
S. cerevisiae was cultured with YPD medium at 28°C, and the
remaining bacteria were cultured with LB medium at 37°C. The
next day, the cells were collected and washed with PBS buffer and
resuspended in PBS. Approximately 2×106 microbes were
incubated with 1 mg of purified recombinant proteins in 1 mL
PBS at 4°C overnight with gentle orbital rotation. Microbes were
centrifuged at 12,000 × g for 1 min at 4°C and the pellets were
washed five times with 1 mL of PBST (0.05% Tween-20 in PBS).
The washed pellets were then suspended in 100ml PBS and 20ml
6×loading buffer and boiled at 100°C for 10 min. Western blot
was performed with an anti-His mouse monoclonal antibody
(Sigma) to validate the binding proteins.

Microbial Aggregation Assays
Microbes collected from liquid cultures were suspended in 1 mL
PBS and mixed with 50ml Fluorescein isothiocyanate (FITC)
(sigma, 10 mg/mL in DMSO). The reaction was incubated at
room temperature in the dark for 3h with gentle agitation. Then
the microbes were washed five times and resuspended in PBS.
10mg TRX fusion proteins were incubated with 50 ml FITC-
labeled S. aureus (2 × 108 cells/mL), E. coli (2 × 108 cells/mL), V.
parahemolyticus (2 × 108 cells/mL) or S. cerevisiae (2 × 107 cells/
mL) at room temperature in the dark for 2h, respectively. The
agglutinating reaction was examined immediately under
fluorescence microscopy (Carl Zeiss).

Binding Assays of ACPs With Microbial
Cell Wall Components
ELISA was used to analyze the binding of ACP proteins with
soluble microbial cell wall components as previously described
(26). In brief, 20 mg of lipopolysaccharide (LPS, from E. coli,
Sigma), lipoteichoic acid (LTA, from S. aureus, Sigma),
peptidoglycan (PGN, from S. aureus or Bacillus subtilis,
S i gma ) , D-Manno s e ( S i gma ) , z ymos an A ( f r om
S. cerevisiae Sigma), muramyl dipeptide (MDP, Sigma),
GlcNAc (NAG, Sigma) and MurNAc (NAM, Sigma) were used
to coat 96-well microplate (Corning 96-well Clear Polystyrene
High-Bind Strip well Microplate) at 37°C for 3 h (PGN and
zymosan A are ultrasonically solubilized). After washing with
PBS three times, the wells were blocked with PBST (0.05% Tween
20 in PBS) containing 10% (wt/vol) skim milk overnight at 4°C.
Several concentrations of ACP proteins were added to the well
and incubated at 37°C for 2 h. Binding proteins were detected
with mouse anti-His mAb (sigma, diluted 10000-fold) at room
July 2021 | Volume 12 | Article 715245
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temperature for 1h, followed by an hour incubation with HRP-
labeled anti-mouse Secondary antibodies (Abmart, diluted 5000-
fold). Incubating plate with 100ul TMB Substrate Solution
(Thermo) at room temperature for 15 minutes and stop
reaction by adding 50µL of 2M sulfuric acid. The absorbance
was read at 450 nm immediately. Reaction of each sample was
performed in triplet and the assay was repeated at least three
times. The insoluble PGN-binding activities of ACP proteins
were detected by pull-down assays as previously described (26).
In brief, various concentrations of insoluble PGNs were
incubated with 5 mg of ACP proteins in 1 mL PBS at 4°C for
1 h. The samples were centrifuged at 15,000 × g for 10 min and
pellets were washed with PBST (0.05% Tween 20 in PBS) four
times, suspended in 100 ml PBS and 20 ml 6×loading buffer, and
then boiled at 100°C for 10 min. Western blot analysis of the
binding proteins was performed using mouse anti-His
mAb (sigma).

Antimicrobial Activity Assays
The growth curves of Staphylococcus aureus and Vibrio
parahemolyticus cultured with recombinant ACP proteins were
tested as follows. Two single colonies were picked up
separately and transferred into 1 mL of LB or Sea water broth.
A volume of 50 ml of cell suspension was mixed with purified
recombinant proteins and added to 1 mL broth. S. aureus was
incubated at 200 rpm at 37°C and V. parahemolyticus was
incubated at 200 rpm at 28°C. OD600 of each sample was
measured every 1 h. The Oxford cup method was performed
on a petri dish. Twenty milliliters of warm nutrient agar (1.5%)
were poured into a 90-mm plate and cooled to form the base
medium. Ten milliliters of 0.8% warm nutrient agar mixed with
S. aureus or V. parahemolyticus were poured onto the base
medium and then quickly placed the Oxford cup and gently
press. Then, the targeted protein or antibiotic in 100 mL of PBS
was added to the pores at a final concentration of 1 mg/mL. The
plates were incubated at a suitable temperature for 16h or 40 h. A
transparent ring around the pores indicated antibacterial activity.

Construction of the Expression Vectors
For the s tudy of the subce l lu lar loca l izat ion and
coimmunoprecipitation (Co-IP) test between bfACP3 and
bfTRAF6, full-length bfACP3 was inserted into the pcDNA3.0
vector (Clontech) with a C-terminal HA Tag (transformed by
our laboratory, the HA coding sequence was inserted after the
XbaI restriction site) and bfTRAF6 was fused with Flag tag and
inserted into the pcDNA 3.0 vector (Clontech, transformed by
our laboratory, the Flag coding sequence was inserted in front of
the Kpn I restriction site). For the expression of the truncated
mutants of bfACP3, PCR fragments encoding amino acids 24-
561, 24-204, 205-561, 205-358, 165-358, 124-358, 24-358 and
359-561 were fused with myc tag, and inserted into the
expression plasmid pCMV-Myc vector (Clontech). For the
reporter assays and ubiquitination experiment, full-length
bfACP3 was cloned into the pCMV-Myc vector (Clontech)
and bfMyD88 was constructed in the same way as bfTRAF6.
The full-length sequences of bfMyD88 and bfTRAF6 are shown
in the Supplementary Figures 6 and 7, respectively. The
Frontiers in Immunology | www.frontiersin.org 529
ClonExpress® II Kit (Vazyme) was used for the construction of
recombinant expression vectors. The vectors were verified by
sequencing and the expression of proteins were confirmed by
western blot. Primers were described in Table 1.

Luciferase Reporter Assays
HEK293T cells were digested by trypsin and seeded in 48-well
plates. After 24h, the cells were transfected with equivalent
mixed expression plasmids as previously descripted (27),
which consist of the indicated amount of expression vectors,
50 ng per well of the NF-kB response promoter luciferase
reporter plasmid pNF-kB-Luc (StrataGene), and 5 ng Renilla
luciferase reporter plasmid pRLTK (Promega) per well to
normalize the data due to different transfection efficiency
between wells, and empty vectors to complement the total
plasmid quantity of each well to the same. After 24 h,
HEK293T cells were harvested and measured by dual-
luciferase reporter assay system (Promega). Each experiment
was performed in triplicate and was repeated at least three times
in all cases. The data is shown as the fold change relative to that
measured in cells transfected with empty vector.

Western Blot and Co-Immunoprecipitation
(Co-IP) Assays
Western blot and Co-IP assays were performed to demonstrate the
interaction of amphioxus bfACP3 and bfTRAF6. HEK293T cells in
six-well dishes were transfected with 6mg constructed plasmid (3 mg/
each expression vector) after 24 h seeded. At 24h post-transfection,
whole-cell extracts were prepared in IP lysis buffer (Cell Signaling
Technology) supplemented with cocktail protease inhibitor (Roche)
on ice. Then the cell lysates were fractionated by 10% SDS-PAGE
and then transferred onto a nitrocellulose filter membrane. The
membrane was blocked with 5% skim milk in PBST (0.05%Tween-
20 in PBS) at room temperature for 1 h and then incubated with the
corresponding primary antibody (Sigma) at 4°C overnight. Wash
the blot in PBST three times and incubated with HRP-conjugated
Goat Anti-Mouse IgG (Abmart) at room temperature for 1 h and
detected with enhanced chemiluminescence reagent (Millipore,
USA). For Co-IP assays, the cell lysates were incubated with 1mg
primary antibodies (Sigma) at 4°C overnight then incubated with
Protein G Sepharose (Roche) at 4°C for 4-6 h. The mixture was
washed three times with cell lysis buffer and analyzed by
Western blot.

Subcellular Localization Analysis
Hela cells were seeded on coverslips (10 mm×10 mm) in a 24-
well plate. After 24 h, cells were transfected with 2mg indicated
expression plasmids (1 mg/each expression vector) by
Lipofectamine 3000 (Thermo) according to the manufacturer’s
instructions. After 24 h since transfection, cells we washed twice
in PBS, fixed in 4% paraformaldehyde solution, and
permeabilized by 0.1% Triton X-100 in PBST (0.05%Tween-20
in PBS). After washing with PBST three times, the wells were
blocked with PBST containing 10% (wt/vol) BSA at room
temperature for 1 h. Cells were further incubated with primary
mAb (Sigma) at 4°C overnight, washed three times in PBST, and
incubated with the second antibody Alexa Fluor 568 Goat anti-
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rabbit IgG (Invitrogene) or Alexa Fluor 488 Goat anti-mouse IgG
(Invitrogene) for 1 h. Following triple washing in PBS, cells were
stained with 0.2 mg/mL DAPI for 5min. The slips were washed
three times in PBS, mounted in ProLong™ Glass Antifade
Mountant (Thermo) and photographed with a Carl Zeiss Axio
Imager Z1 fluorescence microscope.

Statistical Analysis
Student’s t-tests were performed to compare the means of three
sample groups. In all cases, differences of p<0.05 were considered
significant. *p < 0.05, **p < 0.01, ***p < 0.001 indicate statistical
differences. All experiments were repeated at least three times.
RESULTS

Cloning and Sequence Analysis of
Amphioxus ACP3 and ACP5
We previously identified 21 ACP gene models from the genome
and transcriptomes of the amphioxus Branchiostoma floridae
(bf) (2). In this study, we cloned the full-length cDNA sequences
for bfACP3 and bfACP5, which encode a 561aa protein and a
636aa protein, respectively (Supplementary Figures 1 and 2).
ACP3 has a signal peptide, an unknown conserved region
(Supplementary Figure 3) and a C-terminal ApeC domain.
ACP5 structurally resembles ACP3, but has a complement-
related CUB domain right behind the signal peptide (Figure
1A). Phylogenetic analysis based on the ApeC domains suggests
that ACP3 and ACP5 are close paralogs to the previously-
reported ACP1 and ACP2 (Figure 1B, Supplementary Figures
4 and 5). But differences are also obvious. For example, ACP3/
ACP5 have a longer middle spacer region than ACP1/ACP2.
ACP5 even has a CUB domain (Figure 1A). The CUB domain (for
complement C1r/C1s, Uegf, Bmp1) is almost exclusively found in
extracellular matrix or plasma proteins (28). Based on the multiple
alignment of the ApeC domain, ACP3 shared only 50% sequence
identity with ACP1 and 47% with ACP2, while ACP5 shared only
47%sequence identitywithACP1and46%withACP2.The sequence
identity decreases in the region outside the ApeC domain. A typical
ApeCdomain has eight conserved cysteines and threeDXEDmotifs.
The ApeC domains of amphioxus ACP1 andACP2, as well as many
other invertebrate ACPs, preserve all these conserved features.
Although ACP3 and ACP5 preserve all eight cysteines, ACP3 has
mutations in the first and third DEXD motifs, and ACP5 has
mutations in all three DXEDmotifs (Figure 1C). We speculate that
the deviation from the canonical motif may have functional
implications, but so far the function of these motifs remains
unknown. Overall, amphioxus ACP3 and ACP5 have their own
sequence and structural characteristics, thoughbelonging to the same
class with ACP1 and ACP2.

The Expression Patterns of bfACP3
and bfACP5
Realtime quantitative RT-PCR analyses showed that bfACP1 and
bfACP2 had substantial expressions in at least four of six examined
tissues of adult amphioxus (Figures 2A, B). In particularly, they
exhibited high expressions in the gill and skin, which are in direct
Frontiers in Immunology | www.frontiersin.org 630
contact with the environmental microbial pathogens. On the other
hand, the mRNA of bfACP3 and bfACP5 had limited tissue
distribution, with bfACP3 predominantly expressed in the
intestine and bfACP5 predominantly in the intestine and hepatic
cecum (Figures 2C, D). After challenged with formalin-inactivated
bacteria (the Gram-positive Staphylococcus aureus plus the Gram-
negative Vibrio anguillarum), the mRNA of all four amphioxus
ACPs could be upregulated in the gut and gill in adult amphioxus
(Figures 2E–H). However, bfACP3 and bfACP5 were less
responsive in the gill than in the gut, despite that their basal
expression in the gill was extremely low (0.5-0.8% of the gapdh
expression). The expression of bfACP3 and bfACP5 also responded
to themajor components (LPS & LTA) of the bacterial cell walls, but
the profiles were quite complicated (Figures 2I–L). Taken together,
while amphioxus ACP1 and ACP2 have substantial expressions in
multiple tissues and are capable of dramatic upregulation during the
acute immune response, the expression and function of ACP3 and
ACP5 appear to mainly locate in the gut (intestine and
hepatic cecum).

BfACP3 and bfACP5 Bind and Aggregate
Different Microbes
Here we showed that bfACP3 and bfACP5 could be greatly
upregulated in the gut by bacterial stimulation (Figure 2), so they
might also have the capacity to bind microbes. To test this, we
prepared purified recombinant His-tagged TRX-bfACP3 and TRX-
bfACP5 fusion proteins (Figure 3A). Since bfACP3 and bfACP5
have many cysteines for potential intermolecular disulfide bonds
(Figure 1C), we performed reduced and non-reduced SDS-PAGE
assays and found that both proteins could form dimers or tetramers
(Figure 3B). We then incubated the recombinant proteins with
different microbes. The microbial pellets were assessed by western
blot using anti-His monoclonal antibodies. The results showed that
bfACP3 bound strongly to yeasts (S. cerevisiae) and Gram-positive
bacteria, but bound to Gram-negative bacteria with weaker affinity
(Figure 3C). Besides, based on the band intensity estimation, up to
50% of the bfACP3 recombination proteins in this assay bound to
the microbes. As for bfACP5, it could bind with all the tested
microbes (Figure 3C). Moreover, fluorescence microscopy showed
that both bfACP3 and bfACP5 could aggregate FITC-labeled S.
aureus, E. coli, V. parahaemolyticus and yeast S. cerevisiae (Figure
3D). Quantification of the diameter of green microbial puncta
showed a significant agglutination effect (Figure 3E). In a
previous study, ACP1 and ACP2 were shown to bind and
aggregate Gram-positive bacteria but not Gram-negative bacteria
(1). Therefore, the microbial binding spectrum of the amphioxus
ACP3 and ACP5 seems quite different from that of ACP1 and
ACP2. We wondered if such differences were related to the less
conserved DEXD motifs in the ApeC domain of ACP3 and ACP5
(Figure 1B).

BfACP3 and bfACP5 Have No Inhibitory
Activity Against S. aureus and
V. parahaemolyticus
We monitored the growth curves of S. aureus and V.
parahaemolyticus in the presence of bfACP3 or bfACP5
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proteins (with Ampicillin as a positive control). Both proteins
had a negligible effect on the growth rates of the bacteria under
these experimental conditions (Figures 4A, B). Moreover, the
Oxford cup experiments showed that TRX-bfACP3 and TRX-
bfACP5 fusion proteins had no discernable inhibitive effect on S.
aureus and V. parahaemolyticus (Figures 4C, D). These results
are reminiscent of a previous study, in which amphioxus ACP1
and ACP2 showed no detectable bacteriostatic or bactericidal
activity against S. aureus (1). In conclusion, amphioxus ACP1,
Frontiers in Immunology | www.frontiersin.org 731
ACP3, ACP3 and ACP5 may all have microbial binding and
aggregating activities, but have no killing activity.

Binding Specificity of bfACP3 and bfACP5
to Microbial Cell Wall Components
We performed ELISA assays to detect which microbial cell
wall component was recognized by bfACP3 and bfACP5. The
results indicated that both bfACP3 and bfACP5 recombinant
proteins had a high binding affinity with the soluble PGN
A B

C

FIGURE 1 | Comparison of the amino acid sequences of bfACP3 and bfACP5 to other ACPs. (A) The domain architectures of amphioxus ACP3 and ACP5
compared with ACP1 and ACP2. (B) The phylogenetic tree of representative ACPs from different aquatic animal phyla based on the sequence of ApeC domains.
The tree was constructed using the neighbor-joining method. Numbers on the lines indicate the percentage bootstrap values for 1000 replicates. The tree is drawn
to scale, with branch lengths in the same units as those of the evolutionary distances used to infer the phylogenetic tree. A Maximum Likelihood tree based on the
same alignment is provided in Supplementary Figure 4 and a more detailed version is shown in Supplementary Figure 5. (C) Multiple alignment of the ApeC
domains of ACPs from amphioxus and other aquatic species. The conserved Cysteine residues and DXED motifs are marked with red and blue boxes,
respectively. bj, Branchiostoma japonicum; bf, Branchiostoma floridae; bb, Branchiostoma belcheri; Bs, Botryllus schlosseri; Cg, Crossostrea gigas; Mg, Mytilus
galloprovincialis; Pc, Priapulus caudatus; Hd, Hypsibius dujardini; Nv, Nematostella vectensis; Ap, Acanthaster planci; Sp, Strongylocentrotus purpuratus; Sk,
Saccoglossus kowalevskii; Tk, Thelohanellus kitauei; Of, Orbicella faveolata; Ct, Capitella teleta; Hr, Helobdella robusta; Pp, Pleurobrachia pileus.
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FIGURE 2 | Q-PCR analysis of the expression profile of bfACP3 and bfACP5. The relative level of bfACP1 (A), bfACP2 (B), bfACP3 (C) and bfACP5 (D) mRNA in
different tissues, respectively. Experiments were performed with five amphioxus. Data were expressed as a ratio to the gapdh mRNA expression and were plotted as
the mean ± SD. (E–H) The relative expression level of ACP mRNA in gut (hepatic cecum and intestine) and gill after challenge with mixed inactivated bacteria (S.
aureus and V. anguillarum in 1:1 ratio). (I–L) The relative expression level of bfACP3 and bfACP5 mRNA in gut (hepatic cecum and intestine) and gill after challenge
with Gram-negative cell wall component LPS (1mg/mL) and Gram-positive bacteria cell wall component LTA (1mg/mL) for different time. Data were expressed as a
ratio to the ACP mRNA expression level of unchallenged naive animals and were normalized to the gapdh expression. All the samples were analyzed in three
replicates and mean ± SD is plotted, *p < 0.05, **p < 0.01, ***p < 0.001. One representative experiment out of three is shown.
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FIGURE 3 | Binding and aggregation of the microbes by bfACP3 and
bfACP5. (A) SDS-PAGE analysis of samples taken during the purification of
recombinant TRX-bfACP3 and TRX-bfACP5. (B) Reducing and Non-reducing
SDS-PAGE of ACPs. The bands corresponding to the monomer or oligomer
were marked. (C) The binding of microorganisms by recombinant TRX-
bfACP3 and TRX-bfACP5 protein. Approximately 2×106 living microbes were
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from S. aureus, but not with LPS, LTA, mannose, zymosan A
and the PGN from B. subtilis (Figures 5A, B). PGN can be
classified into the DAP-type and the Lys-type according to the
difference in amino acid residues and cross-linking methods
(29). PGN from S. aureus is Lys-type and PGN from B. subtilis
incubated with 1mg TRX fusion proteins in 1 mL PBS at 4°C overnight and
the stirringly washed pellets were subjected to the SDS-PAGE and detected
by Western blot with anti-6×His monoclonal antibody. One representative
experiment out of three is shown. (D) Aggregation of the microbes by TRX-
bfACP3 and TRX-bfACP5. 10mg TRX fusion proteins were incubated with 50
ml FITC-labeled S. aureus (2 × 108 cells/mL), E coli (2 × 108 cells/mL), V.
parahemolyticus (2 × 108 cells/mL) or S. cerevisiae (2 × 107 cells/mL) at room
temperature in the dark for 2h, respectively. The agglutinating reaction was
examined using fluorescence microscopy. (E) Box plot showing the
diameters of green puncta in microbial aggregation assays. Box plot
explanation: upper horizontal line of box, 75th percentile; lower horizontal line
of box, 25th percentile; horizontal bar within box, median; upper horizontal
bar outside box, maximum value; lower horizontal bar outside box, minimum
value. *p < 0.05 versus TRX control.
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is DAP-type. Therefore, it seems that bfACP3 and bfACP5
could only recognize the Lys-type PGN. Pull-down assays
confirmed that bfACP3 and bfACP5 were directly bound to
insoluble PGN from S. aureus in a dose-dependent manner
but not to PGN from B. subtilis (Figure 5C). The basic
building blocks of PGN include N-acetylglucosamine
(GlcNAc; NAG), N-acetylmuramic acid (MurNAc; NAM)
and Muramyl dipeptide (MDP), but we detected no
interaction between these motifs with our recombinant
bfACP3 and bfACP5 (Figures 5D, E). This contrasted the
finding that the recombinant proteins of amphioxus ACP1
and ACP2 could bind with MDP (1). We suspect that the
intact molecule or certain conformation of Lys-type PGN are
required for the stable interaction with bfACP3 and bfACP5.
So far, we may conclude that bfACP3 and bfACP5 could
agglutinate Gram-positive bacteria by recognizing their cell-
wall component PGN, though there is more to be done to
explain how bfACP3/bfACP5 could bind with yeast and how
bfACP5 could bind with Gram-negative bacteria.

BfACP3 Suppressed MyD88 and TRAF6
Mediated NF-kB Activation
It was shown that when retained in cytoplasm, amphioxus ACP2
could interact with TRAF6 and suppress TRAF6 mediated NF-
kB activation (1). We wondered if bfACP3 has similar
intracellular functions. We transfected the HEK293T cells with
the NF-kB luciferase reporter plasmid and the bfACP3
expression plasmid, together with the bfMyD88 or bfTRAF6
expression plasmids. Luciferase reporter assays showed that
bfACP3 alone could not affect the NF-kB signal, but could
inhibit the NF-kB signal activated by bfMyD88 and bfTRAF6
in a dose-dependent form (Figures 6A–C). Co-IP assays using
293T cells showed that bfACP3 could physically interact with
bfTRAF6 (but not with bfMyD88) in our experimental condition
(Figure 6D). Immunofluorescence imaging analysis using HeLa
cells confirmed that bfACP3 and bfTRAF6 could co-localize in
the same subcellular punctate structures (Figure 6E). These
results suggested that when presented in cytoplasm, bfACP3
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FIGURE 3 | Continued
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could negatively regulate the MyD88-TRAF6-NF-kB pathway by
interacting with bfTRAF6.

BfACP3 Interfered With the
Self-Ubiquitination of TRAF6
K63-linked polyubiquitination of TRAF6 is essential for NF-kB
signaling (30). Such self-linked polyubiquitin chains serve as a
scaffold to assemble the downstream signaling complex consisting
of TAB2, NEMO, TAK1, and IKKs, which subsequently leads to
IkB degradation and NF-kB activation (31). K48-linked
polyubiquitination of TRAF6, however, might lead to protein
degradation and hence negatively regulate the NF-kB pathway
(32). We performed ubiquitination assays by transfecting 293T
cells with Flag-tagged bfTRAF6 and HA-tagged wild-type or
mutant ubiquitin (Ub, Ub-K63 and Ub-K48) in the presence or
absence of bfACP3 proteins. We found that bfACP3 could
significantly inhibit the ubiquitination of bfTRAF6, including both
K63- and K48-ubiquitination (Figure 6F). This suggests that like
amphioxus ACP2, bfACP3 might suppress TRAF6 functions by
interfering with its ubiquitination.
Frontiers in Immunology | www.frontiersin.org 1034
BfACP3 Used an Unknown Conserved
Region to Interact With TRAF6
The amphioxus ACP2 could use its N-terminal non-ApeC region
(Figure 1A) to interact with TRAF6, and putative TRAF6-binding
motif could be found in this region (1). However, we did not find
any TRAF6-binding motif in bfACP3, though it has an even longer
N-terminal non-ApeC region (Figure 1A). We guessed that other
sequences might be responsible for the interaction between bfACP3
and bfTRAF6. To determine which sequence of bfACP3 was used to
recognize bfTRAF6, we constructed different truncated forms of
bfACP3 (Figure 6G). Co-IP assays revealed that the 205-358aa
region played the main function of interacting with TRAF6 (Figure
6H). This region is conserved among ACP1, ACP2, ACP3 and
ACP5, located in the N-terminal non-ApeC region and adjacent to
the ApeC domain (Figure 1A and Supplementary Figure 3). The
identities of this region between different ACPs are modest (43-
64%). It is rich in leucine but does not have a typical leucine-rich
repeat (LRR). These results suggested that bfACP3 used an
unknown conserved sequence in its N-terminal non-ApeC region
to interact with bfTRAF6.
A B
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FIGURE 4 | BfACP3 and bfACP5 are not antibacterial against S. aureus and V. parahaemolyticus. Growth curves of S. aureus (A) and V. parahaemolyticus (B) in
the presence of TRX-bfACP3 or TRX-bfACP5 in medium while being shaken. OD600 was measured every 1 h after starting the culture (mean ± SD, n = 3). Oxford
Cup experiments cultured with S. aureus (C) or V. parahaemolyticus (D) were performed with 100ul Ampicillin (100mg/mL), TRX (0.2mg/ml), TRX-bfACP3 (0.2mg/ml)
and TRX-bfACP5 (0.2mg/ml). Then, the plates were incubated at 37°C for 16 h (S. aureus) or 28°C for 40 h (V. parahaemolyticus). A transparent ring around the cups
signifies antibacterial activity.
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DISCUSSION AND CONCLUSIONS

ApeC Is a Novel Protein Domain Widely
Distributed in Invertebrates
ApeC-containing proteins consist of a large protein family which
are widely distributed in invertebrates, especially in invertebrates
from aquatic and humid environments (2). ApeC-like domains
were also found in bacteria, suggesting the ancient origins and
broad distribution of ApeC (2). ApeC is a typical promiscuous
domain like the IgSF domains and C-type lectin domains,
capable of forming domain combinations with various
domains. So far tens of different domain architectures have
been documented in ACPs. Gene expression regulation and
tissue distribution of some ACPs have been examined in
different invertebrates, including sea urchins, sea cucumbers,
Frontiers in Immunology | www.frontiersin.org 1135
corals, amphioxus, oysters and mussels, etc. (8–13, 33–36).
Current data suggest that some ACPs may have an important
role in embryogenesis, development and immune responses (5,
7–13, 33–41), but in most cases, the underlying mechanisms
have not been investigated. In fact, most ACPs have not been
functionally investigated.

Apextrin is the first ACP subfamily received detailed study. A
typical apextrin has a signal peptide, an N-terminal membrane
attack complex/perforin (MACPF) domain and a C-terminal
ApeC domain, though the ApeC domain had not been
recognized in early days. An apextrin from the sea urchin was
found to be expressed in large quantities from fertilization to
metamorphosis, and was proposed to be involved in the adhesion
of apical cells and strengthening the outer layer of the embryo (6,
7), despite that the underlying molecular mechanism remains
A B
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FIGURE 5 | BfACP3 and bfACP5 directly interacted with the components of the microorganism cell walls. (A, B) ELISA analysis of the interaction between
recombinant fusion TRX-bfACP3 and TRX-bfACP5 to the components, respectively. Plates were coated with 20mg components, incubated with TRX-bfACP3 or
TRX-bfACP5 at 37°C overnight and detected with anti-6×His monoclonal antibody. Three biological replicates were designed for each experiment, and three
technical replicates were performed, showing one of the representative results. Background absorbance with TRX was subtracted. (C) Pull-down analysis of the
binding of 5mg recombinant fusion ACPs to PGN from S. aureus or B subtilis. P, pellet protein; T, total protein. (D, E) ELISA analysis of the interaction between
recombinant fusion ACPs and 20mg monomers that are parts of peptidoglycan. NAG, GlcNAc; NAM, MurNAc. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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unclear. Later, apextrins have been found in at least five animal
phyla (2).

A Subfamily of Amphioxus ACPs Act as
Pattern Recognition Proteins
An early study suggested that amphioxus ACP1 and ACP2 (both
from B. japonicum) could function as pathogen-associated
molecular pattern (PAMP) recognition proteins (1). In this
study, we characterized another two amphioxus ACPs (ACP3
Frontiers in Immunology | www.frontiersin.org 1236
and ACP5 from B. floridae). ACP3/5 and ACP1/2 may have
related functions, because the similar domain architecture and
the close phylogenetic relation suggest that they belong to the
same subfamily (Figures 1A, B). But they also have distinct
differences. ACP3 and ACP5 only share 40-50% sequence
identities with ACP1 and ACP2. ACP3 and ACP5 have longer
N-terminal sequences than ACP1 and ACP2. ACP5 even has an
additional CUB domain, making it more akin to extracellular
matrix proteins or humoral proteins. In the complement
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FIGURE 6 | BfACP3 negatively regulated TRAF6-NF-kB pathway by suppressing the ubiquitination of bfTRAF6. For luciferase reporter assays, HEK293T cells were
co-transfected with NF-kB transcriptional luciferase reporter plasmid, Renilla luciferase reporter plasmid, bfMyD88 or bfTRAF6 vectors, together with bfACP3 vector.
For Co-IP assays and colocalization assay, HEK293T cells and Hela cells were used, respectively. (A) BfACP3 hardly activated NF-kB signal. (B, C) BfACP3
negatively regulated bfMyD88-induced (B) and bfTRAF6-induced (C) NF-kB activation. The representative results are shown as means ± SD (n=3) of three
experiments. **p < 0.01, ***p < 0.001. (D) Co-IP assay showing that bfACP3 interacts with amphioxus bfTRAF6 when overexpressed in HEK293T cells.
(E) Immunofluorescence analysis of the subcellular co-localization of bfTRAF6 and bfACP3. HeLa cells were co-transfected with HA-tagged bfACP3 and Flag-tagged
bfTRAF6, then stained with rabbit anti-HA and mouse anti-Flag antibody, followed by incubating with the Alexa Fluor 568 goat anti-rabbit and Alexa Fluor 488 goat
anti-mouse secondary antibody respectively. (F) Ubiquitination assays indicate that bfACP3 suppressed the polyubiquitin chains of bfTRAF6. (G) The full-length and
truncated mutants of bfACP3 used in this study. The amino acids were numbered according to bfACP3 sequence. (H) Co-IP assay between bfACP3 mutants and
bfTRAF6 indicated that the unknown conserved non-ApeC region of bfACP3 is responsible for the interaction with bfTRAF6.
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proteases, CUB domains can mediate dimerization and binding
to collagen regions of partner proteins (28).

ACP1 and ACP2 are highly expressed in several mucosal and
non-mucosal tissues, with the highest concentration in the gill and
skin. While ACP3 and ACP5 have a more limited tissue
distribution, predominantly expressed in the gut. This suggests
that though they all function in mucosal tissues, ACP3/5 and
ACP1/2 specialize in different niches. In line with this, they have
different microbial binding spectrum. Recombinant ACP1 and
ACP2 were shown to bind Gram-positive bacteria (1), while
recombinant ACP5 exhibited binding capacity with yeasts, Gram-
positive and Gram-negative bacteria (Figure 3). Recombinant
ACP3 had a similar spectrum with ACP5, but its binding
strength to Gram-negative bacteria was much weaker (Figure 3).
Despite all these, no recombinant proteins (ACP1, ACP2, ACP3
and ACP5) showed killing or inhibitive effects on microbes (Figure
4), suggesting that they more likely act as mere lectins.

The bacterial cell wall component PGN and its basic active
motif MDP have been identified as binding ligands for
recombinant ACP1 and ACP2 (1). Though recombinant ACP3
and ACP5 were also found to recognize PGN, they displayed a
more selective specificity. They only bound to the Lys-type PGN
of Gram-positive bacteria, and had no detectable affinity for
three basic motifs of PGN, including MDP, NAM and NAG
(Figure 5). Moreover, recombinant ACP3 and ACP5 were also
found to bind yeasts and some Gram-negative bacteria (Figures
3C, D), but we failed to determined what ligands they used to
recognize yeasts and Gram-negative bacteria (Figures 3–5).
There are several possibilities related to the observed binding
specificities: ACP3/5 have different structural characteristics than
ACP1/2, the recombinant ACP3/5 might not preserve all the
properties of the native proteins, and the purified microbial cell
wall components might lose their native conformation.
This Subfamily of Amphioxus ACPs
Regulate the TRAF6-NF-kB Pathway
In addition to being an extracellular effector, intracellular ACP2
was found capable of modulating the TRAF6-NF-kB pathway,
possibly as a feedback inhibitory mechanism to control the
magnitude of the immune response (1). It could interact with
TRAF6 and prevent TRAF6 from self-ubiquitination and hence
from activating NF-kB. Here we found that ACP3 also has this
intracellular function, to suppress the TRAF6 induced NF-kB
activation by binding TRAF6 and interfering with the
ubiquitination of TRAF6 (Figure 6). Here we further pinpointed
the region responsible for the TRAF6 binding, and this region is
adjacent to the ApeC domain and relatively conserved in ACP1, 2,
3 and 5 (Figure 1A and Supplementary Figure 3).
Frontiers in Immunology | www.frontiersin.org 1337
CONCLUDING REMARKS

Taken together, this study provides a second but different line of
mechanistic evidence for the immune role of ACPs in amphioxus.
This study, together with the previous studies (1, 15, 38), defines a
novel subfamily of ACPs, which share a conserved structure and
have similar yet diversified molecular functions. The members of
this ACP subfamily adopt a dual-functional mode: the ApeC
domain serves the lectin role, while a conserved unknown
region serves as a signal transduction regulator for the TRAF6-
NF-kB pathway. This work broadens our understanding of the
ACP functions and may facilitate further research efforts on the
role of ACPs in other animal clades.
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Programmed cell death is a vital process in the life cycle of organisms. Necroptosis, an
evolutionary form of programmed necrosis, contributes to the innate immune response by
killing pathogen-infected cells. This virus-host interaction pathway is organized around
two components: the receptor-interacting protein kinase 3 (RIPK3), which recruits and
phosphorylates the mixed lineage kinase-like protein (MLKL), inducing cellular plasma
membrane rupture and cell death. Critically, the presence of necroptotic inhibitors in viral
genomes validates necroptosis as an important host defense mechanism. Here, we
show, counterintuitively, that in different mammalian lineages, central components of
necroptosis, such as RIPK3 and MLKL, are deleted or display inactivating mutations.
Frameshifts or premature stop codons are observed in all the studied species of
cetaceans and leporids. In carnivores’ genomes, the MLKL gene is deleted, while in a
small number of species from afrotheria and rodentia premature stop codons are
observed in RIPK3 and/or MLKL. Interestingly, we also found a strong correlation
between the disruption of necroptosis in leporids and cetaceans and the absence of
the N-terminal domain of E3-like homologs (responsible for necroptosis inhibition) in their
naturally infecting poxviruses. Overall, our study provides the first comprehensive picture
of the molecular evolution of necroptosis in mammals. The loss of necroptosis multiple
times during mammalian evolution highlights the importance of gene/pathway loss for
species adaptation and suggests that necroptosis is not required for normal mammalian
development. Moreover, this study highlights a co-evolutionary relationship between
poxviruses and their hosts, emphasizing the role of host adaptation in shaping
virus evolution.
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INTRODUCTION

Sensing of viral pathogens by the host cells is critical for animal
survival. Thus, a variety of molecular responses, including the
induction of inflammatory cytokines, chemokines and
interferons, as well as the activation of cell-death pathways that
provide clearance of pathogen-infected cells, require sensing of
pathogen associated molecular patterns for activation. Although
apoptosis has long been considered a critical clearance
mechanism to control viral spread, caspase-independent cell
death, or programmed necrosis, has recently emerged as an
alternative death pathway that dominates under specific
conditions (1).

Necroptosis is an inflammatory form of regulated necrosis
that acts as an alternative host defense pathway during some viral
infections and plays a major role in the killing and removal of
pathogen-infected cells (1–3). Activation of necroptosis follows
an intracellular signaling cascade that is dependent on the
receptor-interacting serine/threonine-protein kinase 3 (RIPK3)
and its substrate, the mixed lineage kinase like protein (MLKL)
downstream of death receptors (DRs) and pattern-recognition
receptors (PPRs) (Figure 1) (4, 5). Several pathway-specific
adaptor proteins that contain a RIP homotypic interaction
motif (RHIM-domain) can activate RIPK3-induced necroptosis
Frontiers in Immunology | www.frontiersin.org 241
(Figure 1). For example, when there is an interference or loss of
function of caspase-8, the induction of necroptosis through the
use of DRs results in the recruitment of RIPK1, which
subsequently exposes its RHIM-domain to recruit RIPK3 (6–
8). Apart from RIPK1, the TIR-domain-containing adaptor-
inducing IFN b (TRIF), an essential protein downstream of
Toll-like receptor (TLR)3/4 and the Z-DNA binding protein
(ZBP1), also directly activate RIPK3 (9, 10) (Figure 1). Exposure
of RIPK3 to a RHIM adaptor (RIPK1, TRIF or ZBP1) is a crucial
step in the initiation of necroptosis, as these proteins activate the
downstream executor of necroptosis, MLKL, that destabilizes the
plasma membrane integrity leading to cell swelling followed by
membrane rupture of infected cells and release of damage-
associated molecular patterns (DAMPs) (3, 11). Thus,
necroptosis provides a critical extra defense mechanism against
pathogen infection, facilitating the elimination of virus-infected
cells before the production of progeny virions. The importance of
necroptosis for host defense is further supported by the
identification of viral inhibitors of necroptosis, like is the case
of Vaccinia virus (VACV) E3 protein and the murine
cytomegalovirus (MCMV) M45 protein (9, 11).

Necroptosis has a major role in protecting cells against viral
infection (1–3). However, despite the recent advances to
understand the molecular regulation of this unique pathway, it
FIGURE 1 | The necroptosis signaling pathway. Simplified schematic representation of the necroptosis signaling pathway upon stimulation of the TNFR, TRF3/4 and
infection by poxviruses. All of these necroptosis-inducing signals converge on the kinase RIPK3, which is activated through the homotypic interaction with RIPK1 or
other RHIM-containing proteins, such as TRIF and DAI. When the activity of caspase-8 is inhibited, binding of TNF to TNFR1 leads to the phosphorylation and
activation of RIPK1 that binds to RIPK3 through their RHIM domains to form a protein complex (necrosome). Activated RIPK3 recruits MLKL that oligomerizes and
translocates to the plasma membrane to cause necroptosis. In TLR3- and TLR4-induced necroptosis, TRIF is required for the activation of RIPK3. ZBP1 is required
for the activation of RIPK3 in response to the presence of Z-form nucleic acids. In VACV-infected cells, the poxviral E3 protein binds to VACV-induced Z-form nucleic
acid, preventing RIPK3-induced necroptosis. TNFR, tumor necrosis factor receptor; TLR 3/4, toll-like receptor; TRIF, TIR-domain-containing adaptor-inducing IFN b;
RIP, receptor-interacting protein kinase; ZBP1, Z-DNA binding protein; MLKL, mixed-lineage kinase domain like.
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is still unclear whether the necroptotic cell death pathway acts as
a universal cell death program in mammals. Previous studies
suggested that components of necroptosis are absent in the
genomes of extant birds and marsupials. Interestingly, within
the Mammalia class, it was previously reported that order
Carnivora lost the MLKL gene (12). Taken together these
reports suggest some degree of plasticity in the conservation of
necroptosis responses. Here, we address the molecular evolution
of the necroptotic pathway in multiple mammalian lineages. We
show that during mammalian evolution, necroptosis was
convergently inactivated several times in mammalian lineages.
Remarkably, we also report that mammalian orders that lost the
necroptotic pathway display infection episodes by poxviruses
that have lost the ability to inhibit this pathway, showing a co-
evolutionary relationship between host adaptation in shaping
virus evolution.
METHODS

Genomic Approach to Detect Genes
Associated With the Necroptosis Pathway
To detect intact and inactivated genes, we first identified the key
genes of the necroptotic pathway (i.e., RIPK1, RIPK3 andMLKL)
in the human (H. sapiens) and mouse (Mus musculus) reference
genomes and looked for the presence of orthologues in existing
genome sequence databases from 67 different species that belong
to the 9 main mammalian orders/superorders: primates, rodents,
lagomorpha, chiroptera, carnivora, perissodactyla, artiodactyla,
cetacea, and afrotheria (Supplementary File 1). We did not only
search for the complete loss of exons or entire genes, but also
searched for insertions and deletions that shift the reading frame,
frame-preserving insertions that create a premature stop codon
and substitutions that create an in-frame stop codon. The
respective search methodology had been previously applied to
the identification of different homologues of different annotated
mammalian genomes (13, 14). To further ensure that all gene
loss events discussed in this study are real and not due to
sequencing errors, we validated them either by sequencing of
samples or by using a curated bioinformatic pipeline (see below).

Amplification and Sequencing of RIPK1
and RIPK3 Nucleic Acid Sequences From
Lagomorpha Species
In contrast to the majority of mammalian orders, lagomorpha
only presents three annotated genomes: the European rabbit
(Oryctolagus cuniculus, accession # GCA_000003625.1), the
American Pika genome (Ochotona princeps, accession #
GCA_014633375.1) and the plateau pika (O. curzoniae,
accession # GCA_017591425.1). Given the importance of
lagomorphs for this study, samples from different lagomorpha
species were used to obtain the nucleic coding sequence from
RIPK1. For that, RNA was extracted from tissues of O. cuniculus
cuniculus, O. cuniculus algirus, Lepus americanus, L. europaeus,
L. timidus, L. granatensis, Sylvilagus floridanus, S. bachmanis, O.
princeps and O. collaris samples, using the Qiagen DNeasy Blood
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& Tissue kit (Qiagen, USA) following manufacturer ’s
instructions. Synthesis of cDNA was achieved by using
SuperScript III Reverse Transcriptase (Invitrogen, USA).
Primers were designed according to the RIPK1 transcript from
O. cuniculus [Accession # XM_017350509.1] (Forward 5’-
ATGTCTTTGGATGACATTAAAATG-3’ and Reverse 5’-
CTACTTCTGGCTGAGCTGTATC-3’) and used to amplify
the samples mentioned before. Phusion® High-Fidelity DNA
Polymerase (Finnzymes, Espoo, Finland) was used in the PCR
amplification and the conditions included an initial denaturation
(98°C for 3min), 35 cycles of denaturation (98°C for 30s),
annealing (60°C for 15s) and extension (72°C for 30s) followed
a final extension (72°C for 5 min).

From our initial search, the RIPK3 gene was not annotated in
the European rabbit. However, after mapping the location of
RIPK3 based on its location in H. sapiens, M. musculus and O.
curzoniae, we were able to identify a partial RIPK3 sequence in
the European rabbit genome that presented an early stop codon.
To exclude potential artifacts that can mimic real gene-
inactivating mutations, a forward (5’-ATGTCTTCTGTCAAAT
TGTGG-3’) and a reverse (5’-ACTGCCTGCATCAGGATC-3’)
primer were designed based on the parcial RIPK3 sequence and
were used to amplify the same region in the genomes from O.
cuniculus cuniculus, S. floridanus, L. americanus, L. europaeus
and L. saxatilis. For that, genomic DNA was extracted using the
Qiagen DNeasy Blood & Tissue kit (Qiagen, USA) according to
the manufacturer’s instructions. Phusion® High-Fidelity DNA
Polymerase (Finnzymes, Espoo, Finland) was used in the PCR
amplification and the conditions included an initial denaturation
(98°C for 3min), 9 cycles of denaturation (98°C for 30s),
annealing (66°C for 15s) and extension (72°C for 30s) followed
by more 25 cycles of denaturation (98°C for 30s), annealing
(61°C for 15s) and extension (72°C for 30s) and a final extension
(72°C for 5min).

Amplicons sequencing from RIPK1 and RIPK3 was
performed with the ABI PRISM BigDye Terminator v3.1 Cycle
Sequencing Kit and according to manufacturer’s protocol;
reactions were cleaned with Sephadex™ (GE Healthcare Life
Sciences, UK) and applied on an ABI PRISM 310 Genetic
Analyser (Life Technologies, Applied Biosystems, Carlsbad,
CA, USA). The obtained RIPK1 coding sequences and the
partial RIPK3 sequences from the different Lagomorphs have
been deposited in the GenBank database under the accession
numbers that are shown in Supplementary File 2. All samples
were supplied by CIBIO/InBIO, Vairão, Portugal and used in
previous studies (15, 16). No animals were captured, handled, or
killed specifically for the purpose of this study.

Detailed Analysis on the
Cetacean Genomes
Briefly, NCBI gene annotations for the gene orthologues of
MLKL and RIPK3 were initially screened via PseudoChecker
(pseudochecker.ciimar.up.pt), which evaluates the coding
condition of a gene (17, 18). For each gene, a PseudoChecker
analysis was run (default parameters), using the Bos taurus (cow)
gene orthologue as a comparative input (NCBI Accession ID
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r e g a rd ing cow MLKL : XM_002694707 . 6 ; R IPK3 :
XM_024997365.1), as well as the genomic sequences
encompassing the putative ORF of the orthologous counterpart
of each target species, directly exported from the NCBI genome
browser. Through PseudoIndex, a built-in assistant metric, we
quickly assessed the erosion status of the tested genes on a
discrete scale ranging from 0 (coding) to 5 (pseudogenized) (17).
Subsequent manual annotation was performed by importing the
previously collected genomic sequences into Geneious Prime
2020 software (www.geneious.com) (19) and determining each
gene’s CDS using as reference cow’s MLKL and RIPK3
orthologues sequences. In detail, per gene and species, using
the built-in map to reference tool (highest sensitivity parameter
selected), each (3’ and 5’ untranslated region-flanked) reference
coding-exon was mapped against each target genomic sequence.
Exons alignments were further screened for gene disruptive
mutations, including in-frame premature stop codons,
frameshift, and splice site mutations (any deviation from the
consensus donor splice site GT/GC or the consensus acceptor
splice site AG).

To inspect if the identified genetic lesions were not rendered
as result of sequencing and/or genome assembly artifacts, we
performed mutational validation (one per gene and species),
resorting of raw genomic sequencing reads, retrieved from two
independent genomic projects from the NCBI sequence read
archive (SRA), when available. Explicitly, blastn searches were
directed to the selected SRA projects, using the nucleotide
sequence portion containing the selected mutation(s) as a
query. The matching sequencing reads were downloaded
into Geneious Prime 2020 (19) software and mapped
against the manually annotated mutation (highest sensibility
parameter selected), confirming, or not, the presence of the
identified mutation.

Phylogenetic and Molecular
Evolutionary Analyses
The complete dataset of RIPK1, RIPK3 and MLKL proteins was
aligned in BioEdit Sequence Alignment Editor using Clustal W
(20), followed by manual corrections when necessary. Amino
acid alignments were then used to infer Maximum Likelihood
(ML) phylogenetic trees using MEGA X (21), with the
substitution models JTT+G+F, JTT+G and HKY+G+I,
respectively; determined using ProtTest (22).

Given the fact that RIPK3 and MLKL proteins are highly
divergent across the studied mammalian species, we decided not
to perform any evolutionary analysis using these alignments. To
look for signatures of natural selection operating in the RIPK1
alignment, we used HyPhy software implemented in the
Datamonkey Web server (23), to detect codons under
selection: the Single Likelihood Ancestor Counting (SLAC)
model, the Fixed Effect Likelihood (FEL) method (24), the
Random Effect Likelihood, the Mixed Effects Model of
Evolution (MEME) (25) and Fast Unbiased Bayesian
AppRoximation (FUBAR) (26) methods were used. To avoid a
high false positive rate, codons with p-values <0.05 for SLAC,
FEL and MEME models and a posterior probability >0.95 for
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FUBAR were accepted as candidates for selection. For a more
conservative approach, only residues identified as being under
positive selection in three or more ML methods were considered.

Analysis of VACV E3 Homologues
VACV E3 homologues encoded by different poxviruses (=11)
were retrieved from the NCBI database (https://www.ncbi.nlm.
nih.gov/) and aligned in the BioEdit Sequence Alignment Editor
using Clustal W (20), followed by manual corrections when
necessary. Amino acid alignments of the representative E3-like
proteins were used to generate schematic diagrams using the
COBALT program from the NCBI database.
RESULTS

Necroptosis has a significant role in protecting cells against viral
infection (1–3). However, despite recent advances to understand
the molecular regulation of this unique pathway, it is still unclear
whether the necroptotic cell death pathway acts as a universal cell
death program in mammals. Here, taking advantage of genomic
collection databases and the use of Leporid samples (see Methods
section for more information), the goal is to better understand
the molecular evolution of the necroptotic pathway in different
mammalian lineages.

RIPK1 Protein Is Under Evolutionary
Conservation in Mammals
Human RIPK1 is a multidomain protein composed of an N-
terminal Ser/Thr kinase, a C-terminal death binding domain
that mediates binding to DRs and an intermediate domain that
includes a K377 ubiquitination site and an RHIM motif that
binds to other RHIM-containing proteins (27). Due to the
importance of RIPK1 as an adaptor molecule, previous
phylogenetic analysis suggested that RIPK1 probably emerged
in the ancestor of vertebrates (12). In accordance, our search
detected the presence of RIPK1 homologues in all the studied
mammalian lineages (Figure 2A and Supplementary Files 1–3).

To look for evidence of potential selection pressures acting on
the different domains of RIPK1 protein, we used the dataset of
mammalian sequences mentioned above and implemented an
ML approach, by using the Datamonkey software (see Methods
section for more information). For most protein-coding genes,
the rate between nonsynonymous and synonymous substitutions
(dN/dS) is a measure of natural selection, with positive selection
(dN/dS > 1) acting against the common genotype (28). In this
study, we deduced ten sites that reflect strong positive selection
pressure in RIPK1, while more than 200 amino acids were under
negative selection (Figure 2B and Supplementary File 4). As
seen in Figure 2B, residues identified as being under positive
selection fall within or very close to the kinase domain (4
residues), the RHIM domain (5 residues) and the death
domain (1 residue) of RIPK1 (residues under positive selection
are marked as red circles). The N-terminal kinase domain is
known to present several essential residues for phosphorylation
and ubiquitination (Ser14/15, 20, 161 and 166 and Lys115 and
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A

B

FIGURE 2 | Evolution of RIPK1, RIPK3 and MLKL in different mammalian lineages. (A) Phylogenetic tree showing the independent lineages that lost necroptotic
core proteins (RIPK3 and MLKL) during evolution. Green circles represent genes that are present in the studied species, red circles represent genes that are
disrupted, yellow circles represent genes that have incomplete assemblies and grey rectangles indicate that genes were not found in those species genomes.
(B) A schematic diagram of RIPK1, RIPK3 and MLKL domains. RIPK1 contains an N-terminal kinase domain (KD), an intermediate domain with a RIP homotypic
interaction motif (RHIM), and a C-terminal death domain (DD). The phosphorylation and ubiquitination sites are indicated above the RIPK1 domains. Red circles
represent residues that are under positive selection. RIPK3 contains a KD and a RHIM domain. MLKL is composed of an N-terminal bundle four-helix bundle (4HD)
domain that is regulated by the C-terminal pseudokinase domain (PKD).
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163), regulation of necroptosis and RIPK1-dependent apoptosis
(29). Interestingly, the codons under positive selection fall only at
the end of the N-terminal domain. A considerable portion of the
negatively selected sites fall in the critical regions for
phosphorylation and ubiquitination (Supplementary File 4),
suggesting that the beginning of the RIPK1 protein is under
strong purifying selection. The same was also observed for the
rapidly evolving sites of the RHIM domain, which were grouped
only at the beginning of this domain (Figure 2B). It was
previously shown that the RHIM domain has a crucial
conserved core motif of 12 amino acids that resides at the end
of this domain (30, 31). Indeed, changing four consecutive amino
acids to alanine within this core region abrogates interaction
between RHIM domains and, as a consequence, necroptosis (30,
31). Our findings that the positively selected residues did not
overlap with the core motif of 12 amino acids further support the
importance of the conservation of this region. Interestingly, in
the RIPK1 death domain that is known to mediate
homodimerization as well as heterodimerization with other
DD-containing proteins, such as FADD, TNFR1 and Fas (29,
32), no positively selected sites were found, with most of the
domain being under negative pressure (Supplementary File 4).
Collectively, our results show signatures of positive selection
occurring at the end of the N-terminal kinase domain and at the
beginning of the RHIM domain of RIPK1 proteins. Interestingly,
these residues do not overlap with domains known to be
fundamental for RIPK1-dependent apoptosis and necroptosis,
suggesting that these domains might be under evolutionary
conservation and possibly functional constraint for the
studied mammals.

Convergent Erosion of RIPK3 and MLKL
in Mammalian Lineages
RIPK3 and MLKL form the core of the necroptotic machinery
and both are, as a consequence, important for necroptosis
induction in mice and humans downstream of PRRs and DRs
(1, 4, 5). To further understand the evolutionary history of the
necroptotic pathway in mammals, we performed detailed
sequence and phylogenetic analyses for RIPK3 and MLKL
homologous proteins (Supplementary File 3). Our screens for
RIPK3 and MLKL genes revealed evidence of pseudogenization
in five mammalian lineages: order rodentia, lagomorpha,
carnivora, cetacean and in the superorder afrotheria
(Figure 2A). Given the fact that MLKL pseudogenes have been
previously identified in carnivores, they will not be discussed in
detail here (12).

Variation of the Necroptotic Pathway
Within Afrotherian and Rodent Families
In afrotherian and rodent lineages, we found that the necroptotic
pathway was missing in some species (Figure 2A). In rodents,
two species from the Bathyergidae family and one species from
the Octodontidae family presented early stop codons in both
RIPK3 and MLKL, resulting in the disruption of necroptosis. In
the naked mole-rat (Heterocephalus glaber), RIPK3 presented a
premature stop codon in exon 6 resulting in a shorter version of
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this protein (Supplementary File 5). In the common degu
(Octodon degus) and in the damaraland mole-rat (Fukomys
damarensis), both RIPK3 and MLKL proteins presented several
premature stop codons (Supplementary File 5). However,
disruption of these proteins appears to have occurred in an
independent way, rather than in a common ancestral. Given the
fact that RIPK3 and MLKL present signs of pseudogenization, it
is expected that in the naked mole-rat, common degu and
damaraland mole-rat necroptosis is disrupted. Our studies also
revealed that species from Afrotherian families, including the
African bush elephant (Loxodonta africana, family Elephantidae)
and the Cape golden mole (Chrysochloris asiatica, family
Chrysochloridae) presented early stop codons in RIPK3 and
MLKL, respectively, while the West Indian manatee (Trichechus
manatus, family Trichechidae) present early stop codons in both
genes (Supplementary File 5). However, our results also show
that the Cape elephant (Elephantulus edwardii, family
Macroscelididae) and the lesser hedgehog tenrec (Echinops
telfairi, family Tenrecidae) present intact copies of the RIPK3
andMLKL genes, indicating that RIPK3 and MLKL were present
in early stages of Afrotheria evolution, but must have been lost
later in specific lineages, resulting in the existence of alternative
modes of necroptosis inactivation.

The Necroptotic Pathway Is Disrupted
in Lagomorphs
The Order Lagomorpha is divided into two families,
Ochotonidae and Leporidae, which diverged around 30–35
Mya (33). While Ochotonidae is only composed of one extant
genus, Ochotona, the Leporidae family includes 11 genera,
including Lepus, Sylvilagus and Oryctolagus (34). Using the
methods described previously, we were only able to identify
RIPK3 and MLKL transcripts for plateau Pika (O. curzoniae),
while no RIPK3 and MLKL transcripts were found for the
European rabbit (O. cuniculus). For the American Pika (O.
princeps), incomplete genome assemblies in the vicinity of the
RIPK3 and MLKL regions made retrieving the sequence of these
genes impossible. By evaluating RIPK3 gene from human and
mouse and its genomic context, we were able derive a partial
RIPK3 nucleotide sequence from the European rabbit genome,
which displays a frameshift mutation caused by the insertion of a
single nucleotide. It is well known that accurately detecting gene-
inactivation mutations in these alignments poses a number of
challenges like, for example, sequencing errors and cases of
assembly incompleteness. For this reason, we assessed the
accuracy of our database prediction by sequencing that same
genomic region in different Leporid species, representative of
different genera (Lepus, Sylvilagus and Oryctolagus). From the
obtained results, we confirmed the insertion of 1 nucleotide (+G,
exon 3) not only in the European rabbit RIPK3, but also in
species from genus Lepus and Sylvilagus, suggesting that
disruption of RIPK3 gene occurred in a common ancestral and
was maintained throughout Leporid evolution (Figure 3A).
During necroptosis, activated RIPK3 phosphorylates and
activates MLKL, which results in its recruitment and
oligomerization in the plasma membrane leading to rupture
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and cell death (1, 4). Interestingly, and despite all of our efforts,
noMLKL transcripts or MLKL protein accumulation were found
in any of the studied Lagomorphs (data not shown). Detailed
analysis of the upstream and downstream MLKL flanking genes
in both human and mouse genomes reveal that MLKL resides
between the ring finger and WD repeat domain 3 protein
(RFWD3) and fatty acid 2-hydroxylase (FA2H) genes
(Figure 4). Accordingly, although there are no gaps or
incomplete genomic assemblies surrounding that region in the
European rabbit genome, we were not able to retrieve a complete
or partialMLKL gene, suggesting once more that this gene is not
present in these mammals. Together, our results suggest that the
studied leporid species are deficient in the core proteins of the
necroptotic pathway, and that RIPK3 inactivation occurred at
the stem Leporid branch and was maintained during evolution.

