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Abstract. Rodents are the most abundant mammals on Earth, prevalent on all continents except 
Antarctica, and they fulfill important ecological roles in various ecosystems. Recent progress in
high-throughputDNA-sequencingtechnologyhasenabledidentificationofdietcomponentsinvarious
environmentalsamples,suchasfecesorstomachcontents,throughDNAmetabarcoding.Studiesusing
thismethodhavebeguntoclarifythedietsofsmall,nocturnal,andelusiverodents.Thisreviewsum-
marizespreviousstudiesthatusedDNAmetabarcodingtoclarifythedietsofnativeorexoticspecies
inRodentiatounderstandprogressandunresolvedproblemsinsuchanalyses.Furthermore,themeth-
odologyofdietaryDNAmetabarcoding inrodents isdiscussed, togetherwith issues thatshouldbe
takenintoconsideration.Finally,futureperspectivesanddirectionstobeconsideredintheuseof
DNAmetabarcodingindietarystudiesofrodentsarediscussed.
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Wearenowfacingtremendouschallengesrelatedtoloss
of biodiversity, and the extinction rate is such that the 
planetary boundary related to preservation of bio-
sphereintegrityisconsideredtohavebeentransgressed
(Richardsonetal.2023).The recentand futureextinc-
tion rates of vertebrate species have been calculated to be 
morethan100timeshigherthaninthepasttwomillion
years(Ceballosetal.2020).Therefore,therehasbeena
great deal of discussion regarding the conservation of
biodiversity worldwide, and the Convention on Bio-
logicalDiversityacceptedtheKunming-MontrealGlobal
BiodiversityFrameworkin2022withaglobalvisionto
achieve “living in harmony with nature” by 2050 (see
approveddecisionathttps://www.cbd.int/gbf/,Accessed
19March2024).Despitethistrendinbiodiversityconser-
vationworldwide,itisstillchallengingtoliveinharmony
withnature.Althoughhuman–wildlifeconflictandcoex-
istencehavebeendiscussed(e.g.,Königetal.2020and
papers in a special issue of Conservation Biology volume 
34,issue4),itisnoteasytoliveinharmonywithnature
withoutadetailedunderstandingofecosystems.Topre-
ventthedeteriorationofbiologicaldiversityandachieve

the vision of living in harmonywith naturementioned
above by 2050, it is our responsibility to develop and
improve methods to decipher the mechanisms that main-
tainecosystemsbyassessinginteractionsamongwildlife.
Foodwebsarearesultoffundamentalbiologicalinter-

actions formed through various relationships between
predatory animals and consumed prey, and have long
been examined by analyzing the diets of animals. For
example, studies of the food habits of Japanese mammals 
determined by analysis of stomach contents have been 
reported in Mammal Study since the era of its predeces-
sor, The Journal of the Mammalogical Society of Japan 
(e.g.,AsahiandWatanabe1967fortheexoticFormosan
treesquirrel;Chiba1968fortheJapaneseserow).Food
websconsistof simple relationsof trophic interactions,
but theyaredifficult todecipherbecauseof theneedto
understandthedietsofvariousanimals.Itisparticularly
challenging to trace the diets of small, nocturnal, and
therefore elusive mammalian species, such as rodents 
(Rodentia; rats,mice, voles, squirrels, dormice, and so
forth)becausetheirelusiveecologymakesitdifficultto
observetheirdietarybehaviorsdirectly(VerdeArregoitia
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and D’Elía 2020) and to identify their prey species
precisely from the tiny remainsofdietaryorganisms in
theirfecesorgastrointestinaltract.Nevertheless,without
understanding the ecological role and status of wild
rodentsintheirecosystemsthroughdietaryanalysis,itis
notpossibletoclarifyanimportantpartofthefoodwebs
surroundingthemthatsupportthefundamentalfunction
ofeachecosystem(seebelow).Itisnecessarytoclarify
thedietsof rodents todevelopmeasures toallowus to
liveinharmonywithnature.
This review discusses why understanding the food

chains around rodents is important, summarizes recent 
studies that have applied fecal or gastrointestinalDNA
metabarcoding methodologies to rodents along with
waystoavoidconfoundingfactorsthatbiastheresultsof
DNAmetabarcodingwhenexaminingrodents,andfinally
considers the future prospects and directions of research 
inthisarea.

Why should rodent diets be clarified?

TheorderRodentiaincludesapprox.2500specieswith
aworldwidedistribution,andaccountsforapprox.40%
of extantmammalian species; theyplay important eco-
logical roles in various ecosystems including deserts,
tropical rainforests, and urban environments on all conti-
nentsoftheworldexceptAntarctica(Lacheretal.2016).
Rodentshavevariousecologicalcharacteristics,withter-
restrial,arboreal,fossorial,andsemiaquaticadaptations.
Therefore, they have important ecological functions in
variousecosystemsthroughtheirconsumptionofawide
rangeoffoods.VerdeArregoitiaandD’Elía(2020)clas-
sifiedthedietsofrodentsintoeightcategories:carnivore,
folivore,frugivore,granivore,omnivore,specialistherbi-
vore,vermivore,andunknown.Theirtoothandjawmor-
phologieshavediversifiedthroughevolutiontocopewith
variousfoodresources indiverseenvironments(Lacher
etal.2016).Asaresultoftheirfeedingbehaviors,rodents
areconsideredtohavevariousecologicalrolesineco-
systems, including roles in the dispersal of seeds and
fungal spores through scatterhoarding,pollination, and
vegetation change (e.g., increases in plant production
anddiversity)(Lacheretal.2016,2019).Clarifyingthe
dietary contents of rodent species in each ecosystem 
wouldthereforecontributetoourunderstandingofvari-
ousaspectsofthemechanismsunderlyingthedynamics
andfunctionsofecosystems.
As a consequence of their species richness, various

rodentsoftencoexistwithinthesamecommunity.There-

fore,rodentsaregoodmodelstounderstandthemecha-
nismsofcoexistenceineachecosystem.Particularly, in
smalland isolated islandssuchas inJapanwith forests
covering twothirdsof the landarea, rodentsmusthave
coexisted with niche partitioning in forest ecosystems
(SatoJ.J.etal.2018).Rodentsarealsoobservedaround
humansettlementsandposeproblemsintermsofagricul-
ture and public health (Lacher et al. 2016). However,
human–wildlife conflicts have not been resolved in
many cases because of a lack of understanding of the
ecological requirementsof rodents.Understanding their
dietary needs may allow us to evaluate better whether
rodents are beneficial or pest animals around agricul-
turalfields(e.g.,Satoetal.2022;Muranoetal.2023).
On the other hand, rodents are responsible for zoonotic 
diseases,includingLymedisease,hantaviruses,andmany
otherdiseases (Lacher et al. 2016).Rodents sometimes
show cyclic population boosts and declines depending
on resource dynamics (Saitoh et al. 2007) and cause
public-healthissueswithregardtothespreadofzoonotic
diseasesinperiodsofincreasingpopulationsize(Hanet
al.2015).AstheRodentiaincludesthegreatestnumber
of zoonotic host species among mammals (Han et al.
2016), it is necessary to monitor and control rodent
population dynamics. To determine the mechanisms
underlyingexpansionofrodentpopulations,theirdietary
needsmustbeclarified.Therefore,knowledgeofrodent
diets is required tounderstand themechanismsofeco-
systemdynamicsandavoidadverseeffectsonhumans.

Traditional dietary analysis and difficulties to 
overcome

Information regarding diet has long been acquired
through traditional dietary analysis, including direct
observationofdietarybehaviors throughtracingofani-
mals or examination of fecal or stomach contents by 
microscopy (e.g., Ota 1968; Minato 2018). However,
these methods have limitations in their ability to capture 
comprehensive food lists or achieve precise taxon identi-
ficationofspeciesfromfluid(blood,nectar,orplantsap)
ortissuesuchaspartsofinvertebratesremaininginsuch
samples(Nielsenetal.2018).Softtissuesofanimalsare
often not visible in feces or stomach contents because of 
digestion. Even if such remnants could be visualized,
precise taxon identificationwould stillbedifficult, thus
allowingonlybroadtaxonomiccategorizationofdietary
components. Moreover, taxon identification from tiny
remains requires analysis by experts. For example,Ota
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(1968) performed dietary analyses of the stomach con-
tents of rodents inhabiting Hokkaido (Clethrionomix 
[nowMyodes], Apodemus, Rattus, and Musspecies),and
reporteddietarycomponentsatabroadlevel,e.g.,starch
glue,plantfiber(leaf,stem,androot),seed,fruit,mush-
room, lichen, andanimal,withoutprecise identification
of the taxon for each dietary item. These traditional
methods have provided valuable insights into rodent
species. However, more comprehensive details are
needed to gain amore precise understanding of rodent
dietsandthefoodwebs.Moresensitivemethodsthatare
unaffectedbydigestionandthatcanidentifycomponent
taxa in greater detail from small dietary remains are
required.

