


Review Article 
Self-Sacrificial Gall Repair in Social Aphids: Mechanisms, Behaviour and Evolutionary Significance
Abstract
Gall-forming social aphids live inside plant-derived nests that provide food and shelter but become a liability when breached by tunnelling caterpillars, browsing vertebrates or other agents of damage. In the East Asian aphid Nipponaphis monzeni, first-instar soldier nymphs respond to a breach by discharging their own body fluid onto the wound and kneading it into a plug that solidifies rapidly, after which plant tissue around the breach proliferates and closes the hole. This behaviour has become a reference case for extreme altruism in insects, yet the relevant evidence is scattered across behavioural, physiological, plant-developmental and evolutionary studies and has not been critically integrated. This review examines what is known about self-sacrificial gall repair, how securely it is known, and what the phenomenon implies for theories of social evolution. Literature was identified through structured searches of international and regional scholarly databases supplemented by backward and forward citation tracing, and sources were appraised qualitatively for design, replication, mechanistic directness and independence. The synthesis indicates that the behavioural sequence and its colony-level benefit are well documented for a single species, that the plaster is a two-stage clot in which a lipid-rich soft plug is reinforced by enzyme-mediated cross-linking, and that the underlying cellular and metabolic machinery represents an exaggerated and redirected form of ordinary insect wound sealing. Repair in other aphids is mechanistically different and largely non-lethal, ranging from plugging with wax and shed skins to soldier-associated regrowth of gall tissue. Evolutionary explanations based on clonal relatedness, low residual reproductive value and the high value of long-lived galls are plausible, but none has been tested quantitatively for the repairing species. Confidence is further constrained by reliance on one species, one research programme and few field localities, by experimental breaches that may not mimic natural damage, and by the absence of individual-level cost estimates. Gall repair is therefore best regarded as a well-described but evolutionarily under-tested model of how individual immunity can be co-opted for colony defence, and comparative, field-based and genetically resolved studies are needed before general conclusions are drawn.
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1. Introduction
Soldier-producing aphids occupy an unusual position in the study of insect sociality. Since the first description of defensive first-instar nymphs in Colophina clematis (Aoki, 1977), sterile or behaviourally specialised soldiers have been documented across many species in two aphid lineages now treated as the subfamilies Hormaphidinae and Eriosomatinae of the Aphididae, although much of the older literature refers to them as the families Hormaphididae and Pemphigidae (Itô, 1989; Stern & Foster, 1996). Because aphids reproduce parthenogenetically for much of their life cycle, a colony founded by a single fundatrix is expected to consist of genetically identical individuals, which makes altruism readily interpretable through clone-level investment in defence and reproduction (Stern & Foster, 1996). Comparative and phylogenetic work indicates that soldiers have arisen several times independently and have also been lost, so that social aphids provide replicated natural experiments for testing ideas about the origins of social behaviour outside the Hymenoptera and termites (Abbot, 2022; Stern, 1994; Stern & Foster, 1996; Zhang et al., 2024).
Most soldier-producing species form galls on their primary host plants, and the gall has repeatedly been interpreted as a defensible, food-rich resource of the kind that favours "fortress defence" forms of sociality, in which defence rather than brood care is the primary social act (Lawson et al., 2017; Stern & Foster, 1996). Galls are induced and shaped by the aphids (Wool, 2004), and their morphology is widely regarded as an extended phenotype of the inducer (Kutsukake, Uematsu, & Fukatsu, 2019). Living inside a gall nevertheless creates its own problems. Aphids excrete large volumes of honeydew that must be removed or neutralised, corpses and exuviae accumulate, and the gall wall itself can be bored by moth larvae or broken by larger animals (Aoki & Kurosu, 1991; Benton & Foster, 1992; Kurosu et al., 2003; Kutsukake et al., 2012). Accordingly, soldiers in several species perform housekeeping tasks in addition to defence, including the removal of wax-coated honeydew globules, exuviae and cadavers from the gall (Aoki, 1980; Aoki & Kurosu, 1989; Benton & Foster, 1992; Pike et al., 2002; Shibao et al., 2021).
The most extreme of these maintenance tasks was reported by Kurosu et al. (2003) for Nipponaphis monzeni, a nipponaphidine aphid that forms large, hard, completely closed galls on Distylium racemosum. When a hole was bored into the gall, many nymphs discharged large quantities of body fluid from their cornicles onto the wound, kneaded it until it congealed, shrank to about one-third of their original volume and in some cases became embedded in the resulting plaster. Subsequent experiments showed that repaired galls survived better than unrepaired ones and that plant tissue around the hole proliferated and sealed the breach within about a month, but only when aphids remained alive inside (Kutsukake et al., 2009). Biochemical and transcriptomic studies then linked the plaster to soldier-specific cells packed with lipid and the enzyme phenoloxidase, to an exceptional accumulation of free tyrosine and to a highly polymorphic structural protein (Kutsukake, Moriyama, et al., 2019), and a comparative study published in 2026 traced part of this machinery to gene families present in related species that do not repair their galls with body fluid (Kutsukake et al., 2026).
Gall repair therefore sits at the intersection of several research traditions that rarely communicate: behavioural ecology of social insects, insect immunology and haemostasis, plant developmental biology of galls, and evolutionary theory of altruism and self-sacrifice. Existing reviews address these strands separately. Earlier syntheses of soldier evolution predate the discovery of gall repair (Itô, 1989; Stern & Foster, 1996), recent reviews of social aphids and of defence in social insects treat it briefly or as an illustrative example (Abbot, 2022; Abbot et al., 2018; Zhang et al., 2024), a review of cornicle biology discusses the secretion but not the plant response or the evolutionary problem (Michaud, 2022), and a review of gall-mediated waste management focuses on honeydew rather than breach repair (Kutsukake, Uematsu, & Fukatsu, 2019). None of these integrates the mechanistic, behavioural, plant-side and evolutionary evidence or evaluates how much confidence the field can place in the commonly repeated interpretation that gall repair is a paradigmatic case of adaptive suicidal altruism. The appearance of comparative molecular data in 2026, together with renewed theoretical attention to the links between social immunity and social evolution (M. Liu et al., 2026), makes such an appraisal timely.
1.1 Scope, Research Gap and Objectives
This review concerns the repair of breached galls by gall-dwelling aphids, with self-sacrificial repair in Nipponaphis monzeni as its focal case and non-lethal forms of breach response in other social aphids as the comparative frame. Defence against predators, gall cleaning and colony waste management are considered only to the extent that they illuminate the ecological context, behavioural organisation or evolutionary origin of repair. Gall induction is considered only where it bears on the regeneration of damaged gall tissue. Self-destructive defence in ants, termites and bees is drawn upon for comparison but is not reviewed exhaustively, and the large literature on non-social aphid pests and on plant resistance to aphids is excluded.
The specific gap addressed is the absence of an integrated and critically appraised account that connects the behavioural sequence of gall repair to its physiological basis, its plant-mediated completion and its evolutionary explanation, while distinguishing experimentally demonstrated relationships from inference and speculation. The review has four objectives. The first is to define gall repair and related breach responses precisely and to place them within the repertoire of nest-maintenance labour in social aphids. The second is to synthesise and appraise the evidence on the behavioural organisation and the cellular, biochemical and metabolic mechanisms of self-sacrificial repair. The third is to evaluate the role of the host plant in completing repair and the consequences of breaches for colony survival. The fourth is to assess competing and complementary evolutionary explanations, identify the methodological weaknesses that limit current conclusions, and derive prioritised research directions. The intended contribution is a calibrated synthesis that treats gall repair neither as a curiosity nor as a settled exemplar, but as a tractable system whose principal evolutionary claims remain to be tested.
2. Methods for Literature Selection
2.1 Review Design and Rationale
A critical narrative design was adopted because the relevant evidence is heterogeneous in kind and small in volume. The core literature on gall repair consists of a limited number of descriptive, experimental and molecular studies, most concerning a single species, whereas the interpretive context is drawn from theoretical models, comparative phylogenetics, immunology and plant biology. These sources do not share outcomes, effect measures or designs that would permit quantitative pooling, and a systematic review restricted to studies reporting a common outcome would have excluded much of the evidence needed to evaluate mechanisms and evolutionary explanations. Narrative synthesis is appropriate when the aim is interpretation, conceptual integration and critique across disparate evidence types (Greenhalgh et al., 2018; Sukhera, 2022). This choice did not remove the obligation to be transparent about how literature was located, selected and weighed. The conduct and reporting of the review were accordingly guided by the elements emphasised in the Scale for the Assessment of Narrative Review Articles, namely explanation of the review's importance, statement of its aims, description of the literature search, referencing, scientific reasoning and presentation of relevant data (Baethge et al., 2019).
2.2 Information Sources
Searches were conducted in Europe PMC, PubMed, Crossref, OpenAIRE, the Directory of Open Access Journals (DOAJ), Semantic Scholar and Google Scholar. Because much of the foundational natural history of soldier-producing aphids was published in Japanese entomological journals that are unevenly indexed internationally, two regional scholarly resources were added: J-STAGE, which hosts the journals of Japanese academic societies, including entomological societies, and CiNii Research, which indexes Japanese scholarly articles, including digitised older entomological literature. Digitised regional articles identified through CiNii Research were consulted through their stable national-library digital collection links.
Database searching was supplemented by backward citation searching of the reference lists of the core experimental papers and of recent reviews, forward citation tracing of the three most directly relevant primary studies on gall repair, and targeted searches for named taxa and authors identified during screening. Bibliographic records of included journal articles were checked against Crossref or publisher metadata, and the update metadata attached to each record were examined for corrections, expressions of concern or retractions. No included source was found to carry a retraction or correction notice.
2.3 Search Strategy and Search Period
The search strategy was built from seven concept blocks that correspond to the analytical domains of the review (Table 1). Blocks combined taxonomic and ecological terms for social aphids and their galls with terms for breach, repair and plugging behaviours, castes and altruism, physiological mechanisms of clotting and secretion, the plant response, and evolutionary explanation. Within each block synonyms were combined with the Boolean operator OR, and blocks were combined with AND in the combinations required by each domain. British and American spellings were both included where relevant, for example haemolymph and hemolymph or defence and defense, and truncation was used to capture inflected forms.
For reproducibility, the core search used in Europe PMC was as follows: (TITLE_ABS:(aphid* OR "social aphid*")) AND (TITLE_ABS:(gall* OR nest*)) AND (TITLE_ABS:(repair* OR plug* OR plaster* OR breach* OR "wound healing" OR "self-sacrific*" OR suicid* OR autothysis)) AND (PUB_YEAR:[1977 TO 2026]). Equivalent strings were adapted to the field structure of the other platforms. In PubMed the title and abstract field tag [tiab] replaced the title-and-abstract field, and publication years were limited with the date filter. In Crossref, OpenAIRE, DOAJ and Semantic Scholar, which support simpler keyword or bibliographic queries, the same concept blocks were entered as shorter phrase combinations, for example "self-sacrificing gall repair aphid", "soldier aphid gall defence" and "gall cleaning aphid", and each block was searched separately before results were merged. In J-STAGE and CiNii Research, English-language terms were combined with genus names of the principal social aphid taxa, such as Nipponaphis, Tuberaphis, Ceratovacuna and Colophina, because many regional records are indexed primarily by taxon. Google Scholar was used for exact-title confirmation and citation tracing rather than for primary retrieval.
The search period began in 1977, the year in which aphid soldiers were first described (Aoki, 1977), because the conceptual framework within which gall repair is interpreted originates with that discovery. Foundational sources published before 1977 were admitted only when they were needed to explain theory, notably the formulation of inclusive fitness. The search end date was 28 August 2026, and the last search date was also 28 August 2026. Minor literature refinements were undertaken during the review and revision stage. Eligibility with respect to the search period was determined by the first public journal publication date, that is the online-first or version-of-record date where available, rather than by a later issue-assignment date.
Each retained source was appraised against a qualitative rubric with five criteria: relevance to gall repair, nest maintenance or the evolutionary interpretation of self-sacrifice; strength of design, ranked from controlled experimental manipulation through systematic field or laboratory observation to anecdotal report; replication across colonies, galls, localities, years or species; mechanistic directness, distinguishing direct measurement from inference; and transparency and independence of the evidence, including whether findings had been reproduced by more than one research group. Sources were then characterised as providing strong, moderate or limited support for the specific claims for which they were cited, and this characterisation informed the confidence statements in the synthesis.
The query blocks used for evidence discovery and the evidence domains they were intended to interrogate are summarised in Table 1. The table documents the architecture of the search rather than database-specific yields, which are not required for a narrative review and were not used as a basis for selection. Block A was combined with every other block, whereas Blocks E to G were also searched without Block C so that mechanistic, plant-side and evolutionary evidence from non-repairing species could be retrieved for comparison.
Table 1. Query blocks used for evidence discovery and the principal evidence domains they were designed to interrogate
	Block
	Concept
	Representative search terms (combined with OR within each block)
	Principal evidence domain interrogated