Inactivation of Necroptosis Components
in Cetacea
Modern Cetacea comprises Mysticete (or baleen whales) and
Odontocete (or toothed whales) and are the most specialized and
diversified group of mammals (35). Comparative analysis of
cetacean genomes has already provided important insights into
the unique cetacean traits and aquatic specializations (13, 36, 37).
For our screen, Odontocetes were represented by 12 species
belonging to five different families (Delphinidae, Phocoenidae,
Monodontidae, Lipotidae and Physeteridae), and Mysticetes
were represented by the common minke whale from
Balaenopteridae family. In Cetacean species, the disruption of
RIPK3 occurred at different positions depending on the studied
species: a frameshift mutation was identified in exon 6 of two
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Delphinidae species, as well as in exon 8 of two Phocoenidae
species, one Monodontidae species and one Balaenopteridae
species. There was also evidence of two species (one species
from Monodontidae and another from Lipotidae families) with
RIPK3 pseudogenes based on the presence of a stop codon
located in exon 2 (Supplementary File 6). Interestingly, while
Cetacean RIPK3 inactivation appears to be a result of different
mutations depending on the studied species, our results show a
shared mutation in the exon 1 of MLKL in all cetacean species
(Figure 3B). Moreover, this premature stop codon leads to the
absence of exon 2, 3, 4 and 5 in most cetacean species, which very
likely results in this gene inactivation. Given the presence of an
inactivating mutation that is shared between mysticetes and
odontocetes, the most parsimonious hypothesis suggests that
they occurred before the split of these two clades in the common
ancestral branch of Cetacea.

Diversity Among the Poxvirus Encoded
E3-Like Necroptosis Antagonists
Previously, it was shown that the N-terminus of VACV E3
competes with ZBP1 for binding to virus-induced Z-nucleic
acid, being a key component to inhibit the action of IFN and
induction of necroptosis (38) (Figure 1). E3-like encoded
proteins are composed of a carboxy (C)-terminal double-
stranded RNA binding domain (dsRNA-BD) and an amino
(N)-terminal Z-nucleic acid-binding domain (zNA-BD) (39,
40) (Figure 5A). Given the importance of the N-terminus
region from VACV E3 protein against virus infection, we
hypothesize that poxviruses that lack this region in their E3
homologs can still successfully replicate in their natural host
A

B

FIGURE 3 | Loss of RIPK3 and MLKL genes in the steam lineage of Leporids and Cetaceans. (A) Genomic analysis of the first tree exons from Leporids. In
Leporids, RIPK3 was lost as a result of a shared insertion (+G) in the third exon that resulted in the appearance of several premature stop codons. (B) A point
mutation (C to T) in all the studied cetacean species indicates that MLKL inactivation occurred in Cetacea steam lineage. Moreover, 9 out of the 11 studied species
(excluding B. acutorostrata and M. Monoceros) lost exon 2, 3, 4 and 5 throughout evolution (represented by faint yellow). Premature stop codons are represented by
an asterisk (*).
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because of a compromised necroptotic pathway. Among the E3L
proteins, E3 from VACV is the best studied protein. However, E3
homologs can be found in orthopoxviruses, clade II poxviruses
and parapoxviruses (39, 40). Recently, the genome
characterization of CePV-TA identified two novel E3L
homologs: CePV-TA-20 and CePV-TA-21 (41).

Our analysis on 11 different E3 homologues revealed that
these are highly divergent: while CPXV 069 (Cowpoxvirus E3
homolog) and TATV 060 (Tateropoxvirus E3 homolog)
presented identities of >90% to VACV E3, E3L homologs from
poxviruses like the Deerpoxvirus, Sheeppoxvirus and Yaba
monkey poxvirus presented less than 40% identity
(Figure 5B). Analysis of the two newly identified E3 homologs
from CePV-TA shows that both present low identity to VACV
E3, with CePV-TA-20 and CePV-TA-21 proteins only
presenting sequence identity of 37% and 34%, respectively
(Figure 5B). It is known that at the amino acid level, the C-
terminal of E3-like proteins display a higher level of sequence
similarity than the N-terminal domain (42). Accordingly, the
dsRNA-BD domain from CePV-TA-20 and CePV-TA-21
proteins also display a higher level of sequence similarity
compared to other E3 homologs (Figure 5C), suggesting that
in CeTV this domain might also target conserved antiviral
dsRNA-activated pathways. Similar to what is observed for
Monkeypox virus (MPXV) and Myxoma virus (MYXV) E3
homologues, both E3 homologs from CePV-TA present
incomplete or disrupted N-terminal zNA-BDs. As shown in
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Figure 5C, CePV-TA-20 is missing 20 amino acids in its N-
terminal domain. However, this region still retains the conserved
LY and PPXW motifs, as well the basic KKCINR motif
(Figure 5C) that are known to bind with Z-NA (40).
Interestingly, MPXV F3 protein, lacking 37 amino acids from
the N-terminal domain, is not able to compete with ZBP1 and
inhibit sensing (unpublished data), even though it retains the key
residues important for binding to Z-NA (Figure 5C). While
CePV-TA-20 and F3 proteins contain an incomplete zNA-BD,
M029 and CePV-TA-21 proteins are missing most of their N-
terminal zNA-BD (Figures 5B, C), suggesting a total inactivation
of this domain and a loss of function regarding the inhibition of
ZBP1-dependent necroptosis. Overall, our results show that the
novel CePV-TA presents two E3L homologues that, like E3L
homologues from MPXV and MYXV, present incomplete or
disrupted N-terminal zNA-BD. The presence of an incomplete
or disrupted zNA-BD in E3L homologues highly suggests that
these proteins cannot fully compete with ZBP1 to inhibit
necroptosis induction. However, further studies will be
necessary to fully comprehend the action of these proteins
regarding complete necroptosis inhibition.
DISCUSSION

Necroptosis is an inflammatory form of cell death that is
mediated by RIPK3 and MLKL and provides an extra defense
FIGURE 4 | Gene synteny of the genome regions containing MLKL gene in different mammals. Genomic regions containing the MLKL gene or its flanking genes in
H. sapiens, M. musculus, O. curzoniae, O. cuniculus, P. vampyrus, C. lupus and B. taurus. Horizontal lines indicate chromosome fragments and coloured arrows
identify genes and their orientation in the genome. Orthologous genes are indicated in the same colour and their names are indicated above/below. Black arrows
indicate the presence of pseudogenes. RFWD3, ring finger and WD repeat domain 3; MLKL, mixed-lineage kinase domain like; FA2H, fatty acid 2-hydroxylase;
GLG1, golgi glycoprotein 1; WDR59, WD repeat domain 59; TMPOP2, thymopoietin pseudogene; GM6014, ubiquitin-40S ribosomal protein S27a pseudogene;
LOC788457, translationally-controlled 1 pseudogene.
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mechanism against pathogen infection, facilitating the
elimination of virus-infected cells before the production of
progeny virions (1–3). Given the crucial role of necroptosis in
the innate immune response of humans and mice (43, 44), it was
broadly accepted that this pathway was ubiquitous in mammals.
Our results from 67 species across nine mammalian lineages
provides the first comprehensive picture of the molecular
evolution of necroptosis in mammals. We show that while
RIPK1 is under evolutionary conservation, RIPK3 and MLKL
are poorly conserved in lineages that evolved separately over the
course of evolution.

A detailed analysis of RIPK3 andMLKL in mammals reveals a
complex pattern where lagomorphs, cetaceans, carnivores and
species from rodent and afrotheria lineages separately lost key
components of the necroptotic pathway (Figure 2A). The order
lagomorpha includes two big families, Ochotonidae and
Leporidae (33). The presence of the same frameshift mutation
in Leporid species (+G, Figure 3A) suggests that the disruption
of the necroptotic pathway occurred early, but only after the
bifurcation between Ochotona and Leporid given that the
plateau Pika presents intact RIPK3 and MLKL proteins
(Figure 2A). Despite all efforts, and despite the complete
genome assembly surrounding the MLKL flanking genes in the
European rabbit genome, no partial or complete MLKL gene was
found, indicating that this gene is deleted in the European rabbit
genome and possibly in the remaining Leporid species
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(Figure 4). The core genes of the necroptotic pathway also
presented premature stop codons in cetaceans. In the studied
cetaceans, the MLKL gene presented a common stop codon in
the first exon, resulting in the inactivation of this gene
(Figure 3B). Again, the presence of similar patterns of
pseudogenization in RIPK3 or MLKL genes within species of
the same order infer that disruption of these genes occurred
before their diversification and was maintained throughout
evolution. On the other hand, RIPK3 disruption in cetaceans
appears to be the result of insertions or deletions that are not
shared between closely related species, but rather specific to each
species (Supplementary File 6), suggesting that these disrupting
mutations occurred later in evolution when compared to MLKL.
The addition of some rodents as well as afrotheria species to the
list of mammals that have disrupted necroptotic pathways, raises
the possibility that other closely related species might have lost
this pathway after the diversification of these lineages. It is
currently believed that activation of the RIPK3 and
recruitment of MLKL are critical steps during necroptosis. For
example, deleting either RIPK3 or MLKL can lead to the
suppression of skin and liver inflammation in mice (45, 46).
Moreover, when mice are treated intravenously with a high-
doses of TNF, there appears to be no differences between RIPK3-
deficient and MLKL-deficient mice (5), substantiating the
premise that MLKL follows RIPK3 in the necroptotic
signalling. However, this appears not to be the case for all
A

B
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FIGURE 5 | Protein sequence alignment of E3L proteins. (A) Schematic diagram of VACV E3 protein binding domains: yellow box represents the zNA-BD and blue
box represents the dsRNA-BD. The same color scheme is used in (B, C). (B) E3L homologues from 11 poxviruses (VACV E3, Cowpoxvirus (CPXV) 069,
Tateropoxvirus (TATV) 060, Yaba monkey tumor virus (YMTV) 034, swinepoxvirus (SWPV) 34L, deerpoxvirus (DPV) 042, sheeppoxvirus (SPPV) 034, MPXV F3, MYXV
M029 and CePV-TA 20 and 21) were used to perform a schematic alignment using COBALT program from the NCBI platform. Length of each E3L homologue as
well as their identity to VACV E3 proteins are shown in the column to the right. (C) Amino acid sequence comparison of 11 different members of the E3L family
including VACV E3, TATV 060, YMTV 034, SWPV 34L, DPV 042, SSPPV 034, MPXV F3 and MYXV M029 and CePV-TA 20 and 21. Conserved areas known to bind
to zNA are shown in grey boxes.
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Águeda-Pinto et al. Convergent Loss of Necroptosis in Mammals
necroptotic cell death responses, as different studies revealed
alternative pathways for MLKL and RIPK3-dependent
programmed necrosis that are executed in the absence of
RIPK3 or MLKL, respectively (47, 48). For example, Inositol
Phosphate metabolites have been previously shown to be
required for human MLKL activation by directly acting on the
N-terminal 4HB to dislodge an inhibitory region, revealing
that MLKL-mediated necroptosis can also be controlled by
a metabolite (49). To date, there are no studies suggesting
that RIPK3/MLKL double-knockout mice are still able to
induce necroptosis, which indicates that species that have
disrupted RIPK3 and MLKL lost the necroptotic pathway
throughout evolution.

The loss of function of RIPK3 and MLKL in independently
evolving lineages (convergent evolution) indicates that gene loss
is an important evolutionary mechanism for phenotypic change
in these animals and may contribute to similar adaptations.
Even though it would be expected that loss of genes is
maladaptive, gene loss can be beneficial by providing an
evolutionary mechanism for adaptations (50). In fact, if the
loss of an existing gene would increase fitness by making a
species better adapted to the environment that surrounds it,
then gene loss would be an easy solution to an evolutionary
problem (50). Necroptosis contributes to innate immunity as a
pathogen clearance mechanism (1). However, contrary to
apoptosis, in which several highly immunogenic intracellular
proteins are sequestered in the dead cell, necroptosis releases
DAMPs in the surrounding tissue that promote strong
inflammatory responses and result in the attraction of
different types of immune cells to the site of infection (51).
Studies in mouse models have provided strong evidence that
necroptos is i s impl icated in severa l inflammatory
neurodegenerative diseases, including multiple sclerosis and
amyotrophic lateral sclerosis (52, 53). Mouse-model
experiments identified keratinocyte necroptosis as a trigger of
skin inflammation (54) and a correlation between necroptosis
and intestinal inflammation has also been established (55, 56).
Thus, while necroptosis might mediate host defense, its
inhibition in certain contexts may lessen disease severity. It is
known that excessive inflammation can promote cancer cell
growth and metastasis (57). Thus, it is possible that a pro-
inflammatory cell death like necroptosis might promote
metastasis and thus, inhibition of this pathway might
represent an advantage for regulation of cancer cell growth.
Intriguingly, some of the species that are lacking the core
necroptotic machinery are known to resist cancer. That is the
case for cetaceans, the naked mole-rat and african elephants
(58–60). It is also possible that selection against necroptosis in
different mammalian lineages could have been driven by
different factors depending on the environment or conditions.
For example, it was previously suggested that the absence of
MLKL in Carnivores reflected a microbe-rich and virus-
containing diet of raw meat, causing evolutionary counter-
selection against necroptosis (12). Nevertheless, the absence of
the necroptotic pathway in independently evolving lineages
suggest that the deregulation of this pathway was detrimental
Frontiers in Immunology | www.frontiersin.org 1049
for the host organism, which ultimately drove selection against
the presence of RIPK3 and MLKL.

As many other viruses, poxviruses express immunomodulatory
and host-range factors important for the suppression and evasion
of the host innate and adaptive antiviral responses (61, 62). VACV
protein E3 not only sequester dsRNA through their dsRNA-BD
limiting the activation of the innate immune system against the
virus infection, but also inhibit the IFN-induced dsRNA
dependent protein kinase (PKR), known to be a crucial
component of the host innate immunity against viral infection,
replication, and spread (63, 64). Our results show that the dsRNA-
BD of distant E3L proteins present high levels of sequence
similarity (Figures 5B, C), which is consistent with the ability of
this domain to target conserved pathways present in different
hosts. Although the dsRNA sequestration functions of the E3 C-
terminal have been clear for decades (20, 65), the IFN sensitivity of
VACV E3 N-terminal deletion mutants remained unresolved for a
long time. Recently, strong evidence showed that the E3 N-
terminal domain competes with ZBP1 to prevent ZBP1-
dependent activation of RIPK3 and consequent necroptosis (38,
66). The model proposed by the authors suggests that during WT-
VACV infection, the zNA-BD of E3 binds to VACV-induced Z-
form nucleic acid and masks it, preventing sensing by ZBP1 and
further RIPK3 necroptosis induction (38, 66). However, it is
interesting that poxviruses like MPXV, MYXV and CePV-TA
have E3L homologs that present a complete dsRNA-BD but not
zNA-BD (Figure 5B). In VACV-E3 D83N–infected cells (mutant
lacking the first 83 aa corresponding to the zNA-BD), the absence
of the zNA-BD facilitates ZBP1 to sense VACV-induced PAMPs
and initiate necroptosis induction (38). Therefore, it is expected
that E3L homologues that lack N-terminal zNA domains, like
CePV-TA-21 and M029, cannot prevent Z-form nucleic acid
sensing triggering necroptosis induction and early abortion of
viral replication. Like CePV-TA-20, F3 protein is also missing
several amino acids in the N-terminal region and presents high
conservation in areas that are known to bind to zNA (Figure 5C).
Nevertheless, F3 protein seems to have lost the ability to compete
with ZBP1 and inhibit sensing (unpublished data). It was
previously shown that the N-terminus of VACV E3 is necessary
for IFN resistance in JC cells since VACV-E3D37N (mutant
mimicking MPXV E3 zNA-BD) did not initiate DNA
replication (67). However, MPXV was able to replicate
efficiently in the same cells, despite having a partial N-terminal
zNA-BD, suggesting that the predicted binding to z-form nucleic
acid was intragenic and downstream of z-NA sensing, rather than
related to the ability of F3 zNA-BD to mask z-form nucleic
acid (67).

Interestingly, inactivation of necroptosis in Lagomorphs and
Cetaceans seems to correlate with the absence of the E3L zNA-
BD in their naturally infecting poxviruses, namely
leporipoxviruses (MYXV and SFV) and cetaceanpoxviruses
(CePV-TA), respectively. Monkeypox is a viral zoonosis
endemic to central and western Africa areas where African
rope squirrels and other rodents are likely reservoir hosts (68).
Interestingly, the absence of a functional N-terminus in MPXV
F3 protein also seems to correlate with the fact that some rodents
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appear incapable of undergoing necroptosis. Like MPXV,
leporipoxviruses and CePV-TA pathogenesis are restricted to
only certain species and have little or no pathogenesis capability
in all others (41, 67, 69, 70). Infection of the same host over
hundreds of years or even millennia may drive the evolution of
each virus to rapidly evolve to a fitness peak in a given host
environment. Previous niche-filling models (71–73) emphasize
the role of host interactions in shaping virus evolution.
According to these models, as hosts diversify and speciate over
longer evolutionary periods, viral host factors that aim to counter
the host antiviral functions are subject to continuous changes.
Indeed, it is known that genes associated with host antiviral
mechanisms present high evolutionary rates and are often under
positive selection (15, 74, 75). Here, we suggest that during the
evolution of these poxviruses, the loss of the zNA-BD did not
present a disadvantage in the host organism; therefore, this trait
was maintained, which reflects how these viruses adapt as their
niche changed.
CONCLUSION

The disruption of necroptosis in independently evolving lineages
suggests a convergent evolutionary loss of this pathway, probably
reflecting an important selective mechanism for phenotypic
change. Interestingly, we also found a strong correlation
between the disruption of necroptosis in leporids and
cetaceans and the absence of the E3L zNA-BD (responsible for
necroptosis inhibition) in their naturally infecting poxviruses as
in the case of MYXV and CePV-TA, respectively. Overall, our
study provides the first comprehensive picture of the molecular
evolution of necroptosis in mammals, highlighting the
importance of gene/pathway loss for the process of species
adaptation and suggesting that it is a true pathogen-response
pathway that is not required for normal mammalian
development. Moreover, this study sheds some light on a co-
evolutionary relationship between poxviruses and their hosts,
emphasizing the role of host adaptation in shaping virus evolution.
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the first draft of manuscript. MR, GM and PE acquired funding
to support the study. All authors contributed to the article and
approved the submitted version.
FUNDING

Thisworkwas supported by Foundation for Science andTechnology
(FCT), which supported the doctoral fellowship of AÁ-P (ref.SFRH/
BD/128752/2017), the investigator grant of PJE (IF/00376/2015)
and the project UIDB/50027/2020 (Base). This article is also a result
of theprojectNORTE-01-0145-FEDER-000007, supportedbyNorte
Portugal Regional Operational Programme (NORTE2020), under
the PORTUGAL 2020 Partnership Agreement, through the
European Regional Development Fund (ERDF). GM and MMR’s
research is supported by the National Institute of Health (NIH)
grants R01AI080607 and R01AI148302.
SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fimmu.2021.
747737/full#supplementary-material
REFERENCES

1. Xia X, Lei L, Wang S, Hu J, Zhang G. Necroptosis and its Role in Infectious
Diseases. Apoptosis (2020) 25:169–78. doi: 10.1007/s10495-019-01589-x

2. Nogusa S, Thapa RJ, Dillon CP, Liedmann S, Oguin TH3rd, Ingram JP, et al.
RIPK3 Activates Parallel Pathways of MLKL-Driven Necroptosis and FADD-
Mediated Apoptosis to Protect Against Influenza A Virus. Cell Host Microbe
(2016) 20:13–24. doi: 10.1016/j.chom.2016.05.011

3. Upton JW, Chan FK-M. Staying Alive: Cell Death in Antiviral Immunity.Mol
Cell (2014) 54:273–80. doi: 10.1016/j.molcel.2014.01.027

4. Sun L, Wang H, Wang Z, He S, Chen S, Liao D, et al. Mixed Lineage Kinase
Domain-Like Protein Mediates Necrosis Signaling Downstream of RIP3
Kinase. Cell (2012) 148:213–27. doi: 10.1016/j.cell.2011.11.031

5. Moerke C, Bleibaum F, Kunzendorf U, Krautwald S. Combined Knockout
of RIPK3 and MLKL Reveals Unexpected Outcome in Tissue Injury and
Inflammation. Front Cell Dev Biol (2019) 7:19. doi : 10.3389/
fcell.2019.00019

6. He S, Wang L, Miao L, Wang T, Du F, Zhao L, et al. Receptor Interacting
Protein Kinase-3 Determines Cellular Necrotic Response to TNF-Alpha. Cell
(2009) 137:1100–11. doi: 10.1016/j.cell.2009.05.021
7. Zhang D-W, Shao J, Lin J, Zhang N, Lu B-J, Lin S-C, et al. RIP3, an Energy
Metabolism Regulator That Switches TNF-Induced Cell Death From
Apoptosis to Necrosis. Science (2009) 325:332–6. doi: 10.1126/
science.1172308

8. Upton JW, Kaiser WJ, Mocarski ES. Virus Inhibition of RIP3-Dependent
Necrosis. Cell Host Microbe (2010) 7:302–13. doi: 10.1016/j.chom.2010.03.006

9. Upton JW, Kaiser WJ, Mocarski ES. DAI/ZBP1/DLM-1 Complexes With
RIP3 to Mediate Virus-Induced Programmed Necrosis That Is Targeted by
Murine Cytomegalovirus vIRA. Cell Host Microbe (2012) 11:290–7. doi:
10.1016/j.chom.2012.01.016

10. He S, LiangY, Shao F,WangX. Toll-LikeReceptorsActivate ProgrammedNecrosis
inMacrophages Through aReceptor-InteractingKinase-3-Mediated Pathway.Proc
Natl Acad Sci USA (2011) 108:20054–9. doi: 10.1073/pnas.1116302108

11. Kaiser WJ, Upton JW, Mocarski ES. Viral Modulation of Programmed
Necrosis. Curr Opin Virol (2013) 3:296–306. doi: 10.1016/j.coviro.2013.05.019

12. Dondelinger Y, Hulpiau P, Saeys Y, Bertrand MJM, Vandenabeele P. An
Evolutionary Perspective on the Necroptotic Pathway. Trends Cell Biol (2016)
26:721–32. doi: 10.1016/j.tcb.2016.06.004

13. Sharma V, Hecker N, Roscito JG, Foerster L, Langer BE, Hiller M. A
Genomics Approach Reveals Insights Into the Importance of Gene Losses
September 2021 | Volume 12 | Article 747737

https://www.frontiersin.org/articles/10.3389/fimmu.2021.747737/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2021.747737/full#supplementary-material
https://doi.org/10.1007/s10495-019-01589-x
https://doi.org/10.1016/j.chom.2016.05.011
https://doi.org/10.1016/j.molcel.2014.01.027
https://doi.org/10.1016/j.cell.2011.11.031
https://doi.org/10.3389/fcell.2019.00019
https://doi.org/10.3389/fcell.2019.00019
https://doi.org/10.1016/j.cell.2009.05.021
https://doi.org/10.1126/science.1172308
https://doi.org/10.1126/science.1172308
https://doi.org/10.1016/j.chom.2010.03.006
https://doi.org/10.1016/j.chom.2012.01.016
https://doi.org/10.1073/pnas.1116302108
https://doi.org/10.1016/j.coviro.2013.05.019
https://doi.org/10.1016/j.tcb.2016.06.004
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles
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3 Signal Transduction Research Group, János Szentágothai Research Centre, Pécs, Hungary

Invertebrates, including earthworms, are applied to study the evolutionarily conserved
cellular immune processes. Earthworm immunocytes (so-called coelomocytes) are
functionally similar to vertebrate myeloid cells and form the first line of defense against
invading pathogens. Hereby, we compared the engulfment mechanisms of THP-1 human
monocytic cells, differentiated THP-1 (macrophage-like) cells, and Eisenia andrei
coelomocytes towards Escherichia coli and Staphylococcus aureus bacteria applying
various endocytosis inhibitors [amantadine, 5-(N-ethyl-N-isopropyl) amiloride, colchicine,
cytochalasin B, cytochalasin D, methyl-ß-cyclodextrin, and nystatin]. Subsequently, we
investigated the messenger RNA (mRNA) expressions of immune receptor-related
molecules (TLR, MyD88, BPI) and the colocalization of lysosomes with engulfed
bacteria following uptake inhibition in every cell type. Actin depolymerization by
cytochalasin B and D has strongly inhibited the endocytosis of both bacterial strains in
the studied cell types, suggesting the conserved role of actin-dependent phagocytosis.
Decreased numbers of colocalized lysosomes/bacteria supported these findings. In
THP-1 cells TLR expression was increased upon cytochalasin D pretreatment, while this
inhibitor caused a dropped LBP/BPI expression in differentiated THP-1 cells and
coelomocytes. The obtained data reveal further insights into the evolution of
phagocytes in eukaryotes. Earthworm and human phagocytes possess analogous
mechanisms for bacterial internalization.

Keywords: macrophages, coelomocytes, evolution, endocytosis, phagocytosis, inhibitors
1 INTRODUCTION

The cellular uptake mechanism of macromolecules, nutrients, and various particles is generally
considered as endocytosis. Its action is strongly related to the plasma membrane, which, by
invaginating, forms vesicles containing transported molecules. Endocytic pathways govern essential
functions such as cell–cell communication, signal transduction, immune response, and cellular
org September 2021 | Volume 12 | Article 733541153
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homeostasis. Generally, two major types of endocytosis can be
distinguished in the cells: phagocytosis and pinocytosis (1).
Phagocytosis is carried out against particles larger than >0.5
mm by specialized cells to protect the organism from microbes
and eliminate damaged cells (2).

At least four types of pinocytosis mechanisms exist in the
cells, among which are macropinocytosis, clathrin-mediated
endocytosis (CME), caveolae-mediated endocytosis (CvME),
and clathrin/caveolin-independent endocytosis. All these
pathways differ from the point of the origin of the particle
engulfed, size, and mechanism of endocytic vesicle formation (1).

Due to its importance in cellular homeostasis, endocytosis
(phagocytosis and pinocytosis) is a phylogenetically conserved
trafficking process that evolved from amoeba to human cells (3).
It seems that phagocytosis is lost from fungi and plants.
Interestingly, it is suggested that the primary forms of uptake
mechanisms coevolved with nutrition intake and only later opted
as immune/defense mechanism during metazoan phylogenesis
(4). To eliminate pathogen structures, distinct macrophage types
(e.g., archeocytes, hemocytes, coelomocytes, microglia, Kupffer
cells) have been developed in the diverse animal groups (5).

In this regard, well-conserved cellular and humoral innate
immune components have emerged in invertebrates to keep their
self-integrity similarly to those in vertebrates. For instance,
segmented worms (earthworms) are “up and coming” research
animal models to study the phylogenesis of immunity (6, 7).
Earthworms lack adaptive immunity that allows to solely study
the mechanisms of innate immunity. Earthworm’s body cavity
(coelomic cavity) is an immunologically competent compartment
containing motile immune cells (so-called coelomocytes) and a
fluid abundant in multifunctional proteins (coelomic fluid) (7).
Coelomocytes can be subdivided into two major subpopulations
(amoebocytes and eleocytes). These cells possess a variety of
immune functions that resembles vertebrate leukocytes. In
particular, amoebocytes are capable of phagocytosis and
encapsulation, while eleocytes produce antimicrobial factors and
maintain homeostasis (8).

To this end, we hypothesized that earthworm amoebocytes
resemble vertebrate myeloid lineage, not only on functional but
also molecular levels. To test this theory, applying various
endocytosis inhibitors, we compared the bacterial uptake
mechanisms, intracellular localization of engulfed bacteria, and
mRNAexpression of pattern recognition receptors (PRRs) between
earthworm coelomocytes and the vertebrate counterpart (THP-1
human monocytic cell line).
Frontiers in Immunology | www.frontiersin.org 254
2 MATERIALS AND METHODS

2.1 Cell Culture Conditions
Human monocytic leukemia cell line THP-1 (ATCC® TIB-
202™) was cultured in Roswell Park Memorial Institute
(RPMI) medium supplemented with 10% heat-inactivated fetal
bovine serum (FBS, Euroclone, Milan, Italy) and 1% penicillin/
streptomycin (100 U/ml penicillin and 100 µg/ml streptomycin,
Lonza, Basel, Switzerland) at 37°C in a humidified 5% CO2

atmosphere. THP-1 cells were differentiated (diff. THP-1 cells)
using 5 ng/ml phorbol 12-myristate-13-acetate (PMA) for 48 h
applying the aforementioned culture conditions to obtain
macrophage-like cells (9). Differentiation of monocytes was
verified with light microscopy.

2.2 Earthworm Husbandry and
Coelomocyte Isolation
Adult Eisenia andrei (Oligochaeta, Lumbricidae) were maintained
at standard laboratory conditions at room temperature (21°C) and
fed with manure soil (10). Before coelomocyte isolation,
earthworms were placed overnight onto moist paper towel to
empty their digestive tract. Coelomocytes were collected by
applying an extrusion buffer and washed in Lumbricus balanced
salt solution (LBSS) as described earlier (10). Density of
coelomocytes was enumerated (1 × 106 cells/ml in each assay)
by a dead-cell exclusion method applying trypan blue dye.

2.3 Endocytosis Inhibitor Treatments
THP-1 cells, diff. THP-1 cells, and coelomocytes were placed onto
24-well plates and pretreated with different pharmacological
pathway inhibitors: cytochalasin D, cytochalasin B, colchicine, 5-
(N-ethyl-N-isopropyl) amiloride (EIPA), amantadine, methyl-ß-
cyclodextrin, and nystatin. All inhibitors were purchased from
Sigma-Aldrich (St. Louis, MO, USA). Applied inhibitor
concentrations and incubation time were selected based on the
previous literature [(11–17), please see Table 1]. For energy-
dependent uptake inhibition, the target cells were preincubated at
4°C for 30min to block any active uptake mechanism (18). Prior to
flow cytometry measurements, samples were stained with 7-
aminoactinomycin D (7-AAD, 1 µg/ml, Biotium, Fremont, CA,
USA) for the detection of cell viability.

2.4 In Vitro Bacterial Challenge
Initially, THP-1 cells, diff. THP-1 cells, and coelomocytes were
incubated with fluorescein isothiocyanate (FITC)-coupled,
TABLE 1 | List of the pharmacological inhibitors and their applied conditions in the endocytosis experiments.

Inhibitor Target pathway Mode of action Applied conditions References

Cytochalasin B Phagocytosis F-actin depolymerization 5 µM, 1 h (11)
Cytochalasin D 5 µM, 1 h (12)
Colchicine Pinocytosis Inhibits microtubule polymerization 100 µM, 2 h (13)
5-(N-ethyl-N-isopropyl) amiloride (EIPA) Macropinocytosis Blocking the Na+/H+ exchanger 5 µM, 30 min (14)
Amantadine CME Blocking the budding of clathrin-coated pits 500 µM, 30 min (15)
Methyl-ß-cyclodextrin (MßCD) CvME Removing cholesterol out of the plasma membrane 1 mM, 30 min (16)
Nystatin CvME Cholesterol sequestration 54 µM, 30 min (17)
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heat-inactivated Escherichia coli (ATCC 25922) and Staphylococcus
aureus (OKI 112001) for 1, 2, 4, 16, and 24 h (THP-1 and diff.
THP-1 at 37°C) or 1, 2, 4, 16, 24, and 48 h (coelomocytes at room
temperature) to assess bacterial uptake kinetics. Immune cells
(106) and bacteria cells (107) were incubated together in 1 ml of
cell culture media (8). Prior to flow cytometry, trypan blue was
added to differentiate bound/ingested bacteria by quenching. For
uptake inhibition analysis, inhibitor-treated target cells were
incubated with bacterial strains at appropriate temperatures
(except during energy-dependent uptake inhibition target cells
were kept at 4°C) for 24 h. Besides, vehicle controls were
also applied. Samples have been washed and resuspended in
phosphate-buffered saline (PBS) (THP-1 cells and diff. THP-1
cells) or LBSS (coelomocytes). Fluorescence signals were
measured in FL1 (530/30 filter) gated on living cells, as
detected by 7-AAD in FL3 (670 LP filter).

2.5 Flow Cytometry
Flow cytometry analysis was carried out with a FACSCalibur
flow cytometer (Beckton Dickinson, Franklin Lakes, NJ, USA).
During experiments, 30,000 events per sample were measured
based on their forward scatter (FSC) and sideward scatter (SSC)
characteristics. Results were analyzed with FCS Express software
(De Novo Software, Glendale, CA, USA).

2.6 Labeling F-Actin With Phalloidin and
Lysosome Staining
After inhibitor treatment and incubation with FITC-coupled
bacterial strains, cells (80 µl of 1 × 105/ml) were spread onto
slides applying Cytospin 3 (SHANDON, Thermo Scientific,
Waltham, MA, USA). Cells were fixed in 4% paraformaldehyde,
washed, and permeabilized with PBS/0.1% Triton X-100 with 5%
bovine serum albumin (BSA) for 20 min. F-Actin was stained with
CF568 Phalloidin (Biotium, Fremont, CA, USA) or Alexa Fluor
488 Phalloidin (Invitrogen Molecular Probes, Eugene, OR, USA)
for 45 min. For lysosome staining, samples were incubated with
LysoTracker® Red DND-99 (Molecular Probes, Eugene, OR,
USA) at a final concentration of 100 nM for 30 min, room
temperature, in the dark followed by nuclear counterstaining
with 4′,6-diamidino-2-phenylindole (DAPI, Sigma-Aldrich).

2.7 Confocal Laser Scanning Microscopy
and Quantitative Colocalization Analysis
Confocal laser scanning microscopy (CLSM) images were generated
using an Olympus FV-1000 laser scanning system. Single optical
sectionswere takenwith a 40×, longworkingdistance phase objective
at zoom settings 3, 4, 5, or 6 for fluorescent captures. For immersion
images, the magnification was 60×. Images were then processed and
merged with ImageJ1.x software.

CLSM images were used to quantify the colocalization of
FITC-conjugated E. coli and S. aureus with LysoTracker labeled
lysosomes. At least 14 lysosomes were evaluated from each
condition. The Coloc2 plug-in for Fiji was used to determine
the Manders’ coefficient after applying region of interest (ROI)
for each microscopic picture (19, 20). Manders’ coefficient
measures the fraction of one dye (green) that colocalizes with a
Frontiers in Immunology | www.frontiersin.org 355
second dye (red); M1 measures the fraction of bacteria
colocalizing with lysosomes.

2.8 Statistical Analysis
All the experiments were performed at least three independent
times. Results were analyzed with GraphPad Prism 8.0 software
(La Jolla, CA, USA). Data were expressed as mean ± SD of the
values received in independent experiments. One-way ANOVA
or two-way ANOVA with multiple comparison post-hoc test was
carried, out and the significance of data was evaluated.
Differences were considered significant if p < 0.05.
3 RESULTS

3.1 Actin Polymerization Inhibitors
Attenuate the Bacterial Engulfment by
THP-1 Cells
First, THP-1 cells were exposed to FITC-coupled heat-inactivated
E. coli and S. aureus at different time points to estimate their uptake
capacity. Kinetic analysis revealed the prompt bacteria engulfment
starting fromthefirst hourof incubation and reaching approximately
90%of cellular uptake at 24 h inTHP-1 cells (Figure 1A). Next, prior
to adding bacteria, we pretreated THP-1 cells with different
endocytosis pathway inhibitors (Table 1) to obtain information
about the uptake mechanisms. Cytochalasin D and B were applied
to inhibit phagocytosis, colchicine for pinocytosis blocking, EIPA to
disrupt macropinocytosis, amantadine to inhibit CME and MßCD,
and nystatin to block CvME.

Among all applied inhibitors, cytochalasin B significantly
inhibited only the engulfment of S. aureus (Figures 1B, C),
regardless of its weak toxicity against THP-1 cells (Supplementary
Figure 1A). In contrast, cytochalasin D significantly blocked the
uptake of both bacterial strains (Figures 1B, C) compared to Ø
inhibitor controls (Figures 1B, C). There is also a slight inhibitory
effect of amantadine for S. aureus engulfment (Figure 1C), while
other tested inhibitors did not reduce significantly the bacterial
uptake in THP-1 cells (Figure 1C). The highest inhibition rate in
bacterial engulfment was detected when THP-1 cells were incubated
with bacteria at 4°C to assess the energy dependence of
endocytosis (Figure 1C).

CLSM studies using phalloidin showed colocalization of
engulfed FITC-coupled bacteria and labeled actin, which supports
the involvement of actin-dependent endocytosis in the bacterial
uptake (Figure 1D). The preincubation of cells with cytochalasinD
resulted in disruption of actin polymerization and visible change of
its structure (Supplementary Figure 2) that subsequently leads to a
biased internalization of bacteria (Figure 1E).

3.2 Differentiated THP-1 Cells Resemble
Normal THP-1 Monocytes During the
Bacterial Engulfment
The macrophage-like phenotype of THP-1 cells (diff. THP-1)
was achieved by applying a PMA stimulation for 48 h. Kinetic
analysis of bacterial engulfment by diff. THP-1 cells (Figure 2A)
revealed similar trends to those of normal THP-1 cells (Figure 1A).
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Until 24 h of incubation, E. coli internalization reached
approximately 90% and somewhat less for S. aureus (Figure 2A).
Subsequently, we analyzed the effects of various inhibitors on the
bacterial uptake by diff. THP-1 cells (survival rate of diff. THP-1
cells was only affected by colchicine, Supplementary Figure 1B).
While cytochalasin B only decreased the S. aureus engulfment rate,
the strongest inhibitionwas evokedbycytochalasinD indiff.THP-1
cells (Figures 2B, C) and innormal THP-1.Wedid not observe any
effects in the case of other inhibitors (Figure 2C). The energy
dependenceofbacterial uptakewasmonitoredat 4°Candevidenced
strong inhibition similarly to normal THP-1 cells (Figure 2C).

By means of CLSM, an extensive bacterial uptake in untreated
diff. THP-1 cells was observed (Figure 2D). Imaging of the diff.
THP-1 immunocytes exposed to cytochalasin D (Figure 2E,
Supplementary Figure 2) has supported the previous results of
bacterial uptake inhibition obtained by flow cytometry.

3.3 Coelomocyte-Mediated Bacterial
Engulfment Is Blocked by Actin
Depolymerization
According to physical parameters such as size and granularity,
the two major coelomocyte subpopulations (e.g., amoebocytes,
and eleocytes) can be distinguished by flow cytometry (8). In our
uptake experiments, we have focused on amoebocytes, since this
Frontiers in Immunology | www.frontiersin.org 456
population is involved in the cellular antibacterial defense among
coelomocyte subtypes (8). In addition, eleocytes possess a strong
autofluorescence (derived from riboflavin) that hampers their
fluorescence dye-based analysis (21).

In the case of coelomocytes (amoebocytes), the bacterial uptake
starts togradually increaseat4handreachesabout 70%at the endof
the observation period (48 h) (Figure 3A). Cytochalasin D showed
slight cytotoxicity for earthworm coelomocytes (Supplementary
Figure 1C); nevertheless, it has efficiently blocked their endocytic
activity similarly to human immunocytes (Figures 3B, C).
Interestingly, Gram-negative bacterial uptake was also blocked by
cytochalasin B (Figures 3B, C) on the contrary to normal and diff.
THP-1 cells (Figures 1C, 2C). Similarly, to the human cells, other
endocytosis inhibitors did not cause any noticeable blocking effects
in coelomocytes; however, in the case of nystatin, we observed a
non-significant trend of decreased engulfment rate (Figure 3C).

Inhibition of energy-dependent endocytosis (coelomocytes at
4°C) did not rescue S. aureus bacteria from engulfment. Even the
blockade of E. coli internalization was less extended compared to
the human counterparts (Figure 3C). CLSM analysis of phalloidin
costained coelomocytes (Ø inhibitor control, Figure 3D) has
revealed the immense uptake of target bacteria, especially in the
case of S. aureus. In line with flow cytometry measurements,
CLSM analysis has supported that cytochalasin D pretreatment
A B

D E

C

FIGURE 1 | The upshots of endocytosis inhibition on the bacterial uptake in THP-1 cells. (A) Kinetics of FITC-E. coli and FITC-S. aureus bacteria uptake by THP-1
cells after 1, 2, 4, 16, and 24 h of incubation. (B) Representative flow cytometry histograms of THP-1 cells after 24 h of bacteria engulfment without or with inhibitors
(5 µM cytochalasin B/cytochalasin D). (C) Efficiency of different endocytosis inhibitors on the bacterial uptake of THP-1 cells. The results are presented as mean ± SD
of four replicates. Asterisks denote statistical significance (*p < 0.05, **p < 0.01, ***p < 0.001) between the Ø inhibitor control and different treatments. (D) Merged
CLSM images of THP-1 cells incubated in the absence of inhibitors and (E) in the presence of 5 µM cytochalasin D that demonstrate the changes in the actin
cytoskeleton (red, CF568 Phalloidin) and inhibition of bacterial (green, FITC-E. coli and FITC-S. aureus) uptake. Nuclear counterstaining was performed with DAPI (blue).
Note the overlapping signal between engulfed bacteria and actin filaments (arrows, D). Scale bars: 50 µm.
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efficiently impairs actin polymerization (Supplementary
Figure 2) and bacterial uptake by coelomocytes (Figure 3E).
3.4 Decreased Colocalization of
Lysosomes and Engulfed Bacteria by Actin
Polymerization Blockers
To track the intracellular fate of fluorescent bacterial particles,
earthworm and human immune cells were stained with
LysoTracker Red (Figure 4 and Supplementary Figures 3–5). In
the courseofCLSManalysis,weobserved strongerfluorescent signals
from lysosomes in bacteria-treated cells compared to the unexposed,
control THP-1 cells (Supplementary Figure 3A). Application of
cytochalasin D has lowered the bacterial uptake by THP-1 cells;
hence, it significantly decreased the amount of colocalized signal
(Supplementary Figure 3B), which was statistically confirmed by
Manders’ colocalization coefficient value analysis (Figure 4A). The
fraction of colocalized E. coli/lysosomes and S. aureus/lysosomes
upon the cytochalasin D treatment was nearly two times lower
compared to the Ø inhibitor control values (Figure 4A).

Similarly, to normal THP-1 cells, in diff. THP-1 cells, the
Manders’ coefficient analysis revealed that the fluorescent signals
from colocalized bacteria and lysosomes significantly decreased
upon cytochalasin D treatment (Figure 4B and Supplementary
Figures 4A, B).
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Regarding the role of lysosomes in the elimination of ingested
bacteria, the uptake inhibition by cytochalasinDwas demonstrated
byCLSM in coelomocytes (Figure 4C, SupplementaryFigures 5A,
B). We observed more than 10-fold decrease in colocalized E. coli/
lysosomes and more than 3-fold decrease in colocalized S. aureus/
lysosomes (Figure 4C) in the case of coelomocytes.
3.5 Pattern Recognition Receptor mRNA
Levels Vary Upon Cytochalasins Exposure
Elimination of microbial pathogens is facilitated by evolutionarily
conserved pattern recognition receptors (PRRs). Certain
homologs of PRRs have been described from earthworms (22).
To assess their possible involvement during the endocytosis in
earthworm and human cells, we tested the mRNA expression levels
of toll-like receptor (TLR),myeloid differentiation factor 88 (MyD88),
and lipopolysaccharide-binding protein/bactericidal permeability-
increasing protein (LBP/BPI) [for detailed methodological
description of RNA isolation, complementary DNA (cDNA)
synthesis, and the conditions of qPCR measurements, please see
the Supplementary Material] upon bacterial challenge with or
without endocytosis inhibitor pretreatments (the characteristics of
applied primer sequences are detailed in Supplementary Table 1).

No significant elevations of TLR and MyD88 levels by
bacterial stimulation were revealed in THP-1 cells, although
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C

FIGURE 2 | Biased bacterial engulfment in diff. THP-1 cells upon endocytosis inhibition. (A) Kinetics of FITC-E. coli and FITC-S. aureus uptake by diff. THP-1 cells
after 1, 2, 4, 16, and 24 h of incubation. (B) Representative flow cytometry histograms of diff. THP-1 cells after 24 h of bacteria uptake, without or with inhibitors (5
µM cytochalasin B/cytochalasin D). (C) Efficiency of various endocytosis blockers on the bacterial engulfment in diff. THP-1 cells. The results are presented as
mean ± SD of four replicates. Asterisks mark statistical significance (**p < 0.01, ***p < 0.001) between the Ø inhibitor control and various treatments. (D) Merged
CLSM images of diff. THP-1 cells in the absence of endocytosis inhibitors or (E) in the presence of 5 µM cytochalasin D that demonstrate the changes in the actin
cytoskeleton (red, CF568 Phalloidin) and inhibition of bacterial (green, FITC-E. coli and FITC-S. aureus) uptake. Nuclear counterstaining was performed with DAPI
(blue). Note the overlapping signal between engulfed bacteria and actin filaments (arrows, D). Scale bars: 50 µm.
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cytochalasin D increased their expression regardless of bacterial
exposure (Figures 5A, B). BPI mRNA expression pattern was
not affected by either condition (Figure 5C). Incubation with E.
coli has downregulated TLR mRNA expression compared to the
corresponding control samples in diff. THP-1 cells (Figure 5D).
Cytochalasin B treatment evoked a slight decrease in TLRmRNA
level (Figure 5D). In the case ofMyD88, there were no significant
changes (Figure 5E), while BPI mRNA level was elevated
following S. aureus exposure and decreased upon actin
disruption by cytochalasin D (Figure 5F).

In the case of coelomocytes, TLR mRNA expression was
profoundly elevated only in the response towards S. aureus;
however, neither of cytochalasins have changed this parameter
(Figure 5G). No alteration in MyD88 mRNA level was observed
during any exposure conditions (Figure 5H). Nevertheless, LBP/
BPI expression is significantly peaked in response to Gram-
negative E. coli challenge and attenuated by cytochalasin D
inhibition in every condition (Figure 5I).
4 DISCUSSION

In vertebrates, myeloid and lymphoid cells are responsible for
maintaining the immune response, while in invertebrates,
Frontiers in Immunology | www.frontiersin.org 658
immune functions are carried out by mesoderm-derived,
specialized immune cells (e.g., coelomocytes, hemocytes).
Earthworms, living in a microbe-rich environment, are
constantly exposed to bacteria; their immune homeostasis is
governed by several cellular and humoral components (23–25).
Recent publications are more focused on the variations of
immune-related genes upon microbial challenge in earthworms
(26, 27). However, the different cellular engulfment routes to
eliminate microbes by coelomocytes are rather unknown in
earthworms, similarly to other invertebrate models.

In this study, we aimed to comparatively analyze the various
endocytic pathways of bacterial internalization mediated by
earthworm and human immune (THP-1) cells. THP-1 cell line
proved to be a reliable model in our previous comparative in
vitro study to observe nanoparticle toxicity against earthworm
and human cells (28), and we favored this cell line over other
monocyte/macrophage cell lines (J774, RAW264, etc.) to keep
our comparative approach standard. Another benefit is that
THP-1 monocytes can be differentiated into macrophage-like
cells, which proved to resemble human macrophages at
functional and phenotype levels (29). Hence, usage of the
THP-1 cells line allowed us to investigate and compare
bacterial uptake pathways in two human myeloid cell types.
Another advantage of cell lines is their uniformity and simplicity
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FIGURE 3 | Reduced bacterial uptake in the coelomocytes following endocytosis inhibition. (A) Uptake kinetics of FITC-E. coli and FITC-S. aureus bacteria by
coelomocytes after 1, 2, 4, 16, 24, and 48 h of incubation. (B) Representative flow cytometry histograms after 24 h of bacteria engulfment without or with inhibitors
(5 µM cytochalasin B/cytochalasin D). (C) Efficiency of numerous endocytosis inhibitors on the bacterial uptake in coelomocytes. The results are exhibited as mean ±
SD of four replicates. Asterisks indicate statistical significance (*p < 0.05, ***p < 0.001) between the Ø inhibitor control and different treatments. (D) Merged CLSM
images of coelomocytes in the absence or (E) presence of 5 µM cytochalasin D that display the changes in the actin cytoskeleton (red: CF568 Phalloidin) and
inhibition of bacterial (green, FITC-E. coli and FITC- S. aureus) uptake. Nuclear counterstaining was performed with DAPI (blue). Note the overlapping signal between
engulfed bacteria and actin filaments (arrows, D). Scale bars: 20 µm.
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in maintaining under standard laboratory conditions compared
to primary cells. It is a valid concern that primary macrophages
behave differently compared to a monocyte/macrophage cell line;
however, a recent publication (30) has compared the bacterial
uptake and inflammatory consequences (chemokine/cytokine
mRNA expression and cytokine secretion) between human
monocyte-derived macrophages and THP-1 cells and found no
significant differences. In addition, another comparison (31) has
revealed that THP-1 cell line can be applied as simple substitute
for human macrophages in basic functional assays but should be
avoided in fine-screening assays of certain drug candidates.

Earlier, we have applied (8, 26) heat-inactivated E. coli and
S. aureus bacteria strains for in vitro phagocytosis/stimulation
assays. We aimed to keep the reproducibility and comparability
with these previous experiments applying the same bacterial
strains. Indeed, earthworms tolerate well the microbe-rich
environment. Now, there is an increasing body of information
about earthworm bacterial community. Recent article by Pass
et al. (32) has identified that Proteobacteria, Actinobacteria,
Bacteroidetes, and Acidobacteria are dominant in the whole
body of Lumbricus rubellus earthworms. These data was
supported by the findings (33) from the gut of Eisenia andrei,
with only the difference of the occurrence of Firmicutes phyla.
Furthermore, L. rubellus microbiome is dominated by the genus
Serratia, while in E. andrei, it is dominated by Acinetobacter
genus. According to Dales and Kalaç (23), Aeromonas hydrophila
and Serratia marcescens Gram-negative bacteria are potential
natural pathogen bacteria in E. fetida earthworms; however, it is
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widely accepted that human pathogen bacteria are introduced
into earthworms (or other invertebrates) (34, 35).

Initially, the kinetic analysis revealed that bacterial engulfment
inTHP-1, diff.THP-1 cells, andcoelomocytesbeganat thefirst hour
of incubation but to a different extent. According to the literature
(29, 36), diff.THP-1cells takeup thebacteria to a greater extent than
the undifferentiated THP-1monocytes. Yet, in our results, the rates
of uptake by THP-1 cells and diff. THP-1 cells were rather similar
during kinetical analysis.

Compared to the human counterpart, we observed a slower rate
of uptake by coelomocytes. This correlates with previous results
(37), which also showed a maximum increase in antibacterial
(lysozyme-like) activity in coelomic fluid upon 2 days of in vivo
bacterial challenge. An earthworm-specific PRR, the coelomic
cytolytic factor (CCF) that can recognize lipopolysaccharide
(LPS), peptidoglycan, and b-1,3-glucan, is also evidenced to show
an increased tendency after 24 h of bacterial challenge (6). Hence,
this is a reliable representation of the humoral innate response of
earthworms that is in linewithour data focusingonbacterial uptake
by coelomocytes.

We have monitored the passive transfer of bacteria into the
cells, by incubation at 4°C, since at this temperature, the active
transport, including phagocytosis, is blocked. The uptake was
significantly reduced in the tested cell types (Figures 1–3), except
during S. aureus uptake by coelomocytes (Figure 3). These
results indicate that the internalization of E. coli and S. aureus
is an energy-dependent process. Generally, earthworms flourish
at 15–20°C, and their cells can tolerate better the lower
A B C

FIGURE 4 | The intracellular colocalization of lysosomes and bacteria is biased upon endocytosis inhibition. Representative CLSM images and Manders’ colocalization
coefficients ratios for (A) THP-1 cells, (B) diff. THP-1 cells, and (C) coelomocytes after 24 h incubation with bacteria in the absence or the presence of 5 µM cytochalasin
D. Representative images demonstrate the colocalization of FITC-coupled bacteria (green) with the LysoTracker labeled (red) lysosomes (arrows). Nuclear counterstaining
was performed with DAPI (blue). Scale bars: 10 µm; 50 µm (THP-1 with S. aureus). The corresponding graphs show the fraction of colocalized E. coli/lysosomes and
S. aureus/lysosomes. Results are presented as mean ± SD from three independent experiments. Asterisks point out statistical significance (*p < 0.05, **p < 0.01,
***p < 0.001) between the Ø inhibitor control and cytochalasin D exposed cells.
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temperature compared to mammalian cells. This may explain the
maintained engulfment activity in coelomocytes at 4°C (38).

It is generally established that the particles larger than 500
nm, including most of the bacteria, are taken up by phagocytosis.
In this regard, Veiga and Cossart (39) demonstrated that
bacterial internalization might not be restricted only to
phagocytic uptake, but other endocytosis pathways can be also
encompassed. For example, some bacteria, including E. coli,
manage to avoid degradation in lysosomes by entering the cell
through caveolae-mediated endocytosis (40). Therefore, we
started our experiments by testing different groups of
inhibitors to target certain uptake pathways. By inhibiting the
core components of the different endocytic pathways, it is
possible to evaluate which of them participates in the
endocytosis process. Albeit some of the pharmacological
inhibitors have a weak specificity, they remain widely applied
(14). They were chosen to target the major known cellular uptake
pathways: macropinocytosis, clathrin- and caveolin-mediated
endocytosis, and phagocytosis (1).

Amiloride and its derivative 5-(N-ethyl-N-isopropyl)
amiloride (EIPA) was reported to inhibit macropinocytosis by
blocking the Na+/H+ exchanger (14) and colchicine by disturbing
microtubules in pinocytosis (41). In addition, since CvME
involves cell membrane cholesterol, this endocytic pathway can
be disrupted by cholesterol depletion (42). This is a mechanism
of action for methyl-ß-cyclodextrin (MßCD), which possesses
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hydrophobicity resulting in a high affinity to membrane
cholesterol and its depletion (43, 44). Antibiotic nystatin can
induce changes in the shape of the caveolae and make aggregates
of cholesterol leading to its sequestration (45). As for CME,
amantadine was reported to interfere by blocking the budding of
clathrin-coated pits (46). The aforementioned endocytosis
inhibitors were ineffective for bacterial engulfment in the
studied cell types; however, we observed a slight amantadine
action on THP-1-mediated S. aureus internalization, which
might imply that some endocytosis pathways are activated
when the other is blocked.

Due to the core role of actin in phagosome formation, such F-
actin depolymerizing agents, as cytochalasin B and D, can inhibit
phagocytosis (47). Applying cytochalasin D, it turned out to be a
universal inhibitor for the uptake of both bacterial strains in the
studied cell types, suggesting that both E. coli and S. aureus are
internalized via phagocytosis (Figures 1–3). Another inhibitor of
phagocytosis, cytochalasin B also showed effectiveness in
blocking the uptake of both bacterial types in coelomocytes
(Figure 3). Unlike for earthworm immunocytes, in THP-1 and
diff. THP-1 cells, cytochalasin B inhibited only the engulfment of
S. aureus (Figures 1, 2). These results correlate with previous
data of E. coli engulfment inhibition by cytochalasin D in human
monocyte-derived macrophages (48). Cytochalasin D also
reduced the Streptococcus pneumoniae uptake by THP-1 cells
(49). These results underline the crucial interactions of
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FIGURE 5 | Fluctuations of immune-related gene expressions in target cells exposed to bacteria and phagocytosis inhibitors. Normalized expression of TLR, MyD88,
and BPI in (A–C) THP-1, (D–F) diff. THP-1 and normalized expression of TLR, MyD88, and LBP/BPI (G–I) in coelomocytes after bacterial challenge in the absence or
presence of the uptake inhibitors. The results are presented as mean ± SD of three replicates. Asterisks display statistical significance (*p < 0.05, **p < 0.01, ***p <
0.001). The significance of data was evaluated by one-way ANOVA with Tukey’s multiple comparison test. A.U., arbitrary units.
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cytoskeleton rearrangement and phagocytosis in bacterial uptake
by in fact different but evolutionarily and functionally similar
earthworm and human immunocytes.