DNA metabarcoding

Recentprogress inhigh-throughputDNA-sequencing
technologyhasclarifiedpreviouslyunresolvedissuesin
fields such as ecology and evolutionary biology. Next-
generation sequencing (NGS) developed between 2005
and2007radicallyalteredbiodiversityresearch.Itshould
be noted that NGS here means the second-generation
sequencing technology and thewording ofNGS is not
appropriateatthetimeofpublicationofthisreview.DNA
metabarcodingisagroundbreakingmethodthathasbeen
facilitated by the development of NGS and has been
appliedtostudiesofbiodiversityandecosystems.
DNA metabarcoding means simultaneous identifica-

tionsofmultipletaxonomicunits(species,genus,family,
and so on) usingDNA sequences.More specifically, it
canbeusedtoclarifythepresenceofmultipleorganisms
in environmental samples (e.g., water, soil, and feces)
throughinterpretationoftheobtainedDNAsequencesas
barcodesthatallowspeciesidentificationbyreferenceto
DNAdatabases(Fig.1).Basically,thismethodrequires
sampling of environmental samples, DNA extraction,
PCRwithuniversalprimers,DNApurification,2ndPCR
with primers including index and adapter sequences,
NGSsequencing,andbioinformatics(seethelatterhalf
ofthisreview).NGShasenabledsimultaneoussequenc-
ingofmultiplespecies(Fig.1).Suchmassivelyparallel
sequencing methods together with the development of
usefuluniversalprimersthatallowPCRamplificationof
diverse species in a taxonomic group have facilitated
environmentalDNAstudiesexaminingDNAfromenvi-
ronmental samples such aswater, soil, feces, or others
(e.g.,invertebrates,Zealeetal.2011;Jusinoetal.2019;
plants,Taberletetal.2007;Moorhouse-Gannetal.2018;

fish, Miya et al. 2015; mammals, Ushio et al. 2017;
amphibians,Sakataetal.2022;birds,Ushioetal.2018).
OtheruniversalprimersweresummarizedbyTaberlet
et al. (2018),Ando et al. (2020), and Tournayre et al.
(2020).
DNAmetabarcodinganalysisofdietarysamples(feces

or stomach contents) provides information to infer not
onlythebasicdietaryneedsofwildlifeandotherbiologi-
calinteractionsinecosystems(Cuffetal.2021)butalso
the conservation status of endangered or protected ani-
mals, niche overlap and partitioning among sympatric
guilds, ecological roles of animals at the boundaries
betweenhumansandnature(e.g.,agriculturalland),and
theinfluencesofexoticspecies(seethenextsectionfor
example). There have been several detailed reviews of
dietary DNA metabarcoding, with discussion of the
potentialandpitfallsofthismethod(Alberdietal.2018,
2019;Ando et al. 2020; Cuff et al. 2021; Tercel et al.
2021;seeBohmannetal.2022andTedersooetal.2022
for more general DNA metabarcoding methods). The
advantagesofthismethodincludehighsensitivity,high
taxonomiccoverageandresolution,andnoninvasiveness
(in the case of examining fecal specimens). However,
some challenges remain, including PCR bias resulting
fromdifferencesinprimerefficiency,contamination,low
taxonomic resolution due to insufficient global DNA
databases,andsecondaryconsumption(Cuffetal.2021;
Terceletal.2021).Therefore,careisrequiredwhendesign-
ingDNAmetabarcodinganalysestoavoidtheseissues.
RodentdietarystudiesthatusedDNAmetabarcoding

are discussed below. Research of this field is mainly
progressing in NorthAmerica (eleven studies), Europe

Fig. 1. OverviewoftheDNAmetabarcodingmethodforsimultane-
ousidentificationofmultiplespecieswithnext-generationsequencing
(NGS) inreference to thecommonbarcodingmethodused insuper-
marketsforidentificationofgoodsandDNAbarcodingforidentifica-
tionofasingleorganismwithSangersequencing.
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(five), and Japan (five),butonlya few inAfrica (one),
South America (two), Oceania (one), and other Asian
regions(onestudyineachofEast,Southeast,andWest
Asiancountries)(Table1).Especially,nootherresearch
ofthedietaryDNAmetabarcodingforrodentshasbeen
reported in Japan at the time of the submission except for 
ourresearchgroup.Therefore,below,wefocusedonour
previousresearchforthecasestudyofrodentsinJapan.
Determination of the components of dietary samples
(fecesorstomachcontents)ofrodentsusingthismethod
hasprovidedimportantinsightsintotheirecosystemsand
interactions with human society. For example, through
clarifying the ecological roles of rodents, the DNA
metabarcodingmethodhasbeenappliedtovariousstud-
ies assessing dietary trend of endangered or protected
rodent species for conservation, the extent of niche over-
laporpartitioningamongcoexistingrodents,ecological
roles of rodents in agricultural ecosystems, effects of
exotic and invasive rodent species on the ecosystem, 
and rodents adapted to extreme environments, which I
reviewedbelow.

What information can be obtained by dietary 
DNA metabarcoding of rodent species?

Endangered or protected species
ThefecalDNAmetabarcodingmethodisusefultogain

anunderstandingof the dietary requirements of endan-
geredorprotected rodent species for their conservation
becauseitisnoninvasive,exceptfortherequirementfor
capturein traps,handling,andsampling.Althoughthey
playimportantecologicalrolesand358speciesarelisted
asthreatenedintheIUCNRedList,rodentsareusually
notcharismaticspeciesandthereforedonothaveaglobal
conservationfocus(Lacheretal.2016).InJapan,among
the22rodentspecies,fourspeciesintheRyukyuislands
(three Tokudaia species and Diplothrix legata)aredes-
ignatedasEndangeredbyIUCNandonespeciesispro-
tectedbytheJapaneselaw(Japanesedormouse,Glirulus 
japonicus; see below). Clarifying the diets of such
threatened or protected rodent species provides valuable 
informationabouthowtopreservetheirhabitats.Multi-
ple DNA metabarcoding studies for this purpose have
beenreported(Table1).
Several studies have been performed in the USA

usingfecalDNAmetabarcodinganalysisofendangered
local rodent populations. Iwanowicz et al. (2016) used
the nuclear ITS2 marker to examine the plant diet of  
the Pacific pocket mouse, Perognathus longimembris 

pacificus,whichisfederallyclassifiedasanendangered
rodentspeciesintheUSA,andsuggestedthatthisspecies
consumesnativeandnonnativeplantsdependingontheir
seasonal availability. Vandergast et al. (2023) recently
extended this researchusing thesamemarker,andsug-
gestedthatforconservationofthePacificpocketmouse
it may be necessary to maintain native forbs while
reducing nonnative grasses. Castle et al. (2020) used
both fecal microhistology and DNAmetabarcoding of
the ITS2regiontostudythedietofthecriticallyendan-
geredAmargosa vole,Microtus californicus scirpensis, 
which inhabits marshland dominated by bulrush (a
potentialdietaryplant)inCalifornia,USA.Theyshowed
that in addition to protein-poor bulrush, the voles con-
sumed a diverse range of other plant species to fulfill
theirnutritionalrequirements.Theresultsimplythatthe
monoculture of bulrush, which has been facilitated for
conservation of the Amargosa vole, was inappropriate
andthatmorediverseplantspeciesshouldbepreserved.
Aylward et al. (2022) usedDNAmetabarcoding of the
nuclear ITS2 and chloroplast trnLregionstoexaminethe
plant diet of the endangered saltmarsh harvestmouse,
Reithrodontomys raviventris, in coastal areas of California, 
USA,andcharacterizedthebasicdietandnichebreadth
of this species. Their results imply the possibility of
dietary competitionwith coexisting rodents suchas the
native western harvest mouse, R. megalotis, and the 
 nonnative house mouse, Mus musculus.Goldberget al.
(2020)usedthreeplantmarkers(ITS1, ITS2, and trnL)to
evaluate thedietof thenorthern Idahoground squirrel,
Urocitellus brunneus,whichisfederallyrecognizedas
a threatened species in the USA, and demonstrated a
dietary preference for specific plants, such as yampah
(Perideridia), due to their importance for overwinter
survivaldespitetheirlowavailability.Allofthesestudies
in the USA uncovered novel dietary characteristics of
endangered localpopulationsandprompteddiscussion
of how these rodents and their habitats should be con-
served based on dietary features or biological interac-
tionswithcoexistingrodentspecies.
In Japan, Sato et al. (2023) performed noninvasive

