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Abstract

Postharvest discoloration is one of the primary factors limiting the quality, shelf life, and
marketability of lettuce. Although substantial progress has been made in understanding
the physiological and biochemical basis of lettuce discoloration, inconsistent terminology,
subjective assessment methods, and fragmented investigation of contributing factors have
limited comparisons among studies and slowed progress towards elucidating the mech-
anisms regulating development of this physiological disorder. This review synthesizes
current knowledge of lettuce discoloration by integrating disorder classification, physiolog-
ical and biochemical mechanisms, genetic regulation, preharvest and postharvest factors
that influence the shelf life, objective phenotyping approaches, and mitigation strategies.
While gas-induced disorders are discussed to provide a comprehensive perspective, par-
ticular emphasis is placed on wound-induced oxidative discoloration and the growing
body of evidence suggesting that browning and pinking may represent related but dis-
tinct oxidative phenotypes, although their physiological relationship remains unresolved.
Inconsistencies in terminology and phenotype classification across the literature are also
highlighted, and suggestions are provided to improve clarity and consistency in reporting.
Recent advances in digital imaging and hyperspectral sensing, coupled with machine
learning and molecular biology, provide new opportunities to objectively characterize
discoloration phenotypes and improve understanding of the physiological, biochemical,
and genetic mechanisms underlying discoloration development. Integrating these technolo-
gies with physiological, biochemical, and genetic research will be essential for improving
mechanistic understanding and developing more effective strategies to predict, mitigate,

) Check for updates and breed for reduced postharvest discoloration in lettuce and in other fresh produce.

Academic Editor: Isabel Lara Keywords: lettuce; postharvest; oxidative discoloration; browning; pinking

Received: 14 September 2026
Revised: 2 October 2026
Accepted: 3 October 2026
Published: 8 October 2026 1. Introduction
Copyright: © 2026 by the authors.
Licensee MDPI, Basel, Switzerland.

Lettuce (Lactuca sativa L.) is the most widely consumed leafy vegetable worldwide and

o , represents one of the most economically important horticultural crops due to its nutritional
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retail. Postharvest handling and mechanical injury, particularly during fresh-cut process-
ing, can accelerate physiological deterioration, resulting in quality losses associated with
discoloration, moisture loss, texture deterioration, off-flavor development, and microbial
spoilage [1-3]. Among these quality defects, postharvest discoloration remains one of the
principal causes of reduced marketability, retailer and consumer rejection, and economic
losses throughout the fresh-cut supply chain [2,4].

Although discoloration is often discussed as a single postharvest disorder, it encom-
passes several physiologically distinct disorders that differ in their causes, symptoms,
and underlying mechanisms. Gas-induced disorders, including brown stain and russet
spotting, develop primarily in response to ethylene exposure and unfavorable storage
atmospheres. Rusty brown discoloration represents a separate physiological disorder of
unclear etiology, while oxidative discoloration results from wound-induced activation of
phenolic metabolism during harvest, processing, and other operations that induce mechani-
cal injuries [2,5,6]. Within oxidative discoloration, browning and pinking have traditionally
been considered variations of the same physiological process, yet increasing evidence sug-
gests that these discolorations may differ in their visual phenotype, biochemical processes,
genetic regulation, and responses to environmental and postharvest factors [7-9]. However,
the strength of evidence differs among these levels, and their precise physiological relation-
ship remains unresolved. Determining whether these discolorations represent biologically
distinct responses or alternative manifestations of a shared oxidative process has important
implications for interpreting experimental results, identifying candidate genes, developing
objective phenotyping methods, and designing targeted postharvest management strate-
gies. At the same time, inconsistent terminology and variable experimental methodologies
have complicated comparisons among studies and hindered the development of a unified
understanding of lettuce discoloration.

Over the past several decades, substantial progress has been made in characterizing
the physiology, biochemistry, genetics, and environmental regulation of lettuce discol-
oration. Research has identified candidate genes, key metabolic pathways, and postharvest
factors associated with discoloration development while also leading to numerous physical
and chemical mitigation strategies. Nevertheless, many studies continue to evaluate discol-
oration using subjective visual assessments and broad classifications that fail to distinguish
among individual discoloration phenotypes. Recent advances in digital imaging, spectral
sensing, machine learning, and molecular biology provide opportunities to integrate objec-
tive phenotyping with physiological and genetic investigations, allowing discoloration to
be studied with greater precision than previously possible.

This review synthesizes current knowledge of lettuce discoloration by integrating
terminology, symptom classification, physiological and biochemical mechanisms, genetic
regulation, preharvest and postharvest factors that influence discolorations, objective phe-
notyping approaches, and current mitigation strategies. Particular emphasis is placed on
distinguishing gas-induced and oxidative disorders, evaluating the evidence supporting
browning and pinking may represent related by distinct oxidative phenotypes, and high-
lighting inconsistencies in terminology and phenotype classification across the literature.
Ultimately, this review identifies greater consistency in terminology and objective pheno-
type classification as important areas for future research, alongside greater integration of
physiological, biochemical, and genetic research in postharvest biology.

2. Types of Postharvest Discoloration in Lettuce

Postharvest discoloration represents a range of physiological disorders that negatively
impact visual quality, marketability, and shelf life of lettuce. Although these disorders
do not compromise food safety, even minor visual defects substantially reduce consumer
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acceptance and frequently result in product rejection. Broadly, lettuce discoloration can be
categorized into three major categories: (i.) gas-induced physiological disorders, (ii.) rusty
brown discoloration, and (iii.) oxidative discoloration. Gas-induced discoloration is caused
by imbalances in atmospheric gases and exposure to ethylene, rusty brown discoloration
has an unclear etiology, and oxidative discoloration is associated with phenolic metabolism
and oxidative reactions that are often initiated by wounding or tissue senescence. These
categories are distinguished by their etiology, symptom development, and management
strategies (Figure 1).

Major Postharvest Discoloration Disorders in Lettuce

Visual phenotypes and classification of major postharvest discoloration disorders
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brown pigmentation that
develops along midribs, cut
dges, and other damaged tissues

Diffuse rust-brown pigmentation
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midribs, or entire leaf surfaces,
although the underlying cause
remains unclear

develop mainly along veins
and midribs

Figure 1. Classification of the major postharvest discoloration disorders affecting lettuce. Created in
BioRender. Haynes, B. (2026) https://BioRender.com/slublrd (accessed on [6 October 2026]).

2.1. Gas-Induced Physiological Disorders

Gas-induced physiological disorders develop primarily during storage and transport
as a result of exposure to elevated carbon dioxide concentrations or exogenous ethylene.
Lettuce can tolerate relatively low oxygen (O,) concentrations (around 0.5-2%), although
excessively low O, concentrations (<0.5%) may result in anaerobic metabolism and as-
sociated quality deterioration rather than a distinct discoloration disorder [5]. Unlike
oxidative discoloration, these disorders are not initiated by mechanical injury but instead
reflect altered cellular metabolism caused by atmospheric stress. Brown stain and russet
spotting represent the two principal gas-induced physiological disorders described in
lettuce and are distinguished by their environmental triggers, anatomical distribution, and
symptom progression.

2.1.1. Brown Stain

Brown stain is induced by prolonged exposure to elevated carbon dioxide (CO,) levels,
generally exceeding 5%, during storage or transport [10]. While brown stain can affect all
lettuce, symptoms are most noticeable on crisphead and romaine types. Symptoms typically
appear as sunken brown lesions on epidermal tissue surrounding the basal midrib, with
lesions enlarging and coalescing as storage progresses (Figure 1). Since severe symptoms
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significantly reduce visual quality and shipping value, brown stain is recognized as an
important physiological disorder in commercial lettuce production [11].

2.1.2. Russet Spotting

Russet spotting in lettuce is an ethylene-induced disorder that can develop following
exposure to ethylene concentrations as low as 0.1 ppm [12]. Though lettuce is not an active
ethylene producer, it can still be exposed to ethylene from other sources like propane forklift
emissions, transportation and storage with mixed loads, particularly proximity to ethylene-
releasing fruits [13]. Symptoms consist of numerous small yellow to reddish-brown lesions
concentrated along veins and midribs (Figure 1). U.S. Department of Agriculture Grade
Standards for Lettuce are stricter for russet spotting than for brown stain, with any presence
of russet spotting capable of rejection during shipment [11].

2.2. Rusty Brown Discoloration

Rusty brown discoloration (formerly known as rusty rib) is a comparatively uncom-
mon but economically severe disorder observed in specific lettuce cultivars mainly grown
in California and Arizona. Unlike brown stain and russet spotting, the etiology of this
disorder remains unclear, though it is believed to initiate preharvest and progress during
postharvest storage. Symptoms appear as diffuse rust-brown pigmentation along veins,
midribs, or entire leaf surfaces [14,15] (Figure 1), and are consistently classified as serious
damage under commercial grading standards [11].

Anatomical studies of these three physiological disorders demonstrate clear differences
in discoloration location, lesion size, and symptom progressions. A study by Ilker et al. [16]
evaluated crisphead lettuce under simulated conditions and reported that brown stain
lesions were confined to epidermal tissue and were darker in color and extended across a
larger surface area. In contrast, russet spotting lesions were typically smaller, well-defined,
and highly localized, occurring within epidermal, mesophyll, or vascular layers. Although
these two disorders can visually resemble one another, examination of inner heart leaves
can aid in differentiation, as brown stain is often associated with reddish-brown margins or
completely discolored inner leaves [15]. Rusty brown discoloration exhibits a more distinct
anatomical progression, beginning in the epidermis as a mosaic-like browning pattern
and advancing into mesophyll tissue at later stages [16]. Additionally, spatial patterns of
symptom development differ, with rusty brown discoloration commonly observed on the
adaxial (upper/inner) surface of leaves and brown stain initially developing on the abaxial
(lower/outer) surface [16].

2.3. Oxidative Enzymatic Discoloration

Oxidative discoloration develops primarily in response to mechanical injury and
senescence, which stimulates phenolic metabolism and subsequent oxidative reactions in
lettuce tissue. Unlike gas-induced disorders, oxidative discoloration is closely associated
with harvesting, cutting, processing, and other forms of tissue damage. Browning and
pinking represent the two major oxidative discoloration phenotypes reported in lettuce,
although their physiological relationship has not been fully resolved.