	A
	Social aphid taxa and study systems
	aphid*; "social aphid*"; Hormaphidinae; Eriosomatinae; Nipponaphidini; Cerataphidini; Nipponaphis; Tuberaphis; Pemphigus; Quadrartus; Ceratovacuna; Colophina
	Taxonomic scope and identification of candidate study systems

	B
	Gall and nest structure
	gall*; nest*; "closed gall"; ostiole; "gall wall"; Distylium; Styrax
	Gall architecture, longevity, closure and vulnerability to breach (Section 3)

	C
	Breach and repair behaviour
	repair*; plug*; plaster*; seal*; breach*; wound*; "self-sacrific*"; suicid*; autothysis
	Occurrence, description and typology of breach responses (Sections 3 and 4)

	D
	Castes, altruism and labour
	soldier*; caste*; altruis*; defen*; "division of labo*"; polyethism; housekeeping; "gall cleaning"
	Behavioural organisation of repair, task allocation and identity of repairers (Section 4)

	E
	Physiological and molecular mechanisms
	phenoloxidase; tyrosine; haemolymph OR hemolymph; coagulat*; clot*; cornicle*; siphunc*; haemocyte OR hemocyte; "fat body"; triglyceride*
	Composition and formation of the repair plaster and its relation to insect haemostasis (Section 5)

	F
	Plant response and extended phenotype
	"wound healing"; regenerat*; "gall formation"; "gall induction"; effector*; "extended phenotype"; "water absorption"
	Plant contribution to repair and insect manipulation of gall tissue (Section 6)

	G
	Evolutionary explanation
	"kin selection"; "inclusive fitness"; "clonal mixing"; relatedness; phylogen*; co-option OR cooption; "fortress defence" OR "fortress defense"; "social immunity"
	Evolutionary origin and maintenance of self-sacrificial behaviour (Section 7)


Note. Blocks were combined with the Boolean operator AND. Block A was combined with every other block, and Blocks E to G were also searched without Block C so that comparative evidence from non-repairing species could be retrieved. The asterisk denotes truncation. Database-specific record counts are not reported because they are not required for a narrative review and were not used as a basis for selection.
2.4 Eligibility Criteria
Sources were eligible if they were peer-reviewed journal articles, scholarly reviews or peer-reviewed book chapters that reported or interpreted breach responses in aphid galls, other forms of nest maintenance or colony defence in social aphids, physiological or molecular mechanisms relevant to the gall-repair secretion, plant responses to gall damage or gall induction relevant to regeneration, or theoretical and comparative evidence bearing on the evolution of self-sacrificial behaviour. Original experimental, observational, molecular, phylogenetic and theoretical studies were all admissible, because the review question required evidence of each type. Studies of non-social aphids, other insects and plants outside the gall context were included only when they supplied a direct comparative or mechanistic benchmark, such as insect haemolymph clotting, the immune repertoire of aphids or suicidal defence in other social insects.
Sources were excluded if they concerned aphids solely as crop pests or virus vectors, if they addressed galls without reference to their inhabitants' social behaviour or to tissue regeneration, if they were conference abstracts, theses, popular articles or webpages without peer review, or if their bibliographic identity could not be verified. Preprints were excluded when a peer-reviewed version existed and were not otherwise used as evidence. Publications in English were eligible, and Japanese-language records were screened through their English titles and abstracts, which most regional entomological journals provide. No geographical restriction was applied, although the evidence base proved to be concentrated in East Asia and Europe.
2.5 Screening, Duplicate Handling and Study Selection
Records retrieved from each source were screened first on titles and then on abstracts against the eligibility criteria, and full texts or complete abstracts were examined for all records retained at that stage. Duplicates arising from overlapping coverage among databases were identified by Digital Object Identifier, and by title, first author and year when no identifier was available, and were merged before full-text assessment. Records for which neither a full text nor an informative abstract could be obtained were retained only if their content could be confirmed from an authoritative publisher or library record; otherwise they were excluded rather than cited on the basis of secondary descriptions. Where only secondary descriptions of a primary study were accessible, the primary study is cited together with the source through which its findings were verified.
A narrative review does not require the procedural apparatus of a systematic review, such as reporting of screening counts, deduplication counts, flow diagrams or independent duplicate appraisal by multiple reviewers. These elements were not generated, and no record counts are reported. The selection process was instead documented through the search architecture, the eligibility criteria and the appraisal rubric described above, which together allow the search to be reproduced and the basis of inclusion to be scrutinised.
2.6 Critical Appraisal and Evidence Synthesis
Evidence was synthesised thematically rather than study by study. Themes were derived iteratively from the core literature and refined as comparative evidence was added, yielding six analytical domains: the ecological problem posed by gall breaches, the behavioural organisation of repair, the physiological and molecular mechanisms of the plaster, the plant contribution to repair, the evolutionary explanation of self-sacrifice, and the overall strength of the evidence. Within each domain, findings were compared across species, methods and research groups, and the appraisal rubric was used to judge whether a conclusion rested on direct experimental demonstration, on consistent observation, or on inference from related systems.
Disagreements among studies were interpreted with attention to differences in species, life-history stage, experimental design and analytical resolution rather than by favouring the more frequently cited position. Where the same research group had revised an earlier interpretation in later work, both interpretations are reported and the basis for the change is evaluated. Particular care was taken to separate three kinds of claim that are often conflated in the literature on aphid sociality: claims about what soldiers do, claims about how the behaviour is produced physiologically, and claims about why it evolved. The confidence attached to each kind of claim was judged separately.
3. Galls as Defended Fortresses and the Problem of the Breach
3.1 Gall Architecture, Longevity and Vulnerability
Gall-inducing aphids are host-specific during the gall stage, and most alternate between a woody primary host, on which the gall is formed, and herbaceous or woody secondary hosts, with parthenogenetic generations interrupted by a single sexual generation (Wool, 2004). The gall supplies its inhabitants with a continuous source of phloem sap and a protected cavity, and its form is determined largely by the inducing insect, which reprogrammes host tissue through mechanisms that are only beginning to be characterised (Takeda et al., 2021). Two architectural types matter for the present question. Open galls possess one or more openings through which waste can be expelled and alates can depart, whereas closed galls remain sealed until maturity, so that all waste must be retained or removed by other means (Kutsukake et al., 2012; Kutsukake, Uematsu, & Fukatsu, 2019).
The duration of the gall phase varies greatly and determines how much is at stake when a gall is damaged. Marking and repeated dissection of Nipponaphis monzeni galls on Distylium racemosum showed that galls are initiated in June, remain small for at least 21 to 22 months, and expand rapidly only in the third or a later spring, so that the life cycle takes at least two and a half years and in some galls three and a half or four and a half years before alates emerge (Kurosu & Aoki, 2009). Mature galls of this species often contain more than 2,000 aphids (Kutsukake et al., 2012). Galls of cerataphidine aphids on Styrax in tropical and subtropical Asia similarly persist for several months to more than a year (Aoki & Kurosu, 2010), and mature galls of Tuberaphis styraci can contain over 10,000 insects (Kutsukake et al., 2012). A gall that has been occupied for two years and still has a year to run represents an exceptionally large accumulated investment by a single clone, and its loss is correspondingly costly.
Several agents of breach have been recorded, although almost entirely qualitatively. Young N. monzeni galls are attacked in spring by lepidopteran larvae that tunnel into the wall and consume the aphids (Kurosu et al., 2003; Kutsukake, Moriyama, et al., 2019). Galls of Ceratoglyphina bambusae in central Taiwan showed damage attributed to non-human vertebrates (Aoki & Kurosu, 1991), and galls of another gall-forming aphid, Slavum wertheimae, accumulate plant terpenes that deter browsing goats, which illustrates that inadvertent consumption by mammals can be a significant hazard for galls (Rostás et al., 2013). In Pemphigus spyrothecae, natural predators such as the anthocorid bug Anthocoris minki enter galls and can destroy whole colonies (Foster, 1990), field manipulations showed that galls containing soldiers were about ten times less likely to be attacked than galls containing only non-soldiers (Foster & Rhoden, 1998), and premature opening of galls by cutting holes of the same size and position as natural openings increased mortality from predation without eliciting any detectable increase in soldier investment (Pike & Foster, 2004). A comparative study within Pemphigus found that species whose galls develop small openings during the season suffered relatively high predation-related mortality, whereas Pemphigus populi, which forms an entirely sealed gall and produces no soldiers, experienced no predation during the gall phase (Pike et al., 2007).
The consequences of a breach are not limited to the entry of predators. In closed water-absorbing galls the spongy inner surface that removes honeydew may leave the colony vulnerable to desiccation once the wall is opened, and in N. monzeni artificially holed galls in which repair was prevented all died within a few weeks (Kutsukake et al., 2009, as cited in Kutsukake et al., 2012). Desiccation has been shown experimentally to be a principal hazard from which other constructed insect shelters protect their occupants, as in the domiciles of Dunatothrips aneurae (Gilbert, 2014). Whether predation, desiccation, microbial invasion or the collapse of the plant-mediated waste system is the main cause of mortality in unrepaired aphid galls has not been resolved, because the relevant experiments manipulated breach and repair without measuring the proximate causes of death.
These observations support the general conclusion that breaches are a credible selective agent on gall-dwelling colonies, but confidence in any quantitative statement about their importance is low. No study has estimated the natural frequency of breaches, their seasonal distribution or the proportion of galls lost to them, and the evidence for vertebrate damage rests on inference from the appearance of damaged galls. A related observation that the number of soldiers in galls of Cerataphis fransseni scales linearly with gall surface area rather than with the number of aphids requiring protection (Stern et al., 1994) suggests that colonies invest in defending a perimeter rather than individuals, which is consistent with the idea that the integrity of the gall surface is itself a target of selection.
3.2 The Repertoire of Nest-Maintenance Labour in Social Aphids
Gall repair is one element of a broader repertoire of maintenance tasks, and its distinctiveness is clearest when it is placed beside the others. The earliest of these to be documented was gall cleaning. First-instar nymphs of Pemphigus dorocola push honeydew globules and exuviae out of their gall (Aoki, 1980), and sterile second-instar soldiers of Astegopteryx styraci both defend the colony and push honeydew globules and exuviae out with their heads (Aoki & Kurosu, 1989). In Hormaphis betulae, immatures of all instars, most of them first instars, push honeydew out of the gall, yet none attacked insects introduced into the gall, which led Kurosu and Aoki (1991) to propose that housekeeping labour evolved in the tribe Hormaphidini without accompanying defence. In P. spyrothecae, soldiers move honeydew, shed skins and dead aphids to the gall entrance and push them out, a form of housekeeping shown experimentally to be costly to the soldiers and essential for gall survival (Benton & Foster, 1992). Cleaning is facilitated by aphid wax, which converts honeydew droplets into non-wetting "liquid marbles" and renders the inner gall surface strongly hydrophobic (Pike et al., 2002), and in Colophina species by dense insect-induced trichomes that act together with the wax to repel water (Uematsu et al., 2021; Uematsu et al., 2018).
Housekeeping is organised in ways that parallel task allocation in other social insects. In T. styraci, young soldiers tend to clean whereas older soldiers preferentially attack, and the two groups occupy different regions of the gall (Shibao et al., 2021). Soldiers of the same species discriminate dead from live colony members through linoleic acid that accumulates on cadavers (Shibao et al., 2022). Corpse removal of this kind is a widespread hygienic task in eusocial insects (Sun et al., 2018). Monomorphic first-instar defenders of Hamamelistes miyabei attack intruders and also clean the gall (Shibao & Fukatsu, 2003), and soldiers of the sugarcane woolly aphid Ceratovacuna lanigera patrol and clean colonies on the secondary host, which shows that housekeeping is not restricted to galls (Z. Liu et al., 2025). By contrast, soldiers in completely closed galls, such as those of N. monzeni and Ceratovacuna nekoashi, do not clean, because liquid waste is absorbed by the gall wall and removed through the plant vascular system (Kutsukake et al., 2012).
Guarding of openings constitutes a further category. In an undescribed Astegopteryx species on Styrax benzoides in northern Thailand, several soldiers with sclerotised, spiny heads block each subgall ostiole together, and 90.8% of 173 ostioles examined were plugged in this way (Kurosu et al., 2006). This head-plug behaviour controls access but does not restore the wall. In Quadrartus yoshinomiyai, young nymphs and post-reproductive adults move towards an artificially made hole within 12 hours and adopt positions similar to those taken around natural openings, whereas reproductive adults move away (Uematsu et al., 2013). Post-reproductive females of this species defend the colony by sticking themselves to intruding predators with a waxy secretion that accumulates in the body with age (Uematsu et al., 2010), but soldiers do not repair the gall (Kutsukake et al., 2026).
Repair in the strict sense, meaning restoration of the gall wall after damage, has been reported in only a handful of taxa. Self-sacrificial plastering with body fluid is known only from N. monzeni (Kurosu et al., 2003; Kutsukake, Moriyama, et al., 2019; Kutsukake et al., 2009). Soldier nymphs of the congeneric Nipponaphis distyliicola and Nipponaphis distychii repair breaches by physically plugging them with excreted wax and shed skins, a form of repair that does not involve discharge of body fluid (Kutsukake et al., 2026). In P. spyrothecae, experimental holes were closed by compensatory regrowth from undamaged adjoining areas of the gall in 97.5% of galls protected from predation, and further experiments showed that the aphids were responsible for this repair, with soldiers the likely main agents (Pike & Foster, 2004). Soldiers are also concentrated near the gall opening, which is consistent with this role (Pike, 2007). A large wound in a Ceratoglyphina bambusae gall was also observed to have healed, although the agent of healing was not identified (Aoki & Kurosu, 1991). Michaud (2022) interpreted the use of cornicle secretion as a building material for gall repair as one of several derived cornicle functions in eusocial gall-formers, a view that places repair within the broader evolutionary diversification of aphid defensive secretions.
3.3 A Working Typology of Breach Responses
The diversity summarised above has been obscured by the tendency to describe every form of breach response as gall repair. A clearer typology distinguishes responses by what they achieve and by what they cost the individuals that perform them. Secretion-based plastering, as in N. monzeni, seals the breach with material derived from the actors' own bodies and is lethal or severely debilitating for many of them. Material plugging, as in N. distyliicola and N. distychii, seals the breach with colony waste and imposes no obvious individual cost. Induced regrowth, as in P. spyrothecae and in the second phase of repair in N. monzeni, restores the wall through plant tissue proliferation that depends on the living colony. Gate keeping, as in the head-plugging Astegopteryx species, controls access through openings without restoring the wall. Defensive repositioning, as in Q. yoshinomiyai, concentrates defenders at a breach without sealing it. These categories are not mutually exclusive, and N. monzeni combines attack, plastering and stimulation of regrowth within a single response.
Table 2 sets out this typology together with the species in which each response has been recorded, the agents performing it, its probable cost to those agents and the type of evidence available. The table shows that only one response, secretion-based plastering, is self-sacrificial in the strict sense, that it is recorded from a single species, and that the comparative species most informative about its origin belong to the same tribe and host plant. It also shows that the strongest experimental evidence, involving controlled breaches and repair treatments, comes from N. monzeni, whereas most other categories rest on field observation, positional data or single reports. The typology is offered as an analytical device rather than a classification of established homologies, because it is not known whether material plugging, regrowth stimulation and secretion-based plastering share evolutionary origins.
Table 2. Typology of breach responses and related gall-integrity behaviours documented in gall-dwelling aphids
	Response type
	Taxon (tribe or subfamily; host)
	Performing individuals
	What the response achieves
	Probable cost to actors
	Principal evidence
	Supporting references

