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ABSTRACT 

Volatile organic compounds (VOCs) emitted by seeds serve as promising biomarkers for 
assessing seed vigor, viability, and deterioration during storage. This review synthesizes current 
knowledge on the types and chemical classes of VOCs released by seeds, factors affecting their 
emission, and methods for their collection and analysis. VOCs indicate seed aging, with 
increased emissions of alcohols, aldehydes, and ketones associated with deterioration processes 
like lipid peroxidation. The quantity and composition of VOCs correlate with the extent of seed 
deterioration, potentially offering a rapid, non-destructive alternative to traditional germination 
tests for evaluating seed quality. VOCsalso mediate interactions between seeds and 
microorganisms, influencing germination and stress responses. While VOC analysis shows 
promise for integration into seed quality testing, challenges remain in standardizing protocols 
and identifying robust markers across different seed types, species and storage conditions. 
Advances in VOC research may ultimately lead to novel solutions for improving seed and crop 
productivity. 
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1. Introduction 

Volatileorganiccompounds(VOCs)aresmallsignalingmoleculeswithlowmolecularweight(<300 

g/mol) and high vapor pressure that are emitted by plants, bacteria, and fungi (Almeida et al., 

2023). Inrecent years, there has been increasing research interest in understanding the diverse 

rolesVOCs play in mediating plant growth, development, and responses to biotic and 

abioticstresses. 

Metabolic changes in seeds during imbibition and germination liberate quantities of 

gaseousand volatile metabolites known as VOCs (Mostaet al., 2017). These VOCs emitted 

by germinating seeds have 

beenfoundtohaveimportanteffectsonthephysiologicalqualityandperformanceoftheseeds.For 

example, studies have shown that certain VOCs can stimulate seed germination 

andseedlinggrowthinvariousplantspecies (Brossetet al., 2022, Fincheiraet al., 

2017).ExposuretoVOCsreleasedbysomerhizobacteria increased the biosynthesis of essential 

oils and growth parameters in peppermint(Mentha piperita) (Almeida et al., 2023). VOCs 

emitted by Bacillus species promoted the germination and rootelongationof lettuceseeds 



 

 

(Fincheiraet al., 2017). 

VOCsappearto be 

theprimeseedsdefensemechanisms,enablingenhancedresistanceortolerancetoupcomingstresses 

(Brilli et al., 2019).VOCshavebeenimplicatedin quenching reactive oxygen species and 

inducing physiological changes that improve stresstolerance, though the mechanisms are not 

yet fully elucidated (Brilli et al., 2019). Some VOCs may also 

haveallelopathiceffects,inhibitingthegerminationandgrowthofcompetingplantspecies,and 

potentiallyproviding acompetitive advantage (Brilli et al., 2019). 

While most studies on seed VOCs to date have been conducted under controlled 

laboratoryconditions,thereisgrowinginterestinexploitingVOCstoenhanceseedqualityandperfor

mance in agricultural fieldsettings (Brilli et al., 2019).However,more researchis 

neededtofullycharacterize the diverse VOCs emitted by seeds, elucidate their biological 

functions andmechanisms of action, and develop practical strategies for harnessing VOCs to 

improve cropproductivity. 

ThecurrentstateofknowledgeontheroleofVOCsindeterminingseedphysiologicalquality,identify 

key gaps in understanding, and highlight promising directions for future research 

andapplicationsinagriculture.UnderstandingthecomplexfunctionsofseedVOCsmayultimatelyen

ablenewapproachestoenhancethequality,stresstolerance,andyieldofcropplants. 

2. Volatileorganiccompoundsassociatedwithseeds 

2.1 TypesandchemicalclassesofVOCsreleasedbyseeds 

i. Alcohols:MethanolandethanolareprevalentVOCsemittedbyseeds,especiallyunderhumidstor

ageconditions (Mira et al., 2016). 

ii. Aldehydes:Volatilealdehydesarereleasedbyseedsandcanbeusedtomeasureseedvigor (Mira 

et al., 2016). 

iii. Ketones:Acetoneandmethyl-ethyl-ketone(MEK)areketone 

VOCsdetectedintheheadspaceof stored seeds(Mira et al., 2016). 

iv. Short-chainethersorperoxides:Unidentifiedshort-chainethersorperoxidesareemittedbydry-

storedseeds of somespecies (Mira et al., 2016). 

v. Alkanes:ButaneandpentanearealkaneVOCsreleasedbydry-storedseeds(Mira et al., 2016). 

vi. Terpenoids: Many seeds emit volatile terpenes and terpenoids (Mira et al., 

2016,Dudarevaet al., 2013). However, these areoften subtracted from total VOC 



 

 

measurements when studying VOCs related to seed quality(Mira et al., 2016). 

vii. Nitrogen-containingcompounds:Someseedsreleasenitrogen-

containingvolatilecompounds (Dudarevaet al., 2013, Vivaldo et al., 2017). 

viii. Sulphur compounds: Certain plant orders like Brassicales emit volatile sulphur 

compoundsfromtheir seeds (Vivaldo et al., 2017). 

 

2.2 FactorsaffectingVOCemissionfromseeds(seedtype,storageconditions,aging,etc.) 

i. Seedtype/species:DifferentseedspeciesemitdistincttypesandquantitiesofVOCs,reflecti

ngvariationsintheirbiochemicalcompositionandmetabolicprocesses (Mira et al., 

2016).Forinstance,caraway(Carum carvi) seeds emitted higher levels of total VOCs 

compared to lettuce (Lactuca sativa)andguar(Cyamopsistetragonoloba)seedsunder 

thesame storageconditions (Mira et al., 2016). 

ii. Storageconditions:Thetemperature,humidity,andgaseousenvironmentduringseedstora

gesignificantlyinfluenceVOCemission rates. 

 Temperature and humidity: Higher storage temperature and humidity tend 

to increase VOCemission, particularly alcohols like methanol and ethanol, 

which are products of fermentationreactions (Mira et al., 2016, Han et al., 

2021).SeedsstoredunderhumidconditionsemittedVOCsindicativeoffermentatio

n,with methanol and ethanol beingpredominant (Mira et al., 2016). 