To this end, it is worth to point out the role of the actin filaments
in various types of endocytosis. Our CLSM studies evidenced that
fluorochrome-conjugated phalloidin binds to actin filaments of the
cytoskeleton, resulting in the high imaging contrast of the filaments
bundles,whichwas especially valuable indepicting the cytoskeleton
changes after application of cytochalasins. As expected,
cytochalasin D caused actin depolymerization, which disturbed
actin-dependent phagocytic uptake of bacteria, keeping themout of
the cells or on the surface of the cells (Figures 1E, 3E). It is well
known for mammalian cells that membrane extensions created by
actin polymerization are necessary for phagocytosis and
macropinocytosis, while the other uptake processes are
considered not to involve actin cytoskeleton rearrangements (39,
50, 51). Here, our data underscore the role of actin-dependent
phagocytosis of bacteria not only in human but also in invertebrate
immunocytes.Ontheotherhand, in this setof experiments,wehave
only concentrated on the inhibitors of actin polymerization, but
phagocytosis is a complex process mediated by several other target
molecules. For instance, it is known that inhibition of
phosphoinositide 3-kinase (PI 3-kinase), protein kinase C, and
Rho family of GTPases also results in reduced phagocytosis by
vertebrate macrophages (52). In this regard, such inhibitors (e.g.,
wortmannin, LY290042, genistein, bisindolymaleimide, ML141)
should be tested during future engulfment studies in earthworm
coelomocytes, since limited data are available about those from
invertebrate models (53, 54).

Applying LysoTracker dye to selectively stain the acidic
organelles and the quantitative colocalization approach enables
us to more precisely monitor bacterial fate in the cells. Microbial
infections can increase the lysosome numbers in earthworm
coelomocytes and elevate the activity of phagolysosomal
markers (acid and alkaline phosphatase) in amoebocytes (8,
10). These data correlate with our recent CLSM images, where
we observed colocalization of engulfed bacteria with lysosomes,
suggesting acidification of these organelles and production of
phagosomal enzymes. Manders’ coefficient values corresponding
to bacteria/lysosome colocalization greatly decreased for
cytochalasin D treated cells of all types, suggesting that
lysosomes assist E. coli and S. aureus phagocytosis in both
invertebrate and vertebrate immunocytes (Figure 4).

Innate immunity operates with a set of highly conserved pattern
recognition receptors (PRRs). For instance, TLRs were first
discovered in Drosophila melanogaster as a molecule important in
the response to fungal and Gram-positive bacterial infections (55).
TLR signaling in mammals shares similarities with Drosophila’s
TLR-induced mechanisms. It is worth highlighting the role of the
most conserved region, Toll/IL-1R (TIR) domain, a cytoplasmic
part of TLR, which mediates the recruitment of adaptor proteins
and starts the intracellular signaling cascade then leads to
inflammatory cytokine production (56).

We have very limited information about the function of PRRs
in earthworms (22), and we have relatively restricted research
tools to test their involvement during earthworm immune
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response (7). Downstream inflammatory events occur
following pathogen ligand and PRR engagements (27);
however, cytokine homologs have not been yet identified in
earthworms. Potential inflammatory candidates would be lysenin
(8) and the pattern recognition receptor CCF (57); however,
those molecules have no known human (vertebrate) homologs.
To keep the comparative approach, we decided to choose only
those immune-related genes (TLR, MyD88, and LBP/BPI) that
we can test in both models.

TLR was recently identified in E. andrei earthworms (EaTLR),
and it is modulated upon bacteria stimulation (58). Hence, since it
resembles structural and functional similarity to its human
counterpart, we aimed to identify TLR expression upon the
application of cytochalasin B and D and incubation with bacteria.

Bacterial stimulation did not elevate the TLR mRNA expression
levels in THP-1, and in the case of diff. THP-1, TLR was even
downregulated following the incubation with E. coli. Since
cytochalasin B was reported to show anti-inflammatory responses,
its impact is noticeable in decreased immune-related genes’
expression (11), which coincides with TLR mRNA downregulation
in diff. THP-1 cells of our experiments (Figure 5D). In contrast, while
cytochalasin D treatment could stop bacteria from entering, it did not
prevent the TLR signaling. Since cytochalasin D is also able to
upregulate nuclear factor kappa B (NF-kB) levels (59), this might
correlate with TLR expression. Nevertheless, it just confirms that the
relationships between TLR levels, actin cytoskeleton, and intracellular
signaling are still poorly understood.

TLR expression in S. aureus-exposed coelomocytes showed a
significant increase (Figure 5G), which supports earlier results (58)
where a fourfold change in EaTLR expression was reported after
Bacillus subtilis stimulation. In contrast, incubation with E. coli did
not significantly amplify the EaTLR expression that is in line with
our observations. Since cytochalasins could not markedly reduce
EaTLR levels, we affirm that actin depolymerization hinders
bacterial engulfment in coelomocytes but does not change the
capacity of TLR for the engagements with bacterial ligands.

After ligand binding of TLR, MyD88 adaptor triggers
downstream signaling cascades, leading to NF-kB and mitogen-
activated protein kinase (MAPK) activation and inflammatory
cytokine production (60). However, a MyD88-independent
pathway was reported by Kawai et al. (61), where they
demonstrated that despite impaired cytokine production, MyD88-
deficient macrophages had normal NF-kB signaling in response to
LPS. In our experiments, bacterial stimulation did not provoke the
elevation of MyD88 expression compared to Ø inhibitor controls
(Figure 5), which might suggest the involvement of MyD88-
independent mechanism in these phagocytic processes.

Furthermore, there is a connection between activation of one
or another pathway and the state of the actin cytoskeleton in
human macrophages. TLR induces phagocytic gene expression
through the MyD88 pathway without the involvement of actin.
In turn, a second mechanism is MyD88-independent but
requires actin for activation of this pathway (62). This provides
the evidence of MyD88-independent pathway involvement in the
process of bacterial uptake. Upon the impairment of actin
polymerization by cytochalasins, an alternative activation of
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actin-independent MyD88 is probable. Besides, we cannot rule
out thatMyD88 expression variations occurred at the earlier time
points. In this case, our results might be connected to negative
feedback regulatory processes to control excessive TLR-mediated
mechanisms in the later stages of the infections (63–65).

Even though the MyD88-dependent/independent TLR
pathway is well conserved across the evolution (66), limited data
for E. andrei are available regarding the MyD88 involvement in
earthworm immune response. Whole transcriptome analysis of E.
andrei has identified several immune-related sequences, including
MyD88 as an adaptive molecule for MAPK signaling activated by
TLR (67). As our results suggest, there is no significant difference
between MyD88 expression levels in unstimulated and bacteria
stimulated coelomocytes. Yet, in oppose to THP-1 and diff. THP-1
cells data, cytochalasins show a tendency to downregulateMyD88
mRNA expression in coelomocytes, which is in line with decreased
phagocytosis of bacteria (Figure 5H). This could propose that just
like in D. melanogaster, MyD88 in coelomocytes is located in the
plasma membrane (68) and can be disrupted by cytochalasins.
Therefore, in earthworms, actin cytoskeleton rearrangement may
be a crucial event in the regulation of innate immune responses
that control TLRs and their downstream signaling proteins.

The BPI, which, in human macrophages, is known to possess
antimicrobial functions, is known to be less expressed in human
monocytes (69) that was also observed in our experiments.
Unexpectedly, diff. THP-1 cells stronger reacted to Gram-positive
than to Gram-negative bacteria (Figure 5F). Nevertheless,
cytochalasin D affected BPI mRNA levels, indicating that BPI is
located in the plasmamembrane andmight also directly participate
in the bacterial uptake.

The homolog of this well-conserved PRR was also identified
in E. andrei (70). Later, our research group showed that EaLBP/
BPI mRNA is specifically expressed in the amoebocyte subset
(71). Previous data have revealed upregulation of EaLBP/BPI
gene transcription after stimulation with bacteria, including
E. coli (70), which is in line with our findings. For S. aureus,
there might be another PRR involved in its recognition and
signal transduction, for example, CCF known to be more specific
for Gram-positive bacteria (57).

To conclude, we applied E. coli and S. aureus bacteria to
characterize the microbial uptake routes in invertebrate and
vertebrate immunocytes. Despite some differences in the
intracellular signaling, the conserved actin-dependent
phagocytosis suggests the functional similarities of bacterial
internalization process for earthworm and human immunocytes.
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MicroRNAs are implicated in the adjustment of gene expression in plant response

to biotic stresses. However, the regulatory networks of transcriptome and miRNAs

are still poorly understood. In the present study, we ascertained the induction of

genes for small RNA biosynthesis in poplar defense to a hemibiotrophic fungus

Marssonina brunnea and afterward investigated the molecular regulatory networks

by performing comprehensive sequencing analysis of mRNAs and small RNAs in

M. brunnea-inoculated leaves. Differentially expressed genes in M. brunnea-infected

poplar are mainly involved in secondary metabolisms, phytohormone pathways,

the recognition of pathogens, and MAPK pathway in the plant, with real-time

quantitative PCR (qPCR) validating the mRNA-seq results. Furthermore, differentially

expressed miRNAs, such as MIR167_1-6, MIR167_1-12, MIR171_2-3, MIR395-13,

MIR396-3, MIR396-16, MIR398-8, andMIR477-6, were identified. Through psRobot and

TargetFinder programs,MIR167-1-6, MIR395-13, MIR396-3, MIR396-16, andMIR398-8

were annotated to modulate the expression of genes implicated in transportation,

signaling, and biological responses of phytohormones and activation of antioxidants

for plant immunity. Besides, validated differentially expressed genes involved in lignin

generation, which were phenylalanine ammonia-lyase, ferulate-5-hydroxylase, cinnamyl

alcohol dehydrogenase, and peroxidase 11, were selected as targets for the identification

of novel miRNAs. Correspondingly, novel miRNAs, such as Novel MIR8567, Novel

MIR3228, Novel MIR5913, and Novel MIR6493, were identified using the Mireap online

program, which functions in the transcriptional regulation of lignin biosynthesis for poplar

anti-fungal response. The present study underlines the roles of miRNAs in the regulation

of transcriptome in the anti-fungal response of poplar and provides a new idea for

molecular breeding of woody plants.
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INTRODUCTION

The plants confront variable biotic stresses on account of
their immobility, such as the challenge of viruses, actinomyces,
bacteria, fungi, nematodes, and pests (Chisholm et al., 2006;
Eyles et al., 2010; Cagirici et al., 2017). During the response
to pathogen infection, the plant can initiate the recognition
of pathogen-associated molecular patterns (PAMPs)-triggered
immunity and then induce alternations in proteins, protein
kinases, and transcription factors, leading to the regulations
of a great number of functional genes (Torres et al., 2006;
Sturrock et al., 2011; Bilir et al., 2019). Simultaneously, plant own
nucleotide-binding domain and leucine-rich repeat-containing
proteins (NB-LRRs), which specialize in perceiving pathogen
effectors and booting up effector-triggered immunity, resulting
in hypersensitive reactions and activation of R genes (Torres
et al., 2006). Hence, the expression of quantitative genes altered
in plant cells in response to pathogen infection, while exploring
the relationships between these genes and regulation of them is
still challenging.

MicroRNAs (miRNAs) 21-24 nucleotides (nt) in size,
which are small endogenous non-coding single-stranded RNAs
synthesized by an RNA silencing system (Bhogireddy et al., 2021),
play momentous roles in modulating the gene expression in the
plant at the post-transcriptional level (Waterhouse and Hellens,
2015). An increasing number of reports have demonstrated that
miRNAs regulate the growth, development, and stress responses
in the plant by binding reverse complementary sequences
and afterward bringing about the cleavage and/or translational
inhibition of target mRNAs (Brant and Budak, 2018). The
previous studies showed a bunch of differentially expressed
miRNAs in plant species, such as cotton, cucumber, and tomato,
during the interaction with pathogens, via high-throughput
sequencing of small RNAs (Jin et al., 2012; Wang et al.,
2018; Bilir et al., 2019). However, the regulatory mechanisms
of miRNAs-adjusted genes during plant-pathogen interaction
remain unclear.

Poplar (Populus sp.), an important forestry species growing
fast and possessing high biomass, has become a model organism
for tree research in recent years because of its broad distribution,
genotypic diversity, and suitability for molecular analysis
(Jansson and Douglas, 2007). The black spot disease caused
by a hemibiotrophic fungus Marssonina brunnea, resulting in
early defoliation, is a common poplar disease (Han et al.,
2000). M. brunnea f. sp. monogermtubi can compatibly interact
with certain plants from the Leuce section in the Populus
genus and M. brunnea f. sp. multigermtubi can compatibly
interact with some species from the Aigeiros section, which are
two different specialized strains of M. brunnea identified in
China (Zhang et al., 2018). Only several miRNAs have been
mined involved in poplar defense to fungi pathogens (Chen
et al., 2012; Chen and Cao, 2015; Su et al., 2018). In the
present study, we performed high-throughput sequencing to
analyze the changes in transcriptome profiles and small RNAs
in M. brunnea-inoculated poplar leaves in vitro. In the current
study, the experiments uncovered the regulatory networks of
transcriptome and miRNAs in poplar defense to fungal infection

and provided deeper insight into the interaction between trees
and fungal pathogen.

MATERIALS AND METHODS

Plant Material and Fungus
Stem cuttings of Nanlin895 (Populus deltoides × Populus
euramericana “Nanlin 895”), part resistant to M. brunnea f.
sp. multigermtubi strain (Chen et al., 2015), were subcultured
in vitro to sprout, in Murashige and Skoog (MS) medium
supplemented with naphthalene acetic acid (NAA, 0.4mg L−1),
6-benzylaminopurine (6-BA, 4.0mg L−1), thidiazuron (TDZ,
0.04mg L−1), sucrose (25 g L−1), and agar (5.5 g L−1); and then
transferred to MS medium added with NAA (0.2mg L−1), 6-BA
(4.0mg L−1), sucrose (25 g L−1), and agar (5.5 g L−1), to grow
into seedlings with 2–3 cm height. The culture condition was as
followed: day/night temperature of 23/23◦C, a 16/8 h light/dark
period, and illumination intensity of 150 µmol m−2 s−1. Poplar
seedlings subsequently grew in sterile nutrient soil-vermiculite
(3:1) mix under day/night temperature of 26/20◦C, with a 16/8 h
light/dark period, and a 68–73% relative humidity. Pots were put
in plastic trays used for sub-irrigation, and plants were supplied
with water one time per week. Then, 7–10 days later, leaves were
detached for inoculation experiments.

The fungusM. brunnea f. sp.multigermtubi strain was offered
by Dr. Qiang Cheng and Dr. Qin Xiong (Nanjing Forestry
University) and preserved on potato dextrose agar medium
(PDA) at 4◦C using slant tubes, which was isolated according
to Cheng et al. (2010) from P. canadensis in the campus of
Nanjing Forestry University and identified morphologically and
molecularly according to Xiong et al. (2019). We smeared the
preserved M. brunnea on PDA in a sterile Petri dish and then
maintained the dishes at 25–28◦C in the dark for 20 days until
conidia elution and inoculation.

Inoculation of Poplar Leaves With Fungus
and Sample Collection
We eluted the conidia incubated on PDA with sterile ddH2O and
adjusted their density to 6 × 106 conidia L−1 for the inoculum,
referring to the method of Liao et al. (2020). Afterward, we
collected fully expanded healthy poplar leaves from seedlings, put
them on a moist filter paper in Petri dishes, and dropped the
spore suspension (30 µL) onto the abaxial leaf surface. The Petri
dishes containing inoculated leaves were sealed and incubated
in the dark at 25–28◦C and relative humidity of 100%, and the
disease symptoms on leaves were surveilled from 0 to 18 days
postinoculation (dpi) with M. brunnea. As a negative control,
mock inoculations were performed using sterile ddH2O alone.

The inoculated leaves were harvested at 3, 6, 12, 24, and 48 h
post inoculation (hpi) to analyze the expression of genes related
to the miRNA biosynthesis, at 6 and 24 hpi to sequence mRNAs
and small RNAs, and at 3, 6, 10, and 18 dpi to examine the disease
symptoms of M. brunnea on poplar leaf. One biological sample
was obtained by pooling three to four leaves, and three biological
replicates were analyzed for each treatment. The experiments
were independently performed four times.
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Detection of Fungal Infection
Marssonina brunnea infection status was evaluated at 3, 6, 10, and
18 dpi by aniline staining and microscopy, according to the study
of Liao et al. (2020). Briefly, the inoculated leaf section was cut
into 1× 1 cm piece, immersed in 0.15% saturated trichloroacetic
acid bleaching liquid (solvent, 3:1, alcohol:chloroform solution)
for 12 h for decoloration, and then stained in a mixed solution
(saturated chloral hydrate and aniline blue, 5:1) at 58◦C for
4 h. The stained leaf pieces were detected and photographed
using a light microscope (BH200, SDPTOP, Sunny Instruments,
Ningbo, China).

RNA Extraction and mRNA-Seq Analysis
The total RNA of leaf samples pooled at 6 and 24 hpi was
extracted using HiPure HP Plant RNA Mini Kit (Magen,
Guangzhou, China) for mRNA-seq analysis, as described in the
instructions from the manufacturer. Next, mRNA was purified
by the interaction of the poly (A) tails and magnetic oligo
(dT) beads, and double-stranded cDNA was synthesized to
construct the library. RNA sequencing services were provided
by Personal Biotechnology Co., Ltd. (Shanghai, China). The
cDNA libraries were examined by an Agilent High Sensitivity
DNA Kit on Agilent 2100 Bioanalyzer (Agilent, St. Clara, CA,
USA) with an average fragment length of 200–300 bp. The
libraries were sequenced by Illumina NextSeq500 (Illumina Inc.,
San Diego, CA, USA) to generate paired-end reads with 150
bp length.

The transcriptome was analyzed following the procedure
of Guo et al. (2017). The raw data were transformed into
FASTQ format by the software of the sequencing platform.
To get high-quality clean data, connectors and low-quality
reads were filtered by Cutadapt (v1.16). Clean reads were
used for mapping analysis by Bowtie2 (2.2.6) and Tophat2
(2.0.14), and the reference genome for gene annotation was
P. deltoides WV94 V2.1 (https://phytozome-next.jgi.doe.gov/).
HTSeq (0.9.1) and DESeq (1.30.0) were used for gene expression
analysis at different expression levels (Supplementary Table 2).
The R package, edgeR, was used to identify the differentially
expressed genes (DEGs) (Robinson et al., 2010). The expression
level of each unigene was calculated and normalized to generate
FPKM. In the present study, the selection of DEGs was based
on |log2 fold change| ≥ 1 with p-value < 0.05. The threshold of
the p-value was determined using a false discovery rate (FDR) in
multiple tests.

Small RNA-Seq and Bioinformatics
Analysis
The same RNA samples used for the mRNA-seq were used
for the miRNA-seq. Small RNA libraries were constructed
using NEB Next Multiplex Small RNA Library Prep Kit (New
England Biolabs, Inc., Hitchin, UK), following the instructions
of the manufacturer on an Illumina NextSeq500. The ligation
of total RNA (10 µg) from 12 independent samples belonging
to 4 groups, respectively, with 3′ adapters and 5′ adapters was
performed using the T4 RNA ligase. Double-stranded cDNA
was synthesized via RNA reverse-transcription using Superscript
II Reverse Transcriptase. DNA fragments, which were enriched

by PCR, were segregated by polyacrylamide electrophoresis
(PAGE) gel. Next, the verification of fragment size and DNA
library distribution was performed using Agilent 2100 for quality
control of fragments enriched by PCR. After detecting the
total concentration by Picogreen, the constructed libraries were
single-end sequenced on the HiSeq 2500 platform at Personal
Biotechnology Co., Ltd. (Shanghai, China).

The number of clean reads, with sequence lengths more
than 18 nt and less than 36 nt, was counted, which were
applied for small RNA analysis. The identical sequence in one
single sample was deduplicated and the calculation of sequence
abundance was carried out to obtain the unique reads, which
were subsequently compared with the Rfam (14.0) database by
BLAST. Four types of known non-coding RNAs (rRNA, tRNA,
snRNA, and snoRNA) were screened, with a screening criterion
of 0–2 mismatches. Unique reads which were not annotated to
the above four types of non-coding RNAs were compared to
maturemiRNA sequences of the knownmiRNA inmiRBase22 by
BLAST, with screening criteria of 0–2 mismatches. Unique reads,
not aligned with the Rfam and miBase databases, were compared
to the genome to predict the novel miRNAs through the Mireap
online program (http://sourceforge.net/projects/mireap/), using
the default criteria of the program. Their secondary structure
maps were drawn by RNA fold. Inter-sample correction of
total reads was required for the standardization of expression
amount, and then, the gene expression pattern of the sample
was comprehensively investigated by count per million (CPM).
The DEM (differentially expressed miRNA) selection was based
on |log2 fold change| ≥ 1 and p-value < 0.05 using DESeq.
Finally, sequences for target genes of DEMs were predicted by
psRobot_tar and TargetFinder (Bo and Wang, 2005; Zhao et al.,
2020). The analysis script of these two programs was shown in
Supplementary Table 7. Target genes thatmet the criteria of both
programs were sorted out for the subsequent discussion.

Real-Time Quantitative PCR Assay
For the real-time quantitative PCR (qPCR) of miRNA
biosynthesis-associated gene expression in poplar response
to M. brunnea and the validation of RNA-seq results, total RNA
of leaves sampled at different time points was extracted using a
plant RNA Extraction Kit (Tiangen, Beijing, China) and reverse-
transcribed using a ReverTra Ace qPCR RT Kit (Toyobo, Osaka,
Japan). Sequences of genes associated with miRNA biosynthesis
and for verification of mRNA sequencing were mined from P.
deltoides WV94 V2.1 (https://phytozome-next.jgi.doe.gov/). All
primers used were shown in Supplementary Table 6. The qPCR
was performed using the SYBR Green PCR MasterMix (Vazyme,
Nanjing, China), and the cycling conditions were as follows:
95◦C for 5min, followed by 40 cycles of denaturation at 95◦C
for 15 s, and annealing at 60◦C for 30 s. Fluorescent signals were
collected during the 60◦C step. To validate the amplification of
a single product, a melt curve, with conditions as 95◦C for 15 s,
60◦C for 1min, and 95◦C for 15 s, was generated at the end of
the PCR cycles using software offered by the Step One Real-Time
PCR Detection System (ThermoFisher, Waltham, MA, USA).
The cDNA used for the validation of small RNA-seq was reverse-
transcribed from 1 µg of total RNA for each sample using
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a miR-X miRNA First-Strand Synthesis Kit (Takara, Beijing,
China), and the qPCR analysis was performed on the CFX
Connect Real-Time PCR Detection System (Bio-Rad, Hercules,
CA, USA) at Personal Biotechnology Co., Ltd. (Shanghai, China),
using the TB Green Premix Ex TaqII (Takara, Beijing, China).
The actin gene and 5S were used as internal genes. The threshold
cycle (Ct) value of the internal gene was subtracted from that of
the gene of interest to obtain a 1Ct value. The Ct value of the
mock-inoculated control sample was subtracted from the 1Ct
value to obtain a 11Ct value. The fold changes in expression
level relative to the control were expressed as 2−11Ct (Livak and
Schmittgen, 2001).

RESULTS

Phenotype After M. brunnea Inoculation
and miRNA Biosynthetic Gene Expression
in Local Poplar Leaf
We first inoculated the abaxial surface of Nanlin895 leaf with
M. brunnea and monitored the disease-developing process.
Aniline blue staining revealed that M. brunnea successfully
infected poplar, with secondary hyphae, emerged 3 dpi and
then spread, which then significantly grew and developed to
the whole leaf at 18 dpi (Figure 1A). Further, disease symptoms
were photographed at corresponding time points. No distinct
phenotype appeared at 3 dpi. The black spots merged and formed
a dark brown imprint at 18 dpi (Figure 1B). This suggested that
M. brunnea can infect Nanlin895 plants and compatibly interacts
with this species.

To estimate the initiation ofmiRNA expression and determine
appropriate sampling time points for mRNA and miRNA
expression profiling, we tested the dynamic responses of
critical genes involved in small RNA biosynthesis at 3, 6,
12, 24, and 48 hpi (Figure 1C). RDR2 and RDR6 encoding
RNA-dependent RNA polymerases, play central roles in 24-
nt-long repeat-associated small RNAs (rasiRNAs) and small
interfering RNAs (siRNAs) biosynthesis; DCL1 encoding Dicer-
like (DCL) enzymes is critical in processing miRNAs, and
AGO1d encoding the Argonaute (AGO) protein is responsible
for the RNA-induced silencing complex (RISC) formation,
which regulates expression of target mRNAs in aspects of
plant biology; DCL4 and DCL2 function in producing siRNAs;
AGO4 serves in the loading of rasiRNAs; and DRB1 encoding
dsRNA-binding protein is a cofactor of DCL (Bhogireddy
et al., 2021). All the above genes were significantly triggered
by M. brunnea inoculation before 48 hpi. Compared with
mock, the transcript level of RDR2 increased to 1.85-, 1.98-
, and 2.14-fold, respectively, at 3, 6, and 24 hpi, and RDR6
expression was, respectively, upregulated to 5.30- and 6.88-fold
at 6 and 48 hpi; the transcript level of DCL1 increased to
1.98-fold at 12 hpi and the expression of DCL2 elevated to
1.78- and 2.67-fold, respectively, at 3 and 12 hpi, while the
transcript level of DCL4 reached the peaks of 5.99- and 2.89-
fold, respectively, at 3 and 24 hpi; DRB1 showed apparent
increases to 6.71-fold at 3 hpi; and M. brunnea inoculation
strongly enhanced AGO1d transcription to 7.31-fold and AGO4

to 3.52-fold, respectively, at 3 and 12 hpi (Figure 1C). These
results indicate thatM. brunnea infection can rapidly activate the
RNA silencing system to synthesize small RNAs in poplar leaves
before 24 hpi.

Functional Genes Expression of
M. brunnea-Inoculated Poplar Leaves
Based on High-Throughput Sequencing
To examine the response of functional genes expression
to M. brunnea infection, we performed high-throughput
sequencing of mRNAs in poplar leaves at 6 and 24
hpi. After the removal of adapter sequences and low-
quality reads, a total of 40893478/41398298/38410968,
39250688/41064414/39597552, 40176520/39938864/41793126,
and 46429992/44517684/46841894 mRNA sequences were
obtained for Mk_6h_1/2/3 (three replicates of mock treatment
at 6 hpi), Mb_6h_1/2/3 (M. brunnea inoculation at 6 hpi),
Mk_24h_1/2/3 (Mock at 24 hpi), and Mb_24h_1/2/3 (M.
brunnea inoculation at 24 hpi), respectively. The proportion of
clean reads mapped to the P. deltoides genome in each library
was above 88.5%, and the proportion of uniquely mapped reads
ranged from 91.41 to 92.35% (Supplementary Table 1),
with normalized gene expression (FPKM) of all clean
reads presented in Supplementary Table 2. A principal
component analysis (PCA) was performed to compare the
transcriptome characteristics of all samples intuitionally
(Supplementary Figure 1). The samples from two-time points
were significantly divided and the replicates were closely spaced,
while the samples at 6 hpi were not isolated between mock
and M. brunnea inoculation, indicating that more genes were
differentially expressed at 24 hpi rather than 6 hpi with fungal
pathogen.

Furthermore, we found 4,976 (2,396 up, 2,580 down)
DEGs in the group of Mk_24h vs. Mk_6h (Mk_24h/Mk_6h),
996 (646 up, 350 down) DEGs in the Mb_6h/Mk_6h group,
3,936 (1,758 up, 2,178 down) DEGs in the Mb_24h/Mb_6h
group, and 1,923 (561 up, 1,362 down) DEGs in the
Mb_24h/Mk_24h group (Supplementary Figure 2A), with
the clustering analysis of DEGs expression pattern in a
heatmap (Supplementary Figure 2C). Despite the most
(4,976) DEGs exhibited in Mk_24h/Mk_6h group, only 490
of them were differentially expressed in the Mb_6h/Mk_6h
comparison and the rest were due to the sampling time point.
Besides, 1,914 DEGs were overlapped in Mk_24h/Mk_6h and
Mb_24h/Mb_6h comparisons, attributed to the time point
(Supplementary Figure 2B). Both the Venn diagram and the
heatmap showed intuitional time-specific expression patterns in
this study. Further, there were 412 (41%)DEGs inMb_6h/Mk_6h
group excluded from Mk_24h/Mk_6h and Mb_24h/Mk_24h
comparison and 1,073 (56%) DEGs in Mb_24h/Mk_24h group
excluded from Mb_24h/Mb_6h and Mb_6h/Mk_6h comparison
(Supplementary Figure 2B). These data certified the effect
of M. brunnea inoculation on mRNAs and the reliability of
transcriptome analysis in the present study.

To better study the highlighted pathway in response to M.
brunnea infection in poplar, we performed a Kyoto Encyclopedia
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FIGURE 1 | Disease symptoms and gene expression of poplar leaves at different time points post Marssonina brunnea inoculation. (A) Light micrographs of leaf

pieces stained with aniline blue and (B) photographs at 3, 6, 10, and 18 days postinoculation (dpi). Area within red cycle in (B) is inoculated; bar = 60µm in (A) or

0.5 cm in (B). (C) The expression of microRNA biosynthetic genes at 3, 6, 12, 24, and 48 h postinoculation (hpi). Leaf samples were collected from the inoculated

leaves with M. brunnea and mock inoculations were performed with sterile ddH2O alone as a negative control. The square indicates mock treatment and the cycle

represents M. brunnea inoculation, with positive and negative error bars. The results are presented as mean values ± SD; n = 3. Asterisks represent significant

differences in gene expression between treatments of mock and M. brunnea inoculation, according to Duncan’s test. *P < 0.05; **P < 0.01. RDR, RNA-dependent

RNA polymerase; DCL, dicer-like protein; DRB, double-stranded RNA-binding protein; AGO, argonate protein.

of Genes and Genomes (KEGG) annotation analysis for
the DEGs. The top 20 enriched KEGG pathways of each
comparison were showcased in Figure 2. Among the DEGs
of Mk_24h/Mk_6h group, “Sulfur metabolism,” (pop00920)
“Carbon fixation and photosynthetic organisms,” (pop00710)
“Photosynthesis-antenna proteins,” (pop00196) and “α-Linolenic
acid metabolism” (pop00592) ranked from the first to fourth,
followed by “Phenylpropanoid biosynthesis,” (pop00940) “Starch
and sucrose metabolism,” (pop00500) “Cysteine and methionine
metabolism,” (pop00270) and “Amino sugar and nucleotide
sugar metabolism.” (pop00520) (Figure 2A) Among the DEGs
of Mb_6h/Mk_6h, “Flavonoid biosynthesis” (pop00941) ranked
the first, followed by “Circadian rhythm,” (pop04712) “Alanine,
aspartate, and glutamate metabolism,” (pop00250) “Glycine,
serine, and threonine metabolism,” (pop00260) and “Ascorbate
and aldaratemetabolism.” (pop00053) “Tryptophanmetabolism”
(pop00380) was also apparently enriched in the Mb_6h/Mk_6h
DEGs (Figure 2B). Among the DEGs of Mb_24h/Mk_24h,

“Plant-pathogen interaction” (pop04626) was the most
significantly changed pathway, followed by “MAPK signal
pathway,” (pop04016) “Plant hormone signal transduction,”
(pop04075) “Diterpenoid biosynthesis,” (pop00904) and “Starch
and sucrose metabolism.” (pop00500) A significant alternation
also emerged in “Phenylpropanoid biosynthesis” (pop00940)
(Figure 2C). Besides, “Plant hormone signal transduction,”
(pop04075) “Phenylpropanoid biosynthesis,” (pop00940) and
“MAPK signaling pathway” (pop04016) ranked high among
the Mb_24h/Mb_6h DEGs (Figure 2D). More inhibited genes
appeared in these pathways than induced genes. Finally, 26
genes belonging to seven pathways involved in the poplar
response to fungal attack were focused. The selected pathways
were “Flavonoid biosynthesis,” (pop00941) “Phenylpropanoid
biosynthesis,” (pop00940) “Tryptophanmetabolism,” (pop00380)
“Plant-pathogen interaction,” (pop04626) “MAPK signal
pathway,” (pop04016) “Plant hormone signal transduction,”
(pop04075) and “Diterpenoid biosynthesis,” (pop00904) with
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FIGURE 2 | Enrichment analysis of all DEGs. The top 20 Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways with the most significant enrichment of (A)

Mk_24h/Mk_6h, (B) Mb_6h/Mk_6h, (C) Mb_24h/Mk_24h, and (D) Mb_24h/Mb_6h, accordingly. The “/” implies “vs.” The diameter of the cycle is positively correlated

with the number of DEGs, and the color of the cycle indicates the false discovery rate (FDR) value as the scale shows.

potential genes involved in poplar response to fungal infection as
shown in Table 1.

To validate the reliability of RNA-seq results, 18 genes were
selected for qPCR validation, with data shown in Figure 3.
The expression of genes involved in the phenylpropanoid
pathway, such as shikimate O-hydroxycinnamoyltransferase
(HCT, Podel.19G001400), phenylalanine ammonia-lyase
(PAL, Podel.10G229600), cinnamyl alcohol dehydrogenase-
related (CAD, Podel.16G069500), and β-glucosidase (bGL,
Podel.01G233500), were significantly upregulated by M.
brunnea inoculation at 6 hpi with the fungal pathogen, while
the expression of PAL, CAD, and bGL decreased at 24 hpi.
Expression of ferulate-5-hydroxylase (F5H, Podel.07G018500)
and peroxidase 11 (POD11, Podel.10G135900, and encoding class
III POD) increased at 24 hpi (Almagro et al., 2009), together with
HCT transcription. With respect to flavonoid biosynthetic genes,
the abundance of chalcone synthase (CHS, Podel.03G190100),

leucoanthocyanidin reductase (LAR, Podel.15G053500), and
anthocyanidin synthase/leucoanthocyanidin dioxygenase
(ANS/LDOX, Podel.03G127400) exhibited at a very high
level at 6 h post M. brunnea inoculation. At 24 hpi, CHS and
ANS were expressed to a lower level, with an obvious increase
in LAR transcription. The resistance to Pseudomonas syringae
2 orthology (RPS2, Podel.13G009000), encoding an NB-LRR
protein functioning in the recognition of pathogen, was slightly
upregulated at 6 hpi but downregulated at 24 hpi. After the M.
brunnea inoculation, auxin-responsive protein IAA 19 (IAA19,
Podel.06G269000) from Aux/IAA family, a repressor of auxin
signaling, was inhibited at 24 hpi; and one gene from Small Auxin
Up RNA family (SAUR, Podel.01G127200) mediating polar auxin
transport was also downregulated. The transcript level of DELLA
(Podel.17G162900) was reduced at 24 hpi, while phytochrome-
interacting factor 3 (PIF3, Podel.14G115200) was induced both
at 6 and 24 hpi. The expression of TIFY 10A (Podel.01G177300)
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TABLE 1 | Potential genes may be involved in poplar response to Marssonina brunnea.

Category Gene ID Gene description Regulation

Phenylpropanoid Podel.19G001400 Shikimate O-hydroxycinnamoyltransferase (HCT) ↑

biosynthesis Podel.10G229600 Phenylalanine ammonia-lyase (PAL) ↑

Podel.07G018500 Ferulate-5-hydroxylase (CYP84A, F5H) ↑

Podel.14G110800 Caffeic acid 3-O-methyltransferase (COMT) ↓

Podel.16G069500 Cinnamyl alcohol dehydrogenase GroES-like domain (CAD) ↑

Podel.10G135900 Peroxidase 11 (class III POD) ↑

Podel.01G233500 β-glucosidase (bGL) ↓

Flavonoid Podel.03G190100 Chalcone synthase (CHS) ↑

biosynthesis Podel.15G053500 Leucoanthocyanidin reductase (LAR) ↑

Podel.03G127400 Anthocyanidin synthase/ leucoanthocyanidin dioxygenase (ANS/LDOX) ↑

Podel.04G144800 Flavonol synthase (FLS) ↓

Plant hormone Podel.04G034400 Transport inhibitor response 1 (TIR1) ↑

signal transduction Podel.06G269000 Auxin-responsive protein IAA 19 (IAA19)/ (Aux/IAA family) ↓

Podel.01G127200 Small Auxin Up RNA family protein (SAUR) ↑

Podel.14G021600 F-box protein GID2 (GID2, SLY1) ↑

Podel.17G162900 DELLA protein ↓

Podel.14G115200 Phytochrome-interacting factor 3 (PIF3) ↑

Podel.01G177300 TIFY 10A, a JAZ domain-containing protein ↓

Podel.02G196200 Basic/helix-loop-helix transcription factor 14 (bHLH14) ↑

Tryptophan metabolism Podel.04G173600 Amidase (AMI) ↑

Diterpenoid biosynthesis Podel.15G136600 Gibberellin-44 dioxygenase (GDOX) ↑

Podel.04G116600 Cytochrome P450, family 82, subfamily G, polypeptide 1 (CYP82G1) ↑

Plant-pathogen Podel.11G016000 RPM1-interacting protein 4 (RIN4) ↑

interaction Podel.13G009000 Disease resistance protein resistance to Pseudomonas syringae 2

orthology, leucine-rich repeat-containing protein, RPS2

↑

MAPK signaling Podel.09G036500 Protein phosphatase 2C 3-related ↑

pathway Podel.05G267900 Catalase ↑

and the transcription factor bHLH14 (Podel.02G196200) did
not change at 6 hpi, while a dramatic decrease occurred in the
former gene expression and an obvious increase emerged in
the transcription of the latter gene at 24 hpi. Besides, amidase
(AMI, Podel.04G173600) involved in tryptophan metabolism
and free auxin production, and gibberellin-44 dioxygenase
(GDOX, Podel.15G136600) functioning in gibberellin (GA)
biosynthesis expressed to a higher extend at 6 hpi while to a
lower level at 24 hpi. Therefore, the results of qPCR assays
agreed with the transcriptome data (Figure 3). The qPCR results
suggest that genes related to the biosynthesis of phenylpropanoid
pathway-derived lignin were generally activated, with flavonoid
biosynthetic genes strongly induced within 24 h postM. brunnea
inoculation. Furthermore, the plant-fungi interaction and
pathways of auxin, GA, and jasmonic acid (JA) were induced by
a fungal infection.

Annotations of Known miRNAs and
Identification of Differentially Expressed
miRNAs in M. brunnea-Inoculated Poplar
Leaves
Clean reads (≥18 nt) were produced by small RNA sequencing
ranging from 11.59 to 26.05 million from 12 small RNA

libraries (Supplementary Table 3). Most of the non-coding
RNAs in total reads were ribosomal RNA (rRNA) while the
unknown group contributed to the majority in unique reads
(Supplementary Figure 3). Clean reads were BLAST searched
against known mature miRNAs and pre-miRNAs of miRBase
(version 22.0) to identify the known conserved miRNAs.
According to the difference in expression (|fold change| >

2, p-value < 0.05) in the multi-sample group comparison,
we found six known DEMs in the Mb_6h/Mk_6h group (3
miRNAs were upregulated and 3 miRNAs were downregulated),
24 DEMs in Mk_24h/Mk_6h comparison (6 miRNAs were
upregulated and 18 miRNAs were downregulated), 20 DEMs
in the Mb_24h/Mb_6h group (9 miRNAs were upregulated
and 11 miRNAs were downregulated), and 4 DEMs in the
Mb_24h/Mk_24h group (2 miRNAs were upregulated and 2
miRNAs were downregulated) (Figure 4). The Venn diagram
showed that two DEMs were both included in Mk_24h/Mk_6h
and Mb_6h/Mk_6h groups while the Mk_24h/Mk_6h and
Mb_24h/Mk_24h comparisons did not share any DEM. Most
of the DEMs in Mk_24h/Mk_6h can be attributed to the
change of time point. In addition, only three DEMs were
shared by Mk_24h/Mk_6h and Mb_24h/Mb_6h comparisons,
and 10 DEMs of Mb_6h/Mk_6h group were different from that
of Mb_24h/Mk_24h comparison, suggesting that M. brunnea
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FIGURE 3 | Quantitative PCR (qPCR) verifies the quality of transcriptome sequencing using the 2−11Ct method. The black bar represents the qPCR validation result

of mRNA in the sample, with positive and negative error bars; and the red bar represents the normalized result (FPKM) of the sample in the transcriptome. The results

of qPCR are presented as mean values ± SD; n = 3. The results of FPKM are presented as mean values; n = 3. Lowercase letters indicate significant differences in

qPCR results between treatments, with capital letters for FPKM values (P < 0.05).

inoculation caused diverse effect at 6 and 24 hpi on miRNAs
in poplar leaves. The heatmap also presented intuitional time-
specific expression patterns (Supplementary Figure 4).

The miRNAs complementarily paired bind target sites to
regulate the transcription of target genes which we predicted
using psRobot_tar and TargetFinder based on poplar genomic
and transcriptomic databases. We selected the target genes that
met the criteria of both programs.

Eight of these DEMs from Mb_6h/Mk_6h, Mb_24h/Mb_6h,
and Mb_24h/Mk_24h groups (DEMs that we failed to
predict target gene were excluded) and their target genes
may be implicated in the poplar response to M. brunnea
infection (Table 2), with a fold change of them shown in
Supplementary Table 5.

Some of the selected DEMs targeted the same genes. For
instance, both MIR396-3 and MIR396-16 engaged GTP-
binding (Podel.02G196400) and Serine protease inhibitor
(Podel.T131700) as targets. Besides, Chaperone DnaJ-domain
superfamily protein (Podel.01G226500) and Ribosomal RNA
adenine dimethylase family protein (Podel.14G078200) were
also targeted by the same MIR396-3. SNARE associated Golgi
protein family (Podel.19G075500), mainly involved in vesicle-
associated membrane fusion, was targeted by MIR167_1-6.
ABC-2 type transporter family protein (Podel.09G052200),

primarily serving in plant hormones exportation, was the
target of MIR395-13. Tudor/PWWP/MBT domain-containing
protein (Podel.05G102600) was aimed by MIR398-8. However,
Podel.18G116000, Podel.16G149200, and Podel.07G123500,
which were target genes of MIR167_1-12, MIR171_2-
3, and MIR477-6, respectively, were not annotated in the
reference database.

Identification of Novel miRNAs and Their
Targets
TheMIREAP platformwas hired to predict the precursors of new
small miRNAs when the score was ≥ 2.2, with the RNAfold web
server for a description of their secondary structures. Potential
novel miRNAs were identified based on several important
previously validated DEGs that we selected, and we identified
four potential novel miRNAs (Table 2). The secondary structures
predicted for the precursors of these candidate novel miRNAs are
shown in Supplementary Figure 5, with red and blue asterisks
indicating the 5′- and 3′-end positions of mature novel miRNA
on the secondary structure of the precursor, respectively. Their
expression patterns were analyzed along with their targets by
qPCR verification (Figure 5). Compared to mock, the significant
accumulation of Novel Pde-MIR8567 occurred at 6 hpi with no
apparent change in abundance at 24 hpi, while the transcription
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FIGURE 4 | Analysis of differential known microRNA expression in M.

brunnea-infected poplar leaves. (A) The upregulated and downregulated (|log2
foldchange| ≥1 and P <0.05) amount and (B) the Venn diagram of

differentially expressed known miRNAs (DEMs).

of its target gene exhibited an increase at 6 hpi but decrease at
24 hpi. Novel Pde-MIR3228 expressed to a higher extent at 6
hpi but showed no obvious alternation at 24 hpi, and the target
gene was only induced at 24 hpi. With respect to Novel Pde-
MIR6493, an induction emerged at 6 hpi rather than 24 hpi,
while its target expression showed an increase at 24 hpi but
no significant change at 6 hpi, relative to the transcript levels
in mock. At 6 hpi, the expression of Novel Pde-MIR5913 was
inhibited and its target was upregulated, while no obvious change
occurred to the transcript level of this novel miRNA. However, no
cleavage among the novel miRNAs and their targets was validated
by qPCR assays (Figure 5).

DISCUSSION

Evidence indicated that miRNAs can be crucial in transcriptional
control of the fungi pathogen-responsive genes during the

infection process in various species, such as cotton, tomato,
and cucumber, using high-throughput sequencing and
bioinformatics tools (Jin et al., 2012; Wang et al., 2018; Bilir et al.,
2019). However, miRNA-mRNA regulatory networks during
poplar response to pathogenic fungi infection remain unknown.
In the present study, we found the rapid activation of miRNA
biosynthesis in M. brunnea-infected poplar leaves, implying
miRNA biosynthesis was initiated to respond to the fungal
infection at the early stage. Therefore, we further performed
transcriptome analysis of M. brunnea-inoculated poplar leaf
at 6 and 24 hpi. The results showed that genes involved
in phenylpropanoid biosynthesis, flavonoid biosynthesis,
plant hormone signal transduction, diterpenoid biosynthesis,
tryptophan metabolism, plant-pathogen interaction, and MAPK
signaling pathway were significantly induced in poplar response
to M. brunnea infection. We further selected 26 candidate
genes from DEGs, and the qPCR results confirmed the data of
transcriptome analysis.

Genes associated with the phenylpropanoid pathway
responsible for producing the three lignin monomers called
monolignols, such as PAL (Podel.10G229600) and CAD
(Podel.16G069500), were induced by M. brunnea at 6 hpi, and
HCT (Podel.19G001400), F5H (Podel.07G018500), and POD11
(Podel.10G135900), were significantly upregulated at 24 hpi; and
bGL (Podel.01G233500) consuming the intermediate cinnamic
acid was downregulated at 24 hpi (Figure 3). Our results were
supported by previous studies (Chen et al., 2020; von Tiedemann
et al., 2021). Thus, lignin biosynthesis is intensively accelerated
in the poplar defense against a fungal pathogen. Notably,
caffeic acid 3-O-methyltransferase (COMT, Podel.14G110800)
exhibited downregulation after fungal inoculation (Table 1
and Supplementary Table 2). HCT accounts for producing
precursors of Guaiacyl and Sringyl unit lignin (Wagner et al.,
2007), while COMT serves in the Sringyl unit lignin biosynthesis
(Goujon et al., 2003). Poplar may prefer tamping cell wall with
Guaiacyl unit lignin in defense to M. brunnea. Lignin formation
can be initiated by the signal transduction of auxin and GA in
plant immunity (Zhang et al., 2020). Accordingly, we found the
enhancement of biosynthesis and signal transduction of auxin
and GA (Figure 3). Although inhibition of auxin-responsive
SAUR (Podel.01G127200) expression occurred, it may be
attributed to the AMI (Podel.04G173600)-activated local auxin
during the early responsive stage (Spartz et al., 2012).

The flavonoid biosynthesis branches at p-coumaroyl CoA
from the phenylpropanoid pathway (Besseau et al., 2007). In the
present study,CHS (Podel.03G190100), LAR (Podel.15G053500),
and ANS/LDOX (Podel.03G127400) were explosively induced by
fungal inoculation. Poplar may trigger flavonoids accumulation
to generate antibiotic quinones, which further synthesizes
polymeric compounds to form a protective barrier and scavenge
reactive oxygen species to manage fungal invasion (Pourcel
et al., 2007; Agati et al., 2012). On the other hand, the
MAPK signal pathway was differentially expressed by M.
brunnea infection in poplar, which also serves as a modifier
of antioxidant systems (Xing et al., 2008; Meng and Zhang,
2013). Consistently, we found a higher transcript level of
protein phosphatase 2C (Podel.09G036500) at 6 hpi, as well as
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TABLE 2 | Potential known miRNAs, novel miRNAs, and the predicted targets may be involved in poplar response to M. brunnea.

MicroRNA Mature sequence Regulation Target ID Target description

Pde-MIR167_1-6 AGGTCATCTTGCAGCTTCAAT ↑ Podel.19G075500 SNARE associated Golgi protein family

Pde-MIR167_1-12 GGAAGCTGCCAGCATGATC ↑ Podel.18G116000 —

Pde-MIR171_2-3 TTGAGCCGTGCCAATATCACG ↑ Podel.16G149200 —

Pde-MIR395-13 GTTCCCTTGAGCACTTCA ↑ Podel.09G052200 ABC-2 type transporter family protein

Pde-MIR396-3 TTCCACAGCTTTCTTGAAC ↓ Podel.01G226500 Chaperone DnaJ-domain superfamily protein

Podel.02G196400 GTP binding

Podel.14G078200 Ribosomal RNA adenine dimethylase family protein

Podel.T131700 Serine protease inhibitor, potato inhibitor I-type

family protein

Pde-MIR396-16 TTCCACAGCTTTCTTGAACA ↓ Podel.02G196400 GTP binding

Podel.T131700 Serine protease inhibitor, potato inhibitor I-type

family protein

Pde-MIR398-8 GGAGCGACCTGGAATCACATG ↓ Podel.05G102600 Tudor/PWWP/MBT domain-containing protein

Pde-MIR477-6 ATCTCCCTCAAAGGCTTCCTC ↓ Podel.07G123500 —

Novel MIR3228 GCTGGGTTTATTTTTGAT — Podel.07G018500.1 Ferulate-5-hydroxylase (CYP84A, F5H)

Novel MIR8567 AGGGTATGGTCTGCATTGCTTTGA — Podel.10G229600.1 Phenylalanine ammonia-lyase (PAL)

Novel MIR5913 GATGCTGTGCCTCTGGCTAAT — Podel.16G069500.1 Cinnamyl alcohol dehydrogenase GroES-like

domain (CAD)

Novel MIR6493 ACCGTCACACCCCAGAAGTG — Podel.10G135900.1 Peroxidase 11 (class III POD)

Tables with white shading exhibit the known miRNAs, while gray showing novel miRNAs.

FIGURE 5 | Expression analysis of candidate novel miRNAs and targets using the 2−11Ct method. Expression analysis of novel miRNA and the predicted target gene

in the sample. The blue bar represents the qPCR validation result of novel miRNA and the black bar stands for the qPCR result for the target gene. The results of

qPCR are presented as mean values ± SD; n = 3. The results of FPKM are presented as mean values; n = 3. Lowercase letters indicate significant differences in

qPCR results between treatments, with capital letters for FPKM values or the qPCR-validated target gene expression (P < 0.05).

catalase (Podel.05G267900) (Table 1). NB-LRRs can recognize
specific effectors of pathogen and then activate MAPK cascade
(Torres et al., 2006; Tsuda et al., 2013). In the present study,

a slight increase in the expression of RPS2 (Podel.13G009000)
encoding an NB-LRR emerged at 6 hpi in poplar leaves. Taken
together, fungal infection boots up a plant NB-LRR and MAPK
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pathway and simultaneously generates flavonoids, leading to the
enhancement of antioxidant systems in poplar defense.

To further reveal the miRNA-mRNA regulatory networks
during the poplar defense to pathogenic fungi, the small RNA-
seq was performed at the same time points post inoculation.
Among 43 DEMs, we listed eight DEMs from Mb_6h/Mk_6h,
Mb_24h/Mk_24h, and Mb_24h/Mk_24h comparisons and
predicted four novel miRNAs, according to the DEGs we
selected (Table 2). MIR167 can accumulate to manage the auxin
signaling pathway by manipulating its target ARF factor after
bacterial pathogen infection (Jodder et al., 2017), supporting
our result that M. brunnea inoculation led to upregulation of
MIR167_1-6 and MIR167_1-12. The target gene of MIR167_1-
6, Podel.19G075500, encodes a soluble N-ethyl-maleimide
sensitive factor attachment adaptor protein receptor (SNARE)
domain associated Golgi protein which is mainly involved in
vesicle-associated membrane fusion. Recent research proved
that QA-SNARE SYP132, a low-abundant, secretory SNARE
localizing to the plasma membrane, is tightly modulated by

auxin and that abundant SYP132 caused a restriction in auxin-
derived apoplast acidification and vegetative growth (Xia et al.,
2019). In the present study, poplar may augment MIR167_1-6
to repress SNARE, amplifying the auxin responses to fungal
infection. Accordingly, the transcriptome analysis confirmed the
enhancement of auxin biosynthesis and signaling (Table 1 and
Figure 3).

MIR395 family is usually involved in stress-response
processes. Augment in MIR395 led to suppression in WRKY26,
thereby reducing the expression of some PR genes (Zhang et al.,
2017). Our results exhibited that MIR395-13 accumulated after
M. brunnea inoculation. The target gene ABC-2 type transporter
family protein (Podel.09G052200) plays a key role in exporting
phytohormones, such as salicylic acid (SA), jasmonic acid (JA),
auxin, and strigolactone (Ye et al., 2013; Sasse et al., 2015; Dhara
and Raichaudhuri, 2021). Increased MIR395-13 production
might inhibit ABC-2 type transporter expression to block SA
exportation, which thereby alleviated PR genes transcription in
poplar response to pathogenic fungi (Dhara and Raichaudhuri,

FIGURE 6 | Overview of miRNAs and genes regulation patterns in the poplar response to M. brunnea. The red letters are upregulated genes or miRNAs or pathways,

and the green letters are downregulated genes or miRNAs or pathways. “→ ” represents induction of mentioned elements or pathway, while “⊥” stands for

suppression. A dashed line indicates speculated pathways. SNARE, soluble N-ethyl-maleimide sensitive factor attachment adaptor protein receptor; ABC transporter,

ATP-binding cassette transporter; PAL, phenylalanine ammonia-lyase; CAD, cinnamyl alcohol dehydrogenase; POD, peroxidase; F5H, ferulate-5-hydroxylase; MAPK,

mitogen-activated protein kinase.
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2021). Furthermore, MIR396 can balance plant growth and
disease resistance by interacting with growth-regulating factors
in the plant. Blocking MIR396 expression resulted in higher
grain yield while augment of MIR396 increased susceptibility
to the blast fungus in rice (Chandran et al., 2019). In the
present work,M. brunnea inoculation suppressed MIR396-3 and
MIR396-16 expression. These two miRNAs coordinately regulate
GTP binding (Podel.02G196400). During the early response
to M. brunnea, abundant GTP-binding protein may rope JAZ
domain-containing protein to provoke JA-signaling cascade in
stomatal defense in poplar (Lee et al., 2018). Correspondingly,
transcriptome analysis exposed the downregulation of the JA
pathway inhibitor TIFY 10A (Podel.01G177300) expression by
fungal infection (Table 1 and Figure 3). The previous study
demonstrating that Nanlin 895 poplar restricted the SA pathway
and activated the JA pathway in defense to M. brunnea infection
supported the findings in this study (Liao et al., 2020).

MIR398 serves to store O·−
2 via inhibiting antioxidant

enzymes activity in plants under stress (He et al., 2021).
The production of target gene Tudor/PWWP/MBT domain-
containing protein (Podel.05G102600) can interact with
histidine-rich calcium-binding protein (Yang et al., 2020). The
suppression of MIR398-8 in this study may manipulate Ca2+

signaling to amplify antioxidant systems and restrict reactive
oxygen species accumulation.

Noteworthily, four novel miRNAs were predicted, including
Novel MIR8567, Novel MIR3228, Novel MIR5913, and Novel
MIR6493 target to the upregulated lignin biosynthetic DEGs
which are PAL, F5H, CAD, and POD11, respectively. All these
target genes are critical genes to lignin biosynthesis (Figure 6).
However, qPCR assays did not validate the cleavage among the
novel miRNAs and their targets, implying the probable existence
of other unknown miRNAs regulating the target genes above.
Overall, miRNA-mRNA regulatory networks play pivotal roles in
defense against fungal attacks in poplar. However, the detailed
interactions and roles of the novel miRNAs were predicted and
other unknown miRNAs in poplar defense to pathogen await
further research.