	Secretion-based self-sacrificial plastering
	Nipponaphis monzeni (Nipponaphidini; Distylium racemosum)
	Monomorphic first-instar soldiers in an extended first instar
	Rapid closure of the breach with coagulated body fluid, followed by plant regeneration
	High: shrinkage to about one-third of body volume and entombment of some individuals; post-discharge survival not quantified
	Experimental breaches; gall survival experiment; biochemical and molecular analyses
	Kurosu et al., 2003; Kutsukake, Moriyama, et al., 2019; Kutsukake et al., 2009

	Non-lethal material plugging
	Nipponaphis distyliicola and Nipponaphis distychii (Nipponaphidini; Distylium racemosum)
	Soldier nymphs
	Physical blocking of the breach with excreted wax and shed skins
	Low; no individual cost reported
	Observation of repaired galls in a comparative study
	Kutsukake et al., 2026

	Repair through regrowth of gall tissue
	Pemphigus spyrothecae (Eriosomatinae; Populus); second phase of repair in N. monzeni
	Soldiers implicated in P. spyrothecae; living colony required in N. monzeni
	Restoration of the gall wall by plant tissue proliferation
	Not established
	Experimental holes with regrowth in 97.5% of protected galls; positional data on soldiers; insecticide treatment
	Kutsukake et al., 2009; Pike, 2007; Pike & Foster, 2004

	Healing of a large wound, agent unidentified
	Ceratoglyphina bambusae (Cerataphidini; central Taiwan)
	Not identified
	Closure of a wound in a gall presumed to have been damaged by vertebrates
	Unknown
	Single field observation
	Aoki & Kurosu, 1991

	Gate keeping by head plugging
	Astegopteryx sp. (Cerataphidini; Styrax benzoides)
	Soldiers with sclerotised, spiny heads
	Blocking of subgall ostioles; control of access without restoring the wall
	Exposure at the ostiole; not quantified
	Field counts: 90.8% of 173 ostioles plugged
	Kurosu et al., 2006

	Defensive repositioning at a breach
	Quadrartus yoshinomiyai (Nipponaphidini; Distylium racemosum)
	Young nymphs and post-reproductive adults
	Concentration of defenders at the breach within 12 h; no sealing
	Post-reproductive adults may die adhering to predators
	Artificial breaches; positional data from natural galls
	Kutsukake et al., 2026; Uematsu et al., 2010; Uematsu et al., 2013

	Defence without recorded repair
	Dermaphis autumna, reported as Dinipponaphis autumna (Nipponaphidini; Distylium racemosum)
	A few first-instar defenders
	Attack on intruding larvae; no repair recorded
	Not applicable
	Introduced larvae; comparative observations
	Aoki et al., 1998; Kutsukake et al., 2026