2.3.1. Browning

Browning represents a major category of oxidative discoloration and is character-
ized by the development of yellow-bronze to dark brown pigmentation on wounded or
senescing tissues (Figure 1). Symptoms are frequently observed along cut edges, damaged
leaf lamina, and other injured tissues, making browning a persistent quality defect in
fresh-cut, minimally processed, and whole-head lettuce [12,15]. The severity and extent
of browning can vary depending on lettuce type, cultivar, tissue age, handling practices,
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and storage conditions. Under USDA grading standards, browning contributes to overall
quality deterioration and may be classified as damage or serious damage depending on the
number of leaves affected and the extent and visibility of affected tissue [11].

2.3.2. Pinking

Pinking is another prominent oxidative discoloration disorder affecting lettuce, char-
acterized by the appearance of light pink to rust pigmentation along leaf midribs (pink
rib) and on cut surfaces, including butt (cut) ends and leaf margins (pinking) [12,15,17]
(Figure 1). Although pinking is most noticeable in romaine and crisphead lettuce, it has
been reported across multiple lettuce types and related chicory crops, including endive and
escarole [18]. Similar to browning, pinking is commonly associated with mechanical injury
and postharvest senescence. As symptom development can greatly affect visual quality,
moderate to severe pinking is considered a commercially important grading defect [11].

Both browning and pinking occur in similar tissue regions and are commonly asso-
ciated with similar stress conditions. While symptoms may be present in the field, these
disorders usually develop within 2448 h after harvest during processing, storage, trans-
port, or retail. The specific cause of each response has not yet been identified, but several
pre- and postharvest factors influence their incidence and severity [12]. Although oxidative
browning and pinking share several visual and environmental similarities, whether they
represent distinct physiological disorders remains unresolved. The following sections
synthesize current physiological, biochemical, and genetic evidence to evaluate whether
these disorders represent a common oxidative response or distinct oxidative phenotypes.

3. Biochemical and Physiological Basis of Postharvest Lettuce Discoloration

Although gas-induced disorders, rusty brown discoloration, and oxidative disorders
contribute to postharvest discoloration in lettuce, research efforts over the last few decades
have focused primarily on oxidative discoloration as its underlying mechanisms remain
less understood. The physiological basis of gas-induced disorders has been relatively
well established, with brown stain primarily associated with carbon dioxide and russet
spotting induced by ethylene exposure. In contrast, the basis for rusty brown discol-
oration remains less clear, though research has pointed towards additional pathological
and physiological factors.

3.1. Brown Stain (CO; Injury)

Brown stain in lettuce results from prolonged exposure to elevated CO, concentrations
during storage, which disrupt normal cellular metabolism and membrane function. Early
controlled-atmosphere studies demonstrated that symptom development increases with increas-
ing CO, concentrations (2.5-10%) and is often intensified following transfer from refrigerated
storage to ambient conditions [10,19,20]. Although oxygen concentration can also influence
symptom severity, the relative importance of oxygen appears to differ among lettuce types, with
crisphead lettuce generally exhibiting greater sensitivity than butterhead lettuce [21].

3.2. Russet Spotting

Unlike brown stain, russet spotting is an ethylene-mediated physiological disorder in
lettuce. Exposure to ethylene rapidly stimulates the phenylpropanoid metabolism, resulting
in increased phenylalanine ammonia-lyase (PAL) activity, accumulation of phenolic com-
pounds, and subsequent lesion development [22,23]. Symptom development is strongly
influenced by postharvest conditions, with storage at 0 °C greatly suppressing russet spot-
ting compared to lettuce stored at 5 °C under ethylene exposure [23]. Tissue maturity also
affects susceptibility. Younger lettuce tissues are less responsive to ethylene, while mature
tissues develop progressively greater symptom severity that closely parallels increased PAL
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activity [24]. In contrast, polyphenol oxidase (PPO) activity appears relatively unaffected
by tissue age or ethylene exposure [24], suggesting that enhanced phenolic biosynthesis
rather than changes in PPO is more closely associated with symptom development.

3.3. Rusty Brown Discoloration

The physiological basis of rusty brown discoloration remains considerably less under-
stood than that of brown stain or russet spotting. Early studies associated symptom devel-
opment with lettuce mosaic virus infection, as symptoms developed almost exclusively
in infected plants during a two-week storage period at 1 °C [25]. Unlike other disorders,
symptom development is also not promoted by elevated storage temperatures and instead
occurs most readily under optimal cold storage conditions of 0-5 °C [14,15]. Additional
research is needed to clarify the physiological mechanisms underlying this disorder.

3.4. Oxidative Discoloration

Unlike gas-induced disorders, which arise primarily from unfavorable storage atmo-
spheres, oxidative discoloration is initiated by endogenous wound responses triggered
during harvesting, processing, and postharvest handling. Mechanical injury activates a
coordinated defense response that stimulates phenolic biosynthesis, oxidative metabolism,
and pigment formation, ultimately producing the brown and pink discoloration character-
istic of wounded lettuce tissue. Although the general biochemical framework underlying
oxidative discoloration has been well established, the mechanisms determining why injured
tissue develops either brown or pink pigmentation remain unresolved.

Mechanical injury rapidly activates the phenylpropanoid pathway, the principal
metabolic pathway responsible for synthesizing phenolic compounds involved in struc-
tural reinforcement, pathogen defense, and wound healing. Phenylalanine ammonia-lyase
(PAL), the first committed and rate-limiting step of this pathway, converts L-phenylalanine
into trans-cinnamic acid and directs carbon toward the production of hydroxycinnamic
acid derivatives and other secondary metabolites [2,26]. As a result, PAL activity in-
creases within hours after wounding and is accompanied by continued accumulation
of chlorogenic acid, caffeic acid, chicoric acid, and related phenolic compounds during
storage [6,22,27-29]. This wound-induced phenolic biosynthesis provides the substrate
pool required for subsequent oxidation and pigment formation.

Under normal physiological conditions, phenolic compounds are compartmentalized
within the vacuole and spatially separated from oxidative enzymes located in other cellular
compartments preventing premature oxidation [3]. Once lettuce tissues are disrupted, this
compartmentalization is lost allowing phenolic substrates to come into contact with oxida-
tive enzymes, initiating the biochemical reactions responsible for discoloration. Among
the oxidative enzymes, polyphenol oxidase (PPO) is considered the primary catalyst of
enzymatic discoloration in lettuce, oxidizing o-diphenolic substrates such as chlorogenic
acid and caffeic acid into highly reactive o-quinones [2,26]. These quinones further undergo
a complex series of reactions with amino acids, proteins, antioxidants, and other phenolic
compounds to generate the colored polymers responsible for visible browning and pink-
ing [2,26]. Peroxidase (POD) has also been implicated in phenolic oxidation under certain
physiological conditions, although its contribution appears considerably less consistent
than that of PPO.

Although this biochemical pathway is well established, the factors governing discol-
oration severity and phenotype remain less clear. Early studies consistently associated
increased PAL activity with accelerated browning development and proposed PAL as
a potential indicator of discoloration susceptibility and postharvest shelf life [5,6,22,30].
However, later investigations demonstrated that variation in browning among lettuce
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genotypes could not be directly explained by the activities of PAL, PPO, or POD, nor by
differences in total phenolic content, individual phenolic compounds, or ascorbic acid
concentrations [4,26,29,31,32]. These findings indicate that neither oxidative enzyme ac-
tivity nor phenolic accumulation alone adequately predicts discoloration susceptibility.
Recent evidence further suggests that other metabolic processes, including cellular energy
metabolism, may contribute to postharvest discoloration in lettuce [33]. This uncertainty
has contributed to an ongoing debate regarding the relationship between browning and
pinking. Generally, these disorders have been considered manifestations of the same
wound-induced oxidative process, with differences in coloration mainly attributed to varia-
tion in phenolic substrate composition, oxidation state, and pigment polymerization [26,34].
This interpretation is supported by observations that pink pigmentation may precede
darker brown discoloration during storage, suggesting that browning represents a later
stage of pigment development [35]. However, observations across the literature remain
inconsistent. While some studies describe a transition from pink to brown pigmentation
during storage, others report pinking as the predominant discoloration phenotype at the
end of storage under differing production environments [26,34,35]. More recently, several
physiological, biochemical, and genetic studies have challenged the notion that browning
and pinking are simply sequential stages of the same disorder, instead suggesting that
they represent related but partially distinct physiological responses regulated through
overlapping mechanisms [7-9,36].

One explanation for these contrasting observations is that the composition of the
phenolic substrate pool, rather than the overall concentration, may be more important
in determining discoloration phenotype. Lettuce contains numerous hydroxycinnamic
acid derivatives, including chlorogenic acid, caffeic acid, chicoric acid, and isochloro-
genic acid, with chlorogenic acid generally representing the predominant phenolic com-
pound [26,28,37]. Among these compounds, chlorogenic acid has been associated primarily
with brown pigment formation, while caffeic acid has been proposed as a key precursor of
pink pigmentation [2]. Supporting this hypothesis, Mai and Glomb [31] demonstrated that
oxidation of caffeic acid generates benzacridine pigments exhibiting characteristic pink-red
coloration, and oxidation of chlorogenic acid predominantly produces brown polymers.
Likewise, Teng et al. [29] proposed that caffeic acid-derived o-quinones serve as impor-
tant intermediates in pink pigment formation, while chlorogenic acid-derived quinones
contribute largely to browning. Together, these findings suggest that the development of
pink vs. brown pigmentation may depend partly on the relative composition of phenolic
substrates and the subsequent reactions of their oxidative products rather than simply on
total phenolic concentration or overall oxidative enzyme activity.

Anthocyanins are also known to contribute to red and pink pigmentation in many
plant tissues and have therefore been proposed as contributors to the pink coloration
observed in wounded lettuce tissues. In red-pigmented lettuce, Ferreres et al. [37] identified
cyanidin 3-malonylglucoside as the primary anthocyanin pigment, with concentrations
differing among white, green, and red tissues. Although anthocyanin concentrations were
highest in red tissue, wounding also induced an increase in cyanidin 3-malonylglucoside
in the predominantly white midrib tissue during cold storage [37]. However, this increase
occurred alongside brown discoloration, while anthocyanin concentrations decreased
during storage in both green and red tissues [37]. Therefore, although anthocyanins
contribute to red pigmentation in lettuce and may respond to wounding, their specific
involvement in postharvest oxidative pinking remains unclear. Direct evidence linking
anthocyanins to the characteristic pink pigmentation observed during postharvest oxidative
discoloration is currently lacking.
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More broadly, the proposed relationships between specific substrates and the develop-
ment of pink or brown discoloration have not been consistently validated under in vivo
conditions. For example, variation in individual phenolic compounds and total phenolic
concentrations does not consistently correspond with differences in discoloration severity
among lettuce genotypes [4,26,38]. In addition, Saltveit [2] proposed that chlorogenic acid
may influence pigment development not only as a substrate for brown polymer forma-
tion but also as an antioxidant capable of reducing caffeic acid-derived quinones, thereby
altering the balance between pink and brown pigment production.