CONCLUSION

In summary, global transcriptional profiles of mRNA and small
RNAs were investigated in M. brunnea-infected poplar leaves,
combined with qPCR validation. We obtained numerous DEGs
and selected 26 critical fungal pathogen-responsive genes. The
functional analysis demonstrated the involvement of these DEGs
in lignin and flavonoid biosynthesis, phytohormone pathways,

disease resistance signaling, and MAPK pathway. Further, we
screen out DEMs and identified eight annotated miRNAs, four
novel miRNAs, and their targets involved in poplar response to
M. brunnea infection. By analyzing the function of the targets,
we found that thesemiRNAsmediated plant hormones pathways,
antioxidant systems enhancement, and lignin biosynthesis.
According to the above analysis, we summarized these regulatory
networks in Figure 6. The results of our research underline the
role of miRNAs in poplar defense to fungal infection and provide
a new idea for the molecular breeding of trees.
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The Toll/interleukin-1 receptor (TIR) domain is the signature signalling motif of innate
immunity, with essential roles in innate immune signalling in bacteria, plants, and animals.
TIR domains canonically function as scaffolds, with stimulus-dependent multimerization
generating binding sites for signalling molecules such as kinases and ligases that activate
downstream immune mechanisms. Recent studies have dramatically expanded our
understanding of the TIR domain, demonstrating that the primordial function of the TIR
domain is to metabolize NAD+. Mammalian SARM1, the central executioner of
pathological axon degeneration, is the founding member of the TIR-domain class of
NAD+ hydrolases. This unexpected NADase activity of TIR domains is evolutionarily
conserved, with archaeal, bacterial, and plant TIR domains all sharing this catalytic
function. Moreover, this enzymatic activity is essential for the innate immune function of
these proteins. These evolutionary relationships suggest a link between SARM1 and
ancient self-defense mechanisms that has only been strengthened by the recent
discovery of the SARM1 activation mechanism which, we will argue, is strikingly similar
to bacterial toxin-antitoxin systems. In this brief review we will describe the regulation
and function of SARM1 in programmed axon self-destruction, and highlight the
parallels between the SARM1 axon degeneration pathway and bacterial innate
immune mechanisms.

Keywords: NAD+, innate immunity, NMNAT2, axon degeneration, plant, metabolism, TIR domain, abortive infection
INTRODUCTION

Injured or diseased axons initiate a self-destruction program known as Wallerian degeneration.
SARM1 triggers this pathological axon degeneration (1), and is a key driver of pathology in models
of chemotherapy-induced peripheral neuropathy (2–5), traumatic brain injury (6–10), glaucoma
(11), and retinal degeneration (12, 13). SARM1 also participates in antiviral defense. SARM1
triggers axon degeneration following rabies infection (14), presumably to halt the spread of the virus
as it travels retrogradely down the axon to the neuronal cell body, and induces neuronal cell death in
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response to bunyavirus infection (15), killing infected cells and
thereby reducing viral spread. Hence, the role of SARM1 in
pathological axon degeneration is likely closely linked to its
function in antiviral innate immunity.

SARM1 is a multi-domain protein comprised of an
autoinhibitory ARM domain, tandem SAM domains mediating
multimerization, and a C-terminal TIR domain NAD+ hydrolase
(16, 17). In healthy neurons, SARM1 autoinhibition is maintained
by multiple intra- and intermolecular interactions (18), including
binding of the N-terminal ARM domain to the C-terminal TIR
domain (19) (Figure 1A). SARM1 autoinhibition is regulated by an
allosteric binding site within the autoinhibitory ARM domain that
can bind either nicotinamide adenine dinucleotide (NAD+) (21, 22)
or its precursor, nicotinamide mononucleotide (NMN) (23). NMN
promotes SARM1-dependent axon degeneration (24–27). Axon
injury leads to loss of the NAD+ biosynthetic enzyme NMNAT2
(28), resulting in an increased NMN/NAD+ ratio that promotes
NMN binding to the allosteric site (23). The switch from NAD+ to
NMN binding alters the conformation of the autoinhibitory ARM
domain, thereby promoting TIR-TIR interactions and enzymatic
activity (23) (Figure 1B). Below we will highlight commonalities
between SARM1 activation and effector mechanisms with similar
bacterial innate immune mechanisms.

SARM1-NMNAT2 Is a Candidate
Mammalian Toxin-Antitoxin Pair
Just as SARM1 can trigger axon self-destruction in response to
rabies infection, so too can a bacterial population acquire
Frontiers in Immunology | www.frontiersin.org 280
immunity to bacteriophage infection through an altruistic
suicide mechanism known as abortive infection. When
infected, the bacterial cells activate a toxin-antitoxin (TA)
system prior to phage replication, killing the infected cells and
thereby protecting the community by preventing further phage
expansion (29). In a TA system, bacteria express both a lethal
toxin and its antagonist, the antitoxin. Upon infection, the
antitoxin is degraded, unleashing the degenerative activity of
the toxin. Genetic deletion of the toxin-encoding gene yields no
phenotype in the absence of the inciting stimuli, whereas deletion
of the antitoxin-encoding gene results in cell death due to
unchecked toxin activity. This lethality can be rescued by
concurrent deletion of the toxin-encoding gene. This TA
relationship is strikingly reminiscent of the relationship
between NMNAT2 and SARM1, with NMNAT2 serving as the
antitoxin and SARM1 as the toxin (Figure 2). First, NMNAT2
inhibits the prodegenerative activity of SARM1, as antitoxins
inhibit the functions of toxins. Second, the classic TA genetic
relationship holds for SARM1 and NMNAT2. Loss of SARM1
has no obvious phenotype in mice until an appropriate stimulus,
such as neuronal injury, occurs (17, 30). By contrast, genetic loss
of NMNAT2 (the antitoxin) is embryonic lethal in mice (31, 32).
Double mutants lacking both NMNAT2 and SARM1 fully rescue
this lethality (33). Hence, the essential function of NMNAT2 is to
inhibit SARM1. Third, similar to a type II TA system in bacteria
(29), the antitoxin NMNAT2 is highly labile (28) and the levels of
NMNAT2 are a key determinant of SARM1 activation (34).
However, in contrast to the bacterial type II TA system, in which
A

B

FIGURE 1 | Model of SARM1 domain structure and activation mechanism. (A) Domain structure of the human SARM1 protein. SARM1 contains an N-terminal
mitochondrial localization sequence and Armadillo-repeat containing domain (ARM), two tandem sterile alpha motif (SAM) domains, and a C-terminal Toll/interleukin-1
receptor (TIR) domain. Numbers denote the amino acid position of the domain boundaries. (B) Schematic depicting the activation mechanism of SARM1. In the
inactive state SARM1’s ARM domains are bound to NAD+ at the allosteric site and bound to adjacent TIR domains both intra- and inter-molecularly, mediating
autoinhibition of the TIR’s NADase activity. In response to an increase in the NMN/NAD+ ratio, NMN binds to the ARM domain allosteric site, resulting in a
conformational change in the ARM domain, disengagement of the ARM-TIR interactions, multimerization of the TIR domains and NADase activity. Based on recent
structural data from the RPP1 TIR domain, we depict active TIRs as a tetramer forming two active sites for NAD+ binding (20).
September 2021 | Volume 12 | Article 752898
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the antitoxin inactivates the toxin through direct binding,
NMNAT2 inhibits SARM1 indirectly, by modulating the flow
of metabolites that bind and regulate SARM1 activity.

To our knowledge, all known TA systems are found in
bacteria. Here we posit that via convergent evolution SARM1
and NMNAT2 have developed into an analogous TA system to
control axonal fate in mammalian neurons. In an injured or
unhealthy axon the transport of NMNAT2 is disrupted (3, 28),
and neuronal stress pathways promote NMNAT2 turnover (34,
35), leading to the loss of the labile NMNAT2 antitoxin and the
subsequent activation of the toxin SARM1, resulting in rapid and
efficient axonal self-destruction. This may be a physiological
function of SARM1, enabling the phagocytosis and clearance of
damaged axons before their contents leak and potentially harm
adjacent axons or cells or induce inflammation. Indeed, this
scenario was recently demonstrated in a mouse model
of ulcerative colitis, in which SARM1 promotes axon
degeneration in the enteric nervous system and thereby limits
inflammation in the colon (36). It will be interesting to determine
whether NMNAT2 is also lost in this colitis model, or in
response to rabies infection, when SARM1 is activated and
axons degenerate as an antiviral defense (14).

SARM1 Is the Founding Member of the TIR
Domain Family of Innate Immune NADases
The role of SARM1 and its connection to ancient surveillance
mechanisms extends beyond its TA relationship with NMNAT2
to its mechanism of degeneration, NAD+ cleavage. In many
bacterial TA relationships, the toxins are, like SARM1, NAD+

glycohydrolases (37). Examples include the toxins SPN
Frontiers in Immunology | www.frontiersin.org 381
(S. pyogenes), TNT and MbcT (M. tuberculosis), Tne2
(P. protegens), and RES (P. luminescens), all of which deplete
NAD+ to induce cellular dysfunction or death and are
neutralized by their respective antitoxins (38–42). The newly
discovered bacterial TIR domain NADases also participate in
phage defense as they are essential components of the Thoeris
phage defense mechanism (43, 44). Moreover, bacteria not only
use TIR NADases to defend against phage invasion, but also to
disrupt mammalian innate immune mechanisms via metabolic
disruption of the host cell (45). In addition, plant TIR domain
innate immune receptors are active NADases and this enzymatic
function is essential for the cell death that confers disease
resistance (20, 46–48). The conservation of TIR NADase
function (Table 1) in bacterial, plant, and animal response to
infection suggests that TIR-mediated NAD+ cleavage is a
primordial innate immune function.

Finally, SARM1 and evolutionarily diverse TIR domain
proteins not only share NADase function, but can also possess
regulatory domains controlled via allosteric binding to cellular
metabolites. The SARM1 TIR domain NADase is fused to a
metabolic sensing ARM domain that acts to inhibit the NADase
activity until specific environmental signals are present. This is
likely a general regulatory mechanism for TIR NADase
activation, as organisms from all kingdoms of life encode
proteins with TIR domains fused to a variety of other motifs,
such as leucine-rich repeat (LRR), tetratricopeptide repeat
(TPR), WD repeat, and coiled coil (CC) domains (51–53), that
may function as environmental sensors to tune the NADase
activity of the fused effector TIR domains. Indeed, this precise
regulatory relationship occurs in ancient STING (stimulator of
FIGURE 2 | The NMNAT2 antitoxin inhibits the SARM1 toxin to prevent axon degeneration. The antitoxin NMNAT2 converts nicotinamide mononucleotide (NMN) to
nicotinamide adenine dinucleotide (NAD+) and thus maintains a healthy NMN/NAD+ ratio in axons. SARM1’s ARM domain senses the ratio of NMN/NAD+ by binding
to either metabolite. When the antitoxin NMNAT2 is lost, the NMN/NAD+ ratio rises, NMN binds to the toxin SARM1’s ARM domain, activating SARM1’s TIR domains
to hydrolyze NAD+, producing nicotinamide (Nam) and adenosine diphosphate ribose (ADPR), or cyclizing ADPR into cyclic ADPR (cADPR). Activation of the toxin
SARM1 drives pathological axon degeneration.
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interferon genes) receptor proteins. In both prokaryotes and
lower eukaryotes, STING domains are fused with TIR NADase
domains. This effectively couples STING domain sensing of
cyclic dinucleotides produced by the cyclic AMP-GMP
synthase (cGAS) cellular surveillance system to TIR domain
NADase activity (50). We suggest that additional multi-
domain proteins encoding TIR NADases are likely regulated
via metabolite binding, sensing changes in cellular metabolism
and responding via NAD+ hydrolysis.
DISCUSSION

This brief survey of SARM1 and the family of TIR domain
NADases demonstrates that mechanistic insights into SARM1
regulation and function have enabled major breakthroughs in
our understanding of TIR domain proteins across the domains of
life. Key insights from these studies are the identification of
SARM1/NMNAT2 as the first candidate mammalian toxin/
Frontiers in Immunology | www.frontiersin.org 482
antitoxin pair, the recognition of multidomain TIR containing
proteins as coordinated metabolic sensors and effectors, and the
realization that there is a striking commonality between
mechanisms of neurodegeneration and the primordial battle
between bacteria and bacteriophages.
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Many pathogens encode proteases that serve to antagonize the host immune system.
In particular, viruses with a positive-sense single-stranded RNA genome [(+)ssRNA],
including picornaviruses, flaviviruses, and coronaviruses, encode proteases that are not
only required for processing viral polyproteins into functional units but also manipulate
crucial host cellular processes through their proteolytic activity. Because these proteases
must cleave numerous polyprotein sites as well as diverse host targets, evolution of these
viral proteases is expected to be highly constrained. However, despite this strong
evolutionary constraint, mounting evidence suggests that viral proteases such as
picornavirus 3C, flavivirus NS3, and coronavirus 3CL, are engaged in molecular ‘arms
races’ with their targeted host factors, resulting in host- and virus-specific determinants of
protease cleavage. In cases where protease-mediated cleavage results in host immune
inactivation, recurrent host gene evolution can result in avoidance of cleavage by viral
proteases. In other cases, such as recently described examples in NLRP1 and CARD8,
hosts have evolved ‘tripwire’ sequences that mimic protease cleavage sites and activate
an immune response upon cleavage. In both cases, host evolution may be responsible for
driving viral protease evolution, helping explain why viral proteases and polyprotein sites
are divergent among related viruses despite such strong evolutionary constraint.
Importantly, these evolutionary conflicts result in diverse protease-host interactions
even within closely related host and viral species, thereby contributing to host range,
zoonotic potential, and pathogenicity of viral infection. Such examples highlight the
importance of examining viral protease-host interactions through an evolutionary lens.

Keywords: viral proteases, host-virus evolution, innate antiviral immunity, molecular arms races, effector-triggered
immunity, inflammasome
INTRODUCTION

Positive-sense single-stranded RNA [(+)ssRNA, see Table 1 for glossary of abbreviations] viruses
represent the largest group of RNA viruses, spanning 30 divergent viral families that include
important human pathogens in Flaviviridae, Picornaviridae, and Coronaviridae such as dengue
virus, poliovirus, and SARS-CoV-2 (1). Despite their diversity, many viruses in this group share a
common replication strategy: their (+)ssRNA viral genomes are delivered to host cells as a
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translation-ready mRNA that encodes a multidomain viral
polyprotein. Following translation of the viral polyprotein by
host ribosomes, one or more embedded viral proteases cleave the
polyprotein into individual, functional proteins at numerous
sequence-specific positions (Figure 1A). Polyprotein cleavage
at these specific sites is necessary for sustained virus replication
and propagation, making viral proteases an attractive target for
development of antiviral therapeutics (2, 3).
Frontiers in Immunology | www.frontiersin.org 286
In addition to their essential role in the viral life cycle, (+)
ssRNA viral proteases also cleave host proteins to manipulate
host processes, including the host innate antiviral immune
response (4). Importantly, host targets are cleaved with the
same sequence specificity as sites within the viral polyprotein
(Figure 1B). These dual roles place viral proteases at the
intersection of two opposing selective pressures. On one side,
the virus and its polyprotein site targets are under strong
TABLE 1 | List of abbreviations and alternative names used throughout this review.

Acronym/Abbreviation Alternative Names Definition

General terms
ssRNA Single-stranded RNA
dsRNA Double-stranded RNA
PRR Pathogen recognition receptor
ETI Effector-triggered immunity
LF Lethal Factor

Host factors
NLRP1 NALP1 NACHT, LRR, and PYD domains-containing protein 1
CARD8 CARDINAL Caspase Recruitment Domain Family Member 8
eIF4F Eukaryotic translation initiation factor 4F, composed of subunits eIF4A, EIF4E, and eIF4G
PABP PABPC1 PolyA binding protein
eIF4A Eukaryotic translation initiation factor 4A
eIF4G Eukaryotic translation initiation factor 4G
G3BP1 Ras GTPase-activating protein-binding protein 1
RIG-I DDX58 Retinoic acid-inducible gene-I-like receptor; DEXD/H-box helicase 58
MDA5 IFIH1 Melanoma differentiation-associated protein 5; interferon-induced with helicase C domain 1
cGAS MB21D1; C6orf150 Cyclic GMP–AMP synthase; Mab-21 domain containing 1;
IFN Interferon
ISG Interferon-stimulated gene
STING TMEM173 Stimulator of interferon genes; transmembrane protein 173
MAVS IPS-1, CARDIF, VISA Mitochondrial antiviral-signaling protein; IFN-b promoter stimulator 1
NF-kB Nuclear transcription factor kB, often composed of p65 (RelA) and p50 (NFKB1) subunits
NEMO IKBKG, IKK-gamma Nuclear transcription factor kB essential modulator
STAT2 Signal transducer and activator of transcription 2
IL-1 Interleukin-1
IkBa NFKBIA NF-kB inhibitor alpha
IKK IkB kinase complex, includes NEMO

Picornaviridae
PV Poliovirus
CVB3 Coxsackievirus B3
FMDV Foot-and-mouth disease virus
HepA Hepatitis A virus
EMCV Encephalomyocarditis virus

Coronaviridae
3CL NSP5; Mpro 3C-like; nonstructural protein 5; Main protease
CoV Coronavirus
PLP Papain-like protease
SARS-CoV-2 Severe acute respiratory syndrome-associated coronavirus-2, causative agent on COVID-19
MHV Murine hepatitis virus
hCoV 229E Human coronavirus 229E
bCoV HKU4 Bat coronavirus HKU4
hCoV-OC43 Human coronavirus OC43
hCoV-HKU1 Human coronavirus HKU1
PDCoV Porcine deltacoronavirus

Flaviviridae
NS3 Nonstructural protein 3
HCV Hepatitis C Virus
DENV Dengue virus
YFV Yellow fever virus
WNV West Nile virus
JEV Japanese encephalitis virus
ZIKV Zika virus
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pressure to be conserved, as any changes to the protease
sequence specificity or protease sites without concomitant
changes to the other would be deleterious for viral fitness. On
the other side, viral fitness may be expected to benefit from a
protease’s ability to adapt to and cleave new host targets, newly
evolved sequences in the same host, or divergent sequences in
a different host to facilitate cross-species transmission. This type
of direct engagement between viral proteases and host factors
thus generates an evolutionary conflict where both sides may
be driven to adapt in a type of escalating molecular ‘arms
race’ (5–8).
Frontiers in Immunology | www.frontiersin.org 387
Molecular arms races exist as a result of the competing
evolutionary interests of viruses and their hosts. Such
competing interests establish an evolutionary equilibrium that
is characterized by cyclical adaptations that exemplify a so-called
‘Red Queen’ genetic conflict (9). In these cases, viral adaptations
that allow for successful infection of a host will provide a
temporary advantage to the virus. However, host adaptations
may restore the advantage to the host, applying selection
pressure back to the virus (Figure 2A). Thus, molecular
interactions between viruses and their hosts, particularly those
interactions that contribute to potentiation or inhibition of virus
A

B

FIGURE 1 | Viral proteases cleave specific sites within the viral polyprotein and host proteins. (A) Schematic of an enterovirus (family: Picornaviridae) polyprotein,
with the position of the 3C protease and sites of 3C-mediated cleavage shown. (B) 3C protease recognizes and cleaves viral polyprotein sites and host proteins with
the same sequence specificity.
A B

C

FIGURE 2 | Host-virus evolutionary arms races can be driven by protease-target interactions. (A) Host-virus arms races occur when there is direct interaction
between host and viral factors, which places evolutionary pressure to select for variants. In this scenario, a viral antagonist recognizes and inactivates a host protein,
driving host evolution away from this interaction. The necessity of host target cleavage for virus replication in turn drives evolution of the viral antagonist to reestablish
host target recognition. (B) Single amino acid changes in the sequence-specific cleavage motif can eliminate cleavage by a viral protease. (C) Across a phylogenetic
tree, changes can occur recurrently resulting in differential susceptibility between even closely related species. Red asterisks mark the branch in which an amino acid
change occurred that alters cleavage susceptibility.
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replication, are shaped by immense evolutionary pressure on
both parties: hosts are driven to both maintain interactions that
activate or carry out antiviral defenses and evade virus
interactions that prevent these responses, and viruses are
driven to do the opposite. The result is recurrent adaptation of
both virus and host to promote either virus replication or host
antiviral mechanisms, respectively (Figure 2A) (5–8). Due to
the fact that the direct molecular host-virus interfaces are those
that are being remodeled during such molecular arms races,
single amino acid changes can change the outcome of these
conflicts (5, 7). Indeed, traces of these host-virus conflicts can be
detected in host genomes by identifying gene codons that show
evolutionary signatures of recurrent diversifying (positive)
selection (5, 7, 10). Similarly, viruses are known to adapt during
or following cross-species transmission to a novel host, and such
adaptations can also be characterized by signatures of positive
selection in viral genomes (11–14). Importantly, whether the host
has evolved to the virus or the virus has evolved to the host, the
resulting genetic and molecular changes determine the host
range and pathogenesis of viruses, including influencing the
ability of viruses to zoonotically transmit into the human
population (7, 8, 13).

Due to the importance of sequence specificity to protease-
host interactions, evolutionary arms races at the interfaces of
proteases and their targets would be expected to exist. For
instance, a single amino acid change in a targeted host protein
at a position that is important for sequence-specific protease
cleavage could completely reverse cleavage susceptibility
(Figure 2B). As a result, single lineage-specific changes at any
number of positions in the cleavage motif would be expected to
alter cleavage susceptibility even among closely related hosts,
establishing species-specific host-virus interactions that could
drive viral host range (Figure 2C). Indeed, while a great deal of
research on viral proteases has focused on conserved elements of
protease function, emerging evidence suggests that both hosts
and viruses are evolving in ways that can impact the host- and
virus-specificity of cleavage. Here, we review the host-viral
molecular conflicts engaged by the main proteases of
flaviviruses, picornaviruses, and coronaviruses to emphasize
how proteases of (+)ssRNA viruses act as evolutionary drivers
of host innate immunity, and how viral proteases are being
shaped by these same molecular conflicts. This evolutionary
perspective highlights the importance of viral proteases and
their host targets as being an important determinant of viral
host range, tissue tropism and pathogenesis, and zoonotic
potential of (+)ssRNA viruses.
DESPITE EVOLUTIONARY CONSTRAINTS,
MAIN PROTEASES OF (+)SSRNA VIRUSES
CONTINUE TO EVOLVE

Virus-encoded proteases are essential to the life cycle of
numerous (+)ssRNA viruses. Newly synthesized viral
polyproteins mature into individual, functional proteins via a
Frontiers in Immunology | www.frontiersin.org 488
series of cleavage events carried out by virus-encoded and host
proteases. For Picornaviridae and Coronaviridae, the viral
cysteine proteases 3C and 3C-Like (3CL) respectively, are
responsible for the majority of polyprotein processing events
(Figures 3A, B) (4, 16–19). Most picornaviruses have six or more
3C cleavage sites throughout the polyprotein (Figure 1A), and
there is a preference to cleave between a glutamine (Q) in the P1
position and a small residue [e.g. glycine (G) or serine (S)] in the
P1’ position (Figure 3A) (15, 16, 20). Likewise, coronaviruses
(CoVs) have ten or more cleavage sites for the 3CL protease (also
known as MPro or nsp5 in several CoVs including SARS-CoV-2)
(Figure 3B) (17, 18, 21). Numerous other viral families,
including members of Caliciviridae (e.g. norovirus) (22) and
Potyviridae (e.g. tobacco etch virus) (23) encode a cysteine
protease with a similar specificity for cleavage between a Q and
a small residue, whereas members of Togaviridae (e.g.
Chikungunya virus) use a cysteine protease with different
cleavage specificity (24). Other viral families use a serine
protease, including Flaviviridae, where the serine protease NS3
processes at least four polyprotein cleavage sites (Figure 3C) (25,
26). Here and in subsequent sections, we will predominantly
discuss activities of the 3C, 3CL, and NS3 proteases of
Picornaviridae, Coronaviridae, and Flaviviridae, respectively,
due to their known roles in cleaving mammalian host factors.
It is important to point out that because the polyprotein is
sequentially processed, and not always to completion, protease
activity may also be carried out when 3C, 3CL, or NS3 remains
fused or associated with additional viral proteins (27, 28). This is
especially true in the Flaviviridae, where the NS3 protease usually
functions in association with NS2B (in the case of flaviviruses
such as dengue and Zika viruses) or NS4A [in the case of
hepatitis C virus (HCV)] (26, 29). However, for the sake
of clarity, we will subsequently only refer to the protease
domains of 3C, 3CL, or NS3. Moreover, many (+)ssRNA
viruses encode additional proteases involved in both
polyprotein processing and host antagonism, including the 2A
protease in some picornaviruses and the papain-like protease
(PLP) in coronaviruses (18, 30). Finally, viruses other than (+)
ssRNA viruses can encode proteases that are important for
polyprotein processing, most notably, the retrovirally-encoded
aspartyl protease (31). While all of these additional proteases
from (+)ssRNA viruses and retroviruses play important host
antagonism roles, and likely shape host and viral evolution, they
will not be extensively explored here.

The functions of the (+)ssRNA viral proteases described
above are, by definition of being required for completion of the
viral life cycle, well conserved. In addition to homology between
the proteases themselves, the positions and sequences of the
polyprotein cleavage motifs are often similar between members
of the same viral family. Indeed, this conservation of polyprotein
cleavage motifs has made it possible to compile sequences
surrounding the cleavage site from genome sequences alone to
generate a consensus motif for the viral protease that can be used
to predict host and viral targets (15, 20, 32, 33) (Figure 3A).
These consensus motifs are often generated using many diverse
viruses, relying on the assumption that protease sequence
November 2021 | Volume 12 | Article 769543

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Tsu et al. Host Conflicts With Viral Proteases
specificity is well conserved among virus species. Interestingly,
despite the evolutionary constraint to maintain cleavage across
multiple sites in the polyprotein, virus-encoded proteases are
substantially divergent across viruses (Figure 3). For instance,
picornavirus 3C proteases can share less than 20% amino acid
sequence identity, despite sharing an overall similar fold and
many homologous cleavage sites (15). Similar evolutionary
distances are observed with other families of proteases,
including Coronaviridae 3CL and Flaviviridae NS3 (Figure 3).

Even with the divergence of protease sequences, protease
sequence specificity is expected to be well conserved within
closely related viruses given the essentiality of cleaving multiple
site-specific polyprotein sites. Surprisingly, there is mounting
evidence that this is not the case. For instance, among closely
related serotypes of dengue virus (DENV), biochemical
substrate profiling has revealed a subtle but clear shift in the
NS3 protease cleavage sequence specificity profile (34). This
type of in-depth comparative biochemical analysis of other (+)
ssRNA proteases has not been conducted, but assays on model
substrates have revealed differences in cleavage specificity even
Frontiers in Immunology | www.frontiersin.org 589
among 3C proteases within the Enterovirus genus of
Picornaviridae (35). Some of the best evidence that protease
sequence specificity is changing between related viruses has come
from studies using chimeric viruses in which the protease of one
virus species is inserted into the backbone of another virus. If
such protease swaps result in insufficient or improper cleavage of
the polyprotein and reduced viral replication, it would suggest
divergence in protease sequence specificity between the parental
viruses. For example, among enteroviruses (Figure 3A),
replacing the poliovirus (PV) 3C protease with 3C proteases
from human rhinovirus 14 or coxsackievirus B3 (CVB3)
resulted in reduced, changed, or loss of cleavage products
(36). Likewise, within the Flavivirus genus of Flaviviridae
(Figure 3C), swapping the protease domain of DENV NS3 for
the protease domain of yellow fever virus (YFV) ablates
processing of polyproteins containing DENV cleavage sites
(37). Additionally, West Nile virus (WNV) NS3 can cleave a
polyprotein site in only one of two closely related DENV2
strains, where the only difference is in the residue in the P1’
position (38). While some of these differences may be attributed
A B

C

FIGURE 3 | Main proteases in Picornaviridae, Coronaviridae, and Flaviviridae. (A) Phylogenetic tree of available RefSeq Picornaviridae 3C protease protein sequences
(151 total, top). Names of viruses with human relevance or referenced throughout the text are listed next to their respective genus or singular node. The consensus
enterovirus 3C cleavage motif (bottom) as was generated previously (15). The cleavage site is shown flanked by four amino acids upstream (labeled P4 through P1)
and four amino acids downstream (labeled P1’ through P4’). (B) Schematic of the SARS-CoV-2 (family: Coronaviridae) nonstructural (ORF1ab) polyprotein, with the
position of the 3CL protease and sites of 3CL-mediated cleavage shown. Phylogenetic tree of available RefSeq Coronaviridae 3CL protease protein sequences (64
total). Names of viruses with human relevance or referenced throughout the text are listed next to their respective genus. (C) Schematic of the dengue virus (DENV)
(family: Flaviviridae) polyprotein, with the position of the NS3 protease and sites of NS3-mediated cleavage shown. Phylogenetic tree of available RefSeq Flaviviridae
NS3 protease protein sequences (68 total). Names of viruses with human relevance or referenced throughout the text are listed next to their respective genus.
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to the requirement for NS3 proteases to bind to lineage-specific
activating cofactors to further augment cleavage specificity (39–
47), it is also likely that these changes in cleavage specificity are
dependent on non-conserved residues in the binding pocket of
the NS3 protease (48). Similarly, within Coronaviridae,
replication competent chimeric murine hepatitis virus (MHV)
could not be recovered when the 3CL protease was replaced with
one of many related alpha- or beta-coronavirus proteases
including SARS-CoV, hCoV-229E and bat CoV-HKU4
(Figure 3B). Only when the MHV 3CL was replaced with the
two most closely related beta-coronaviruses, hCoV-OC43 and
hCoV-HKU1, could virus be recovered, but with a substantial
fitness cost (49). Altogether, these biochemical and chimeric
virus studies illustrate that (+)ssRNA viruses have undergone
lineage-specific evolution in both their protease sequence
specificity as well as their many polyprotein cleavage sites.
(+)SSRNA VIRAL PROTEASES HAVE
EVOLVED IN CONFLICT WITH
THEIR HOSTS

The above-described changes in protease sequence specificity do
not require invocation of adaptation. Indeed, evolutionary drift
could result in changes to the viral protease and its cleavage sites,
including those that result in loss of fitness for chimeric viruses.
However, there is another selective pressure that likely shapes
viral protease evolution: the advantage that viruses gain by
cleaving host targets. Proteins in multiple cellular processes
have been identified as targets of viral proteases, many of
which are involved in the host antiviral immune response (4).
Many of these host targets are divergent between species,
potentially establishing molecular barriers to cross-species
transmission. Although the ability to cleave the viral
polyprotein is an invariant function of viral proteases, we posit
that cleavage of specific host proteins may be selected for during
viral evolution, especially during or following cross-species
transmission. Indeed, pathogenicity of a mouse-adapted SARS
coronavirus required two mutations in 3CL to facilitate rapid,
robust virus replication (50). Although it has not been
established whether these 3CL changes result in changes in
host target cleavage, these data indicate that protease evolution
may be required for successful adaptation to a novel host species.

Several excellent reviews have been written describing the
diverse host targets that are cleaved by viral proteases (4, 16, 17,
19, 51). In many cases, the described host-virus interaction has
focused on a single or a small number of related viral proteases
and only a single host species, often humans. Thus, the
importance of host and virus diversity in these interactions is
often poorly understood. However, evidence is accumulating that
viral proteases and their host targets are engaged in species-
specific interactions. Below, we highlight such cases in which
host and viral diversity alter the outcome of the interaction
between host pathways and proteases of picornaviruses,
flaviviruses and coronaviruses, illustrating this ongoing
molecular arms race.
Frontiers in Immunology | www.frontiersin.org 690
Viral Proteases Target Essential Host
Processes in a Virus-Specific Manner
Some of the best studied targets of viral proteases, especially from
picornaviruses, are involved in well conserved processes such as
translation initiation or translation control (52, 53). In many
cases, the functional outcome is similar: viral proteases
antagonize a host molecular function in a way that benefits the
virus. However, the specific host protein or specific site within
that host protein can be divergent between different viruses,
highlighting differences in protease cleavage specificity between
related viruses, as well as the convergence of viral protease
cleavage on the same host pathways. Thus, even for host
functions that are ‘well conserved’ targets of protease cleavage,
there is surprising mechanistic diversity. Below we highlight two
such examples in well described targets of picornavirus proteases,
but likely many other similar examples exist.

Translation of picornavirus mRNAs occurs via an internal
ribosome entry site (IRES) (54). This bypasses the need to engage
with host cap-dependent translation machinery and offers the
opportunity to induce a ‘host-shutoff’ of translation of host
antiviral proteins while maintaining production of viral
proteins. Many picornaviruses inhibit host translation in a
protease-dependent manner via cleavage of subunits of the
eIF4F cap-binding complex, which binds to host mRNA cap
structures to establish the initiation complex, or poly-A binding
protein (PABP), which binds the 3’ polyA tail of mRNAs
and eIF4G to circularize mRNAs for optimal translation
initiation (55) (Figure 4A). For instance, Foot-and-mouth
disease virus (FMDV) 3C cleaves the eIF4G and eIF4A
subunits of eIF4F (56). Interestingly, neither hepatitis A
(HepA) virus nor encephalomyocarditis virus (EMCV) 3C
target eIF4G for cleavage, but both target PABP (57, 58).
Convergently, PV also targets PABP, but at a site that is ~100
residues away from the cleavage site of EMCV (59) and
additionally uses its 2A protease to cleave eIF4G (60). Despite
cleaving different host targets and/or host sites, these interactions
all result in host translation shut-off. These data highlight
functional conservation, rather than molecular conservation, of
picornavirus 3C-mediated inhibition of host translation and
suggests that even among related viruses, there are important
differences in the viral specificity of host target cleavage.

A similar phenomenon is observed in another well-
established target of picornavirus 3C proteases, the stress
granule protein G3BP1 (Figure 4B). Numerous viruses
manipulate stress granule formation for their benefit, as this is
a major intersection point between translation control and
cellular stress responses (53, 61). Among the mapped cleavage
sites in G3BP1, PV 3C cleaves at Q326 (62) while FMDV 3C
cleaves at E284 (63), but both of these cleavage events benefit the
virus by manipulating stress granule formation. These findings
further demonstrate the convergence of 3C cleavage onto the
same host target, while highlighting how subtle differences in
cleavage specificity can impact viral targeting of host factors. Of
note, the P1 and P3’ positions of the PV cleavage site are altered
in a way that would prevent cleavage of mouse G3BP1, which is
otherwise >90% identical to the human protein (Figure 4B).
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Whether host G3BP1 is cleaved by enteroviruses that infect
rodents, and at what site, has yet to be determined.

Proteins in the Innate Antiviral Immune
Response Are Common Targets of
Viral Proteases
n addition to essential cellular processes, proteins in the innate
antiviral immune response are common targets of diverse viral
proteases. The host antiviral response is initiated when cells detect
viral products (Figure 5A). Following entry into a host cell, viral
nucleic acids can be detected by host pattern recognition receptors
(PRRs) such as RIG-I,MDA5, and cGAS.While RIG-I andMDA5
directly detect viral ssRNA or dsRNA as a product of (+)ssRNA
virus replication (67–71), the cytosolic DNA sensor cGAS can be
indirectly activated via virus-induced mitochondrial damage and
subsequent release of mitochondrial DNA that can occur during
(+)ssRNA viral infection (72). After ligand binding, PRRs recruit a
series of adaptor proteins, ultimately resulting in the production
and secretion of type I and III interferons (IFN-I and IFN-III) (73).
IFN-I and IFN-III are antiviral cytokines that signal in an autocrine
or paracrinemanner to induce expression of interferon-stimulated
genes (ISGs), which act to directly and indirectly inhibit virus
replication and establish an antiviral state in the host
(74) (Figure 5A).

Induction of IFN and subsequent upregulation of ISGs is
critical to the host antiviral defense. Therefore, proteins involved
in these pathways are common targets of viral antagonism (73),
including several that are cleaved by (+)ssRNA viral proteases
(Table 2 and Figure 5A). For instance, NS3 from DENV and
other flaviviruses can cleave and inactivate STING to prevent
sensing of cytoplasmic mitochondrial DNA (65, 75), whereas PV
and possibly other 3C proteases cleave RIG-I during infection
(76, 96) (Figure 5A). Tellingly, many proteases convergently
Frontiers in Immunology | www.frontiersin.org 791
cleave the same host targets. For instance, CVB3 3C and HCV
NS3 are both able to cleave MAVS (77, 78), a critical innate
immune adaptor for both MDA5 and RIG-I (Figure 5A). 3CL
proteases from Porcine Epidemic Diarrhea Virus (PEDV),
porcine deltacoronavirus (PDCoV), and feline infectious
peritonitis virus (FIPV), as well as 3C proteases from FMDV
and HepA can also inhibit RIG-I/MDA5 pathways by cleaving
nuclear transcription factor kB (NF-kB) essential modulator
(NEMO), a bridging adaptor protein involved in activating
both NF-kB and interferon-regulatory factor signaling
pathways (89–93, 97) (Figure 5A). Finally, STAT2, one of the
critical transcription factors that transmits the signaling of IFN
to ISG production (Figure 5A), is cleaved by the 3CL from
PDCoV (85), although whether other 3CLs cleave this protein is
unknown. Altogether these data show that viral protease-
mediated cleavage of innate immune signaling proteins is a
common strategy across (+)ssRNA viruses to prevent the
antiviral response and promote virus replication.

Many proteins in the innate antiviral immune response are
rapidly evolving within and between host populations (98–100).
One potential consequence of these host changes is that a
cleavage site for a viral protease may be present in one host
but not another. If there is strong selection for the virus to restore
antagonism of that host function, there would be selection for
viral proteases that would change the sequence specificity of host
target cleavage to either restore cleavage of the original site,
cleave another site on the host protein, or cleave another protein
in the host pathway (Figure 5B). Such an evolutionary model
can be used to understand the genetic bases for host- and viral-
specificity of protease cleavage. For many of the known
interactions between host immunity proteins and viral
proteases, there is little information on how host and viral
evolution shapes the outcome. However, analyses on two host
A

B

FIGURE 4 | Antagonism of host cellular processes by viral proteases. (A) Diverse viral proteases inhibit translation of host mRNA through cleavage of initiation factors
and/or poly(A)-binding protein. (B) Host and virus species-specific cleavage of the stress granule protein G3BP1 by picornavirus proteases.
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A B

C D E

FIGURE 5 | Protease antagonism of IFN induction and signaling pathways. (A) Examples of viral proteases that antagonize the innate antiviral immune response,
including antagonism of IFN-induction (left) or signaling downstream of IFN (right). (B) Model for how protease sequence specificity may be driven to evolve by
conflicts with host factors. Following host evolution, or cross-species transmission, viral proteases may no longer be able to antagonize a given host factor. To re-
establish host antagonism, the protease can evolve to cut a different sequence at same host site (left) or may evolve to cut a new site elsewhere in the host protein
(right). (C, D) Evolution of MAVS (64) (C) and STING (65) (D) across primates and other mammals confers resistance or susceptibility to flaviviral protease cleavage.
Red asterisks mark the inferred branch in which an amino acid change occurred that alters cleavage susceptibility. (E) Human STING cleavage by flavivirus NS3
proteases is virus species-specific. Data adapted from (66).
TABLE 2 | Select list of IFN pathway-related targets of (+)ssRNA virus proteases.

Host target Viral protease References

STING NS3 (NS2B3) (ZIKV, JEV, WNV, YFV, DENV) (65, 66, 75)
RIG-I 3C (PV) (76)
MAVS NS3 (NS3-4A) (HCV, GBV-B) (64, 77–82)

3C (CVB3, SVV)
Riplet NS3 (NS3-4A) (HCV) (83)
MDA5 3C (FMDV) (84)
STAT2 3CL (PDCoV) (85)
TRIF NS3 (NS3-4A) (HCV) (78, 81, 86–88)

3C (CVB3, SVV, EV68)
3CD (HAV)

NEMO 3CL (PEDV, FIPV, PDCoV) (89–93)
3C (FMDV, HAV)

IRF7 3C (EV68) (94)
IRF9 3C (EV71) (95)
Frontiers in Immunology | www.frontiersin.org
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Viral abbreviations are as follows: ZIKV, Zika virus; JEV, Japanese encephalitis virus; WNV, West Nile virus; YFV, Yellow fever virus; DENV, Dengue virus; PV, Poliovirus; HCV, Hepatitis C
virus; GBV-B, GB virus B or Pegivirus B; CVB3, Coxsackievirus B3; SVV, Seneca Valley virus; FMDV, Foot and mouth disease virus; PDCoV, Porcine deltacoronavirus; EV68, Enterovirus
D68; HAV, Hepatitis A virus; PEDV, Porcine epidemic diarrhea virus; FIPV, Feline infectious peritonitis virus.
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targets, described in more detail below, provide evidence for an
arms races between host immunity proteins and viral proteases.

MAVS and STING Have Evolved in
Conflict With Viral Proteases
One well-characterized instance of viral proteases shaping host
gene evolution is in HCV NS3 protease antagonism of the host
protein MAVS. MAVS serves as a critical signaling node to
integrate signals from the nucleic acid sensors RIG-I and MDA5
to downstream IFN production (Figure 5A). Early observations
indicated that MAVS cleavage by HCV NS3 was site specific and
important for viral evasion of the immune system (101).
Subsequent evolutionary analyses revealed that one residue
within the HCV cleavage site in MAVS has evolved under
recurrent positive selection, suggestive that MAVS evolution
has been shaped by NS3 antagonism (64). Variation at this site
across primates affects susceptibility to cleavage by HCV NS3.
Importantly, primate MAVS proteins that have evolved
resistance to cleavage retain a functional IFN response during
HCV infection, providing a potential explanation for the
restricted host range of HCV (Figure 5C) (64). This work also
identified a site evolving under positive selection that is known to
be antagonized by the CVB3 3C protease, and variation at this
site across primates could also alter protease-mediated
antagonism and antiviral signaling through MAVS (64, 78).

Another adaptor protein that connects nucleic acid sensing to
the IFN response is STING, which operates downstream of the
cytoplasmic DNA sensor cGAS (Figure 5A). Originally
described as a species-specific target of DENV NS3 cleavage
(65, 75), STING has evolved under positive selection in primates
and the NS3 cleavage site within STING contains several amino
acid differences across primates that alter the outcome of
cleavage (Figure 5D) (65). Expanding this analysis to a
broader panel of mammals, the NS3 site of cleavage in human
STING has evolved to be cleavage resistant in mice, pigs, and
ground squirrels, whereas naked mole rat and desert woodrat are
susceptible to cleavage (65) (Figure 5D). Interestingly,
differences in protein sequences that affect cleavage do not just
occur between host species; polymorphisms within a host can
also alter the ability of a viral protease to cleave a given target.
Evidence of this process can be observed in human STING
polymorphisms, where the three most common human STING
haplotypes are differentially cleaved by DENV NS3 (102). Not
only is host diversity important, but viral diversity is as well. For
instance, ZIKV, DENV, JEV, and WNV NS2B3 can cleave
human but not mouse STING, whereas YFV NS3 cannot
cleave STING from either species (66) (Figure 5E). Additional
work to identify more divergent flaviviral protease interactions
will further define evolution of STING antagonism.
IMMUNE SENSORS OF VIRAL PROTEASE
ACTIVITY: WHO IS CHASING WHOM?

Cleavage of host proteins by viral proteases often inactivates
the host protein and results in a fitness advantage for the virus.
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In these cases, host evolutionary signatures reveal adaptations
that are presumed to evade cleavage. However, another
possibility exists, in which the host protein can sense the
presence of the viral protease in the cytoplasm through an
evolved sequence that mimics the viral polyprotein cleavage
site. Sensing of pathogen-encoded activities such as toxins and
effector enzymes, known as effector-triggered immunity (ETI), is
well-described in plants but is also emerging as an important
immune mechanism in animals (103–106). Three such signaling
pathways, described below, are known to detect the main
protease activity of human viruses.

NLRP1 Mimics Diverse Picornaviral 3C
Cleavage to Trigger Inflammation
One of the best described cases of mammalian ETI involves
NLRP1 (NACHT, LRR, and PYD domains-containing protein 1;
Figure 6A), a critical sensor for the innate immune complex
known as the inflammasome. Mouse NLRP1B was identified in a
genetic screen as a determinant of differential susceptibility
between mouse strains to Lethal Toxin, a virulence factor
responsible for the major pathologies seen during infection by
the bacterial pathogen Bacillus anthracis (107). Further research
identified that NLRP1B was a target of cleavage by the secreted
bacterial protease component of Lethal Toxin, termed Lethal
Factor (LF). Interestingly, mice with a cleavage-susceptible
variant of NLRP1B were protected from B. anthracis challenge,
indicating that cleavage of NLRP1B was immunologically
protective (108, 109). The mechanism by which this occurs,
termed ‘functional degradation’ (110, 111), depends on the
FIIND domain encoded within NLRP1B, which undergoes a
constitutive self-cleavage event (known as ‘auto-processing’)
such that the N-terminal domains and C-terminal CARD-
containing fragment of NRLP1B exist as two distinct,
noncovalently associated polypeptides (112, 113) (Figure 6B).
Once LF cleaves upstream of the FIIND domain in NLRP1B, the
released product has a new N-terminus that is recognized by the
N-end rule cellular machinery and targets it for proteasome-
mediated degradation. However, as a result of the break in the
polyprotein backbone within the FIIND domain, proteasome-
mediated degradation of NLRP1B ceases after degrading the N-
terminal domains, leaving the bioactive C-terminal fragment
intact and able to assemble into an active inflammasome
(Figure 6B) (110, 111). The unusual domain architecture of
NLRP1B thus facilitates the mounting of the inflammasome
response upon proteolytic cleavage of the N-terminus.

LF cleaves within the rapidly evolving ‘tripwire’ region of
mouse NLRP1B but fails to cleave or activate human NLRP1.
Interestingly, human NLRP1 has an analogous rapidly-evolving
‘tripwire’ region (Figure 6A), and cleavage of human NLRP1 via
an engineered tobacco etch virus (TEV) protease cleavage site can
activate the inflammasome (114). These data suggested that
human NLRP1 may also detect pathogen-encoded proteases and
activate the inflammasome via a functional degradation
mechanism. Indeed, we and others recently identified that
human NLRP1 recognizes picornavirus 3C protease activity and
serves as a tripwire for inflammatory cell death and downstream
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inflammatory signaling (15, 115). During enterovirus infection, 3C
cleavage of NLRP1 results in assembly of the active inflammasome
and subsequent pro-inflammatory cytokine release (15, 115),
including in human primary airway epithelial cells (115).
Interestingly, based on phylogenetic analyses, the 3C-protease
site mimic in this specific region of NLRP1 only evolved in the
primate lineage, and is only cleavable in some primates (15).
Differences across simian primates and a SNP within the human
population prevent cleavage and inflammasome activation (15).
Although mice lack this human-aligned cleavage site, we
discovered a similar phenomenon where picornavirus 3C
proteases cleave NLRP1B at different sites to activate the
inflammasome in a virus- and mouse-strain-specific manner (15).

In addition to host diversity, viral diversity also determines
NLRP1 cleavage. While all enteroviruses cleave the same site
within NLRP1 and activate the inflammasome, other
picornaviruses cleave NLRP1 at different sites within the
N-terminal domain or do not cleave NLRP1 (15). For instance,
the 3C protease of EMCV does not cleave NLRP1, and
resultingly no activation of the NLRP1 inflammasome was
observed upon EMCV infection (15). As numerous sites in the
protease-sensing N-terminal region of NLRP1 are evolving
under positive selection (114), other independently evolved
tripwire sites within NLRP1 may sense divergent 3C or other
viral proteases.
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Intracellular HIV-1 Protease Activity
Triggers Inflammation via CARD8
Another inflammasome mediator, CARD8, is known to share the
unusual C-terminal domain structure critical for the sensing
mechanism of NLRP1 – the FIIND domain followed by a CARD
domain (Figure 6A) (116, 117). In addition to these domain
similarities, CARD8 inflammasome assembly can also be
activated by the same small molecules as NLRP1 (117). Such
similarities initially suggested that CARD8 could also be
activated using a functional degradation model to act as a
tripwire sensor of pathogen-encoded activities (116). Indeed,
the protease of human immunodeficiency virus 1 (HIV-1) can
cleave and activate the CARD8 inflammasome in an activation
mechanism that resembles NLRP1 (118). While HIV-1 protease
is normally important for cleaving viral polyproteins in the
maturing capsid, treatment with specific non-nucleoside
reverse transcriptase inhibitors (NNRTIs) can result in
protease activity in the cytoplasm (119). Under these NNRTI
treatment conditions, HIV-1 proteases from four prevalent HIV-
1 subtypes cleave CARD8 and activate the inflammasome,
resulting in pro-inflammatory cytokine release and influencing
clearance of latent HIV-1 in primary CD4+ T cells (118). While
the extent to which host evolution or evolution of other viruses
influences the activation of the CARD8 system remains
unknown, these findings reveal a broader role for host encoded
A

B
C

FIGURE 6 | Sensing of pathogen-encoded protease activities by host ‘tripwires’. (A) NLRP1 and CARD8 serve as effector-triggered immunity (ETI) sensors to detect
cleavage by viral proteases. Schematic of mouse NLRP1B, human NLRP1, and human CARD8, highlighting the tripwire region (left) and the known protease
effectors (right). (B) Model for how protease cleavage initiates functional degradation of the N-terminal region of inflammasome activators. Activation recruits and
activates caspase-1, which cleaves multiple host proteins, including processing proinflammatory cytokines such as IL-1b, into their mature, bioactive form. (C) Model
for how evolution of host protease site mimics may drive viral protease evolution to either evade cleavage of the host tripwire or antagonize the host in other parts of
the protein or pathway.
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tripwires for viral proteases that can activate a robust immune
response using mimicry of viral protease cleavage sites.

3C-Mediated Cleavage of a Regulator of
NF-kB Triggers Apoptosis
‘Tripwire’ mechanisms such as NLRP1 and CARD8 rely on a
specific elegant, but rare, domain architecture that allows for
coupling of a cleavage event to generation of a bioactive signaling
molecule. An additional mechanism for sensing of viral proteases
arises from the intricate ways that the innate immune response is
negatively regulated. For instance, downstream of NLRP1 and
CARD8, mature inflammatory cytokines are detected by the IL-1
receptor to activate the transcription factor NF-kB, which can
amplify the inflammatory response (120). NF-kB is an essential
transcription factor involved in many innate immune pathways
and can mediate a variety of downstream responses depending
on the input stimuli (121), including pro- or anti-apoptotic
responses (122). Within the cytoplasm, the NF-kB heterodimer,
composed of the Rel family proteins p65 and p50, remains bound
and inactive by members of the inhibitor of kB (IkB) family,
including IkBa (Figure 5A). In response to cytokines such as
IL-1b, IkB kinase (IKK) family proteins phosphorylate IkB
proteins, releasing the active transcription factor to translocate
into the nucleus (120). A previous study demonstrated that IkBa
senses CVB3 3C protease activity (123). The 3C protease was
shown to cleave IkBa, producing a fragment that stably
complexes with p65 and translocates to the nucleus. This stable
complex blocks NF-kB transcriptional activation, resulting in
increased cell apoptosis and decreased viral replication (123).
Thus, cleavage of IkBamay have evolved as another way to sense
viral protease activity and induce cell death to prevent further
virus propagation. Many viral proteases are known to cleave
proteins in theNF-kB pathway (Table 2). Additional characterization
of these virus-host interactions may reveal additional antiviral
mechanisms associated with this critical immune pathway.

Evolutionary Advantages of ETI
In the continual evolutionary conflict between viruses and their
hosts, cleavage mimicry encoded in NLRP1, CARD8 and NF-kB
serve as examples of a successful strategy emerging in host
organisms to exploit highly constrained pathogenic processes.
Viruses are known to use molecular mimicry to antagonize or
subvert the host immune response (124). In the cases of ETI
described above, the host is turning the tables and using mimicry
of viral protease cleavage sites to support the antiviral response.
Rather than mimicry of entire proteins or protein domains,
mimicry of these cleavage sites as ‘short linear motifs’ (SLIMs)
require only a small number of amino acids to hijack the highly
conserved protease activity (125, 126). In order to avoid these
‘tripwires’ and negative regulators of the immune response, these
viruses must either evolve their respective main proteases along
with all affiliate cleavage sites or antagonize the process some
other way (Figure 6C). Supporting this idea, 3C proteases from
some picornaviruses cleave NLRP1 but do not activate the
NLRP1 inflammasome, suggesting that 3C proteases have
evolved to evade detection by NLRP1 by antagonizing NLRP1
Frontiers in Immunology | www.frontiersin.org 1195
function elsewhere (15). We expect that this work may lead to
the discovery that protease-driven ETI strategies may have
evolved more broadly at other sites of host-pathogen conflicts.
DISCUSSION

The proteases of (+)ssRNA viruses have multiple roles in
establishing and maintaining virus infection within a host.
First and foremost, virally-encoded proteases cleave numerous
sequence-specific sites within the viral polyprotein, which is
essential for completion of the viral replication cycle. As a
consequence of this essential activity, the ability of proteases to
evolve novel sequence specificity is highly constrained. However,
viral proteases also serve to manipulate numerous host processes
in the infected cell through site-specific cleavage of host targets.
In this context, changes in protease sequence specificity would
allow the virus to cleave new host targets that might benefit the
virus, or avoid cleaving host targets that are detrimental to the
virus. It is at this intersection that viral proteases are engaged in
evolutionary ‘arms races’ with the host, resulting in varied
interactions across viral and host species and across
evolutionary time. Several examples, including virus-specific
cleavage of essential mRNA translation machinery and host-
specific evasion of cleavage of innate antiviral immune
components, highlight the consequences of these evolutionary
conflicts. More recently, the discovery of host-encoded effector-
triggered immunity (ETI) sensors such as NLRP1 and CARD8
suggest that host mimicry of viral protease cleavage sites is an
efficient strategy to detect the cellular activity of viral proteases.

The extent to which viral protease evolution, and host target
diversity, shape viral host range and pathogenesis remains
unknown and is an exciting area of future research. The
majority of characterized protease-host interactions have been
described for a single virus against a single host, leaving open the
opportunity for more detailed exploration of the evolutionary
dynamics of these interactions. Indeed, examples such as
cleavage of host proteins such as MAVS, STING, and NLRP1
highlight the insights that can be gained from additional analyses
of host and viral diversity in these interactions. Likewise, future
studies aiming to discover additional host targets of viral
proteases, especially those that may be cleaved in a virus-
specific manner, will advance our knowledge of the ways that
protease-host interactions shape viral phenotypes. Finally, ETI
sensors such as NLRP1 and CARD8 may represent just the start
of host proteins that mimic viral protease cleavage sites to induce
an immune response. Further studies aimed to identify ETI
mechanisms against both viral and other pathogen-encoded
proteases will likely continue to reveal novel mechanisms and
evolutionary principles of the host innate immune response.
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The generation of large immune gene families is often driven by evolutionary pressure
exerted on host genomes by their pathogens, which has been described as the
immunological arms race. The SpTransformer (SpTrf) gene family from the California
purple sea urchin, Strongylocentrotus purpuratus, is upregulated upon immune challenge
and encodes the SpTrf proteins that interact with pathogens during an immune response.
Native SpTrf proteins bind both bacteria and yeast, and augment phagocytosis of a
marine Vibrio, while a recombinant SpTrf protein (rSpTrf-E1) binds a subset of pathogens
and a range of pathogen associated molecular patterns. In the sequenced sea urchin
genome, there are four SpTrf gene clusters for a total of 17 genes. Here, we report an in-
depth analysis of these genes to understand the sequence complexities of this family, its
genomic structure, and to derive a putative evolutionary history for the formation of the
gene clusters. We report a detailed characterization of gene structure including the intron
type and UTRs with conserved transcriptional start sites, the start codon and multiple stop
codons, and locations of polyadenylation signals. Phylogenetic and percent mismatch
analyses of the genes and the intergenic regions allowed us to predict the last common
ancestral SpTrf gene and a theoretical evolutionary history of the gene family. The
appearance of the gene clusters from the theoretical ancestral gene may have been
driven by multiple duplication and deletion events of regions containing SpTrf genes.
Duplications and ectopic insertion events, indels, and point mutations in the exons likely
resulted in the extant genes and family structure. This theoretical evolutionary history is
consistent with the involvement of these genes in the arms race in responses to
pathogens and suggests that the diversification of these genes and their encoded
proteins have been selected for based on the survival benefits of pathogen binding and
host protection.