Note. h, hours. Categories are analytical rather than claims of homology, and a single species may combine several response types. The absence of repair in a species indicates only that it was not observed in the breaches examined.
4. Behavioural Organisation of Self-Sacrificial Repair
4.1 The Behavioural Sequence
The repair sequence in N. monzeni has been described consistently in the three studies that observed it directly. When enemies or experimenters breach a young gall, monomorphic first-instar soldiers attack intruding larvae by stinging them with their stylets, then gather around the hole and discharge a large volume of whitish body fluid from the cornicles (Kurosu et al., 2003; Kutsukake, Moriyama, et al., 2019). The discharging nymphs mix the secretion with their legs and plaster it over the plant injury, where it becomes viscous and then congeals. Dozens of soldiers participate, and having discharged their fluid they shrink to roughly one-third of their former volume, with several becoming embedded in the plaster (Kurosu et al., 2003; Kutsukake, Moriyama, et al., 2019). The plug darkens progressively over the following hours as it hardens (Kutsukake, Moriyama, et al., 2019), and after repair many soldiers remain localised in the area of the former hole (Kutsukake et al., 2009).
The sequence therefore involves at least four separable components: detection of the breach, recruitment of soldiers to it, discharge of body fluid, and manipulation of the secretion into a coherent plug. The evidence for each component is uneven. Discharge and plastering have been documented photographically and on film, and mechanical stimulation of soldiers in saline is sufficient to elicit discharge of body fluid (Kutsukake, Moriyama, et al., 2019), which implies a low threshold for the response once a soldier is physically stimulated. In contrast, the cues by which soldiers detect a breach and assemble at it have not been investigated. Plausible candidates include air movement, light, changes in humidity, mechanical disturbance by the intruder and chemical signals. Aphid cornicle secretions commonly contain alarm pheromone, identified in many species as β-farnesene, which alerts clone-mates to danger (Kutsukake et al., 2026; Michaud, 2022; Wu et al., 2010), and soldiers of T. styraci respond to a specific fatty acid on cadavers (Shibao et al., 2022). These findings make chemical recruitment a testable hypothesis, but whether repair secretion in N. monzeni contains or releases a recruitment signal is unknown.
Confidence in the qualitative description of the sequence is high, because it has been reproduced across studies spanning more than 15 years. Confidence in any quantitative description is low. The published accounts accessible for this review do not report the latency between breach and discharge, the number of soldiers recruited per unit area of breach, the proportion of the colony's soldiers expended in a repair event, or the relationship between breach size and response. Such quantities are central to evaluating the colony-level cost of repair and to comparing it with the expected loss from an unrepaired breach.
4.2 Who Repairs: Life Stage, Caste and Reproductive Prospects
The identity of the repairing individuals is critical to evolutionary interpretation. In N. monzeni, all nymphs pass through an extended first instar in which they perform social tasks as soldiers and then grow and reproduce (Kutsukake, Moriyama, et al., 2019). Soldiers are therefore a developmental phase rather than a permanently sterile caste, and the large globular cells that supply the repair secretion are lost and replaced by fat body and ovaries when soldier nymphs resume growth, a transition interpreted as a reallocation of resources from defence to reproduction (Kutsukake, Moriyama, et al., 2019). Michaud (2022) described the repairing first instars as sterile, but the developmental evidence indicates that sterility is not a fixed property of the class of individuals that repair, even if it becomes a consequence for those that discharge their body fluid.
This distinction matters because the cost of self-sacrifice depends on the future reproduction that the actor forgoes. In cerataphidine aphids, second-instar soldiers on the primary host are sterile (Aoki & Kurosu, 2010), and in Ceratovacuna japonica soldier ovaries contain germaria but fail to support embryogenesis (Chung & Shigenobu, 2022). Within the Nipponaphidini itself, Distylaphis foliorum has a soldier caste with morphological and reproductive division (Fukatsu et al., 2005), whereas the few first-instar defenders of Dermaphis autumna, studied under the name Dinipponaphis autumna, include individuals developing the cuticle of the next instar, which indicates that not all are destined to remain sterile (Aoki et al., 1998). Prolongation of the first instar is a recurrent route to increasing the proportion of defenders in a colony, as shown by moulting suppression in Hamamelistes miyabei (Shibao & Fukatsu, 2003) and seasonal extension of the soldier instar in P. spyrothecae (Pike et al., 2004). The repairing soldiers of N. monzeni thus belong to a widespread category of temporally altruistic juveniles rather than to an obligately sterile caste.
What happens to individuals after they discharge their body fluid is not well documented. The original description reports shrivelling to about one-third of body volume and the burial of several nymphs in the plaster (Kurosu et al., 2003), and the loss of most of the cellular contents of the haemocoel makes subsequent development implausible. Survival, moulting and reproduction of discharged soldiers have nevertheless not been followed, and it remains possible that individuals that release only part of their fluid recover. Until such data exist, the term self-sacrificial should be understood as describing a behaviour with a high and probably often lethal cost rather than one with demonstrated universal mortality.
4.3 Spatial Organisation, Task Allocation and Reproductive Value
The probability that a given individual participates in repair depends partly on where it is when a breach occurs. Several social aphids show non-random spatial organisation that places defenders near points of vulnerability. In P. spyrothecae, the mean proportion of soldiers was 0.676 in the section of the gall nearest the ostiole compared with 0.285 and 0.211 in the medial and distal sections, whereas winged emigrants and mature reproductives were concentrated distally (Pike, 2007). In T. styraci, older soldiers that preferentially attack are distributed in lower gall regions near the openings, while younger soldiers that clean occupy upper regions with the adults (Shibao et al., 2021). In Q. yoshinomiyai, defenders move towards an artificial breach and reproductive adults move away within 12 hours (Uematsu et al., 2013).
These patterns are consistent with allocation of risk according to reproductive value. Young nymphs with limited prospects of maturing before the gall opens and post-reproductive adults with no further reproduction have little to lose from risky tasks, whereas middle-aged reproductive individuals carry most of the colony's immediate reproductive potential (Uematsu et al., 2010; Uematsu et al., 2013). A comparable logic has been proposed for social insects outside the aphids, where the readiness of termite workers of Neocapritermes taracua to rupture their bodies in defence increases with age as their foraging ability declines (Šobotník et al., 2012). In N. monzeni, however, it is not known whether the soldiers that discharge their body fluid are a random sample of first instars near the breach or a subset distinguished by age, size, nutritional state or position. If repair is concentrated among individuals that are least likely to survive to reproduce before the gall matures, its real cost to the clone would be lower than a simple count of dead soldiers suggests.
4.4 Methodological Appraisal of the Behavioural Evidence
The behavioural evidence has notable strengths. It comes from direct observation, includes experimental breaches and, in the study of gall survival, an artificial repair treatment that separated the effect of sealing from the effect of the soldiers themselves (Kutsukake et al., 2009). Its limitations are equally clear. Almost all observations of self-sacrificial repair concern artificially bored holes, whose size, shape, position and timing may differ from damage caused by tunnelling larvae or vertebrates. Molecular and biochemical work has relied on galls from a single locality in Tokyo (Kutsukake et al., 2026; Kutsukake, Moriyama, et al., 2019), and the behavioural literature on this species comes from a closely connected network of investigators, so that independent replication by unconnected groups is lacking. Observations have been largely qualitative, and the absence of quantitative data on recruitment, participation and individual fate prevents the behavioural cost of repair from being estimated.
The comparative behavioural evidence is weaker still. The attribution of regrowth-based repair in P. spyrothecae to soldiers rests on experiments showing that the aphids are required for regrowth and on the concentration of soldiers near openings, rather than on direct observation of individuals inducing regrowth (Pike, 2007; Pike & Foster, 2004), and the healing of a Ceratoglyphina bambusae gall was a single observation without identification of the agent (Aoki & Kurosu, 1991). Positive evidence that repair does not occur, as in Q. yoshinomiyai and Dermaphis autumna (Kutsukake et al., 2026), carries its own uncertainty, because the absence of a behaviour in a small number of experimental breaches does not exclude it under other conditions. These limitations do not undermine the existence of the phenomenon, but they mean that the behavioural organisation of repair is understood descriptively rather than mechanistically or quantitatively.
5. Physiological and Molecular Machinery of the Repair Plaster
5.1 Body Fluid as Construction Material
The material that soldiers of Nipponaphis monzeni plaster over a breach is not a specialised glandular product but their own body fluid. Its whitish appearance is due to large numbers of peculiar cells, termed large globular cells (LGCs), which fill the haemocoel of soldier nymphs and of soldier-destined embryos and are released when soldiers discharge fluid through the cornicles (Kutsukake, Moriyama, et al., 2019). Histological sections of plugs taken from repaired galls contain nuclei and granules derived from these cells, which confirms that the cellular fraction of the body fluid is incorporated into the plaster (Kutsukake, Moriyama, et al., 2019).
Chemically, the plaster is dominated by lipid. Lipids accounted for 82.5% ± 3.1% of the dry weight of plugs extracted from repaired galls, and the lipids of the discharged fluid were mainly triglycerides at an estimated total concentration of about 528 mM, the most abundant species combining sorbic acid with myristic or palmitic acid (Kutsukake, Moriyama, et al., 2019). Lipid composition did not change during coagulation, which indicates that the triglycerides are not chemically transformed as the plug forms but act as a bulk constituent (Kutsukake, Moriyama, et al., 2019). Triglycerides are characteristic components of aphid cornicle secretions more generally, where they act as rapidly drying adhesives that can immobilise natural enemies (Michaud, 2022). In effect, the plaster combines a cornicle-type lipid secretion with an unusually cell-rich haemolymph, and its physical behaviour as a soft, mouldable mass that subsequently hardens reflects both components.
5.2 A Two-Step Clot: Lipid Plug and Phenoloxidase-Mediated Cross-Linking
The progressive darkening of the plug suggested melanisation, and the protein fraction of the soldier's body fluid proved to be dominated by phenoloxidase (PO), the copper-containing enzyme that oxidises phenolic substrates to reactive quinones in insect immunity, wound healing and cuticle sclerotisation (Kutsukake, Moriyama, et al., 2019). PO was estimated at about 15.3 µg µL−1 in the discharged fluid, was present mainly as an inactive proenzyme, and was localised to the cytoplasm of LGCs. The soldier-specific PO gene was expressed at exceptionally high levels, showed an accelerated rate of molecular evolution relative to the other PO genes of the species, and was accompanied by up-regulation of other enzymes of the melanin pathway and of a serine protease and a serpin that may regulate PO activation (Kutsukake, Moriyama, et al., 2019). The second abundant protein, a repeat-containing protein (RCP) secreted into the haemolymph, consists largely of 31 to 43 tandem repeats of eight amino acids rich in glycine, serine, histidine and glutamine and varies strikingly in length among gall colonies of the same population (Kutsukake, Moriyama, et al., 2019).
The third component is the substrate. Free tyrosine reached 31.7 ± 5.5 mM in the body fluid of soldier nymphs, accounting for 75.9% of free amino acids and more than twice the concentration found in adults of the same species, whereas comparably high titres are not known from non-social aphids such as Acyrthosiphon pisum (Kutsukake, Moriyama, et al., 2019). The oxidised intermediate dihydroxyphenylalanine was negligible in freshly discharged fluid but became detectable within 15 minutes, which shows that tyrosine conversion begins as the plug forms (Kutsukake, Moriyama, et al., 2019). In vitro, recombinant PO activated with 2-propanol, recombinant RCP and tyrosine reproduced cross-linking of RCP and formation of black clots within an hour. Clotting did not occur without tyrosine, was suppressed when PO or tyrosine was reduced, and was little affected by changing the amount of RCP, whereas bovine serum albumin substituted for RCP was cross-linked less efficiently (Kutsukake, Moriyama, et al., 2019). On this basis the authors proposed a two-step model in which rupture of LGCs releases lipid droplets that immediately form a soft clot, after which PO-generated quinones cross-link RCP, PO itself and other macromolecules to harden and melanise the plug (Kutsukake, Moriyama, et al., 2019).
The two-step model is the best-supported mechanistic account of any aspect of gall repair, and its principal elements, abundant PO, tyrosine and lipid and their joint sufficiency to generate clots, are demonstrated rather than inferred. Several qualifications nevertheless apply. The reconstitution experiments were performed at one-tenth of the estimated natural concentrations and used a chemical activator rather than the endogenous activation cascade, which remains unidentified. The finding that clots formed without RCP and that their quantity was insensitive to RCP concentration indicates that RCP is a favoured substrate rather than an essential component for clot formation, and its contribution, if any, is more likely to lie in the mechanical properties of the hardened plug. Those properties, including tensile strength, adhesion to plant tissue, permeability to water and resistance to invading larvae, have not been measured. No gene has been functionally disrupted in N. monzeni, so the causal role of individual components in vivo rests on correlation, localisation and reconstitution rather than on loss-of-function evidence.
5.3 Metabolic Provisioning of Tyrosine
Because tyrosine is the starting substrate of the melanin pathway, the source of its extraordinary accumulation is an important question. Aphids depend on the bacterial endosymbiont Buchnera aphidicola for essential amino acids, and an obvious hypothesis was that the symbiont of N. monzeni had become specialised for tyrosine supply. Sequencing of its genome, of about 0.59 megabases, did not support this hypothesis, because the relevant biosynthetic genes were neither amplified nor plasmid-borne and resembled those of other Buchnera genomes, lacking the final step from phenylalanine to tyrosine (Kutsukake, Moriyama, et al., 2019). Instead, the host gene encoding phenylalanine-4-monooxygenase, which converts phenylalanine to tyrosine, was strongly up-regulated in bacteriocytes, and host genes that generate the precursors of the shikimate pathway were up-regulated in bacteriocytes or LGCs (Kutsukake, Moriyama, et al., 2019).
These data indicate that tyrosine overproduction is regulated mainly on the host side of a pathway shared between host and symbiont, which is consistent with the limited transcriptional regulatory capacity of streamlined symbiont genomes noted by the authors. The interpretation rests on transcript abundance rather than on measured metabolic flux, and the transport of tyrosine and its precursors between symbiont, bacteriocyte, haemolymph and LGCs has not been characterised. Whether maintaining such a large tyrosine pool imposes a measurable nutritional cost on the colony, for example by reducing growth or fecundity of the nymphs that later become reproductive, is unknown.
5.4 Cellular Origin of the Large Globular Cells
The developmental and evolutionary origin of LGCs is the point on which the mechanistic literature has shifted most. In the first detailed analysis, LGCs were described as a cell type unique to soldiers of N. monzeni. Their transcriptomic profile resembled neither the haemocytes nor the fat body cells of Acyrthosiphon pisum, and the authors concluded that they plausibly represent highly differentiated haemocytes with fat-body-like features, citing the general production of PO by insect haemocytes (Kutsukake, Moriyama, et al., 2019). The comparative study of four related nipponaphidine species on Distylium racemosum found orthologues of the soldier-specific PO gene in Nipponaphis distyliicola, Nipponaphis distychii and Dermaphis autumna but not in Quadrartus yoshinomiyai, all expressed at levels far below those in N. monzeni. PO immunoreactivity was localised to fat body cells of N. distyliicola and Dermaphis autumna, which led the authors to favour a fat-body origin of LGCs while stating that the hypothesis requires further verification (Kutsukake et al., 2026).
The two interpretations are not strictly contradictory, because the earlier study already noted fat-body-like features, but the change of emphasis is substantive and its evidential basis should be weighed carefully. The fat-body hypothesis rests on immunolocalisation with a heterologous antibody raised against silkworm pro-PO, on signals described as weak, and on the assumption that the detected protein corresponds to the soldier-specific PO because that gene was the most highly expressed PO in two of the species; no signal was detected in N. distychii (Kutsukake et al., 2026). The haemocyte hypothesis rests on the general association of PO with haemocytes and on transcriptomic distinctiveness. Neither hypothesis has been tested by tracing the embryonic lineage of LGCs, which is the most direct way to resolve the question. A further possibility deserves consideration. In Acyrthosiphon pisum, rare circulating lipid-filled wax cells are otherwise localised at the base of the cornicles (Schmitz et al., 2012), and the lipid composition of the gall-repair fluid of N. monzeni is similar, though not identical, to the sticky cornicle secretion of post-reproductive Q. yoshinomiyai adults (Kutsukake et al., 2026). Cornicle-associated lipid cells thus represent a plausible third candidate or intermediate source, and the authors of the comparative study have themselves suggested that LGCs and cornicle fat cells may share an origin in the fat body (Kutsukake et al., 2026).
5.5 Exaggeration and Co-option of Insect Haemostasis
The components of the plaster are individually familiar from insect haemostasis. Arthropod haemolymph coagulates at wounds to limit fluid loss, immobilise microbes and initiate healing (Theopold et al., 2004). Clotting in Drosophila larvae involves several identified factors and is more complex than earlier descriptions implied, and clotting mechanisms vary among insect species and life stages (Dushay, 2009). Prophenoloxidase acts as a cross-linking component that contributes to the hardening and melanisation of clots, although clot PO activity varies with physiological and ecological conditions (Eleftherianos & Revenis, 2011). Because the quinones produced by PO are highly reactive and toxic, activation of the prophenoloxidase system is normally tightly regulated by proteolytic cascades and inhibitors (Cerenius & Söderhäll, 2004), and PO is regarded as a costly trait whose production carries fitness costs (González-Santoyo & Córdoba-Aguilar, 2012). Arthropod proPO and its cleavage products also have immune functions independent of melanin formation (Cerenius & Söderhäll, 2021).
Aphids are an unexpected group in which to find an exaggerated immune-derived trait, because genome annotation of Acyrthosiphon pisum revealed the absence of many genes considered central to insect immune recognition, signalling and microbial killing (Gerardo et al., 2010). Pea aphid haemolymph still contains several haemocyte types, including spherulocytes implicated in coagulation (Schmitz et al., 2012). In soldiers of N. monzeni, PO is expressed at drastically elevated levels, transglutaminase and haemolectin are expressed only marginally and the clotting factor fondue was not detected, which indicates that the repair plaster relies on a PO-centred cross-linking system rather than on the full set of clotting factors characterised in Drosophila (Kutsukake, Moriyama, et al., 2019). The comparative data show that the soldier-specific PO belongs to one of at least five PO gene families present in the Nipponaphidini, and that its massive soldier-biased expression arose in the lineage leading to N. monzeni (Kutsukake et al., 2026).
The interpretation that emerges is one of exaggeration and co-option. Pre-existing capacities for wound sealing, PO-mediated cross-linking and cornicle discharge appear to have been amplified in quantity, concentrated in specialised cells and redirected from sealing the insect's own cuticle to sealing the colony's nest (Kutsukake et al., 2026; Kutsukake, Moriyama, et al., 2019). Parallel cases in aphid soldier weaponry strengthen the plausibility of this route. A cathepsin B cysteine protease that serves as venom in soldiers of T. styraci belongs to a gene type that is also present in non-social aphids and acquired soldier-specific expression and venom function only in the Tuberaphis lineage, with accelerated evolution concentrated on the molecular surface (Kutsukake et al., 2008; Kutsukake et al., 2004). In another gall-forming lineage, the lethality of soldier attacks derives partly from the induction of exaggerated immune responses in the insects attacked, and comparisons of closely related social and non-social species identified candidate secreted effectors, including a protease recruited convergently in unrelated aphids (Lawson et al., 2017). Gall repair thus fits a broader pattern in which aphid social traits are assembled from redeployed physiological modules rather than from wholly novel genes.
Gall repair has also been described as social immunity, the collective protection of a colony against parasites and other threats (Cremer et al., 2007; Cremer et al., 2018; Kutsukake, Moriyama, et al., 2019). The analogy is instructive because it highlights the direct use of individual-level immune machinery for colony-level protection. It should be applied with care, however, because social immunity was formulated principally for defences against pathogens and parasites, whereas the documented function of gall repair is protection of a physical structure against breaches whose primary costs may be predation and desiccation. Whether the plaster also has antimicrobial properties, which the presence of reactive quinones would make plausible, has not been examined.
Table 3 summarises the components of the repair machinery, the evidence supporting their proposed roles and the principal uncertainties. The table makes clear that the abundance and localisation of the main components are firmly established, that their sufficiency for clot formation has been demonstrated in vitro under simplified conditions, and that their necessity in vivo, the activation pathway, the mechanical performance of the plug and the cellular origin of LGCs remain unresolved. It also shows that nearly all mechanistic evidence derives from one research programme working on one population, so that the confidence attached to each row reflects the quality of the experiments rather than independent confirmation.
Table 3. Components of the gall-repair machinery in soldiers of Nipponaphis monzeni: proposed roles, supporting evidence and unresolved questions
	Component
	Location and characteristics
	Proposed role in repair
	Key evidence
	Strength of evidence
	Unresolved questions
	Supporting references