Collectively, these findings suggest that oxidative discoloration is governed by coordi-
nated interactions among wound-induced phenolic biosynthesis, substrate composition,
oxidative enzyme activity, antioxidant capacity, and downstream pigment chemistry rather
than by the abundance or activity of any single biochemical component. Consequently,
although the biochemical pathway responsible for oxidative discoloration is largely un-
derstood, the mechanisms determining whether wounded lettuce ultimately develops
brown or pink pigmentation remains one of the key unresolved questions in postharvest
lettuce physiology.

4. Genetic and Molecular Basis of Postharvest Lettuce Discoloration
4.1. Genetic Variation in Discoloration Susceptibility

Gas-induced postharvest disorders in lettuce have been less extensively studied from
a genetic perspective, though clear genotype-dependent differences in susceptibility have
been reported, particularly in crisphead lettuce. Ethylene-induced russet spotting, for exam-
ple, developed readily in cultivars such as Salinas and Winter Haven but remained minimal
in Calmar, corresponding with cultivar-specific induction of phenylalanine ammonia-lyase
(PAL) activity [22,24]. Genetic variation has also been reported for brown stain, with Calmar
consistently identified among the most susceptible cultivars and Climax among the least
susceptible [39,40]. In contrast, rusty brown discoloration has historically been associated
almost exclusively with Climax, an older crisphead cultivar released in 1958 [15,25,40].

These older studies demonstrate that gas-induced disorders are not governed solely
by postharvest atmospheric conditions but are strongly influenced by genotype-dependent
physiological responses. However, unlike oxidative discoloration, the genetic architec-
ture underlying these disorders remains poorly characterized, with little integration of
modern genomic, transcriptomic, or functional genetic approaches. In contrast, oxidative
discoloration traits in lettuce exhibit substantial phenotypic variability across genotypes,
environments, and production systems. Significant differences in both browning and pink-
ing have been reported among butterhead, crisphead, leaf, Latin, and romaine cultivars
under diverse field and controlled-environment conditions [9,26,29,41,42].

Among these studies, Peng et al. [42] evaluated stem and rib browning across 12 ro-
maine accessions and found that genetically related cultivars frequently exhibited similar
discoloration responses. Lettuce cultivars Darkland, Parris Island Cos, Green Towers,
and Hearts Delight clustered genetically and exhibited low browning, while King Henry
and Tall Guzmaine developed severe browning [42]. Genotypic variation in pinking has
similarly been reported both across and within lettuce horticultural types, with romaine
accessions generally exhibiting greater pinking severity than crisphead, butterhead, leaf,
and Latin types [41]. Notably, Tall Guzmaine and King Henry, identified above as high-
browning cultivars, also exhibited high pinking severity, while Hialeah, Holbrook, and
Okeechobee (romaine), H1098 (crisphead), Palmetto (butterhead), Cordoba and Galac-
tic (leaf), and accession 45060 (Latin) exhibited lower pinking severity [41]. Despite this
broad genetic variation, no lettuce genotype has been identified that exhibits complete
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resistance to both browning and pinking, emphasizing the quantitative and complex nature
of these traits.

4.2. Genetic Relationship Between Oxidative Pinking and Browning

Although browning and pinking arise through a common wound-induced oxida-
tive pathway, accumulating evidence suggests that they represent related, yet genetically
distinguishable, physiological responses rather than different manifestations of a single
disorder. Across diverse germplasm, browning and pinking generally exhibit weak or
negative correlations, indicating that resistance to one form of oxidative discoloration
does not reliably predict resistance to the other [7,8,29]. Individual genotypes frequently
display high susceptibility to one phenotype while remaining relatively resistant to the
other, suggesting that these traits are under largely independent genetic control.

Phenotypic observations further support this interpretation. Both Atkinson et al. [7]
and Cantos et al. [26] reported that browning predominated during the early stages of
storage, while pink discoloration became increasingly apparent later, suggesting tempo-
ral shifts in phenolic metabolism and pigment formation. However, Hunter et al. [8]
strengthened the genetic evidence by identifying a significant negative correlation between
browning and pinking within a recombinant inbred line (RIL) population, concluding that
the two discoloration phenotypes are likely regulated through overlapping but partially
independent genetic mechanisms rather than representing a simple linear progression from
one to the other.

4.3. Heritability, Quantitative Trait Loci, and Genome-Wide Association Studies

High heritability estimates further demonstrate the strong genetic basis of oxidative
discoloration in lettuce. Broad-sense heritability values of 0.92 for rib discoloration and 0.90
for stem discoloration have been reported across years and environments, together with
a strong correlation (r = 0.89) between these traits, indicating that genetic factors account
for much of the observed phenotypic variation [42,43]. Genetic mapping studies further
demonstrate that postharvest discoloration is a heritable trait controlled by multiple loci.
The ‘Saladin x Iceberg” Recombinant Inbred Line mapping population in particular, has
emerged as a central genetic resource for deciphering genetic controls of oxidative discol-
oration in lettuce. Initial quantitative trait loci (QTL) analyses identified loci associated
with browning, pinking, and overall discoloration distributed across linkage groups 4, 7,
and 9, with individual loci explaining between 11 and 23% of the phenotypic variation [44].
Subsequent development of higher-density genetic maps substantially refined these regions
and identified additional QTLs associated with browning, pinking, and total discoloration,
increasing the proportion of explained phenotypic variation to 33-35% [8].

Candidate genes identified within these genomic regions include enzymes involved
in phenylpropanoid, flavonoid, terpene, and alkaloid metabolism, together with genes
associated with oxidative stress, membrane transport, water movement, and wound re-
sponses [8]. More specifically, Hunter et al. [8] identified candidate genes associated with
phenylpropanoid metabolism, including PAL, C4H, 4CL, HCT, C3H, and COMT, providing
a direct genetic connection between mapped discoloration loci and the pathway responsible
for wound-induced phenolic biosynthesis. Candidate genes associated with downstream
phenolic and flavonoid metabolism were also identified, including CCR, CAD, and DIR
in regions associated with browning and CHS, CHI, F3H, FLS, DFR, and ANS in regions
associated with pinking [8]. These findings suggest that genetic differences in discoloration
phenotype may involve variation at multiple steps of phenolic biosynthesis and down-
stream secondary metabolism rather than regulation by a single component. The principal
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candidate genes and regulatory pathways implicated in postharvest oxidative discoloration
are summarized in Table 1.

Table 1. Candidate genes and regulatory pathways associated with postharvest oxidative discol-
oration in lettuce.

Gene/Family Function glslsoaated Evidence Key References
enotype
PAL (LsPAL1-LsPALDb) Phenylpropanoid biosynthesis Both Biochemical, QTL/Expression  [2,7,8,36,44—46]
C4H Phenylpropanoid biosynthesis Both Transcriptomics [8]
4CL Phenylpropanoid biosynthesis Both Transcriptomics [8]
HCT Phenylpropanoid biosynthesis Both Transcriptomics [8]
C3H Phenylpropanoid biosynthesis Both Transcriptomics [8]
COMT Phenylpropanoid biosynthesis Both Transcriptomics [8]
CCR Phenylpropanoid biosynthesis Browning Transcriptomics [8]
CAD Phenylpropanoid biosynthesis Browning Transcriptomics [8]
DIR Phenolic polymerization Browning Transcriptomics [8]
PPO Oxidative enzyme Both Biochemical, Expression [7,8,26,36,43]
POD/PRX Oxidative enzyme Both Biochemical, Expression [7,8,26,36]
NQO Redox metabolism Browning Transcriptomics [8]
CHS Flavonoid biosynthesis Pinking Transcriptomics [8]
CHI Flavonoid biosynthesis Pinking Transcriptomics [8]
F3H Flavonoid biosynthesis Pinking Transcriptomics [8]
FLS Flavonoid biosynthesis Pinking Transcriptomics [8]
DFR Flavonoid biosynthesis Pinking Transcriptomics [8]
ANS Flavonoid biosynthesis Pinking Transcriptomics [8]
LDOX Flavonoid biosynthesis Pinking Transcriptomics [8]
UGT family Secondary metabolism Pinking Transcriptomics, Candidate [8,9]
MYB Transcriptional regulation Pinking Transcriptomics, Candidate [9]
bHLH Transcriptional regulation Pinking Transcriptomics, Candidate [9]
WD40 Transcriptional regulation Pinking Transcriptomics, Candidate [9]
WRKY Transcriptional regulation Both Transcriptomics [47]
ERF Ethylene signaling Both Transcriptomics [47]
DREB Stress signaling Both Transcriptomics [47]
MAPK family Signal transduction Both Transcriptomics [47]
CDPK Calcium signaling Both Transcriptomics [47]
PLD Lipid signaling Both Transcriptomics [47]
PLC/NPC Lipid signaling Both Transcriptomics [47]
GST Detoxification/transport Pinking Transcriptomics [9]
CYP Family Secondary metabolism Pinking Transcriptomics [9]
ABC family Transport Pinking Transcriptomics [9]
Aquaporins Water transport Both Transcriptomics [8]
MSL Mechanical stress signaling Both Transcriptomics [8]
HSPs Stress response Both Transcriptomics [9]
Lsat_1_v5_gn_1_80040.1 Candidate gene Pinking Transcriptomics [8,9]
Lsat_1_v5_gn_5_54521.1 Candidate gene Pinking Transcriptomics [8,9]
Lsat_1_v5_gn_5_54921.1 Candidate gene Pinking Transcriptomics [9]

Building upon these findings, Lu [9] further prioritized candidate genes exhibiting
consistent differential expression between high- and low-pinking genotypes and identified
promising loci on chromosomes 1, 3, 5, and 7. These regions were further narrowed to
candidate genes associated with phenylpropanoid and flavonoid metabolism, oxidative
stress, membrane function, and transcriptional regulation, providing potential molecular
targets underlying differences in pinking susceptibility. Importantly, these regions appeared
largely distinct from loci associated with broader shelf-life traits, suggesting that pinking
represents a genetically separable component of postharvest quality. More recently, Lu [9]
also extended candidate-gene validation through polymorphism screening, expression
analysis, guide RNA design, and CRISPR/Cas9 vector construction, although functional
validation of edited lines was not reported.
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Complementing biparental mapping approaches, genome-wide association studies
(GWAS) across diverse lettuce accessions have further confirmed the genetic basis of
discoloration. Analysis of 376 diverse lettuce accessions identified six genomic regions
associated with postharvest discoloration that are largely co-localized with previously
identified QTL from the ‘Saladin x Iceberg’ population, providing independent validation
of the genetic architecture underlying oxidative discoloration [43]. Specifically, Peng
et al. [43] identified six loci (qDis1.1, qDis4.1, qDis6.1, qDis8.1, qDis8.2, and qDis9.1)
across chromosomes 1, 4, 6, 8, and 9. Candidate genes within these regions included
oxidoreductases and transcription factors, while qDis6.1 and qDis8.1 overlapped previously
reported expression QTL associated with PPO and PAL activity, respectively.