Keywords: sea urchin, invertebrate immunity, Strongylocentrotus purpuratus, gene family evolution, large
gene families
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INTRODUCTION

Large, expanded immune gene families in echinoids were first
identified in the genome sequence of the purple sea urchin,
Strongylocentrotus purpuratus (1, 2). They include the Toll-like
receptor (TLR) gene family that is composed of 253 members (3),
the nucleotide oligomerization domain (NOD) and the NACHT
leucine-rich repeat and PYD containing (NALP) gene families (1,
2), the cysteine rich scavenger receptor gene family (1, 4, 5), the
IL-17 cytokine genes (6), and the SpTransformer (SpTrf) genes of
which 15 have been reported previously but whose copy number
is likely to vary among individual sea urchins (7, 8). Most of the
expanded gene families in the S. purpuratus genome encode, or
are predicted to encode, proteins with immune function based on
i) homologous genes in other species (9), ii) upregulation upon
immune challenge (6, 10–13), or iii) patterns of expression and
expected markers of gene sequence evolution (see below). The
SpTrf gene family is upregulated swiftly upon immune challenge
in sea urchin immune cells, called coelomocytes (10–13),
although expression is restricted to the phagocyte subclass of
coelomocytes in adults (13, 14) and the blastocoelar cells in
larvae (15). As genes that encode proteins with immune
function, native SpTrf proteins opsonize bacteria and augment
phagocytosis (16), and one recombinant protein, rSpTrf-E1,
binds to Gram negative bacteria, yeast, and several PAMPs (17,
18). The SpTrf genes consist of two exons with exon 2 composed
25-27 blocks of sequence called elements, which are present
in a mosaic pattern and whose mosaicism makes up the 51
known element patterns (12, 19) that result in a wide range of
sequences in exon 2 (12). The SpTrf genes also display allelic
polymorphism (7) that increases the diversity of the family in
individual animals and in the population (20). Allelic
polymorphisms impart important diversity in small immune
gene families such as those associated with allorecognition
including the major histocompatibility complex (MHC) locus
in higher vertebrates (21) and the fusion/histocompatibility
(Fu/HC) locus in tunicates [reviewed in (22)]. Allelic
polymorphism is also observed in large gene families such as
the disease resistance (R) genes in plants (23). Differences
between alleles at specific loci contribute to variation in the
immune genes that improves fitness of the host to block and/or
survive pathogen infection.

Large gene families can be generated through several
processes of genome diversification [reviewed in (24)] that
include duplications of large genomic regions, single or tandem
duplications that can include coding regions, duplications that
result in ectopic insertions as have been reported for R genes in
plants [reviewed in (25–27)], inversions, meiotic mispairing of
clustered genes with similar sequence, unequal crossing over of
both intergenic and intragenic regions, and gene conversion in
which a sequence from one gene is copied into a nonallelic gene
of similar sequence (28). These processes that produce large gene
families are the outcome of, and are promoted by, genomic
instability (9). These traits are observable in genes under
pathogen pressure based on the hypothesis that they are
beneficial for maintaining the diversity in immune gene
families to optimize fitness in response to pressure from
Frontiers in Immunology | www.frontiersin.org 2101
pathogen interactions. In keeping with genomic instability,
each SpTrf gene is flanked by GA short tandem repeats (STRs)
that often includes GAT STRs plus long streatches of GA STR
islands that flank two of the clusters (7). Furthermore, there are
six different types of imperfect repeats in exon 2, which make up
the mosaic pattern within the coding region of these genes and
was the basis of the repeat-based alignement (see below) (29).
While repeats are common in the sea urchin genome, the
placement of the STRs around the genes in this gene family is
unique and have been proposed to promote SpTrf gene
duplication or deletion (7, 30). STRs are known to be highly
unstable based on mutation rates that are up to 10 times greater
than non-STR genomic DNA, which leads to genomic instability
(31–34) and is likely a factor of strand-slipage, unequal crossing
over, and/or conversion (35, 36).

The process of maintaining duplicated and altered immune
genes is thought to be a response to pathogen pressure followed
by selection for improved host fitness. However, the pathogen
also responds with counter measures selected to avoid or defeat
these new or modified host immune genes and that provide the
benefits of successful infection and survival [reviewed in (37,
38)]. Both the host and the pathogen exert fitness pressure in a
co-evolutionary arms race, which is known as the Red Queen
hypothesis (39). Like the race between Alice and the Red Queen
in Luis Carroll’s Through the Looking Glass (40) where the two
run a long and hard race only to stay in the same place, infers
that a host can survive pathogen pressure only by rapidly
changing genes that influence susceptibility or resistance to
pathogen infection [(41), reviewed in (42)]. The pressure
imposed on the host and the pathogen often leads to genomic
regions with large expansive gene families (9, 20, 23, 24).
Characteristics of genes involved in an arms race typically
show signatures of positive selection, gene multiplicity, elevated
recombination rates, and sequence variation that appear as
elevated polymorphism and increased species level diversity
(37, 38, 43–45). These processes can lead to the generation of
complex and highly variable gene families that have the potential
benefit of a greater range of pathogen recognition [e.g., (20)].
Some of the more common examples are the human killer cell
immunoglobulin-like receptor (KIR) genes (46), fibrinogen-
related protein genes (FREPs) in snails (47), variable region-
containing chitin-binding protein (VCBP) genes in marine
protochordates [(48), reviewed in (49)], R genes in higher
plants [reviewed in (23)], and NOD-like receptor genes (NLRs)
in animals (50). This phenomenon of multigene families is also
common in other types of receptors, most notably the G-protein
coupled receptors (GPCRs), which are mounted on the surface of
cells and detect diverse types of external stimuli. These include
chemoreceptors (51) such as olfactory receptors that are the
largest multigene family in vertebrates (52, 53), some of the taste
receptors (54, 55), and other GPCRs that identify large numbers
of environmental molecules and trigger signaling pathways
(51–55).

Here we present an in-depth bioinformatic and phylogenetic
analysis of the sequence diversity of the SpTrf gene family that is
encoded in the S. purpuratus genome sequence. We report an
additional cluster of the SpTrf genes and describe details of both
November 2021 | Volume 12 | Article 744783
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the coding and flanking regions of the genes. The results enable a
proposed theoretical evolutionary history for these genes
originating from a last common ancestral (LCA) SpTrf gene,
which subsequently underwent a number of tandem
duplications, ectopic insertions, inversions, and intergenic
indels and point mutations to generate the extant clustered
genes in the genome sequence. While the genes identified in
the sea urchin genome sequence are limited to a single animal,
the analysis of these genes can be used as a basis for further work
to understand genomic instability in the SpTrf gene loci in other
S. purpuratus individuals that have different genotypes and
different numbers of the SpTrf genes. These initial results
suggest that genomic instability may be a key mechanism to
promote diversification of immune gene families in echinoids
that are locked in arms races with their pathogens.

MATERIALS AND METHODS

Bacterial Artificial Chromosome Clones
The sea urchin BAC library that was used to generate the genome
assembly was the source of the BACs used in this analysis (56).
They included BAC 10B1 (GenBank accession number
KU668451; 157472 nt), BAC 10K9 (GenBank accession
number KU668453; 144627 nt), BAC 10M18 (GenBank
accession number KU668450; 74402 nt), and BAC 3104P4
(GenBank accession number KU668454; 118584 nt) (7). The
identification of SpTrf genes in BAC insert sequences, plus the
characterization of element patterns, untranslated regions,
introns, and open reading frames were carried out according to
Oren et al. (7). GenePalette1, a universal software tool for
genome sequence visualization and analysis (57), was used to
identify the locations of individual SpTrf genes within each BAC
insert sequence based on the locations of the SpTrf primer
sequences (R1, F2, F5, F6, R9; see Supplementary Table S1).
The 5ʹ and 3ʹ ends of the genes were identified using conserved
primer sequences [5ʹUTR and 3ʹUTR; Supplementary Table S1;
and see (7)]. SpTrf genes identified in the BAC insert sequences
were added to a pre-aligned set of 121 unique SpTrf genes and
689 cDNAs with known and identified element patterns as
previously reported (11, 19). The deduced amino acid
sequences were aligned by hand in BioEdit (ver 7.2.5) (58) to
identify the exons and to produce a repeat-based alignment and a
cDNA-based alignment as previously reported (12, 19). The
exons and the elements were identified and labeled for each
SpTrf gene and verified based on previously reported genes.
Introns were identified for each gene using the repeat-based
alignment in BioEdit in which the 3′ end of exon 1 was used to
identify the conserved GT splice signal that was approximately
54 nucleotides (nt) from the start codon and the conserved AG
splice signal that was located approximately 550 nt from the start
codon [see (59)]. Introns were removed from genes to determine
whether all genes had open reading frames using NBCI Open
Reading Frame Finder2.
1http://www.genepalette.org
2http://www.ncbi.nlm.nih.gov/orffinder
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The cDNA sequence of Sp0273 [GenBank accession number
CK828488.1 (10)] was used to identify the 5′UTR and the TATA
box, and the Sp0065 cDNA sequence [GenBank accession
number CK828780 (10)] was used to identify the poly
adenylation sites. GenePalette was used to identify additional
polyadenylation sites in the 3ʹUTR region of the genes. The
5ʹUTR and 3ʹUTR sequences were identified in GenePalette and
verified from partial cDNA sequence data (10).

PRANK Analysis
Computational alignments of the deduced SpTrf proteins were
done using GUIDANCE23 (60–62). Codons were aligned using
the multiple sequence alignment (MSA) algorithm in PRANK4

(63), an alignment-based software program that processes and
identifies the placements of indels. The program was set to trust
insertions (F+). Bootstrap guide-trees of 100 iterations were
generated, which were further used to calculate 400 alternative
alignments using PRANK with F+ before the GUIDANCE2
score was calculated to display whether the alignment was
optimal. GUIDANCE scores were analyzed, however because
the majority of sequences, columns, and amino acids with low
GUIDANCE scores (here defined as >0.8) were associated with
the outgroup sequences, the alignments were left unmodified
prior to further analysis (data not shown). The deduced
translated sequences for the 5ʹ and 3ʹ flanking regions (FRs),
introns, and intergenic regions (IGRs) were also aligned with
GUIDANCE2 using PRANK with the same parameters. The
edges of the FRs included the 5ʹ and 3ʹ UTRs and extended to the
location of the flanking GA STRs.

Sequence Similarity and Percent
Mismatch Analysis of SpTrf Genes
Sequence similarity among genes with the same or relatively
similar element patterns was evaluated with three approaches.
i) Percent coverage and percent identity values were established
using the basic local alignment search tool (BLAST5).
ii) Sequence identity matrices were calculated in BioEdit (ver
7.0.5.3) based on the alignment of the deduced proteins. The
number of identical residues were calculated while treating gaps
as a fifth state to evaluate the similarities among the deduced
proteins. iii) A pairwise distance matrix was calculated with
Molecular Evolutionary Genetics Analysis [MEGA76, ver 7.0 for
larger datasets (64)] using the codon alignment generated in
PRANK with preset parameters. All three analyses were run on
six regions of the genes that included the 5ʹFR, exon 1, the intron,
exon 2, and the 3ʹFR, in addition to the IGRs. Percent
mismatches were calculated according to the equation
[pairwise distance/Ln2], in which the results were generated
from the average pairwise distance matrix data for each gene
compared to every other gene, divided by Ln2, in which the
superscript 2 indicates the number of sequences that were
compared. A graphical representation of these values was
generated using Excel (Microsoft).
3http://guidance.tau.ac.il/ver2/
4http://wasabiapp.org/software/prank/
5https://blast.ncbi.nlm.nih.gov/Blast.cgi
6http://www.megasoftware.net

November 2021 | Volume 12 | Article 744783

http://www.genepalette.org
http://www.ncbi.nlm.nih.gov/orffinder
http://guidance.tau.ac.il/ver2/
http://wasabiapp.org/software/prank/
https://blast.ncbi.nlm.nih.gov/Blast.cgi
http://www.megasoftware.net
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Barela Hudgell and Smith Evolution of the SpTrf Gene Family
Phylogenetic Trees
MEGA7 was used to generate phylogenetic trees from the
PRANK alignments of the 5ʹFR, exon 2, the intron, and the
3ʹFR (~400 nt for the FRs) to determine the evolutionary
relatedness among the sequences. Representative Trf sequences
were selected from the sea urchin, Heliocidaris erythrogramma
[HeTrf; GenBank accession numbers JQ780171-JQ780321; 29
genes; 39 introns (65)], which were used as the outgroup for
phylogenetic analyses of both exon 2 and the intron of the SpTrf
genes. Additional SpTrf genes (121 genes, 22 introns) were
acquired from Buckley and Smith (19) and used to generate
intron and expanded exon 2 trees (Supplementary Figures S1,
S2). A single Trf gene identified from the Lytechinus variegatus
genome sequence7 [LvTrf; Lv=185/333B3d; NCBI Accession
GCA_000239495.1; Scaffold 232, 80220 to 85000 (66)] was
acquired and included 2500 nt on each side of the gene. The
5ʹFR and 3ʹFR (~400 nt) of the LvTrf gene were used as the
outgroup in the FR alignment of the SpTrf genes. Maximum
likelihood, neighbor joining, and maximum parsimony with pre-
set parameters were used to generate phylogenetic trees.
Bootstrap iterations were set to 500 and nodes with a
bootstrap value of <50 were collapsed. All trees resulted in
similar structure (Supplementary Figures S3, S4).

Dot Plots
Dot plots were generated using YASS8 genomic similarity search
tool to identify repeats and regions of similarity among genes
within and among the four gene clusters. The e-value threshold
ranged from 10,000 to e-30 as was optimal for different analyses
(67). Dot plots from YASS were used to evaluate the sequence
variations between allelic BAC 10B1 and BAC 10K9.

Analysis of Intergenic Regions Among
Non-Duplicated Genes
Dot plots were generated using the e-value threshold set to e-20.
The IGRs between different genes were compared, which
consisted of 3 kb flanking the 5ʹ and 3ʹ ends of the allelic A2
and A2a (A2/a) genes, the entire 6.9 kb IGRs between the E2/a
and the E2b/01 genes, 3 kb to the 3ʹ side of the E2b/01 genes,
IGRs between the D1b/e and E2/a genes, and the IGRs between
the D1h/f genes and the GAT STRs.

Verification of Allelic BACs
Sequence variations between allelic BAC 10M18 and BAC
3104P4 were analyzed using GenePalette in which GA and
GAT STRs were mapped using the sequences GAGAGA and
GATGATGAT, respectively, while allowing for a single mismatch.
Primers GA1F-GA3F and GA1R-GA3R (Supplementary Table
S1) were designed to amplify large regions of STRs to evaluate
variations in STR lengths using PrimeSTAR GLX high fidelity
DNA Polymerase (Takara) to ensure as little polymerase slippage
as possible. The PrimeSTAR GLX protocol was 1X PrimeSTAR
GXL buffer, 200 mM of each dNTP, 10-15 pmol of each primer,
10 ng BAC DNA, 0.5 U of PrimeSTAR polymerase in a final
volume of 20 mL. The PCR program was 95°C for 5 min, followed
by 25 cycles of 95°C for 30 sec, 60°C for 30 sec, and 72°C for 4
7http://whis.caltech.edu/Echinobase/LvAbout
8http://bioinfo.lifl.fr/yass/index.php
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min with a final extension of 72°C for 7 min and a hold at 4°C.
Amplicons were separated on a 0.75% agarose gel with
Tris-acetate-EDTA buffer (TAE: 40 mM Tris-acetate pH 8.0,
1.0 mM EDTA).

Synonymous vs. Nonsynonymous
Nucleotide Changes
Exon 2 of SpTrf genes with the same element pattern were
compared to identify synonymous vs. nonsynonymous single
nucleotide polymorphisms (SNPs). SNPs were catalogued by eye
from the alignments and verified with Synonymous Non-
synonymous Analysis Program (SNAP9; ver 2.1.1) (68) and
Single-Likelihood Ancestor Counting (SLAC) (69) in
datamonkey10 (70–72). The dN/dS value for each gene was
calculated based on the Jukes-Cantor corrections (73–75).
SNAP was used as an alternative method to evaluate the
dN/dS and the number of synonymous vs. nonsynonymous
substitutions because SNAP was capable of calculating dN/dS
values between two genes rather than a group of genes required
by SLAC. SLAC was used to confirm results for the seven D1
genes. Purifying selection was defined as dN/dS of < 1, whereas
diversifying selection was defined as > 1. Because the D1f and
D1h gene sequences were identical, they were combined and
noted as D1f/h for comparisons to the other D1 genes.

RESULTS

Pairs of BAC Inserts Are Likely Allelic
Rather Than Clones That Cover Identical
Genomic Regions
Clusters 3 and 4 Are Allelic
Previous work defined three SpTrf gene clusters from BAC insert
sequence analysis, of which Clusters 1 and 2 were defined as
allelic based on the nearly identical sequences of the genomic
regions that flank these two SpTrf gene clusters (7). The allelic
region for Cluster 3 was not reported because the two tightly
linked SpTrf genes in Cluster 3 were present in both BAC 10M18
and BAC 3104P4 and were reported as replicates of the same
region of the genome (7). This assumption was feasible given the
25X coverage of the BAC library (56). To verify whether these
two BAC inserts were identical or allelic, the sequences were re-
evaluated by dot plot comparison followed by verification using
PCR amplification of the gene clusters and three large flanking
STRs. The two SpTrf genes on BACs 10M18 and 3104P4
encompassed about 10 kb, which was verified by PCR, and had
identical sequences based on comparisons using GenePallete
(Figure 1A, purple angle arrows; Figure 1B). Three large GA
STR islands were associated with the gene clusters based on
GenePallete (Figure 1A and Table 1). PCR amplicons of the
STRs indicated different sizes for the STR2 amplicon for the two
BACs (Figure 1C). This suggested that BAC 10M18 (Cluster 3)
and BAC 3104P4 (Cluster 4) were likely allelic and were
identified as Locus 2 for the SpTrf gene family in the sea
urchin genome.
9https://www.hiv.lanl.gov/content/sequence/SNAP/SNAP.html
10http://classic.datamonkey.org/dataupload.php
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Cluster 1 and Cluster 2 Have an Intergenic Region
of Dissimilarity
Previous analysis of Clusters 1 and 2 of Locus 1 (Figure 1A)
report different numbers of SpTrf genes, of which some genes are
unique to a particular cluster based on different element patterns
(7). Cluster 1 (BAC 10B1) has seven SpTrf genes while Cluster 2
(BAC 10K9) has six (7, 30). However, the flanking regions of
these two allelic regions show approximately 99% sequence
identity, which was the basis for reporting their allelic
relationship rather than as two different loci (7). Dot plots of
the BAC inserts for Locus 1 verified their allelic status, but also
identified regions with significant sequence variations in the
Frontiers in Immunology | www.frontiersin.org 5104
intergenic regions (IGRs) and in the flanking regions that
surround the clusters (Figure 2). Although most of the region
flanking the clusters generally aligned, Cluster 2 had a large
deletion (Figure 2A, blue bar), in agreement with the previous
report (7). The IGRs between the A2 and B8 genes in Clusters 1
and 2 were different in size and sequence that remained evident
after increasing e-value threshold for the dot plot (67)
(Figures 2A, B). The sequence identity of this region of
dissimilarity in the two clusters was 42% to 48.1% based on
BLAST and BioEdit analysis, respectively. When these sequences
were used to search for other matches in the sea urchin genome
in the NCBI database only poor matches were identified with
percent mismatches of ~45.7% identity (based on results using
MEGA7). A more detailed analysis of the IGRs between the A2
an B8 genes showed that there were two discrete areas of
variation (Figure 2C). The first was 3.8 kb that was only
present in Cluster 2, which was flanked on both sides by
regions of high similarity with Cluster 1 (Figures 2A, C; red
stripes). At the 5ʹ end of the IGR near the A2 genes in each cluster
was 1.1 kb of non-coding sequence that included the GA STRs.
In the 3ʹ direction was 718 nt in Cluster 2 that matched with 96%
identity to 730 nt in Cluster 1 (Figure 2C, yellow). The second
region of dissimilarity (<40% identity) was 6.1 kb (Cluster 2) and
A

B C

FIGURE 1 | The structure of the SpTrf gene loci. (A) A representative map of the SpTrf loci. Locus 1 has allelic regions with unequal numbers of genes. Although
Clusters 3 and 4 in Locus 2 appear identical, the different sizes of the flanking STR islands indicate that these two clusters are allelic. The colored polygons indicate
the SpTrf genes located in the clusters with the pointed end of the polygon indicating the transcription direction. GA STRs (green triangles) and GAT STRs (black
triangles) flank each gene and large GA STR islands flank Clusters 3 and 4 in Locus 2. The black horizontal line indicates the DNA extending from the 5ʹ and 3ʹ ends
of the clusters. The colored angle-arrows in Locus 2 indicate the regions amplified by PCR and correspond to the colored bars over lanes in the DNA gels shown in
(B, C). (B) Clusters 3 and 4 in Locus 2 are the same size. The BAC templates for PCR are indicated above the lanes as M18 (BAC 10M18; Cluster 3) or P4 (BAC
3104P4; Cluster 4). Amplicons of Clusters 3 (BAC 10M18) and 4 (BAC 3104P4) indicate identical size. (C) Clusters 3 and 4 in Locus 2 have varying sizes of large
GA STR islands. PCR was carried out for the P4 and M18 BAC clones to amplify the GA STR islands. M indicates the all-purpose Hi-Lo DNA marker (BioNexus),
and sizes of the relevant bands are indicated to the left in (B, C).
TABLE 1 | The second STR island in Locus 2 alleles are different lengths1.

BAC Cluster Size (nt)2

STR1 STR2 STR3

10M18 (M18)3 3 4293 3869 2633
3104P4 (P4) 4 4314 3998 2635
1These are results from sequence comparisons using GenePallet.
2The locations of the STR islands are shown in Figure 1A.
3Abbreviations for BAC numbers in parentheses correlate with Figure 1C.
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9.2 kb (Cluster 1) and extended from the 718/730 nt region of
similarity to the B8 genes (Figure 2C). While Clusters 1 and 2 of
Locus 1 show similarities within flanking regions, there were also
large regions of dissimilarity outside and within the cluster, the
largest variation being the IGRs between the A2 and B8 genes.

Stop Codons and Untranslated Regions in
the SpTrf Genes
The locations of the TATA box and polyadenylation site were
reported previously for six of the SpTrf genes in Cluster 1 (30)
except for the 01 gene, which was identified as part of Cluster 1 in
a subsequent report (7). Those initial reports plus a set of partial
SpTrf cDNA sequences (10) were used to identify or verify the
transcriptional start and stop sites and the sizes of the
Frontiers in Immunology | www.frontiersin.org 6105
untranslated regions for all of the SpTrf genes in the BAC
insert sequences. Results showed that the 5ʹUTR ranged in size
from 146 nt to 149 nt for 16 of 17 genes with the TATA box
positioned 101 nt to 111 nt from the start codon within the
5ʹUTR, in agreement with the TATA box positioning described
in Miller et al. (30) (Supplementary Figure S5). However, the
TATA box for the D1g, which was reported to have a point
mutation of TATACA was not verified. Rather, the D1g TATA
box had a TATAAA sequence that was similar to the other genes,
with the exception ofD1d with a sequence of TATATA. No other
conserved TATA box sites were identified within the proximity
of the 5ʹ end of the UTR (the next nearest was distant by 1.3 kb).
A putative initiator (Inr) (76, 77) was identified in all genes and
located 27 nt to the 3ʹ side of the TATA box with the degenerate
A B

C

FIGURE 2 | The IGRs of Clusters 1 and 2 in Locus 1 include non-matching sequences. (A, B) Dot plots show the comparison between Cluster 1 and Cluster 2. The
dot plot in (A) employed a preset e-value threshold of 10 whereas the dot plot in (B) employed an e-value threshold of 10,000. The central diagonal in the dot plots
indicate the mostly identical sequence of the allelic regions, while lines offset from the central diagonal indicate repeats that are highly similar in either a tandem (green)
or inverted (red) orientation. Highlighted, colored vertical bars in (A) indicate the locations of mismatched sequences between the two clusters. The blue and red bars
show the locations of sequences in Cluster 2 that are absent from Cluster 1 and the green box indicates a region of complete dissimilarity. The arrow between the red
bar and green box in (A) indicates a region of similarity that is located between the two regions of dissimilarity. The black boxes in (A, B) are expanded in (C) to show
details. YASS8 was used to generate dot plots with standard parameters (scoring matrix = +5, -4, -3 -4: composition bias correction: gap costs = -16, -4: X-drop
threshold = 30). (C) The IGRs located between the A2/a and B8/a genes in Clusters 1 and 2 are a mixture of similar and dissimilar sequences. The red and orange
polygons indicate the SpTrf genes, A2/a and B8/a genes, that flank these IGRs. GA STRs (green triangles) surround each gene. The horizontal black line indicates
the DNA that extends from the 5ʹ and 3ʹ ends of each gene. The lengths of the IGRs between the A2/a and B8/a genes are indicated by upper and lower brackets.
The sizes of the areas within the IGRs are indicated by colors that are coordinated when similar. The red and white striped region is a sequence that is only present
in Cluster 2 and corresponds to the red bar in (A). The yellow region is a short area of similarity, and the area of complete dissimilarity is shown as a polygon of a red
and purple gradient. This figure in not drawn to scale.
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sequence of T(CA)A(+1)GTT in which the +1 A was conserved
(Figure 3A and Supplementary Figure S5). This sequence is
similar to the Inr sequence in Drosophila genes (76) and is
considered a core promotor similar to the TATA box that can
enhance binding affinity to a promotor element for either RNA
polymerase or a transcription factor and, in some cases, can
direct transcription without a functional TATA box (78).
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3′UTRs are defined by the location of the stop codon and the
polyadenylation sequence. Three stop codons have been reported
for the SpTrf genes (19) and cDNAs (11, 12) and are present in the
last element of exon 2 (Figure 3A, indicated as a, b, and c).
Analysis of the genes in Clusters 3 and 4 identified a fourth stop
codon in theD1f andD1h genes, in which a SNP at nucleotide 955
changed a tryptophan codon to a stop (Figure 3A, identified as d;
A

B

C

FIGURE 3 | All SpTrf genes are in frame, have identifiable TATA, Inr sites, one or more stop codons, and most can be aligned with the previously established repeat-
based and cDNA alignments. (A) A representative map of the genes shows the 5ʹ UTR, exons, intron, and 3ʹ UTR. The 5ʹ and 3ʹ UTRs are indicated by white rectangles,
the two exons are indicated as striped rectangles, and the intron is indicated by a solid black line. The range in lengths of the 5ʹ UTR among genes is indicated. The
four colored boxes in 5ʹ UTR indicate putative 5ʹ regulatory elements and their locations + or – of the conserved +1 A of the start transcription site (red). The TATA box
(yellow), the Inr (blue), and the ATG translation start (green) are indicated. The 3ʹ UTR is variable in length among genes and is indicated by colored brackets showing
the four possible locations of stop codons, which are labeled in lowercase ‘a’-‘d’. (B) The cDNA alignment of genes from the four clusters. The manual alignment was
done in BioEdit by adding the genes in the clusters to a pre-aligned set of cDNAs and genes according to previous publications (12, 19). All possible elements are numbered
at the top and the four possible stop codons are indicated in element 26. The leader (L), the intron (Int), elements (colored rectangles), and gaps (horizontal lines) are indicated
for each gene. Intron type and subtype of element 15 are labeled within each respective rectangle. (C) The repeat-based alignment of the genes from the three clusters. The
manual alignment was done as in (B) according to Buckley and Smith (19). All possible elements are numbered at the top and the four stop codons are indicated in
element 27. The leader, intron, intron type, elements, subtype of element 10, and gaps are indicated as in (B). The six types of repeats in the gene sequence are
indicated by rectangles of identical color at the bottom.
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Supplementary Figure S6). This increased the size of the 3ʹ UTR
by 116 nt and decreased the length of exon 2 shortening the
protein by 38 amino acids (aa) relative to the other D1 genes. Two
types of polyadenylation sequences were identified, AATAAA and
ATTAAA, of which most genes [13 of 17] had both (Table 2).
Overall, the 3′UTR varied in length from 195 nt to 357 nt
primarily based on the positions of the stop codons among the
genes (Figure 3A). All of the SpTrf genes appeared to be functional
with short UTRs, although the D1d gene in Cluster 2 had different
sequences for transcription initiation and for the location of
transcript trimming prior to polyadenylation. These results
suggested that these genes have the minimal requirements for
expression, although the regulatory regions for these genes have
not been evaluated.

Exon 1 Is Conserved Whereas Exon 2 Is
Highly Variable Among the Genes
Exon 1 in all SpTrf genes are either 51 or 54 nt in length and
encode a conserved signal sequence of 18 or 19 aa (12, 19, 30).
The difference is the presence or absence of the second codon for
glutamic acid (Supplementary Figure S7), which has been
reported previously (11, 12, 19). Eight additional variations in
exon 1 were identified among the 17 genes in the four clusters, all
of which were nonsynonymous polymorphisms that maintained
the non-polar characteristic of the encoded leader. Although the
function of the leader has not been tested formally, it is predicted
to have characteristic hydrophobic and alpha helical structure
(12, 18), which is consistent with secretion of the SpTrf proteins
(16) and/or their localization to the plasma membrane (13).
Overall, exon 1 of the genes in the four clusters was highly
conserved both in sequence and hydrophobicity and did not
show extensive sequence variation.

Manual alignments of exon 2 have been used previously because
of the large gaps required to optimize the alignments, and these
efforts have generated two possible alignment outcomes denoted as
Frontiers in Immunology | www.frontiersin.org 8107
the cDNA alignment and the repeat-based alignment that are
feasible because of the variety of repeats in exon 2 (Figures 3B, C)
(11, 12, 19). To evaluate exon 2 for the 17 genes in the four clusters,
the sequences were added to previously published alignments to
understand how the genes in the clusters were related to the other
SpTrf sequences including their element patterns (Figures 3B, C
and Supplementary Figure S6) and intron types (Figure 4A and
Supplementary Figure S8) (7, 12, 19, 30).

The A2 Genes
The A2 and A2a genes in Locus 1, as reported previously (7, 30),
have 25 of 27 elements according to the repeat-based alignment
and are only missing elements 8 and 17 that encode histidine rich
regions of the proteins (Figure 3C). Sequence comparison
of exon 2 for the A2 genes showed that they were not identical
(93% identical, 100% coverage; Table 3) because of an indel
of 15 nt starting at nucleotide 950 of the A2 gene alignment
(Supplementary Figure S9). Additional differences in the coding
region for the A2 genes were due to 12 SNPs, of which 10
changed the amino acid and seven changed either the charge or
pI of the amino acid (Supplementary Table S2). The percent
identity of the full-length A2 genes, including the intron was
88%, in agreement with the minimum percent identities among
all genes (19). Exon 2 had a 98% identity, and exon 1 had a 95%
identity between the A2 and A2a genes indicating that the
majority of the sequence differences were in the introns
(Supplementary Tables S3, S4). The A2 and A2a genes had
moderately dissimilar (88% identity) g type introns that were
positioned in different sister subclades for g introns in the
phylogenetic tree of introns (Figure 4A). Differences in the
introns were due to one or two nt indels in addition to a
region of significant variation from nt 354 to the 3′ end of the
intron (Supplementary Figure S9). The sequence variation
among the A2 g introns was greater than the introns in most
other SpTrf genes with the same element pattern and same intron
TABLE 2 | The 3ʹand 5ʹUTRs for the SpTrf genes are short and all have conserved and identifiable transcription elements.

Gene Full length transcript (nt) 5’UTR (nt) Exon 1 (nt) Intron (nt) Exon 2 (nt) 3’UTR (nt) Poly-A site1 Poly-A site variant2

A2 1893 148 54 413 1418 273 257 12
B8 1422 149 54 415 1023 196 206 N/A3

D1y 1503 148 51 411 1080 224 202 251
D1g 1511 148 51 412 1080 232 N/A 259
D1b 1511 148 51 411 1080 232 N/A 259
E2 1313 147 54 408 822 290 219 267
01 1197 148 51 348 771 227 208 167
A2a 1898 147 54 407 1431 266 248 13
B8a 1421 149 54 413 1023 195 209 N/A
D1d 1522 148 51 412 1080 243 263 214
D1e 1522 148 51 410 1080 243 215 264
E2a 1260 147 54 406 822 237 218 266
E2b 1237 148 51 407 810 228 208 167
C4 1725 149 54 383 909 230 205 N/A
D1f 1931 146 54 411 963 357 329 378
C4a 1725 149 54 383 909 230 205 N/A
D1h 1931 146 54 411 963 357 329 378
Novem
ber 2021 | Volum
1Nucleotide position of Poly-A site sequence (AATAAA) relative to the stop codon.
2Nucleotide position of Poly-A site sequence (ATTAAA) relative to the stop codon.
3N/A, not applicable, no Poly-A site or Poly-A site variant were found.
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type. This is not consistent with introns from genes that shared
the same intron type, which tended to have highly similar introns
(93% to 100% identical; Supplementary Table S3). Overall, the
A2 genes were highly similar but not identical, with most of their
sequence variations located in the intron.
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The B8 Genes
SpTrf gene sequence analysis from 10 sea urchins indicates that
the genes with a B element pattern are likely common in the
population (19) and that the gene copy number estimate for B
genes in individual animals ranges from one to six (7). Two B8
A

B

D

E

C

FIGURE 4 | Sequence similarities among the SpTrf genes and their putative evolutionary relationships are revealed by similar structures of maximum likelihood trees.
Alignments were performed with PRANK, and Phylogenetic analysis was completed in MEGA7. Phylogenetic trees were generated using three approaches: neighbor
joining, maximum parsimony (see Supplementary Figures S1–S4), and maximum likelihood (shown), all of which resulted in similar tree structure. Colored boxes
shown in the legend indicate the cluster in which the gene is located. Bootstrap values from 500 iterations are indicated for each tree. (A) The intron tree. The intron
types (indicated by a-ϵ labels for separate clades) for each gene was identified using a previously published alignment of introns (19) with the introns from HeTrf genes
defined as the outgroup. (B) The exon 2 tree. Exon 2 from each gene was aligned and the exon 2 sequences from HeTrf genes were defined as the outgroup. (C) The
5ʹFR tree. The 5ʹFR for each gene was selected using GenePallete and corresponded to 400 nt upstream of the start codon. The 5ʹFR of the LvTrf gene was used
as the outgroup. (D) The 3ʹFR tree. The 3ʹFR for each gene was selected using GenePallete and corresponded to 400 nt downstream of the stop codon. The 3ʹFR
of the LvTrf gene was used as the outgroup. (E) The concatenated 5ʹ-3ʹFR tree. The 5ʹFRs and 3ʹFRs used in (C, D) were aligned and then concatenated prior to
phylogenetic analysis. The concatenated 5ʹ-3ʹ FR of the LvTrf gene was used as the outgroup.
November 2021 | Volume 12 | Article 744783

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Barela Hudgell and Smith Evolution of the SpTrf Gene Family
genes are present in the BAC insert sequences; B8 in Cluster 1
(30) and B8a in Cluster 2 (7) based on the elements defined by
the repeat-based and cDNA-based alignments (Figures 3B, C
and Supplementary Figure S6). The B8 genes did not show new
variation in their element pattern relative to previous reports of
other B8 cDNAs and genes (11, 12, 19). The full-length gene
sequences for B8 and B8a were 99% identical including the b
introns (Figure 4A, Table 3 and Supplementary Tables S3, S4),
in agreement with previous results (30). Differences between the
sequences showed 10 SNPs of which five were located in the
exons and four altered the charge or pI of the encoded amino
acid (Supplementary Table S2). A single nt indel was located in
the intron at position 71 (Supplementary Figure S10), and both
B8 genes had a single stop codon in the ‘c’ position in element 27
(Figure 3A). Overall, the B8 genes in Cluster 1 and 2 were highly
similar with a few differences in SNPs and were consistent with
B8 sequences previously reported.

The C4 Genes
Two C genes were identified in Locus 2, C4 in Cluster 3 (7) and
C4a in Cluster 4 (Figure 1A). The C genes are not common in
genomic DNA from individual sea urchins (19), however an
estimate of gene copy number suggests 1 to >5 in 9 of 10 sea
urchins (7). The C4 genes had identical sequences (Table 3,
Supplementary Tables S3, S4 and Supplementary Figure S11)
and matched with 97% identity over a 92% coverage to Sp0376
Frontiers in Immunology | www.frontiersin.org 10109
cDNA [GenBank accession number DQ183179.1 (12)], which is
the only C4 sequence in the SpTrf sequence database
(Supplementary Figure S12). The C4 genes contained a
distinguishing deletion in the type 1 repeat region of exon 2,
which made them distinct from genes with the C2, C3, and C5
element patterns (12, 19). This deletion brought together the first
10 nt of element 2 and the last 35 nt of element 5 and maintained
the reading frame (Figure 3C). The stop codons for both C4
genes were in the ‘b’ position in element 27 (Figure 3A).
Although all C genes previously sequenced from genomic
DNA had a introns (19), the C4 and C4a genes on Clusters 3
and 4 had b introns based on the phylogenetic intron analysis
(Figure 4A). The intron alignment and the intron phylogenetic
tree indicated that the C4 intron sequence shared similarity with
the B8 intron from the 5′ end of the intron to nt 285 and from nt
373 to 450 at the 3′ end. However, the central region, from nt 286
to 372, shared similarity with the g intron in the A2a gene,
although it had an indel of 32 nt (Supplementary Figure S13).
The fragments of shared intron sequence between the C4 genes
and a gene with a different element pattern was unique among
the SpTrf genes in the genomic clusters. The C4 genes in Locus 2
of the SpTrf gene family were distinct from the other C genes
based on both exon sequence and intron type.

The D1 Genes
There are three D1 genes in Cluster 1 known as D1-yellow (D1y),
D1-green (D1g), and D1-blue (D1b) (30), two D1 genes in
Cluster 2 known as D1d and D1e, and in Cluster 3 as D1f (7).
Here, we report the D1h gene in Cluster 4 (Figure 1A and
Supplementary Figure S14). All of the D1 genes were highly
similar (95% to 100% identical) in both the coding regions and
the a introns with most of the differences identified as SNPs
throughout the sequences (Figure 4A , Table 3 and
Supplementary Figure S14 and Supplementary Tables S3,
S4). The D1f and D1h genes had more SNPs compared to the
D1 genes in Locus 1, including a stop codon at nt 955 in position
‘d’ (Figure 3A and Supplementary Figure S6). The D1 genes
made up the largest group of genes in the SpTrf gene family (19)
and were the most common element pattern in the sequenced
BAC inserts as reported here and previously (7, 30).

The E2 and 01 Genes
The E genes are as abundant as the B genes based on gene
sequences identified from genomic DNA of individual sea
urchins (19), and all sea urchins have at least one E gene copy
with most predicted to have two to four and some as many as six
copies (7). The E genes are the most highly expressed of the SpTrf
gene family composing 546 of 689 cDNAs reported previously
(11, 12). One E gene is present in Cluster 1, and two, E2a and
E2b, are in Cluster 2 (7, 30). It is noteworthy that the allele
position corresponding to E2b in Cluster 2 is the 01 gene in
Cluster 1 rather than an E2 gene. All 0 genes that have been
identified from cDNA and gene sequences are named such
because of a deletion of the key element used for naming
(element 15 in the cDNA alignment or element 10 in the
repeat-based alignment; Figures 3B, C and Supplementary
Figure S6, blue box) (12). Hence, the allelic positioning of E2b
TABLE 3 | Percent identity and coverage of the SpTrf genes of the same
element pattern are highly similar*.

Genes compared Coverage Identity

A2 A2a 100 98
B8a B8 100 99
C4 C4a 100 100
D1f D1d 99 99
D1f D1e 99 98
D1f D1y 99 99
D1f D1g 99 98
D1f D1b 99 98
D1f D1h 100 100
D1h D1d 99 99
D1h D1e 99 98
D1h D1y 99 99
D1h D1g 99 98
D1h D1b 99 98
D1d D1e 100 98
D1d D1y 100 99
D1d D1g 100 98
D1d D1b 100 98
D1e D1y 100 99
D1e D1g 100 99
D1e D1b 100 99
D1y D1g 100 99
D1y D1b 100 99
D1g D1b 100 99
E2 E2a 100 99
E2 E2b 97 96
E2a E2b 97 96
01 E2 82 96
01 E2a 82 96
01 E2b 85 97
*These data were generated using NCBI BLAST.
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and 01 has been noted as unusual. The alignment of the E2 and
the E2a genes indicated 99% sequence identity with a 100%
coverage. In comparison, E2b was 96% identical to the other E2
genes over a 97% coverage (Table 3). The decreased percent
identity for E2b was due to a gap of 12 nt in the first type 1
repeat (element 2 as defined by the repeat-based alignment), and
another of 15 nt in element 27 at the 3ʹ end of exon 2
(Figure 3C and Supplementary Figure S15). Strikingly, the
second gap in E2b matched to an identical gap in the 01 gene
on Cluster 1. Because of this sequence similarity and because the
01 gene was positioned in the same allelic location as E2b
(Figure 1A), analysis of the 01 gene was included in the
comparison among the E2 genes. The 01 gene had a 96% to
97% identity (85% and 82% coverage, an outcome of the deletion
described above) with the E2 genes (Table 3). The element
pattern of the 01 gene was similar to the E2 genes and shared
elements 1 to 6, however, unlike the E2 genes, 01 shared elements
22, 23, and 24 with all of the other genes in both loci based on the
repeat-based alignment (Figure 3C). An alignment of the E2 and
01 genes showed that the only differences among the four genes
was a region of 32 nt that was preceded by a gap of 90 nt
(Supplementary Figure S15, yellow highlights). The E2 and 01
genes all had d introns (Figure 4A), although the 01 intron had a
deletion of 60 nt making it the shortest intron among the SpTrf
genes (Supplementary Figure S15, yellow highlights). The E2
genes all had stop codons in the ‘a’ position, while 01 had a stop
codon in the ‘b’ position (Figure 3A). Overall, the E2 genes
showed sequence similarity not only to each other but also to the
01 gene. In turn, the 01 gene had the highest level of similarity
with the E2b gene, with which it appears to be allelic.

The Majority of SNPs and Other
Nucleotide Changes in Exon 2 Are
Non-Synonymous
The SpTrf genes are expressed during sea urchin immune
responses (10–12) and the encoded native proteins function as
opsonins and augment phagocytosis (16). Genes that encode
pathogen binding proteins are often under strong evolutionary
pressure and selection from pathogen contact to optimize
pathogen binding either to diversifying pathogens or to non-
variable PAMPs. To determine whether the genes in the four
clusters were diversifying at different rates relative to each other,
the dN/dS scores were calculated among genes with the same
element pattern (12). Comparisons among genes in these subsets
of element patterns indicated both diversifying (dN/dS > 1) and
purifying (dN/dS < 1) selection, although results did not typically
vary by more than ±0.7 (Table 4 and Supplementary Table S5).
The two A2 genes and the two B8 genes had scores indicating
purifying selection relative to each other suggesting that these
alleles had not undergone much divergence. The average dN/dS
value obtained for the D1 genes (n = 7) varied depending on the
analytic approach and was inconclusive (1.10565 from SLAC10

and 0.9402 from SNAP9) (Supplementary Table S5). dN/dS
values calculated in SNAP suggested that each of the D1 genes
was diversifying differently, and when pairs of D1 genes were
compared, results showed that some were undergoing
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diversifying selection (dN/dS > 1; D1f, D1h, and D1g) while
others were undergoing purifying selection (dN/dS < 1; D1d,
D1e, D1y, and D1b) (Table 4 and Supplementary Table S5).
When nonsynonymous and synonymous nucleotide changes
were identified from an alignment of exon 2 from genes with
the same element pattern they showed a variety of SNPs with the
majority resulting in nonsynonymous changes in exon 2 that
changed the encoded amino acid by either charge or pI
(Supplementary Table S2). These results suggested that the
genes were diversifying or evolving, but at different rates.

Phylogenetic Analysis Suggests
Evolutionary Relationships Among the
SpTrf Genes
Immune genes are often duplicated (reviewed in 37, 79) and the
SpTrf gene family is no exception; duplicated genes are tightly
clustered in discrete regions of the genome (11, 12, 19, 30). Given
the nature of these genes and their function in sea urchin immune
responses (16–18), attempts have been made to understand their
theoretical evolutionary history (29). The previous analysis was
limited to the exons and introns of the genes, and the six internal
repeats in exon 2 because the sequences of the UTRs and IGRs
were unavailable at the time. To address the question of SpTrf gene
family evolution with the currently available sequence data,
phylogenetic analyses were conducted for the SpTrf genes in the
four clusters to evaluate the relationships among the 5ʹFR, the
intron, exon 2, and the 3ʹFR. FRs were defined as sequences
flanking both sides of the coding region that extended to the
surrounding GA repeats and included the 5ʹ or 3ʹ UTRs.
Sequences of the Trf genes from the sea urchin, Heliocidaris
erythrogramma (HeTrf) (65), were used as the outgroup for
analysis of exon 2 and the intron, while the 5′FR and 3′FR of
the Trf sequences from the sea urchin, Lytechinus variegatus
(LvTrf), were used as the outgroup for the 3ʹFR and 5ʹFR
analysis. To date, Trf genes have been identified in six sea
urchin species (65, 80–82), all of which are members of the
Camarodonta order of euechinoids (83). Of these species,
Lytechinus [LCA ~60 MYA (84)] and Heliocidaris [LCA ~75
MYA (84)] are not members of the Strongylocentrotid family (85)
and therefore were appropriate choices as outgroups. The initial
phylogenetic analysis of exon 2 from 138 SpTrf genes including
those from the two genomic loci described here resulted in a
polytomic tree structure that was an outcome of the large gaps
required for optimal alignments (Supplementary Figure S16).
Although this type of tree structure has been noted previously
because of the mosaic element structure of exon 2, the structure
was uninformative with regard to inferring evolutionary
relationships among the SpTrf genes. Therefore, the dataset for
exon 2 was decreased to only the genes in the clusters in an
alternative approach to parse out putative relatedness among these
genes. The resulting phylogenetic tree showed three major clades
in which the earliest branch was composed of the A2 genes, plus
two sister clades that included a weakly supported cluster of the B8
and C4 genes, and a weakly supported cluster of the E2/01 and D1
genes (Figure 4B). Overall, the phylogenetic analysis of exon 2
suggested possible evolutionary relatedness among the genes.
November 2021 | Volume 12 | Article 744783
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However, given the blocks of elements in exon 2, it was necessary
to conduct additional detailed phylogenetic analyses to verify the
pattern of the exon 2 tree. The phylogenetic tree for the introns
initially employed to identify the intron types [see above (19)] was
used to evaluate sequence similarities among introns from the
four clusters with 39 introns from HeTrf genes (65) employed as
an outgroup. The structure of the intron tree was composed
of three strongly supported clades composed of d introns, g
introns, plus a mixed clade of a, b, and ϵ introns (Figure 4A
and Supplementary Figures S2, S4). The intron tree clearly
identified the intron types for the SpTrf genes in the four
clusters, which was in agreement with the previous report (19).
The phylogenetic tree of the introns replicated the general
structure of the tree for exon 2 (Figures 4A, B) strongly
supporting the notion that genes with the same element pattern
in exon 2 also share the same intron type.

The coding regions of immune genes are often poorly
conserved either in sub-regions or throughout the coding
regions because of host-pathogen arms race that drives selection
for sequence diversification (9, 38, 45). Therefore, exon 2 may not
be the optimal sequence to evaluate the relatedness among these
genes. As an alternative approach to this problem, the FRs
associated with the SpTrf coding regions were used in a
phylogenetic analysis to avoid the variations in sequence and
length for exon 2. This approach has been reported previously to
understand the phylogeny of mini-genes encoding microRNAs
(86). Phylogenetic trees of the 3ʹFRs and 5ʹFRs were generated in
Frontiers in Immunology | www.frontiersin.org 12111
MEGA7 using PRANK alignments with the LvTrf 5ʹFR and 3ʹFR
as the outgroup sequences. The 5ʹFR tree had two major clades in
which Clade I consisted of the 5ʹFRs from the 01 gene, the A2
genes, the E2 genes, and three of the D1 genes (Figure 4C). Clade
II was composed of two sister sub-clades of which one contained
the remaining D1 5ʹFRs and the second included the 5ʹFRs from
the B8 and C4 genes. Although the bootstrap value was low for the
node separating these two sister groups, this 5ʹFR tree structure
was consistent with the structure of the intron tree (Figure 4A).
The 3ʹFR tree showed good support for two major clades
composed of the 3ʹFRs from the A2 genes in one clade, and the
3ʹFRs from the other genes in the second clade. The 3′FRs from
genes with similar element patterns clustered into four sub-clades
composed of i) the B8 and C4 genes, ii) the E2b and 01 genes,
iii) the E2 and E2a genes, iv) and the D1 genes (Figure 4D).
Similarities among the structures of the phylogenetic trees for
exon 2, and both of the FR trees indicated that FR sequences
surrounding genes of the same element pattern were also similar
and sufficiently different from those associated with genes of
different element patterns to result in structural agreement
among phylogenetic trees (Figures 4A, C, D).

Because of the variation in the structures of the 5ʹFR and 3ʹFR
trees, a third assessment was carried out. The 5ʹFRs and 3ʹFRs
(both ~ 400 nt in length) were aligned and then concatenated for
each gene to generate the 5ʹ-3ʹFR alignment and tree (Figure 4E).
Alternatively, the 5ʹ-3ʹFR sequences were concatenated and then
aligned which gave tree structures that were essentially the same
TABLE 4 | dN/dS values for genes with the same element pattern show that some are undergoing positive selection while others are undergoing purifying selection.

Genes compared S N aa1 Sd Sn dN/dS2

A2 A2a 6 10 7 6 10 0.445545
B8 B8a 3 5 4 3 5 0.463235
C4 C4a 0 0 0 0 0 N/A3

D1f D1d 2 12 8 3 13 1.248227
D1f D1e 3 16 13 3.5 16.5 1.365854
D1f D1y 3 12 10 3 12 1.148936
D1f D1g 4 15 11 4 15 1.074074
D1f D1b 5 12 9 5 12 0.686441
D1f D1h 0 0 0 0 0 N/A
D1h D1d 2 12 8 3 13 1.248227
D1h D1e 3 16 13 3.5 16.5 1.365854
D1h D1y 3 12 10 3 12 1.148936
D1h D1g 4 15 11 4 15 1.074074
D1h D1b 5 12 9 5 12 0.686441
D1d D1e 5 17 13 5.5 18.5 0.961373
D1d D1y 5 12 8 5 13 0.735849
D1d D1g 6 16 11 6 17 0.803922
D1d D1b 7 12 9 7 13 0.52349
D1e D1y 2 7 5 2.5 7.5 0.857143
D1e D1g 3 11 6 3.5 11.5 0.932432
D1e D1b 4 7 4 4.5 7.5 0.473684
D1y D1g 1 6 3 1 6 1.714286
D1y D1b 2 2 1 2 2 0.285714
D1g D1b 1 4 2 1 4 1.142857
E2 E2a 3 3 3 3 3 0.283871
E2 E2b 3 7 6 5 9 0.522556
E2a E2b 2 9 8 4 11 0.801887
November 202
1 | Volume 12 | Artic
1The number of amino acid (aa) changes that encode either a change in polarity or pI.
2dN/dS values were generated for each gene both manually (first three columns) and by SNAP (last three columns). See Supplementary Table S5 for more detailed calculations of
these values.
3N/A, dN/dS values cannot be calculated.
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(data not shown). This was done to understand the possible
evolutionary relationships among the genes without the coding
and intron regions that may have affected or driven the outcome
of tree topographies due to both length and sequence complexity
of those regions of the genes relative to the short sequences of 5′
FR and 3′FR. By analyzing the longer, concatenated 5ʹ-3ʹFR
sequences, each nucleotide and each difference was weighted less
in the final tree calculations. The 5ʹ-3ʹFR tree generated a more
robust and definitive tree with regard to the sequence
relationships among the genes (Figure 4E). Results showed
that the 5′-3′FRs from the D1 genes formed a single clade with
two sub-clades (Figures 4E, i, ii) composed of i) the 5ʹ-3ʹFRs
from the D1g, D1y, D1b, and D1e genes and ii) the D1d, D1f, and
D1h genes. Unexpectedly, the 5ʹ-3ʹFRs from the D1e and D1d
genes from Cluster 2 were separated into different sub-clades
(Figure 4E, light red boxes). Furthermore, the 5ʹ-3ʹFR from D1d
clustered with the 5′-3′FRs from D1 genes in Locus 2 (Figure 4E,
light red vs. blue boxes). The 5′-3′FRs from the B8 and C4 genes
clustered together consistently and were sister to the D1 clade,
and the 5ʹ-3ʹFRs from the E2 and E2a genes also clustered
together. The overall structure of the 5ʹ-3ʹFR tree showed two
sister clades with a ladderlike structure for the rest of the tree.
The similarities in the structures of the three FR trees
(Figures 4C–E) indicated that the SpTrf genes could be
separated into two major groups in which the D1, B8, and C4
genes may have had a shared evolutionary history, while the
E2, 01, and A2 genes may have undergone a separate
evolutionary history.

Percent Mismatches Highlight Sequence
Similarities Among Genes of Different
Element Patterns
A complementary approach to using phylogenetic trees to derive
evolutionary relationships among the SpTrf genes is to calculate
the percent mismatch between pairs of genes. These values give a
general view of gene sequence similarities and whether those
similarities may be due to random chance or to true similarity. A
similar analysis was reported using a pairwise distance matrix for
the full-length genes that included the introns and four flanking
regions [see Figure 9 in (30)]. Here, we used the same approach
to analyze the 5ʹFR, exon 1, the intron, exon 2, and the 3ʹFR to
reveal the relatedness between each gene with every other gene
based on the pairwise distance scores (Supplementary Table S6).
The results are presented as percent mismatch scores for easier
visualization (Figure 5). The A2 genes showed low percent
mismatch scores against each other for the 5ʹFR, the intron,
exon 2, and the 3ʹFR, with the 5ʹFR showing the greatest
mismatch (Figure 5A, red line). Although the 5ʹFRs of the two
A2 genes showed higher mismatches of 18% to 30%, exon 1
showed a percent mismatch that was within the range of scores
against the other SpTrf genes, which was consistent with the
sequence conservation of this exon. The percent mismatch scores
for the A2 introns vs. other SpTrf introns (14-22%) were similar
to the percent mismatch scores for exon 2 (15% ± 1%), however
the mismatch scores for the 3ʹFR were much higher (48-57%)
(Figure 5A). These data verified that the A2 genes were similar to
Frontiers in Immunology | www.frontiersin.org 13112
one another and were equally dissimilar to all the other
SpTrf genes.

The D1 genes in each of the four clusters had nearly identical
percent mismatch scores among them. Hence, the percent
mismatch scores were averaged for those D1 genes in the two
clusters in Locus 1, which reduced the complexity of the data. The
two D1 genes in Locus 2 were identical and analyzed as a single
sequence termedD1h/f. Pairwise comparisons among the D1 gene
sequences showed very low percent mismatches for the intron,
exon 2, and the 3ʹFR, whereas the mismatches for the 5ʹFR and
exon 1 had greater variation (Figure 5B, green lines;
Supplementary Table S7). The two D1 genes in Cluster 2, D1e
and D1d, had different percent mismatches for the 5ʹFR compared
to the set of D1 genes in Cluster 1, indicating sequence differences
between the D1 genes in the two clusters of Locus 1. Furthermore,
the mismatches for the 5ʹFR among D1 genes from different loci
and mismatches with genes of different element patterns showed a
similar range of variation (Figure 5B). When the D1 genes were
compared to genes with different element patterns, the percent
mismatch scores varied among regions and element patterns. The
E2 and 01 genes (Figure 5B, purple and pink lines) showed
relatively high percent mismatches against the D1 genes for the
5ʹFR and the intron but intermediate scores for exon 2 and the
3ʹFR. Comparisons between the D1 genes and the B8 genes
(Figure 5B, orange line) and the C4 genes (Figure 5B, brown
line) showed intermediate percent mismatch scores for the intron
with scores for exon 2 and the 3ʹFR that were similar to the scores
for the D1 genes vs. the E2 and 01 genes (Figure 5B).

The comparison between B8 and B8a showed nearly identical
low mismatch scores for all regions (Figure 5C), similar to
results for the D1 genes. The percent mismatch scores for exon
1 between the B8 genes and the other genes were within the same
range (7% to 12%). There were two outcomes for the percent
mismatches for the introns of the B8 genes compared to introns
from the other genes, with a relatively high mismatch scores
against the A2, 01, and E2 genes, and low scores against the D1
and C4 introns (Figure 5C). Interestingly, the percent
mismatches for both B8 genes compared to the C4 gene were
low for the 5ʹFR (Figure 5C, green and brown lines) along with
the 5ʹFR against the D1-y, g, b, e genes (Supplementary Table
S7). The mismatch scores for the 5ʹFR of the B8 genes against the
A2, E2, 01, and D1f/h/d ranged from 20% to 33%, whereas the
percent mismatch scores for the 3ʹFR were lower for all genes
(16% to 20%) except between the allelic B8 genes and the C4
genes (Supplementary Table S7). The percent mismatch scores
for the C4 genes compared to the other SpTrf genes showed
similar results as that for the B8 genes (Figures 5C, D). The
lowest percent mismatch scores for the C4 genes across all
regions was against the allelic C4 followed by the B8 genes and
the D1 genes (Figure 5D). These results were in agreement with
the phylogenetic tree results, which suggested that the D1, B8,
and C4 genes shared greater sequence similarity with each other
than with the E2, A2 and 01 genes.