fecalDNAmetabarcodinganalysesofaprotectedanimal
inJapan,theJapanesedormouse(designatedasanatural
monument in 1975 by theAgency forCulturalAffairs,
Japan).Inthatstudy,plantandinvertebratedietarycom-
ponentswereassessedusingtheITS2 and mitochondrial 
COI gene regions, respectively; the results implied that
thefruitofthehardykiwi,Actinidia arguta, is an impor-
tant resource inautumn to increasebodyweightbefore
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Table 1. PreviousfecalorstomachDNAmetabarcodingstudiesforrodents

Aims of the study Papers Rodent species examined Country
Markers

Samples Baits Traps
Plant Animal

Toclarifythedietsof
endangeredor
protected animals

Iwanowiczetal.
(2016)

Pacificpocketmouse
Perognathus  longimembris 
pacificus

USA ITS2 feces millet seed (Panicum 
 milaceum)

Sharmantrap

Castleetal.
(2020)

AmargosavoleMicrotus 
californicus scirpensis

USA ITS2 feces peanut butter (Arachis),
oats (Avena)

Sharmantrap

Goldbergetal.
(2020)

NorthernIdahoground
squirrelUrocitellus brunneus

USA ITS1, ITS2, 
trnL

feces oats, peanut butter, 
imitation vanilla extract

Tomahawklivetrap
or focal trap

Aylwardetal.
(2022)

Saltmarshharvestmouse
Reithrodontomys raviventris

USA ITS2, trnL feces oats (Avena),sunflower
(Helianthus),walnut
(Juglans),millet
( Panicum),Canarygrass
(Phalaris)

Sharmantrap

Vandergastet
al.(2023)

Pacificpocketmouse
Perognathus  longimembris 
pacificus

USA ITS2 feces millet seed (Panicum 
 milaceum)

Sharmantrap

Satoetal.
(2023)

Japanese dormouse Glirulus 
japonicus

Japan ITS2 COI feces none Nestbox

Toclarifytheniche
overlaporpartitioning

Soininenetal.
(2014)

Grey-sidedvoleMyodes 
rufocanus
TundravoleMicrotus 
oeconomus
NorwegianlemmingLemmus 
lemmus

Norway trnL stomach raisins and rolled oats Snaptrap

Soininenetal.
(2015)

BrownlemmingLemmus 
trimucronatus
CollardlemmingDicrostonyx 
groenlandicus

Canada trnL feces none none

Lopesetal.
(2015)

Tinytuco-tucoCtenomys 
minutus
Flamarion’stuco-tuco
Ctenomysflamarioni

Brazil ITS1, trnL 16S feces none Snaptrapwith
rubber

Satoetal.
(2018)

LargeJapanesewoodmouse
Apodemus speciosus
SmallJapanesewoodmouse
Apodemus argenteus

Japan trnL feces sunflowerseeds
( Helianthus)

Sharmantrap

Satoetal.
(2019)

LargeJapanesewoodmouse
Apodemus speciosus

Japan trnL COI feces oats (Avena) Sharmantrap

Lopesetal.
(2020)

Sevenspeciesoftuco-tucos
Ctenomys

Brazil ITS1, trnL feces none Snaptrapwith
rubber

Petroskyetal.
(2021)

Sevenspeciesofearthworm
mice Chrotomyini

The
Phillipines

trnL 16S stomach freshearthwormsorfried
coconut (Cocos)coatedin
peanut butter (Arachis)

Snaptrap

Klureetal.
(2023)

Bryant’swoodratNeotoma 
bryanti
DesertwoodratNeotoma 
lepida

USA COI feces not described Sharmantrap

Toclarifytherolein
theagricultural
ecosystem

Satoetal.
(2022)

LargeJapanesewoodmouse
Apodemus speciosus

Japan trnL COI, 16S feces oats (Avena),grapes(Vitis) Sharmantrap

Zhangetal.
(2022)

GansuzokorEospalax cansus
Smith’szokorEospalax 
smithii

China ITS1, trnL stomach none Groundarrowtrap

Muranoetal.
(2023)

JapanesefieldvoleAlexan-
dromys (Microtus)montebelli

Japan ITS2 feces sunflowerseeds
( Helianthus)

Sharmantrap
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hibernation in winter. Such knowledge is useful for
planningeffortstoconservetheirhabitatandthusprotect
this dormouse species. Similar application of this tech-
niqueispossibletotheotherendangeredrodentspecies

in Japan (species in Tokudaia and Diplothrix). DNA
metabarcoding will continue to be useful in studies of 
thefundamentaldietaryrequirementsofendangeredand
protectedrodentsfortheirconservation.

Table 1. (continued)

Aims of the study Papers Rodent species examined Country
Markers

Samples Baits Traps
Plant Animal

Toclarifythedietary
requirementofexotic
species

Pinhoetal.
(2022)

HousemouseMus musculus Cabo Verde trnL 16S stomach, 
intestines

oats, tuna, peanut butter Sharmantrap

Holthuijzenet
al.(2023)

HousemouseMus musculus Midway
Atoll,USA

ITS2 COI colon-feces peanutbutter(Arachis),
oats (Avena)

Trapper24/7

Gabrielsonetal.
(2024)

HousemouseMus musculus
BlackratRattus rattus
PacificratRattus exulans

Hawaii,
USA

rbcL COI feces peanut butter (Arachis),
coconuts chunks (Cocos)

Housemouse:
Sharmantrap
Blackratand
Pacificrat:
Tomahawksingle
door live trap

Toclarifythebasicdietaryneedsofrodents

:inhigh-altitude
alpine ecosystem

Valentinietal.
(2009)

GoldenmarmotMarmota 
caudata

Pakistan trnL feces not described not described

:  in arctic tundra 
ecosystem

Soininenetal.
(2009)

TundravoleMicrotus 
oeconomus
Grey-sidedvoleMyodes 
rufocanus

Norway trnL stomach none snap trap

:  in arctic tundra 
ecosystem

Soininenetal.
(2013)

NorwegianlemmingLemmus 
lemmus

Norway ITS1, trnL stomach none Snaptrap

:  in a transitional 
zonebetween
subarctic and 
continental climates

Nebyetal.
(2024)1

BankvoleMyodes glareolus
TundravoleMicrotus 
oeconomus

Norway trnL COI feces freshly cut carrots, apples, 
oat seeds, peanuts, and 
peeledsunflowerseeds

Ugglanlivetrap

:  in limestone karst 
 ecosystem

Latinneetal.
(2014)

Neill’slong-tailedgiantrat
Leopoldamys neilli
Herbert’slong-tailedgiantrat
Leopoldamys herberti
Long-tailedgiantrat
 Leopoldamys sabanus

Thailand rbcL feces ripe banana (Musa) trap(nodetail)

:inflammable
ecosystem experi-
encingfrequentfire

Wanniarachchi 
etal.(2022)

Heathmouse Pseudomys 
shortridgei
Bushrat Rattus fuscipes

Australia trnL COI feces mixture of oats,
peanutbutter,golden
syrup, and pistachio 
essence

Elliott trap 
(=Sharmantrap)

ToimprovetheDNAmetabarcodingmethod

:onthequantitative
potential

Nebyetal.
(2021)