	Large globular cells (LGCs)
	Fill the haemocoel of soldier nymphs and soldier-destined embryos; packed with lipid droplets; lost when nymphs resume growth
	Source of PO and lipid; rupture releases lipid droplets that form the soft clot
	Histology, electron microscopy and in situ hybridisation; LGC remnants in plugs
	Strong for presence and content; moderate for function
	Developmental origin from haemocytes, fat body or cornicle-associated cells
	Kutsukake et al., 2026; Kutsukake, Moriyama, et al., 2019

	Triglyceride-rich lipid
	About 528 mM in discharged fluid; 82.5% of plug dry weight; sorbic, myristic and palmitic acid residues
	Bulk constituent and immediate soft clot
	Lipid extraction and LC/MS; composition unchanged during coagulation
	Strong for composition; moderate for function
	Physical properties of the lipid phase; relation to ordinary cornicle secretion
	Kutsukake et al., 2026; Kutsukake, Moriyama, et al., 2019; Michaud, 2022

	Soldier-specific phenoloxidase (PO-S)
	About 15.3 µg µL−1; mainly proenzyme in LGC cytoplasm; extreme soldier-biased expression; accelerated sequence evolution
	Oxidation of tyrosine to quinones that cross-link proteins and harden and melanise the plug
	Immunoblotting, activity assays, RNA-seq and recombinant reconstitution
	Strong for sufficiency in vitro; necessity in vivo untested
	Endogenous activation cascade; roles of co-expressed serine protease and serpin
	Kutsukake et al., 2026; Kutsukake, Moriyama, et al., 2019

	Free tyrosine
	31.7 mM; 75.9% of free amino acids; more than twice the adult concentration
	Substrate for PO-mediated cross-linking
	Amino acid analysis; DOPA detectable within 15 min; no clotting without tyrosine in vitro
	Strong
	Metabolic flux and transport between symbiont, bacteriocytes and haemolymph; nutritional cost
	Kutsukake, Moriyama, et al., 2019

	Repeat-containing protein (RCP)
	Secreted into haemolymph; 31 to 43 repeats of eight residues rich in glycine, serine, histidine and glutamine; length polymorphism among galls
	Preferred substrate for quinone cross-linking; possible mechanical reinforcement
	More efficient cross-linking than bovine serum albumin in vitro; clots also formed without RCP
	Moderate
	Contribution to plug mechanics; significance of polymorphism
	Kutsukake, Moriyama, et al., 2019

	Host tyrosine synthesis
	Phenylalanine-4-monooxygenase up-regulated in bacteriocytes; Buchnera aphidicola genome not specialised for tyrosine
	Supply of the tyrosine pool
	Symbiont genome sequencing and host transcriptomics
	Moderate, based on expression
	Measured flux; regulatory control
	Kutsukake, Moriyama, et al., 2019

	Cornicle discharge
	Ancestral aphid defensive secretion containing lipids and alarm pheromone
	Delivery route for haemolymph onto the breach
	Behavioural observation; comparative cornicle biology
	Strong for delivery; moderate for homology
	Neural and endocrine control of mass discharge
	Kurosu et al., 2003; Michaud, 2022; Wu et al., 2010


