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Abstract

The Amazon Basin constitutes the most ichthyologically diverse freshwater
system on Earth, harbouring an estimated 2,400-3,000 described fish species
and an incompletely characterized but correspondingly rich assemblage of
metazoan and protozoan parasites. This extraordinary diversity makes the
Amazonian fish—parasite system a uniquely powerful natural laboratory for
investigating the molecular and evolutionary underpinnings of host—parasite
co-evolution under conditions of exceptional ecological heterogeneity. The
present review integrates evidence from comparative parasitology, teleost
immunology, population genomics, and landscape ecology to synthesize
current understanding of how reciprocal selective pressures between
Amazonian freshwater fish and their parasites have shaped immunogenetic
architecture, parasite life-history traits, and the geographic structure of both
host and parasite populations across the basin's contrasting hydrological
environments. The article examines in detail the immunological mechanisms
through which the major helminth and ectoparasite taxa — including
Monogenea, Digenea, Cestoda, Nematoda, Acanthocephala, Myxozoa, and
parasitic Copepoda — interact with the innate and adaptive immune systems
of key Amazonian host species including Colossoma macropomum,
Arapaima gigas, Prochilodus nigricans, Serrasalmus rhombeus, Cichla
ocellaris, and Pterygoplichthys pardalis. Special emphasis is placed on the
role of Major Histocompatibility Complex (MHC) class I and class 1IB
polymorphism as the primary genetic substrate for parasite-mediated
balancing selection, with quantitative evidence from FST—QST analyses,
temporal allele frequency tracking, and dN/dS ratio calculations at peptide-
binding region codons demonstrating the operation of both negative
frequency-dependent selection (Red Queen dynamics) and heterozygote
advantage in multiple host—parasite pairs. Parasite counter-adaptations
including antigenic variation, immunosuppressive excretory-secretory
product (ESP) secretion, tegumental host-antigen acquisition, and
intracellular niche exploitation are analyzed at the molecular level. The
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influence of Amazon-specific hydrological phenomena — including annual
flood pulse dynamics, varzea—igapd habitat alternation, and the Rio Negro—
Rio Solimdes confluence — on parasite transmission ecology and the
geographic partitioning of co-evolutionary trajectories is assessed.
Collectively, the evidence reviewed demonstrates that Amazon fish—parasite
systems operate as active, ongoing co-evolutionary arenas shaped by the
intersection of molecular immunogenetics, ecological opportunity, and
hydrological connectivity, and identifies critical gaps in current knowledge
requiring resolution through next-generation sequencing approaches,
experimental immunological assays, and long-term ecological monitoring.

Keywords: host—parasite co-evolution, Amazon ichthyoparasitology, MHC
polymorphism, Red Queen hypothesis, teleost immunology, negative
frequency-dependent selection, Neotropical fish parasites, immune evasion,
flood pulse ecology, co-evolutionary arms race, balancing selection,
helminthology

I. Introduction

Host—parasite interactions represent one of the most pervasive and evolutionarily consequential
forms of biotic interaction in nature. Because parasites exploit host resources at direct fitness
cost to the host, and because host immune systems exert intense selection on parasite
genotypes, the reciprocal selective pressure between host and parasite generates a continuous
evolutionary dynamic that shapes the genetic architecture, life-history strategies, and
ecological distribution of both partners. This co-evolutionary process, conceptualized most
influentially by Van Valen's Red Queen hypothesis and formalized in the matching-allele and
gene-for-gene models of infection genetics, is widely regarded as one of the primary forces
maintaining genetic polymorphism in natural populations, most notably at the Major
Histocompatibility Complex (MHC) loci that encode the antigen-presenting molecules central
to vertebrate adaptive immunity [1].

The Amazon River Basin — encompassing approximately 7 million km? across nine South
American nations and representing the largest river drainage system on Earth — provides a
uniquely rich and scientifically compelling context for studying host—parasite co-evolution in
aquatic vertebrates. The basin's fish fauna, estimated at 2,400-3,000 described species and
potentially 3,000-5,000 total, represents approximately 15% of all freshwater fish species
globally and is continuing to yield new descriptions at a rate of 15-20 species per year [2]. This
taxonomic diversity is matched by a correspondingly diverse parasite fauna: conservative
estimates suggest that each described fish species hosts an average of 3—8 specialist parasite
species, implying a total Amazonian fish parasite diversity potentially exceeding 20,000
species, the vast majority of which remain uncharacterized. The ecological heterogeneity of
the basin — encompassing whitewater varzea floodplains, blackwater igap6 forests, clearwater
tributaries, terra firme streams, and the main-stem river channels — generates a complex mosaic
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of transmission environments, host population structures, and abiotic stressors that collectively
produce highly differentiated local co-evolutionary trajectories [3].

Despite the inherent scientific value of this system, Amazonian fish parasitology has
historically lagged behind equivalent studies in temperate freshwater systems — particularly the
extensively studied three-spined stickleback (Gasterosteus aculeatus) — parasite system of
northern Europe — in terms of mechanistic immunological understanding and population
genetic resolution. The remote and logistically challenging nature of much of the Amazon
basin, combined with the technical difficulty of maintaining many Amazonian fish species in
controlled experimental conditions, has constrained the development of deep functional
immunological data comparable to that available for stickleback, zebrafish (Danio rerio), or
rainbow trout (Oncorhynchus mykiss). However, the rapid acceleration of field-deployable
molecular techniques — including portable nanopore sequencing, drone-assisted field sampling,
and direct tissue preservation protocols compatible with downstream proteomic and
transcriptomic analysis — is beginning to redress this imbalance, generating a new wave of
high-resolution data on Amazonian fish—parasite systems that demands critical synthesis [4].

The present review is organized to address the following interconnected questions that
collectively define the current frontier of Amazonian fish co-evolutionary biology. These
questions span molecular, immunological, population genetic, and ecological scales, reflecting
the inherently multi-disciplinary nature of modern co-evolutionary research:

*  What is the taxonomic and ecological diversity of parasites infecting Amazonian
freshwater fish, and how does this diversity vary across the basin's contrasting
hydrological environments?

*  What immunological mechanisms govern fish resistance to major parasite taxa, and
how do the molecular details of teleost innate and adaptive immunity in Amazonian
species compare with better-characterized model teleost systems?

*  What is the evidence for MHC-mediated parasite resistance in Amazonian fish, and
which specific co-evolutionary mechanisms — Red Queen dynamics, heterozygote
advantage, or local adaptation — best explain observed patterns of MHC
polymorphism?

* How have parasites counter-adapted to Amazonian fish immune systems at the
molecular level, and what do these adaptations reveal about the ongoing co-
evolutionary arms race between host and parasite?

* How do Amazon-specific ecological factors — particularly the annual flood pulse,
varzea—igapo habitat alternation, and the geochemically extreme blackwater
environments of the Rio Negro drainage — influence parasite transmission dynamics
and the geographic structure of host—parasite co-evolution?

*  What are the implications of documented host—parasite co-evolutionary dynamics for
the conservation biology of threatened Amazonian fish species under conditions of
accelerating anthropogenic habitat modification?
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I1. Parasitological Diversity of Amazonian Freshwater Fish: A Systematic

Overview

The parasite assemblages of Amazonian freshwater fish have been the subject of
intensive descriptive work since the pioneering surveys of Travassos and colleagues in the mid-

twentieth century, but systematic, quantitative assessments covering ecologically comparable
host and parasite samples across the basin's major ecoregions remain fragmentary. Current
estimates, based on integrating the primary taxonomic literature with recent molecular surveys,

indicate that Amazonian fish parasites span at minimum seven major higher-level taxa, each
characterized by distinct transmission biology, host specificity patterns, and co-evolutionary
dynamics. Table I provides a systematic overview of the major parasite groups encountered in
Amazonian fish, their representative genera, typical infection sites, and primary pathological
consequences.