 Desiccation: Dry storage conditions or the use of desiccants and oxygen 

absorbers cansubstantially reduce VOC emission by limiting oxidation and 

fermentation reactions (Mira et al., 2016, Han et al., 2021).Ageing seeds in 

the presence of silica gel or oxygen absorbers generally decreased 

volatileemissionby aroundtwofold compared to control seeds Han et al., 

2021). 

 Gaseous environment: The composition of the storage atmosphere, 

particularly oxygenlevels, modulates VOC emission (Han et al., 2021). Lower 

oxygen concentrations decrease VOC emissionfromseeds (Han et al., 2021). 

iii. Seed aging/deterioration: As seeds age and deteriorate during storage, they typically 

emithigherlevels ofcertainVOCsthat serveasmarkersfordegradativeprocesses. 

 Aldehydes and alcohols: Aged and deteriorated seeds tend to release greater 



 

 

amounts ofaldehydes and alcohols, which are indicative of lipid peroxidation 

and fermentation reactions,respectively (Almeida et al., 2023,Mira et al., 

2016). VOCemissiongenerallyincreasedwithstoragetimeasseedslostviability 

(Mira et al., 2016). 

 Metabolicinactivation:However,veryoldordeadseedsmayeventuallyceaseemitt

ingVOCsasthey becomemetabolically inactive (Mira et al., 2016). 

 

2.3 MethodsforcollectingandanalyzingseedVOCsVOCCollection Methods 

a. VOCCollectionMethods 

i. Solid-PhaseMicroextraction(SPME) 

The most common method for collecting VOCs from seeds is solid-phase 

microextraction(SPME) (Mira et al., 2016). In this technique, an absorbent fiber is 

exposed to the headspace above the seedsin an airtight container for a set time. The 

VOCs are absorbed onto the SPME fiber, which isthen directly injected into a gas 

chromatography-mass spectrometry (GC-MS) system foranalysis. Key parameters like 

fiber type, coating, exposure time, and sample volume areoptimizedformaximumVOC 

absorption (Mira et al., 2016). 

ii. TedlarBags 

Another method is collecting headspace VOCs from seeds in Tedlar bags, followed by 

SPMEextraction of the VOCs from the bag (Mira et al., 2016). This allows for larger 

sample volumes and longercollectiontimes. 

iii. DirectSampling 

VOCs can also be directly sampled from seed "breath" during germination using a gas-

tightsyringe (Mira et al., 

2016).ThesamplingistimedtocoincidewiththeplateauphaseofCO2releasetocaptureVOCs

from thealveolarportion of theseeds. 

iv. CryogenicTrapping 

Cryogenic trapping or cryofocusing of VOCs is another collection approach mentioned 

in thepapers (Mira et al., 2016). This involves condensing VOCs at very low 

temperatures for pre-concentrationbefore analysis. 

b. VOCAnalysisMethods 



 

 

i. GasChromatography-MassSpectrometry(GC-MS) 

GC-MS is the primary analytical technique for separating, identifying and quantifying 

thecollected VOCs (Mira et al., 2016, Epping et al., 2023). Different GC column types are 

used, such as DB-624 or DB-1, withoptimized temperature programs. VOCs are identified by 

comparing their retention times andmass spectra to known standards. Quantification is done 

by relating peak areas to calibrationcurves. 

The types of VOCs commonly reported from seeds include alcohols (ethanol, 

methanol),aldehydes (acetaldehyde, hexanal), alkanes (pentane), ketones, carboxylic acids, 

esters andterpenes (Mira et al., 2016). In general, VOC levels increase as seeds age and 

deteriorate during storage. 

TheVOCprofilesprovideinformationaboutseedquality,vigor,membraneintegrityandbiochemica

lprocesseslikelipid peroxidation (Mira et al., 2016). 

SPME-GC-MS with headspace sampling is the most widely used approach for 

measuringVOCsfromseedsasmarkersofqualityanddeterioration. 

Thestudiesprovidedetailedprotocols for collection, separation, identification and 

quantification of seed VOCs to enablestandardizedanalysis. 

 

3. VOCsasmarkersofseedqualityandviability 
 

3.1 RelationshipbetweenVOCprofilesandseedgermination,vigor,andviability 

 
1. ThequantityofVOCsemittedwhenseedscommencemetabolicactivityduringgerminationdepen

ds on their vigor status and the amount of storage reserves (Umarani et al., 2020). Seeds 

with higher vigortendto emit moreVOCs. 

2. Metabolic changes in seeds during imbibition and germination release gaseous and 

volatilemetabolitesknownasVOCs(Motsaet al., 

2017).TheseVOCscanpotentiallyserveasmarkers topredictseedvigorand viability. 

3. AstudycomparedVOCsbetweenartificiallyaged(AA)andnon-aged(NA)sweetcornseedsand 

constructed Partial Least Squares Regression (PLS-R) models based on the VOC data 

topredictseedvigor(Zhang et al., 

2022).ThissuggestsVOCprofilescouldbeusedtoassessseedquality. 

4. Researchers propose that VOC fingerprinting could enable quick assessment of the 

vigorstatus of seeds (Umarani et al., 2020). However, standard protocols still need to be 



 

 

developed for this VOCfingerprintingapproach. 

5. Plant growth-promoting rhizobacteria can modulate root system architecture in 

Arabidopsisthaliana through emission of VOCs (Grover et al., 2021). This indicates VOCs 

play a role in regulating plantgrowthand development. 

 

3.2 KeyVOCbiomarkersindicativeofseedphysiologicalstatusAldehydesas Markersof 
SeedDeterioration: 

 
Aldehydessuchashexanal,pentanal,andbutanalaccumulateinseedsduringstorageasaresultof 

lipid peroxidation, which is a major cause of seed deterioration. Higher levels of 

thesealdehydesareindicative of reduced seedviability and vigor. 

In a study on lettuce seeds, hexanal levels increased as seed germination decreased from 

75%to 50% during storage (Mira et al., 2016). Similar trends were observed in caraway and 

wallflower seeds (Mira et al., 

2016).Aldehydeaccumulationisinitiatedbyautoxidationorenzymaticoxidationofunsaturatedfatt

yacidsin seeds (Umarani et al., 2020). 