The comparison between the E2 and E2a genes showed low
mismatch scores throughout the sequences of these alleles
(Figure 5E, lavender line), and although the scores against the
November 2021 | Volume 12 | Article 744783
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FIGURE 5 | Relatedness among the genes can be inferred from percent mismatch scores for the 5ʹFR, exon 1, the intron, exon 2, and the 3ʹFR. Pairwise
comparisons among all genes are shown for the FRs, exons, and the intron. The X axis in the graphs indicates the calculated percent mismatch score for each pair
of genes and the Y axis indicates the region in the gene. Solid lines, dashed lines, and dotted lines are used to identify the pairs of genes compared. The color of the
line corresponds to the color of the genes shown in Figure 1A with the exception of the D1 genes, which are all shown as green lines. Below each graph is a table
that gives the percent mismatch scores for each region graphed above. (A) The A2 genes vs. other SpTrf genes. (B) The average percent mismatch of D1 genes vs.
other SpTrf genes. (C) The B8 genes vs. other SpTrf genes. (D) The C4 genes vs. other SpTrf genes. (E) The E2 genes vs. other SpTrf genes. (F) The 01 genes vs.
other SpTrf genes. Percent mismatch [pairwise distance/Ln2] was calculated from the pairwise distance matrix scores generated with MEGA7 using the PRANK
codon alignment.
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E2b gene were low for exon 1, the intron, and exon 2, higher
mismatch scores were noted for both FRs (Figure 5E, dark
purple lines). When the three E2 genes were compared to the
other SpTrf genes, all showed much higher percent mismatch
scores for the intron and exon 2, except in the case of the 01 gene,
which had low mismatch scores for exon 1, the intron, and exon
2 (Figure 5E, pink lines). Similar results were obtained when the
regions of the 01 gene were compared to the other SpTrf genes
(Figure 5F). The 01 gene had low percent mismatch scores at the
5ʹFR and the 3ʹFR against the same regions in the E2b gene but
had much higher percent mismatches compared to the E2 and
E2a genes (Figure 5F, light purple vs. dark purple lines). These
scores were comparable to scores for the 5FRʹ and 3ʹFR of the E2
genes and 01 genes against the 5ʹFR and 3ʹFR for the other SpTrf
genes (Figure 5F). The percent mismatch scores were consistent
with the clustering of the 01 and E2 genes, specifically with the
E2b gene, in the phylogenetic trees (Figure 4). Overall, these
results indicated sequence similarity between the D1, B8, and C4
genes in all regions, similarity between the E2 and 01 genes, and
indicated that the A2 genes were equally dissimilar to the other
SpTrf genes in these clusters.

A Modified Hypothesis for the Edges of
the Segmental Duplications in the SpTrf
Gene Clusters
Tandem segmental duplications have been noted in the SpTrf
gene clusters in Locus 1 based on dot plot analysis, phylogenetic
analysis of intergenic segments, and calculations of pairwise
sequence diversity between pairs of genes (7, 30). Previous
reports based on dot plots indicate that the edges of the
segmental duplications are the GAT STRs that surround and
are positioned near the 3′ end of theD1 and E2 genes [Figure 6A,
red brackets (30)]. However, with the addition of the SpTrf genes
in Locus 2 (Clusters 3 and 4), the placement of the edges of the
segmental duplications did not match the previously published
results for Cluster 1 (30). Dot plot analysis of Cluster 3 compared
to itself indicated that the two genes, C4 and D1f, plus their
flanking regions were very similar, suggesting a 2.7 kb segmental
duplication (Figure 6B and Supplementary Figure S17, offset
diagonals) in agreement with a previous report for the D1 genes
in Cluster 1 (30). Dot plots for the C4a and D1h genes in Cluster
4 showed identical results (data not shown). However, unlike the
previous report, the 5ʹ end of the D1f/h segmental duplications
were located at the large GA STR island (Figure 6B; see also
Figure 1A, STR 2) and the 3ʹ end was located at the short GA
STR near the 3ʹFR of the D1f/h genes. Similarly, the C4/a
segmental duplications of 2.8 kb were positioned between the
short GA STR near the 3′ side of the D1f/h genes and the 3ʹ end
of the duplications were positioned near the large GA STR
islands (Figure 6B, brackets and offset diagonals; see also
Figure 1, STR 3). In these segmental duplications the GAT
STRs (Figure 6B, black triangles and associated dark gray bars)
were located in the center of the offset diagonals and therefore in
the center of the segmental duplication rather than at the edges.
These results suggested that the GA STRs rather than the GAT
STRs defined the edges of the segmental duplications in Locus 2.
Frontiers in Immunology | www.frontiersin.org 15114
The edges of the segmental duplications in Cluster 2 have been
assumed to be the same as those in Cluster 1 based on the allelic
status of these clusters (7). However, when dot plots were used to
compare Locus 2 to Locus 1, a different outcome was identified
relative to previous reports (7, 30). The dot plots of Cluster 3
compared to Clusters 1 or 2 indicated that the GA STRs were the
most likely edges of the segmental duplications rather than
the GAT STRs (Figures 6C, D). This redefined the edges of the
segmental duplications for the D1 genes in Locus 1 as GA STRs
and indicated that they were the same size as reported previously
(~4.5 kb). The new location of the duplications was a shift of 3 kb
towards the end of the clusters in which the A2 genes were
positioned (Figure 6A, black brackets). The exception to this
revised positioning of the segmental duplications in Locus 1 was
the IGRs between E2 and D1b in Cluster 1 and E2a and D1e in
Cluster 2. The dot plot results indicated that the duplications
terminated at the GAT STR located 5ʹ of the D1b and D1e genes
(Figures 6C, D and Supplementary Figure S17), reducing the
size of these particular duplications. To confirm the edges of the
segmental duplications, alignments of the IGRs between linked
genes was done using PRANK (IGRs were located between B8/a::
D1y/d, the linked D1 genes, D1b/e::E2/a, and C4/a::D1f/h) and
percent mismatch scores were calculated. Results were ≤10%
mismatch for the B8/a::D1y/d-IGRs, the C4/a::D1f/h-IGRs, and
for all the IGRs between the linked D1 genes (Figure 7, light blue
and light purple). In comparison, the D1b/e::E2/a-IGRs in Locus 1
had ≥79% mismatch compared to the other IGRs indicating that
they were not part of discernable segmental duplications
(Figure 7A, red). Representative results for the percent
mismatches between C4/a::D1f/h-IGRs and the other IGRs
illustrated putative segmental duplications based on the results
in the Locus 2 dot plots in which the edges of the duplication
events were positioned at the GA STRs rather than the GAT STRs
(Figures 7B, C, green vs. black triangles). These data suggested an
alternative interpretation of the segmental duplications for this
gene family and included the B8 and C4 genes in the duplication
events with theD1 genes, which had not been recognized previously.

The Intergenic Regions Show Isolated
Regions of Sequence Similarity
Small Regions of Shared Sequence Similarity Exist
Among the IGRs Between the A2/a, 01,
and D1 Genes
While the results presented above suggest an evolutionary
relationship between the D1, B8, and C4 genes and between
the E2 and 01 genes, there was little to suggest any sequence
similarity outside of the coding regions between these two
subsets of segmental duplications or with the A2 genes in this
gene family. To understand the evolutionary relationship
between these two subsets of SpTrf genes and the A2 genes, a
region of 3 kb upstream of the 5ʹFRs and downstream of the
3ʹFRs of the A2/a genes (Figure 8A, red brackets) were compared
to the i) IGRs between the GA STR islands and D1h/f genes
(D1f/h::GA-IGRs) and ii) the IGRs between the E2/a genes
and E2b/01 genes (E2/a::E2b/01-IGRs) (Figure 8A and
Supplementary Figures S18A–D). Dot plot analysis identified
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a 700 nt region in the 5ʹ end of the A2/a genes that contained two
fragments (Figure 8A, red boxes 1 and 2) with sequence
similarity to two separated regions in the D1f/h::GA-IGRs in
which fragment 1 was positioned 1.4 kb from the 5ʹ end of the
D1f/h genes (Figure 8A, green boxes 1 and 2). Fragment 2 was
located 300 nt from the 5ʹ end of the D1f/h genes, similar to its
location of 350 nt from the 5ʹ end of the A2/a genes. Fragment 1
was separated from fragment 2 by 730 nt in the D1f/h::GA-IGRs
but was separated by only 30 nt in the 5ʹ end of the A2/a genes.
Fragments 7 and 8 in the 5ʹ end of the A2/a genes were also
Frontiers in Immunology | www.frontiersin.org 16115
identified in the E2/a::E2b/01-IGRs but were absent from the
D1f/h::GA-IGRs (Figure 8A, red boxes 7 and 8). Fragments 7
and 8 were 3 kb from the 5ʹ end of the E2b/01 genes and
separated by 130 nt (Figure 8A, pink vs. red boxes 7 and 8).
There were three regions of similarity between the D1f/h::GA-
IGRs and the E2/a::E2b/01-IGRs (Figure 8A, green vs. pink
boxes 3-5). Fragments 3-5 were larger than fragments 1 and 2
associated with the A2/a genes and together composed lengths of
1456 nt to 1483 nt. Fragments 3 and 4 were positioned next to
each other in the D1f/h::GA-IGRs but were separated by 520 nt
A

B C

D

FIGURE 6 | Representative dot plots of Cluster 3 compared to other SpTrf clusters indicates that the GA STRs are the likely edges of the segmental duplications in
both loci. (A) A portion of Cluster 1 shows the region with the segmental duplications and the D1 genes. The previously reported D1 segmental duplications are
indicated at the top of the figure [red dotted brackets (30)] and the revision to the proposed segmental duplications are indicated on the bottom (black brackets). The
arrow indicates the directional shift of the proposed edges of the segmental duplications. (B–D) Representative images of a gene cluster or portion of a gene cluster
are located to the left and top of each dot plot. Colored polygons indicate genes and transcriptional direction. Green triangles represent GA STRs and black triangles
represent GAT STRs. The central diagonal in (A) shows the main alignment of cluster 3 against itself, while lines that are offset from the central diagonal in all dot
plots indicate the locations of repeats or highly similar regions. Diagonal dark green lines indicate similar regions in the same orientation whereas, dark red solid lines
indicate regions of inverse orientation. The highlighted horizontal and vertical lines of multiple colors (matching to the genes at the top or side) are added to the dot
plots to illustrate the location of matched sequences. Dark green areas indicate the locations of GA STRs and dark gray areas indicate the locations of the GAT
STRs. (B) Cluster 3 vs. Cluster 3. (C) Cluster 3 vs. a subset of genes in Cluster 1. (D) Cluster 3 vs. a subset of genes in Cluster 2. YASS8 was used to generate dot
plots with standard parameters (scoring matrix = +5, -4, -3 -4: composition bias correction: gap costs = -16, -4: e-value threshold = 10: X-drop threshold = 30).
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in the E2/a::E2b/01-IGRs (Figure 8A, green vs. pink boxes 3 and
4). Fragment 5 was 170 nt to 213 nt in length depending on the
number of repeats in the GA/GAT STRs. This region was
positioned within the E2/a::E2b/01-IGRs and matched to the
GA/GAT STRs that made up the boundary of the 5ʹFR of the
D1f/h genes. Fragment 5, which was associated with the D1f/h
5ʹFRs, also matched to the GA/GAT STRs that were located
closer to the E2b/01 genes and constituted the boundary of the
5ʹFRs. Only one region matched across all three regions
(Figure 8A, indicated with an asterisk), which was fragment 2
or 7 in the 5ʹ end of the A2/a genes that was also identified within
fragment 4 associated with the E2/a::E2b/01-IGRs and theD1f/h::
Frontiers in Immunology | www.frontiersin.org 17116
GA-IGRs. No regions of similarity were identified to the 3ʹ side of
the E2b/01 genes compared to the other IGRs (not shown in
Figure 8). However fragment 6 (Figure 8A, red box 6) was
identified on the 3ʹ end of the A2a gene, which matched to a
sequence located within the E2/a::E2b/01-IGRs and was
positioned 730 nt from the 3ʹFRs of the E2/a genes. Fragment
6 was located 1350 nt from the 3ʹFR of the A2a gene and was
inverted relative to fragment 6 associated with E2/a::E2b/01-
IGRs. Fragment 6 was only identified in the 3ʹ end of the A2a
gene and was missing from the 3ʹ end of the A2 gene because this
was a region of dissimilarity relative to the A2 IGR (Figure 2C,
red and white striped triangle). While the 5′ end of the A2 gene
A

B

C

FIGURE 7 | The percent mismatch between regions of the SpTrf genes suggests that the segmental duplications include the B8 and C4 genes with the D1 genes.
Alignments of the B8/a::D1y/d-IGRs, the D1 IGRs, the D1b/e::E2/a-IGRs, and the C4/a::D1h/f-IGRs, plus the alignment of the 5ʹFR, exon 1, the intron, exon 2, and
the 3ʹFR for all SpTrf genes were done with PRANK. (A) The pair-wise percent mismatch scores for IGRs indicate the level of sequence similarity. Percent mismatches
were calculated from pairwise diversity scores in MEGA7 and are indicated with the color gradient legend. There are no mismatch scores between 30-40%. (B) A
graphical representation shows levels of sequence similarities among genes and IGRs based on percent mismatch scores against the D1f/h genes. All genes are oriented
in the same direction as indicated by the pointed polygon labeled with the gene name. From left to right across the figure are blocks that represent the IGRs, GA and/
or GAT STRs, the 5ʹFR, the exon 1, the intron (narrow region), the exon 2 with the gene name, and the 3ʹFR. The thin dotted lines indicate how the sequences are linked
together in their respective clusters and do not indicate sequence. The double bars in some IGRs indicate sequence that was not analyzed and is not shown. Percent
mismatches for all blocks are color coded based on the gradient key. (C) The percent mismatch values for the regions of all SpTrf genes compared to the D1f/h indicates
regions of similarity and dissimilarity. Results are color coded according to the gradient key.
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and the E2/a::E2b/01-IGRs were not identical to the D1f/h::GA-
IGRs that were indicative of duplications, there were small
fragments of shared sequence. These short fragments of
sequence confirmed that there was sequence similarity outside
of the coding regions of these genes that linked the D1, B8, and
C4 segmental duplications with the E2 and 01 duplications and
with the A2 genes.

There Are Fragmented Regions of Shared Sequence
Similarity in the D1b/e::E2/a-IGRs
The shared sequence fragments in the 5ʹ and 3ʹ ends of the A2/a
genes, in the E2/a::E2b/01-IGRs, and in the D1f/h::GA-IGRs
suggested that shared sequences may also be identified for the
IGRs between the E2/a genes and the D1b/e genes (D1b/e::E2/a-
Frontiers in Immunology | www.frontiersin.org 18117
IGRs). These IGRs were of interest because the D1b/e genes were
missing the 5ʹ end of the proposed D1/B8/C4 segmental
duplications based on results of dot plot comparisons to Cluster
3 (Figure 6), and because these IGRs were short (3.4 kb)
(Figure 8B) and located to the 5ʹ side of the D1b/e genes and
the E2/a genes. To understand the complexity of these IGRs, the
D1f/h::GA-IGRs and the E2/a::E2b/01-IGRs were compared to the
D1b/e::E2/a-IGRs (Figure 8B; Supplementary Figures S18E, F).
Results from the dot plots of the D1b/e::E2/a-IGRs indicated
three short fragments of similarity, 1 - 3, that were present in the
corresponding D1f/h::GA-IGRs (Figure 8B, green boxes 1 - 3).
These fragments were in the same orientation in both loci relative
to the localD1 gene. There were four short fragments of similarity,
4 - 7, located in the E2/a::E2b/01-IGRs and the D1b/e::E2/a-IGRs
A

B

FIGURE 8 | Comparisons the IGRs between the A2, E2, 01, and D1f/h genes identify short regions of similarity. (A) The D1f/h::GA-IGRs and E2/a::E2b/01-IGRs are
compared to each other, and both are compared to the 5ʹ and 3ʹ ends of the A2/a genes (indicated by red brackets). (B) The D1f/h::GA-IGRs, D1d/e::E2/a-IGRs,
and the E2/a::E2b/01-IGRs are compared. Genes are indicated by the polygon labeled with the gene name and are colored according to Figure 1A and are flanked
by UTRs (open boxes). The genomic DNA is indicated by horizontal black lines that passes behind the genes and includes the IGRs and flanking regions. Genes
without color were not included in the analysis and are shown for orientation and comparison to Figure 1A. GA (green triangles) and GAT (black triangles) STRs are
indicated. The colored boxes above and below the black horizontal line indicate regions of similarity as identified from dot plots from the YASS genomic similarity
search tool set to a threshold of e-20. Areas of shared sequence among IGRs are numbered for clarity; see text for detailed description. Dotted lines connect the
regions of similarity between IGRs including regions in the same (black lines) and inverted (red lines) orientation. This figure is drawn to scale. * indicates regions of
similarity among all three alignments in (A).
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(Figure 8B, green and purple boxes 4 - 7). Of these four
fragments, all but fragment 6 were in the same orientation as
the local D1b/e genes, whereas fragment 6 was oriented the same
orientation as the local E2b/01 genes. This result, in addition to
the dot plots (Figure 6) indicated that fragments 4, 5, and 7 were
likely associated with the D1 rather than the E2 gene given that
they were oriented in the same direction. However, the fragments
4, 5, and 7, which were in the same orientation as the D1b/e
genes, were not positioned in the same order in the E2/a::E2b/01-
IGRs indicating a possible sequence scrambling in this region.
Taken together these data indicated that the regions between the
D1b/e and the E2/a genes contained small fragments of sequence
similarity in the IGRs of the D1 genes and one small fragment
that might be attributed to the E2 genes. This was similar to the
results for the A2/a analysis (Figure 8A). These results illustrated
that, while the 5ʹ IGRs of these gene were not identical, there
were short fragments of sequence similarity shared among them
that would be consistent with genomic instability for both of the
loci that harbor the SpTrf gene clusters. These shared regions
may have implications not only to the relatedness among the
genes but also among the IGRs.
DISCUSSION

A Hypothetical Evolutionary History of the
SpTrf Gene Family in the Sequenced Sea
Urchin Genome
The necessity for diverse and constantly diversifying genes in the
face of a broad array of pathogens leads not only to the
generation of complex immune systems but to complex
immune gene families. Duplications, insertions, inversions,
meiotic mispairing, unequal crossing over, and gene
conversion all have the potential to result in large and diverse
immune gene families encoding proteins that keep pace in the
arms race with the pathogens (20, 23, 24, 37, 38, 87). Based on
the sequence relationships among the genes in the four clusters
including their FRs and IGRs, we propose a hypothetical
evolutionary history of how the SpTrf gene clusters were
generated. The LCA SpTrf′ gene plus a portion of its 5ʹ and 3ʹ
flanking regions is the starting sequence for this evolutionary
history. SpTrf′ underwent initial duplications and ectopic
insertions into the same locus and into a different region of the
genome to establish a second locus (Figure 9A). These two loci
subsequently underwent gene diversification to generate the
ancestral D1ʹ, E2ʹ, and the A2 genes (Figure 9B). The two loci
containing the ancestralD1ʹ or E2ʹ genes underwent independent
secondary duplication events, generating several tandem genes of
the same element pattern and forming the initial clusters
(Figure 9C). These gene duplicates acquired internal SNPs and
indels thereby continuing sequence diversification (Figure 9D).
One outcome was the sequence variation among the D1 genes
and the appearance of the ancestral B8/C4ʹ gene from D1
duplications in Locus 2 (Figures 9C, D). The other outcome
was the diversification of the E2 genes to generate the E2b gene
on Locus 1 (Figures 9C, D). Next, a larger duplication and
Frontiers in Immunology | www.frontiersin.org 19118
ectopic insertion moved at least two D1 genes plus the ancestral
B8/C4ʹ gene from Locus 2 into Locus 1 that was positioned
between the A2 and E2 genes (Figures 9D, E). This may have
been the ancestral change that resulted in genes facing in both
directions in Locus 1 and which scrambled the IGR sequences
between the D1 and the E2 genes. The mismatch in the number
of D1 genes between Clusters 1 and 2 in Locus 1 is likely due to
tertiary duplications that generated the D1y/g genes, which may
have occurred either by a direct duplication of the D1y/g genes in
Cluster 1 (Figure 9F) (30), or by an ectopic insertion from the
allele in Cluster 2 (not shown). Finally, the individual SpTrf genes
underwent further internal indels and SNPs generating the
individual sequence variation among the genes, including the
generation of the 01 gene from the E2b gene and the B8 and C4
genes from the B8/C4ʹ ancestor. The final outcome is the extant
clusters and loci in the sequenced sea urchin genome (Figure 9G).

Supporting Evidence for the Evolutionary
History of the Extant SpTrf Family
The evolutionary history of the SpTrf gene family is based on the
results presented herein. We speculate that the sequence of the
LCA SpTrf′ gene had the majority of elements and the maximum
number of repeats in exon 2 (Figure 3C), which subsequently
underwent at least two duplications and ectopic insertion events
(Figure 9A). This is based on alignments of the IGRs of the
extant genes, which reveal a number of small regions of sequence
similarity across all extant SpTrf genes reported here. We also
hypothesize that an SpTrf′ gene with the maximum number of
repeats in exon 2 would be the most parsimonious candidate
gene sequence to generate other SpTrf genes, which are short
genes with fewer elements, through deletions rather than vice
versa through element or repeat duplication and diversification.
The A2 genes are an exception to this as previous research has
proposed that A2 genes have undergone a large duplication event
in exon 2 that increased their size and gave them the designation
of long genes (29). We hypothesize that the A2 genes underwent
a separate evolutionary history compared to the E2ʹ and D1ʹ
genes after the duplication and ectopic insertions of the SpTrf′
(Figures 9A, B). The separate evolutionary history of the A2/a
genes is based on the early branching position of the A2/a genes
in the phylogenetic trees that infers a later divergence of the short
SpTrf genes, and is based on the distant location of the A2/a
genes in Locus 1 that are separated by non-conserved IGRs. This
notion is consistent with a previous report speculating that long
genes have unique type 1 repeats (see Figure 3C, type 1 repeats
are shown as red rectangles) that underwent a separate
evolutionary history from the type 1 repeats in the short SpTrf
genes (29).

The similarities between the E2/a::E2b/01-IGRs and the D1f/h::
GA-IGRs support the idea of a shared evolutionary history
among the genes, which extends beyond the similarities of the
coding regions and into the 3ʹ ends of the genes. The E2/a::E2b/
01-IGRs in Locus 1 contain large regions that match to sequences
in the D1f/h::GA-IGRs in Locus 2 that are also present in most of
the D1 segmental duplications. These matching regions are
dispersed within the large E2/a::E2b/01-IGRs but are relatively
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contiguous in the D1f/h::GA-IGRs. This suggests that the E2/a::
E2b/01-IGRs may have originally been similar in size to the D1f/
h::GA-IGRs and underwent a number of insertion events to
separate the regions of sequence similarity and elongate the IGRs
Frontiers in Immunology | www.frontiersin.org 20119
to their current size (Figures 9C, D). On the other hand, when
the D1f/h::GA-IGRs are compared to the D1b/e::E2/a-IGRs only
short, fragmented regions of sequence similarity are identified.
These short regions may have been the outcome of the proposed
A

B

C

D

E

F

G

FIGURE 9 | A model for the theoretical evolutionary history of the SpTrf gene clusters in the sequenced genome based on gene duplications, ectopic insertions, and
deletions. Each step in this theoretical evolutionary history of the gene clusters is indicated on the right with numbers and labeled on the left (A–G). Genes and their
direction are indicated by colored polygons and labeled with the gene name. The prime (ʹ) associated with a gene name indicates a hypothetical LCA version of the
gene. Gene polygons without color indicate genes that are proposed to exist but whose element pattern cannot be determined. Variations in or changes to gene
colors indicate internal point mutations/insertions/deletions during the lineage of a particular gene. GA (green triangles) and GAT (black triangles) STRs are shown.
The horizontal gray line indicates the IGRs that flank the genes. Open boxes surrounding the genes in (A, B) indicate edges of proposed duplication regions. Curved
green arrows indicate duplications and ectopic insertions, dotted black arrows indicated the transition from an ancestral SpTrf gene to specific SpTrf gene lineages,
straight black arrows indicate duplications of genes over time. The shaded box shows the ectopically inserted region in Locus 1. Brackets connected with double
ended arrows indicate a recent duplication event. Large black Xs indicate gene deletions. This figure is not drawn to scale..
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ectopic insertion of theD1/B8/C4 region from Locus 2 into Locus
1 (see below; Figures 9D, E). This evolutionary history suggests
that both the D1 and the E2 genes were both products of the
SpTrf′ ancestral gene duplication that subsequently underwent
separate evolutionary histories to generate the two subsets of E2/
01 and D1/B8/C4 genes (Figure 9).

The sequence diversification of the D1 genes, which are
present in segmental duplications, are based on sequence
analysis of the D1 genes and their flanking regions. In
agreement with Miller et al. (30), the D1 genes appear to be a
product of multiple recent duplication events that is also
supported by our phylogenetic analysis and percent mismatch
scores, which includes similarities among the FRs. However,
based on our analyses, we hypothesize that the ancestral D1ʹ gene
was most similar to the D1 genes in Cluster 1 plus D1e in Cluster
2 (Figures 9C–G) because these genes are more similar to each
other than to the remaining D1 genes in either locus. This result
is also consistent with purifying selection detected for theD1y/b/e
genes and for diversifying selection for the D1f/h genes.
Although the identity between D1f and D1h could be based on
their location in Locus 2, a more in-depth analysis suggests a
specific evolutionary relationship among the D1 genes in the two
loci, which is based on two levels of results. First is a
hypothesized evolutionary relationship among the D1 genes
with the B8 and C4 genes. This is based on the sequence
similarity among these genes along with the updated edges of
the D1 segmental duplications to include the C4 and B8 genes.
Both the B8 and C4 genes may have once initially been a product
of a D1ʹ gene that underwent diversification events in Locus 2 to
generate a descendant LCA B8/C4ʹ gene (Figures 9C, D), along
with duplications of an unknown number of additionalD1 genes,
that would later go on to become the extant C4 and B8 genes.
Although the number of duplicated D1 genes that may have been
present in Locus 2 is unknown, the large islands of GA STRs
associated with this gene cluster may be the remnants of gene
deletions (7). Secondly, there are indications that the B8 genes
and several D1 genes in Locus 1 may have been the product of
a duplication and ectopic insertion event from Locus 2
(Figures 9D, E). This idea is supported by the sequence
similarity between the B8 and C4 genes, which are located in
allelic positions in the two extant loci. A recent evolutionary
history between the B8 and C4 genes is supported by
phylogenetic analysis, percent mismatch scores, and dot plot
analysis. The duplication of the D1ʹ and B8/C4ʹ genes in Locus 2
and the location of their insertion in Locus 1 (Figures 9D, E) is
supported by the IGR sequences on either side of the B8 and D1
genes, which are either highly dissimilar (A2/a::B8/a-IGRs) or
show signatures of sequence scrambling (D1b/e::E2/a-IGRs)
(Figures 9D, E). The outcome of the ectopic insertion is a
heterogeneous cluster of genes in Locus 1 the include both D1
derived genes and E2 derived genes that are present in opposite
orientations (Figure 9F).

The appearance of the E2 and 01 genes is proposed to have
originated with the E2ʹ gene (Figure 9B). E2ʹ initially underwent a
tandem duplication to form two E2 genes in Locus 1 (Figures 9B,
C). This was followed by sequence diversification of one of the E2
Frontiers in Immunology | www.frontiersin.org 21120
genes into E2a and E2b in Cluster 1 and Cluster 2, respectively
(Figures 9C, D). The E2b allele in Cluster 1 subsequently acquired
multiple deletions that resulted in the 01 gene (Figure 9G)
including a large deletion in exon 2 that maintained the reading
frame either fortuitously or through unknown repair mechanisms
(88). The evolutionary relationship between the E2 and 01 genes is
noteworthy because the sequence similarity between the 01 gene
and the three E2 genes has not been reported previously.
CONCLUSION

Overall, the evolutionary history of this gene family suggests a
number of duplications, deletions, insertions, conversions, and
point mutations, all of which lead to the distinct clustering and
sequence similarity among the members of this gene family
(Figure 9). It must be noted, however, that this hypothetical
evolutionary history is based on genes from a single sea urchin and
that different sea urchins have been proposed to contain different
repertoires of this gene family (8, 12, 19). Variations among SpTrf
gene repertoires can be considered as a population level
immunological benefit in an environment with many potential
pathogens. Additional gene sequence data and cluster structure
from other individual sea urchins will either clarify and verify this
history or will expand the numbers of genes and their sequence
variations to further illuminate the evolution of this gene family.
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TIR (Toll/interleukin-1 receptor/resistance protein) domains are cytoplasmic domains
widely found in animals and plants, where they are essential components of the innate
immune system. A key feature of TIR-domain function in signaling is weak and transient
self-association and association with other TIR domains. An additional new role of TIR
domains as catalytic enzymes has been established with the recent discovery of NAD+-
nucleosidase activity by several TIR domains, mostly involved in cell-death pathways.
Although self-association of TIR domains is necessary in both cases, the functional
specificity of TIR domains is related in part to the nature of the TIR : TIR interactions in the
respective signalosomes. Here, we review the well-studied TIR domain-containing
proteins involved in eukaryotic immunity, focusing on the structures, interactions and
their corresponding functional roles. Structurally, the signalosomes fall into two separate
groups, the scaffold and enzyme TIR-domain assemblies, both of which feature open-
ended complexes with two strands of TIR domains, but differ in the orientation of the two
strands. We compare and contrast how TIR domains assemble and signal through
distinct scaffolding and enzymatic roles, ultimately leading to distinct cellular innate-
immunity and cell-death outcomes.

Keywords: protein structure, protein-protein interactions, axon degeneration, cell-death signaling, signaling by
cooperative assembly formation (SCAF), innate immunity, plant disease resistance, toll/interleukin-1 receptor/
resistance protein
INTRODUCTION

TIR (Toll/interleukin-1 receptor/resistance protein) domains are cytoplasmic domains found in
both eukaryotic and prokaryotic proteins that are involved in innate-immunity and cell-death
pathways. They consist of 135–160 residues and typically display a five-stranded parallel b-sheet
(strands bA–bE) surrounded by five a-helices (aA–aE) (Figure 1) (1, 2). TIR-domain functions are
governed by weak and transient interactions. They predominantly function through homotypic
interactions, including self-association or association with other TIR domains, to create scaffolds
that facilitate signal transduction, leading to immune and cell-death responses (3, 4). The
mechanism of signaling employed has been described as SCAF (signaling by cooperative
assembly formation) (5–7). SCAF involves the assembly of higher-order complexes -
signalosomes or “supramolecular organizing centers” (SMOCs) (8). In the case of SCAF, receptor
activation through activating ligand binding induces receptor oligomerization, which in turn
org November 2021 | Volume 12 | Article 7844841124
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nucleates recruitment and oligomerization of adaptor proteins,
and subsequently the recruitment and oligomerization of effector
enzymes that can be activated through proximity-induced
mechanisms in the resulting signalosome.

In mammals, TIR domains are found in Toll-like receptors
(TLRs), interleukin-1 receptors (IL-1Rs) and cytoplasmic adaptor
proteins, such as MyD88 (myeloid differentiation primary
response gene 88) and MAL (MyD88 adaptor-like protein)
(Figures 1, 2) (2). TLRs and IL-1Rs are pattern recognition
receptors (PRRs) that recognize evolutionarily conserved
pathogen-associated molecular patterns (PAMPs) and
endogenous danger-associated molecular patterns (DAMPs)
released by dying or damaged cells (3, 4). Upon activation, TLR
TIR domains dimerize, creating an intracellular TIR-domain
signaling scaffold, which then recruits TIR domain-containing
adaptor proteins that activate further downstream signaling (e.g.
recruiting IL-1R-associated kinases (IRAKs) and activating the
transcription factor NF-kB [nuclear factor kappa-light-chain-
enhancer of activated B cells]), to induce inflammatory responses
Frontiers in Immunology | www.frontiersin.org 2125
through the production of proinflammatory cytokines and
programmed cell-death responses (3, 4).

In contrast to the scaffolding protein-protein interaction
function described above, the TIR domain-containing protein
SARM1 (sterile alpha and TIR motif containing 1) has been
found to cleave NAD+ (nicotinamide adenine dinucleotide) and
NADP+ (nicotinamide adenine dinucleotide phosphate) and
initiate axon degeneration, in a process also dependent on the
self-assembly of SARM1 TIR domains (Figure 2) (9–11). The
dual role of TIR domains, serving as scaffolds or as enzymes,
relies in part on the different assembly mechanisms of the
proteins, leading to functional specificity.

Similar to mammals, plants also have a complex immune
system to protect themselves from pathogen invasion. To restrict
pathogen infection, the intracellular innate immune receptors
called NLRs (nucleotide-binding domain (NBD)/leucine-rich
repeat (LRR) receptors) directly or indirectly detect pathogen
effector proteins via their C-terminal LRR domains and activate
defense responses, including localized programmed cell death, in
FIGURE 1 | Representative TIR domain structures. TIR domains of the human (TLR1, IL-1R9, MAL, MyD88 and SARM1), lower metazoan Hydra magnipapillata
(TRR-2), plant (RPP1 and ROQ1) and bacterial (TcpB) proteins with their corresponding PDB IDs are shown. All the TIR domains show a central core of five b-
strands (bA–bE) surrounded by five a-helices (aA–aE). The functionally important BB-loop in each TIR is labeled.
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a process termed hypersensitive response (HR) (Figure 2) (12).
The central NBD (usually called NB-ARC – see Figure 2) is
important for the oligomerization of these proteins into a
signalosome called the “resistosome” upon activation. TIR
domains are found at the N-termini of a large group of NLRs
(TIR domain-containing NLRs, TNLs), as well as TIR-only
proteins, and truncated NLRs lacking LRR domains (Figure 2)
(12, 13). It is unclear if some plant TIR domains serve scaffolding
functions like the canonical mammalian TIR domains; however,
plant TIR domains self-associate and display the enzymatic
function of cleaving NAD+, sharing similarities with the
function of SARM1 (10, 14). In agreement, plant TIR domains
exhibit similar assembly mechanisms as SARM1 (10, 15, 16).

TIR domains are also found in bacteria and archaea.
Structures and functions of bacterial and archaeal TIR domains
and the corresponding proteins are poorly characterized,
compared to their animal and plant counterparts, and are not
the focus of the current review. Bacterial TIR domains are found
in a wide range of domain architectures and domain types, which
indicates diverse functional roles (Figure 2) (17). Some bacterial
TIR domains, including TcpC (Escherichia coli), TirS
(Staphylococcus aureus), PumA (Pseudomonas aeruginosa) and
Frontiers in Immunology | www.frontiersin.org 3126
TcpB (Brucella melitensis), are linked to bacterial pathogenicity
(18, 19). TirS and TcpC possess NAD+-nucleosidase activity
(20), but so do bacterial TIR domains from non-pathogenic
bacteria, suggesting roles in bacterial physiology (20, 21). Recent
studies have also shown that the NAD+-nucleosidase activity of
the bacterial TIR domains is linked to bacterial antiviral defenses
(22–24).

Here, we review structural information available for various
TIR domains, focusing on the nature of the different assemblies
they form and their corresponding functional roles. Based on the
available structural and functional evidence, we observe a
correlation of TIR-domain assembly with their specific
functional roles. In this respect, they fall into two different
groups, the “scaffold” assemblies involved in innate-immunity
signaling, and “enzyme” assemblies leading to NAD+ cleavage
associated with cell-death signaling.
SCAFFOLD TIR-DOMAIN ASSEMBLIES

This group comprises the TIR domains that undergo self-
association to form a scaffold, which facilitates nucleation-
controlled cooperative recruitment of other TIR domain-
containing proteins and signal transduction (employing a
SCAF mechanism) (5–7, 25). The group includes TIR domains
from mammalian membrane receptors (TLRs and IL-1Rs), as
well as those from the cytoplasmic adaptor proteins. A number
of crystal structures of TIR domains from this group have been
determined, but the structural basis of their self-assembly only
became clear through the structural studies of higher-order
structures reconstituted for the adaptors MAL and MyD88
(26, 27).

TLRs and IL-1Rs
Ten TLRs are present in humans and found either on the cell
surface (TLR1, TLR2, TLR4, TLR5, TLR6 and TLR10) or in
intracellular endosomal compartments (TLR3, TLR4, TLR7,
TLR8 and TLR9) (28). TLRs are characterized by an extra-
cytoplasmic LRR domain, a transmembrane domain, and an
intracellular TIR domain (Figure 2). When activated by their
ligands, they mostly function as homodimers, but TLR2
functions as a heterodimer with either TLR1 or TLR6. A
considerable amount of structural information is available on
their LRR domains (29, 30), and even on the full-length TLR3
and TLR7 in complex with the membrane chaperone UNC93B1
involved in TLR trafficking (although the TIR domains could not
be visualized in this case) (31). Crystal structures of the TIR
domains of TLR1 (1), TLR2 (1, 32), TLR6 (33) and TLR10 (34)
have been reported. These TIR domains, when expressed as
separate proteins, are all monomeric in solution under the
conditions tested. The characteristic BB-loop (connecting the
bB strand and the aB helix) has been shown to play an important
role in signaling, as a naturally occurring mutation (P712H) in
this loop in TLR4 makes it non-responsive to the PAMP
lipopolysaccharide (LPS) (35). Other mutations in this loop
were also shown to abolish signaling in numerous TIR
FIGURE 2 | Domain architecture of representative TIR domain-containing
proteins. TIR, Toll/interleukin-1 receptor/resistance protein; LRR, leucine-rich
repeat; TM, transmembrane; Ig, immunoglobulin; DD, death domain; ID,
intermediate domain; NTD, N-terminal domain; RHIM, RIP (receptor-
interacting protein) homotypic interaction motif; ARM, armadillo-repeat motif;
SAM, sterile alpha motif; DBB, Dof (Drosophila downstream of fibroblast
growth factor receptor)/BCAP/BANK (B cell scaffold protein with ankyrin
repeats); ANK, ankyrin repeat; NB-ARC, nucleotide-binding adaptor shared
by APAF-1 (apoptotic protease-activating factor 1), R proteins and CED-4
(cell death protein 4); CC, coiled coil.
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domains, including TLR4 (36) and TLR7 (37). Downstream
signaling involves the recruitment of the cytoplasmic adaptors
MyD88 (for all TLRs except TLR3), MAL (as a bridging adaptor
for MyD88 in the case of TLR4 and TLR1/2/6), TRIF (TIR
domain-containing adaptor protein-inducing interferon b; for
TLR3) and TRAM (TRIF-related adaptor molecule; as a bridging
adaptor for TRIF in the case of TLR4).

There are also ten IL-1Rs (IL-1R1 to IL-1R10) in humans,
characterized by extracellular immunoglobulin domains, a
transmembrane domain, and an intracellular TIR domain
(except for IL-1R2) (38) (Figure 2). IL-1Rs recognize and bind
specific IL-1 family cytokines, which leads to recruitment of an
accessory receptor chain. The downstream signaling mechanism
is similar to that of TLRs, involving recruitment of MyD88,
IRAKs and activating NF-kB to induce inflammatory responses
(39). The IL-1R TIR domains are structurally less well
characterized, with the majority of the available structural data
limited to the complexes involving the ectodomains and their
corresponding ligands (40). The only available structure of a TIR
domain corresponds to that from IL-1R9 (IL-1RAPL1, IL-1R
accessory protein like 1) (41). However, IL-1R9 is not a classical
signaling IL-1R; it does not activate NF-kB, but has been
reported to be involved in trans-synaptic signaling (42).

Cytoplasmic TLR Adaptor Proteins
TLRs and IL-1Rs require adaptor proteins for signaling. Six
adaptor proteins have been identified in humans: MyD88,
MAL, TRIF, TRAM, SARM1 and BCAP (B-cell adaptor for
phosphoinositide 3-kinase) (28) (Figure 2). MyD88, MAL,
TRIF and TRAM are the principal signaling adaptors in this
pathway (43), while SARM1 and BCAP have been reported to
negatively regulate TLR signaling (44–46). Crystal and/or NMR
structures are available for the TIR domains from all these
proteins (2, 5, 10).

Structures of Higher-Order Assemblies of
MAL and MyD88 TIR Domains
Reconstitutionof higher-order assemblies ofMAL andMyD88TIR
domains yielded filamentous and micro-crystalline complexes,
respectively (26, 27). These reconstitution experiments correlated
with the functional signaling pathway, as the TLR4 TIR domain
seeded the assembly of MAL TIR domains, while MAL TIR
domains seeded the assembly of MyD88 TIR domains. Structure
determination of these higher-order assemblies, combined with
mutagenesis and signaling assays, has provided clarity on the
biologically relevant association of scaffold TIR domains (26, 27).
These structures feature two parallel strands of TIR domains, each
showcasing a head-to-tail arrangement of TIR domains, held
together through a BB-loop-mediated “BE” intrastrand interface.
The two strands are offset and held together through a “BCD”
interstrand interface (Figures 3, 4).

The structure of the filament formed byMALTIR domains was
determined by helical reconstruction cryo-electron microscopy
(cryo-EM) (26). It revealed a hollow tube consisting of 12
protofilaments, with each protofilament corresponding to a two-
stranded assembly of TIR domains described above.
Frontiers in Immunology | www.frontiersin.org 4127
The intrastrand BE interface includes the area around the BB-
loop of one subunit and the EE surface (the bD and bE strands and
theaEhelix)of the interacting subunit (Figure3A).The interstrand
interaction connecting the two strands involves the residues on the
BCsurface (aBandaChelices)ofone subunit fromstrand1and the
CD surface (aD helix and the CD loop) of another subunit from
strand 2 (Figure 3A). Structure-based mutagenesis studies
confirmed that key residues in both interfaces (e.g., P125A in the
intrastrand interface; L162A, L165A,W156A, Y159A andF193A in
the interstrand interface) are necessary for the activation of
downstream signaling through NF-kB, whereas mutations of
residues mediating interactions between protofilaments were not
found to have consequences for function (26).

The structure of the MAL TIR domain-nucleated microcrystals
of MyD88 TIR domain was determined using two approaches,
microcrystal electrondiffraction (microED) and serial femtosecond
crystallography (SFX) with an X-ray free electron laser (X-FEL)
source (bothyieldingnearly identical structures) (27).The structure
shows that the TIR domains of MyD88 assemble in a fashion
analogous to MAL TIR-domain protofilaments (Figure 3A). The
interfaces responsible for this association were again found to be
relevant to signaling, with the mutations R196A, W284A, I253D
and R288A in the intrastrand interface, and mutations K238A,
L241A, F270A and F270E in the interstrand interface abolishing
TLR4-induced NF-kB activation (27). The analogous structural
arrangement ofTIR domains in theMALandMyD88higher-order
assemblies suggests a hierarchical, nucleation-controlled and
cooperative mechanism for TLR signal transduction, in which the
receptor and adaptor TIR domains assemble via the inter- and
intrastrand interactions observed in the MyD88 and MAL TIR-
domain higher-order assemblies, leading to formation of a TIR-
domain signalosome. This in turn promotes clustering of the
MyD88 death domains (DDs) to form a signalosome termed the
“Myddosome” (47), recruiting and activating IRAKs (26, 27),
thereby facilitating signaling through a SCAF mechanism.

Several mutations in the TIR domains of TLRs and adaptors are
associated with disease. In MyD88, the R196C polymorphism,
which is associated with susceptibility to pyogenic bacterial
infection during childhood (48), maps to the intrastrand interface
of the TIR-domain signalosome. Similarly, the L252P gain-of-
function variant of MyD88, which is found in diffuse large B cell
lymphoma and promotes tumor survival through enhancedNF-kB
activation (49), also maps to the intrastrand interface. The
corresponding mutant forms extremely stable oligomers,
compared to the wild-type protein, explaining the molecular basis
of its phenotype (50).

Interestingly, in one of the crystal structures of the TRR-2 TIR
domain from the lower metazoan Hydra magnipapillata (PDB ID
4W8G), a parallel two-strand arrangement analogous to MAL and
MyD88 TIR-domain signalosomes is observed (Figures 1, 3A).
These signalosomes are therefore likely to be structurally
conserved in a range of eukaryotes.

The interactions observed in the MyD88 and MAL TIR-
domain signalosomes were not captured in the crystal structures
of any of the mammalian TLR or adaptor TIR domains.
However, surfaces equivalent to the ones mediating interstrand
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interactions (involving residues in aB, aC and aD helices and
the BB-loop; “BCD surface”) are found to mediate symmetric
dimer formation in the crystals of a number of TLR and IL-1R
TIR domains (TLR1, TLR2, TLR6, TLR10 and IL-1R9) (5).
While it is possible that functional surfaces simply find
alternative, biologically irrelevant binding partners when
forming crystals, it could be that such symmetric interaction
contributes to the regulation of signaling by representing an
inactive, auto-inhibited state, especially in the case of TLRs that
always exist as dimers; such an interaction would presumably be
broken when the receptor is activated by ligand binding and the
signalosome formation would be allowed.

In summary, the scaffold TIR-domain signalosomes
correspond to parallel two-stranded open-ended assemblies of
TIR domains, held together by two asymmetric interactions, the
intrastrand and interstrand interactions, mediated by the BE and
BCD interfaces, respectively (Figures 3, 4). The nucleation-
controlled cooperative assembly of these signalosomes is
responsible for the SCAF mechanism of signaling.
ENZYME TIR-DOMAIN ASSEMBLIES

This group comprises the TIR domains that undergo self-
association, which facilitates NAD+-nucleosidase activity and
eventually cell death. It includes TIR domains from the
mammalian protein SARM1 and plant TIR domain-containing
Frontiers in Immunology | www.frontiersin.org 5128
proteins. While some bacterial and archaeal TIR domains have
also been shown to have NAD+-nucleosidase activity, the
structural basis of their self-association and enzymatic activity
is not well characterized and may be different from their
eukaryotic counterparts discussed in this group (10, 20). On
the other hand, the TIR domains from SARM1 and plant NLRs
assemble in an analogous fashion, forming two-stranded
assemblies different from that of the scaffold TIR-domain
assemblies (Figures 3, 4). The association of TIR domains in
each individual strand resembles the one observed in scaffold
TIR-domain signalosomes, featuring a head-to-tail arrangement
mediated by the BB-loop-containing BE interface. However, the
two strands in enzyme TIR-domain assemblies are associated in
an antiparallel, rather than parallel, fashion. The interstrand
interface corresponds to a symmetric “AE interface”, involving
the aA and aE helices. This structural information is based on
three key structures: the crystal structure of the SARM1 TIR
domain (10), and the cryo-EM structures of activated
resistosome complexes of the TNLs ROQ1 and RPP1 (15, 16).

SARM1
While SARM1 has a number of suggested roles in the regulation
of innate immunity, the central function appears to be to serve as
the executioner of Wallerian or programmed axon degeneration,
a highly conserved pathway of injury-induced axon degeneration
(51–54). SARM1 facilitates rapid depletion of NAD+ in response
to axon injury, leading to subsequent axon demise (10, 11, 55).
A

B

FIGURE 3 | Structural basis of eukaryotic TIR-domain assembly formation. (A) Scaffold TIR-domain assemblies, held together by the BE and BCD interfaces,
represented by the TIR domains from MAL, MyD88 and TRR-2. (B) Enzyme TIR-domain assemblies held together by the BE and AE interfaces, represented by the
TIR domains from SARM1, RPP1 and ROQ1.
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SARM1 deletion mutants lacking the TIR domain show a
dominant-negative phenotype, delaying axon degeneration
(52). In addition to its C-terminal TIR domain, SARM1
contains an N-terminal ARM (armadillo repeat motif) domain
and central tandem SAM (sterile alpha motif) domains. SAM
domains form an octameric ring, and the formation of such an
oligomeric state is essential for axon degeneration (10, 52, 56).
The SARM1 TIR domain has intrinsic NAD+-nucleosidase
activity, cleaving NAD+ into nicotinamide and either ADPR
(ADP-ribose) or cyclic ADPR (cADPR) (10, 11, 57). The active
site has similarities to that of the NAD+ glycohydrolase CD38,
including a catalytic glutamate residue (10, 11). Mutation of this
residue is sufficient to abolish NAD+-nucleosidase activity,
indicating similar mechanisms of NAD+-nucleosidase activity
among these enzymes (10, 11). Self-association of SARM1 TIR
domains is essential for enzyme activity (10, 11). The crystal
structure of the SARM1 TIR domain revealed the two-stranded
antiparallel arrangement described above, and mutational
Frontiers in Immunology | www.frontiersin.org 6129
analysis of the BE (D594A, E596K, and G601P) and AE
interfaces (L579A and H685A) revealed that these interactions
are functionally important for stabilization of the active
conformation of the TIR domains (10).

In the inactive SARM1octamer, interactionof theARMandTIR
domains is responsible for preventingTIR-domain self-association,
directly inhibitingNAD+-nucleosidase activity (58–60). TheARM-
TIR inhibitory interaction is regulated by the cellular ratios of
NAD+ and its metabolites NMN (nicotinamide mononucleotide)
andNaMN(nicotinic acidmononucleotide), throughbinding to an
allosteric site in theARMdomain;NMNas an activator, andNAD+

and NaMN as inhibitors (59–63). Injury-associated increase in
NMN results in the release of this ARM-TIR autoinhibition and
subsequent assembly of TIR domains (59).

Plant TIR Domains
TIR domains from several plant NLRs and TIR-only plant
proteins can also cleave NAD+, dependent on the TIR domain
A

B C D

FIGURE 4 | Schematic representation of TIR-domain assemblies. (A) Overview of TIR-domain assemblies. (B) Scaffold TIR-domain assemblies, represented by the
structures formed by the TIR domains from human MAL and MyD88. These parallel two-stranded assemblies are held together by the intrastrand BE interfaces, and
the interstrand BCD interfaces. (C) Schematic diagram of a single TIR domain, to highlight the BB-loop, BCD, EE and AE surfaces (the diagram does not differentiate
the structures of TIR domains in monomeric and signalosome forms). (D) Enzyme TIR-domain assemblies, represented by the structures formed by the TIR domains
from human SARM1 and the plant NLRs ROQ1 and RPP1. These antiparallel two-stranded assemblies are held together by the intrastrand BE interfaces and the
interstrand AE interfaces.
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self-association and the conserved glutamate residue at the
catalytic site; this activity is essential for cell-death signaling
(10, 14). Crystal structures of numerous plant TIR domains
[including those from RPS4 and RPS4-RRS1 heterodimer,
AtTIR, SNC1, RPP1 and RPV1 (64–67)] feature a symmetrical
AE interface analogous to the one observed in SARM1, and
mutagenesis of residues in this interface was shown to abolish
cell-death signaling in plants (10, 65–68). The AE interface often
features conserved residues, such as the SH (serine-histidine)
motif in the aA helices of the TIR domains, which allows
stacking and hydrogen-bonding interactions across the
interface (65). Charged residues surrounding the SH motif
further stabilize the AE interface (67). However, the structure
of a functional TIR-domain assembly only became clear based on
the cryo-EM structures of ROQ1 and RPP1 NLRs (15, 16).

Activated ROQ1 and RPP1 form tetrameric structures, largely
through the interactions of their NBDs (15, 16). This NBD-
mediated tetramer exhibits four-fold symmetry; however, the
TIR domains arranged on top of this tetramer exhibit only two-
fold symmetry, featuring a dimer of dimers. The arrangement of
TIR domains is identical to the arrangement of SARM1 TIR
domains observed in the corresponding crystals. Therefore, each
dimer features the symmetrical AE interface, but the two dimers
are held together through BE interfaces (Figure 3B). Such a BE
interface was never observed in any of the crystal structures of
plant TIR domains; however, the DE surface mediating this
interaction has been implicated previously in the function of
these domains through site-directed mutagenesis (67–69).

The BE interface-mediated interaction is crucial for NAD+-
nucleosidase activity, because in the absence of this interaction,
the positively charged lysine and arginine residues in the BB-loop
block NAD+ binding to the active site. In the presence of BE-
interface interaction, the BB-loop moves under the DE surface
and allows access by the substrate to the NAD+-binding site.
Jointly, the AE and BE interface-mediated interactions facilitate
the appropriate conformation of the active site to enable
enzymatic activity (16). The oligomerization of plant NLRs,
driven largely by the NBDs, is presumed to nucleate assembly
of the TIR domains.

In summary, the enzyme TIR-domain signalosomes involve
anti parallel head-to-tail asymmetric intrastrand and symmetric
interstrand interactions, mediated by the BE and AE interfaces,
respectively (Figures 3, 4). Such an assembly is required for
configuring the NAD+-nucleosidase active site, and consequently
enzymatic activity and biological function (axon degeneration or
cell death).
SIGNALING BY COOPERATIVE
ASSEMBLY FORMATION

Both the scaffold and enzyme types of TIR-domain signalosomes
function through a signaling mechanism termed SCAF (5–7).
Compared to a more gradual signal amplification in a classical
signaling pathway, SCAF enables a rapid and strong response to
minute amounts of stimulus, resembling a switch; it is therefore
Frontiers in Immunology | www.frontiersin.org 7130
well suited to innate-immunity and cell-death pathways. An
important aspect of regulation involves the nucleation barriers to
oligomerization (25). In the case of scaffold TIR-domain
assemblies, the effector enzymes correspond to proteins kinases
( IRAKs) , which can ac t i va t e themse lves through
phosphorylation when brought together. In the case of enzyme
TIR-domain assemblies, the TIR domains themselves serve as
effector enzymes, as they require self-association for activity. In
both scaffold and enzyme groups, other domains play key roles to
create a functional pathway, for example LRR domains as
receptors (also called sensors) in TLRs and plant NLRs, ARM
domains as receptors in SARM1, and DDs and NBDs as adaptors
in TLR and plant NLR pathways. The presence of more than one
self-associating domain provides further opportunities for
regulation of the system (e.g. auto-inhibition between the DD
and TIR domains in MyD88), which ultimately creates a large
range of concentrations where the system is poised for activation
(50, 70, 71).
CONCLUSIONS AND FUTURE
DIRECTIONS

TIRdomains are found inanimals, plants, bacteria andarchaea, and
often have functions associated with innate immunity and cell
death. Self-association of TIR domains is key to their function, but
weak affinities prevent association until aided by activating ligands,
other domains in TIR domain-containing proteins, or adaptor
proteins. The differences in the structures of scaffold and enzyme
TIR-domain assemblies correlate with their distinct functional
roles. Scaffold TIR-domain signalosomes, represented by MAL
and MyD88 TIR-domain complexes, correspond to parallel two-
stranded assemblies that are used in nucleation-controlled
pathways that are activated by PAMPs or DAMPs and result in
the activation of protein kinases (such as IRAKs). Enzyme TIR-
domain signalosomes, represented byTIR-domain complexes from
SARM1 and plant NLRs, correspond to antiparallel two-stranded
assemblies with NAD+-nucleosidase activity that form in response
to NMN or plant pathogen effector protein binding, respectively.
Both groups of assemblies feature an analogous head-to-tail
arrangement of TIR domains in individual strands, mediated by
the BE interface, but differ in their interstrand association. In line
with their analogous interstrand interactions, the functionally
important BB-loop adopts a similar conformation in the
assembled state in both cases.