) Representative Primary Host Infection Pathological
Parasite Taxon .
Genera Order Site Consequence
Monogenea Gyrodactylus, Characiformes, Gill Lamellar
(Dactylogyridae) Anacanthorus, Siluriformes lamellae, fusion,
Thaparocleidus fin surface  haemorrhagic
hyperplasia,
osmoregulatory
failure
Digenea Diplostomum, Characiformes, Vitreous Cataracts,
(Diplostomidae) Austrodiplostomum,  Perciformes humour, retinal
Tylodelphys lens, brain ~ degeneration,
behavioural
alteration
increasing
predation risk
Cestoda Proteocephalus, Siluriformes, Intestinal Intestinal
(Proteocephalidae) Monticellia, Characiformes mucosa, obstruction,
Chambriella visceral gonadal
mesentery  suppression,
reduced
fecundity
Nematoda | Philometra, Siluriformes, Ovarian Gonadal
(Philometridae, Cucullanus, Osteoglossiformes —stroma, destruction,
Cucullanidae) Rondonia swim buoyancy
bladder,
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. Representative Primary Host Infection Pathological
Parasite Taxon .

Genera Order Site Consequence
intestinal dysregulation,
wall peritonitis

Acanthocephala Neoechinorhynchus, Characiformes, Small Proboscis-
(Neoechinorhynchidae) = Quadrigyrus, Siluriformes intestinal mediated tissue
Gorgorhynchus submucosa  perforation,
granulomatous
inflammation,
haemorrhage
Myxozoa Myxobolus, Characiformes Skeletal Liquefactive
(Myxobolidae, Henneguya, (Serrasalmidae) muscle, myonecrosis,
Ceratomyxidae) Ceratomyxa cartilage, vertebral
nervous deformity,
tissue neurological
dysfunction
Copepoda (Ergasilidae, Ergasilus, Siluriformes, Gill Mechanical gill
Lernaeidae) Gamidactylus, Cichliformes filaments, damage,
Miracetyma integument, secondary
oral cavity  bacterial
colonization,
anaemia

TABLE I: Major Parasite Taxa Recorded from Freshwater Fish of the Amazon Basin —
Taxonomy, Host Range, Infection Pathology, and Representative Genera

A. Monogenea: The Dominant Ectoparasite Guild

Monogenean trematodes — obligate ectoparasites or endoparasites of the gill chambers,
skin, fins, and urinary bladder — constitute the numerically dominant parasite guild in
Amazonian fish in terms of both species richness and infection prevalence, reflecting their
direct life cycle that obviates the requirement for intermediate hosts and renders them
particularly well-suited to the dense, species-rich fish assemblages of Amazonian habitats.
Unlike the digenean trematodes, which require aquatic gastropod intermediate hosts whose
distribution in the Amazon is constrained by the calcium-poor, acidic nature of many
blackwater environments, monogeneans can achieve high transmission rates directly between
fish hosts via free-swimming oncomiracidium larvae, particularly under the high fish densities
characteristic of Amazonian floodplain lakes during the receding water phase [5].

The family Dactylogyridae dominates the Amazonian monogenean fauna, with the
genera Anacanthorus, Thaparocleidus, Notozothecium, and Rhinonastes collectively

5
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accounting for hundreds of described species — many of them highly host-specific to the point
of exhibiting cospeciation with their Characiform and Siluriform hosts at a level unmatched in
temperate freshwater systems. Gyrodactylus, perhaps the most studied monogenean genus
globally owing to its importance as a pathogen of salmonid aquaculture and as a model system
for the study of parasite virulence evolution, is represented in the Amazon by multiple
undescribed species whose ecology and co-evolutionary dynamics remain poorly characterized
compared to their northern temperate counterparts. Monogenean infections produce
pathological effects primarily through the mechanical trauma of opisthaptor attachment — a
posterior holdfast armed with hooks, clamps, or anchors whose morphology is a major
taxonomic character — resulting in lamellar fusion, haemorrhagic hyperplasia of the gill
epithelium, excessive mucus production, and, under heavy infection intensities, severe
osmoregulatory failure from disruption of the gill ion-exchange apparatus [6].

B. Digenea: Complex Life Cycles Across Hydrological Gradients

Digenean trematodes differ fundamentally from monogeneans in requiring a minimum
of two host species to complete their life cycle — typically a molluscan first intermediate host
in which sporocyst and redial larval stages undergo asexual multiplication, one or more
vertebrate or invertebrate second intermediate hosts in which metacercarial encystment occurs,
and a definitive vertebrate host in which adult sexual reproduction takes place. This multi-host
life cycle makes the distribution and transmission ecology of digeneans exquisitely sensitive
to the distribution and abundance of molluscan intermediate hosts, which in the Amazon varies
dramatically between the calcium-rich, circumneutral varzea floodplains — where pulmonate
and prosobranch gastropods are abundant — and the calcium-poor, pH 4-5 blackwater igapo
environments of the Rio Negro drainage, where gastropod diversity and abundance are severely
suppressed [7].

The family Diplostomidae is of particular biological interest within the Amazonian
context because its metacercariae characteristically encyst in immunologically privileged sites
— the vitreous humour, lens, and neural retina of fish eyes, and the brain parenchyma — that are
only partially accessible to host immune surveillance. Austrodiplostomum compactum and
related species infecting cichlids and characids in varzea lakes achieve extraordinarily high
metacercarial burdens in individual fish lenses, inducing progressive cataracts that have been
demonstrated in field studies to significantly increase predation susceptibility through impaired
visual prey detection and predator avoidance — a striking example of parasite manipulation of
host behaviour serving parasite transmission by increasing the probability of the fish being
consumed by the piscivorous definitive host (various Ardeidae herons and kingfishers)
required for adult fluke maturation and oviposition [8].

C. Cestoda, Nematoda, and Acanthocephala: Intestinal Helminth Communities

The intestinal helminth community of Amazonian fish is dominated by representatives
of three phyla — Platyhelminthes (Cestoda), Nematoda, and Acanthocephala — whose members
partition intestinal space and host resources through a combination of differential attachment
site selection, seasonal transmission timing, and host specificity. The patterns of interspecific
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aggregation, segregation, and interactive competition among co-occurring intestinal helminths
have been documented in several well-studied Amazonian host species, revealing community
structures consistent with both ecological character displacement and parasite-mediated
apparent competition that indirectly shapes fish population dynamics through density-
dependent effects on host reproductive output.

Proteocephalid cestodes (family Proteocephalidae), with their complex spiral intestine
attachment mechanism and often intimate associations with host gonadal tissue in advanced
infections, exert some of the most severe reproductive fitness costs observed in Amazonian
fish, with documented cases of complete ovarian destruction by Proteocephalus sandovalensis
in female Colossoma macropomum reducing reproductive output to zero in heavily infected
individuals. Philometrid nematodes similarly target host gonadal tissue, with female worms
embedding within ovarian stroma during the host's reproductive season in a life-history strategy
that exploits peak gonadotropin-mediated vascularization of the ovary to support the
nematode's own reproductive requirements. Acanthocephalan proboscis penetration of the
intestinal wall through all layers — mucosa, submucosa, muscularis, and occasionally serosa —
triggers a distinctive granulomatous inflammatory response involving fibrocyte recruitment,
collagen deposition, and giant cell formation around the embedded proboscis, a process that
represents one of the most morphologically dramatic host—parasite interactions in the
Amazonian fish system [9].

D. Myxozoa, Copepoda, and Emerging Parasites

Myxozoan parasites — a highly derived group of microscopic Cnidaria that have
undergone extreme morphological reduction and obligate intracellular parasitism — infect
Amazonian fish muscle tissue, cartilage, gall bladder, and nervous tissue, causing a range of
pathological syndromes including liquefactive myonecrosis, nodular cyst formation, and
whirling disease-like neurological dysfunction. The discovery that Myxozoa complete their life
cycle through alternation between fish hosts and aquatic oligochaete or polychaete annelid
worm hosts has significant implications for their transmission ecology in Amazon floodplain
environments, where oligochaete abundance in the sediments of varzea lakes fluctuates
dramatically with seasonal flooding, potentially driving corresponding temporal oscillations in
myxozoan transmission intensity that interact with host immune memory in complex ways
[10].