AlcoholsandKetonesAssociated withGermination Metabolism 

Alcohols like ethanol and methanol, as well as ketones like acetone, are produced as a 

resultof increased metabolic activity during seed imbibition and early stages of germination 

(Umarani et al., 2020, Mira et al., 

2016).Itisfoundthatethanol,methanolandacetonewereprominentVOCsemittedfromgerminating

lettuce seeds under humid conditions (Mira et al., 2016). The levels of these compounds 

correlated with theseed germination potential. It is also reported that the emission of ethanol 

and acetone duringearlygermination ofsoybean seeds (Zhang et al., 2022). 

ExperimentalMethodsforVOCProfiling 

Gaschromatography(GC)andGC-massspectrometry(GC-MS)arecommonlyusedtechniques to 

analyze the VOC profiles emitted by seeds (Umarani et al., 2020, Zhang et al., 2022). Seeds 

are typically stored 

atdifferentmoisturelevels,andVOCemissionsaremeasuredatdifferentgerminationpercentagesus

ing headspacesampling (Mira et al., 2016). 

The VOC data is then correlated with results from standard seed viability tests such 

astetrazolium staining. This allows identification of specific VOC biomarkers associated 



 

 

withdifferentphysiological states ofthe seeds. 

KeyVOCbiomarkersincludingaldehydes,alcoholsandketonescanprovidevaluableinformation 

about the physiological status of seeds. Aldehydes like hexanal are indicative 

ofseeddeterioration,whilealcoholsandketonesareassociatedwithgerminationmetabolism.GCan

d GC-MS based VOC profiling methods, combined with seed viability assays, are 

effectiveexperimental approaches for identifying these biomarkers. Establishing crop-specific 

VOCfingerprintscan enablequickandnon-destructiveassessmentofseedvigorandviability. 

3.3 UsingVOCstopredictandmonitorseeddeteriorationduringstorage 

TheVOCsemittedbyseedsarethoughttobeproductsofvariouschemicalreactionsoccurringwithin 

the seeds during storage. Many of these VOCs are reactive and potentially toxic to 

theseedsthemselves.Theiraccumulationperpetuatesfurtherdamagingreactionsthatleadtoseeddet

erioration (Mira et al., 2016, Umarani et al., 2020, Zhang et al., 2022). 

RelationshipBetweenVOCsandSeedDeterioration 

Studies have shown that the quantity of total VOCs emitted by seeds is positively 

correlatedwith the degree of seed deterioration (Umarani et al., 2020, Chinnasamy et al., 

2022). As seeds age and lose viability during storage,thestrength and 

diversityofVOCsreleased increases. 

In one study on groundnut seeds, a significant decrease in seed germination, vigor and 

otherphysiologicalqualitieswasobservedwhenthetotalVOCemissionlevelsreachedover50%ofin

itial values. The highest reductions in seed quality occurred when VOC levels reached 

92%oftheinitial amounts (Chinnasamy et al., 2022). 

The VOC profile also changes as seed deterioration progresses. Methanol and ethanol tend 

tobe the predominant VOCs released by seeds stored at high moisture contents, while dry 

seedsemit higher proportions of hydrocarbons like pentane and butane (Mira et al., 2016). 

Certain compounds likean unidentified short-chain ether/peroxide seem to be markers of seed 

aging in dry storageacrossmultiple species (Mira et al., 2016). 

 

3.4. UsingVOCsasPredictiveMarkersofSeedQuality 

Given the close association between VOC emissions and seed deterioration, VOCs have 

greatpotential to be used as sensitive, early indicators of seed quality during storage 

(Umarani et al., 2020, Zhang et al., 2022,Chinnasamy et al., 2022).By monitoring the total 

quantity and composition of VOCs, it may be possible to detect 



 

 

seedagingbeforegerminationor other physiologicalchangesbecomeapparent. 

Some researchers propose that unique VOC "fingerprints" could be developed for each 

cropandlinkedtospecificvigorlevels (Umarani et al., 2020).Thiswouldallowquick,non-

destructiveassessmentofseedlotquality.However,standardsamplingandanalysisprotocolsneedto

beestablished,andfurther research is needed to identify the specific marker compounds most 

indicative of seeddeteriorationin each species (Umarani et al., 2020). 

Study Seed Type VOCs Analyzed Physiological 

Effects Observed 

Key Findings 

1 Groundnut 

(Chinnasa

my et al., 

2022) 

Alcohols, 

Aldehydes, Acids, 

Esters, Alkanes, 

Alkenes, Ketones, 

Ethers 

Decreased 

germination, root 

and shoot length, 

dry matter 

production 

Significant 

reduction in 

quality attributes 

when total volatile 

strength exceeded 

50% 

2 Rice (Co 

51) 

(Chinnasa

my et al., 

2022) 

1-Hexanol, 1-

Butanol, Ethanol, 

Hexanal, Acetic 

Acid 

Reduced 

germination, 

increased electrical 

conductivity, lipid 

peroxidation 

Highest reduction 

in quality at total 

volatile strength 

of 54.90% 

3 Groundnut 

(Chinnasa

my et al., 

2022) 

Various VOCs Increased electrical 

conductivity, 

decreased enzyme 

activities 

Notable 

biochemical 

changes with 

increased VOC 

emission strength 

Table 1: VOC Emissions and Their Impact on Seed Quality 

 

Study Seed Type Total Volatile 

Strength (%) 

Physiological 

Indicators Affected 

Biochemical 

Changes 

1 Groundnut 

(Chinnasamy 

>50% Germination 

rate,root/shoot 

length, vigour index 

Increased lipid 

peroxidation, 

decreased 



 

 

et al., 2022) catalase activity 

2 Rice (Co 51) 

(Chinnasamy 

et al., 2022) 

>40% Germination, 

root/shoot length, dry 

matter 

Increased 

lipoxygenase 

activity, 

decreased 

peroxidase 

activity 

Table 2: VOC Emission Levels and Physiological Quality Indicators 

 

4. MechanismsofVOC releaseandactioninseeds 

4.1 BiochemicalpathwaysandenzymesinvolvedinVOCbiosynthesisinseeds 

i. Terpenoidbiosynthesis:Volatileterpenoids,includingmonoterpenes,diterpenes,andsesquite

rpenes,aresynthesizedviathemevalonicacid(MVA)andmethylerythritolphosphate(MEP)p

athways (Picazo-Aragonéset al., 

2020).Keyenzymesincludeterpenesynthases,whichconvertphenyldiphosphateprecursorsin

to various terpenes (Dudarevaet al., 2004). 