TundravoleMicrotus 
oeconomus

Norway trnL feces captive captive

:onthequantitative
potential

Stapletonetal.
(2022)

DesertwoodratNeotoma 
lepida

USA trnL feces oats(butafterbeing
captured,theratswerefed
cactus,juniper,creosotein
captivestate)

Sharmantrap

:onthenon-specific
amplificationofthe
hostspeciesinPCR

Klureetal.
(2022)

Bryant’swoodratNeotoma 
bryanti
DesertwoodratNeotoma 
lepida
White-throatedwoodrat
Neotoma albigula

USA COI feces not described Sharmantrap

1:ThisstudyexaminedfivedietaryDNAmetabarcodingmarkersincludingtrnL and COIbecausetheprimertargetsalsoincludeeukaryotesandfungi(notlistedhere).
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Niche overlap or partitioning
DNAmetabarcodingcanbeusedtodeterminethebasic

dietaryrequirementsofsympatricanimals,andtherefore
provideinformationonhowhabitatresourcesareshared
orpartitionedbytheseanimals,knownasnicheoverlap
andnichepartitioning,respectively(e.g.,Kartzineletal.
2015;SatoJ.J.etal.2018;Luetal.2023).Itisimportant
toassesssuchbasicbiologicalinteractionstounderstand
ecosystemdynamics.Nicheoverlapandpartitioningalso
define how the current species distribution has been
configuredduringtheprocessofevolution(seeSato2017
forexamplesofmammalsinJapan).Severalstudiesper-
formed to clarify the niches of animalswith sympatric
distributionshavebeenreported(Table1).
UsingthetrnL and ITS1markers,Lopesetal.(2015)

suggested that two herbivorous and subterranean tuco-
tucos belonging to the genusCtenomys in Brazil, i.e.,
Tinytuco-tuco,C. minutus,andFlamarion’stuco-tuco,C. 
flamarioni,whicharepresentinanarrowsympatriczone,
have different food compositions, possibly to avoid
interspecific competition and enable coexistence of the
twospecies.Theyalsoshowedamechanismofcoexist-
ence inwhichonespeciesconsumeda limitedresource
(C.flamarioni),whilethedietoftheotherspeciesbecame
more heterogeneous (C. minutus). On the other hand,
Lopesetal.(2020)furtherinvestigatedthedietsofseven
CtenomysspeciesinBrazilandexamineddietaryoverlap
among the closely related species with different distri-
butions.Theirresultsshowedthattheplantdietaryniches
overlappedamongdifferentspecies,implyingthatinter-
specificcompetitionmaybeavoidedbyallopatricdistri-
butionsamongCtenomysspecies.
InJapan,SatoJ.J.etal.(2018)usedfecalDNAmeta-

barcoding of the trnL gene to examine two coexisting
wood mouse species, the large Japanese wood mouse,
Apodemus speciosus,andthesmallJapanesewoodmouse,
A. argenteus.AsobservedinthestudyoftwoCtenomys 
speciesinBrazil(Lopesetal.2015),thedietofthelarge
JapanesewoodmouseseemedtoberestrictedtoFagaceae
plants (a limited resource), while the small Japanese
woodmouseconsumedavarietyofplants,especiallytall
trees(heterogeneousresources),possiblytoavoidinter-
specific competition and enable coexistence of the two
species. On the other hand, Sato et al. (2019) showed
dietary overlap with little differentiation of the large
Japanesewoodmouseinhabitingdifferentislandsinthe
SetoInlandSea,Japan.Amongtheeightislands(Shikoku
Islandwas representedby Imabari),Fagaceae,Lardiza-
balaceae,andRosaceaeplantsandNoctuidaemothswere

frequently detected as components of the diet of these
woodmicefromsix,six,seven,andsevenislands,respec-
tively.Althoughspecies-levelidentificationofthedietary
items was not necessarily achieved with precise taxo-
nomicresolution,theresultsimplythatthelargeJapanese
wood mouse has a specific dietary niche that is not
alteredbyisland-specificenvironments.
Other studies showing niche partitioning have also

beenreported.Twospeciesofwoodrat,Bryant’swoodrat,
Neotoma bryanti andDesertwoodrat,N. lepida,which
inhabit xeric environments in the USA and had been
assumedtobeherbivorous,weredemonstrated toshow
nichesegregationininvertebratedietsbyDNAmetabar-
codingoftheCOIgene,despiteoverlapintheirplantdiet
(mostlyC3plantsasestimatedbystableisotopeanaly-
ses)(Klureetal.2023).Petroskyetal.(2021)testedhow
dietary niche partitioning allows coexistence of closely
relatedrodentsinthetribeChrotomyiniinthePhilippines
(LuzonIsland),whichconsumeearthwormsextensively.
Analysis of stomach contents using both animal (16S
rRNA)andplant(trnL)markersshoweddifferentdietary
requirementsoftheserodentspeciesintermsofthedie-
tary composition of animals (mammal, amphibian, insect, 
earthworm, and centipede) and plants (17 families and
oneorderofangiosperms),whichcouldbeexplainedby
adaptiveradiation.
Another study showed dietary overlap between two

lemmingspeciesonBylotIslandinCanada,albeitwith
asympatricdistribution,whichwasexplainedbyabun-
dant quantities of plants belonging to the genus Salix 
(Salicaceae)onwhichtheyfeed,enablingcoexistenceof
twospecieswithsimilardietsatthesamesite(Soininenet
al.2015).
Soininen et al. (2014) also examined the effects of

 population density on the plant dietary niches of three 
rodentspeciesinthearcticregionofNorway—thegray
red-backed vole, Myodes rufocanus, the tundra vole,  
M. oeconomus, and the Norwegian lemming, Lemmus 
 lemmus—usingDNAmetabarcodingofthetrnLgenein
stomachcontents.Theydetectednoinfluenceofpopu-
lation density on the dietary composition of any of the 
three species, and showed instead that the presence of
habitatwithavailablefoodplantswasanimportantfactor
determiningtheirdiets.
As outlined above, DNA metabarcoding has illumi-

nated the mechanisms of coexistence or competition 
observed in ecosystems worldwide, and the factors
influencing niche overlap or partitioning, leading to a
greaterunderstandingofhowtheecosystemswork.
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Ecological roles in agricultural ecosystems
Human–wildlife conflicts occur in areas representing

theboundariesbetweenhumanandanimalpopulations,
e.g., on farms (König et al. 2020). Rodents are often
considered agricultural pest species. In fact, extensive
rodent-caused crop losses have been reported world-
wide,andtheyhavebeenestimatedtocorrespondtothe
lossoffoodfor200millionpeople(Lacheretal.2016).
Voles have often been implicated as pest specieswith
deleterious effects on ecosystems (e.g., crop damage)
rather than beneficial effects (e.g., weed removal)
(Fischer et al.2018).However,organismsgenerallydo
not showonlydeleteriousorbeneficial effects (Shapiro
andBáldi2014);rodentsalsoprovideecologicalbenefits
through their dietary behavior (e.g., pollination, forest
sustainability, or biological control of invertebrate
pests).Whether rodentshavebeneficialand/ordeleteri-
ouseffectsonecosystemsdependsonthesituationinthe
local environment, and cannot be determined easily 
withoutunderstanding their diets.Toelucidate the eco-
logical rolesof rodents inagricultural ecosystems, sev-
eralDNAmetabarcoding studieshavebeenconducted
incultivatedspacesandthesurroundingareas(Table1).
Sato et al. (2022) examined the seasonal diet of the

largeJapanesewoodmouseonInnoshimaIsland in the
Seto Inland Sea, Japan, using theCOI and 16S rRNA
markers to detect invertebrate species and the trnL marker 
todetectplantspecies.Theyshowedthatthemicecon-
sumevariousmoths, stinkbugs, andcicadas,whichcan
causefeedingdamageinnearbyorchardswhereoranges
are cultivated (local specialty of Innoshima Island). In
addition,theyconsumethegypsymoth,Lymantria dispar, 
which isa forestpest.Therefore, thewoodmousemay
havebeneficialrolesforagricultureandforestsustaina-
bilitybycontrollinginsectpests.
Zhangetal.(2022)appliedtheITS1 and trnL markers 

to clarify the diets of two species of herbivorous and
subterranean zokors in China that have been considered 
to have detrimental effects on newly cultivated forests
throughfeedingontreeroots,theGansuzokor,Myospalax 
cansus,andSmith’szokor,M. smithii.Incontrasttopre-
vious assumptions, their observations implied that these 
zokorsconsumeadiverse rangeofplantsand therefore
haverolesinpreventinganyoneplantspeciesfromdom-
inatingtheecosystem,maintainingplantspeciesdiversity
inthecultivatedforests.Theauthorsrecommendedthat
the presence of zokors be accepted to a certain extent in 
forestmanagement,despite their feedingdamage to the
foresttrees.