Parasitic copepods of the families Ergasilidae and Lernaeidae represent the most host-
damaging ectoparasite group in terms of immediate mechanical pathology, with the highly
modified, anchor-like body form of adult female lernaeid copepods — which abandon all
external morphological resemblance to free-living copepods upon definitive host attachment —
producing deep tissue penetration, chronic inflammatory foci, secondary bacterial and fungal
colonization, and in severe infestations significant haemoconcentration through protein loss
across disrupted integument. Ergasilid copepods, which attach exclusively to gill filaments
using prehensile second antennae, disrupt lamellar architecture and provoke a laminar
hyperplastic response similar to that induced by monogenean attachment, reflecting convergent
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pathological mechanisms between taxonomically unrelated ectoparasite groups exploiting the
same host tissue [11].

III. Immunological Architecture of the Amazonian Fish Response to Parasitism

The immune system of teleost fish differs from that of tetrapod vertebrates in several
consequential ways that directly influence the dynamics of host—parasite co-evolution in
Amazonian fish populations. Understanding these differences is essential for interpreting the
immunological data obtained from Amazonian fish species and for extrapolating from better-
characterized model species such as Danio rerio or Oncorhynchus mykiss. The primary
distinctions relevant to parasitological contexts include the predominance of IgM as the
principal teleost antibody isotype (with IgD and IgT/IgZ as additional classes), the absence of
lymph nodes and the corresponding reliance on spleen, pronephros, and mucosal-associated
lymphoid tissue (MALT) as primary immune organs, the presence of eosinophilic granular
cells (EGCs) as functional analogues of mammalian mast cells and eosinophils, and the

importance of mucosal immunity at gill and skin interfaces as the first line of adaptive defense
against ectoparasites [12]. Table III summarizes the major immunological effector mechanisms
documented in Amazonian fish against their principal parasite taxa.

Immune Molecular Parasite Effector Evidence Source
Mechanism Mediators Target Outcome
Th2-skewed  IL-4 homologue, Dactylogyridae = Mucus RNAseq gill
adaptive IL-13, IgM-like  (Monogenea) hyperproduction, transcriptome:
immunity immunoglobulins [gM- upregulation of
opsonisation, GATA-3, STAT6
accelerated (Colossoma
parasite macropomum)
expulsion
Neutrophil- MPO, Elastase, Ergasilus spp. Physical Histological and
mediated Citrullinated (Copepoda) entrapment of immunofluorescence
NETosis histone H3, DNA larvae; evidence in
extracellular neutrophil Arapaima gigas gill
traps extracellular trap = sections
formation at gill
attachment sites
Complement = C3b, Factor B, Myxozoa spore = Lytic destruction =~ Serum lysis assays
(alternative Properdin, surface of actinospore and C3 depletion
pathway) Membrane antigens forms; studies in Characid
activation Attack Complex opsonisation for  teleosts
(MAC)
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Immune
Mechanism

Mast cell /
eosinophilic
granular cell
(EGC)
degranulation

Oxidative
burst (ROS-
mediated
killing)

Pattern
Recognition
Receptor
(PRR)
signalling via
TLRs

The Voice of Creative Research

Molecular
Mediators

Serotonin,
Histamine,
Heparin,
Eosinophilic
granule major
basic protein
homologue

NADPH oxidase
complex
(NOX2),
Superoxide,
H202,
Hypochlorous
acid

TLR2, TLR4,
TLR22, MyDS88,
NF-kB, TNF-a,
IL-1B

Parasite
Target

Digenean
metacercariae

Proteocephalid
scoleces

Acanthocephala
cuticle-
associated
MAMPs

Effector
Outcome

macrophage
phagocytosis

Permeability
increase; anti-
larval
cytotoxicity;
mucus barrier
potentiation

Tegument
oxidative
damage; arrested
scolex
maturation;
granuloma
encapsulation

Pro-
inflammatory
cascade;
granulomatous
wall formation
around
proboscis;
fibroblast
recruitment

Evidence Source

EGC accumulation
quantified at
Diplostomum
encystment sites in
Prochilodus lens
tissue

DHR123 flow
cytometry on
peritoneal
macrophages; NBT
assay data
(Siluriformes)

Genome-wide
expression atlas of
Cichlid intestinal
immune response
(Parra et al., 2015)

TABLE III: Immunological Effector Mechanisms Operating Against Major Parasite Taxa
in Amazonian Freshwater Fish — Molecular Mediators and Functional Evidence

A. Innate Immune Recognition: Pattern Recognition and Complement

The teleost innate immune system constitutes the predominant first line of defense
against metazoan parasites and is particularly well-developed in Amazonian fish relative to
mammalian comparators, likely reflecting the high parasite exposure pressure under

Amazonian transmission conditions. Pattern recognition receptor (PRR) signalling through a
diverse repertoire of Toll-like receptors (TLRs) — including the fish-specific TLR22, which
recognizes double-stranded RNA at the cell surface and is absent from mammalian genomes —
initiates rapid transcriptional responses to parasite-associated molecular patterns (PAMPs) and

9
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damage-associated molecular patterns (DAMPs) released during tissue invasion. The
complement system in teleosts operates through all three activation pathways (classical, lectin,
and alternative), and the alternative pathway in particular plays a critical role in early defense
against Myxozoa by directly lysing actinospore forms before they achieve host-cell invasion
[13].

Transcriptomic analyses of the gill tissue of Colossoma macropomum and Prochilodus
nigricans challenged with Dactylogyridae infections have revealed rapid (6—12 hour)
upregulation of TLR2, TLR4, and downstream NF-«B target genes including TNF-a, IL-1§,
and CXCLS8 (IL-8 homologue), consistent with a pro-inflammatory innate response to
monogenean attachment. Crucially, the magnitude of this early innate transcriptional response
has been shown to be significantly correlated with host MHC IIB genotype in controlled
challenge experiments using C. macropomum families of known parentage, suggesting that the
innate—adaptive interface operates earlier in the parasite-response timeline than would be
expected from mammalian immunological paradigms — a finding with significant implications
for understanding how MHC-mediated selection operates on infection outcomes in field
populations [14].

B. Adaptive Immunity: MHC-Mediated Antigen Presentation and Lymphocyte
Effector Functions

The adaptive immune system of teleost fish operates through mechanisms broadly
homologous to those of mammalian adaptive immunity — antigen uptake and processing by
professional antigen-presenting cells (APCs), MHC-restricted presentation of pathogen-
derived peptides to T lymphocytes, clonal expansion and differentiation of antigen-specific T
and B cells, antibody production, and the establishment of immunological memory — but with
important teleost-specific modifications in the details of each step that shape the co-
evolutionary dynamics observed in Amazonian fish populations. The MHC molecules of
teleost fish (designated UA/UB for MHC class I and DA/DB for class 1) are encoded by a
genomic organization fundamentally different from the compact mammalian MHC
supercomplex, with teleost class I and class II genes located on different chromosomes and
often represented by multiple expressed loci, producing exceptional MHC diversity through
both allelic polymorphism and copy number variation [15].

In Amazonian fish species, the adaptive immune response to helminth infection is
characterized by a Th2-skewed cytokine environment broadly analogous to that observed in
mammalian anti-helminth immunity, though realized through fish-specific molecular
components. Gill and intestinal transcriptome analyses from infected C. macropomum and
Arapaima gigas have identified strong upregulation of GATA-3 (the master transcription factor
for Th2 differentiation), STAT6, and fish homologues of IL-4 and IL-13, accompanied by
downstream effector responses including mucus cell hyperplasia, increased IgM secretion into
mucosal surfaces, and eosinophilic granular cell recruitment. Importantly, the degree of Th2
polarization appears to differ significantly between Monogenea-resistant and Monogenea-
susceptible individuals within the same population, with resistant fish mounting a more rapid

10
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and complete Th2 response that results in accelerated parasite expulsion — a differential
response pattern that has been mapped to specific MHC IIB allele combinations in controlled
family-based studies [16].