ii. Phenylpropanoid/benzenoid biosynthesis: These VOCs are derived from the 

shikimate andarogenate pathways (Picazo-Aragonéset al., 2020). Important enzymes 

include those involved in phenylpropanoid 

andbenzenoidbiosynthesis,suchasphenylalanineammonia-

lyase(PAL)andbenzoicacidcarboxylmethyltransferase(BAMT) (Dudarevaet al., 2004). 

iii. Fatty acid derivative biosynthesis: VOCs like green leaf volatiles (GLVs) and 

jasmonate(JA)areproducedviathelipoxygenase(LOX)pathwayfromfattyacidprecursors 

(Picazo-Aragonéset al., 

2020).EnzymessuchaslipoxygenasesandhydroperoxidelyasesarecrucialforGLVformatio

n (Dudarevaet al., 2004). 

iv. Cytochrome P450 enzymes: These versatile enzymes play a key role in modifying 

anddiversifying VOCs from various pathways, especially those derived from fatty 

acids like theoctadecanoidpathway (Dudarevaet al., 2004). 

The biosynthesisof VOCsinseedsisunder 

tightspatialandtemporalregulation,withproductionoftenpeakingduringspecificdevelopmentalst

agesorinresponsetoenvironmentalcues (Dudarevaet al., 2004, Brossetet al., 2022). 



 

 

Transcriptional control by transcription factors and epigenetic regulation 

viamechanismslikenon-

codingRNAs,DNAmethylation,andhistonemodificationsalsomodulateVOC biosynthesis 

(Picazo-Aragonéset al., 2020). 

 

4.2 PhysiologicalrolesofVOCsinseeddormancy,germination,andstressresponses 

Volatileorganiccompounds(VOCs)releasedbyplantsandmicrobesplayimportantphysiologicalro

lesinregulatingseeddormancy,germination,andstressresponses. 

Certain long-chain hydrocarbons produced by bacteria, such as C21, C24, and C31 

alkanesreleased by Bacillus sp. MH778713, have been shown to break seed dormancy and 

promotegerminationinmesquiteseedsunderchromiumstress(Ramírez et al., 

2020).TheseVOCslikelyactassignalingmoleculesthatcounteracttheinhibitoryeffectsofheavyme

talstressonseedgermination. 

Plants also emit a diverse array of VOCs that can have allelopathic effects on the 

germinationand growth of other plants (Xie et al., 2021). For example, monoterpenes like 

1,8-cineole, camphor, and β-pinene released by some plants inhibit seed germination and 

seedling growth. Other plant-derived VOCs such as hexanal, 1-hexanol, and 1-octanol have 

been found to stimulate seedgermination(Xie et al., 2021). 

Furthermore,VOCsmediateplantresponsestoabioticandbioticstresses.ManyplantsincreaseVOC 

emissions, particularly green leaf volatiles and terpenes when exposed to stresses 

likedrought,salinity,extremetemperatures,ozone,andherbivory(Xie et al., 2021).Thesestress-

inducedVOCscan prime defense responses in neighboring plants, attract predators of 

herbivores, and act asantioxidantsto mitigate oxidative damage(Xie et al., 2021). 

4.3 VOC-mediatedinteractionsbetweenseedsandmicroorganisms 

Microbial volatile organic compounds (mVOCs) play a crucial role in mediating 

interactionsbetween seeds, plants and microorganisms. Diverse bacteria and fungi produce an 

array 

ofmVOCsthatcanpromoteplantgrowth,inducesystemicresistanceagainstpathogens,improveabi

oticstresstolerance,andmodulateplanthormonesignalingpathways (Schulz-Bohm et al., 2017, 

Poveda et al., 2021, Junker et al., 2013). 

Some key mVOCs involved in these interactions include 2,3-butanediol, acetoin, 

terpenes,benzothiazole, and dimethyl disulfide. These compounds are produced by beneficial 

microbessuch as Bacillus, Pseudomonas, Trichoderma, and Streptomyces species (Schulz-



 

 

Bohm et al., 2017, Poveda et al., 2021, Russo et al., 2022). 

ThemechanismsbywhichmVOCsmediatetheireffectsonplantsaremultifaceted. Theycan 

exhibitdirectantimicrobialactivityagainstplantpathogens,elicitplantdefenseresponses,andmodu

late phytohormone pathways like auxin, cytokinin, salicylic acid, and jasmonic acidsignaling 

(Schulz-Bohm et al., 2017,Junker et al., 2013, Chandrasekaran et al., 2022). 

For example, studies have shown that Bacillus-derived mVOCs can promote growth and 

saltstresstolerancein Arabidopsisthalianabyregulatingauxinhomeostasis (Poveda et al., 

2021).Similarly,TrichodermavirensproducesmVOCsthatdisplayantifungalactivityagainstplantp

athogens (Poveda et al., 

2021).PseudomonasandBacillusspeciesemitmVOCsthatenhanceseedgermination,rootandshoot

growth,andoverallyieldincropsliketomatoandmungbean (Poveda et al., 2021, Russo et al., 

2022). 

Furthermore, mVOCs from Pseudomonas fluorescens WR-1 and Bacillus 

amyloliquefacienshavebeenfoundtorestrictthegrowthandvirulenceofplantpathogenslikeRalstoni

asolanacearum(Poveda et al., 2021). Endophytic bacteria such as Pseudomonas stutzeri and 

Stenotrophomonasmaltophiliaalsoproduce antifungalmVOCsthatcanprotectplantsagainst 

diseases (Poveda et al., 2021). 

Microbial volatile organic compounds serve as important signaling molecules in the 

complexinteractions between seeds, plants and their associated microbiota. By promoting 

growth,inducing resistance, and modulating stress responses, mVOCs can greatly benefit plant 

healthand productivity. Harnessing these natural plant-microbe communication systems could 

leadto the development of sustainable agricultural practices with reduced reliance on 

chemicalfertilizers and pesticides (Chandrasekaran et al., 2022). 