Note. DOPA, 3,4-dihydroxyphenylalanine; LC/MS, liquid chromatography–mass spectrometry; LGCs, large globular cells; min, minutes; PO, phenoloxidase; PO-S, soldier-specific phenoloxidase; RCP, repeat-containing protein; RNA-seq, RNA sequencing. Strength categories follow the qualitative appraisal rubric described in Section 2.3.
6. The Plant Contribution: Scab, Regeneration and the Extended Phenotype
6.1 From Insect Scab to Plant Regeneration
The insect plaster is only the first phase of repair. In experiments on galls of N. monzeni, galls repaired either naturally by soldiers or artificially with adhesive survived significantly better than unrepaired galls, and within a month the plant tissue around the hole proliferated and sealed it (Kutsukake et al., 2009). When the aphids inside were killed with insecticide, gall regeneration was aborted, and many soldiers remained concentrated near the former hole, which led the authors to conclude that regeneration requires the living colony and that soldiers probably play a major role (Kutsukake et al., 2009). The authors characterised the system as scab formation and wound healing at an animal–plant interface, in which an insect-derived scab provides immediate closure and the insects subsequently stimulate the regeneration of plant tissue.
Two implications of this experiment are underappreciated. First, the survival benefit of repair was not restricted to plugs made of soldier body fluid, because galls sealed artificially with adhesive also survived significantly better than unrepaired galls. This suggests that much of the immediate adaptive value of the plaster lies in rapid, on-demand closure by agents already present inside the gall rather than in a unique protective property of the material, although the two kinds of plug were not compared directly for durability or for their effects on regeneration. Second, the dependence of regeneration on living aphids implies an active insect contribution to the plant response, but the experiment did not distinguish between stimulation by soldiers specifically, by feeding of other colony members, or by the maintenance of conditions inside an inhabited gall. The localisation of soldiers at the healing site is consistent with a soldier role but does not establish it.
Regeneration-based repair occurs in other lineages as well. In Pemphigus spyrothecae on poplar, experimental holes are closed more slowly by compensatory regrowth from undamaged parts of the gall, a process that depends on the aphids and probably mainly on soldiers (Pike & Foster, 2004). The healing of a large wound in a gall of Ceratoglyphina bambusae is a further indication that gall tissue can recover from substantial damage (Aoki & Kurosu, 1991). Because these cases occur in the Eriosomatinae and in a different tribe of the Hormaphidinae from N. monzeni, regeneration-based repair may be a widespread capacity of aphid galls, whereas self-sacrificial plastering is a lineage-specific addition that provides closure while regeneration proceeds.
6.2 Mechanistic Unknowns in Gall Regeneration
How aphids stimulate the regeneration of damaged gall tissue is unknown, but the biology of gall induction suggests where to look. Insect galls arise through cell enlargement and proliferation induced by the insect, which is thought to secrete effector molecules that hijack host developmental programmes (Takeda et al., 2021). Galling and leaf-mining insects are thought to manipulate their hosts through effectors whose identity and modes of action remain poorly known (Giron et al., 2016). In the gall of Schlechtendalia chinensis on Rhus javanica, the initial stage of gall induction involves reprogramming of the host developmental programme (Hirano et al., 2020). In Hormaphis cornu, variants of a salivary gene that determines gall colour belong to a large family of rapidly evolving secreted proteins expressed specifically in the salivary glands of galling generations (Korgaonkar et al., 2021).
The most economical hypothesis is that regeneration after a breach reuses the same effector-driven programme that built the gall, re-applied at the wound margin by aphids that feed or probe there. This hypothesis is testable by comparing gene expression in wound-margin tissue of inhabited and uninhabited galls and by examining whether gall-specific effector transcripts are enriched in the soldiers that cluster at the healing site. Plants and animals both possess conserved strategies for healing epidermal breaches, including rapid barrier restoration and subsequent tissue proliferation (Byatt & Martin, 2023), and gall repair is unusual in combining an animal haemostatic phase with a plant proliferative phase across a species boundary. Because galls are generally assumed to be costly structures that plants construct for foreign organisms (Harris & Pitzschke, 2020), regeneration of a damaged gall also represents a further diversion of host resources, although its magnitude has not been estimated.
6.3 Repair as Maintenance of an Integrated Extended Phenotype
Gall repair is best understood in relation to the other ways in which social aphids engineer the internal environment of their galls. Open galls have hydrophobic inner surfaces coated with aphid wax, sometimes enhanced by insect-induced trichomes, which allow wax-coated honeydew globules to be rolled out by soldiers (Pike et al., 2002; Uematsu et al., 2018). Closed galls of N. monzeni, N. distyliicola, Ceratovacuna nekoashi and Paracolopha morrisoni instead have hydrophilic inner surfaces that absorb liquid waste and remove it through the plant vascular system, a property estimated to have evolved at least twice within the Hormaphidinae (Kutsukake et al., 2012) and at least three times when eriosomatine galls are included (Kutsukake, Uematsu, & Fukatsu, 2019). In N. monzeni, honeydew has a low sugar content and the efficiency of absorption declines as sugar concentration rises, which suggests coordination between insect physiology and plant-mediated waste removal (Kutsukake, Uematsu, & Fukatsu, 2019).
A breach in such a gall compromises more than a physical barrier. It disrupts a closed system in which humidity, waste removal and defence are jointly maintained, and it may expose a spongy, water-absorbing surface to desiccation (Kutsukake et al., 2012). This consideration suggests that self-sacrificial repair should be favoured most strongly in long-lived closed galls, in which no routine opening exists and no cleaning repertoire has evolved. The comparative evidence only partly supports this expectation. Nipponaphis distyliicola also forms water-absorbing closed galls (Kutsukake et al., 2012), yet its soldiers repair breaches with wax and exuviae rather than with body fluid (Kutsukake et al., 2026). Closure of the gall alone cannot be sufficient to explain the evolution of body-fluid plastering. Candidate additional factors include the exceptional longevity and size of N. monzeni galls (Kurosu & Aoki, 2009), the thickness and hardness of the gall wall, the size of typical breaches and the composition of the local enemy community, none of which has been compared quantitatively among the Nipponaphis species that share Distylium racemosum as a primary host.
7. Evolutionary Significance of Self-Sacrificial Repair
7.1 Inclusive Fitness and Clonal Relatedness
The standard explanation of altruism is that a behaviour costly to the actor can spread when its benefits fall on relatives that share the genes responsible for it (Hamilton, 1964). In aphid colonies founded by a single parthenogenetic fundatrix, relatedness among colony members should approach unity, so that the evolutionary problem shifts from explaining altruism towards individuals to explaining how a clone should allocate its members between defence and reproduction (Stern & Foster, 1996). Under strict clonality, a soldier that dies sealing the gall loses nothing that its clone-mates do not retain, and self-sacrificial repair becomes a question of colony-level optimisation rather than a paradox.
This framework has been complicated by evidence that social aphid colonies are often not pure clones. Galls of Pemphigus obesinymphae are invaded by large numbers of aphids from other clones, and these intruders refrain from risky defence and accelerate their own development towards reproduction (Abbot et al., 2001). The intruders do not move preferentially among related clones (Abbot & Chhatre, 2007), multiclonal groups are common in social and non-social aphids alike (Abbot, 2009), and within-gall genetic diversity is negatively correlated with colony performance in P. obesinymphae, consistent with a cost of conflict (Grogan et al., 2010). In P. spyrothecae, by contrast, clonal mixing estimated from field trapping averaged 0.68%, and microsatellite genotyping of galls from Italy gave an average of 10.4% with a range of 0% to 59%, a level the authors judged unlikely to prevent the evolution of altruistic soldiers (Johnson et al., 2002). Modelling of a typical colony-dwelling aphid life cycle has shown that the levels of mixing reported in such studies are not inconsistent with the evolution of social behaviour (Bryden & Jansen, 2010). Even in open colonies of the horned aphid Astegopteryx bambusae, the mean relatedness between individuals engaged in butting contests was 0.79 ± 0.12, and 56% of contests involved clone-mates (Uematsu et al., 2025).
For N. monzeni, the relatedness argument has been asserted rather than measured. Because the gall is completely closed for most of its existence, migration between galls is unlikely, and the size polymorphism of RCP among galls from the same locality implies that different galls carry different genotypes (Kutsukake, Moriyama, et al., 2019). Both observations are consistent with high within-gall relatedness, but no study has genotyped the inhabitants of individual galls. Closure is not a guarantee of clonality, because invaders could enter before closure, through breaches or through the same breaches that soldiers repair. The inclusive fitness explanation is therefore highly plausible but untested in the one species in which self-sacrificial repair is known. A broader caution also applies. A review of adaptive suicide in the context of parasitism concluded that such behaviour has been difficult to demonstrate conclusively as a host adaptation in social or clonal insects, despite the high relatedness that should favour it (Humphreys & Ruxton, 2019). Plausibility under kin selection is not a substitute for estimates of the costs and benefits involved.
7.2 Reproductive Value, Gall Value and the Economics of Sacrifice
Kin selection identifies the condition under which self-sacrifice can evolve, but the extent and form of sacrifice depend on the costs and benefits of each act. Theoretical treatments of aphid soldier investment have focused on defence rather than repair. One model, assuming logistic colony growth, predicts that soldiers should be produced until the marginal defensive efficacy of an additional soldier falls to the ratio of the maximum intrinsic rate of increase to the carrying capacity (Aoki & Kurosu, 2004), and simulations based on this framework indicate that the proportion of soldiers increases with colony size under a wide range of realistic assumptions (Aoki & Imai, 2005). Empirical studies show that soldier investment responds to ecological conditions. Soldier production in T. styraci is triggered by aphid density and moderated by negative feedback from existing soldiers (Shibao et al., 2004; Shibao et al., 2010), exclusion of tending ants increased soldier investment in Pseudoregma sundanica (Shingleton & Foster, 2000), most mothers of Pseudoregma bambucicola produce either soldiers or normal nymphs but rarely both, which points to maternal regulation of caste ratio (Zhang et al., 2023), and soldiers of Ceratovacuna japonica from a predator-rich population had larger weapons and were more aggressive than those from a population with fewer predators (Hattori et al., 2022).
Repair differs from defence in a way that existing models do not capture. The benefit of defence is the survival of colony members threatened by a particular enemy, whereas the benefit of repair is the restoration of a shared resource whose value to the clone accumulates over the life of the gall. For a multi-year gall such as that of N. monzeni, the expected future production of a gall that has already been maintained for one or two years is very large, and a breach that leads to the loss of the gall destroys that entire expectation (Kurosu & Aoki, 2009; Kutsukake et al., 2009). The cost of repair is the number of soldiers expended multiplied by their reproductive value, which is reduced by the fact that soldiers are juveniles with an uncertain prospect of maturation within the gall (Kutsukake, Moriyama, et al., 2019). These considerations generate testable predictions that repair effort should increase with the residual value of the gall and with the probability of loss without repair, and that individuals with the lowest residual reproductive value should be the first to discharge. None of these predictions has been tested.
Comparative evidence from other social insects supports the general expectation that self-sacrifice is concentrated among individuals with little to lose. Post-reproductive females of Q. yoshinomiyai defend the colony with a sticky secretion that accumulates with age (Uematsu et al., 2010), and in the same species both the youngest and the oldest individuals move towards breaches while middle-aged reproductive adults retreat (Uematsu et al., 2013). In termites, the suicidal apparatus and the readiness to use it increase with worker age (Šobotník et al., 2012). In the ant Forelius pusillus, one to eight workers close the nest entrance from outside at sunset and die in doing so, a form of pre-emptive self-sacrifice for nest integrity that is the closest functional analogue to gall repair outside aphids (Tofilski et al., 2008). Suicidal biting in defence of the nest has been documented in several species of stingless bees, with the proportion of workers willing to suffer fatal damage reaching 83% in Trigona hyalinata (Shackleton et al., 2015), and a comparative review has catalogued the diversity of self-destructive defence across social insects (Shorter & Rueppell, 2012). The aphid case is distinctive because the sacrificing individuals are juveniles rather than old workers, which implies that their low residual reproductive value derives from their uncertain prospects of maturing rather than from senescence.
7.3 Phylogenetic Distribution and Evolutionary Origins
Soldiers have evolved repeatedly in aphids, with at least six to nine origins and one or more losses inferred across the two subfamilies concerned (Stern & Foster, 1996) and at least five evolutionary events within the Hormaphidinae alone (Stern, 1994). Horned soldiers of the Cerataphidini appear to have evolved once and been lost once or twice (Stern, 1998), highly specialised soldier castes have evolved at least four times (Fukatsu et al., 2005), and galls have evolved independently within three tribes of the Hormaphidinae (Chen et al., 2014). Gall repair has to be interpreted against a background of repeated and labile social evolution rather than as a step in a single progressive sequence.
Within this background, self-sacrificial repair appears highly restricted. The comparative study that mapped repair onto a phylogeny of five nipponaphidine species found body-fluid plastering only in N. monzeni, non-lethal plugging with wax and exuviae in its congeners N. distyliicola and N. distychii, and no repair in Q. yoshinomiyai or Dermaphis autumna (Kutsukake et al., 2026). The most parsimonious reading is that body-fluid plastering is a recent innovation within Nipponaphis, possibly built upon an ancestral tendency to block breaches with available material. This sequence is a hypothesis rather than an established inference. The phylogeny was based on mitochondrial ribosomal sequences from five species, several other genera of the Nipponaphidini have not been examined for breach responses, and the absence of repair in a species is difficult to establish from limited experiments. The observation that Hormaphis betulae performs cooperative gall cleaning without defending the colony (Kurosu & Aoki, 1991) and that nymphs of all instars in Mordwilkoja vagabunda attack moth larvae (Legan, 2022) shows that maintenance and defence can evolve independently and that social labour may originate in unspecialised individuals. Whether repair arose from defence, from housekeeping or from both is not yet resolvable.
7.4 Co-option, Social Immunity and the Theory of Social Evolution
The mechanistic findings reviewed in Section 5 have direct evolutionary implications. If the repair plaster is an exaggerated form of ordinary haemostasis delivered through the cornicles, then self-sacrificial repair did not require the evolution of new organs or new biochemical pathways, but rather the quantitative amplification and redeployment of existing ones (Kutsukake et al., 2026; Kutsukake, Moriyama, et al., 2019). The presence of soldier-type PO genes at low expression in non-repairing relatives, and the use of a similar lipid secretion for entangling predators by post-reproductive Q. yoshinomiyai, indicate that the raw materials were available in the ancestors of the repairing lineage (Kutsukake et al., 2026). Co-option of this kind lowers the genetic barriers to the evolution of an apparently elaborate trait and is consistent with the repeated recruitment of pre-existing genes for soldier venoms in other aphid lineages (Kutsukake et al., 2008; Lawson et al., 2017).
Recent theory provides a further context. A model of the evolution of social immunity found that such collective protection can be favoured even in simple social systems in which relatedness varies, that it can coevolve with a longer period of colony growth before reproduction, and that it tends to favour larger colonies, which can in turn select for additional castes (M. Liu et al., 2026). The model concerns defence against pathogens, so its application to physical nest repair is an analogy. It is nevertheless striking that N. monzeni, the only aphid known to repair its gall self-sacrificially, also has an exceptionally prolonged gall phase and colonies of more than 2,000 individuals (Kurosu & Aoki, 2009; Kutsukake et al., 2012). Whether collective protection of the gall and prolonged colony maturation have coevolved in the Nipponaphidini is a question that comparative data could address.
Gall repair also bears on the broader classification of social systems. Eusociality in which defence rather than brood care is the primary social act, often called fortress defence, characterises social aphids and some gall-inducing thrips (Crespi, 1992; Lawson et al., 2017). Defence is increasingly viewed as a central axis along which sociality in insects can be organised and compared (Abbot, 2022). Repair extends the fortress concept from guarding the fortress to rebuilding it, and in doing so it links social aphids to a wider class of shelter-maintaining animals. Even solitary insects repair their shelters, as shown by larvae of the jumping bean moth Cydia saltitans, which repair damage to the seed they inhabit more quickly when free to move (Palas et al., 2026). The social version is distinguished by the transfer of the costs of repair to individuals that do not themselves benefit directly.
7.5 Evaluation of Competing Explanations
The main explanations for the evolution and maintenance of self-sacrificial repair, their predictions and the current state of evidence are compared in Table 4. The comparison shows that the explanations are largely complementary rather than mutually exclusive. High clonal relatedness provides the necessary genetic condition, the high value of long-lived closed galls and the low residual reproductive value of juvenile soldiers provide the ecological and demographic conditions, and co-option of haemostatic and cornicle mechanisms provides the developmental route. What distinguishes the explanations is the type of evidence that would confirm or refute each of them. At present only the co-option explanation is supported by direct molecular evidence, and even that support derives from one comparative study. The relatedness, gall-value and reproductive-value explanations rest on plausibility and on analogies with other species, and none has been subjected to a quantitative test in N. monzeni or its relatives.
Table 4. Evolutionary explanations for self-sacrificial gall repair: core predictions, evidence and current status
	Explanation
	Core prediction
	Supporting evidence
	Missing or contrary evidence
	Current status
	Supporting references

