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Figure 1 (Color online) FLA are widely distributed in both natural systems and artificial environments
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Figure 2 (Color online) Retention and transmission mechanisms of FLA risks. (a) FLA can spread through multiple pathways. (b) FLA form biofilms
with other microorganisms in multiple systems for long-term persistence. (c) Interactions between FLA and other microorganisms. (d) Bidirectional life

cycle of amoebae
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Figure 3 (Color online) Multidimensional characteristics of FLA-
related biological risks
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Table 1 Examples of pathogenic amoeba species
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Figure 4 (Color online) Research progress on biological risk management and control measures of FLA
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Figure 5 (Color online) Research directions of FLA management and control strategies
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Amoebae are unicellular eukaryotes characterized by their remarkable ability to continually alter their shape, a feature that
inspired their name. They inhabit nearly all types of environments and, despite their morphological simplicity, are
distributed across diverse phylogenetic lineages. Importantly, several amoebae species pose substantial threats to human
health. For instance, Naegleria fowleri, widely known as the “brain-eating amoeba”, causes primary amebic
meningoencephalitis (PAM), an acute and usually fatal infection of the central nervous system that attracted renewed
attention following the 2025 outbreak in India. Another key pathogen, the intestinal parasite Entamoeba histolytica,
accounts for millions of new infections around the world each year. Beyond direct amoebic infection, an even greater
concern is the role of free-living amoebae (FLA) as environmental reservoirs for bacteria such as Legionella and
Mycobacterium. These so-called amoeba-resisting bacteria can survive and replicate within amoebic trophozoites or cysts,
thereby enhancing their persistence and dissemination in the environment through what is often referred to as the “Trojan
horse” effect.

The remarkable adaptability of FLA is largely attributable to their two-stage life cycle, which alternates between an
active, feeding trophozoite and a dormant, thick-walled cyst. During the trophozoite stage, most FLA are metabolically
active and capable of rapid proliferation under favorable conditions. The cyst form confers pronounced resistance to
environmental stressors, including desiccation, conventional chemical disinfectants, and temperature fluctuations,
allowing these organisms to persist until conditions become favorable again. FLA also readily colonize biofilms and
establish close associations with bacteria, fungi, and other microorganisms. Within these complex microbial communities,
FLA may provide protective niches that enhance the survival of associated microbes and reduce the efficacy of eradication
measures. In addition, such interactions may facilitate the environmental dissemination of antibiotic resistance genes
(ARGsS) through intensified microbial exchange and selection within shared microhabitats.

The health risks associated with amoebae arise through two distinct yet interconnected pathways. First, some amoebae
species act as primary pathogens, such as Naegleria fowleri, Acanthamoeba spp., or Entamoeba histolytica, all of which are
capable of directly invading human tissues. Second, even non-pathogenic FLA can indirectly elevate public health risks by
harboring pathogenic bacteria within their cells, a relationship that may enhance bacterial virulence, persistence, and
antimicrobial resistance. Accurately assessing the magnitude of these risks remains challenging. Harmful strains are often
difficult to distinguish from non-pathogenic relatives, conventional microscopy offers limited taxonomic resolution, and
molecular methods such as PCR detect nucleic acids without reliably indicating organism viability. Effective control of
FLA therefore requires integrated and multi-barrier strategies. Evidence from PCR- and metagenomics-based studies
indicates that FLA are more diverse and more widespread in water systems than previously recognized. Their cysts exhibit
substantial resistance to conventional treatments, including heat, ultraviolet irradiation, filtration, and chlorination when
applied individually. More promising approaches include combined disinfection strategies, such as sequential ozone, UV,
and residual chlorine treatment, as well as emerging technologies including electrocatalytic oxidation and antimicrobial
peptides. Once infection has occurred, particularly in the central nervous system, treatment remains difficult. Combination
therapy, often including miltefosine, is commonly used, but drug delivery to the infection site is limited, and surviving cysts
may contribute to relapse. Overall, amoebae represent a multidimensional biological risk. They are not merely independent
pathogens, but integral components of microbial networks capable of accumulating, protecting, and disseminating health
threats. Future efforts should therefore integrate advanced monitoring technologies, innovative combined control
strategies, and interdisciplinary research spanning ecology, environmental engineering, and public health to better mitigate
these pervasive risks.
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