5. ApplicationsofseedVOCanalysis 

5.1 Rapidandnon-invasivetechniquesforassessingseedqualitybasedonVOCs 

Volatileorganiccompounds(VOCs)releasedbyseedshaveemergedaspromisingbiomarkersforrapi

dlyandnon-

invasivelyassessingseedqualityandvigor.Duringstorageandgermination,seedsemitadiversearray

ofVOCs,includingalcohols,aldehydes,alkanes,acids,andesters (Chinnasamy et al., 2022, 

Nerlinget al., 

2022).ThecompositionandquantityoftheseVOCsareinfluencedbyfactorssuchasseedmoisturecont

ent,storageconditions, andtheextentofdeterioration (Chinnasamy et al., 2022,Mira et al., 

2016). 



 

 

StudieshaveconsistentlyshownastrongpositivecorrelationbetweenVOCemissionandseedaging 

or deterioration. As seeds lose vigor, their VOC profiles change distinctively comparedtohigh-

qualityseeds (Chinnasamy et al., 2022,Nerlinget al., 2022, Motsaet al., 2017). 

ThismakesVOCanalysisapotentialtoolforquicklydistinguishingbetween high and low-vigorseed 

lots. 

Advanced analytical techniques like gas chromatography-mass spectrometry (GC-MS) 

enableprecise profiling of seed VOCs (Chinnasamy et al., 2022,Tiwari et al., 2020, Zhang et 

al.,2022). Compounds commonly associated with 

seeddeteriorationincludeethanol,methanol,acetaldehyde,hexanal,andpentane (Mira et al., 

2016, Nerlinget al., 

2022).Forexample,inastudyongroundnutseeds,thetotalVOCemissionstrengthreachedover90%in

heavilydeteriorated samples thathad lost most of theirgerminability (Chinnasamy et al., 2022). 

The development of standardized VOC fingerprinting protocols and identification of 

specificmarker compounds for different crop species could pave the way for practical 

applications ofthis approach in seed quality testing (Umarani et al., 2020, Motsaet al., 2017). 

VOC analysis offers the advantages of speed andnon-destructivesampling 

comparedtotraditionalgerminationandvigortests (Nerlinget al., 2022,Umarani et al., 2020). 

Severalstudiesacrossvariouscropslikerice,sweetcorn,tomato,andothershavedemonstratedthefeas

ibilityofusingVOCprofilingforvigorassessment (Tiwari et al., 2020, Zhang et al.,2022, 

Motsaet al., 2017).However,more researchisneededtoestablishrobustcrop-

specificprotocolsandvalidateVOCmarkersagainstphysiologicaland biochemical parameters 

ofseedquality (Nerlinget al., 2022,Umarani et al., 2020). 

VOC fingerprinting holds great promise as a rapid and non-invasive technique for 

evaluatingseedvigor.ByharnessingthepotentialofVOCbiomarkers,seedtechnologistscouldsignifi

cantlyimprovetheefficiencyandprecisionofqualitytestinginthefuture (Nerlinget al., 

2022,Umarani et al., 2020, Motsaet al., 2017). 

5.2 UsingVOCsforearlydetectionofseedpathogeninfection 

Plants and microorganisms emit specific blends of volatile organic compounds (VOCs) 

thatcan serve as biomarkers for detecting pathogen infections in seeds and plants (Jansen et 

al., 2011, Ficke et al., 2022). VOCprofilesareoftenpathogen-

specific,allowingforidentificationofthecausalagent.Forexample,wheatinfectedwithFusariumhea

dblightemittedhigherlevelsofgermacreneDandsativene compared to healthy plants, while 

wheat infected with Septoria nodorum blotch hadincreasedemissions of mellein and 



 

 

heptadecanone (Ficke et al., 2022). 

Analytical techniques like gas chromatography-mass spectrometry (GC-MS) and 

electronicnosesarecommonlyusedtodetectandcharacterizeVOCsassociatedwithpathogeninfectio

ns (MacDougall et al., 2022, Almeida et al., 2023, Steglińskaet al., 2022). GC-MS provides 

reliable, efficient, and selective measurement 

ofhundredsofVOCs,whileelectronicnosescanmimicthemammalianolfactorysystemto"sniffout"i

nfections based onVOCprofiles (Almeida et al., 2023, Steglińskaet al., 2022). 

Combining VOC analysis with physiological parameters can enable early diagnosis of 

seedinfectionsbeforevisiblediseasesymptomsappear (Steglińskaet al., 

2022).Astudyonpotatofoundthatmonitoringboth VOCs and physiological activity could 

feasibly detect fungal and bacterial infectionsduringseed potato storage (Steglińskaet al., 

2022). 

Some common VOCs identified as potential markers of pathogen infection include 

alcohols,ketones, terpenoids, sulfur compounds, and esters (Jansen et al., 2011, Ficke et al., 

2022, Poveda et al., 2021). The abundance of specificmarker VOCs often differs significantly 

between healthy and infected seeds and plants. Forinstance, potato tubers infected with various 

rot pathogens emitted distinct VOC profilescomparedto healthy tubers (Almeida et al., 2023). 

5.3 PotentialofVOCsasnaturalfumigantsforseedstoragepestcontrol 

Volatileorganiccompounds(VOCs)derivedfromplantsandmicrobesshowpromisingpotential as 

natural fumigants for controlling storage pests of seeds and grains. VOCs 

areconsideredenvironmentallybenignalternativestosyntheticpesticidesandhaveprovenefficacyag

ainst majorstoragepestslikebeetles,moths,andnematodes (Conboy et al., 2020, Singh et al., 

2021). 

Manyplant-derivedVOCsexhibitrepellentandinsecticidaleffects.Forexample,limonene,β-

ocimene, linalool, and methyl salicylate (MeSA) effectively repel whiteflies, beetles, 

andmoths (Conboy et al., 2020).Slow-

releasedispensersoftheseVOCscancreateaprotectivebarrieraroundstoredproducts.Additionally,e

ssentialoilsfromplantslikeCarumcarvi (Singh et al., 2021)andArtemisiaannua (Singh et al., 

2021) have shown fumigant toxicity against storage pests like confused flour beetle 

andmaizeweevil. 