Collectively, QTL mapping, GWAS, and candidate-gene analyses consistently demon-
strate that postharvest discoloration is a polygenic trait rather than controlled by a single
major gene. The partial overlap among loci associated with browning, pinking, and over-
all discoloration further supports the hypothesis that these phenotypes share common
upstream processes while diverging through downstream genetic regulation. However,
how these candidate genes interact within broader regulatory networks to influence discol-
oration phenotype remains poorly understood.

4.4. Transcriptomics and Molecular Regulation

Although confirmed functional validation remains limited, transcriptomic studies
have begun to clarify broader regulatory networks connected with discoloration and shelf
life in lettuce. For example, differentially expressed genes related to senescence, jasmonate
biosynthesis and signaling, chlorophyll binding, and cell wall modification were previously
identified across romaine genotypes with varying shelf-life characteristics [48]. Similarly,
delayed surface browning in fresh-cut asparagus lettuce has been associated with reduced
expression of ethylene biosynthesis genes, downregulation of phospholipase-related genes,
and activation of calcium signaling, MAPK signaling, jasmonic acid biosynthesis, flavonoid
biosynthesis, and phenylpropanoid-related pathways [47]. Although these are not specifi-
cally related to oxidative browning and pinking, it supports the broader connection that
oxidative discoloration and postharvest shelf life are regulated through several networks
involving ethylene, wound and defense signaling, and secondary metabolism.

Taken together, current evidence supports oxidative discoloration as a genetically
complex trait influenced by multiple loci and regulatory pathways. The evidence distin-
guishing browning and pinking varies among phenotypic, genetic, and biochemical levels.
The two responses are phenotypically distinguishable by their coloration [8,12,15,17], while
molecular work indicate differences in their regulation and mapped loci [7-9,44]. How-
ever, evidence for completely distinct biochemical mechanism remains less conclusive, as
pinking and browning appear to share upstream stress responses and phenylpropanoid
metabolism [8,26,36]. Alternative explanations therefore remain possible, indicating that
these phenotypes represent different points along a discoloration continuum or tissue-
specific responses. While progress has been made in identifying QTL and candidate genes
associated with each response, the field still lacks definitive gene validation linking specific
loci to causal changes in pinking or browning phenotypes. Future research integrating tem-
poral color trajectories, kinetics of key enzymes, metabolite markers, and independent QTL
or candidate-gene functional validation could help distinguish among these possibilities
and clarify the relationship.

5. Preharvest and Harvest Factors Contributing to Discoloration

Preharvest and harvest conditions play a critical role in determining the susceptibility
of lettuce to postharvest discoloration. While biochemical and genetic controls establish the
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inherent predisposition for discoloration among cultivars, preharvest conditions introduce
underlying stresses that can exacerbate the incidence and severity of postharvest discol-
oration disorders in lettuce tissue. Factors such as maturity stage at harvest, climate and
production area, and harvesting procedures can influence lettuce shelf life and lead to the
development of physiological disorders if not properly managed [34].

5.1. Developmental Factors

Lettuce maturity and firmness at harvest are important in determining postharvest
performance, especially in head types. More broadly, maturity at harvest and harvesting
practices can influence the postharvest composition and quality of horticultural crops [49].
In lettuce, more mature and firmer heads tend to have higher susceptibility to discoloration
and physiological injury. Rusty brown discoloration has been strongly correlated with head
firmness [15,25], affecting 36% of lettuce heads classified as firm compared to only 9% of
lettuce heads deemed soft [14]. Similarly, more compact and denser crisphead lettuce heads
have been associated with greater CO, production during storage, increasing the risk of
brown stain development [39]. Overmature heads have also been associated with greater
pinking incidence in minimally processed fresh-cut crisphead lettuce compared to mature
or younger tissues [34], suggesting that tissue developmental stage further influences
wound-induced discoloration responses. Despite discoloration differences in terms of head
maturity, it has been reported that immature, mature, and overmature heads have similar
levels of phenolic compounds [50].

Leaf position within the head may also influence discoloration responses due to differ-
ences in tissue physiology, leaf age, and prior exposure to stress. Lettuce heads develop in
a rosette pattern in which outer leaves develop first, making them physiologically older
and more exposed to environmental conditions compared to inner leaves. As a result,
it has been widely assumed that outer leaves have higher phenolic content and exhibit
greater discoloration potential. Consistent with this theory, a study evaluating the effects
of nitric oxide on wound-induced browning in fresh-cut butterhead and crisphead lettuce
purposefully removed all outer leaves before processing the lettuce [51]. This assumption is
partially supported by leaf spatial and age studies in lettuce, where the outermost leaves in
butterhead lettuce were significantly higher in total phenolics, chlorophyll content, and an-
tioxidant activity compared to middle and inner leaves [52]. Outer leaves also exhibited the
highest browning potential; however, differences were not statistically significant among
several middle and inner leaf layers, except for the innermost leaves. Similarly, recent work
from the University of Florida postharvest program (unpublished) found no significant
differences in discoloration susceptibility among outer, middle, and inner leaves of romaine
lettuce under controlled shelf-life conditions. While leaf position and age may influence
phenolic accumulation and enzyme activity, their effects on discoloration are inconsistent.

5.2. Environmental Factors

Geographic regions and seasonal conditions also play a significant role in influencing
lettuce susceptibility to postharvest discoloration. Lettuce produced in the coastal valleys
of California has historically been more susceptible to postharvest disorders compared to
lettuce grown in the desert or semi-arid Mediterranean regions of Arizona and Califor-
nia [12], though the underlying causes of this variation remain unclear. Between 1972 and
1984, rusty brown discoloration and brown stain occurred with similar overall frequency in
lettuce shipments, but with different seasonality distributions as 95% of rusty brown cases
occurred during winter and spring months, while 95% brown stain cases were observed in
late spring to summer [14]. These seasonal patterns suggest that specific field environments
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and certain production years may predispose lettuce to different physiological disorders
rather than a uniform physiological response across environments.

Temperature is frequently regarded as one of the most influential environmental factors
affecting lettuce quality and postharvest behavior. Lettuce is considered a cool-season crop
as it is typically produced during the winter months and performs well under daytime
temperatures of 15-28 °C and nighttime temperatures of 3-12 °C [53]. Exposure to elevated
temperatures during lettuce development has been associated with several physiological
disorders, including tipburn, premature bolting, and oxidative discoloration that can reduce
postharvest quality and marketability. Beyond visual symptoms, heat stress can also alter
lettuce morphology, photosynthesis activity, membrane stability, reactive oxygen species
(ROS) accumulation, and antioxidant activity [53], all of which may indirectly influence
postharvest quality and discoloration susceptibility. Jenni [54] demonstrated that short
periods of high temperatures (35 °C) throughout the growing season were sufficient to
induce rib discoloration in crisphead lettuce, with the greatest sensitivity occurring two
weeks after heading (two weeks before harvest). In contrast, night temperatures had little
effect on discoloration [54], suggesting that lettuce susceptibility may heavily depend
more on specific developmental stages and exposure to heat stress rather than average
temperature alone.

Additional work by Tudela et al. [55] evaluating multiple cultivars of crisphead
and romaine lettuce across four production regions during a 26-month period, identified
growing season temperature as the strongest environmental predictor of fresh-cut lettuce
quality. Higher seasonal temperatures were consistently associated with greater cut-edge
browning and lower hue angle color values during storage, indicating a shift from green to
yellow-brown. The authors further reported that growing season temperatures explained
more of the variation in postharvest quality than the growing cycle length [55], highlighting
the importance of environmental conditions experienced throughout crop development
rather than solely right before or at harvest.

5.3. Agronomic Management and Harvest Practices

Cultural growing practices further contribute to variability in postharvest discol-
oration disorders. Factors such as irrigation and water management, fertilization, trans-
planting and harvest time, and overall crop management can alter plant physiological
status before harvest.

Water management practices may influence discoloration susceptibility by altering
plant water status and physiological stress responses. Both water deficits and excessive
irrigation can affect postharvest quality, although the responses depend on lettuce type,
irrigation timing and system, and the severity of the stress. Moderate water stress applied
during crop development has been associated with reduced browning in several horticul-
tural crops, including lettuce. Specific work by Monaghan et al. [32] found that pinking
was unaffected by drip or overhead irrigation systems, and that withholding irrigation
for two to three weeks in the middle or the end of growth period for lettuce significantly
reduced pinking, but at the expense of head weight. Similarly, reduced cut-edge browning
has been observed in fresh-cut romaine lettuce grown under a slight water deficit, whereas
excessive irrigation has been associated with increased PPO activity, accelerated browning
development, and higher respiration rates [56,57].