C. Mucosal Immunity and the Gill as an Immunological Organ

The gill of freshwater fish serves simultaneously as a gas exchange organ, an ion-
regulatory epithelium, and a major mucosal immune interface, making it the primary site of
host—parasite interaction for ectoparasitic monogeneans, copepods, and the infective stages of
many endoparasites. The gill-associated lymphoid tissue (GIALT) of teleosts — recognized as
a distinct mucosal immune compartment only in the past decade — harbours a substantial
population of intraepithelial lymphocytes, IgT-secreting plasma cells, and eosinophilic
granular cells that collectively constitute a specialized mucosal immune system adapted to the
unique challenge of maintaining immune defense at an epithelial surface that must also remain
permeable to respiratory gas exchange [17].

In Amazonian fish, the GIALT response to monogenean infection has been characterized
using a combination of immunohistochemistry, flow cytometry on dispersed gill cell
suspensions, and gill transcriptomics. Key findings include the progressive accumulation of
IgT-positive B cells in the gill epithelium over the course of Anacanthorus spp. infection in C.
macropomum, with IgT-coated mucosal surfaces demonstrating significantly reduced parasite
attachment efficiency in in vitro assays — providing direct functional evidence for IgT-mediated
mucosal immunity against ectoparasites analogous to the IgA function of mammalian mucosal
surfaces. Neutrophil extracellular trap (NET) formation — NETosis — has been documented
histologically at Ergasilus attachment sites on the gills of Arapaima gigas, representing the first
confirmed report of NETosis in an Amazonian fish species and suggesting that this innate
immune mechanism, originally characterized in mammalian neutrophil responses to bacterial
and fungal pathogens, plays a broader anti-parasite role than previously appreciated [18].

IV. MHC Polymorphism and Parasite-Mediated Balancing Selection in
Amazonian Fish

The hypothesis that parasite-mediated selection maintains the extraordinary allelic
polymorphism observed at MHC loci in vertebrate populations — far exceeding what neutral
demographic processes can sustain — was first formally proposed by Clarke and Kirby in 1966
and elaborated into testable form by Doherty and Zinkernagel's work on MHC-restricted
antigen presentation, for which they received the 1996 Nobel Prize in Physiology or Medicine.
Subsequent empirical work in model systems has provided substantial support for this
hypothesis, but the Amazon fish system offers a particularly compelling test case owing to the
exceptional diversity of both host MHC alleles and parasite species, the dramatic ecological
heterogeneity that creates variation in parasite community composition across short geographic
distances, and the availability of multiple independently evolved host—parasite pairs that allow
comparative testing of whether the same balancing selection mechanisms operate across
different ecological contexts. Table Il summarizes quantitative data on MHC diversity and
parasite resistance correlates from six key Amazonian host—parasite systems.

11
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Host Species

MHC Class

Allelic
Richness

FST vs
Parasite

Observed Resistance

Colossoma
macropomum

Class 1IB
(DAB)

34 alleles (5
loci)

0.23
(p<0.001)

Phenotype

High MHC 1IB
diversity correlated
with reduced
Anacanthorus spp. gill
load (r=-0.61)

Arapaima gigas

Prochilodus
nigricans

Pterygoplichthys
pardalis

Serrasalmus
rhombeus

Cichla ocellaris

Class I (UBA)
+ IIB

Class 1IB
(DAB, DBB)

Class 1IB

Class I (UBA)
+11B

Class 1IB
(DAB)

18 alleles (3
loci)

27 alleles (4
loci)

22 alleles (3
loci)

41 alleles (6
loci)

29 alleles (4
loci)

0.31
(p<0.001)

0.18 (p<0.01)

0.14 (p<0.05)

0.27
(p<0.001)

0.20
(p<0.001)

Specific UBA
supertypes linked to
Diplostomum
metacercariae
resistance;
heterozygote
advantage confirmed

DAB allele frequency
shifts in high-
Proteocephalus
prevalence
populations; balancing
selection signature
(Tajima's D =+2.14)

Reduced MHC
diversity in isolated
lacustrine populations;
elevated Gyrodactylus
burden (3-fold
increase)

Highest MHC diversity
observed; negative
frequency-dependent
selection confirmed via
temporal allele
tracking across 12
generations

MHC supertype
diversity predicts

12
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Allelic FST vs Observed Resistance

Host Speci MHC Cl1
Ostopectes A58 Richness Parasite Phenotype

Myxobolus load
reduction; positive
selection dN/dS =2.87
at peptide binding
region
TABLE II: MHC Diversity Parameters and Quantitative Parasite Resistance Correlates in
Key Amazonian Fish—Parasite Systems

A. Negative Frequency-Dependent Selection and Red Queen Dynamics

The Red Queen model of host—parasite co-evolution, named for the Lewis Carroll
character who must run constantly simply to stay in place, predicts that parasites will evolve to
infect the most common host genotypes, generating a selective advantage for rare host
genotypes — which consequently increase in frequency — only to become common themselves
and susceptible to parasite adaptation in turn. This negative frequency-dependent selection
(NFDS) is predicted to produce oscillating allele frequencies at host resistance loci (most
prominently MHC) and corresponding oscillations at parasite infectivity loci, with the two
cycling out of phase in a perpetual evolutionary arms race that prevents any single genotype
from reaching fixation and thereby maintains high allelic diversity in the host population. The
generation-time-scaled prediction of this model — that allele frequency oscillations should be
detectable over timescales of tens to hundreds of host generations — makes it demanding to test
empirically, particularly in long-lived vertebrate hosts [19].

The most compelling evidence for Red Queen dynamics in any Amazonian fish system
comes from a 12-generation temporal study of the Serrasalmus rhombeus — Henneguya sp.
host—parasite pair conducted across a stable piranha population in a terra firme lake in the upper
Xingu drainage. MHC class I UBA locus allele frequencies, tracked via high-throughput
amplicon sequencing on cryopreserved scale samples collected annually over a 24-year period,
showed significant oscillatory dynamics with an estimated period of 4.2 + 0.8 host generations,
closely matching the theoretical prediction for Red Queen cycling under the measured parasite
generation time and estimated selection coefficients. Critically, rare UBA alleles at the
beginning of the study period showed significantly reduced Henneguya spore loads relative to
common alleles (r = —0.74, p < 0.001), consistent with the NFDS mechanism, and alleles that
rose in frequency subsequently became associated with higher infection loads as the parasite
population adapted — providing the first complete documentation of a full Red Queen cycle in
a Neotropical freshwater fish system [20].

B. Heterozygote Advantage at MHC Loci

The heterozygote advantage (overdominance) model predicts that individuals
heterozygous at MHC loci will have higher fitness than homozygotes because they can present
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a wider repertoire of pathogen-derived peptides to T cells, enabling more effective immune
responses against a broader range of parasites simultaneously. This mechanism and NFDS are
not mutually exclusive — both can operate on the same locus under different ecological
conditions — and the relative contribution of each may shift with the diversity of the local
parasite community: heterozygote advantage is expected to be stronger in communities with
high parasite species richness, while NFDS is predicted to dominate in communities with single
dominant parasite species exerting strong directional selection on specific alleles. The Amazon,
with its high parasite species richness, provides conditions under which heterozygote
advantage effects should be particularly pronounced [21].

In the Arapaima gigas — Diplostomum sp. system, controlled infection experiments using
fish families of known MHC IIB genotype — generated through artificial fertilization in a
research hatchery using wild-caught parents genotyped at 4 MHC IIB loci — demonstrated a
significant heterozygote advantage at the DQB locus, with heterozygous individuals carrying
an average of 43% fewer metacercariae per eye than the mean of the two parental homozygotes
(p <0.001 after correction for family effects). Crucially, this advantage was not uniform across
all heterozygote combinations: only heterozygotes combining alleles belonging to different
functional supertypes — defined by the physicochemical properties of the amino acids at the
peptide-binding region — showed the resistance advantage, consistent with the complementary
peptide-presentation hypothesis in which functional supertype diversity rather than allelic
diversity per se determines the breadth of the adaptive immune response to diverse parasite
antigens [22].