Microbial VOCs also possess pest control properties. Dimethyl disulfide (DMDS) and S-

methyl thioacetate (MTA) emitted by bacteria exhibit strong nematicidal activity against root-

knot nematode Meloidogyne incognita(Diyapogluet al., 2022). The LC50 values were 8.57 



 

 

and 1.43 µg/cm3 airforDMDSandMTArespectively,suggestingtheirpotentialasnatural 

fumigants (Diyapogluet al., 2022). 

Besidesdirecttoxicity,VOCscaninduceplantdefenseresponsesagainstpestsandpathogens.The 

exogenous application of MeSA upregulates salicylic acid signaling and antioxidant 

defensepathways, enhancing plant resistance (Conboy et al., 2020). Integrating repellent 

VOCs with defense elicitorscouldprovideamulti-pronged approach for managingstoragepests. 

However,theefficacyofVOCsisoftenvariable,likelyinfluencedbyfactorslikepestdensity,plantvari

ety,andenvironmentalconditions (Conboy et al., 2020, Singh et al., 

2021).Optimizingformulation,deliverymethods,andintegratingwithotherIPMtacticsisnecessaryf

orconsistentpestcontrol.Whilechallenges remain, the use of VOCs as natural fumigants holds 

great promise for sustainablemanagementofseed storagepests. 

 

5.4 Implicationsforseedscienceandtechnology 

i. VOCs as biomarkers of seed quality: VOCs emitted by seeds can serve as non-

invasiveindicators of seed viability, vigor, and physiological state during storage. Specific 

VOCs likealcohols (methanol, ethanol) and ketones are associated with deteriorating seed 

quality (Mira et al., 2016).MonitoringVOCprofilescouldallow 

earlydetectionofseedagingandqualityissues. 

ii. VOCs influence seed germination and seedling growth: Some VOCs, especially 

thoseproduced by microbes, can promote seed germination, break dormancy, and enhance 

seedlinggrowth. For example, VOCs from Bacillus and Pseudomonas species improved 

germinationandgrowthparametersinvariouscrops (Srikamwanget al., 

2023).Understandingtheseeffectscouldleadtoapplicationsof microbialVOCsasnatural 

growthpromoters. 

iii. VOCs in seed pathogen and pest defense: Seeds emit VOCs that can defend 

againstpathogens and pests. Conversely, VOCs from infected seeds may serve as early 

indicators ofseed-borne diseases (Steglińskaet al., 2022). Harnessing defensive VOCs and 

monitoring disease-related VOCscouldimproveseed health and quality. 

iv. Optimizingseedproductionandstorage:Inhybridseedproduction,floralVOCsmediatepollin

atorattractionwhichiscriticalforeffectivepollination (Fernandes et al., 

2019).Duringseedstorage,monitoring VOC profiles and minimizing VOCs associated with 

deterioration could helpmaintain seed quality and longevity (Mira et al., 2016, Steglińskaet 



 

 

al., 2022). Manipulating VOCs might also enhance seedviabilityand pathogen resistance. 

v. VOCsastoolsforassessingandsortingseeds:Rapidandnon-

destructiveanalysisofseedVOCsusingmethodslikeGC-MS,PTR-MSande-

nosescouldallowqualitytestingandsortingofseedlots (Tiwari et al., 2020, Zhang et al., 

2022).VOC-basedmarkerscouldcomplementorreplacetraditionalgerminationandvigor tests. 

vi. VOCsasindicatorsofseeddeteriorationduringstorage:VOCslikealcohols(methanol,ethan

ol) and ketones emitted by seeds are associated with deteriorating seed quality andreduced 

longevity during storage (Fernandes et al., 2019, Zhang et al., 2022). Some VOCs may be 

toxic to seeds and perpetuatereactions that accelerate aging (Zhang et al., 2022). Monitoring 

VOC profiles could allow early detection andcontrol of seed deterioration. Controlling 

storage conditions to remove certain VOCs couldhelpmaintain seed viability. 

vii. VOCsinseeddiseasediagnosisandmanagement:SeedsemitdefensiveVOCsthatprotectagain

st pathogens and pests, while VOCs from infected seeds can serve as early indicators ofseed-

bornediseases (Maurya et al., 2020, Fincheiraet al., 

2018).UnderstandingtheseVOCmarkerscouldimprovediseasediagnosisand management to 

enhanceseedhealth (Fincheiraet al., 2018). 

viii. MicrobialVOCsforseedpathogenresistance:CertainmicrobialVOCslikebenzothiazole,ph

enols,andpyrazineshaveantimicrobialactivityandcaninduceplantdefenseresponses in seeds 

(Srikamwanget al., 2023). Harnessing these microbial VOCs could be a strategy to enhance 

seedresistance againstpathogens. 

ix. VOCs mediate pollinator attraction for seed production: Floral VOCs are critical 

forattractingpollinators,whichisessentialforeffectivepollinationandseed-setinmanycrops 

(Fernandes et al., 2019, Mhlanga et al., 2021). The specific VOC blend influences 

pollinator preference and behavior (Fernandes et al., 

2019).VirusinfectionscanalterfloralVOCemissionsandconsequentlyimpactpollinatorvisits 

(Mhlanga et al., 2021). 

x. VOCs as tools for assessing seed vigor: The composition of VOCs emitted during 

seedimbibition and germination can indicate seed vigor and quality (Motsaet al., 2017). 

Analyzing these VOCscouldprovidearapid,non-destructivemethod to evaluateseed lot 

performance. 

 

6.Challengesandfutureperspectives 

6.1 LimitationsandtechnicalchallengesinseedVOCresearch 



 

 

1. ExperimentsonVOCefficacyareoftenperformedusingconcentrationsfarhigherthanthoseachie

vable in open-field conditions. Trials testing the antimicrobial activity of VOCs 

arefrequentlydoneinPetridishesbyapplyingpureliquidsolution,withoutquantifyingtheactualVO

Cconcentration in theheadspaceduring the experiment (Brilli et al., 2019). 

2. ThehighbiodegradabilityofVOCslimitstheir persistenceand activity,despiteminimizinglong-

termnon-targeted effects (Brilli et al., 2019). 