Nutrient management has also been investigated as a factor affecting postharvest
discoloration. Although studies evaluating nitrogen fertilization in crisphead lettuce
have generally reported no significant differences in pinking under different fertilizer
regimes [34,58], nitrogen availability can influence the biochemical pathways associated
with tissue browning. Mampholo et al. [59] reported that preharvest nitrogen application

https:/ /doi.org/10.3390/agriculture16192174


https://doi.org/10.3390/agriculture16192174

Agriculture 2026, 16, 2174

14 of 33

altered PAL, PPO, and POD activities as well as the concentrations of chlorogenic, caffeic,
and caftaric acids in green and red leafy lettuce during storage. These biochemical changes
were associated with differences in tissue browning, with cultivar-specific responses ob-
served across different nitrogen application rates. Preharvest calcium applications through
foliar sprays have also been associated with reduced postharvest browning, lower PPO
levels, and extended shelf life, while the effects of various K:N ratios on discoloration
have generally been small and inconsistent [60]. These findings suggest that nutrient
management may indirectly influence discoloration susceptibility through changes in phe-
nolic metabolism and oxidative enzyme activity, even when visible symptoms are not
consistently observed.

Harvest timing and procedures can also affect lettuce discoloration. Forney and
Austin [61] reported that afternoon harvests (2:00 PM) significantly reduced brown stain
incidence in crisphead lettuce compared to morning harvests of lettuce (7:00 AM). Similarly,
lettuce harvested later in the day resulted in longer shelf life and increased cell wall exten-
sibility [62]. Transplanting time has also been identified as a factor with later transplanting
dates leading to reduced pinking severity compared to earlier dates [34]. These results
suggest that diurnal changes in carbohydrate status and plant metabolism at harvest may
influence how tissues respond to postharvest storage atmospheres.

5.4. Controlled Environment Production

For lettuce grown in controlled environment agriculture (CEA) conditions, preharvest
lighting has emerged as another factor influencing postharvest discoloration susceptibility.
For lettuce grown in commercial greenhouse, vertical indoor farming, or CEA systems,
supplemental lighting is often provided when natural sunlight is insufficient. In romaine
lettuce, plants grown under higher supplemental light intensities (558-1044 pmol m 2 s 1)
have consistently developed greater midrib pinking during refrigerated storage than plants
grown under lower light (<338 pumol m~2 s71) [63,64]. The increase in pink pigment
was also accompanied by higher concentrations of phenolic acids and other components
associated with the phenylpropanoid pathways. Light intensity also influenced soluble
solids content in lettuce. However, responses were strongly genotype dependent, with
pinking-susceptible cultivars exhibiting greater discoloration severity under high light
conditions compared to low-pinking cultivars [63].

Despite the diversity of preharvest factors investigated, the strength and consistency
of evidence varies considerably among several factors. Developmental stage and elevated
growing temperatures have been more consistently associated with discoloration, although
responses remain genotype- and disorder-dependent. In contrast, the effects of leaf position,
irrigation, and nutrient management remain less consistent, with evidence for harvest
timing and preharvest light conditions even more limited. These findings suggest that
environmental and horticultural factors interact with genotype to influence the incidence
and severity of discoloration.

6. Postharvest Factors Contributing to Discoloration
6.1. Mechanical Injury and Processing

Mechanical injury is one of the primary factors initiating physiological deterioration
and oxidative discoloration in lettuce following harvest. Since lettuce undergoes multiple
harvesting, handling, transport, and processing operations before reaching consumers,
some degree of tissue damage is largely unavoidable. Additionally, the rapid growth of the
fresh-cut produce industry has further increased the importance of understanding wound
responses, as repeated cutting and handling expose large areas of damaged tissue. Although
fresh-cut processing generally maintains the nutritional quality of lettuce, preserving
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appearance, texture, and overall visual quality remains one of the greatest challenges for
the postharvest industry.

During commercial production, lettuce is subjected to various mechanical injuries
including coring, cutting, tearing, crushing, and bruising [65]. These injuries disrupt
cellular integrity, accelerate water loss, respiration, and ethylene production, and initiate
wound-induced physiological responses including phenolic biosynthesis, oxidative enzyme
activity, and tissue discoloration. While mechanical damage cannot be entirely eliminated,
its severity can be reduced through careful handling, the use of sharp cutting tools, proper
container loading, rapid precooling, and minimizing unnecessary handling during harvest
and processing [11,65,66].

Different forms of mechanical injury may elicit distinct physiological responses de-
pending on the severity, location, and duration of tissue damage. Coring is a common
commercial practice in head lettuce in which the core (the large stem base) is removed in
the field, reducing transport weight and processing waste [67,68]. However, coring also
creates a large open wound that exposes vascular tissue, accelerating water loss, respiration,
ethylene production, phenolic accumulation, and oxidative discoloration while increasing
susceptibility to microbial contamination [68-70]. Studies comparing different cutting
methods indicate that the extent of cellular disruption strongly influences postharvest
quality. Hand-torn lettuce exhibited lower respiration rates and slower deterioration than
knife-cut tissue, suggesting that tearing along natural planes of cell separation causes
less cellular damage than blade incision [71]. Likewise, Lee and Kader [49] reported that
hand-torn lettuce retained greater ascorbic acid concentrations than either knife-cut or
machine-shredded tissue. Similarly, increasing cutting intensity altered postharvest quality
in rocket leaves despite relatively small effects on respiration and ethylene production [72],
indicating that the physiological consequences of wounding extend beyond simple mea-
surements of respiratory activity.

Mechanical injury has also been associated with activation of programmed cell death,
a regulated cellular process involving reactive oxygen species, calcium signaling, ethylene
signaling, chlorophyll degradation, and senescence [73]. Premature or excessive activa-
tion of these pathways may accelerate tissue deterioration and discoloration following
harvest. Likewise, crushing and bruising injuries disrupt cellular organization without
necessarily removing tissue and may initiate wound responses similar to those observed
following cutting.

Despite some research on wound physiology, comparative studies evaluating multiple
forms of mechanical injury remain limited. Most investigations have examined individual
injury types independently, making it difficult to determine how different wounds vary
in their physiological and biochemical consequences. A more integrated understanding
of how coring, cutting, tearing, crushing, and bruising influence postharvest metabolism
will be essential for identifying the most damaging forms of mechanical injury and devel-
oping harvesting and processing practices that minimize discoloration while maintaining
lettuce quality.

6.2. Storage Environment

Following harvest, the handling and storage environments strongly influence the
rate at which wound-induced physiological processes progress. Continued exposure to
elevated ambient temperatures accelerates respiration, ethylene sensitivity, water loss,
phenolic metabolism, and tissue senescence, thereby increasing susceptibility to oxidative
discoloration. Minimizing the time from harvest to rapid cooling (precooling) followed by
continuous refrigeration during storage and handling slow these processes and preserve
quality [49,74,75]. Likewise, maintaining high relative humidity minimizes water loss and
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wilting, preserving tissue integrity during storage. While appropriate temperature and
humidity form the foundation of postharvest quality management, additional strategies
including modified atmosphere packaging, controlled atmospheres, and other postharvest
treatments have been developed to further suppress discoloration and extend shelf life.

7. Digital Imaging, Spectral Sensing, and Machine Learning
7.1. Limitations of Traditional Color Assessment

A major barrier to advancing research on postharvest lettuce discoloration is the lack
of standardized methods for describing and evaluating oxidative discoloration phenotypes.
Throughout the literature, browning and pinking have been described using numerous
overlapping or interchangeable terms, often reflecting symptom location (e.g., midrib, leaf
edge or margin, or butt end) rather than a clearly defined phenotype (Figure 2). In addition,
broader terms such as discoloration are frequently used without specifying the color or
phenotype being evaluated. Consequently, it is often unclear whether discoloration refers
specifically to browning, includes both browning and pinking, or encompasses other color
changes. Similar uncertainty occurs when studies report browning without indicating
whether pinking was absent, observed but grouped within the same assessment, or simply
not evaluated separately. This ambiguity makes it difficult to determine which phenotypes
were actually observed and whether studies using similar terminology are evaluating
comparable responses. Inconsistent terminology limits comparisons across studies and
complicates efforts to distinguish the factors associated with the development of individual
oxidative discoloration phenotypes.

Terminology Used to Describe Oxidative Discoloration Location of Discoloration on Lettuce Tissue
Pinking Browning Leaf Edges

. Senescence or

Pink Rib Brown Rib wound-induced

Pink Discoloration

Oxidative Pinking

Internal Pinking

Common Umbrella Terms
Postharvest Discoloration Rusting Discoloration

Rib Discoloration Oxidative Discoloration

Brown Discoloration

Oxidative Browning Midrib
Senescence or
Edge Browning wound-induced

Butt End
Harvest-induced

Figure 2. Terminology and anatomical locations used to describe postharvest oxidative discoloration
in lettuce. Created in BioRender. Haynes, B. (2026) https:/ /BioRender.com/ooimgcji (accessed on [6
October 2026]).

To improve clarity and facilitate comparisons across studies, greater consistency in
terminology used to describe lettuce discoloration is needed. Postharvest discoloration may
serve as the broadest term when referring collectively to discoloration disorders, including
both gas-induced disorders and oxidative discoloration. Within oxidative discoloration,
terminology should primarily reflect the visual phenotype rather than its anatomical
location, with pinking and browning used as the preferred terms for pink/red and brown
phenotypes, respectively. Terms historically used to describe similar symptoms, such as pink
rib, should be associated with the corresponding phenotype rather than treated as distinct
forms of discoloration based solely on location. Anatomical location remains important but
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should be reported separately as a characteristic of the symptom (e.g., midrib, cut edge,
leaf margin, or butt end). When pinking and browning are evaluated collectively or cannot
be reliably distinguished from one another, or when the specific phenotype is unknown,
oxidative discoloration may serve as the broader term. Greater consistency in this approach
could reduce ambiguity across studies while preserving anatomical location as an important
characteristic of symptom development. These suggestions are intended to improve clarity
and consistency in reporting rather than establish a standardized classification system that
may be explored in future work.

These challenges are compounded by continued reliance on subjective visual assess-
ment. Most postharvest studies evaluate discoloration using hedonic rating scales in which
severity and phenotype are determined by human observation rather than standardized
quantitative measurements [8,41,76,77]. Although these scoring systems remain practical
and widely adopted, classification is inherently influenced by evaluator perception, lighting
conditions, image quality, and experimental context. Furthermore, browning and pinking
frequently occur on the same tissue, display overlapping color gradients, and may change
throughout storage, making visual discrimination particularly challenging.

Some studies have incorporated greater differentiation among oxidative discoloration
phenotypes in their visual assessments. Hilton et al. [34] was among the first to distinguish
browning and pinking using separate severity rating scales, representing an important step
toward more standardized evaluation. However, this approach still did not capture the
full spectrum of oxidative discoloration phenotypes, particularly intermediate yellow-tan
tissues, and the continuum of pink, red, and brown pigmentation commonly observed
during storage.