Using the ITS2marker,Muranoet al. (2023)exam-
ined the diet of the Japanese field vole,Alexandromys 
(Microtus)montebelli,inapplefarmsinAomoriPrefec-
ture, the largest apple producer in Japan.They showed
that the Japanesefield vole consumes cultivated apples
but also feeds on weeds (Rumex) that are usually
removedfromthefarmtoallownutritionfromthesoil
tobeutilizedonlybytheappletrees.Theresultsimply
that if theweedswere not removed from the orchards,
theywouldbeconsumedbythevole,leadingtoareduc-
tion in feedingdamage to theapple trees.On theother
hand,iftheweedsareremoved,therodentswouldcon-
sume apples, and the feeding damage may be much
more severe. Therefore, such tradeoffs must be taken
into accountwhengrowingapple trees in areaswhere
thefieldvoleispresent.
In summary, theecological rolesof rodents should

be clarified todeterminewhether theyarebeneficialor
pestspeciesinagriculturalandothercultivatedareas,and
to elucidate novel beneficial and deleterious effects of
wildrodentsonecosystems.StudiesusingDNAmetabar-
codinghavegreatpotentialtoachievethesegoals.

Exotic and invasive rodent species
Invasive species are a cause for concern in that they

canexacerbatebiodiversitylossthroughtheextinctionof
nativespecies(Bellardetal.2016).Itwasestimatedthat
invasive species threaten 14% of critically endangered
terrestrial vertebrate species in the IUCN Red List
(Dueñasetal.2021).Exoticrodentsareprevalentallover
theworld,andtheirinvasivenessmeansthattheyposea
potential risk to native ecosystems, particularly on small 
islands (Bellardet al. 2016,2017;Dueñaset al. 2021).
There have been some DNAmetabarcoding studies to
elucidatetheeffectsoffeedingbyexoticrodentsonnative
ecosystems(Table1).
To investigate the diet of the invasive house mouse

introducedontotheCaboVerdeislands(wherethereare
nonativerodents),Pinhoetal.(2022)usedthetrnL and 
16S rRNAgenesasmarkers toperformDNAmetabar-
codinganalyses forplants and animals, respectively, in
gastrointestinal tract samples. They showed that more
than50%of thedietary itemsof themousewere from
indigenous,endemic,andagriculturalcropsspecies,while
19%werefromexoticspecies.Morespecificallyforthe
latter, the mouse consumed invasive plants and pest spe-
cies,suchascockroachesandaphids,indicatingthatsim-
plyeradicatinginvasiverodentsisnotalwaysbeneficial
forthecurrentecosystem,necessitatingcarefulmanage-
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mentbasedonthepredictedeffectoferadication.
Gabrielsonet al. (2024) also examined theplant and

invertebrate items in the diets of three introduced rodents 
on O’ahu Island in Hawaii (where there are no native
rodents)thatarecommensaltohumanmovementandare
globally invasive, i.e., the house mouse, the black rat,
Rattus rattus, and the Pacific rat,R. exulans, using the
rbcL(forplants)andCOI(foranimals)markers.Nearly
halfofthedetectedplanttaxa(45%)andinvertebratetaxa
(43%)wereintroducedspecies.Similarly,themajorityof
seedsinfeceswerefromintroducedplantspecies.These
observations imply that rodent removal could lead to 
increases in the populations of nonnative plant and inver-
tebratespeciesontheisland.Theissueisalsonotsimple
because the result may imply that the seed dispersal of 
native plantsmight also be reduced by the removal of
exoticrodents.Ontheotherhand,itwasalsoshownthat
theseinvasiverodentswereassociatedwithdeterioration
of the native ecosystem through their consumption of
nativeHawaiianplantorinvertebratespeciesthatarethe
subjectofconservationefforts.Basedontheseresults,the
authorsstressed that rodent-controlprogramsshouldbe
consideredverycarefully.
Similarly,usingbotharthropod(COI)andplant(ITS2)

markers, Holthuijzen et al. (2023) demonstrated that
arthropods and plants consumed by the invasive house 
mice on Sand Island in Midway Atoll were mostly
non-native,andshowedaconcernfortheeffectoferadi-
cationofthemiceontheecosystem.

Removal of invasive species should be performed 
whileunderstandingthepredictedeffectsoftheirremoval
on the current ecosystem. These complex food chains
amongnativeandintroducedspeciescannotbeclarified
withoutusingtheDNAmetabarcodingmethod.

Rodents adapted to various ecosystems
Inadditiontostudiestoexaminetheuniversaleffects

ofnicheoverlaporpartitioning,ecologicalrolesinagro-
ecosystems, or impacts of invasive species as described 
above, dietary DNA metabarcoding has been widely
applied to various elusive and ecologically specialized
rodents worldwide to understand their basic dietary
requirements (Table 1): the plant diets of the golden
marmot, Marmota caudata,adaptedto thehigh-altitude
alpineecosysteminPakistan(Valentinietal.2009);the
plantdietsofthetundravole,thegrayred-backedvole,
andtheNorwegianlemmingadaptedtothearctictundra
ecosystem in the northernmost peninsula of Norway
(Soininenetal.2009,2013);thedietsofthebankvole,M. 

glareolus, and tundra vole in an ecosystem at transitional 
zonebetweensubarcticandcontinentalclimatesinsouth-
ern Norway where the cyclic population dynamics are
observed forboth rodents (Nebyet al. 2024); theplant
diets of three Leopoldamys species adapted to the lime-
stonekarstecosysteminThailand(mainlyNeill’s long-
tailedgiantratL. neilli;Latinneetal.2014),andthedie-
taryshiftofrodentsinanenvironmentchangedbyfirein
aflammableecosysteminAustralia(heathmouse,Pseu-
domys shortridgei, and bush rat, R. fuscipes;Wanniarach-
chi et al. 2022). DNA metabarcoding is an efficient
method for such studies, even in these extreme ecosys-
tems.

Rodents as model animals to improve the dietary DNA 
metabarcoding method
Asrodentsaresmallanimals,theyhavelongbeenused

asmodelsinlaboratoryexperiments(Lacheretal.2016).
Theeaseofhandlingcanalsobeappliedtowildrodents.
Wildrodentscanbeusedasmodelorganismstotestthe
efficiency of dietaryDNAmetabarcoding because they
are easy to capture, breed, and feed in the laboratory, and 
therefore experiments can be performed to examine fac-
torsinfluencingtheresultsofthismethodusingcaptured
and artificially fed wild rodents (Table 1). Neby et al.
(2021) fed captive tundra voles from northernNorway
withthreeplantspeciesindifferentproportionsandeval-
uatedthequantitativecapabilityofDNAmetabarcoding.
Stapletonetal.(2022)similarlyexaminedartificiallyfed
NeotomaspeciesintheUSAtoevaluatethequantitative
potential of DNA metabarcoding. Klure et al. (2022)
evaluated the effectiveness of an invertebrate primer,
ANML (targeting a portion of the mitochondrial COI 
gene),byexaminingtheextentofnontargetPCRampli-
fication of the hostNeotoma species fed an artificially
controlled diet. Experiments using such controlled
model species can be used to understand and improve 
the DNA metabarcoding method. Rodents are suitable
targetsfordevelopingthemethodologyinfuturestudies,
as thehousemouseandNorwayrat,R. norvegicus, are 
majormodelanimalsusedinexperimentalbiology.