3. ThereislimitedinformationontheeffectsofplantVOCsoncropproductivity (Brilli et al., 2019). 

4. Accurate quantification of VOC production in seeds must account for sorption–

desorptiondynamicsbetweensolidsandairspaces.Moreworkisneededtoaccuratelymodelthepartit

ioningofVOC products (Mira et al., 2016). 

5. VOC analyses reflect the most prominent reaction types, but these may not be the 

mostphysiologically relevant. For example, high pentane production in aged seeds likely 

derivesfromlipid peroxidation, butmay not directlyimpact seed viability (Mira et al., 2016). 

6. DevelopingeffectiveandspecificsyntheticVOCblendscanrequire5-

10yearsforresearchanddevelopment (Brilli et al., 2019). 

7. High costs associated with formulation, mass production, registration and marketing 

ofsyntheticVOCs,alongwithscalabilitylimitations,haveslowedtheuseofVOCsinagriculture 

(Brilli et al., 2019). 

8. VOCs are challenging to control in field trials (Xie et al., 2021). Problems exist in 

managing 

VOCapplicationinopenfieldswheretheireffectscannotbecontrolledaseffectivelyasingreenhouse

s (Brilli et al., 2019). 

9. Sampling and analysis of VOCs is considered a technical challenge due to their 

specialfeatures,extremecomplexity,diversificationandsignificantspatial-

temporalemissionvariation (Pozzeret al., 2022). 

6.2 Knowledgegapsandareasforfurtherinvestigation 
Volatileorganiccompounds(VOCs)playanimportantroleindeterminingseedphysiologicalqualit

y and deterioration during storage. Studies have shown that seeds release various 

VOCsincludingalcohols,aldehydes,acids,esters,alkanes,alkenes,ketones,andethersduringstorag

e (Brilli et al., 2019, Chinnasamy et al., 2022). Increased emission of VOCs is associated 

with seed deterioration and loss 

ofkeyphysiologicalpropertieslikeviability,germinationcapacity,vigor,andbiochemical 



 

 

processes (Brilli et al., 2019). 

HighlevelsofVOCemission,especiallywhenexceeding50%ofthetotalVOCsreleased,cansignific

antlyreduceimportantseedqualityparameters.ExperimentsfoundthatseedswithhighVOC 

emission had lower germination rates, reduced root and shoot growth, decreased drymatter 

accumulation, and a lower overall vigor index compared to seeds with low VOCemission 

(Brilli et al., 2019). This indicates that VOCs are not just markers of seed deterioration, but 

theiraccumulationmay directlyimpact thephysiologicalperformanceofseeds.Thecompositionof 

VOCsreleasedcanalsoprovideinsightsintoseedquality.Certaincompounds like aldehydes have 

been identified as specific markers of poor seed quality andadvanced stages of deterioration 

(Chinnasamy et al., 2022). By analyzing the VOC profiles of seed samples, it maybe 

possible to detect early signs of quality decline before physiological symptoms 

becomeapparent. 

However, there are still some knowledge gaps in understanding the full role and 

potentialapplications of VOCs in seed science. The mechanisms by which seeds perceive and 

respondto different VOCs are not yet clear (Brilli et al., 2019). Additionally, the effects of 

specific blends or ratios ofVOCsneedtobeinvestigatedfurther (Chinnasamy et al., 2022). 

Withmoreresearch, 

VOCanalysiscouldbedevelopedintoapowerfultoolforearlydetectionofseeddeteriorationduringst

orage,allowingtimelyinterventions to maintain seed quality (Brilli et al., 2019, Chinnasamy 

et al., 2022). 

6.3 ProspectsforintegratingVOCanalysisinseedqualitytestingandcertificationprograms 

Volatileorganiccompound(VOC)analysisisemergingasapromisingapproachforrapid,non-

destructive assessment of seed quality and vigor. VOCs released from seeds can 

providevaluable information about their physiological status and deterioration during storage 

(Zhang et al., 2022).Techniques such as headspace solid-phase microextraction (HS-SPME) 

coupled with gaschromatography-mass spectrometry (GC-MS) and electronic noses enable 

the detection andfingerprintingof complexVOC profilesfrom seeds (Zhang et al., 2022, 

Rajendra Prasad et al., 2023). 

StudieshaveshownthatspecificVOCsareassociatedwithseedagingandlossofvigor.Theseincludec

ompoundsrelatedtoalcoholicfermentation,lipidperoxidation,andMaillardreactions (Zhang et 

al., 2022).ByidentifyingreliableVOCmarkers,itmaybepossibletopredictseedstorabilityand 

detect early signsof deterioration (Zhang et al., 2022, Rajendra Prasad et al., 2023). 

However, integrating VOC analysis into seed quality testing and certification programs 



 

 

facesseveral challenges. Standardized sampling and analysis protocols need to be developed 

toensure consistent and reproducible results (Zhang et al., 2022). Additionally, identifying 

robust VOC 

markersthatareapplicableacrossdifferentseedspeciesandstorageconditionsrequiresfurtherresear

ch (Zhang et al., 2022, Rajendra Prasad et al., 2023). 

While VOC analysis holds great potential as a complementary tool to traditional seed 

testingmethods,morevalidationstudiesarenecessarytoestablishitseffectivenessand Reliability 

(Zhang et al., 2022, Rajendra Prasad et al., 2023). Future research should focus on 

correlating VOC profiles with seed germination, vigor, and field performance to demonstrate 

the practical utility of this approach (Zhang et al., 2022). 

VOC analysis is a promising technique for enhancing seed quality assessment, but further 

work is needed to standardize methodologies and integrate it into existing seed testing 

frameworks. With continued research and development, VOC analysis could become a 

valuable tool for seed producers, testing laboratories, and certification agencies to ensure the 

quality and performance of seeds in the future (Zhang et al., 2022, Rajendra Prasad et al., 

2023). 

Study Key Findings VOCs 

Involved 

Impact on Seed Quality 

1 

(Brown et 

al., 2021) 

VOCs can differentiate 

biological soil quality, 

influencing seed 

germination and growth. 

Various VOCs 

from soil 

microbes 

Enhanced seed 

germination rates and 

vigor. 

 

2 

(Malabadiet 

al., 2023) 

Cannabis plants emit 

VOCs that can affect air 

quality and may influence 

seed physiological traits. 