These limitations have driven increasing interest in objective phenotyping technolo-
gies. Digital imaging, computer vision, machine learning, and spectral sensing provide
quantitative measurements that can be standardized across experiments, reducing subjec-
tivity while improving reproducibility. Beyond replacing subjective visual scoring, these
technologies offer opportunities to distinguish closely related discoloration phenotypes,
monitor discoloration progression, detect physiological changes before visible symptoms
develop, and integrate phenotyping with biochemical and genetic investigations. Col-
lectively, they represent a fundamental shift from subjective quality assessment toward
quantitative characterization of postharvest lettuce discoloration.

7.2. Digital Imaging and Computer Vision

The increasing demand for objective, rapid, and non-destructive quality assessment
has driven widespread adoption of digital imaging and computer vision technologies
throughout horticultural research and in commercial postharvest systems. Unlike tradi-
tional visual assessments, which rely on subjective human interpretation, digital imaging
converts visual characteristics into quantitative measurements that can be standardized
across experiments and production systems [78]. Standard red-green-blue (RGB) imag-
ing systems capture information related to color, texture, morphology, and other surface
characteristics, allowing subtle visual changes to be quantified with greater precision than
conventional rating scales. Beyond RGB values, CIELAB and hue-based color spaces such
as HSV provide complimentary information on lightness and other chromatic shifts [78,79].

Applications of digital imaging in lettuce have evolved considerably over the past two
decades. Early studies demonstrated that image-derived color measurements accurately
quantified browning and closely reflected storage duration and sensory quality [79]. More
recent work has expanded these approaches beyond simple color assessment by incorpo-
rating image-processing techniques, hue, saturation, and lightness analyses, reflectance
reconstruction, and automated feature extraction to characterize tissue deterioration and
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postharvest quality with greater sensitivity [80,81]. Reliable comparisons, however, re-
quire standardized image acquisition, including consistent lighting, background color,
camera settings, white balance, and color calibration [78]. These advances illustrate that
relatively inexpensive RGB imaging systems can provide substantially more physiological
information than visual observations alone.

Computer vision has further enhanced the utility of digital imaging by automating
image segmentation, feature extraction, and classification, thereby reducing observer bias
and improving analytical throughput. Automated image analysis has successfully differ-
entiated lettuce accessions according to browning susceptibility while maintaining strong
agreement with sensory evaluations [82], and similar machine learning-based approaches
have achieved classification accuracies comparable to human evaluators when assessing
freshness in leafy vegetables from smartphone-acquired images [83]. Taken together, these
advances demonstrate that digital imaging has evolved from a simple documentation tool
into a quantitative phenotyping platform capable of objectively characterizing postharvest
quality traits and providing standardized measurements for physiological, biochemical,
and genetic studies.

7.3. Spectral Sensing Technologies and Data Analytics

Although RGB imaging effectively quantifies visible discoloration symptoms, spec-
tral sensing technologies provide additional insight on the physiological and biochemi-
cal changes that may precede visual symptom development. Visible spectroscopy, near-
infrared spectroscopy, multispectral imaging, and hyperspectral imaging have become
increasingly important non-destructive tools for evaluating horticultural crop quality
because they capture information beyond the visible spectrum [78,84]. Among these
approaches, hyperspectral imaging has received particular attention because it acquires
hundreds of contiguous wavelength bands, generating detailed spectral signatures that can
be correlated to pigment composition, moisture status, tissue chemistry, and physiological
condition [78,84,85].

Applications in lettuce demonstrate the potential of spectral sensing for detecting qual-
ity changes before they become visually apparent. Hyperspectral imaging has successfully
distinguished healthy lettuce tissue from discolored tissue and has identified wavelength re-
gions associated with discoloration development [86]. Similarly, multispectral imaging has
been used to differentiate fresh from deteriorated lettuce while simultaneously predicting
internal quality attributes from external spectral characteristics [80]. These studies highlight
the ability of spectral sensing technologies to bridge visual symptom development with
underlying physiological changes.

The main challenge with spectral sensing lies not in the data acquisition stage but
in interpreting the large volumes of highly correlated spectral information generated by
these systems. Hyperspectral datasets contain hundreds of highly correlated variables
that traditionally require extensive preprocessing, wavelength selection, dimensionality
reduction, and feature extraction prior to model development [81]. As a result, integration
with machine learning and deep learning algorithms has become increasingly important
for extracting biologically meaningful information from these complex datasets. Unlike
conventional statistical approaches, deep learning models can automatically identify in-
formative spectral features directly from raw reflectance data [81,87,88]. The reliability of
machine-learning models also depends on dataset size, consistency of phenotype anno-
tation, and validation methods, especially when models are intended to compare across
different cultivars, experimental batches, or imaging conditions [81]. Recent studies il-
lustrate the broad potential of combining spectral sensing with artificial intelligence for
lettuce quality evaluation. Combinations of spectral sensing and machine learning have
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accurately estimated nutrient composition [89,90], moisture content [91] and plant stress
responses [92] while detecting foreign contaminants [93] and spoilage or microbiological
quality in ready-to-eat leafy vegetables [94].

7.4. Additional Imaging and Monitoring Techniques

Beyond conventional imaging and spectral sensing, several emerging technologies
may further improve objective evaluation of postharvest quality and discoloration in let-
tuce. Chlorophyll fluorescence imaging has shown considerable potential for detecting
physiological stress, tissue senescence, and quality deterioration before visible symptoms
develop [95,96]. Because fluorescence measurements are closely associated with photo-
synthetic performance and cellular integrity, they may provide sensitive indicators of
physiological disruption that precede oxidative discoloration. Although fluorescence imag-
ing has not been widely applied to lettuce discoloration, its ability to detect early stress
responses makes it a promising tool for future investigations.

Advances in environmental sensing and predictive modeling further illustrate the shift
from reactive quality assessment toward proactive quality management. Environmental
sensors integrated with predictive models have been used to estimate lettuce shelf life
throughout storage and transportation, while kinetic models incorporating microbial,
nutritional, color, and textural changes have successfully predicted quality deterioration
in ready-to-eat leafy vegetables [97,98]. These approaches demonstrate how continuous
environmental monitoring can be combined with predictive analytics to estimate product
quality before visible deterioration occurs.

Although applications specifically targeting oxidative discoloration remain limited,
advances in digital imaging, computer vision, spectral sensing, and predictive model-
ing collectively represent a fundamental shift toward objective, quantitative phenotyping
of postharvest quality. To date, these technologies have largely focused on distinguish-
ing healthy from deteriorated tissues rather than differentiating oxidative discoloration
phenotypes or predicting browning and pinking development. Integrating objective phe-
notyping with biochemical, physiological, and genetic investigations represents an im-
portant next step for the field, with the potential to identify early biomarkers of discol-
oration susceptibility in breeding programs while improving prediction and management
of postharvest discoloration.

8. Consumer Perception and Sensory Quality of Discolored Lettuce

Sensory quality is a key determinant of consumer acceptance and marketability for
both whole-head and fresh-cut lettuce. Although discoloration is widely recognized as one
of the primary factors limiting shelf life, few studies have evaluated its direct influence on
sensory perception. Rather, previous research has focused on broad overall quality assess-
ments using trained sensory panels or sensory analyses. In this review, discoloration is
discussed alongside other sensory attributes, rather than as an independent sensory factor.

Across studies, trained sensory panels consistently identify visual appearance as
one of the earliest and most influential determinants of lettuce quality during storage.
Commonly evaluated attributes include leaf cut-edge browning, leaf surface browning,
midrib browning, translucency, green color retention, aroma and off-odors, texture, flavor,
and overall acceptability [71,99,100]. These evaluations consistently demonstrate that
discoloration develops concurrently with declines in overall sensory quality, although
appearance often becomes unacceptable before substantial differences in other sensory
attributes are detected. This relationship is also supported by instrumental analyses. By
combining sensory panels with instrumental color, texture, and GC-MS volatile analyses,
Lonchamp et al. [101] reported that changes in sensory quality closely followed changes
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in volatile composition during a 14-day storage period in butterhead lettuce. Specifically,
dimethylethylphenol and pentanoic acid ester were associated with freshness, while cis-3-
dodecene and (-elemene were indicators of deterioration [101].

While visual quality has been evaluated extensively, comparatively few studies have
incorporated flavor into postharvest sensory assessments. Among those studies that
have, flavor has typically been assessed within the context of postharvest preservation
treatments rather than discoloration itself. For example, a trained sensory panel evaluating
ready-to-eat lettuce following different washing treatments found that warm, chlorinated
water improved appearance and texture of lettuce after an 11-day storage period [102].
However, panelists also detected chlorinaceous off-odors and flavor changes in the treated
lettuce compared with the control, indicating that postharvest chemical treatments have
the potential to alter multiple sensory attributes. An additional study used a panel of
food professionals assess appearance, texture, flavor, and aftertaste following combined
e-polylysine and UV-C treatments. The combined treatment maintained favorable flavor
and aftertaste during storage while also reducing PPO activity, microbial populations, and
discoloration [103].

Although sensory evaluation has become an important tool for assessing lettuce shelf
life and quality, existing studies have primarily characterized overall product quality or
the effectiveness of postharvest treatments rather than the sensory consequences of discol-
oration itself. Therefore, a fundamental question remains: can consumers actually perceive
a sensory difference between discolored and non-discolored lettuce? To date, sensory stud-
ies on lettuce have utilized fully visible samples. Therefore, it is unclear whether consumers
reject discolored lettuce because it possesses undesirable flavor characteristics or because
negative visual cues create a “halo effect”, where appearance dominates perceptions of
flavor, freshness, and overall quality. While the majority of the molecular and biochemical
evidence points to oxidative browning and pinking as distinct phenotypes, no studies
have directly compared whether these two phenotypes produce similar sensory profiles.
Likewise, no publicly available work has intentionally masked visual cues to determine
whether consumers can differentiate between pink or brown lettuce from non-discolored
lettuce based on taste alone. Future sensory studies could address this gap by comparing
brown, pink, and non-discolored lettuce under both visible and masked-light conditions.
As discoloration phenotypes may also differ in other physical characteristics such as firm-
ness or texture, individual sensory attributes should be evaluated separately to determine
whether differences among phenotypes extend beyond visual appearance. Trained panels
could characterize differences in flavor, aroma, and texture, while untrained consumer pan-
els could evaluate overall acceptability and rejection thresholds. Additional instrumental
measurements could be employed to supplement sensory evaluations and help distinguish
between visual and nonvisual attributes influencing overall perception. Addressing these
knowledge gaps would improve understanding of consumer acceptance thresholds, clarify
whether discoloration represents merely a cosmetic defect or a true sensory defect, and
provide stronger scientific basis for postharvest management and breeding strategies aimed
at reducing lettuce discoloration.