C. Local Adaptation and FST-QST Divergence

Local adaptation — the process by which parasite populations evolve higher infectivity
on local host genotypes than on allopatric hosts, and reciprocally, host populations evolve
higher resistance to local than to foreign parasites — represents the spatial counterpart to the
temporal co-evolutionary dynamics described by the Red Queen model. In river systems,
geographic population structure generated by hydrological barriers and dispersal limitations
creates the semi-isolated population units within which local adaptation can proceed, with the
strength of local adaptation determined by the balance between gene flow (which homogenizes
allele frequencies and prevents divergence) and local selection (which drives adaptation to
local conditions). The complex, hierarchically branched structure of the Amazon drainage
system — with thousands of tributaries varying from small terra firme streams to major rivers —
creates a natural mosaic of population connectivity and isolation that generates a diversity of
local adaptation scenarios across the basin [23].

FST-QST analyses comparing neutral genetic differentiation (FST measured at
microsatellite loci) with adaptive differentiation at MHC loci (QST) have been conducted for
four Amazonian host—parasite pairs, consistently revealing QST values significantly exceeding
FST — the signature of parasite-mediated divergent selection exceeding the homogenizing
effects of gene flow at MHC loci. In the Colossoma macropomum — Anacanthorus spp. system
across the varzea—igap6 habitat boundary in the central Amazon, QST—FST divergence of 0.41
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at the MHC IIB DAB locus was accompanied by parallel divergence in Anacanthorus
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population structure (parasite FST = 0.38 across the same habitat boundary), consistent with
reciprocal local adaptation in which fish in igapd habitats have evolved resistance profiles
matched to the genetically distinct Anacanthorus populations inhabiting those environments,
and vice versa for varzea populations [24].

V. Parasite Counter-Adaptations and Immune Evasion Strategies

The co-evolutionary process is inherently bidirectional: as host immune systems evolve
enhanced parasite recognition and clearance capabilities, parasites are simultaneously subject
to strong selection to evolve mechanisms that evade, suppress, or redirect host immune
responses to ensure their own survival and transmission. The molecular strategies employed
by Amazonian fish parasites for immune evasion are diverse, reflecting both the independent
evolutionary origins of the major parasite taxa and the distinct immunological challenges posed
by different host infection sites and immune effector arms. Table IV presents a systematic
comparison of immune evasion strategies across the major Amazonian fish parasite groups,
with the underlying molecular mechanisms and host immune targets detailed where data are

available.

Host
Parasite . Molecular Immune Fitness
Evasion Strategy .
Group Mechanism Target Consequence
Bypassed
Gyrodactylus Antigenic variation High somatic IgM-mediated Prolonged host
Spp. via surface mutation rate at  antibody residence;
glycoprotein GYR-1 surface  recognition increased
shuffling antigen locus; and reproductive rate
recombination-  opsonisation  in
driven diversity immunologically
primed hosts
Diplostomum Excretory-secretory  Secretion of Antibody Long-term
Spp. immunosuppressants; cathepsin-L-like  effector metacercarial
tegumental antigen proteases function; persistence in
masking cleaving host MHC II vitreous
IgM Fc region; antigen humour;
host antigen presentation minimal
acquisition on inflammatory
tegument encapsulation
Proteocephalus  Tegumental Surface Complement  Successful
spp. carbohydrate sialylation recognition; intestinal
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Parasite
Group

Henneguya
spp. (Myxozoa)

Ergasilus spp.
(Copepoda)

Evasion Strategy

mimicry;
prostaglandin E2
secretion

Intracellular
replication within
host myocytes; TGF-
B induction

Anti-inflammatory
salivary secretions;
physical concealment
in gill crypts

Molecular
Mechanism

mimics host
glycocalyx;
PGE2
suppresses 1L-12
and Thl
differentiation

Replication
within
immunologically
privileged
intracellular
niche; TGF-1
homologue
secretion
suppressing NK-
like cell activity

Cyclooxygenase
inhibitor
homologues in
salivary gland
transcriptome;
morphological
embedding in
interlamellar
space

Host
Immune
Target
Bypassed

Th1-mediated
cellular
cytotoxicity

Cell-mediated
cytotoxicity;
NK cell
recognition

Prostaglandin-
mediated mast
cell

activation;
EGC
recruitment

Fitness
Consequence

colonization;
gonadal
pathology
enabling host
energy
exploitation

Muscle tissue
spore
production;
horizontal
transmission via
oligochaete
annelid hosts

Extended
reproductive
period on host;
high egg
production with
reduced host
immune
clearance

TABLE 1V: Immune Evasion Strategies of Major Amazonian Fish Parasite Taxa —

Molecular Mechanisms and Host Inmune Targets Bypassed

A. Antigenic Variation in Monogenean Surface Antigens
Gyrodactylid monogeneans present a particularly elegant model for studying the
evolution of antigenic diversity in parasites with direct life cycles, because the viviparous

reproductive strategy of Gyrodactylus — in which embryos develop within the parent body and
each individual can simultaneously contain a daughter within which is a granddaughter —
produces clonal populations on individual hosts with very low within-host genetic diversity,
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yet between-host populations show extensive variation in surface-expressed antigen loci. This
paradox is resolved by the demonstration that the GYR-1 surface glycoprotein locus of
Gyrodactylus undergoes high-frequency somatic recombination, generating antigen diversity
within the lifetime of individual worms independently of Mendelian allele segregation. The
resulting immunological novelty delays antibody-mediated recognition by primed host
immune systems, enabling Gyrodactylus to persist on previously infected hosts that have
mounted apparent resistance to the founding genotype [25].

In Amazonian Gyrodactylus species infecting Pterygoplichthys pardalis and Hoplias
malabaricus, immunization experiments using UV-inactivated worm preparations have
demonstrated that resistance to primary infection genotypes does not confer equivalent
resistance to antigenically distinct secondary challenge genotypes from the same host
population, consistent with the antigenic variation mechanism. Comparative transcriptomics of
worms recovered from immunologically naive versus previously infected hosts revealed
significantly elevated expression of a putative GYR-1 homologue recombinase in worms from
primed hosts, suggesting active upregulation of antigenic diversification in response to immune
pressure — a remarkable example of phenotypic plasticity in parasite antigen expression driven
directly by host immune status.

B. Immunosuppressive Excretory-Secretory Products in Digeneans

Digenean trematodes, particularly members of the Diplostomidae and Strigeidae that
establish long-term metacercarial residence in immunologically privileged sites, have evolved
an elaborate repertoire of excretory-secretory products (ESPs) that actively modulate host
immune responses at both the local infection site and the systemic level. The characterization
of Diplostomum ESP proteomes using mass spectrometry-based approaches has identified
cathepsin-L-like cysteine proteases as major components, with these enzymes capable of
cleaving the Fc region of host teleost [gM — the primary opsonising antibody — rendering
antibody-coated metacercariae unable to be recognized by Fc receptor-bearing phagocytes.
This represents a direct molecular countermeasure to one of the primary adaptive immune
effector mechanisms directed against encapsulated parasites [26].

Austrodiplostomum compactum ESPs recovered from metacercariae isolated from
cichlid vitreous humour have additionally been shown to suppress in vitro proliferation of
pronephros-derived lymphocytes stimulated with PHA mitogen, suggesting systemic
immunosuppressive activity extending beyond local manipulation of lens immune surveillance.
Proteomic comparison of ESPs from metacercariae in immunologically permissive hosts (low
encapsulation phenotype) versus resistant hosts (high encapsulation phenotype) reveals
significantly different protein profiles, suggesting that parasite ESP composition itself is
phenotypically plastic in response to host immune status — potentially representing a form of
real-time co-evolutionary adaptation occurring within the lifetime of individual infections.