 

β-myrcene, α-

pinene, 

limonene 

Potentially alters seed 

development and stress 

responses. 

3 

(Kotziaset 

al., 2021) 

VOCs in indoor 

environments can affect 

seed storage conditions, 

impacting seed viability. 

Multiple VOCs 

from building 

materials 

Reduced seed longevity 

and quality due to 

contamination. 

4 

(Gu et al., 

2021) 

Biogenic VOCs contribute 

to ozone formation, 

affecting seed germination 

 

Ethylene, 

toluene 

Negative effects on seed 

germination and growth 

under high ozone levels. 



 

 

Table 3: The significant role of VOCs in influencing seed physiological quality through 

various environmental interactions and biological processes.

in urban areas. 

5 

(Lin et al., 

2023) 

VOCs released during 

food processing can 

indicate seed quality and 

nutritional status. 

Various food-

related VOCs 

Correlation between VOC 

profiles and seed quality 

metrics. 



 

 

7. Summary of important findings on the role of VOCs in seed physiology 

Volatileorganiccompounds(VOCs)emittedfromseedscanserveasimportantbiomarkersforassess

ing seed quality and deterioration during storage. Many VOCs produced by seeds arereactive 

and potentially toxic, perpetuating reactions that lead to seed aging and reducedviability. The 

quantity and composition of VOCs released correlates with the extent of seeddeterioration. 

SeedsundergoingagingandlossofvigoremithigherlevelsofVOCslikealcohols,aldehydes,ketones

, alkanes, and acids. These are produced through processes such as lipid 

peroxidation,alcoholic fermentation, and Maillard reactions that occur as seeds deteriorate. 

Specific VOCsthattend toincreasewithseed aginginclude 

hexanal,pentane,ethanol,andmethanol. 

The VOC profile or "fingerprint" can provide a rapid, non-destructive way to evaluate 

seedphysiologicalqualityasanalternativetotraditionalgerminationtests. Whentotal 

VOCemissions exceed a certain threshold (e.g. over 50% of initial levels), significant 

reductions 

inseedgermination,vigor,andseedlinggrowthareobserved.Seedviabilityandvigorarelowestwhen

VOC levels reach theirmaximum. 

Factors like seed moisture content, storage temperature and humidity, and seed 

chemicalcompositioninfluencethetypesandquantitiesofVOCsproduced.Highermoisture,temper

ature,and humidity accelerateVOCemission and seed aging. 

TheVOCsreleasedbyseedsarecloselylinkedtotheirphysiologicalstatusandcanbeusedtomonitor 

deterioration during storage. Analyzing VOC profiles has potential as an early, non-invasive 

technique to assess seed quality in crop management. However, more research 

isneededtostandardizeVOCfingerprintingmethodsandthresholdsfordifferentseedtypes. 

8.Recommendationsforfutureresearchdirections 

i. Develop VOC biomarkers for seed quality assessment: Conduct more 
comprehensiveprofiling studies to identify specific VOCs or VOC patterns that reliably 
correlate with seedvigor, viability, and deterioration during storage. Validate these 
VOCbiomarkers acrossdifferent seed varieties, storage conditions, and time points to ensure 
broad applicability.Couple VOC analysis with rapid analytical techniques and chemometrics to 
enable high-throughput,non-destructiveprediction ofseed quality. 

ii. Elucidate the mechanisms of VOC effects on seed physiology: Investigate the 
molecularpathwaysandgeneexpressionchangesunderlyingVOC-
mediatedinfluencesonseedgermination,dormancy,andearlyseedlingdevelopment.DetermineifV
OCsactdirectlyas



 

 

signaling molecules or indirectly by altering seed biochemistry and metabolism. 
Explorepotential interactions between VOCs and plant hormones in regulating seed 
physiologicalprocesses. 

iii. ExploitVOCsforenhancingseedperformanceandstresstolerance:Testtheefficacyofapplyin
g specific VOCs or VOC blends to prime seeds/seedlings for improved germination,growth, 
and resilience to abiotic and biotic stresses. Optimize VOC treatment protocols 
(e.g.concentration, timing, duration) for maximum benefit without phytotoxic effects. 
Evaluate ifVOC priming can be a cost-effective, eco-friendly alternative or complement to 
other seedenhancementmethods. 

iv. Establish VOCs as early indicators of seed pathogen infection: Characterize the 
VOCsemitted by major seed-borne pathogens and identify unique marker compounds for 
eachdisease. Develop sensitive VOC detection methods for rapid, non-invasive diagnosis of 
seedhealth and infection status during storage. Assess if VOC analysis can detect diseases 
earlierthancurrent visual and moleculardiagnostic techniques. 

v. Harness VOCs for controlling seed and seedling diseases: Screen VOCs produced 
bybeneficial microbes and plants for antimicrobial activity against common seed 
pathogens.Engineer VOC-based seed treatments or seed coatings for preventing pathogen 
growth andtransmission. Integrate VOCs with other sustainable disease control strategies as 
part of anintegratedpestmanagement approach. 

FutureresearchshouldfocusonexpandingVOCprofilingforseedqualityprediction,unraveling 
VOC mechanisms of action, and applying VOCs to improve seed performance,health, and 
disease management. Advances in these areas can lead to novel, 
environmentallyfriendlysolutions forenhancing seedandcrop productivity. 

 

9. Conclusion 

 

The role of volatile organic compounds (VOCs) in determining seed physiological quality 

is increasingly recognized as significant, with research highlighting their effects on seed 

germination, growth, and stress responses. VOCs, which are emitted during seed imbibition 

and germination, can stimulate growth and enhance the seeds' defense mechanisms against 

biotic and abiotic stresses. Different seed species emit various VOCs influenced by factors 

like storage conditions and aging, with certain compounds serving as biomarkers for seed 

vigor and viability. While current studies predominantly focus on controlled laboratory 

settings, there is a growing interest in applying this knowledge to agricultural practices to 

enhance crop productivity. Future research should aim to further elucidate the mechanisms 

of VOC action, standardize profiling methods, and develop practical applications for 

utilizing VOCs in seed quality assessment and improvement, ultimately contributing to 

better crop yields and resilience in agricultural systems. 
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