Methodological flow and potential bias of the 
DNA metabarcoding method

To understand the dietary characteristics of rodents
better, continued technical improvement of the DNA
metabarcodingmethodisrequiredtogetherwithsharing
of potential caveats. The DNA metabarcoding method
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includes many steps, and various combinations of these 
steps are possible. Because I cannot introduce all the
combinationsof steps in this review,here I focusedon
explanationsofmyownmethodologicalflowfromfield
work to laboratory experiments and data processing
involving dietary DNA metabarcoding analyses in
rodentsbasedonpreviousstudies(SatoJ.J.etal.2018,
2019,2022,2023;Muranoetal.2023).Theflowthat I
explainedseemstobefrequentlyusedbyotherendusers.
Inaddition,caveatsregardingthepotentialbiasesintro-
ducedduringtheworkflowarediscussed.Beforestarting
aDNAmetabarcodingstudy,carefuldesignisnecessary
at each step becausemany factors affect the ecological
conclusions.Figures2,3,and4presentthemethodologi-
calflowaswellasthecaveatsateachstep,withreference
toexperiencesintheauthors’previousstudies(SatoJ.J.
etal.2018,2019,2022,2023;Muranoetal.2023).For
additionalbackgroundinformationontheDNAmetabar-
codingmethod, thereadershouldrefer toAlberdietal.
(2018, 2019), Piper et al. (2019), Zinger et al. (2019),
Andoetal.(2020),Cuffetal.(2021),Terceletal.(2021),
Bohmannetal.(2022),Liuetal.(2020),andTedersooet
al.(2022).

Trapping
As thefirst step in the samplingprocedure,weelab-

orate on the selection of suitable bait to capture wild
rodents(Fig.2).Ofcourse,itwouldbepreferabletouse
no bait, to avoid its detection byDNAmetabarcoding.
However, the sampling efficiency might probably be
unacceptablewithouttheuseofsuitablebait.Oatsasbait
andapieceofgrapeasawatersourceareoftenusedto
capture the large Japanesewoodmousewhich necessi-
tatesignoringAvena (oats)andVitis (grape)detectedin
dietarysamples(e.g.,Satoetal.2022)(Table1).Seedsof
thesunflower(Helianthus annuus)arealsooftenusedas
abait,inwhichcaseitisnecessarytoignorethepresence
ofsunflowerindietaryanalysis(e.g.,SatoJ.J.etal.2018;
Muranoetal.2023)(Table1).Thebaitandwatersource
intrapsshouldbechosencarefully,dependingonwhatis
tobeidentifiedinthediet.Cotton(Gossypium)usedfor
insulation in traps should also be taken into account as  
a possible source of contamination in plant diet analyses 
ofrodents(e.g.,Wanniarachchietal.2022).Whenusing
nest boxes without bait, as in a previous study of the
Japanesedormouse(Satoetal.2023)(Table1),itisnot
necessary to removedata forbaitorwatersupply from
the results. However, care is required to exclude any
organismsbroughtintothenestbox(e.g.,moss)ortraces

of other rodent species (e.g., the small Japanese wood
mouse)(Fig.2).
Itisalsoimportanttounderstandthecharacteristicsof

the trap and sampling season to consider possible con-
taminantsandtointerprettheresultsofthedietaryDNA
metabarcodingmethodcorrectly(Fig.2).Shermantraps
canbeused tocapture the largeJapanesewoodmouse.
Aftercollection,ear-clipsamplesareobtainedforDNA
analysis and the mice are released to the capture site.
Then the traps, including feces, are transferred to the
laboratory and fecal samples are collected into 1.5-mL
plastic tubesusingsterilizedforceps (Fig.2).Thereare
variouspoints atwhich contamination canoccur in the
process of trapping, transfer, and sampling. Sato et al.
(2019) detected greater numbers of sequence reads of
fliesinthefamilyPhoridaeinthefecesofwoodmicefrom
only three of eight islands surveyed (Ohsakishimojima,
Kamikamagarijima, and Shimokamagarijima, where
samplingwas conducted in one day).They concluded

Fig. 2. FlowofthedietaryDNAmetabarcodingmethodfromfield-
worktoDNAextractionfromrodentsbasedonpreviousstudiesofthe
largeJapanesewoodmouse(Apodemus speciosus;Satoetal.2022)and
the Japanese dormouse (Glirulus japonicus;Satoetal.2023).Caveats
tobeconsideredareshowninitalics.Sizesofanimals,plants,andtraps
areadjustedforeaseofunderstandingandarenottoscale.Seetextfor
detailedexplanations.Permissiontoreusethephotographofdormouse
feceswithmossinSatoetal.(2023)wasobtainedfromtheMammal
SocietyofJapan.
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that the flies were not dietary components but were
detected because of their small body size (approx. 2–3
mm), which allowed them to enter the traps through
smallgaps.ManyfliesinthePhoridaewouldbeattracted
totherodentfeces.Thetimeelapsedafterthedeposition
of feces by rodents in the trapswould affect the abun-
danceof such small coprophagousflies in the samples.
Therefore,earliersamplingwouldbebetter,andclosing
the gaps in the trapsmay be efficient for exclusion of
theseinsectcontaminants.Smallpollengrainsmayalso
be contaminants that should not be considered dietary 
components (Fig. 2). Sato et al. (2019) also detected
greaternumbersofsequencereadsoftheJapanesecedar,
Cryptomeria japonica, in most fecal samples of wood
micecollectedinFebruaryfromonelocality(Imabarion
ShikokuIsland).Thiswasinsharpcontrasttothelackof
detection of this plant in samples from the other islands in 
theSetoInlandSea.Theysuspectedthatthiswasdueto
contaminationduringthetrappingprocedure,becausethe
pollenofthisplantismostabundantinFebruary.There-
fore, it is necessary to account for this type of contami-
nationeveninthewild,takingthecharacteristicsofthe
trapsandsamplingseasonintoconsideration.
Furthermore, for successful DNA metabarcoding

analyses,degradationoftheDNAinasampleinthefield
shouldbeconsidered.Fecalsamplesshouldbepreserved
byfreezing(e.g.,at–20°C)assoonastheyarecollected
to avoidDNAdegradation (Ando et al. 2020) (Fig. 2).
However, itmaybedifficult to freezesamples immedi-
ately in field surveys. Fecal samples kept at ambient
temperature for several hours before freezing are still
acceptableforDNAmetabarcodinganalyses(e.g.,Sato
et al. 2019, 2022). However, it should be noted that 
this dependsontheclimaticconditionsatthestudysite.
InthewesternpartofJapan(HiroshimaPrefecture),there
islittleproblemwithsamplepreservationinlateautumn,
winter,andearlyspring,butthehumidandhotclimatein
summer is expected to exacerbateDNAdegradation in
fecal samples maintained at ambient temperature. A
cooler(calledcoolerboxinJapan)containingicepacksis
usually used to keep samples as cool as possible in the 
field, and they are transferred to a freezer as soon as
possible(usuallylessthanonehour)(Fig.2).Theuseof
appropriatebufferforDNApreservation(e.g.,RNAlater
orDNA/RNAshield)mightbeanotherproceduretopre-
venttheDNAinthefecesfromdegradation.Thecautions
onthetrappingproceduresdescribedabovecouldalsobe
appliedtoanyworldrodentspeciescapturedbysimilar
methods.