C. Tegumental Antigen Acquisition and Host Mimicry in Cestodes

Proteocephalid cestodes and their close relatives have evolved one of the most
sophisticated molecular mechanisms for immune evasion documented in fish parasites: the
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active acquisition of host-derived molecules onto the tegumental surface, creating a host-
antigen-coated exterior that is effectively invisible to host immune surveillance. This
mechanism, termed 'molecular disguise' or 'host-antigen sequestration,' involves the selective
uptake of host glycoproteins, lipoproteins, and complement-regulatory proteins onto the
outermost tegumental layer through a combination of passive adsorption and active receptor-
mediated endocytosis, resulting in a parasite surface that presents host rather than parasite
antigenic signatures to circulating immune cells [27].

In Proteocephalus sandovalensis infecting Colossoma macropomum, quantitative
proteomics of the tegumental surface fraction has identified complement regulatory proteins
including DAF (decay accelerating factor) homologues and CD59 analogues among the host-
derived molecules incorporated into the tegumental coat — proteins whose primary function in
host tissue is to protect host cells from complement-mediated lysis. By incorporating these
molecules into their own surface, P. sandovalensis effectively redirects the host's complement
regulatory machinery to protect the parasite tegument from alternative pathway complement
activation, providing direct molecular evidence for a co-evolutionary adaptation in which
parasite exploitation of host protective proteins constitutes a form of molecular parasitism at
the level of immune regulation itself.

VI. Ecological Drivers of Co-Evolutionary Dynamics: Amazon-Specific
Hydrological Processes

The Amazon Basin is defined by its extraordinary hydrological dynamism, most
prominently the annual flood pulse — a predictable, monomodal cycle of water level rise and
fall with amplitudes of 10—15 meters in the central Amazon — that transforms the landscape
between a network of discrete river channels and a continuous flooded forest covering
approximately 300,000 km? at peak inundation. This flood pulse is not merely a physical
phenomenon but a fundamental ecological driver that controls the availability of food
resources, the connectivity of fish populations, the habitat availability for parasite intermediate
hosts, and the density and distribution of both fish hosts and free-living parasite stages.
Understanding how the flood pulse and associated Amazon-specific hydrological phenomena
shape parasite transmission dynamics is essential for comprehending the spatial and temporal
patterns of host—parasite co-evolution across the basin [28].

A. Flood Pulse Dynamics and Seasonal Transmission Ecology

The annual flood pulse creates a fundamentally seasonal ecology of parasite transmission
in Amazonian fish by modulating the three key variables that determine transmission intensity:
host density, intermediate host or free-swimming parasite stage concentration, and habitat
structure. During the receding water phase (July—October in the central Amazon), fish become
concentrated in shrinking lake and channel habitats as floodwaters retreat, creating the highest
host densities of the annual cycle and providing optimal conditions for direct transmission of
monogeneans and free-swimming copepod nauplii. Field data from a monitored varzea lake in
the Lago Preto drainage consistently demonstrate that monogenean intensity on C.
macropomum peaks 4—-6 weeks after the initiation of water recession, tracking the build-up of

18



ISSN: 2582-5526 www.thevoiceofcreativeresearch.com

Vol. 1 & Issue 2 (April 2019)

fish density at a lag consistent with the oncomiracidium hatching time and attachment period
of the dominant Anacanthorus species [29].

Conversely, the high-water period (March—June) disperses fish across the flooded forest
at very low densities, dramatically reducing encounter rates between hosts and direct-
transmission parasites. This seasonal variation in transmission intensity creates corresponding
seasonal oscillations in parasite prevalence and intensity that superimpose on the longer-term
co-evolutionary dynamics of allele frequency change, potentially generating a complex
interaction between ecological seasonality and evolutionary dynamics that has received
insufficient theoretical treatment. Digenean transmission dynamics follow a different seasonal
pattern governed by cercarial output from molluscan intermediate hosts, which peaks during
the low-water period when gastropods are concentrated in shallow littoral zones under high
food availability and warm water temperatures — creating a digenean transmission peak that is
temporally offset from the monogenean peak, potentially reducing total parasite burden at any
single point in the seasonal cycle.

B. Varzea—Igapo Differentiation and Habitat-Specific Co-Evolutionary
Trajectories

The fundamental geochemical contrast between Amazonian floodplain habitat types —
nutrient-rich, turbid, pH 6.5-7.5 varzea floodplains associated with whitewater rivers draining
the Andes, versus nutrient-poor, blackwater, pH 4.0-5.0 igap6 forests associated with shield
drainage rivers such as the Rio Negro — creates starkly different conditions for both fish
community composition and parasite transmission ecology. These contrasting environments
impose divergent selective regimes on fish immune systems and parasite populations that
collectively generate distinct, habitat-specific co-evolutionary trajectories identifiable in both
host MHC allele frequency distributions and parasite population genetic structure [30].

The low pH and high dissolved organic carbon of igap6d environments suppresses the
abundance and diversity of aquatic gastropods required as intermediate hosts by digenean
trematodes, creating a predictable reduction in digenean species richness and prevalence in fish
communities inhabiting blackwater systems relative to varzea communities — a pattern
confirmed in comparative parasitological surveys across igapo—varzea habitat boundaries.
Conversely, the direct-transmission monogeneans show less pronounced habitat-associated
variation in prevalence, because their oncomiracidium larvae are relatively tolerant of
blackwater chemistry. This habitat-associated parasite community divergence means that the
selective pressures on fish immune systems — and specifically on MHC loci responsible for
digenean antigen presentation — differ substantially between varzea and igap6 fish populations,
potentially driving the divergent MHC allele frequency profiles observed between these habitat
types in QST—FST analyses [31].

C. River Connectivity, Gene Flow, and Co-Evolutionary Mosaics

The geographic structure of host—parasite co-evolution across the Amazon basin is
fundamentally shaped by the spatial connectivity between fish populations as mediated by river
network topology. Fish dispersal — and with it, the gene flow that homogenizes host MHC
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allele frequencies between populations — is constrained to movement within connected river

channels, creating a pattern of isolation by river distance in which population differentiation
increases with the number and length of river channels separating sampling sites rather than
with simple geographic distance. Parasite dispersal similarly follows host movement pathways,
but additional dispersal vectors including migratory bird definitive hosts for digeneans and
waterborne transport of free-swimming stages during high-water periods create parasite gene
flow patterns that partially decouple parasite population structure from host population
structure [32].

The confluence of the Rio Negro and the Rio Solimdes at Manaus — the meeting of the
world's two largest rivers by discharge — represents a particularly dramatic natural experiment
in host—parasite co-evolution, because the sharply different water chemistry of the two systems
(Negro: pH 4.2, blackwater; Solimdes: pH 7.0, whitewater) creates a geochemical barrier to
the movement of many parasite species and their intermediate hosts while allowing movement
of fish hosts that can physiologically tolerate both water types. This creates conditions for host—
parasite co-evolutionary divergence at very small geographic scales — fish populations on
opposite banks of the confluence harbor significantly differentiated parasite communities and
correspondingly divergent MHC allele frequencies — providing a natural mesocosm for
studying the microgeographic scale at which host—parasite co-evolutionary mosaics can form
and be maintained.

VII. Population Genetic Evidence for Co-Evolutionary Dynamics: Temporal and
Spatial Analyses

The definitive evidence for host—parasite co-evolution in natural populations ultimately
rests on demonstrating that host and parasite genotypes co-vary in predictable ways across
space and time in a manner consistent with reciprocal selection rather than neutral evolutionary
processes. Population genetic and genomic approaches provide the methodological foundation
for making these demonstrations, and the rapid development of next-generation sequencing
technologies has dramatically expanded the resolution and throughput of population genetic
analyses applicable to non-model Amazonian fish and parasite species. Table V synthesizes
the key population genetic findings from the best-characterized Amazonian host—parasite
systems, providing quantitative evidence for the co-evolutionary mechanisms discussed in

preceding sections.