Our classification into the two groups of TIR-domain
signalosomes is based on a limited number of signalosome
structures, and further work will be required to establish how
generally applicable the current models are to TIR-domain
signaling, and what variations exist in different pathways.
However, in support of our general conclusions, molecular,
mutational, and functional data on a large variety of TIR domains
are consistent with our proposed models. For example, the TIR
domain of the TLR adaptor TRAM only has limited sequence
identity to those from MAL and MyD88, yet it is compatible with
filaments with the same arrangement of TIR domains as seen in the
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latter two cases (26). Similarly, the Arabidopsis plant TIR-only
immune receptor RBA1 and the TIR-only protein BdTIR of
unknown function from the monocot plant Brachypodium
distachyon display self-association-dependent NAD+-
nucleosidase activity (14). Nevertheless, further studies on
different TIR domain-containing proteins will be required to
understand the breadth of similarities and differences in their
molecular basis of function, in particular the less characterized
proteins from bacteria and archaea. Another important but poorly
characterized aspect involves the molecular details of the reaction
catalyzed by different enzymeTIRdomains.While all characterized
enzyme TIR domains cleave the nicotinamide moiety off the
substrate NAD+ molecule, many produce a cyclic variant of the
remaining ADPR, rather than just the linear ADPR molecule.
Human SARM1 produces a small proportion of the classical
cADPR, but several bacterial and plant TIR domains instead
produce variants with a different cyclic linkage (11, 14, 20). The
chemical structures of these variants remain uncharacterized, as do
their roles in the corresponding biological pathways.
Frontiers in Immunology | www.frontiersin.org 8131
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In insects, a complex and effective immune system that can be rapidly activated by a
plethora of stimuli has evolved. Although the main cellular and humoral mechanisms and
their activation pathways are highly conserved across insects, the timing and the efficacy
of triggered immune responses can differ among different species. In this scenario, an
insect deserving particular attention is the black soldier fly (BSF), Hermetia illucens
(Diptera: Stratiomyidae). Indeed, BSF larvae can be reared on a wide range of decaying
organic substrates and, thanks to their high protein and lipid content, they represent a
valuable source of macromolecules useful for different applications (e.g., production of
feedstuff, bioplastics, and biodiesel), thus contributing to the development of circular
economy supply chains for waste valorization. However, decaying substrates bring the
larvae into contact with different potential pathogens that can challenge their health status
and growth. Although these life strategies have presumably contributed to shape the
evolution of a sophisticated and efficient immune system in this dipteran, knowledge
about its functional features is still fragmentary. In the present study, we investigated the
processes underpinning the immune response to bacteria in H. illucens larvae and
characterized their reaction times. Our data demonstrate that the cellular and humoral
responses in this insect show different kinetics: phagocytosis and encapsulation are
rapidly triggered after the immune challenge, while the humoral components intervene
later. Moreover, although both Gram-positive and Gram-negative bacteria are completely
removed from the insect body within a few hours after injection, Gram-positive bacteria
persist in the hemolymph longer than do Gram-negative bacteria. Finally, the activity of
two key actors of the humoral response, i.e., lysozyme and phenoloxidase, show unusual
dynamics as compared to other insects. This study represents the first detailed
org November 2021 | Volume 12 | Article 7451601134
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characterization of the immune response to bacteria of H. illucens larvae, expanding
knowledge on the defense mechanisms of this insect among Diptera. This information is a
prerequisite to manipulating the larval immune response by nutritional and environmental
factors to increase resistance to pathogens and optimize health status during
mass rearing.
Keywords: cellular response, hemocytes, Hermetia illucens, humoral response, immune system
INTRODUCTION

In recent years, the possibility of rearing saprophagous insects on
organic residues has been attracting increasing interest as insect-
mediated bioconversion not only represents a strategy to valorize
waste, but also to obtain bioproducts, thus generating circular
economy value chains (1). In this scenario, the larvae of the black
soldier fly (BSF),Hermetia illucens (Diptera: Stratiomyidae), play
a key role since they have an outstanding ability to grow on a
variety of by-products of different supply chains (2–4) and larval
proteins can be used not only for formulating feedstuff for
poultry, pigs, and fish (5), but also for manufacturing
bioplastics (6). Moreover, BSF larvae represent a valuable
source of lipids for producing biodiesel (7), chitin (8), and
antimicrobial peptides (9).

Great effort has been invested to improve the quality of BSF
larvae in terms of protein and lipid content (10–12), mainly by
modulating the formulation of their feeding substrate, rearing
temperature, humidity, and larval density. These parameters have,
however, completely disregarded the fact that most of BSF-based
applications involve the use of decaying waste substrates, thus
potentially bringing the insect into contact with different
pathogens that can challenge its health status and development.
Only a few studies have evaluated the ability ofH. illucens larvae to
reduce the presence of pathogens in the rearing substrates (13, 14),
although Huang and colleagues (15) have demonstrated that this
insect can reduce pathogenic bacteria in the ingested substrate by
means of gut immunemechanisms. This finding suggests that BSF
larvae have a particularly efficient immune system, ensuring
growth and development even in unhealthy organic substrates
full of pathogens. However, information on the immune system of
BSF larvae is incomplete (16), hindering further exploitation of
this insect.

The immune system of insects possesses a sophisticated set of
cellular and humoral innate mechanisms that can be rapidly
activated in the presence of infections. The main actors of the
cellular response are hemocytes, circulating cells involved in
phagocytosis, encapsulation, and nodulation of non-self-
antigens (17). In parallel, the humoral response is triggered by
the interaction of Pattern Recognition Receptors (PRRs), located
on the surface of insect cells, and Pathogen-associated Molecular
Patterns (PAMPs) such as peptidoglycans, lipopolysaccharides,
and b-1,3 glucans that are present on the pathogen surface (18).
Humoral responses include the phenoloxidase (PO) system, an
enzymatic cascade whose activation culminates with hemolymph
clotting and melanin production, antimicrobial peptides
(AMPs), lysozyme, and reactive oxygen species (19–21).
org 2135
Although the activation pathways are highly conserved in
insects, the triggered cellular and humoral responses can differ
between orders and species (18). In some Coleoptera, for
example, the maximum number of hemocytes involved in the
response to bacteria can be observed just a few hours after
infection (22, 23), while in Anopheles gambiae this requires 24
hours (24). This finding indicates that, after an immune
challenge, different amounts of time are required for
circulating hemocytes to proliferate and thus counteract the
threat. The pathways that regulate the humoral responses can
greatly differ, too. For example, although the honey bee, Apis
millifera, retains the major pathways typical of insect immune
responses, the number of genes involved in the response to
different non-self-antigens, including recognition, signaling, and
effectors molecules, is reduced by one-third compared to
Drosophila melanogaster (25), although this difference might be
related to the existence of collective immunity that guarantees
defenses against diseases in social insects (26). Another example
comes from the pea aphid, Acyrtosiphon pisum. In this insect, the
highly conserved peptidoglycan receptor proteins, as well as
other IMD-associated genes involved in the defense against
Gram-negative bacteria, including the AMPs Defensin and
Cecropin, appear to be missing and Gram-positive bacteria are
likely recognized by Gram-negative binding proteins or other
receptors (27). Moreover, despite bacterial infections inducing
the activation of lysozyme in that aphid, this enzyme does not
seem to have a direct role in the host immune response against
bacteria (28). Regarding the Diptera, although the immune
mechanisms have been exhaustively and comprehensively
characterized in the model D. melanogaster, it could be
informative to investigate the peculiarities of the immune
response in those species that have particular lifestyles. In the
housefly Musca domestica, for example, many immune-related
genes significantly expanded and diversified during evolution, as
an adaptation to highly septic environments (29).

To our knowledge, and apart from the AMPs, only one study
has investigated the larval immune system of BSF (16): here, the
authors performed preliminary work on some elements of the
humoral response, such as phenoloxidase, lysozyme, and
antimicrobial peptides, completely overlooking the cellular
mechanisms. More attention has been paid to the AMPs due
to biotechnological applications and medical interests, some of
which have been recently characterized and cloned from BSF
larvae (30–33). Moreover, Vogel et al. (9) performed a RNASeq
analysis on whole larvae grown on different rearing substrates
(including those with high bacterial loads) and on selected
tissues, demonstrating that the AMP expression profile
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depends not only on the bacterial load of the substrate, but also
on its nutrient composition.

In this paper we analyzed the cellular and humoral response
of H. illucens larvae subjected to bacterial infection, focusing on
the dynamics of the reactions. In particular, after injecting
different immune elicitors (i.e., Gram-negative and Gram-
positive bacteria, and chromatographic beads) into the
hemocoel, we investigated the activity of hemocytes in
phagocytosis and encapsulation processes, evaluated the
antimicrobial activity of hemolymph as such and of the
humoral components, analyzed the activity of the PO system
and lysozyme, and quantified the expression of genes coding
for AMPs.

This study is the first to characterize the immune response ofH.
illucens larvae to bacteria in detail. Resistance to diseases is a key
issue for breeding BSF larvae in habitats with high bacterial load,
which constantly expose the insect to infections that may reduce its
survival and reproductive potential (34). In particular, we analyzed
the innate immune response triggered by the Gram-positive
saprotrophic bacterium Micrococcus luteus and the Gram-
negative bacterium Escherichia coli, which are widely represented
in environmental and soil samples and in organic wastes processed
by BSF and other dipteran larvae (35, 36), upon their entrance in
the insect hemocoel through lesions on the integument.
Understanding the dialogue between cellular and humoral
components of the immune system to counteract bacterial
infections can be extremely important for maximining the
productivity of BSF mass rearing activities and, ultimately,
contributing to a wider utilization of the larvae as a viable feed
source for livestock and as a sustainable waste management system.
MATERIALS AND METHODS

Insect Rearing
Larvae of H. illucens used in this study were obtained from a
colony kept for six years at the University of Insubria
(Varese, Italy).

Eggs were collected in Petri dishes andmaintained at 27 ± 0.5°C
until hatching, according to the procedures of Pimentel et al. (37).
Neonate larvae were fed with a standard diet for Diptera (50%
wheat bran, 30% corn meal, and 20% alfalfa meal mixed at a ratio
of 1:1 dry matter:water) (38). Four days after hatching, batches of
300 larvae were transferred to plastic containers (16 x 16 x 9 cm),
fed with standard diet, and reared in the dark at 27 ± 0.5°C and
70 ± 0.5% relative humidity. Once at the pupal stage, insects were
removed from the substrate and transferred to a cage (70 x 70 x
120 cm) until adult eclosion. Flies were kept at 30 ± 0.5°C, 70 ± 5%
relative humidity and with a 12:12 hours light:dark photoperiod,
according to Bruno et al. (39).

Bacterial Strains
The bacterial strains Escherichia coli (Strain K12, Sigma-Aldrich,
USA) and Micrococcus luteus ATCC No. 4698 (Sigma-Aldrich)
were used for all the analyses except the encapsulation assay. We
selected these bacteria because they are widely represented in
Frontiers in Immunology | www.frontiersin.org 3136
organic wastes that can be used by H. illucens larvae to grow (36)
and can infect the insect through superficial lesions of
the integument.

Bacteria were grown in 10 ml of LB broth (Sigma-Aldrich)
overnight at 37°C under shaking at 160 rpm. Then, 1-ml aliquots
were centrifuged at 1620 x g for 15 minutes and cell pellets were
washed three times with phosphate buffer (38 mM KH2PO4, 61.4
mM K2HPO4, pH 7.4). Finally, after measuring the optical density
of the culture at 600 nm (OD600nm; one unit of OD600nm

corresponds to 4.12 x 108 CFU/ml of E. coli and 1.83 x 107

CFU/ml of M. luteus), cells were resuspended and diluted in
phosphate-buffered saline (PBS, 137 mM NaCl, 2.7 mM KCl, 10
mM Na2HPO4/KH2PO4, pH 7.4) to the final concentration for
injection into larvae (40).

Injection of Larvae, Hemolymph
Collection, and Control Groups
Last instar larvae were carefully washed with tap water to remove
diet debris, then with 0.5% sodium hypochlorite (in tap water, v/v)
and 70% ethanol (in distilled water, v/v). To evaluate the
activation of cellular and humoral mechanisms by the co-
administration of Gram-positive and Gram-negative bacteria, an
E. coli/M. luteus mix was used to infect the larvae (5µl of the
bacterial mix for each larva), unless for those markers where the
response of the immune system to Gram-positive or Gram-
negative bacteria needed to be specifically evaluated (i.e.,
antimicrobial activity and phagocytosis). For details on the
injection of pHrodo-conjugated bacteria and chromatographic
beads, please see the sections below.

All the injections were performed between the third last and
penultimate metamere by using a Hamilton 700 10-ml syringe
(Hamilton, USA). After injection, larvae were placed in sterile
Petri dishes at 27 ± 0.5°C and 70 ± 0.5% relative humidity
without food until bleeding.

Hemolymph was collected by piercing the larvae, previously
anesthetized on ice, between the last and penultimate metamere
with a sterile needle. Each experiment was performed by pooling
samples of hemolymph collected from at least 15 larvae and 3
experiments were performed for each test.

As the aim of the present work was to analyze the immune
response triggered by the entrance of bacteria through lesions on
the body surface, uninjected larvae (naïve) were considered as
control groups for all the experiments, as detailed below. To
exclude potential side effects of the puncture or the buffer used to
resuspend the bacteria, larvae punctured with a sterile needle
only or injected with sterile PBS (5 µl) were analyzed at different
time points (negative controls) (Figure S1). Additional controls
were performed by examining starved naïve larvae at different
time points (3, 6, 14, 24, and 48 hours) to exclude possible effects
of food deprivation on different immune markers (Figure S2).

Determination of the Optimal Bacterial
Dose for the Infection of Larvae
The larval immune response was triggered by injecting a mixture
of Gram-negative and Gram-positive bacteria into the hemocoel.
To determine the adequate bacterial dose for infecting insects,
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larvae were injected with 5 ml of different concentrations of an E.
coli/M. luteus mix (104, 105, 106, 107, 108, and 109 CFU/ml) and
their mortality was monitored every 24 hours for 3 days. Twenty-
five larvae for each condition were used and the experiment was
conducted in triplicate. This preliminary experiment was carried
out to define the bacterial dose at which the immune system of
BSF larvae could be stimulated without causing significant insect
mortality during the time considered for the analyses. According
to the results obtained in this assay (Figure S3), larvae were
injected with 5µl of E. coli/M. luteusmix at a concentration of 105

CFU/ml for all the experiments, unless otherwise specified.

Evaluation of Antimicrobial Activity
of the Hemolymph
CFU Count by the Spread-Plating Method
To determine the bacterial load (CFU/ml) in the hemocoel,
hemolymph was collected 6, 14, 24, and 48 hours after
infection with E. coli or M. luteus at a concentration of 105

CFU/ml. Samples were diluted 1:100 with sterile PBS and then
plated onto 20 ml of LB broth agar (Sigma-Aldrich). The plates
were incubated at 37°C for 24 hours and then colonies were
counted. The CFU/ml was calculated as CFU/ml=n° colonies x
dilution factor.

CFU Count by the Track-Dilution Method
Larvae were injected as described in the section “Injection of
larvae, hemolymph collection, and control groups” and placed in
sterile Petri dishes for 6, 14, 24, or 48 hours. After collection,
hemolymph was centrifuged at 250 x g to remove the hemocytes.
Then, 10 µl of cell-free hemolymph were incubated with 90 µl of
106 CFU/ml E. coli orM. luteus at 37°C for 3 hours, according to
Mastore and Brivio (41). After incubation, samples were serially
diluted and then 10 µl of each dilution were dropped onto agar
plates. Plates were tilted to allow drops to flow downward and
then incubated overnight at 37°C. The colonies (CFU) in each
plate were counted and the concentration was calculated as CFU/
ml=n° colonies x 10 x dilution factor. E. coli or M. luteus (106

CFU/ml) without the addition of cell-free hemolymph, and
sterile PBS were used as controls. Time point 0 (T0)
corresponded to cell-free hemolymph derived from naïve
larvae incubated for 3 hours with 106 CFU/ml E. coli orM. luteus.

Hemocyte Counts
To quantify the hemocytes, hemolymph samples were extracted
from the larvae 6, 14, 24, or 48 hours after the infection.
Hemocytes were counted by loading diluted hemolymph (10 µl
hemolymph added to 90 µl of 0.4% Trypan blue, ThermoFisher,
USA) into FAST READ 102 counting chambers (Biosigma S.R.L.,
Italy) according to the manufacturer’s instructions.

Phagocytosis Assay
To investigate the phagocytic activity of hemocytes, fluorogenic
probes that dramatically increase their fluorescence as pH
decreases from neutral to acidic were used. For this purpose,
5 ml of pHrodo™ Red Staphylococcus aureus BioParticles
Conjugate (0.2 mg/ml) or pHrodo™ Green E. coli BioParticles
Conjugate (0.2 mg/ml) (Molecular Probes, USA) were injected
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into the larval hemocoel. Five minutes and 1, 14, and 24 hours
later, the hemolymph was extracted from the larvae and 200 µl
were loaded on round glass coverslips for 15 minutes in the dark
to allow cell adhesion. After discarding the liquid fraction, the
hemocytes were fixed with 4% paraformaldehyde in PBS for 5
minutes and then washed twice with sterile PBS. Cells were
incubated with DAPI (100 ng/ml in PBS) for nuclear detection
and then coverslips were mounted on slides with Citifluor
(Citifluor Ltd, United Kingdom) (42). The hemocytes were
analyzed by using an Eclipse Ni-U fluorescence microscope
(Nikon, Japan) equipped with a DS-SM-L1 digital camera
(Nikon, Japan). Phagocytic cells were quantified by analyzing
five different images for each independent experiment. The
experiments were conducted in triplicate for each time analyzed.

Encapsulation Assay
B-Agarose, B-Sephadex G-100, CM-Sephadex C-25, and DEAE-
Sephadex A-25 beads (Sigma-Aldrich) were used to analyze the
encapsulation process. The method was adapted from Mastore
and Brivio (43). Briefly, beads were first washed three times with
sterile PBS and resuspended in the same buffer, centrifuging at
1620 x g for 2 minutes after each wash. Of the final preparation
(approximately 5 beads/µl), 5 µl were injected into the larvae.
The hemolymph was collected at different time points (2, 4, 14,
and 24 hours) and diluted 2:1 (hemolymph/medium) (v/v) with
Schneider’s Insect Medium. The encapsulation process was
evaluated by using an Olympus IX51 microscope (Olympus,
Japan) equipped with an Optika C-P20M camera (Nikon).
Encapsulation is an extremely dynamic process due to the
different number of hemocytes that adhere to the bead over
time, therefore, a qualitative approach was used for this assay.
The time at which at least 30% of the beads were at least partially
covered by hemocytes was selected as starting point of the
process. The experiments were conducted in triplicate for each
time point analyzed.

PO System Activity
To monitor the activity of the PO system after infection, larvae
were injected with increasing concentrations of the E. coli/M.
luteus mix (i.e., 105, 107, 108, or 109 CFU/ml). After 7 minutes,
(according to preliminary tests this is the time needed to activate
the PO system in H. illucens larvae), the hemolymph was
collected and centrifuged at 250 x g for 5 minutes at 4°C to
obtain the humoral (cell-free) fraction. The method used to
analyze the PO activity was adapted from Garriga et al. (44).
Briefly, 10 ml of cell-free hemolymph were added to 990 µL of
8 mM L-Dopa (L-3-4 dihydroxyphenylalanine) (Sigma-Aldrich)
in 10 mMTris-HCl, pH 7.4. Activation of the PO system was also
evaluated by incubating 10 ml of cell-free hemolymph collected
from larvae infected with 105 CFU/ml of the E. coli/M. luteus
mix, with 10 ml of b-glucans from Saccharomyces cerevisiae
(Zymosan®, Sigma-Aldrich) in 980 ml of 8 mM L-Dopa in 10
mM Tris-HCl, pH 7.4.

The formation of dopachrome was evaluated with a V-560
double-beam spectrophotometer (Jasco, USA). Before
measurement, samples were incubated at room temperature for
10 minutes and the absorbance was measured at 490 nm every 10
November 2021 | Volume 12 | Article 745160

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Bruno et al. The Immune System of BSF
minutes. The increase in absorbance over time (DAbs) was
determined in the linear range of the curve within 60 minutes.
The range in which the absorbance values were registered was
0.1-1 according to Harvey (45).

Lysozyme Activity
Larvae were infected and placed in sterile Petri dishes for 6, 14,
24, and 48 hours. After collecting the hemolymph, the activity of
lysozyme was evaluated according to Garriga et al. (44) with
slight modifications. Briefly, N-Phenylthiourea (PTU, Sigma-
Aldrich) crystals were added to the samples to prevent
activation of the PO system. Samples were centrifuged twice at
250 x g for 5 minutes at 4°C, and then at 1600 x g for 10 minutes
at 4°C, collecting the supernatant. Cell-free hemolymph was
diluted 1:10 with sterile PBS. Thereafter, 100 µl of the samples
were added to 150 µl ofMicrococcus lysodeikticus (0.45 mg/ml in
30 mM phosphate buffer, pH 7.2; Sigma-Aldrich), with an optical
density of 0.6-0.7, which was used as substrate to measure
lysozyme relative activity. M. lysodeikticus alone and cell-free
hemolymph without addition of the bacterium were used as
controls. Absorbance at 450 nm was measured every 30 s for 10
minutes in 96-well plates using a Bio-Rad iMark™ Microplate
Absorbance reader (Bio-Rad, USA).

qRT-PCR Analysis
For qRT-PCR analysis, larvae at 3, 6, 14, 24, and 48 hours after
the infection were anesthetized on ice and then dissected. The fat
body was isolated, frozen in liquid nitrogen, and stored at -80°C
until use. In parallel, the hemolymph collected from larvae
infected for 3, 6, 14, and 24 hours was isolated as described in
the section “Injection of larvae and hemolymph collection” and
placed in sterile tissue culture Petri dishes (5.5 x 1.5 cm) for 20
minutes in the dark to allow cell adhesion. Afterwards, the
hemocytes were washed twice with Schneider’s Insect Medium
to remove fat body debris, then scraped from the Petri dish with
Trizol Reagent (Life Technologies, USA), and stored at -80°C
until use.

RNA was extracted from 30-40 mg of fat body and 106

hemocytes/ml with Trizol Reagent. Samples were treated with
TURBO DNA-free Kit (Life Technologies) to avoid genomic
DNA contamination and RNA quality was verified through
gel electrophoresis.

Retrotranscription was performed with M-MLV reverse
transcriptase (Life Technologies). Primers used for qRT-PCR
(Table 1) were designed based on the sequences of Defensin,
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Diptericin, Lysozyme, and Ribosomal Protein L5 (RPL5)
obtained from de novo transcriptome of H. illucens larvae
(Transcriptome accession number: ERP122672) (46). RPL5 was
used as housekeeping gene (34, 39). Real-Time PCR was
performed using the iTaq Universal SYBR Green Supermix
(Bio-Rad) and the CFX Connect Real-Time PCR Detection
System (Bio-Rad), according to (47). Relative expression of the
genes was calculated with the 2-DDCt method. Each value was the
result of the analysis of five series of samples.

Statistical Analysis
Statistical analyses were performed using GraphPad Prism version
7.00 (GraphPad software, La Jolla, USA). The antimicrobial and
lysozyme activity, AMPs and lysozyme expression, and the
activation of PO system were analyzed using One-Way ANOVA
followed by Tukey’s multiple-comparison post hoc test. Hemocyte
counts were analyzed using the Unpaired Student’s t-test while
survival curves of the larvae were compared using Kaplan-Meier
followed by log-rank analysis. All the data were subjected to
logarithmic (log10) transformation for normality before
statistical analysis. Statistical differences between groups were
considered significant at a p-value < 0.05.
RESULTS

Determination of the Optimal Bacterial
Dose for the Infection of Larvae
The bacterial concentration used in this study was selected by
monitoring larvae injected with different concentrations of the E.
coli/M. luteus mix (from 104 to 109 CFU/ml) for up to 72 hours.
As shown in Figure S3, survival of the larvae was inversely
proportional to the bacterial dose administered. In particular,
while 100% of the larvae injected with 104 CFU/ml bacteria were
alive 72 hours after the infection, higher bacterial doses (105, 106,
107, and 108 CFU/ml) progressively decreased the number of live
larvae over time (72%, 64%, 60%, and 16%, respectively, at 72
hours). All the insects died within 24 hours at the highest
concentration of bacteria (109 CFU/ml). According to these
results, for all the subsequent experiments, larvae were infected
by injecting 105 CFU/ml of the bacterial mix as this was the
lowest concentration able to reduce the welfare of the larvae,
without causing high mortality, thus allowing us to monitor the
immune response over time.
TABLE 1 | Sequence of primers used in this study.

Gene name Transcriptome Accession number Contig number Primer sequences

HiDefensin ERP122672 TRINITY_DN10226_C0_G1_I2 F: GCGTTCTATTCTCGTCTTGG
R: TGCTGTTCCACTACCTGACT

HiDiptericin ERP122672 TRINITY_DN6246_C0_GI_I1 F: CCCAGTGAGCGATGAGGAA
R: GTGAAGGGTATTGCGTCCAT

HiLysozyme ERP122672 TRINITY_DN12175_C0_G2_I1 F: GCCCAAGGCAAGGTTTACA
R: TGGCGAGGGTGGTTAGATTC

HiRPL5 ERP122672 TRINITY_DN8551_C0_G1_I2 F: AGTCAGTCTTTCCCTCACGA
R: GCGTCAACTCGGATGCTA
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Analysis of the Antimicrobial Activity
in the Hemolymph
The bacterial load in the hemolymph was evaluated at different
time points after the bacterial infection. While the E. coli
concentration dropped to zero 14 hours after the infection
(Figure 1A), M. luteus proliferation at 6 hours (4.34 ± 4.2 x
105 CFU/ml) was higher than that observed for E. coli at the same
time point after infection (5.73 ± 1.4 x 102 CFU/ml) and even
increased at 14 hours (2.62 ± 0.8 x 106 CFU/ml). However, no
CFUs were detected 24 hours from the infection onwards for the
two bacteria (Figures 1A, B).

The results of a track dilution method showed a time-
dependent trend in the antimicrobial activity of the cell-free
hemolymph against E. coli. In fact, the initial bacterial
concentration (2.26 ± 0.4 x 108 CFU/ml) dropped to 1.16 ±
0.5 x 106 CFU/ml and to 3.08 ± 2.9 x 104 CFU/ml by adding
humoral components of cell-free hemolymph collected from
larvae at 6 and 14 hours after the infection, respectively, and
no colonies were found by testing hemolymph from larvae at 48
Frontiers in Immunology | www.frontiersin.org 6139
hours after the infection (Figure 1C). The antimicrobial activity
against M. luteus showed a different trend. Although the initial
concentration of this bacterium (4.9 ± 2.3 x 109 CFU/ml)
constantly fell at different time points, a significant number of
colonies were still observed in hemolymph collected at 48 hours
(Figure 1D). These data demonstrate that bacterial infection is
rapidly reduced due to the cooperation of cellular and humoral
responses (Figures 1A, B) and indicate that the cellular response
plays a key role in counteracting the infection of M. luteus since,
unlike the response to E. coli, cell-free hemolymph collected from
larvae at 48 hours after infection is unable to completely inhibit
the bacterial growth (Figures 1C, D).

Cellular Response
Hemocyte Number
To evaluate possible variations in the number of circulating
hemocytes after infection with the E. coli/M. luteus mix,
hemocytes were counted. A significant difference between
the hemocyte number in control (8.45 ± 2.2 x 105 cells/ml)
A B

DC

FIGURE 1 | Analysis of the antimicrobial activity. (A, B) Humoral and cellular activity against Escherichia coli (A) and Micrococcus luteus (B). (C, D) Humoral
antimicrobial activity against E. coli (C) and M. luteus (D). Values represent mean ± s.e.m. Different letters indicate statistically significant differences among
treatments (One-Way ANOVA: A) F4-10 = 91.65, p < 0.0001; B) F4-10 = 74.62, p < 0.0001; C) F4-10 = 52.36, p < 0.0001; D) F4-10 = 4.694, p < 0.0216).
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and infected (2.19 ± 0.2 x 106 cells/ml) larvae 6 hours after
injecting the bacteria was observed (Figure 2). This difference
remained stable up to 24 hours (4.59 ± 1.4 x 105 cells/ml vs 1.82 ±
0.2 x 106 cells/ml) and disappeared 48 hours after infection (6.43
± 2.3 x 105 cells/ml vs 1.55 ± 0.5 x 106 cells/ml) (Figure 2).

Phagocytosis
To analyze the trend of the phagocytosis process over time, Gram-
positive and Gram-negative bacteria conjugated with pHrodo
fluorophores were injected in the larvae and the hemocytes
examined at different time points (Table 2). For both bacterial
species, a time-dependent increase in phagocytic activity was
observed up to 1 hour after injection in the larvae. In particular,
while 5 minutes after infection the counts for hemocytes that had
engulfed fluorescent bacteria were 22 ± 4% and 45 ± 3% for E. coli
and S. aureus, respectively (Figures 3A, B), an increasing number
of active phagocytes was observed after 1 hour (41 ± 2% and 86 ±
6% for E. coli and S. aureus, respectively) (Figures 3C, D).
Moreover, a few, engulfed Gram-positive bacteria were detected
after 14 hours (6 ± 1%) (Figures 3E, F), while no signal was found
at 24 hours for either bacterial species (Figures 3G, H).
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Encapsulation
We analyzed the qualitative trend of the encapsulation process
and melanin deposition over time by injecting different beads
into the larval hemocoel. First, we compared the effects of two
types of neutrally charged beads, i.e., agarose and dextran. B-
Agarose beads partially surrounded by hemocytes were visible 2
hours after being injected in the larva (Figure 4A) and, despite
the extensive recruitment of cells adhering to the beads over time
(Figures 4E, I, M), production and deposition of melanin were
never observed. Conversely, beads surrounded by hemocytes and
melanin deposition could be observed from 14 hours onwards in
larvae injected with B-Sephadex beads (Figures 4B, F, J, N).

We then investigated whether the charge of the beads could
affect the encapsulation process and melanin deposition. For this,
negatively and positively charged dextran beads were tested. In
larvae treated with CM-Sephadex beads (negatively charged),
hemocytes began to adhere to the beads very quickly (2-4 hours
after the injection) (Figures 4C, G). Although the beads were not
completely surrounded by hemocytes at longer times after
injection (Figure 4K), full melanization could be seen 24 hours
after being injected (Figure 4O). Conversely, for DEAE-
Sephadex beads (positively charged) (Figure 4D), close
adhesion of the cells to the foreign body and its melanization
could already be observed 4 hours after their injection
(Figure 4H), and a typical melanotic capsule could be detected
after 14 hours (Figures 4L, P).

Humoral Response
PO System
Activation of the PO system was first evaluated in larvae injected
with 105 CFU/ml E. coli/M. luteus mix. The DAbs value in the
cell-free hemolymph from control larvae was significantly higher
than that of larvae infected for 7 minutes (Figure 5A). The
pattern was unchanged in hemolymph collected from larvae
infected with the bacterial mix for longer times (30 and 60
minutes) (Figure 5A), suggesting the possibility of a potential
inhibition/inactivation of the PO system.

Zymosan, a specific activator of the PO system was added to
the cell-free fraction of hemolymph from infected larvae to verify
enzymatic system functioning (Figure 5B). The results showed a
consistent activation of phenoloxidase under this condition and
values were comparable to those of hemolymph from naïve
larvae treated with Zymosan (Figure 5B). Moreover, although
the addition of Zymosan to the hemolymph collected from larvae
infected for longer times (30 and 60 minutes) reduced PO system
activity compared to larvae infected for 7 minutes (Figure 5B),
Zymosan always activated the enzyme system.

As these experiments with Zymosan demonstrated PO system
functioning, we evaluated whether activation might possibly
depend on the bacterial concentration. Therefore, we
compared phenoloxidase activation in the cell-free fraction of
hemolymph from larvae injected with increasing concentrations
of the bacterial mix (105, 107, 108, and 109 CFU/ml) (Figure 5C).
The data showed that the PO system is activated at a
concentration of bacteria higher than or equal to 109 CFU/ml,
indicating that this concentration is the threshold for full
activation of the enzyme complex.
FIGURE 2 | Hemocyte counts. Hemocyte counts of naïve larvae (Naïve) and
larvae infected with 105 CFU/ml E. coli/M. luteus mix (Injected) at different
time points (6, 14, 24, and 48 hours after infection). Values represent mean ±
s.e.m. Different letters indicate statistically significant differences among naïve
and injected larvae (Unpaired Student’s t-test: for 6h t = 3.289, df = 5, p =
0.0217; for 14h t = 7.864, df = 5, p = 0.0005; for 24h t = 4.661, df = 4, p =
0.0096; for 48h t = 1.595, df = 4, p = 0.1859).
TABLE 2 | Quantification of cells undergoing phagocytosis.

Time post infection Percentage of phagocytic cells

E. coli S. aureus

5 minutes 22 ± 4a 45 ± 3a

60 minutes 41 ± 2b 86 ± 6b

14 hours 0 ± 0c 6 ± 1c

24 hours 0 ± 0c 0 ± 0d
Values represent mean ± s.e.m. Different letters indicate statistically significant differences
among cells undergoing phagocytosis (E. coli or S. aureus) and non-phagocytic cells at
different time points (One-Way ANOVA: for E. coli F3-11 = 876.8, p < 0.0001; for S. aureus
F3-11 = 910.8, p < 0.0001).
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FIGURE 3 | Analysis of phagocytosis. Hemocytes undergoing phagocytosis 5 minutes (A, B), 60 minutes (C, D), 14 hours (E, F), and 24 hours (G, H) after injection
of Staphylococcus aureus (A, C, E, G) and Escherichia coli (B, D, F, H) conjugated with pHrodo. Arrows indicate phagocytosed bacteria. Bars: 10 µm.
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Expression and Activity of Lysozyme
In cell-free hemolymph from naïve larvae, we measured a basal
activity of lysozyme (2288 ± 211 U/ml), which progressively
increased after infection with the bacterial mix (Figure 6A).
Specifically, the activity of the enzyme increased from 6633 ± 133
U/ml after 6 hours up to 9100 ± 900 U/ml after 14 hours and
11316 ± 687 U/ml at 24 hours (Figure 6A).

We also analyzed the transcription of HiLysozyme both in the
fat body and in hemocytes. While the mRNA levels of this gene
in the fat body of infected larvae were not significantly higher
than in controls (data not shown), levels in hemocytes varied
over time. In fact, a rapid and marked increase (15-fold) in
HiLysozyme mRNA levels was observed within 3 hours after
infection. Then, mRNA levels decreased at 6 hours and returned
to basal values after 14 hours (Figure 6B).
Frontiers in Immunology | www.frontiersin.org 9142
Expression of Antimicrobial Peptides
The expression of HiDiptericin and HiDefensin was investigated
both in the fat body and in hemocytes. These two representative
AMPs were selected to obtain information about AMP response
to Gram-negative and Gram-positive bacteria, respectively. In
the fat body the slight increase in mRNA levels of both AMPs 3
hours after the infection changed at later times. In particular, a
>250-fold increase in the expression of Diptericin was observed
at 6-14 hours; then, mRNA levels markedly decreased within 24
hours (Figure 7A). Conversely, Defensin expression increased
later compared to Diptericin (110-fold change at 14 hours) and
levels remained stable up to 48 hours (Figure 7B).

The expression levels of the two AMPs in hemocytes
displayed a peak within 3 hours from the infection [1400-fold
for Diptericin and 90-fold for Defensin (Figures 7C, D)]; then,
FIGURE 4 | Analysis of encapsulation. Effect of B-Agarose (A, E, I, M), B-Sephadex (B, F, J, N), CM-Sephadex (C, G, K, O), and DEAE-Sephadex (D, H, L, P)
beads on encapsulation and melanization. Hemolymph was analyzed 2 (A–D), 4 (E–H), 14 (I–L), and 24 (M-P) hours after injecting the beads in the larvae. Arrows,
adherent hemocytes; arrowheads, melanin deposition; B, beads. Bars: 40 µm.
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mRNA levels gradually decreased at the later times
(Figures 7C, D).
DISCUSSION

Over the last few years, considerable effort has been devoted to
investigating BSF biology. In particular, the literature provides
information regarding the functional properties of its digestive
(39, 46, 48–51) and reproductive (52, 53) system, the fat body
(37), and other organs and structures (54–58). Although interest
in these aspects is increasing, information about the immune
system of BSF is still fragmentary. In fact, different studies have
focused attention on the antimicrobial activity of BSF larval
extracts (9, 31, 32, 59) while, to the best of our knowledge, only
Frontiers in Immunology | www.frontiersin.org 10143
one considered the response of the immune components after an
immune challenge (16). However, it must be highlighted that, in
contrast to this latter study in which larvae were infected by
pricking with an unknown bacterial load, the present study
applied a controlled immune challenge by injecting a defined
amount of bacteria into the hemocoel. The bacterial load for the
infections was accurately selected to reduce insect welfare,
stimulating the immune system, but ensuring a high survival
rate of the larvae to analyze the cellular and humoral responses in
detail over time (Figure 8).

In insects, a continuous cross-talk between hemocytes and
humoral molecules is fundamental for maintaining the
hemolymph devoid of pathogens and parasites (20, 60). During
infection, the cellular response is triggered when transmembrane
or soluble PRPs recognize PAMPs and usually ensues more
A B

C

FIGURE 5 | Analysis of PO system activation. DAbs at 490 nm of phenoloxidase in (A) hemolymph of naïve larvae (Naïve) and larvae infected for 7, 30 and 60
minutes with 105 CFU/ml of E. coli/M. luteus mix; (B) hemolymph isolated from naïve larvae (Naïve + Zym) and larvae infected for 7, 30, and 60 minutes with 105

CFU/ml of E. coli/M. luteus, treated with Zymosan; (C) hemolymph isolated from larvae infected for 7 minutes with different concentrations of E. coli/M. luteus mix.
Values represent mean ± s.e.m. Different letters indicate statistically significant differences among treatments (One Way ANOVA: A) F3-8 = 41.54, p < 0.0001;
B) F3-8 = 22.95, p = 0.0003; C) F3-8 = 122.7, p < 0.0001).
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rapidly than the humoral response to quickly reduce the
pathogen load in the hemolymph. The few remaining
microorganisms not eliminated by hemocytes are killed by
humoral molecules (61). Our results confirm this sequence of
events and demonstrate the need for synergic action of the two
components of the immune system to efficiently remove
invading bacteria in H. illucens larvae. In particular, the
antimicrobial activity against E. coli and M. luteus elicited by
the whole hemolymph and that of the cell-free fraction were
significantly different, with a quite rapid clearance of bacteria
displayed by the former versus the inability of the latter to kill
both bacteria in a short time. Moreover, unlike E. coli, which is
totally removed within 48 hours by both the hemolymph and
cell-free fraction, the latter was unable to eliminate M. luteus
even at longer times from the infection. The longer time required
for humoral molecules to remove M. luteus could be due to the
potential capability of this bacterium to elude the action of
AMPs, as previously demonstrated for some Gram-positive
bacteria (62–64). In addition, the amount of time needed to
fully activate the Toll and IMD pathways, which are involved in
the defense against Gram-positive and Gram-negative bacteria,
respectively, could be different, thus causing a quicker
elimination of E. coli than of M. luteus (65). These two
hypotheses are part of a more general strategy that leads the
immune system of insects to selectively activate specific
responses to minimize the cost of the immune defense (66).
Different reaction times against specific foreign agents can thus
be the result of this cost minimization criterion, which, in turn,
can sometimes reduce the efficacy of the immune response. The
lack of a bactericidal action of cell-free hemolymph against M.
luteus and the need for hemocytes to support the immune
response and counteract this pathogen is confirmed by the
marked increase in circulating cells, starting 6 hours after the
infection, which is maintained for longer times.
Frontiers in Immunology | www.frontiersin.org 11144
Although hemocytes are responsible for producing humoral
molecules (67, 68), they are mainly involved in phagocytosis,
encapsulation, and nodulation (17). In Diptera, phagocytosis is
triggered very rapidly after an immune challenge [from 5 to 15
minutes from the infection depending on the type of bacteria
(69–72)] and can last up to 24 hours (70, 71). Here, we showed
that phagocytosis is rapidly activated by both Gram-positive and
Gram-negative bacteria, also in H. illucens larvae, as confirmed
by pHrodo-conjugated bacteria, which are phagocytosed by
circulating hemocytes only 5 minutes after the infection. In
contrast to other Diptera such as Armigeres subalbatus and
Aedes aegypti (70, 71), the engulfment activity in H. illucens
larvae declines rapidly and is absent at the longer time points
(i.e., 24 hours). This difference could be attributed to the
infection protocol as, here, we injected a defined and limited
concentration of Gram-positive and Gram-negative bacteria in
the larvae instead of using an “uncontrolled” pricking infection
(70, 71). However, a more intriguing hypothesis could be the
existence in BSF of phagocytes that are quicker and more efficient
in removing bacteria than in other Diptera as a possible
adaptation of these larvae to substrates with high bacterial
loads, which require a very rapid and robust cellular immune
response to counteract potential, dangerous infections.

We showed that the kinetics of encapsulation and melanin
deposition in BSF are affected by the non-self-antigen. In fact, as
in other Diptera and Lepidoptera (73, 74), melanotic capsule
formation strongly depends on the matrix, with agarose beads
that are never melanized although recognized and surrounded by
hemocytes, in contrast to dextran beads, which are rapidly
encapsulated and melanized. Moreover, a correlation between
the bead charge and the degree of melanin deposition has been
observed. In particular, positive-charged beads elicited the
strongest response in terms of melanin deposition, which was
also observed in other Diptera (75) and Lepidoptera (74, 76). As
A B

FIGURE 6 | Lysozyme activity and HiLysozyme expression. (A) Lysozyme relative activity in the hemolymph of naïve and infected larvae at different time points.
(B) HiLysozyme mRNA levels in hemocytes of naïve and infected larvae at different time points. Naïve larvae starved for 6 and 3 hours were used as controls for the
activity and the expression of lysozyme, respectively. Values represent mean ± s.e.m. Different letters indicate statistically significant differences among treatments
(One-Way ANOVA: A) F4-10 = 128.1, p < 0.0001; B) F4-10 = 107.2, p < 0.0001).
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encapsulation in insects usually involves the joint action of
different hemocyte populations (i.e., granulocytes, involved in
the release of lectins for PO activation, actively recruit
plasmatocytes, which leads to capsule formation) (77, 78),
ultrastructural analyses of the encapsulated beads are
mandatory to address how the three hemocyte populations
reported in H. illucens larvae (16) take part in this process.
Moreover, our results may indicate how BSF larvae react to larger
parasites characterized by different surface charge (79).

The lack of activation of the PO system at low bacterial
concentrations indicates that melanization depends on the
bacter ia l load in the hemocoel and here we have
demonstrated the existence of a threshold level over which
melanin is produced. The inhibition of melanin formation has
been observed in immunized Galleria mellonella larvae (80),
too, and it could be mediated by the presence in the
hemolymph of active inhibitors of the enzymatic cascade,
such as serpins and CLSP2 protein (81, 82). These inhibitors,
which are only triggered when the PO cascade is activated, keep
Frontiers in Immunology | www.frontiersin.org 12145
melanin formation under strict control, preventing an
unnecessary production/overproduction of this pigment,
which can be highly toxic for the insect itself (83–85).
Experiments with hemolymph from naïve larvae indicate that
such regulatory mechanisms exist in H. illucens. In fact, these
inhibitors are present in their inactive form since the PO system
has not been activated yet: once isolated from the larval body,
simple exposure to the air activates the PO system, which is not
subjected to such negative regulation, as previously seen in
Calliphora larvae (86). Therefore, when H. illucens larvae
experience a limited bacterial infection, phagocytosis,
antimicrobial peptide production, and lysozyme activity are
sufficient to counteract the threat, inhibiting at the same time
the activation of the PO system. Conversely, in the presence of a
significant bacterial load in the hemocoel, these cellular and
humoral systems are unable to efficiently contain the bacterial
spread and the PO system is activated, leading to melanin
production and release in the larval body (Figure 8). In BSF an
additional inhibitory effect on this enzyme system could be
A B

DC

FIGURE 7 | qRT-PCR analysis of antimicrobial peptides. (A, C) mRNA levels of HiDiptericin in the fat body (A) and hemocytes (C) of naïve and infected larvae at different
time points; (B, D) mRNA levels of HiDefensin in the fat body (B) and hemocytes (D) of naïve and infected larvae at different time points. Naïve larvae starved for 3 hours
were used as controls. Values represent mean ± s.e.m. Different letters indicate statistically significant differences among treatments (One-Way ANOVA: A) F5-12 = 178.8,
p < 0.0001; B) F5-12 = 127, p < 0.0001; C) F4-10 = 532.6, p < 0.0001; D) F4-10 = 658.3, p < 0.0001).
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exerted by lysozyme and AMPs, two known negative regulators
of PO (87, 88), as they increase in parallel with inhibition of the
PO system.

Interestingly, expression levels of HiLysozyme in the fat body
did not increase after injecting bacteria, suggesting that the
constitutive activity of this enzyme can counteract the bacterial
threat, at least at the beginning of the infection (89). Moreover,
the initial degradation of bacteria mediated by the constitutive
activity of lysozyme could be useful for generating PAMPs,
Frontiers in Immunology | www.frontiersin.org 13146
which stimulate the host immune system to obtain a stronger
response against non-self-antigens (90). A temporally limited
increase in mRNA levels was registered in hemocytes, indicating
that circulating cells are the main source of lysozyme production
during infection (91, 92) and their synthesizing activity is needed
to maintain high levels of lysozyme in the hemolymph.
Accordingly, the activity of this enzyme also remained elevated
at longer times after the infection (24 hours), although no more
bacterial colonies were detected. This pattern could be useful to
FIGURE 8 | Schematic representation of cellular and humoral responses in H. illucens larvae and activation timing.
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the larva to promptly respond to a second infection, suggesting
the existence of immune priming in BSF (93).

In contrast to lysozyme, the transcription of both AMPs was
highly stimulated by infection both in the fat body and in
hemocytes. In particular, the early increase in AMP mRNA
levels in circulating cells (3-6 hours), probably required to start
challenging the infection, is rapidly supported by a later, but
prolonged (6-48 hours) production of AMPs in the fat body,
which represents the main organ involved in their synthesis (94).
Interestingly, while the transcription of Diptericin, which is
active only against Gram-negative bacteria (95), returns to low
levels 24 hours after the infection, the trend observed for
Defensin, which is active against Gram-positive bacteria (96),
is different. In fact, although no colonies of M. luteus are found
24 hours after the infection, the expression levels of Defensin
remain high up to 48 hours. This pattern may be due to the
enhanced ability of Gram-positive bacteria to counteract the
immune response ofH. illucens; thus, high levels of this AMP are
maintained to better counteract a potential, second infection.

Insect immunity with its cellular and humoral arms has
evolved under substantial selective pressure to protect the host
against foreign invaders (17, 97). The biological significance of
the present study lies in its more detailed appreciation of how the
speed and kinetics of immune activation influence the ability of
the host (i.e., BSF larvae, whose immune system is poorly studied
despite the great interest in this insect for its bioconversion
ability) to counteract a specific category of invaders (i.e., Gram-
positive and Gram-negative bacteria). The data reported herein
highlight that the two branches of the immune system have
different activation dynamics in this insect as phagocytosis and
encapsulation are rapidly triggered once the larva is exposed to
the foreign antigen, while the humoral components intervene
later. This evidence - although important because it fills a gap in
our knowledge of BSF larvae - is common among insects, that are
able to activate different defense mechanisms against infections
via different speeds, specificities, and routes (17, 97). The
possible variation in numbers and populations of circulating
hemocytes, and the rate of their recruitment to overcome the
intruders likely affect the extent and time course of phagocytosis
and encapsulation among different insects and within the same
species depending on the foreign invader (17). Similarly, the
variation in the evoking potency of the bacterial cell wall PAMPs,
e.g., peptidoglycan or lipopolysaccharides of Gram-positive and
Gram-negative bacteria, respectively, and the efficiency of the
subsequent response mechanisms may contribute, in part, to the
speed and specificity of immune phenomena in different
challenged insects, e.g., Orthoptera (98), Lepidoptera (99),
Hymenoptera (100), Coleoptera (101) and other Diptera (102).
Moreover, the infection route itself can also affect the timing and
expression of AMPs. Here, we employed a method to directly
deliver pathogens to the larva via injection, but it will be
necessary to investigate the effects of oral administration of
bacteria as well. In fact, injection of the sand fly Lutzomyia
longipalpis with M. luteus or Serratia marcescens did not result
in increased Defensin expression until 72 hours later (103).
Conversely, oral infection strongly induced an acute
Frontiers in Immunology | www.frontiersin.org 14147
antimicrobial response by upregulating Defensin expression in
both larval and adult stages. Thus, viewed through the lens of
evolution, the immune system of modern insects may be so
exquisite and fine-tuned to the point of providing apparently
paradoxical and contradictory observations.

Summarizing, this study: i) provides new information on the
BSF immune system and expands knowledge on the defense
mechanisms of Diptera, ii) represents a platform of knowledge
for future studies on the immune response of BSF larvae
challenged with other infectious agents, such as fungi or
viruses, and iii) is a prerequisite to manipulating the larval
immune response by nutritional (i.e., the diet) (9) or
environmental (i.e., rearing temperature or larval density) (104,
105) factors, to increase resistance to pathogens and optimize
health status during mass rearing.
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Unlike animals, plants do not have specialized immune cells and lack an adaptive immune
system. Instead, plant cells rely on their unique innate immune system to defend against
pathogens and coordinate beneficial interactions with commensal and symbiotic
microbes. One of the major convergent points for plant immune signaling is the
nucleus, where transcriptome reprogramming is initiated to orchestrate defense
responses. Mechanisms that regulate selective transport of nuclear signaling cargo and
chromatin activity at the nuclear boundary play a pivotal role in immune activation. This
review summarizes the current knowledge of how nuclear membrane-associated core
protein and protein complexes, including the nuclear pore complex, nuclear transport
receptors, and the nucleoskeleton participate in plant innate immune activation and
pathogen resistance. We also discuss the role of their functional counterparts in regulating
innate immunity in animals and highlight potential common mechanisms that contribute to
nuclear membrane-centered immune regulation in higher eukaryotes.

Keywords: nuclear envelope (NE), nuclear pore complex (NPC), nuclear transport receptors (NTRs), nucleoskeletal
proteins, innate immune system, plant Immunity, nucleocytoplasmic continuum, nuclear lamina
INTRODUCTION

The innate immune system in plants and animals arose independently but converged with a similar
set of molecular tools for pathogen perception (1, 2). Higher plants possess an enormous number of
surface-localized as well as intracellular-distributed immune receptors that recognize a variety of
immunological signals associated with pathogen infections. Surface-localized plant immune receptors
consist mostly of plasma membrane-anchored receptor kinases and receptor-like proteins that are
conceptually analogous to Toll-like receptors in animals. They are referred to as pattern recognition
receptors (PRRs) and are able to detect specific microbe-associated molecular patterns (MAMPs, e.g.
bacterial flagellin and lipopolysaccharides) or host-derived, damage-associated molecular patterns
(DAMPs, e.g. cutin and apoplastic peptide fragments) through their extracellular leucine-rich repeat
domains (3, 4). Once activated, PRRs engage diverse signaling cascades including mitogen-activated
protein kinase (MAPK)-, Ca2+-, and reactive oxygen species (ROS)-mediated signaling to activate
pattern-triggered immunity (PTI), a prominent and first layer of active immune response in plants
(5–7). However, some pathogens evolved functionally versatile effector proteins, which are delivered
into plant cells to target critical immune regulators and compromise PTI signaling, leading
to effector-triggered susceptibility (ETS) (8). For example, the effector protein AvrPto from
org December 2021 | Volume 12 | Article 7710651151
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bacterial pathogen Pseudomonas syringae binds PRRs (e.g.
FLAGELLIN SENSITIVE 2) and their signaling partner (e.g.
BRASSINOSTEROID INSENSITIVE 1-ASSOCIATED KINASE 1)
to block PTI signaling (9, 10). To counteract ETS, a group of
intracellular immune receptors that belong to the nucleotide-
binding, leucine-rich repeat (NLR) superfamily evolved to
activate the second layer of plant immunity. Pathogen effectors
can be directly or indirectly recognized by cognate NLRs, which
activate a strong and robust immune response termed effector-
triggered immunity (ETI) (11, 12). Activated plant NLRs are
assembled into resistosomes (13, 14), which form permeable
calcium channels on the plasma membrane to activate defense
(15) or mediate NAD+ cleavage to promote cell death (16–18).

PTI and ETI appear to have distinct early signaling but share
many common downstream immune regulators to coordinate
transcriptional reprogramming toward defense activation.
Recent advances also revealed that PTI and ETI are inter-
dependent and mutually enhanced to achieve full resistance
against pathogens (19–21). Immune activation in local infected
cells or tissues can further induce systemic acquired resistance
(SAR), an immune mechanism that primes neighboring and
distal cells and tissues for an enhanced and broad-spectrum
resistance against future pathogen infection. Induction of SAR
relies on phytohormone signaling including salicylic acid (SA)
and jasmonic acid (JA) (11, 22). Activation of PTI, ETI, and SAR
all requires efficient and highly regulated nucleocytoplasmic
exchange of signals. As the major communication interface
between the cytoplasm and the nucleus, the nuclear envelope
(NE) evolved as a critical platform to integrate, decode, transmit,
and respond to immune signals. In this review, we focus on
discussing the functions of NE-associated proteins in regulating
plant innate immunity and comparing their roles in NE-based
immune regulatory mechanisms between plants and animals.
EXTENSIVE INVOLVEMENTS OF
NUCLEOPORINS IN PLANT IMMUNE
REGULATION

Nuclear pore complexes (NPC) perforate the double-layered NE
and provide physical access for molecules to travel in or out of the
nucleus. Each NPC is a mega protein complex and is assembled by
500~1,000 nucleoporin proteins (Nups) of ~40 different kinds
(23–25). These nucleoporins build different NPC modules,
including the inner ring complex (IRC) and the outer ring
complex (ORC) that together form an octagonal symmetric core
scaffold, the membrane ring composed by transmembrane
nucleoporins that anchors the core scaffold to the nuclear pore
membrane, the central channel barrier composed by
phenylalanine-glycine (FG)-rich nucleoporins that fills the core
scaffold and mediate selective cargo transport, and the nuclear
basket and cytoplasmic filaments that extrude from the core
scaffold and establish connections with the nucleoplasmic and
cytoplasmic contents, respectively (26–28) (Figure 1). Extensive
evidence supports that NPC integrity is essential for activating
Frontiers in Immunology | www.frontiersin.org 2152
innate immune responses in both plants and animals. Interestingly
though, different nucleoporins appear to play distinct roles in
immune regulation and show functional specificity.

The Arabidopsis SUPPRESSOR OF NPR1-1, CONSTITUTIVE
1 (SNC1) gene encodes an NLR protein that undergoes nuclear
translocation for immune signaling, and enhanced nuclear
accumulation of SNC1 leads to autoimmune activation (29, 30).
Elegant genetic studies showed that several conserved ORC
scaffolding nucleoporins, including MOS3 (MODIFIER OF
SNC1 3)/Nup96, Nup160, and Seh1, are required for SNC1-
mediated autoimmune induction as well as basal resistance
against P. syringae (31, 32) (Figure 1). In animals, Nup96 was
shown to be important for both innate and adaptive immune
pathways. Defects in Nup96 were reported to impair interferon-g-
mediated induction of major histocompatibility complexes (MHC
I and MHC II), which are essential for antigen presentation.
Mutations in Nup96 also diminished MHC-dependent T cell
proliferation in mice (33). Although molecular mechanisms
behind Nup96-dependent immune regulation remain largely
obscure in both animals and plants, the ORC is essential for the
proper assembly of the NPC core scaffold and bulk mRNA
export (34–36). It is conceivable that loss of ORC nucleoporins
may lead to major structural and functional defects in the NPC,
which compromise nucleocytoplasmic exchange of critical
immune signals and the newly transcribed immune-related
mRNA population.

The FG nucleoporins that contain intrinsically disordered
FG-rich regions distribute along the central channel of the NPC
and form the molecular barrier to enable selective cargo
transport. At least six FG nucleoporins have been reported to
play a role in regulating the innate immune response in
Arabidopsis (37). Among them, Nup98, a conserved FG
nucleoporin, has been characterized in detail. Arabidopsis
encodes two Nup98 paralogs, Nup98a and Nup98b, both of
which interact with a conserved non-FG nucleoporin Nup88/
MOS7. A partial loss of function mutation in Arabidopsis Nup88
(mos7-1) results in compromised resistance against both
bacterial and fungal pathogens. The mos7-1 mutation
specifically attenuates the nuclear accumulation of a series of
important plant immune regulators, including a key ETI
signaling protein ENHANCED DISEASE SUSCEPTIBILITY 1
(EDS1), the master regulator of SA-mediated defense response
NONEXPRESSOR OF PATHOGENESIS-RELATED GENES 1
(NPR1), MITOGEN-ACTIVATED PROTEIN KINASE 3
(MPK3), and SNC1, but not other nuclear proteins such as
histone protein and transcription factor CELL DIVISION
CYCLE 5 (CDC5) and TGA2 (38, 39) (Figure 1). It was
hypothesized that the mos7-1 mutation disrupts the Nup98-
Nup88 interaction, which alters the NPC permeability and
leads to disruption of the nuclear transport of immune-related
cargoes. Consistent with this hypothesis, both nup98a and
nup98b mutants are more susceptible to the fungal pathogen
Botrytis cinerea than WT plants (39), suggesting a specialized
function of Nup98 in plant immunity. In line with the
observation in Arabidopsis, a rice Nup98 homolog, APIP12,
was shown to be important for basal resistance against the rice
December 2021 | Volume 12 | Article 771065
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blast fungus Magnaporthe oryzae. Notably, an M. oryzae effector
AvrPiz-t evolved to specifically target APIP12 to enhance
pathogen virulence (40), highlighting its functional significance
in basal defense activation. Knocking out APIP12 results in an
increase in lesion density associated with M. oryzae infection. In
Drosophila, Nup98 was reported to play a role in defense against
Frontiers in Immunology | www.frontiersin.org 3153
RNA viral infection. However, rather than functioning at the
NPC, DmNup98 is re-located from the NPC to the nucleoplasm
upon viral infection and directly binds promoters of antiviral
genes to facilitate their expression (41).