DNA extraction
In our recent studies,DNAwas extracted from fecal

samples using a QIAamp Fast DNA Stool Mini Kit
(Qiagen,Hilden,Germany) (Fig. 2).For theother kits,
QiagenDNeasyBlood andTissueKit,QiagenDNeasy
plantKit,QiagenBiosprint96DNABloodKit,Qiagen
QIAamp PowerFecal Pro DNA Kit, Qiagen DNeasy
PowerSoil Pro Kit, E.Z.N.A.1 soil DNA kit (Omega
Bio-Tek, Georgia, USA), Stool DNA Isolation Kit
(NorgenBiotek,Ontario,Canada),andtheconventional
phenol–chloroform method have been used for DNA
extraction in studies listed inTable1dependingon the
target dietary species. The maximum weight of fecal
samples for use in the QIAamp Fast DNA StoolMini 
Kit is 200mg, corresponding to 5–10 pieces of feces
dependingonsizeinthecaseofthelargeJapanesewood
mouse.Basedontheresultsofourpreviousstudies,three
to five pieces of feces (~50–150 mg) are sufficient to
obtainDNAforsubsequentanalysis.However,whether
theamountoffecesissufficientmustbedecidedbased
on the research objectives. The diversity of detected
dietaryspeciesisincreasedwiththenumberofbiological
replicates (e.g., different individuals or different sets of
fecalsamplesfromthesameindividual;Mataetal.2019).
Three to five pieces of feces from the large Japanese
wood mouse would likely be insufficient for complete
characterizationof theirdiet.Forexample, toexamine
the completedietof the largeJapanesewoodmouse in 
agivenseason,several roundsofDNAextraction from
differentsetsof fecalsamples(<200mg)mustbeper-
formed from a sufficient number of individuals (> 10
individuals if possible) collected in the season; of
course,completenessmayneverbeachieved.However,
as repeating the procedure with multiple biological
replicates is costly, the decision to examine biological
replicates depends on a tradeoff between cost and the
researchobjectives. It shouldbenoted thatpooling too
manyfecalsamplesinasingleDNAextractioncanlead
to underestimation of the dietary species, probably due to 
saturationinthespincolumnoftheDNAextractionkit
(Mata et al. 2019).The filter in the spin column has a
certainporesize.Ifthesizeofthefragmentsinthefeces
islargerthantheporesize,itistrappedinthefilter,lead-
ingtoclogging.Thissituationwouldleadtoblockingthe
DNAtopass through thefilter.Toavoid thesaturation,
the conventional phenol–chloroform method may be
used for the DNA extraction. If the research does not
intendtoclarifytheindividual’sdiet,mixingtheindivid-
ualsamplesfromaparticularlocalityorseasonmight
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be acost-effectivewayofunderstandingcomprehensive
characteristicsofthespeciesdiet.

PCR
Therearevariouslibrarypreparationmethodsthrough

PCR.However,hereIexplainedthemostfrequentlyused
methods using two rounds of PCR and the Illumina
MiSeq sequencing platform (Illumina, SanDiego, CA,
USA) (Fig.3).ThefirstPCRamplifies the targetDNA
regionswithauniversalprimerset,andthesecondadds
indices to demultiplex samples after sequencing and
attachesadapters(P5andP7)tobothendsofthesecond
PCR products that are necessary for connection to the
flow cell used in theMiSeq platform (Fig. 3).General
PCR settings and primer design should be determined
with reference to other reports (e.g.,Miya et al. 2015;
Bohmannetal.2022;Tedersooetal.2022).AKAPAHiFi
HotStartReadyMixPCRkit(KapaBiosystems,Woburn,
MA, USA) has been used for both PCRs in previous
studies(e.g.,Satoetal.2022,2023)becauseofitshigh
fidelityforproofreadingactivity;otherpolymerasessuch
asKODFXNeo (Toyobo,Osaka) could also be used.
Severalfactorsshouldbetakenintoconsiderationinthe
PCR.
Thefirstissuethatshouldbeconsideredisavoidance

of contamination. Although Alberdi et al. (2019) and
McKnightetal.(2019)suggestedthatnegativecontrols
for contamination should be placed in each step of the 
DNAmetabarcodingprocedure,themostcriticalstepfor
excludingcontaminantsisthePCRstep.Therefore,spe-
cialcareshouldbetakentoincludenegativecontrolsin
PCR.Itshouldbenotedherethatincludingthenegative
control in theDNAextraction step has also often been
adopted. To avoid contamination, the PCR solution
should be prepared in a separate room from that used for 
addingDNAandperformingPCR(Fig.3).That is, the
thermal cycler should not be placed in the same room in 
which the PCR solution is prepared. Different pipettes
andtipsareusedforpreparingPCRsolutionsandtreating
DNA. Before preparing the PCR solution, the bench
shouldbedecontaminatedbywipingitwithDNAAWAY
(ThermoFisherScientific,Waltham,MA,USA)orother
decontaminationreagents.Alackofamplificationinthe
negativecontrolsamplesafterPCRischeckedbyagarose
gelelectrophoresis,andthenegativecontrolPCRprod-
uctsaresequencedregardlessofnobandintheagarose
gel electrophoresis and used to interpret the effects of
contaminationon thenumberof sequence reads for the
samples (Alberdiet al.2019). Inprevious studies (e.g.,

Satoetal.2022,2023),thesequencereadsobtainedwith
the negative control samples were subtracted from the
relevant reads obtained for the samples. The other
program-basedremovalsofthenegativecontrolsequence
readsarealsoknown(Davisetal.2018;McKnightetal.
2019).
If timeandcostconstraintspermit, it isbetter touse

multiple universal primers to reduce taxonomic bias and 
increasethetaxonomiccoverageoftheobtaineddietary
species(Alberdietal.2018;Corseetal.2019;Browett
et al. 2021) (Fig. 3). One reason for using multiple
primersisthatitisdifficulttopredicttheperformanceof
primersinsilicofordegradedDNA,suchasthatinfecal
samples (Corseetal.2019).Corseetal. (2019) recom-
mended the use of several primers for one locus (e.g.,
COI). It should, however, be noted that there is debate
regarding the use of multiple or single well-designed
primersetsinDNAmetabarcodinganalysis.Elbrechtet
al.(2019)andTournayreetal.(2020)recommendedthe
useofasinglewell-designedprimerset,partlybecause
the use of multiple primers is costly and comparison of 
therelativereadabundancesamongresultsobtainedwith
these independent markers is difficult (Elbrecht et al.
2019).Satoetal.(2022)usedthreeprimerpairs(onefor
COI[ZBJ]andtwofor16SrRNA)toassessinvertebrates
in the diet of the large Japanesewoodmouse, and the
resultsidentifiedvariousspeciesofHemipteraonlyfrom
16SrRNAanalyses.PCRusingtheCOI(ZBJ)primeris

Fig. 3. FlowofthedietaryDNAmetabarcodingmethodfromPCR
to next-generation sequencing (NGS). Caveats to be considered are
showninitalics.Seetextfordetailedexplanations.
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oftenbiasedtowardamplifyingDipteraandLepidoptera,
andthereforeothercomplementarymarkersarerequired
(Satoetal.2019,2022;Tournayreetal.2020;Browettet
al.2021).Thus,theuseofmultipleprimersisbeneficial
in terms of detecting more dietary items (Sato et al.
2022).Multiple plantmarkers are also useful to avoid
missing even some common dietary plant components
(Goldbergetal.2020).Therefore,untiluniversalprimers
thatcouldamplifyalargeproportionofspecieswithina
clade are designed, it is recommended to use multiple
primers. However, this would be dependent on budget
constraints.Themany omnivorous species of Rodentia
with various organisms as dietary items present chal-
lenges in deciphering the total dietary components in
light of both cost (time and/or money) and taxonomy
(Terceletal.2021).Althoughtheuseofmultipleprimers
may reveal the overall dietary habits of omnivorous 
species, this inevitablyrequiresmultiplePCRandNGS
runs.Effortstodevelopwell-designeduniversalprimers
shouldthereforebecontinued.Severaluniversalprimers
for invertebrate mitochondrial DNA have been exten-
sivelyevaluated(Tournayreetal.2020).Recently,Jusino
etal.(2019)developedanefficientprimersetfordetect-
ing dietary invertebrates at the species level (ANML)
with less bias than the ZBJ primers, althoughANML
also amplifies the host mammal species (Klure et al.
2022).Theanalyseswithhost-amplifyingprimersmight
require blocking primers that prevent the host DNA
amplification(VestheimandJarman2008).Insummary,
itisnecessarytodecidehowmanyandwhichuniversal
primersareappropriatefortheresearchobjectives,taking
intoconsiderationbudgetandtheeffectivenessofcandi-
dateuniversalprimers.
Hostspeciesidentificationisnecessaryforsomefecal