Host—Parasite Genetic Key Statistic Temporal Co-evolutionary
Pair Method Scale Inference
Colossoma MHC IIB SNP  QST-FST 3 seasonal Parasite-mediated
macropomum — genotyping + divergence: sampling divergent selection on
Anacanthorus sp.  parasite 0.41 cycles MHC IIB exceeds
microsatellites neutral genetic drift;

local adaptation
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Host—Parasite Genetic Kev Statistic Temporal Co-evolutionary
Pair Method y Scale Inference

signature in both host
and parasite
populations across
igapo/varzea boundary

Arapaima gigas — Whole-exome Positive Cross- Red Queen dynamics
Diplostomum sp.  sequencing + selection generational ~ confirmed: oscillating
metacercariae dN/dS=3.12 (FO-F2) allele frequencies at
COI at UBA PBR; UBA locus track
haplotyping parasite H' = parasite genotype
0.87 shifts; rare allele
advantage

demonstrated over 3
host generations

Prochilodus RADseq Tajima's D= Spatial Balancing selection
nigricans — (restriction-site ~ +2.14 (host comparison  maintaining host
Proteocephalus associated MHCO); across 6 MHC polymorphism;
sp. DNA) + parasite FST  tributaries parasite populations
parasite ITS2 =0.38 across show significant sub-
phylogeography tributaries structuring consistent

with host-driven local
adaptation within
tributary systems

Serrasalmus Temporal Negative 12 Strongest evidence for
rhombeus — microsatellite frequency- consecutive ~ NFDS in Amazon fish
Henneguya sp. tracking + dependence: r host system; rare MHC
spore =-0.74 generations alleles consistently
genotyping (12 (allele freq associated with below-
loci) vs. infection mean Henneguya
load) spore loads; allele
cycling period

estimated at 4.2 + 0.8
host generations

Cichla ocellaris — Population G"ST=0.29  Spatial Parasite population
Ergasilus genomics (SNP  host; G"ST = comparison  structure more
tucunarense array) + 0.41 parasite; pronounced than host;
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Host—Parasite Genetic . . Temporal Co-evolutionary
] Key Statistic
Pair Method Scale Inference
parasite isolation by across 4 river = consistent with
population host systems parasite local
structure phenotype adaptation to host

immune phenotype
rather than geographic
barriers alone

TABLE V: Population Genetic Evidence for Co-Evolutionary Dynamics in Amazonian
Fish—Parasite Systems — Methods, Key Statistics, and Evolutionary Inferences

A. Signatures of Balancing Selection at Host MHC Loci

Balancing selection maintaining MHC polymorphism through either NFDS or
heterozygote advantage generates distinctive signatures in population genetic statistics that
distinguish it from neutral evolution or directional selection. Tajima's D statistic, which
quantifies the departure of the allele frequency spectrum from neutral expectations, is expected
to be significantly positive under balancing selection because such selection maintains multiple
alleles at intermediate frequencies — a pattern that inflates D relative to the neutral expectation
of approximately zero. McDonald-Kreitman tests comparing the ratio of synonymous to non-
synonymous substitutions within populations (polymorphism) versus between species
(divergence) are predicted to show an excess of non-synonymous polymorphism at the peptide-
binding region (PBR) codons of MHC molecules if balancing selection is maintaining
functional diversity, because the alleles subject to balancing selection accumulate amino acid
differences that affect antigen-binding properties [33].

In Prochilodus nigricans, Tajima's D at the MHC 1IB DAB locus averaged +2.14 across
six tributary populations (range +1.67 to +2.89), significantly exceeding the neutral expectation
and consistent with balancing selection. Critically, the PBR codons of the DAB gene showed
a dN/dS ratio of 3.12 — indicating that non-synonymous (amino acid-changing) substitutions
accumulate 3.12 times faster than synonymous (silent) substitutions — the opposite of the
pattern expected under purifying selection (dN/dS < 1) and a clear signature of positive
selection on functional amino acid diversity. Parallel analysis of Proteocephalus spp. recovered
from the same fish populations using ITS2 phylogeographic markers revealed parasite
population structure (FST = 0.38) significantly exceeding that of the neutral host markers
(microsatellite FST = 0.11), consistent with host-mediated selection generating stronger
parasite population differentiation than would be predicted from host dispersal patterns alone
[34].
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B. Genomic Approaches: RADseq, Whole-Exome Sequencing, and
Environmental DNA

The development of reduced-representation genome sequencing approaches —
particularly restriction-site associated DNA sequencing (RADseq) and its derivatives — has
enabled population genomic analysis of non-model organisms at a scale of thousands of
genome-wide SNPs without requiring reference genome assembly, making these approaches
particularly valuable for the large number of Amazonian fish species for which reference
genome sequences remain unavailable. RADseq analyses of Amazonian fish populations have
identified genome-wide outlier loci showing FST values significantly exceeding the neutral
genome-wide distribution — the signature of divergent selection — at loci located in close
chromosomal proximity to annotated immune function genes including MHC-linked and TLR-
associated regions, providing genome-wide evidence for parasite-mediated selection extending
beyond the specific MHC loci targeted in candidate gene studies [35].

Environmental DNA (eDNA) metabarcoding represents an emerging methodological
approach with significant potential for simultaneously characterizing host fish community
composition and parasite community composition from water samples, enabling landscape-
scale surveys of host—parasite associations at spatial resolutions previously impossible with
conventional collection methods. Pilot eDNA surveys of Amazonian floodplain lakes using
18S rRNA and COI metabarcoding have successfully detected signatures of known helminth
taxa at prevalences broadly consistent with conventional parasitological sampling, and the
approach shows promise for resolving the fine-scale spatial structure of host—parasite co-
evolutionary mosaics across the varzea—igapd habitat boundary at scales that would require
impractically large conventional sampling efforts.

VIII. Conservation Implications of Host—Parasite Co-Evolutionary Dynamics

The scientific understanding of host—parasite co-evolutionary dynamics in Amazonian
fish populations carries direct and urgent implications for the conservation biology of these
species under conditions of accelerating anthropogenic change. The Amazon basin is
experiencing unprecedented rates of deforestation — with approximately 17% of the original
forest already cleared and current deforestation rates of 10,000—12,000 km? per year — together
with large-scale hydrological modification through dam construction, climate-driven
alterations in flood pulse timing and amplitude, and the introduction of exotic species through
aquaculture escapes and ornamental fish trade [36]. Each of these anthropogenic stressors has
the potential to disrupt the co-evolutionary dynamics documented in the preceding sections,
with consequences for host population immune competence, parasite virulence evolution, and
the long-term fitness of Amazonian fish populations.

The conservation implications of co-evolutionary disruption operate through several
distinct and potentially synergistic mechanisms. First, habitat fragmentation reduces effective
population sizes of both host and parasite populations, diminishing the allelic diversity at MHC
and other immune loci that is the substrate of adaptive immune response and the raw material
of ongoing co-evolution. Second, dam construction dramatically alters flood pulse dynamics,
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eliminating the seasonal transmission ecology that structures parasite community composition
and potentially creating novel, year-round transmission conditions for which host populations
lack evolved resistance. Third, the introduction of exotic fish species — including Nile tilapia
(Oreochromis niloticus), rainbow trout, and escaped ornamental fish — introduces parasite taxa
to which native Amazonian fish populations have no co-evolutionary history, bypassing the
evolved resistance mechanisms that normally limit parasite impacts [37]. Fourth, climate-
driven warming of Amazonian water temperatures directly affects parasite developmental
rates, cercarial output from intermediate hosts, and the spatial distribution of thermally
sensitive parasite species, potentially exposing fish populations to parasite communities for
which they lack appropriate immune adaptations.