	Kin selection under clonal relatedness
	Repairers are clone-mates of the beneficiaries; repair is reduced where clonal mixing is high
	Closed galls limit migration between colonies; RCP polymorphism implies genotypic differences among galls; clonal mixing is low in some social aphids
	No genotyping of Nipponaphis monzeni galls; substantial mixing and selfish intruders in other social aphids
	Plausible, untested
	Abbot et al., 2001; Bryden & Jansen, 2010; Hamilton, 1964; Johnson et al., 2002; Kutsukake, Moriyama, et al., 2019

	High value of long-lived closed galls
	Repair effort scales with residual gall value and probability of loss; self-sacrificial forms are concentrated in long-lived closed galls
	Multi-year galls with more than 2,000 aphids; breached galls without repair died; repair improves gall survival
	Water-absorbing closed galls of Nipponaphis distyliicola are repaired non-lethally; natural breach rates and repair effort unmeasured
	Plausible, partly supported
	Kurosu & Aoki, 2009; Kutsukake et al., 2012; Kutsukake et al., 2026; Kutsukake et al., 2009

	Low residual reproductive value of sacrificing individuals
	Individuals least likely to reproduce before gall maturation discharge first
	Juveniles and post-reproductive adults defend in Quadrartus yoshinomiyai; age-dependent suicidal readiness in termites; soldier phase is temporary in N. monzeni
	Identity, age and condition of discharging soldiers not recorded
	Plausible by analogy, untested
	Kutsukake, Moriyama, et al., 2019; Šobotník et al., 2012; Uematsu et al., 2010; Uematsu et al., 2013

	Exaggeration and co-option of pre-existing mechanisms
	Repair components derive from ancestral haemostasis, PO gene families and cornicle secretion, with orthologues present in non-repairing relatives
	PO-S orthologues expressed at low levels in congeners; similar lipid profiles in Q. yoshinomiyai secretion; parallel co-option of a venom protease
	Origin of LGCs unresolved; small taxon sample; no functional genetic tests
	Supported by molecular comparison; details unresolved
	Kutsukake et al., 2026; Kutsukake, Moriyama, et al., 2019; Kutsukake et al., 2008; Lawson et al., 2017

	Derivation from non-lethal plugging
	Material plugging is ancestral within Nipponaphis, and body-fluid plastering is derived
	Distribution of plugging and plastering on a five-species phylogeny
	Limited sampling; mitochondrial phylogeny only; absence of repair difficult to establish
	Hypothesis
	Kutsukake et al., 2026

	Coevolution of collective protection with prolonged colony maturation
	Lineages with longer gall phases show more elaborate collective protection
	Theory of social immunity; N. monzeni combines a long gall phase with self-sacrificial repair
	Theory concerns pathogens; no comparative test in aphids
	Speculative
	Kurosu & Aoki, 2009; M. Liu et al., 2026


Note. LGCs, large globular cells; PO, phenoloxidase; PO-S, soldier-specific phenoloxidase; RCP, repeat-containing protein. The explanations are largely complementary rather than mutually exclusive.
8. Integrated Synthesis and Appraisal of the Evidence Base
8.1 Strength of Evidence Across Domains
Taken together, the literature supports a coherent account of self-sacrificial gall repair, but the confidence that can be placed in its components differs markedly. The existence of the behaviour, its basic sequence and its benefit to gall survival are well established for N. monzeni by direct observation and experiment (Kurosu et al., 2003; Kutsukake, Moriyama, et al., 2019; Kutsukake et al., 2009). The composition of the plaster and the sufficiency of PO, tyrosine and lipid to generate a hardened clot are well supported by biochemical, histological, transcriptomic and reconstitution evidence, although the in vivo necessity of individual components has not been tested (Kutsukake, Moriyama, et al., 2019). The plant contribution is supported by experimental evidence that regeneration requires a living colony, but the agents and signals involved are unknown (Kutsukake et al., 2009). The evolutionary explanation is supported mainly by inference, with the partial exception of the comparative molecular evidence for co-option (Kutsukake et al., 2026).
The comparative evidence on breach responses in other species is thinner still and rests largely on observation of single populations, positional data or single reports (Aoki & Kurosu, 1991; Kurosu et al., 2006; Pike, 2007; Uematsu et al., 2013). This evidence is nonetheless valuable because it shows that breach responses are diverse, that most are not lethal, and that the self-sacrificial form is a derived extreme rather than the typical case.
8.2 Sources of Bias and Methodological Constraints
Several features of the evidence base limit generalisation. The first is taxonomic concentration. Every mechanistic and most behavioural findings on self-sacrificial repair derive from one species, and the molecular work from galls collected at one locality, so that intraspecific variation in the behaviour, its chemistry and its costs is unknown (Kutsukake et al., 2026; Kutsukake, Moriyama, et al., 2019). The second is concentration of authorship. The core studies were produced within a closely connected group of investigators, which has ensured methodological continuity but means that no finding has been independently replicated by an unconnected laboratory. The third is reliance on artificial breaches. Holes bored by experimenters may differ from natural damage in size, geometry and associated cues, and the behaviour elicited by them may not represent responses to tunnelling larvae or vertebrate damage.
The fourth constraint is the predominance of positive reports. Repair is conspicuous when it occurs, whereas its absence is rarely reported, so that the apparent restriction of self-sacrificial repair to one species may partly reflect the limited number of species in which breaches have been made and observed. The fifth is the geographical and linguistic distribution of the literature. Much of the natural history of social aphids was published in Japanese entomological journals and concerns East Asian and South-East Asian taxa, whereas the European and North American literature has focused on Pemphigus. This review searched regional sources to reduce the risk of overlooking such work, but tropical cerataphidine and nipponaphidine aphids remain poorly studied. The sixth is the absence of individual-level and colony-level cost measurements, which prevents formal evaluation of the evolutionary explanations reviewed in Section 7.
8.3 An Integrative Framework
The evidence can be integrated into a framework that links the ecological trigger, the behavioural response, the physiological mechanism, the plant response and the colony outcome, and that distinguishes relationships demonstrated experimentally from those that are inferred or hypothesised (Figure 1). In this framework a breach of a long-lived closed gall exposes the colony to predation, desiccation and disruption of plant-mediated waste removal. Soldiers in the extended first instar detect the breach through unidentified cues, assemble and discharge haemolymph rich in LGCs, tyrosine and RCP. Rupture of LGCs produces a lipid soft clot that is hardened by PO-generated quinones. The plaster provides immediate closure, after which plant tissue proliferates and seals the wound in a process that depends on the living colony. The framework places these proximate events within an evolutionary layer in which ancestral haemostasis, cornicle discharge and fat-body or haemocyte functions were exaggerated and co-opted, under conditions of presumed high clonal relatedness, high gall value and low residual reproductive value of the sacrificing juveniles.
The principal conclusions of the review, the strength of evidence supporting each and the main sources of uncertainty are summarised in Table 5. The table is intended as a calibration device. It shows that conclusions about what soldiers do and about the material they use can be stated with considerable confidence, whereas conclusions about why the behaviour evolved, how general it is and what it costs should be stated tentatively.
Table 5. Principal conclusions of the review, strength of supporting evidence and key uncertainties
	Conclusion
	Strength of evidence
	Basis
	Key uncertainty
	Supporting references

	Soldiers of Nipponaphis monzeni seal gall breaches with discharged body fluid at high individual cost
	Strong (qualitative)
	Repeated direct observation of experimental breaches
	Natural breach frequency; number of soldiers expended; post-discharge survival
	Kurosu et al., 2003; Kutsukake, Moriyama, et al., 2019

	Closure of breaches improves gall survival
	Strong
	Experiment comparing natural repair, artificial repair and no repair
	Single study; proximate causes of mortality unidentified
	Kutsukake et al., 2009

	The plaster is a two-stage clot of lipid and phenoloxidase-mediated cross-linked protein
	Strong for sufficiency; moderate for in vivo mechanism
	Biochemistry, histology, transcriptomics and reconstitution
	Activation cascade; necessity of components; mechanical properties
	Kutsukake, Moriyama, et al., 2019