9. Current Strategies for Mitigating Postharvest Lettuce Discoloration

Postharvest discoloration arises from complex interactions among preharvest con-
ditions, mechanical injury, storage environment, physiology, biochemistry, and genetics.
Effective mitigation therefore requires approaches that target multiple stages of discol-
oration development. Physical and chemical postharvest treatments have consequently
been investigated to delay discoloration and extend lettuce shelf life (Figure 3).
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Figure 3. Overview of the factors, mechanisms, and management strategies associated with
postharvest oxidative discoloration in lettuce. Created in BioRender. Haynes, B. (2026) https:
/ /BioRender.com/20140qe (accessed on [6 October 2026]).

9.1. Physical Treatments

Rapid cooling (precooling) following harvest or processing is essential for removing
field heat and establishing appropriate storage temperatures. Vacuum cooling is the pre-
ferred initial cooling method after harvest for whole lettuce because the rapid evaporation
of free water applied to the tissue surfaces allows heat to be removed efficiently [104].
Hydrocooling is another method that utilizes sanitized, cold water to rapidly remove field
heat for leafy lettuce types. It is also effective for maintaining cold temperature of fresh-cut
lettuce during handling operations. However, hydrocooling is generally avoided in head
lettuce because water retained within the compact heads can promote decay [104].

9.1.1. Temperature and Relative Humidity Management

Temperature and relative humidity management form the foundation of postharvest
lettuce preservation, influencing nearly every physiological process associated with discol-
oration. Freshly harvested lettuce is highly perishable under ambient conditions due to
moderate respiration and high transpiration rates, requiring prompt cooling and mainte-
nance of an uninterrupted cold chain to minimize physiological deterioration, moisture
loss, and quality loss throughout storage and distribution. Commercial recommendations
advise storage at 0-1 °C with 95-100% relative humidity [1,49]. In addition to slowing
senescence, refrigeration suppresses ethylene-induced russet spotting, reduces wound-
induced phenolic metabolism, and delays oxidative discoloration relative to storage at
elevated temperatures [23,24]. However, refrigeration alone cannot completely prevent
discoloration because wound-induced metabolic activity continues even under optimal
storage conditions. Instead, temperature management provides the foundation upon

https://doi.org/10.3390/agriculture16192174


https://BioRender.com/2o140qe
https://BioRender.com/2o140qe
https://doi.org/10.3390/agriculture16192174

Agriculture 2026, 16, 2174

22 of 33

which complementary technologies, including modified atmosphere packaging, heat shock
treatments, and chemical interventions, further enhance postharvest quality.

9.1.2. Heat Shock Treatment

Heat shock is one of the most extensively studied, non-chemical approaches for
reducing postharvest discoloration in lettuce. Across horticultural commodities, brief
exposure to elevated temperatures has been reported to delay ripening and senescence,
reduce decay, alleviate chilling injury, control pests, and extend storage life [105-109]. In
lettuce, however, heat shock has been investigated primarily for its ability to suppress
wound-induced phenolic metabolism and delay oxidative discoloration.

Brief thermal treatments, typically ranging from 30 to 180 s at 45 to 50 °C, suppress
PAL activity, limit phenolic accumulation, and reduce both browning and pinking fol-
lowing tissue injury [110-114]. These responses have been observed in both crisphead
and romaine lettuce, with reductions in midrib, leaf edge, and cut-surface discoloration
during subsequent refrigerated storage. However, treatment efficacy is highly dependent
on temperature and exposure duration, as excessive heating (>50-55 °C) accelerates respi-
ration, reduces ascorbic acid content, promotes tissue softening, and ultimately induces
heat injury [111,112,114]. Although most investigations have focused on fresh-cut lettuce,
the technology has also proven effective for whole-head applications. Saltveit and Qin [67]
demonstrated that localized heat treatment of freshly cored lettuce for only 5-15 s substan-
tially reduced wound-induced phenolic accumulation and browning for up to six days
without compromising tissue quality. The effectiveness of heat shock therefore depends on
achieving sufficient suppression of wound responses without inducing heat injury.

9.1.3. Atmospheric Management and Storage

Manipulating the atmosphere surrounding fresh-cut lettuce provides another means
of slowing physiological deterioration during storage. Modified atmosphere packaging
(MAP) is widely used to passively extend the postharvest life of fresh-cut lettuce and other
crops, whereas controlled atmosphere (CA) storage actively regulates the gaseous environ-
ment surrounding fresh fruit and vegetable crops requiring longer storage periods, such
as apple and cabbage. Reducing oxygen availability while moderately increasing carbon
dioxide slows respiration, delays senescence and suppresses wound-induced metabolism
and decay pathogen growth, thus extending visual quality during storage [2,5,74,115,116].
Low O, concentrations can reduce cut-surface browning in fresh-cut lettuce, with effective
O; levels reported to be between 0.5 and 2% [104]. However, O, concentrations below
this lower threshold can promote anaerobic metabolism and the development of fermen-
tative off-odors and off-flavors [104]. Successful MAP management therefore depends
on balancing the lettuce respiration rate with package gas exchange under recommended
refrigerated conditions. Atmospheres containing approximately 1-3% O, and 5-10% CO,
have been reported to delay chlorophyll degradation, suppress enzymatic discoloration,
and extend shelf life [74,116]. However, atmospheres outside this optimal range can in-
duce anaerobic metabolism, resulting in fermentative off-odors, tissue injury, and reduced
marketability [115,117]; therefore, film permeability and package design must be carefully
matched to product respiration throughout storage to maintain an appropriate internal
atmosphere. Carbon monoxide (CO) has also been investigated as a component of CA
storage. Although CO reduced respiration and helped maintain visual quality in crisphead
lettuce, its effects were dependent on atmospheric composition, with certain combinations
of CO and elevated CO, increasing brown stain development [118]. Beyond conventional
atmosphere regulation, packaging technologies have also evolved beyond passive atmo-
sphere regulation. Polyethylene films incorporating nano-ZnO particles and antifogging
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technologies reduce condensation, suppress microbial growth, and improve the visual
quality of fresh-cut lettuce throughout storage [119]. Modern packaging therefore functions
not only to regulate the internal atmosphere but also to preserve product quality and
improve microbial safety.

9.1.4. Washing and Sanitation Treatments

Postharvest washing is a fundamental component of commercial lettuce processing,
serving to remove soil and debris while reducing microbial contamination before storage
or further processing. Since lettuce possesses a large surface area, overlapping leaves, and
frequent contact with soil during production, it is particularly susceptible to microbial con-
tamination. Although washing systems were originally developed to improve food safety,
increasing evidence indicates that washing conditions also influence the physiological
processes responsible for postharvest discoloration.

Among the various washing parameters, water temperature has consistently been
identified as the primary factor influencing discoloration development. Warm-water wash-
ing (approximately 47-50 °C) for short exposure times suppresses PAL activity, limits
phenolic accumulation, and delays browning while maintaining or improving microbial
reduction compared with conventional cold-water washing [120-122]. In contrast, the
addition of chlorine provides comparatively little benefit for discoloration control, indi-
cating that the physiological effects of heat, rather than sanitizer chemistry, are primarily
responsible for suppressing wound-induced phenolic metabolism [121].

Warm-water washing has also been proven to be more effective when integrated with
other postharvest technologies. Combining heat treatments with modified atmosphere
packaging and low-dose y-irradiation further reduced phenolic accumulation and brown-
ing while maintaining texture and sensory quality, although excessive irradiation increased
electrolyte leakage and tissue injury [123]. Alternative sanitizing systems have likewise
been investigated as replacements for conventional chlorinated water. Ozonated water
effectively reduces microbial populations but, when applied alone, stimulates PAL activity
and accelerates browning; however, these negative effects are mitigated when ozone is
combined with warm-water washing [124]. Similarly, slightly acidic electrolyzed water
(SAEW), particularly when combined with the natural antimicrobial peptide nisin, reduced
browning, phenolic accumulation, and PAL, PPO, and POD activities more effectively
than conventional sodium hypochlorite washes [125]. Despite these advances, commercial
lettuce processing continues to rely predominantly on cold-water washing [102].

9.1.5. Light Treatments

Lastly, light irradiation has emerged as a promising non-chemical approach for pre-
serving postharvest lettuce quality while reducing discoloration. Treatment responses,
however, depend strongly on light wavelength, intensity, and exposure duration, with both
beneficial and detrimental effects reported under different storage conditions.

Visible light treatments influence multiple physiological processes associated with
postharvest quality, although optimal lighting conditions remain uncertain. Continuous
illumination has been reported to suppress browning compared with dark storage but may
also accelerate transpiration, increase water loss, and reduce overall visual quality [126].
However, contrasting results were reported by Steensma et al. [127] who used transcrip-
tomic and metabolomic analyses to further characterize the molecular and metabolic
responses of fresh-cut, non-heading crisp lettuce stored under light and dark conditions.
After seven days of storage, lettuce stored in light exhibited both oxidative browning and
russet spotting, mainly on midrib tissues, while discoloration remained minimal for lettuce
stored under dark conditions [127]. Intermittent, moderate-intensity light better preserves
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photosynthetic capacity while reducing browning, respiration, and weight loss, while pro-
longed or high-intensity illumination can induce physiological stress [126]. Additionally,
high-intensity visible light has also been reported to maintain antioxidant capacity and
suppress PPO and POD activity relative to low-light storage, illustrating that treatment
responses remain dependent on the light regime and storage conditions [128].

Among light-based treatments, ultraviolet-C (UV-C; 200-280 nm) irradiation has re-
ceived considerable attention because of its combined antimicrobial and physiological
benefits without leaving chemical residues. Low-dose UV-C delays senescence and main-
tains the visual quality of fresh-cut lettuce, although treatment efficacy varies with cultivar
and irradiation dose [99,129]. UV-C also delayed green fading and tissue browning in
fresh-cut stem lettuce while reducing chlorophyll degradation and maintaining ascorbic
acid content [130]. The reduction in browning was attributed primarily to suppression of
PAL activity, as PPO and POD activities were largely unaffected. Combining UV-C with e-
polylysine and vacuum packaging further improves discoloration, suppresses PPO activity,
delays chlorophyll degradation, and maintains sensory quality throughout storage [103].