Both Nup98 and Nup96 discussed above are functionally
conserved nucleoporins and are encoded by the same gene and
FIGURE 1 | Summary of the regulatory roles of nuclear membrane-associated proteins in plant immune pathways. Critical plant immune regulators that are
subject to regulation by nuclear membrane-associated mechanisms include the NLR-type immune receptor SNC1 that activates effector-triggered immunity (ETI),
the critical ETI signaling component EDS1 that acts downstream of SNC1, transcription corepressor TPL and TPRs that work together with SNC1 to activate
defense gene expression, cell cycle transcription factor E2Fs that activate ETI in a noncanonical manner, the master regulator of SA-mediated immunity NPR1,
the mitogen-activated protein kinase MPK3 that widely participates in various types of plant immune responses including PTI, ETI, and basal resistance, core clock
regulator LNKs that are required for basal resistance, and the transcription factor NTL9 that represses defense gene (e.g. PR1) expression. The outer ring complex
(ORC) of the nuclear pore complex (NPC) is required for SNC1-mediated immune activation and basal resistance. As components of the central channel barrier,
FG nucleoporin Nup98 and Nup88 are required for nuclear accumulation of SNC1, EDS1, NPR1, and MPK3. The membrane nucleoporin CPR5 (part of the NPC
membrane ring) gates ETI activation by sequestering cyclin kinase inhibitor SIM/SMR1 and preventing E2F activation. Nup205 is required for the proper expression
of LNK family genes and activation of basal resistance. Nup82 and Nup136 are involved in SA-mediated defense activation. Karyopherin-a MOS6 serves as the
possible importin adapter for multiple NLR proteins, including SNC1 and TN13. Karyopherin-b KA120 is required for suppressing the nuclear activity of SNC1 and
prevents SNC1 autoimmune activation. XPO4 mediates TPR1 nuclear export and negatively regulates SA-mediated immune amplification during ETI. MOS14 is
required for proper splicing of NLR genes, including SNC1. The nucleoskeleton protein CRWN1 plays a role in suppressing both SA responses through interacting
with transcription factor NTL9 that represses defense gene PR1 expression and interacting with epigenetic regulator PRC2 that facilitates the H3K27me3 of genes
promoting SA synthesis.
December 2021 | Volume 12 | Article 771065
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post-translationally processed into two proteins in animals and
fungi (42, 43). However, in plants, except Chlamydomonas
reinhardtii and Physcomitrella patens, Nup98 and Nup96 are
encoded by separate genes, which are, more often than not,
located on different chromosomes. Arabidopsis encodes one
Nup96 and two Nup98 proteins as mentioned above, and
Oryza sativa encodes one Nup96 and three AtNup98a-like
proteins, including APIP12. Duplication of Nup98 likely
occurred from mosses as Physcomitrella patens contains two
copies of Nup98, one encoded with Nup96 and the other located
on a separate chromosome. Therefore, it appears that Nup98 not
only separated from Nup96 but also gradually expanded in the
plant lineage during evolution. Although Arabidopsis Nup98
paralogs were reported to be functionally redundant in
regulating flowering time and starch degradation (44, 45), the
duplication of Nup98 may potentially drive differential assembly
of the NPC and allow specific regulation of immune-related
cargo transport under distinct environmental/stress conditions.
Indeed, Arabidopsis Nup98a and Nup98b display partially
different expression patterns under various developmental and
pathological contexts (e-Northern Expression Browser in
bar.utoronto.ca) (46). However, whether different Nup98
paralogs are collaboratively or differentially incorporated into
the NPC awaits future investigation.

In addition to Nup98 and Nup96, a recent study by de Leone
et al. reported that perturbing the IRC nucleoporin Nup205
attenuates plant immunity by affecting the expression of a core
clock gene family NIGHT LIGHT-INDUCIBLE AND CLOCK-
REGULATED (LNK) during pathogen infection (47) (Figure 1).
This finding is consistent with the emerging concept that the
circadian rhythm is integrated with plant immune regulatory
pathways (48, 49) and underscores a role of the NPC in this
process. The nucleoporin’s influence on clock genes was also
observed in Drosophila. Two interacting nuclear basket
nucleoporins, Tpr (Megator) and Nup153, set the pace of the
clock in Drosophila by regulating the protein ubiquitylation/
stability and nuclear translocation of the core oscillator PERIOD
and TIMELESS (50, 51). Though the roles of Tpr and Nup153
during immune activation in flies are not clear, they appear to be
involved in the insertion of HIV-1 DNA into the human genome
region that is close to the nuclear pore, a location known to
associate with transcriptionally active chromatin (52).
Consistently, depletion of Tpr inhibited HIV gene expression
in infected cells (53). Additionally, the HIV-1 capsid is physically
associated with Nup153, which is required to facilitate the viral
import into the nucleus (53, 54).

Although the structure and composition of the NPC are
highly conserved among eukaryotes, plants have evolved
several specific nucleoporins, which, interestingly, all appear to
play a role in plant immune responses. Constitutive Expressor of
Pathogenesis-Related Genes 5 (CPR5), a plant unique
nucleoporin localized in the NPC membrane module, is
involved in gating ETI activation in Arabidopsis. CPR5
swi t che s f rom o l i gomer to monomer upon NLR
immunoreceptor activation and releases the cyclin-dependent
kinase inhibitors SIAMESE and SIAMESE-RELATED 1 to
Frontiers in Immunology | www.frontiersin.org 4154
trigger a noncanonical activation of cell cycle transcription
factor E2Fs that can drive defense gene expression (55–57)
(Figure 1). CPR5 was recently found to interact with PLANT
NUCLEAR ENVELOPE TRANSMEMBRANE 1 (PNET1), a
novel plant nucleoporin that also exists in animals (58).
Interestingly, the function of the human PNET1 homolog has
also been linked with the cell cycle and was found to promote the
proliferation of lung cancer cells (59). Cell cycle regulators are
involved in both effector-triggered cell death in plants and
apoptosis in mammals (60, 61). Because both CPR5 and
PNET1 connect with cell cycle regulatory pathways, the
interaction between these two proteins would be interesting for
further investigation to reveal the interplay between the cell cycle
and immune pathway at the nuclear pore. Another angiosperm-
specific nucleoporin, Nup82, interacts with its homolog Nup136
at the nuclear basket. They are redundantly required for SA-
dependent immune responses. The nup82 nup136 double mutant
plants are impaired in benzothiadiazole (an analog of SA)-
induced resistance to P. syringae (62). It is worth noting that
the NPC nuclear basket is intimately associated with the
nucleoskeleton (63) and that mutations in nucleoskeleton
genes also cause altered SA responses in Arabidopsis (64). The
influence of nucleoskeleton on plant immune will be further
discussed later.
THE ROLE OF NUCLEAR TRANSPORT
RECEPTORS AND THEIR CARGO
SPECIFICITY IN MODULATING PLANT
IMMUNITY

The selective transport of macromolecules through the NPC
mainly depends on karyopherin proteins, a superfamily of
nuclear transport receptors (NTRs), including importins and
exportins. Karyopherin-a, also known as importin-a, is an
adaptor protein that connects nuclear localization signal (NLS)-
containing protein cargo with a karyopherin-b protein (65).
Karyopherin-b proteins are capable of directly interacting with
FG nucleoporins and mediate the translocation of the importin-
a/cargo complex across the NPC (66, 67). Karyopherin-b can also
directly interact with some cargo molecules and mediate their
nuclear shuttling independent of a karyopherin-a (68–70).
Depending on the transport direction, karyopherin-bs are
categorized into importins and exportins. The karyopherin-b
family was thought to be established before the divergence of
eukaryotic life and has been largely maintained since. In contrast,
importin-a proteins diverged early in eukaryotes, evolved within
lineages, and have expanded dramatically with the complexity of
organisms (71). Accumulating evidence suggests that different
karyopherins may have evolved to mediate the transport of
specific cargo populations and thus participate in regulating
distinct cellular processes (65, 69, 72). Multiple karyopherin-b
proteins in Arabidopsis have been reported to function in plant
immune regulation, and this role seems mostly attributed to their
cargo specificity.
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Proximity-labeling proteomics identified transcription
corepressors TOPLESS (TPL) and TPL-RELATED proteins
(TPRs), which are negative regulators of defense activation,
as specific cargo of Exportin-4 (XPO4) in Arabidopsis. XPO4
facilitates the nuclear export of TPR1 in the presence of high
levels of SA to negatively regulate the SA-mediated immune
amplification (Figure 1). Consistently, loss of XPO4 dramatically
enhances cpr5-dependent autoimmune activation in Arabidopsis
(73). Intriguingly, xpo4 single mutants are compromised in basal
resistance and NLR-mediated immune activation, suggesting
distinct regulatory roles of this exportin at multiple levels of
plant immune induction.

Mutations in another karyopherin-b, KA120, leads to a typical
NLR-dependent auto-immune response in the absence of
pathogens. KA120 is required to restrict the nuclear activity of
SNC1 and is essential to prevent SNC1 autoactivation in the
nucleus (Figure 1). Overexpression of KA120 efficiently
suppresses SNC1-dependent autoimmunity and knocking down
SNC1 partially rescues the ka120-associated autoimmune
phenotype (74). However, whether SNC1 is a direct cargo of
KA120 is yet to be determined. The human homolog of KA120,
importin-11 (IPO11), has not been reported to be directly involved
in immune regulation. However, IPO11 was found to be a tumor
suppressor by maintaining the protein level of Phosphatase and
Tensin Homologue (PTEN) (75). Loss of IPO11 leads to
degradation of PTEN, and deletion, mutation, and suppression
of PTEN are often associated with cancers in various tissues (76).

MOS14 is a predicted importin that transports serine/
arginine-rich (SR) proteins (77), which are required for the
recognition of splice sites and spliceosome assembly. The loss-
of-functionmos14mutation alters the splicing pattern of multiple
NLR genes, including SNC1, which leads to compromised
immunity (78) (Figure 1). Aside from importing SR proteins,
the human homolog of MOS14, TNPO3, is also responsible for
HIV nuclear import. TNPO3 can interact with the HIV1
integrase, which facilitates host integration of HIV-1 DNA, and
disrupting this integrase-TNPO3 interaction can block HIV
nuclear import (79, 80).

XPO1 is a conserved exportin across the eukaryotes that binds
the leucine-rich nuclear export signal (NES) to mediate protein
nuclear export. In animals, XPO1 can interact with NF-kB, a
protein complex that is important to activate immune response
during infection. The nuclear export of NF-kB is an essential step
for preventing autoimmune diseases by controlling the level of
activated NF-kB in the nucleus (81). In Arabidopsis, XPO1 is
required for maintaining the nucleocytoplasmic balance of
EDS1, which is important for ETI activation (82). Recently,
Zhang etal. (83) reported that XPO1 is a susceptibility factor in
Arabidopsis and Nicotiana benthamiana for resistance against
the turnip mosaic virus (TuMV). XPO1 promotes TuMV
infection by mediating the nuclear export of the viral replicase
to facilitate its accumulation in the viral replication complexes
outside of the nucleus. XPO1 also exports other sumoylated host
factors to attenuate host immune responses (83).

Besides karyopherin-bs, certain importin-as also show a specific
role in immune regulation. For example, importin-a3/MOS6
Frontiers in Immunology | www.frontiersin.org 5155
has been implicated as a specific import adapter for SNC1 (84)
(Figure 1). Loss of MOS6, but not any of the other eight
importin-as encoded by Arabidopsis, partially suppresses the
autoimmune phenotype induced by SNC1. Moreover, SNC1
preferably interacts with MOS6 among all importin-as in
coimmunoprecipitation assays performed using a heterologous
transient expression system (84). However, SNC1 harbors only
weakly predicted NLS sequences, and whether these sequences
are required for SNC1-MOS6 interaction is not clear. MOS6 also
interacts with another NLR protein TIR-NB13 (TN13), implying
a specialized function of MOS6 in mediating the nuclear
transport of NLR proteins (85).

In animals, targeting NTRs has been used therapeutically to
alleviate symptoms or enhance immunity. For example,
importin-a3 is responsible for transporting the transcription
factor NF-kB into the nucleus to coordinate expression of
inflammatory genes, and vitamin D supplementation can
reduce the airway hyperresponsiveness and allergic airway
inflammation in ovalbumin-sensitized and -challenged mice by
downregulating the protein level of importin-a3 (86, 87).
Inhibiting human XPO1 can enhance innate immunity by
increasing nuclear accumulation of p62, which promotes
expression of innate immune-related genes. This eventually
leads to reduced Kaposi’s sarcoma-associated herpesvirus
(KSHV) lytic replication (88). Therefore, NTRs play a vital role
in selectively maintaining the protein homeostasis and activity of
key immune regulatory proteins in both plants and animals. We
envision that targeted chemical or genetic manipulation of
functionally specialized plant NTRs may enable us to
specifically modulate nuclear transport kinetics and signaling
strength to achieve desired plant immune outcomes without
affecting the bulk nuclear transport.
THE NUCLEAR LAMINA IS AN EMERGING
PLAYER IN NUCLEAR MEMBRANE-
ASSOCIATED IMMUNE REGULATION

Lamin and lamin-like proteins together with other proteins
associated with the nucleoskeleton form a dense fibrous
protein meshwork that is located beneath the inner nuclear
membrane (INM) and called the nuclear lamina (NL). NL
components not only regulate nuclear structure and mechanics
but also play essential roles in a variety of cellular processes,
including cellular signaling, gene transcription, epigenetic
regulation, cell cycle progression, and cell differentiation (89–
91). Lamins and nuclear matrix constituent proteins (NMCPs)
are the major constituent of the nucleoskeleton in animals and
plants respectively. Lamins and NMCPs share a similar domain
architecture with a central coiled-coil rod domain flanked by a
short N-terminal head and a long C-terminal tail domain that
contains an NLS sequence (92). However, lamins and NMCPs
are likely to have evolved independently as part of the
nucleoskeleton, as the origin of NMCPs occurred with the
divergence of Charophyta (93). In Arabidopsis, NMCPs are
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also known as CROWED NUCLEI (CRWN) proteins, including
CRWN1, CRWN2, CRWN3, and CRWN4 (94, 95). Both lamins
and CRWNs have been reported to play a role in regulating
immune responses.

In Arabidopsis, mutations in CRWN1 result in accumulation
of JA, up-regulated JA-responsive gene expression, and
enhanced resistance against necrotrophic pathogen B. cinerea.
Interestingly, crwn1 mutants also display compromised PTI but
intact basal resistance against the hemibiotrophic bacterial
pathogen P. syringae, suggesting a complicated role of CRWN1
in regulating plant responses against different types of pathogens
(96). Adding more complexity, higher-order crwn mutants,
including crwn1 crwn2 and crwn1 crwn4, showed significantly
enhanced SA-mediated transcriptional response, enhanced
resistance against P. syringae, as well as activation of other
abiotic stress responses (64). Consistently, a recent study
showed that loss of NMCP genes in liverwort Marchantia
polymorpha activates both biotic and abiotic transcriptome
responses (97). These studies suggest that the nucleoskeleton
integrity is critical for maintaining the homeostasis of plant stress
responses. In the Arabidopsis crwn1 crwn2 double mutant, the
levels of histone H3 lysine 27 trimethylation (H3K27me3), which
is often linked to transcriptional repression, are reduced near
SAR DEFICIENT 1 (SARD1) and CALMODULIN BINDING
PROTEIN 60-LIKE.G (CBP60g), two genes that encode critical
transcription factors to promote SA biosynthesis, providing a
potential mechanism for the enhanced SA responses in crwn
mutants (98). Consistently, it was demonstrated that CRWN1 is
physically associated with Polycomb Repressive Complex 2
(PRC2), which mediates H3K27me3 modification (99)
(Figure 1). In addition, the carboxyl terminus of CRWN1
interacts with and enhances the DNA-binding activity of NAC
WITH TRANSMEMBRANE MOTIF1-LIKE9 (NTL9), a
transcription factor involved in repressing the expression of
the PATHOGENESIS-RELATED1 (PR1) gene (100) (Figure 1).
These findings reveal a critical and previously underappreciated
role for the nucleoskeleton in regulating plant immunity at the
epigenetic and transcriptional level.

In animals, lamin A/C plays a prominent role in multiple
functional aspects of immune cells, including cell development
and differentiation, nuclear permeability, and cell migration
(101). For example, neutrophils can reduce the nuclear stiffness
by almost completely losing their lamin A/C during
differentiation (102, 103). This generates lobed nuclei in
neutrophils, which facilitate neutrophils passing through
narrow spaces during migration (104). On the other hand,
overaccumulation of lamin A/C in adipose tissue macrophages
promotes NF-kB nuclear translocation and increases the
expression of proinflammatory genes that lead to the activation
of innate immune response (105). Intriguingly, P. syringae
infection led to a decline of the CRWN1 protein level within
hours, and SA treatment also triggered rapid proteosome-
dependent degradation of CRWN1 in Arabidopsis, potentially
facilitating defense activation (100). These studies suggest that
modulating nucleoskeleton dynamics may be a convergent
strategy to orchestrate immune activities in eukaryotes.
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CONCLUSIONS AND FUTURE
PERSPECTIVE

Although not located at the frontline of host-microbe interactions,
the nucleus is one of the most critical downstream convergent
points for immune signaling. As the boundary of the nucleus, NE-
associated core molecular machinery and mechanisms, including
structurally and functionally conserved nucleoporins, nuclear
transport receptors, and nucleoskeletal proteins, are intimately
involved in coordinating immune activation and amplitude in
plants (Summarized in Figure 1). Future investigations will
further advance our understanding of critical questions that
remain in the field, such as how nucleoporins may regulate
different immune pathways and defense responses by
differentially affecting the NPC function, what is the immune-
related substrate spectrum of NTRs and how it is determined
and regulated at the molecular level, and how other components
of the nuclear lamina may influence chromatin activity at
the biochemical and epigenetic level to determine defense
gene expression. Moreover, we currently have very little
information about how integral plant NE proteins, a population
of transmembrane proteins with a variety of prominent
functions and activities at the NE (e.g. calcium transport,
mechanosensation, and chromatin organization), may
participate in plant immune regulation. Recently, PNET2, a
conserved INM transmembrane protein in Arabidopsis, was
shown to interact with CRWN1 and play a role in regulating
higher order chromatin architecture at the nuclear periphery and
coordinating the activation of plant stress responses including
immunity (106). A more comprehensive understanding of the
plant NE protein composition and subsequent detailed functional
investigation of NE proteins will provide new insight into the NE-
centered immune regulatory mechanism in plants.
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The multifaceted functions ranging from cellular and developmental mechanisms to
inflammation and immunity have rendered TGF-ß signaling pathways as critical
regulators of conserved biological processes. Recent studies have indicated that this
evolutionary conserved signaling pathway among metazoans contributes to the
Drosophila melanogaster anti-nematode immune response. However, functional
characterization of the interaction between TGF-ß signaling activity and the
mechanisms activated by the D. melanogaster immune response against parasitic
nematode infection remains unexplored. Also, it is essential to evaluate the precise
effect of entomopathogenic nematode parasites on the host immune system by
separating them from their mutualistic bacteria. Here, we investigated the participation
of the TGF-ß signaling branches, activin and bone morphogenetic protein (BMP), to host
immune function against axenic or symbiotic Heterorhabditis bacteriophora nematodes
(parasites lacking or containing their mutualistic bacteria, respectively). Using
D. melanogaster larvae carrying mutations in the genes coding for the TGF-ß
extracellular ligands Daw and Dpp, we analyzed the changes in survival ability, cellular
immune response, and phenoloxidase (PO) activity during nematode infection. We show
that infection with axenic H. bacteriophora decreases the mortality rate of dpp mutants,
but not daw mutants. Following axenic or symbiotic H. bacteriophora infection, both daw
and dpp mutants contain only plasmatocytes. We further detect higher levels of Dual
oxidase gene expression in dpp mutants upon infection with axenic nematodes and
Diptericin and Cecropin gene expression in daw mutants upon infection with symbiotic
nematodes compared to controls. Finally, following symbiotic H. bacteriophora infection,
dawmutants have higher PO activity relative to controls. Together, our findings reveal that
while D. melanogaster Dpp/BMP signaling activity modulates the DUOX/ROS response to
axenic H. bacteriophora infection, Daw/activin signaling activity modulates the
antimicrobial peptide and melanization responses to axenic H. bacteriophora infection.
Results from this study expand our current understanding of the molecular and
mechanistic interplay between nematode parasites and the host immune system, and
org December 2021 | Volume 12 | Article 7953311160
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the involvement of TGF-ß signaling branches in this process. Such findings will provide
valuable insight on the evolution of the immune role of TGF-ß signaling, which could lead to
the development of novel strategies for the effective management of human
parasitic nematodes.
Keywords: Drosophila, innate immunity, Heterorhabditis, Photorhabdus, TGF-ß
INTRODUCTION

Transforming growth factor (TGF-ß) signaling is an evolutionary
conserved signaling pathway among metazoans (1). Having
components present in all animals studied to date, TGF-ß
signaling has been regarded as a key pathway in metazoan
evolution and in transition to multicellularity (1, 2). In addition,
its role has been implicated in various biological processes ranging
from development to metabolism (3). Compared to vertebrates,
TGF-ß signaling in Drosophila melanogaster comprises fewer
representatives of each signaling component, yet still regulates
diverse functions including axis formation, body patterning, and
morphogenesis (4–7). Activin and bone morphogenetic protein
(BMP) are the two signaling branches of theD.melanogasterTGF-
ß pathway, which are characterized by extracellular ligands, type I
and type II receptors, and intracellular transducers (8). Signaling is
initiated by the binding of ligands to transmembrane receptor
complex of serine/threonine kinases, which in turn phosphorylates
transcription factors that regulate the activation of downstream
genes (9).

In addition to its contribution to wounding response and
anti-bacterial immunity, the role of TGF-ß signaling has been
implicated in anti-nematode immunity in D. melanogaster
(10–14). In particular, gene transcript levels of the ligands
Daw (activin branch) and Dpp (BMP branch) are upregulated
following infection with the parasitic nematodes,Heterorhabditis
gerrardi and Heterorhabditis bacteriophora in adult flies (12).
Inactivation of dpp leads to increased survival ability and
induction of humoral immunity against H. bacteriophora
infection (11). Also, in response to H. gerrardi infection, daw
mutants have decreased expression of Dual oxidase (Duox)
compared to their background controls (14). However, detailed
functional characterization of the interaction between TGF-ß
signaling activity and cellular, humoral, and melanization
responses in D. melanogaster against parasitic nematode
infection remains incomplete.

The entomopathogenic nematode (EPN) H. bacteriophora
and its mutualistic bacterium P. luminescens constitute an
excellent model to elucidate the interaction between TGF-ß
signaling and host anti-nematode immunity. The nematodes
and their bacteria, together or separately, can infect and kill a
variety of insect species (15). Infective juveniles (IJs), the only
free-living stage of the nematodes, enter the insect hemocoel
either through natural openings or by using their special
appendage to penetrate through the cuticle (16). Upon entry,
IJs regurgitate their Photorhabdus bacteria into the hemolymph
to spread into the host and overcome the insect immune
response (17, 18). Once the insect dies and resources in the
org 2161
cadaver are depleted, IJs emerge from the carcass to search for
new prey (15) D. melanogaster is not a natural host of H.
bacteriophora (19). However, previous studies have established
methods for infecting D. melanogaster larvae and adult flies with
Heterorhabditis nematodes, which can develop efficiently in both
stages of the host (19, 20).

Although previous studies have shown that TGF-ß
signaling interacts with the D. melanogaster larval and adult
immune response during infection with the Heterorhabditis-
Photorhabdus complex, it is crucial to elucidate the precise
effect of the parasites on the host immune system by
separating them from their mutualistic bacteria (11–14). To
this end, we investigated the participation of the two TGF-ß
signaling branches, activin and BMP, in host immune function
against axenic (lacking P. luminescens) or symbiotic (containing
P. luminescens) H. bacteriophora nematodes. Using D.
melanogaster larvae carrying mutations in the genes coding for
the TGF-ß extracellular ligands Daw and Dpp, we explored
modifications in cellular, humoral, and melanization responses
during infection with these pathogens.

In this study, we show that BMP signaling activity promotes
survival to D. melanogaster larvae when infected by symbiotic
H. bacteriophora but increases mortality to larvae infected by axenic
nematodes. Also, following axenic H. bacteriophora infection,
BMP signaling activity leads to reduced DUOX expression and
increased Diptericin and Drosomycin antimicrobial gene
expression. Similarly, activin signaling activity upregulates
Drosomycin expression against axenic nematode infection but
downregulates Diptericin and Cecropin expression against
symbiotic nematode infection. Finally, we demonstrate that in
response to symbiotic H. bacteriophora infection, activin
signaling activity lowers PO activity in D. melanogaster larvae.
Taken together our findings provide a detailed characterization
of the D. melanogaster activin and BMP signaling activity
regulation in relation to host immune function against
parasitic nematodes deficient of their mutualistic bacteria. The
information garnered from these results set the stage for
elucidating the evolution of the immune role of TGF-ß
signaling against parasitic nematode infection and contribute
to the effective use of Heterorhabditis nematodes as models for
human parasitic diseases.
MATERIALS AND METHODS

Fly and Nematode Stocks
All flies were reared on Bloomington Drosophila Stock Center
cornmeal food (Labexpress) supplemented with yeast (Carolina
December 2021 | Volume 12 | Article 795331
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Biological Supply), maintained at 25°C, and a 12:12-h light:dark
photoperiodic cycle. Larvae carrying a spontaneous dpps1

mutation (strain 397, Bloomington, IL, USA) and carrying P-
bac insertion Pbac{XP}daw05680 (strain d05680, Exelixis,
Boston, MA, USA) were used, as previously described (14).
Line w1118 (strain 3605, Bloomington, IL, USA) was used as
the background control. Infective juveniles (IJs) of H.
bacteriophora strain TT01 were amplified in larvae of the wax
moth Galleria mellonella using the water trap technique (21). To
generate axenic H. bacteriophora nematodes lacking their P.
luminescens bacteria, a previously established protocol was
followed (22). Prior to experiments, axenic nematodes were
surface sterilized in 5% bleach solution and rinsed five times
with water to remove the bleach residue. Nematodes were used
1-4 weeks after collection.

Larval Infection and Survival Assay
Infections were carried out using 96-well plates containing 100
mL of 1.25% agarose in each well. The suspension of axenic or
symbiotic H. bacteriophora IJs (100 nematodes in 10 mL of sterile
distilled water) was added to a single larva (late second to third
instar) in each well. Sterile distilled water (10 mL) served as
uninfected control. The plate was covered with a sealing film
(USA Scientific, Ocala, FL, USA) and air holes were poked for
ventilation. Plates were kept in the dark at room temperature for
24 h. At the 24-h time point, larvae were collected and frozen at
−80°C, or immediately used in experiments. The survival of
larvae kept in nematode solution or in sterile distilled water was
estimated at 12-h intervals and up to 60 h. The survival
experiments were replicated three times.

Gene Expression Analysis
RNA was extracted from 4-5 D. melanogaster larvae (late second
to third instar) using Trizol reagent (Ambion, Life Technologies)
and reverse transcription was performed using High-Capacity
cDNA Reverse Transcription Kit (Applied Biosystems)
Frontiers in Immunology | www.frontiersin.org 3162
according to the manufacturers’ instructions. Real time PCR
experiments were conducted in a CFX96 Real-Time System,
C1000 Thermal Cycler (Bio-Rad) with gene-specific primers
(Table 1) using GreenLink qPCR Mix (BioLink). Each
experiment was run in technical triplicates and repeated
three times.

Hemocyte Assays
Following axenic or symbiotic H. bacteriophora infection, 10
D. melanogaster larvae (late second to third instar) were bled into
30 ml of 2.5× protease inhibitor cocktail (Sigma). Hemolymph
samples were loaded on a hemocytometer and total numbers and
aggregates of cells were counted using 40× magnification on a
compound microscope (Olympus CX21). Clumps of two or
more hemocytes were considered as aggregates and each clump
was counted as one aggregate. In each experiment five technical
replicates were used, and each experiment was repeated
three times.

Hemocyte Staining and Microscopy
To distinguish the different types of hemocytes following
infection with axenic or symbiotic H. bacteriophora, six
D. melanogaster larvae (late second to third instar) were washed
in 1xPBS and bled into 30 ml of 1x PBS on a poly-lysine coated
microscope slide which was air dried for 20 min. Hemocytes
were fixed in 4% paraformaldehyde for 15 min, washed with
1xPBS, permeabilized in PBST (0.3% Triton in 1x PBS) for 20
min, and washed again in 1x PBS. Hemocytes were blocked in
PBSTB (8% BSA in PBST) for 15 min, washed in 1x PBS, and
then incubated with diluted phalloidin TRITC (1:100) for 20 min
before a final wash in 1x PBS. Using ProLong® Gold Antifade
reagent with DAPI, hemocytes were mounted and stored at 4°C
until imaging. Hemocytes were visualized using Zeiss LSM 510
confocal microscope and their types were distinguished based on
morphology, as previously described (23). The experiment was
repeated three times.
TABLE 1 | Primers and their sequences used in quantitative qPCR experiments.

Gene Accession Number Primer Sequence (5’ - 3’) Tm (°C)

NOS CG6713 Forward AACGTTCGACAAATGCGCAA 60
Reverse GTTGCTGTGTCTGTGCCTTC

DUOX CG3131 Forward ACGTGTCCACCCAATCGCACGAG 60
Reverse AAGCGTGGTGGTCCAGTCAGTCG

PPO1 CG5779 Forward CAACTGGCTTCGTTGAGTGA 60
Reverse CGGGCAGTTCCAATACAGTT

PPO2 CG8193 Forward CCCGCCTATACCGAGA 59
Reverse CGCACGTAGCCGAAAC

PPO3 CG42640 Forward GGCGAGCTGTTCTACT 58
Reverse GAGGATACGCCCTACTG

Diptericin CG12763 Forward GCTGCGCAATCGCTTCTACT 60
Reverse TGGTGGAGTTGGGCTTCATG

Cecropin CG1365 Forward TCTTCGTTTTCGTCGCTCTC 57
Reverse CTTGTTGAGCGATTCCCAGT

Drosomycin CG10810 Forward GACTTGTTCGCCCTCTTCG 60
Reverse CTTGCACACACGACGACAG

Metchnikowin CG8175 Forward TCTTGGAGCGATTTTTCTGG 56
Reverse AATAAATTGGACCCGGTCTTG

RpL32 CG7939 Forward GATGACCATCCGCCCAGCA 60
Reverse CGGACCGACAGCTGCTTGGC
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Nitric Oxide and Aconitase Assays
To assess levels of Nitric Oxide (NO) and aconitase activity, six
late second to third instar D. melanogaster larvae were collected
24-h post-infection with axenic or symbiotic H. bacteriophora.
For NO estimation, larvae were homogenized in PBS and
centrifuged at 10,000 x g for 10 min at 4°C. The resultant
supernatant was used to quantify proteins as previously
described and then mixed 1:1 with Griess reagent (Sigma) (1).
Absorbance was measured at 595 nm using a plate reader
(BioTek). To calculate NO levels, a silver nitrite standard curve
was used. For the estimation of aconitase activity, larvae were
homogenized in aconitase assay buffer and processed following
the manufacturer’s instructions (MAK051-1KT; Sigma).
Absorbance was measured at 450 nm and levels of aconitase
activity were calculated from an isocitrate standard curve.
Experiments were conducted in technical duplicates and
repeated three times.

Phenoloxidase Assay
To collect hemolymph following infection with axenic or
symbiotic H. bacteriophora , 10 larvae from each D.
melanogaster line were bled into 30 ml of 2.5x protease
inhibitor. Hemolymph samples were added to Pierce® Spin
Columns and spun at 4°C and 13,000 rpm for 10 min. Protein
concentrations were measured using the Pierce™ BCA Protein
Assay Kit (Thermo Fisher Scientific). A mixture containing 15 mg
of protein, 5 mM CaCl2, and 2.5× protease inhibitor was added
to 160 ml of fresh L-DOPA solution (in phosphate buffer, pH 6.6)
in a clear microplate well. Absorbance values were measured at
29°C and 492 nm for 60 min. Absorbance of the blank was
subtracted from the absorbance of each sample. Each experiment
was repeated three times.

Assessment of Melanization
To observe the ability of hemolymph to melanize following
infection with axenic or symbiotic H. bacteriophora ,
hemolymph samples were collected from 10 larvae of each
Frontiers in Immunology | www.frontiersin.org 4163
D. melanogaster line in 1xPBS, added to a Pierce® Spin
Column and spun at 4°C and 13,000 rpm for 10 min.
Hemolymph plasma samples were transferred to a 96 well
microtiter plate. After 3 h incubation at room temperature, the
presence of melanization in the wells was noted.

Statistical Analysis
GraphPad Prism 8 was used for data plotting and statistical
analyses. Statistics for the results from the survival experiments
were carried out using log-rank (Mantel-Cox) test. One-way
analysis of variance (ANOVA) and Tukey post-hoc tests were
used for analyzing the results from the rest of the experiments.
RESULTS

BMP Branch Activity Promotes Survival of
D. melanogaster Larvae Upon Symbiotic
H. bacteriophora Infection
To understand whether activin and BMP TGF-ß signaling
branches contribute to the survival ability of D. melanogaster
larvae against infection with H. bacteriophora containing or
lacking their mutualistic bacteria, we challenged daw and dpp
mutants with either type of nematode to assess their time-course
survival rate following infection. For this, we monitored larval
survival every 12 h and up to 48 h post nematode infection. We
did not observe any significant differences between daw mutants
and their background controls (w1118) following axenic or
symbiotic H. bacteriophora infection (Figure 1A). However, we
found that while dppmutants showed higher survival rates upon
axenic H. bacteriophora infection, their survival ability to
symbiotic nematode infection decreased compared to w1118

controls (Figure 1B). These results indicate that the BMP
signaling activity in D. melanogaster larvae promotes survival
against symbiotic H. bacteriophora infection but limits survival
against axenic H. bacteriophora infection.
A B

FIGURE 1 | Survival analysis of Drosophila melanogaster TGF-ß mutant larvae upon infection with axenic (Hba) or symbiotic (Hba+Pl) Heterorhabditis bacteriophora.
Daw and dpp mutant larvae and their background controls (w1118) were infected with either H. bacteriophora axenic or symbiotic nematodes. Treatment with water
served as negative control (uninfected). Larval survival was estimated every 12 h and up to 48 h after infection. Significance levels were assessed using log-rank
(Mantel-Cox) test. Survival ability of daw (A) and dpp (B) mutants following infection with axenic or symbiotic H. bacteriophora (***p = 0.0002, ****p < 0.0001).
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Activin and BMP Signaling Activity Do
Not Participate in the D. melanogaster
Larval Cellular Immune Response to
H. bacteriophora Infection

The cellular immune response is mediated by the hemocytes and
forms an integral part of the D. melanogaster host defense
because it acts in conjunction with humoral immune
mechanisms to oppose infection (24, 25). Previous studies have
linked the number of hemocytes to immune system capacity in
D. melanogaster (26–29). To determine whether activin and
BMP signaling activity modulate the number of hemocytes in
D. melanogaster larvae responding to parasitic nematode
infection, we counted the number of circulating hemocytes in
daw and dpp mutants following infection with axenic or
symbiotic H. bacteriophora. Of note, here we focused only on
circulating hemocytes, but there is a possibility that some of the
sessile hemocytes may have become circulating to act on the anti-
nematode response. We found that the number of hemocytes
was not significantly affected in TGF-ß mutants when infected
with either type of nematode compared to their background
controls. However, hemocyte numbers decreased in dppmutants
following infection with axenic H. bacteriophora relative to
uninfected dpp individuals suggesting a link between hemocyte
proliferation and BMP signaling activity (Figure 2A). Wasp
parasitization in D. melanogaster larvae induces the
differentiation of lamellocytes, which are specialized type of
Frontiers in Immunology | www.frontiersin.org 5164
hemocytes (29–32). Previous evidence suggests that infection
with the EPN Steinernema carpocapsae also leads to lamellocyte
differentiation in D. melanogaster wild-type larvae (23). To
elucidate whether activin and BMP signaling branches in D.
melanogaster larvae are involved in the differentiation of
lamellocytes during H. bacteriophora infection, we stained
hemocytes in daw and dpp mutants and their w1118

background controls with phalloidin-TRITC and DAPI and
visualized them using confocal microscopy (Figure 2B). We
only detected plasmatocytes in either TGF-ß mutant following
infection with axenic or symbiotic H. bacteriophora nematodes.
Interestingly, we noticed the formation of a higher number of
hemocyte aggregates in uninfected daw mutants compared to
their background controls. To quantitively assess whether
inactivating TGF-ß signaling branches leads to changes in
hemocyte aggregation in the context of nematode infection, we
counted the number of hemocyte aggregates in daw and dpp
mutants following infection with axenic or symbiotic H.
bacteriophora. Consistent with the initial observation, we
found that in the absence of infection, there was a higher
number of hemocyte aggregates in daw mutants compared to
those detected in w1118 individuals. In addition, following axenic
H. bacteriophora infection, the number of cell aggregates
decreased in daw mutant larvae compared to their uninfected
counterparts (Figure 2C). These findings suggest that activin and
BMP signaling activity do not affect cellular immune processes in
D. melanogaster larvae, such as total hemocyte numbers,
A B

C

FIGURE 2 | Cellular immune response of Drosophila melanogaster TGF-ß mutant larvae against axenic (Hba) or symbiotic (Hba+Pl) Heterorhabditis bacteriophora
nematode infection. (A) Total number of circulating hemocytes in D. melanogaster daw and dpp mutant larvae and their background controls (w1118) upon infection
with either axenic or symbiotic nematodes. Hemolymph samples were collected from 10 larvae at 24 h following infection and the number of circulating hemocytes
was assessed using a hemocytometer under a light microscope (*p = 0.0343). (B) Confocal microscopy images of hemocytes stained with Phalloidin-TRITC (red)
and DAPI (blue) in D. melanogaster daw and dpp mutants and their background controls (w1118) following axenic or symbiotic H. bacteriophora nematode infection.
Scale bar is 20 mm. White arrows indicate hemocyte aggregates. (C) Assessment of the number of hemocyte aggregates in D. melanogaster daw and dpp mutant
larvae and their background controls (w1118) following H. bacteriophora axenic or symbiotic nematode infection (*p = 0.0123, **p = 0.0086). Significance levels were
assessed using one-way analysis of variance (ANOVA).
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differentiation of lamellocytes, and formation of hemocyte
aggregates upon H. bacteriophora infection.

BMP Signaling Activity in D. melanogaster
Larvae Lowers Expression of DUOX Upon
Axenic H. bacteriophora Infection
Similar to vertebrates, intermediates of both oxygen (ROI) and
nitrogen (RNO) in D. melanogaster constitute a prominent
defense strategy against bacterial infections (33). D.
melanogaster has a single NADPH, Dual oxidase (DUOX),
which acts as a principal factor in the production of reactive
oxygen species (ROS) (34, 35). Recently, it was shown that D.
melanogaster daw mutant larvae express DUOX at higher
levels upon infection with H. gerrardi nematodes (14). To
elucidate whether activin and BMP branches are involved
in the D. melanogaster DUOX mediated ROS response to
H. bacteriophora infection, we estimated the gene expression level
of DUOX in daw and dppmutant larvae following infection with
either axenic or symbiotic nematodes. We found no significant
difference in DUOX expression between daw mutants and w1118

controls when infected with either type of nematode
(Figure 3A). Interestingly, dpp mutants expressed DUOX at
higher levels compared to w1118 individuals during axenic but
not symbiotic H. bacteriophora infection. This finding indicates
that the BMP branch mediates ROS response through reducing
the expression of DUOX upon infection with P. luminescens-
deficient H. bacteriophora nematodes. We have also assessed
ROS levels by measuring the relative aconitase activity, yet we
have not observed any significant differences between daw and
dpp mutants and w1118 controls upon infection with axenic or
symbiotic H. bacteriophora (Figure S1A). We then investigated
the association between nitric oxide (NO) response, which is
controlled by the enzyme NO synthase (NOS), and TGF-ß
signaling activity in the D. melanogaster anti-nematode
response. For this, we performed qRT-PCR to determine the
expression level of NOS and spectrophotometrically quantified
nitrite protein levels in daw and dpp mutant larvae infected by
either axenic or symbiotic H. bacteriophora. There were no
statistically significant differences in NOS expression or nitrite
Frontiers in Immunology | www.frontiersin.org 6165
protein levels between nematode infected TGF-ß mutants
and the w1118 controls (Figures 3B and S1B). This outcome
suggests that TGF-ß signaling activity in D. melanogaster
larvae is not involved in the NO response to parasitic
nematode infection.

Activin Signaling Activity Lowers
Expression of Diptericin and Cecropin
in D. melanogaster Larvae Following
Infection With Symbiotic H. bacteriophora
The hallmark of the D. melanogaster host defense is the inducible
synthesis and secretion of antimicrobial peptides (AMPs)
through NF-kB signaling pathways (36). Also, using GFP
reporter transgenes, infection of D. melanogaster larvae with
symbiotic H. bacteriophora results in higher percentage of fly
larvae expressing the AMP encoding genes Attacin, Diptericin,
Drosomycin, and Metchnikowin (19). Previous studies have
demonstrated a connection between TGF-ß signaling and
synthesis of AMPs in the context of parasitic nematode
infection (19, 37). In addition, NF-kB/Rel signaling interferes
with the expression of Activinb (activin signaling ligand), while
NF-kB/Dif signaling interferes with the expression of glass
bottom boat (BMP signaling ligand) in D. melanogaster larvae
infected by H. gerrardi nematodes (37). To further study the link
between TGF-ß signaling activity and expression of AMPs
following infection with axenic or symbiotic H. bacteriophora
nematodes, we used qRT-PCR and gene-specific primers to
determine the expression levels of Diptericin, Cecropin,
Drosomycin, and Metchnikowin in D. melanogaster daw and
dpp mutants. We found that following symbiotic H.
bacteriophora infection, expression of Diptericin and Cecropin
were higher in daw mutant larvae compared to w1118 larvae
(Figures 4A, B). Diptericin and Cecropin are mainly induced by
Gram-negative bacterial infections (38). Therefore, our results
indicate that these two AMPs were possibly induced by P.
luminescens bacteria which are mutualistically associated with
H. bacteriophora nematodes. Conversely, we found that
Drosomycin expression significantly decreased in both daw and
dpp mutants compared to w1118 controls upon infection with
A B

FIGURE 3 | Quantitative PCR analysis of dual oxidase (DUOX) (A) and nitric oxide synthase (NOS) (B) expression in Drosophila melanogaster daw and dpp mutant
larvae and their background controls (w1118) responding to infection by either axenic (Hba) or symbiotic (Hba + Pl) Heterorhabditis bacteriophora nematodes. Dotted
line at 1.0 indicates normalization of fold change relative to uninfected controls. Significance levels were assessed using one-way analysis of variance (ANOVA, ****p < 0.0001).
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axenic H. bacteriophora (Figure 4C). We have not found any
significant differences in Metchnikowin expression between
TGF-ß mutants and their w1118 controls when infected with
either axenic or symbiotic nematodes (Figure 4D). Taken
together, these findings suggest that activin signaling activity
interacts with the Imd pathway through decreasing the
expression of Diptericin and Cecropin in D. melanogaster
larvae during infection with H. bacteriophora nematodes
harboring their mutualistic P. luminescens bacteria.

Activin Signaling Activity in D.
melanogaster Larvae Reduces the
Melanization Response Upon Symbiotic
H. bacteriophora Infection
Melanization mediated by the enzyme phenoloxidase (PO) is an
immediate and essential response to pathogen infection in D.
melanogaster (39). When Daw/activin signaling is impaired in the
absence of infection, melanotic tumors are observed in adult flies
and PO enzyme activity increases in uninfected larvae (10, 14).
Interestingly, daw mutant larvae have lower PO activity when
challenged by H. gerrardi nematodes, suggesting an association
between the activin branch and regulation of the melanization
response against parasitic nematode infection (14). To examine
the interaction between TGF-ß signaling activity in D.
melanogaster and the melanization response to axenic or
symbiotic H. bacteriophora, we estimated the expression levels
of the inactive precursors of PO prophenoloxidase (PPO) genes
Frontiers in Immunology | www.frontiersin.org 7166
PPO1, PPO2, and PPO3 in daw and dpp mutant larvae infected
with either type of nematode (39). We did not observe any
significant differences in PPO1 and PPO2 expression between
the TGF-ß mutants and their w1118 controls following axenic or
symbiotic H. bacteriophora infection (Figures S2A–C). However,
expression of PPO3 increased significantly in dpp mutants
compared to their background control following axenic
nematode infection. The activity of PO enzyme in larval
hemolymph can be measured spectrophotometrically through
the detection of dopachrome which is converted by PO from L-
DOPA (40). Using this method, we determined PO activity in the
hemolymph plasma of daw and dpp mutants following infection
with axenic or symbioticH. bacteriophora.Dawmutants exhibited
significantly increased PO activity compared to w1118 controls
when infected with symbiotic H. bacteriophora, but not with
axenic nematodes (Figure 5A). Extraction of hemolymph
followed by incubation of the plasma at room temperature leads
to blackening due to the production of melanin (41). We observed
that hemolymph plasma from daw mutant larvae, which had
previously been infected with symbiotic H. bacteriophora,
melanized at room temperature (Figure 5B). However, we have
not observed melanization in hemolymph plasma from dpp
mutants or background controls following symbiotic H.
bacteriophora infection. These findings collectively suggest that
activin signaling activity regulates the melanization response in
D. melanogaster larvae through reducing the levels of PO
following symbiotic H. bacteriophora infection.
A B

DC

FIGURE 4 | Expression of the antimicrobial peptide encoding genes Diptericin, Cecropin, Drosomycin, and Metchnikowin in Drosophila melanogaster daw and dpp
mutant larvae and their background controls (w1118) following infection with either axenic (Hba) or symbiotic (Hba+Pl) Heterorhabditis bacteriophora. Dotted line at
1.0 indicates normalization of fold change relative to uninfected controls. Significance levels were assessed using one-way analysis of variance (ANOVA). (A) Diptericin
(*p = 0.0180), (B) Cecropin (*p = 0.0318) (C) Drosomycin (****p < 0.0001), and (D)Metchnikowin expression via qPCR.
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DISCUSSION

Previous studies have demonstrated that the conserved TGF-ß
signaling pathway is induced in D. melanogaster larvae and adult
flies during infection with EPNs (12, 13). Also, activin signaling
activity decreases DUOX expression and increased PO activity in
D. melanogaster larvae following infection with H. gerrardi
symbiotic nematodes (14). Therefore, it is important to explore
any additional roles that activin as well as BMP signaling may
play in regulating cellular, humoral, and melanization immune
responses in D. melanogaster during parasitic nematode
infection. Identification of the precise molecular mechanisms
underlying these processes, specifically against infection with the
nematode parasites without any input from their mutualistic
bacteria will contribute to a more comprehensive understanding
of the host defense capability against parasitic diseases. Here, we
used symbiotic together with axenic H. bacteriophora nematodes
to examine the participation of the activin and the BMP signaling
branches in the regulation of the D melanogaster anti-nematode
immune response. We report that BMP signaling activity
Frontiers in Immunology | www.frontiersin.org 8167
promotes survival against symbiotic H. bacteriophora infection
but reduces survival against axenic nematode infection. Also,
BMP signaling activity reduces DUOX expression but increases
Diptericin and Drosomycin expression upon infection of D.
melanogaster larvae with axenic H. bacteriophora. In addition,
a functional activin pathway increases Drosomycin expression
upon axenic nematode infection and decreases Diptericin and
Cecropin expression upon symbiotic nematode infection. Finally,
we report that activin signaling activity modulates the
melanization response by reducing the PO enzyme levels upon
symbiotic H. bacteriophora nematode parasitism (Figure 6).

Heterorhabditis nematode invasion through the cuticle causes
injury to the insect host and the wounding response, which is
characterized by the loss of tissue integrity, is observed
throughout the infection (42). Previous work has indicated that
in D. melanogaster larvae, dpp is transcriptionally induced by
injury and might have a role in attenuating immune responses
following wounding and infection (10). In this study, we found
that dpp mutant larvae survive better to axenic H. bacteriophora
infection relative to their background controls. A possible
A

B

FIGURE 5 | Assessment of phenoloxidase (PO) activity and melanization response in Drosophila melanogaster TGF-ß mutant larvae following infection with axenic
(Hba) or symbiotic (Hba+Pl) Heterorhabditis bacteriophora. (A) PO activity in the hemolymph plasma of daw and dpp mutant larvae and their background controls
(w1118) infected with either H. bacteriophora axenic or symbiotic nematodes. Significance levels were assessed using one-way analysis of variance (ANOVA), (***p =
0.0003; ****p < 0.0001). (B) Melanization of hemolymph plasma of daw and dpp mutant larvae and their background controls (w1118) infected with H. bacteriophora
axenic or symbiotic nematodes one hour post incubation at room temperature.
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explanation for this observation could be that the injury caused
by IJs during entry into D. melanogaster larvae, which may lead
to the activation of humoral and cellular immune reactions.

Humoral immunity in D. melanogaster is characterized by the
synthesis and secretion of AMPs into the hemolymph through
the activation of two NF-kB signaling pathways, Toll and Imd
(36). While the Toll signaling is predominantly activated by
Gram-positive bacteria and fungi, the Imd signaling is mainly
activated by Gram-negative bacteria (43–46). The Imd pathway
has also been previously implicated in the immune response of
D. melanogaster to H. bacteriophora. More precisely, Diptericin,
the readout AMP-encoding gene for the Imd pathway, is
upregulated at 6 h post-injection of D. melanogaster adult flies
and larvae with excreted secreted products (ESPs) isolated from
H. bacteriophora axenic nematodes (22, 36). In addition, feeding
of D. melanogaster larvae with P. luminescens bacteria also leads
to upregulation of Diptericin (19). Interestingly, we have found
that expression of Diptericin is lower in w1118 larvae (background
control) following symbiotic H. bacteriophora infection
compared to those infected with axenic nematodes. It is
possible that at the 24 h time point, molecules produced by the
nematode-bacteria pair during infection are able to suppress
Diptericin expression. Another plausible explanation could be
that Diptericin expression starts to decrease in larvae at 6 h post
symbiotic H. bacteriophora infection, similar to Diptericin
expression decrease in adult flies infected with Escherichia coli
or Micrococcus luteus (47). We also demonstrate that Diptericin
and Cecropin are upregulated following symbiotic H.
bacteriophora infection in activin deficient larvae compared to
the background control line. This implies that activin signaling
activity interacts with the Imd pathway in D. melanogaster larvae
during infection with the H. bacteriophora-P. luminescens
complex to modify the AMP response. However, additional
work is required to fully elucidate if Imd and activin signaling
in D. melanogaster work synergistically against parasitic
Frontiers in Immunology | www.frontiersin.org 9168
nematode infection. It would be interesting to distinguish the
factors produced by the nematodes and their mutualistic bacteria
to determine those that lead to Diptericin upregulation in daw
mutants. The two virulence factors secreted by H. bacteriophora
nematodes, Ecdysteroid glycosyltransferase Hba_07292 and
Serine carboxypeptidase (Hba_11636) are able to suppress
Diptericin expression in D. melanogaster larvae (40, 48).
Investigating whether injection of these factors into daw
mutant larvae is associated with any changes in Diptericin
expression would provide insight about the impact of ESPs on
activin-Imd interaction.

Previous work has shown that in the absence of infection,
BMP signaling is regulated by Toll signaling activity via binding
of Dorsal to Dpp and suppressing its expression in the ventral
domain of the embryo (49). The interplay between these two
signaling pathways is essential for D. melanogaster development
(50). Here, we suggest that interaction between TGF-ß signaling
branches and Toll signaling could be further extended to the
immune response against parasitic nematode infection. This is
particularly due to our observation of the reduced expression of
Drosomycin in both daw and dpp mutants upon axenic H.
bacteriophora infection. Our findings provide a basis for future
investigations aimed at elucidating interactions between activin
and BMP signaling activity with the Toll pathway during the D.
melanogaster response to H. bacteriophora. Toll signaling
receptors, GNBP1, PGRP-SA and PGRP-SD are upregulated
following infection with symbiotic H. bacteriophora nematodes
in D. melanogaster adult flies (36, 51). To identify potential
interactions between TGF-ß and Toll signaling at the level of
recognition, changes in the expression of daw and dpp following
infection with H. bacteriophora nematodes or injection with
ESPs can be studied in flies deficient of GNBP1, PGRP-SA or
PGRP-SD. Moreover, to identify the interactions at downstream
expression, flies deficient of the Toll pathway transcription factor
Dif could be used to assess the expression of daw and dpp or
FIGURE 6 | Proposed model of the interaction between activin and BMP signaling branches of the TGF-ß signaling pathway and Drosophila melanogaster immunity
against Heterorhabditis bacteriophora parasitic nematodes. In response to axenic (Hba) H. bacteriophora infection, activin signaling activity reduces the expression of
Drosomycin while BMP signaling activity reduces the survival ability and the expression of dual oxidase (DUOX), Diptericin, and Drosomycin. Following symbiotic (Hba + Pl) H.
bacteriophora infection, activin signaling activity promotes the expression of Diptericin and Cecropin whereas BMP signaling activity promotes the survival of D. melanogaster larvae.
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other intracellular TGF-ß signaling components in the context of
response to parasitic nematode infection (36). Lessons we learn
through studying these interactions could be applicable to higher
organisms, including humans, considering the similarities
between innate immunity in D. melanogaster and mammals
and the phylogenetic relationship between H. bacteriophora
nematodes and vertebrate parasitic nematodes including
Necator, Dictyocaulus, and Oslerus (52–54).

In our study we found that D. melanogaster activin deficient
larvae have increased levels of PO as well as melanin formation
in their hemolymph plasma compared to their background
controls following infection with symbiotic H. bacteriophora.
This finding suggests that activin signaling activity reduces the
melanization response in D. melanogaster larvae upon symbiotic
nematode infection. In contrast, we have not found any
significant differences in daw mutants following axenic H.
bacteriophora infection suggesting that activin signaling activity
reduces the melanization response only when nematodes infect
D. melanogaster larvae together with their mutualistic bacteria.
Interestingly, a recent study has shown that following infection
of daw mutant larvae with symbiotic H. gerrardi nematodes, PO
activity remains at low levels (14). It is therefore possible that the
property of functional activin signaling to decrease the
melanization response in D. melanogaster larvae is restricted
only to the response against the H. bacteriophora-P. luminescens
complex. It would be interesting to further explore how other
parasitic nematodes influence the interaction between activin
signaling activity and the melanization response by testing the
response of D. melanogaster to other EPNs such as S.
carpocapsae. Infection of D. melanogaster larvae with S.
carpocapsae nematodes leads to increased PO activity in the
hemolymph (23). In contrast, inoculation of the S. carpocapsae
mutualistic bacteria, Xenorhabdus nematophila, via pricking into
D. suzukii larvae results in lower PO activity in the hemolymph
(55). Based on this information, it would be interesting to test
whether activin signaling activity has a role in regulating the D.
melanogaster PO activity and melanization response against the
S. carpocapsae-X. nematophila complex. In addition, considering
the role of melanization in clot formation, another field of
inquiry would be to study whether activin signaling interacts
with the clotting response in D. melanogaster against parasitic
nematode infection (56). Clotting factors such as Fondue,
Eig71Ee, and transglutaminase protect D. melanogaster larvae
against symbiotic H. bacteriophora infection (57, 58). Future
studies could focus on understanding if this protection extends to
the mutants of activin signaling suggesting an interaction
between clotting and TGF-ß signaling activity during the D.
melanogaster response to EPN infection. This is a particularly
interesting avenue of research because not only it can provide
important insight about the regulation of clotting response in
mammals against infection with nematode parasites but also it
can give clues about the evolutionary basis of anti-parasitic
immune response.

Although we cannot exclude the possibility that the current
observations may be due to the different genetic background of
Frontiers in Immunology | www.frontiersin.org 10169
the mutants as compared to the control flies and rescue
experiments may be needed to confirm the observed
phenotypes, our findings demonstrate novel functions for
activin and BMP signaling activity in regulating the D.
melanogaster immune response to parasitic nematode
infection. In addition to paving the way to a better
understanding of host-parasite interactions and the evolution
of the immune role of TGF-ß signaling, results obtained from
this study could have broader impacts. Parasitic nematodes pose
a major threat to human health, and thus identification of the
key immune signaling components that oppose infection
against parasitic nematodes will provide important clues for
the development of novel treatment strategies against
parasitic diseases.
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