	The repair machinery derives from exaggerated and co-opted pre-existing traits
	Moderate
	Comparative transcriptomics, immunohistochemistry and lipid analysis of related species
	Origin of LGCs; limited taxon sampling
	Kutsukake et al., 2026

	Permanent restoration requires plant regeneration that depends on the living colony
	Moderate
	Insecticide treatment aborted regeneration; regrowth-based repair in another lineage
	Agents and signals that stimulate regeneration
	Kutsukake et al., 2009; Pike & Foster, 2004

	Breach responses in other aphids are diverse and mostly non-lethal
	Moderate to limited
	Observations and positional data in few species
	Under-sampling and selective reporting
	Aoki & Kurosu, 1991; Kurosu et al., 2006; Kutsukake et al., 2026; Pike, 2007; Uematsu et al., 2013

	Self-sacrificial repair evolved through kin selection in clonal colonies
	Limited
	Inference from gall closure and theory
	No relatedness or cost–benefit data for the repairing species
	Bryden & Jansen, 2010; Hamilton, 1964; Humphreys & Ruxton, 2019; Kutsukake, Moriyama, et al., 2019

	Repair is concentrated among individuals of low residual reproductive value
	Limited
	Analogy with Quadrartus yoshinomiyai and termites
	Identity of repairing individuals unrecorded
	Šobotník et al., 2012; Uematsu et al., 2010; Uematsu et al., 2013


Note. LGCs, large globular cells. Strength categories follow the qualitative appraisal rubric described in Section 2.3 and reflect the quality and replication of evidence rather than the frequency with which a conclusion has been repeated in the literature.
Figure 1 was developed from the present synthesis and is not adapted from a previously published diagram. Solid arrows denote relationships for which direct experimental or observational evidence exists in N. monzeni, and dashed arrows denote relationships that are inferred from correlational, comparative or theoretical evidence or that remain hypothetical. The figure shows that most links in the proximate chain are supported, whereas the cue-detection step, the identity of the agents stimulating regeneration, and every link in the evolutionary layer except co-option remain hypothetical.
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Figure 1. Integrative framework for self-sacrificial gall repair in Nipponaphis monzeni, developed from the present synthesis rather than adapted from a published diagram. Panel A shows the proximate sequence from gall breach to colony outcome, and Panel B shows the ancestral traits and selective conditions proposed to underlie the evolution of the behaviour. Solid arrows denote relationships supported by direct experimental or observational evidence; dashed arrows denote relationships inferred from correlational, comparative or theoretical evidence or that remain hypothetical. Question marks indicate unresolved components. LGCs, large globular cells; PO, phenoloxidase; RCP, repeat-containing protein.
9. Future Directions
9.1 Immediate Priorities
The most pressing need is to quantify the costs and benefits of repair under natural conditions. The current evidence shows that repaired galls survive better than unrepaired ones (Kutsukake et al., 2009), but it does not reveal how often galls are breached in nature, how many soldiers are expended per repair, or how repair affects the eventual production of alates. Longitudinal field studies that mark galls of Nipponaphis monzeni at several localities over successive years, record natural damage and its agents, and combine these observations with standardised experimental breaches of different sizes and at different gall ages would supply the missing parameters. Appropriate outcome measures include gall survival, the number of alates emerging from each gall, the number and developmental state of soldiers lost in each repair event, and the time course of plant regeneration. Including artificially sealed galls as a treatment, as in the original experiment, would allow the value of soldier-made plugs to be separated from the value of closure itself. Such data would permit, for the first time, a direct test of the prediction that repair effort scales with the residual value of the gall.
A second immediate priority is to measure relatedness within galls of N. monzeni. The assumption of clonality is central to every evolutionary interpretation of self-sacrificial repair, yet it has not been tested in this species, whereas microsatellite methods have already revealed substantial clonal mixing in other social aphids (Abbot et al., 2001; Johnson et al., 2002). Genotyping a representative sample of inhabitants from many galls with microsatellites or genome-wide markers, and specifically genotyping the soldiers that participate in repair, would establish whether repairers are clone-mates of the colonies they protect and whether intruders, if present, avoid repair as they avoid defence in Pemphigus obesinymphae (Abbot et al., 2001).
A third priority concerns the behavioural mechanism. Video tracking of individually marked soldiers during standardised breaches, combined with manipulation of candidate cues such as air flow, humidity, light, intruder contact and chemical extracts of discharged secretion, would identify how breaches are detected and how soldiers are recruited. Recording the age, size, position and nutritional state of the individuals that discharge, relative to those that do not, would test whether repair is concentrated among individuals of low residual reproductive value. The artificial diet systems that have enabled controlled behavioural and chemical experiments with soldiers of Tuberaphis styraci (Shibao et al., 2021; Shibao et al., 2022) suggest that comparable laboratory approaches may be feasible for nipponaphidine species, although the closed and long-lived galls of N. monzeni make this technically more demanding.
A fourth priority is functional testing of the plaster. Knockdown or knockout of the soldier-specific PO gene, the RCP gene and the host gene responsible for tyrosine synthesis would establish whether each is necessary for clotting in vivo, a question that the reconstitution experiments could not answer (Kutsukake, Moriyama, et al., 2019). Mechanical testing of plugs for strength, adhesion and permeability, and assays for antimicrobial activity, would clarify what properties distinguish the plaster from simpler sealants such as wax and exuviae. These experiments would convert the current mechanistic model from one of sufficiency to one of necessity.
9.2 Longer-Term Research Needs
Over the longer term, the restricted taxonomic basis of the field must be broadened. A comparative survey of breach responses across the Nipponaphidini, including tropical genera and species that form galls on hosts other than Distylium racemosum, together with selected cerataphidine and eriosomatine species, would reveal whether self-sacrificial repair is truly unique to N. monzeni or merely undocumented elsewhere. Standardised breach assays and multilocus nuclear phylogenies would allow ancestral states to be reconstructed and correlated with gall longevity, gall closure, colony size and enemy communities (Chen et al., 2014; Fukatsu et al., 2005; Kutsukake et al., 2026; Pike et al., 2007). This work would test the hypothesis that body-fluid repair evolved from non-lethal material plugging and would identify the ecological conditions under which the more costly form is favoured.
The developmental origin of large globular cells should be resolved by lineage-tracing and single-cell transcriptomic studies of soldier-destined embryos, comparing the candidate progenitors identified in previous work, namely haemocytes, fat body cells and cornicle-associated lipid cells (Kutsukake et al., 2026; Kutsukake, Moriyama, et al., 2019; Schmitz et al., 2012). A chromosome-level genome of N. monzeni and its non-repairing congeners would allow the duplication history and regulatory evolution of the phenoloxidase gene family to be reconstructed in the same way that molecular studies are beginning to illuminate the regulation of caste differentiation in other social aphids (Zhang et al., 2024).
On the plant side, transcriptomic and hormonal profiling of wound-margin tissue in inhabited and uninhabited galls, together with experiments that remove soldiers selectively while leaving other colony members, would identify the signals and agents that drive regeneration. Recent advances in the identification of aphid effectors that shape gall development (Korgaonkar et al., 2021) and in the characterisation of host reprogramming during gall induction (Hirano et al., 2020; Takeda et al., 2021) provide the tools for this work. Theoretical models of soldier investment (Aoki & Imai, 2005; Aoki & Kurosu, 2004) and of the inclusive fitness consequences of clonal mixing (Bryden & Jansen, 2010) should be extended to include repair, in which the benefit is the restoration of a resource whose value changes over a multi-year gall cycle. Such models could also explore whether collective protection of the gall coevolves with prolonged colony maturation, as recent theory on social immunity would predict for pathogen defence (M. Liu et al., 2026).
Collectively, these priorities would move the study of gall repair from a well-documented case towards a comparative and quantitative research programme. The immediate field and genetic studies are achievable with existing methods and would resolve the most important uncertainties about cost, benefit and relatedness. The longer-term comparative, developmental and theoretical work would determine whether self-sacrificial repair is an isolated curiosity or a representative example of how extreme altruism is assembled from ordinary physiological parts.
10. Conclusions
Self-sacrificial gall repair in social aphids is best understood as a lineage-specific extreme within a wider spectrum of breach responses. In Nipponaphis monzeni, first-instar soldiers that are developmentally capable of later reproduction detect breaches of the colony's long-lived closed gall, discharge their body fluid onto the wound and mould it into a plug, frequently at the cost of their own lives. Other gall-dwelling aphids respond to damage by plugging breaches with wax and shed skins, by inducing slower regrowth of gall tissue, by blocking openings with their bodies or by concentrating defenders at the breach, and these responses are generally not lethal to the individuals that perform them.
The mechanistic basis of the plaster is the most securely established part of the subject. The plug is a two-stage clot in which lipid released from specialised cells forms an immediate soft seal that is hardened and melanised by phenoloxidase-generated quinones acting on abundant tyrosine and structural proteins. This machinery is an exaggerated and redirected version of the wound-sealing capacity present in insects generally, assembled from gene families that also exist, at low expression, in related species that do not repair with body fluid. The developmental origin of the specialised cells, the in vivo necessity of individual components and the physical performance of the plug remain unresolved.
Repair is completed by the host plant. The insect plaster provides immediate closure and improves gall survival, whereas permanent restoration of the wall depends on plant tissue proliferation that occurs only when the colony is alive. Because artificial sealing also improves survival, the adaptive value of self-sacrificial repair appears to lie primarily in the speed and availability of closure by individuals already inside the gall rather than in a unique protective property of the material. How the colony stimulates plant regeneration is unknown.
The evolutionary interpretation of self-sacrificial repair as kin-selected altruism under clonal relatedness is plausible and consistent with the ecology of closed, multi-year galls and with the low residual reproductive value of juvenile soldiers, but it has not been tested directly. Relatedness within repairing colonies, the frequency and costs of natural breaches, the identity of the individuals that sacrifice themselves and the phylogenetic history of the behaviour have yet to be measured. The strongest defensible conclusion is that gall repair demonstrates how individual immune and secretory mechanisms can be co-opted for the protection of a shared, plant-built resource. Whether it also exemplifies the general conditions under which suicidal altruism evolves remains an open question that the field is now equipped to answer.
11. Limitations
This review has the intrinsic limitations of the narrative design. Although the search strategy, eligibility criteria and appraisal rubric were defined and reported transparently, the selection and interpretation of sources involved judgement, and selection bias and interpretive bias cannot be excluded. A narrative review does not require the procedural apparatus of a systematic review, such as screening and deduplication counts, flow diagrams or independent appraisal by multiple reviewers, and these were not produced. The confidence statements offered here are qualitative judgements rather than formal grades derived from a validated risk-of-bias instrument.
The search relied on openly accessible databases and regional scholarly resources, and subscription citation indexes were not searched, so that some relevant records may have been missed. For several older or subscription-only articles, the full text could not be obtained, and their findings were verified from abstracts, publisher records or detailed descriptions in later primary studies. The review was restricted to English-language publications and to Japanese-language publications with English titles and abstracts, which may have excluded relevant natural-history observations reported only in Japanese, Chinese or other languages.
The evidence base itself constrains what can be concluded. The core literature on self-sacrificial repair concerns a single species, studied at few localities by a closely connected group of investigators, and the comparative evidence on other species is fragmentary and heterogeneous in design. Studies differ in their taxa, life stages, experimental procedures and outcome measures, which precluded any quantitative synthesis. The literature is also likely to be affected by the selective reporting of conspicuous behaviours, because the absence of repair is seldom documented. Finally, the field is developing, and comparative molecular evidence published shortly before the end of the search period has already altered interpretations of the cellular origin of the repair secretion, so that some conclusions presented here may require revision as new data appear.
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