9.2. Chemical Treatments
9.2.1. Naturally Derived Compounds

Naturally derived compounds have become a major focus of postharvest research in
recent years as alternatives to conventional chemical preservatives. Many exhibit multiple
physiological activities, allowing a single treatment to regulate oxidative stress, antioxidant
metabolism, cell membrane stability, and phenylpropanoid metabolism simultaneously.
Among the compounds evaluated in lettuce, melatonin has emerged as one of the most
promising naturally derived treatments. Although its mode of action remains incompletely
understood, postharvest melatonin reduces wound-induced pinking and tissue browning
while maintaining overall lettuce quality. Studies have demonstrated reduced pinking
and browning, delayed chlorophyll degradation, greater retention of phenolic compounds
and antioxidant capacity, lower POD activity, and improved visual quality during stor-
age [4,131]. Interestingly, melatonin does not consistently alter PAL, PPO, or chlorogenic
acid accumulation, suggesting that its protective effects likely arise through broader reg-
ulation of oxidative stress and cellular homeostasis rather than direct inhibition of the
phenylpropanoid pathway [4].

A growing number of plant-derived compounds have demonstrated similar phys-
iological effects through overlapping mechanisms. Sesamol and menthol both delayed
enzymatic browning in fresh-cut stem lettuce by suppressing PAL, PPO, and POD activities
while simultaneously enhancing antioxidant capacity, reducing ROS accumulation, pre-
serving membrane integrity, and limiting lipid peroxidation [132,133]. Likewise, essential
oil-based treatments have shown considerable promise because they combine antioxi-
dant and antimicrobial properties with the ability to modulate postharvest metabolism.
Clove essential oil and its principal component, eugenol, inhibited PAL, PPO, and POD
activities while delaying tissue browning in fresh-cut romaine lettuce [134], with similar
effects reported for pine needle-derived phytoncide essential oil applied to lettuce [135],
and peppermint oil reduced respiration, ethylene production, oxidative stress, chloro-
phyll degradation, microbial growth, and phenylpropanoid metabolism in fresh-cut head
lettuce [136].

Despite these encouraging results, the efficacy of natural compounds remains highly
compound-dependent. While melatonin consistently suppresses discoloration in lettuce,
other naturally derived compounds have produced variable or limited responses. For
example, L-cysteine and naringenin demonstrated anti-browning activity in several horti-
cultural commodities but showed mixed results in lettuce under comparable experimental
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conditions [4,45,137]. The variable responses reported among these compounds indicate
that antioxidant capacity alone is insufficient to predict anti-browning efficacy, emphasizing
the importance of the physiological targets regulated by each treatment.

9.2.2. Conventional and Synthetic Chemicals

Alongside naturally derived compounds, a variety of conventional chemical treat-
ments have also been investigated for suppressing postharvest discoloration by targeting
ethylene signaling, phenolic metabolism, and oxidative stress. Several chemical treatments
suppress wound-induced browning by limiting phenolic biosynthesis or inhibiting ox-
idative reactions. Immersion or spray application of organic acids, including citric and
acetic acid, has been long-employed to reduce discoloration by acidifying wounded tissues
and restricting PPO activity; ethanol reduces PAL expression and activity, limits phenolic
and quinone accumulation, and simultaneously suppresses microbial growth [28,138,139].
These multiple modes of action make ethanol one of the few conventional treatments
capable of improving both visual quality and microbial safety. More recently, sodium
dehydroacetate was reported to delay discoloration in fresh-cut lettuce while maintaining
chlorophyll and cellular energy status, suggesting that regulation of energy metabolism
may be an additional mechanism for controlling postharvest discoloration [33].

Fumigation treatments have also demonstrated efficacy in controlling postharvest
discoloration. 1-methylcyclopropene (1-MCP) has been the most extensively studied
because of its ability to block ethylene perception in plant tissues at extremely low con-
centrations, often below 1 ppm. Despite producing relatively little endogenous ethylene,
lettuce is highly sensitive to exogenous ethylene exposure, and numerous studies have
demonstrated that treatment with gaseous 1-MCP reduces ethylene-induced physiological
disorders, suppresses phenolic accumulation, delays senescence, and extends postharvest
shelf life [46,140-144].

Nitric oxide (NO) represents another alternative approach to discoloration control
by targeting oxidative stress rather than directly suppressing phenolic metabolism. Short-
term NO fumigation reduced hydrogen peroxide accumulation at wound sites, delayed
senescence, extended the shelf life of fresh-cut lettuce, and suppressed cut-edge browning,
highlighting the importance of reactive oxygen species in wound-induced discoloration [51].
The diversity of these approaches underscores that effective discoloration control extends
beyond a single biochemical pathway.

9.2.3. Edible Coatings and Coating-Based Delivery Systems

Unlike immersion or fumigation treatments, edible coatings provide continuous pro-
tection throughout storage by forming a semipermeable barrier that modifies gas exchange,
reduces moisture loss, and slows respiration while also serving as a delivery system for
antioxidants and other bioactive compounds [145]. These combined effects help delay
senescence, maintain tissue integrity, and suppress the physiological processes associated
with discoloration. Most coating systems developed for lettuce are based on carbohydrate
or polysaccharide matrices that reduce moisture loss while modifying gas exchange and
carrying antioxidant compounds. Sodium carboxymethyl cellulose (CMC) coatings sup-
plemented with ascorbic acid and L-cysteine reduced browning in fresh-cut asparagus
lettuce more effectively than either treatment alone by suppressing PPO and POD activities,
limiting chlorophyll degradation, reducing reactive oxygen species accumulation, and
maintaining antioxidant enzyme activity [45]. Chitosan- and alginate-based coatings in
various lettuce types have consistently delayed discoloration while reducing moisture loss,
preserving texture, and limiting microbial growth during refrigerated storage [145-147].
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Recent work has expanded edible coatings into multifunctional delivery systems capa-
ble of incorporating natural antimicrobials and antioxidants. Incorporation of peppermint
essential oil into gelatin-alginate coatings further improved quality retention by reduc-
ing respiration, ethylene production, oxidative stress, chlorophyll degradation, microbial
growth, and phenylpropanoid metabolism, thus demonstrating that coating matrices can
provide sustained delivery of bioactive compounds while simultaneously modifying the
storage environment [136]. Continued refinement of coating formulations and incorpora-
tion of functional bioactive compounds may further improve their commercial applicability
to lettuce while reducing dependence on conventional preservatives.

Despite the large number of treatments reported to reduce postharvest lettuce dis-
coloration, their practicality varies considerably. Proper temperature management and
maintenance of recommended atmospheric conditions remain the most established ap-
proaches for commercial lettuce handling, while heat treatments, light-based technologies,
natural compounds, chemical treatments, and edible coatings have generally been evalu-
ated under various experimental conditions. Treatment efficacy also depends on factors
such as lettuce type, processing method (whole versus fresh-cut), applied treatment con-
centration, and storage conditions. Therefore, treatments that are effective experimentally
should not necessarily be considered commercially applicable without further validation
under commercial handling conditions.

10. Conclusions and Future Directions

Postharvest discoloration remains one of the most economically important physio-
logical disorders limiting the quality, shelf life, and marketability of lettuce. As discussed
throughout this review, lettuce discoloration encompasses multiple physiologically distinct
disorders rather than a single phenomenon. Gas-induced disorders, including brown stain
and russet spotting develop primarily in response to unfavorable storage atmospheres and
ethylene exposure. Rusty brown discoloration represents a separate physiological disorder
whose etiology remains unclear and may involve both physiological and pathological
factors. In contrast, oxidative discoloration arises following wounding and other abiotic
or biotic stresses through activation of the phenylpropanoid pathway and subsequent
oxidation of phenolic compounds. Although the physiological basis of these disorders
differs, each ultimately contributes to postharvest losses and reduced consumer acceptance.
Research over the past several decades has substantially advanced our understanding of let-
tuce discoloration. The environmental triggers and management strategies for gas-induced
disorders are now relatively well established, while studies of oxidative discoloration have
identified important roles for phenolic metabolism, oxidative enzymes, candidate genes,
and preharvest and postharvest factors influencing browning and pinking development.
Rather than identifying a single dominant mechanism, however, the available evidence
indicates that oxidative discoloration is governed by complex interactions among genotype,
production practices, storage environment, and wound-induced physiological responses.
Growing evidence suggests that browning and pinking may represent related but distinct
oxidative phenotypes; however, their precise relationship remains unresolved.

One of the greatest obstacles to further research progress is the lack of consistent termi-
nology across the literature. For example, terminology describing oxidative discoloration
remains inconsistent despite increasing evidence that browning and pinking represent
distinct phenotypes with potentially different physiological, biochemical, and genetic regu-
lation. To address this inconsistency, this review provides suggestions for improving the
clarity and consistency in reporting oxidative discoloration phenotypes, including describ-
ing phenotypes primarily by color and appearance and following with terms describing
symptom location when necessary. Likewise, subjective visual rating scales continue to
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dominate discoloration assessments, limiting comparisons among studies and hindering
the development of standardized prediction models and breeding strategies. Further re-
search is needed to develop and validate terminology and objective classification criteria to
help standardize research across different lettuce cultivars and experimental conditions.

Advances in digital imaging, hyperspectral sensing, machine learning, and predic-
tive modeling now provide opportunities to replace subjective evaluations with objec-
tive, quantitative phenotyping. Integrating these technologies with physiological, bio-
chemical, genetic, and molecular investigations will improve characterization of dis-
coloration phenotypes, facilitate identification of candidate genes and biomarkers, and
strengthen the development of predictive models capable of supporting both breeding and
postharvest management.

Ultimately, this review supports a shift from viewing oxidative discoloration as a
single disorder to that of a phenotype-based framework that recognizes browning and
pinking as related, yet potentially distinct, physiological responses to stress. Establishing
standardized terminology, objective phenotyping methods, and multidisciplinary research
approaches will be essential for resolving the mechanisms governing discoloration de-
velopment and translating that knowledge into more effective prediction, breeding, and
mitigation strategies for lettuce destined for whole and fresh-cut lettuce markets.
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