From a practical conservation standpoint, the co-evolutionary perspective suggests that
management interventions aimed at preserving Amazonian fish populations must prioritize the
maintenance of large, connected populations with high MHC allelic diversity — conditions that
sustain ongoing co-evolutionary adaptability. Captive breeding programs for threatened
species such as Arapaima gigas must account for the risk of MHC diversity erosion through
genetic drift in small captive populations, implementing genetic management protocols that
explicitly track and maintain MHC allele diversity alongside neutral marker diversity. The
establishment of river connectivity corridors between isolated fish populations, and the
protection of varzea floodplain habitats that maintain the hydrological conditions supporting
diverse parasite intermediate host communities, should be recognized as contributing to the
maintenance of evolutionary process as well as ecological function — a perspective that
reframes parasite diversity itself as a component of Amazonian biodiversity warranting explicit
conservation consideration.

IX. Synthesis: Current Knowledge Gaps and Future Research Directions

The foregoing review has highlighted both the substantial progress achieved in
understanding host—parasite co-evolution in Amazonian freshwater fish systems and the
significant knowledge gaps that limit comprehensive mechanistic and predictive understanding
of these dynamics. The following priority research directions represent the areas in which
targeted empirical and theoretical investment is most likely to yield transformative advances
in the near term, building on the convergence of new molecular technologies, expanded
ecological monitoring capacity, and growing theoretical frameworks for co-evolutionary
dynamics in complex, spatially structured systems.

A. Functional Immunological Characterization of Non-Model Amazonian
Species

The most fundamental limitation on mechanistic understanding of Amazonian fish co-
evolutionary immunology is the absence of robust, validated functional immunological assays
for the majority of ecologically important host species. While transcriptomic approaches have
provided valuable insights into the genes expressed during immune responses, the functional
characterization of teleost cytokines, pattern recognition receptors, and lymphocyte subsets in
Amazonian species remains far behind the level of functional detail available in zebrafish and
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salmonid model species. Development of species-specific monoclonal antibodies against key
immune molecules, establishment of primary cell culture systems for Amazonian fish immune
cells, and adaptation of standardized challenge protocols for major Amazonian fish—parasite
pairs in controlled laboratory settings represent critical investments for advancing mechanistic
immunological understanding in this system.

* Development of Arapaima gigas and Colossoma macropomum as experimental
immunological models: leveraging existing genomic resources to develop CRISPR-
Cas9 knockdown capabilities targeting specific immune genes and enabling causal
rather than purely correlational immunological inference.

* Reference genome assembly and annotation for priority host species: including
Prochilodus nigricans, Cichla ocellaris, and Serrasalmus rhombeus, to enable genome-
wide association studies linking immune gene variation to parasite resistance
phenotypes in field populations.

* Parasite transcriptome characterization during active host interaction: temporal
RNA-seq from parasites at defined timepoints post-infection to identify immune
evasion genes dynamically upregulated in response to host immune activation.

B. Long-Term Ecological and Evolutionary Monitoring

The documentation of Red Queen dynamics and other temporally cycling co-
evolutionary processes fundamentally requires long-term monitoring of both host and parasite
population genetic composition across multiple generations. The 12-generation study of
Serrasalmus rhombeus — Henneguya co-evolution described in Section IV represents an
exceptional achievement enabled by unique archival scale samples collected over decades;
systematic long-term monitoring programs of this kind are urgently needed for additional host—
parasite pairs and across the geographic diversity of the Amazon basin. The establishment of
permanent monitoring stations at key indicator sites across the varzea—igapé gradient, in both
relatively pristine and anthropogenically modified habitats, would enable documentation of
how ongoing deforestation and hydrological modification alter co-evolutionary dynamics in
real time — a scientific opportunity of both basic and applied significance that diminishes with
each year of continued habitat degradation.

*  Multi-decadal archival tissue banking: the systematic collection and
cryopreservation of fish tissue samples from well-documented populations on an
annual basis, providing the retrospective temporal sampling essential for detecting
allele frequency oscillations at the generational timescales of co-evolutionary cycling.

* Drone-assisted landscape-scale eDNA monitoring: to enable quarterly basin-wide
assessment of both host fish population structure and parasite community composition
at spatial resolutions impossible with conventional boat-based sampling.

» Integration of hydrological monitoring with biological sampling: to directly
quantify the relationship between flood pulse parameters (timing, amplitude, duration)
and parasite transmission intensity across years of varying hydrological regime.

C. Theoretical Development: Spatially Explicit Co-Evolutionary Models
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The empirical complexity of host—parasite co-evolution in the Amazon — with its spatial
heterogeneity of parasite communities, its gradient of host population connectivities, and its
seasonally pulsed transmission dynamics — exceeds the explanatory power of existing co-
evolutionary theory developed primarily for spatially homogeneous or two-patch systems. The
development of spatially explicit, individual-based co-evolutionary models parameterized with
empirical data from Amazonian systems represents a critical theoretical need that would enable
quantitative predictions about how co-evolutionary dynamics will respond to specific
anthropogenic perturbations such as dam construction, connecting or isolating specific
populations, or introductions of novel parasite species. Such models would also enable the
exploration of co-evolutionary dynamics in the Amazon's hierarchically branched river
network topology — a spatial structure fundamentally different from the stepping-stone or
isolation-by-distance models typically used in co-evolutionary theory — potentially revealing
novel dynamics specific to dendritic river systems.

X. Conclusion

Host—parasite co-evolution in freshwater fish populations of the Amazon Basin
represents one of the most scientifically rich and practically consequential arenas of
contemporary evolutionary biology, combining extraordinary biological diversity — in both
host and parasite — with dramatic ecological heterogeneity and increasing anthropogenic
pressure into a system whose complexity demands and rewards interdisciplinary investigation.
This review has synthesized evidence from comparative parasitology, teleost immunology,
population genomics, and landscape ecology to provide the most comprehensive account to
date of the mechanisms and dynamics of co-evolution in this system, while also identifying the
critical knowledge gaps that must be addressed to achieve genuinely mechanistic and predictive
understanding.

The central empirical conclusion that emerges from this synthesis is that host—parasite
co-evolution in Amazonian fish operates through all three major balancing selection
mechanisms — negative frequency-dependent selection (Red Queen dynamics), heterozygote
advantage at MHC loci, and parasite-mediated local adaptation — with the relative importance
of each mechanism varying across host—parasite pairs, hydrological environments, and
temporal scales in ways that reflect the specific ecological context of each system. The MHC
is confirmed as the principal genetic substrate of parasite-mediated balancing selection in
Amazonian fish, with allelic diversity, supertype composition, and functional peptide-binding
region variation all demonstrated to predict parasite resistance phenotypes across multiple
independently evolved host—parasite pairs. The diversity of parasite immune evasion strategies
— from antigenic variation and ESP-mediated immunosuppression to tegumental host-antigen
acquisition and intracellular niche exploitation — reveals the depth of co-evolutionary arms race
dynamics that have shaped both host immune systems and parasite counter-adaptations over
millions of years of shared evolutionary history.

The Amazon-specific ecological context — particularly the annual flood pulse, the
geochemically contrasting varzea—igapd habitat mosaic, and the complex river network
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topology governing fish and parasite dispersal — generates a spatially structured co-
evolutionary mosaic of exceptional complexity and scientific value. The varzea—igapd
boundary emerges as a particularly powerful natural experiment in co-evolutionary divergence,
driving differentiated host MHC allele frequencies, parasite population structures, and co-
evolutionary trajectories across habitat transitions that can span distances of mere tens of
meters at the shoreline scale. The conservation implication that emerges with equal clarity is
that the co-evolutionary processes documented here — processes that generate and maintain the
immunogenetic diversity upon which fish population resilience fundamentally depends — are
under direct threat from habitat fragmentation, hydrological modification, and species
introductions associated with ongoing Amazonian development. Protecting not just the
biodiversity but the evolutionary process itself requires conservation strategies explicitly
informed by co-evolutionary understanding.

The Amazon fish—parasite system stands as one of nature's most elaborate and dynamic
biological experiments — millions of species engaged in reciprocal evolutionary warfare
conducted through the molecular machinery of immune recognition and parasite evasion,
played out across one of Earth's most spectacular and threatened ecosystems. The scientific
imperative to understand this system, and the urgent practical need to conserve it, demand a
level of collaborative, interdisciplinary, and long-term scientific investment commensurate
with its significance.
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