DNAmetabarcodinganalyseswhensamplesareobtained
without observing the host species (Fig. 2). Although
Tournayre et al. (2020) recommended the use ofDNA
metabarcoding markers that capture both the host and
prey species’ DNA simultaneously in the case of bat
guanosamples,inwhichmultiplebatfecesmaybeover-
laid,hostspecies’identificationshouldbeseparatedfrom
preyspecies’identificationbecauseitisdifficulttodesign
universal primers that are suitable for amplification of
bothhost(e.g.,rodent)andprey(e.g.,insect)DNA.Sato
etal.(2022)identifiedspeciesofthelargeJapanesewood
mouse by Sanger sequencing part of themitochondrial
DNA(Dloop)extractedusingaQIAGENDNeasyBlood
and Tissue Kit (Qiagen) and amplified via PCR from
ear-clip tissue samples (Fig. 2).Of course, the species

can be identified by directly observing the external
morphology of the individual of the large Japanese
woodmousebefore releasing itback into thewild,but
geneticmethodswouldsupportthevalidityoftheidenti-
fication.Inthatstudy,theCOI(ZBJ)primersforinverte-
bratepreyidentificationdidnotamplifythehostrodent
DNA, allowing efficient analyses of the prey species
withouttheconfoundingeffectofthehostDNA(ampli-
fication of the hostDNAwould reduce the amount of
data for target dietary species). On the other hand, for
feces sampled from the nest box of the Japanese dor-
mouse, species identification using genetic methods
must be done before DNA metabarcoding analyses
becauseotherrodents,suchasthesmallJapanesewood
mouse, utilize the nest boxes of the Japanese dormouse 
(Fig.2;Satoetal.2023).Inthatstudy,thehostspecies
was genetically identified from fecal samples because
invasivesamplingcannotbeperformedfortheJapanese
dormouseduetoitsprotectedstatusinJapan.Itisrecom-
mendedthatDNAmetabarcodingprimersbeselectedfor
amplifyingonlythepreyspeciesDNAefficiently,andthe
host rodent species should be identified with another
roundofSangersequencingexperiments.
ConsideringPCRerrors,somestudieshaveexamined

thesamesamplesmultipletimesbyPCR(technicalrepli-
cates;Alberdietal.2018,2019;Andoetal.2020)(Fig.
3).Examiningmultiplereplicates is thebeststrategy to
capture the diet of an individual animal precisely because 
suchastrategyislesslikelytomissaminordietarycom-
ponent.However,whetherthisstrategyshouldbeadopted
dependsontheextenttowhichitisnecessarytoclarify
raredietaryspecies.Thebalancebetweenworkload/cost
and what could be obtained from replicate analyses
shouldbeconsidered(Alberdietal.2019;Elbrechtetal.
2019).Thisisbecausemostraredietaryspeciesarenot
themaintopicofdiscussion.Suchrarespeciesareusually
removedduringtheprocessofdatafilteringwithamini-
mumsequence readcopynumber threshold (e.g.,10or
100 absolute readsor 0–5%of total reads; see reviews
andindividualpaperscitedinthisreview),whichreduces
the variation in the obtained dietary items amongPCR
replicates (Alberdi et al. 2018). In fecalDNAmetabar-
codinganalysisoftheEuropeanfree-tailedbat,Tadarida 
teniotis, much less variation was observed in dietary
itemsamongtechnical(PCR)replicatesthanamongbio-
logical replicates (Mata et al. 2019). In the case of the
authors’group,onlyonePCRisperformedperindividual
(threetofivepiecesoffeces<200mg)anddietaryitems
withsmallnumbersofsequencereads(i.e.,belowthecut-
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offdeterminedbasedonthenumberofreadsobtainedin
the negative control samples) that would not be stably
amplifiedinmultiplePCRareremoved.Therefore,miss-
ingsomerarespeciesdoesnotposeamajorproblemin
interpretation in termsof understandinggeneral dietary
trends.Thedecisionshould,however,dependontheaim
ofthestudy.

DNApurification
AMPureXPbeads(BeckmanCoulter,Brea,CA,USA)

wereusedforourpreviousstudiestopurifyPCRproducts
(>100bp)afterthefirstPCRusinguniversalprimersand
thesecondPCRusingprimerswithindexsequencesand
adapters(Fig.3).OtherDNApurificationmethodsusing
such as spin column (QIAquick PCR Purification Kit,
QIAGEN)orenzyme(ExoSAP-ITExpressPCRProduct
Cleanup,ThermoFisherScientific)canalsobeused.

Size selection
Itshouldbetakenintoconsiderationthatfecalorother

dietary samples will include various genomes from a
diverserangeofspecies,whichoftenresults innonspe-
cificamplificationviaPCR.Therefore,itisnecessaryto
checkforthepresenceofnonspecificPCRproductsvia
agarose gel electrophoresis. Size selection can be per-
formed to excise the PCR amplicons of the target size
using E-Gel SizeSelect II (Thermo Fisher Scientific)
(Fig. 3). Without this step, sequence-read data would
alsobeassignedtoirrelevantandnontargetitems,thereby
reducingdataderivedfromdietaryitems.

DNA sequencing
BelowIfocusedontheIlluminaMiSeqthatisthemost

widely used NGS platform for DNA metabarcoding
(Braukmannetal.2019;Liuetal.2020)(Fig.3),although
Illumina iSeq has recently become another reasonable
platform for this method. An appropriate reagent kit
shouldbe selectedaccording to the lengthof the target
sequences.Inapreviousstudy,theauthors’groupuseda
300-cyclekit(150cyclespairedend)forCOI(ZBJ),16S
rRNA, and trnL (Sato et al. 2022) because the target
regionsofthesemarkersareshort(<200bp)andcanbe
coveredbysequencing150bpinbothforwardandreverse
directions.InthecaseofITS2(Muranoetal.2023;Sato
etal.2023),a500-cyclekit(250cyclespairedend)was
used in a previous study because of the longer target
region (Moorhouse-Gann et al. 2018). Care should be
takenwithregardtothefinalDNAconcentrationofthe
prepared library to avoid over-clustering in theMiSeq

run,whichwouldpreventdiscriminationoftheposition
oftheclusterintheflowcell,resultinginnodata.Final
library concentration, the diversity of the library, and the 
amountofPhiXspike-inalsorequirecarefulconsidera-
tion,particularlyinthecaseofampliconsequencing(e.g.,
DNAmetabarcoding).This isbecause,at eachcycleof
ampliconsequencing,almostallclustersshouldhavethe
same color fluorescence (i.e., the same base), whereby
MiSeq tends to misrecognize the position of nearby
clusters. Therefore, several preliminary runs should be
performedwith small-scalekits (MicroorNanokits in
the case of usingMiSeq) to assess which final library
concentration(4pM,6pM,or8pM)andproportionof
PhiXspike-inprovidethebestperformancetoobtainthe
appropriateclusterdensityandsufficientamountofdata.
These caveats should be noted when combining DNA
librariesofdifferentlengthsbecausethismayaffectthe
clusterdensity.

DNA concentration
QuantificationoftheDNAconcentrationiscrucial in

severalstepsinDNAmetabarcodinganalysis.AQubit4
Fluorometer (Thermo Fisher Scientific) can be used to
calculateDNAconcentrationbeforethefirstPCR(topre-
parethesameDNAconcentrationforeachsample),for
E-Gelsizeselection(toadjustDNAto<500nginafinal
volumeof22.5μLaccordingtotheinstrument),andfor
MiSeq sequencing (to prepare 4 nM library solution
according to the manufacturer’s instructions) (Fig. 3).
Althoughtherunningcostisaconcern,2100Bioanalyzer
(Agilent,SantaClara,CA,USA)orotherfragmentsize
analyzer can also be used for DNA quantification in
addition toDNA qualification.The calculation should
be as accurate as possible, because miscalculation can 
leadtofailureofsequencingonMiSeq.

Datafiltering,treatment,andinterpretation
Aftersequencing,abioinformaticspipelineshouldbe

selectedtodemultiplexsamples,removeprimers,merge
paired-end reads, filter data, and to search databases to
identifydietaryspecies(Fig.4A).Briefly,Fig.4Ashows
majorstepsinthedatafilteringsteps:unnecessaryprim-
ersregionsareremovedfromeachofforward(Fw)and
reverse (Rv)sequences;bothFwandRvsequencesare
merged intoone sequence; lowquality (usually<Q30,
meaning<99.9%accuracy), infrequent (a user defined
fixed value), and chimera sequences (detected by com-
parisonwiththeDNAdatabaseorcomparisonofobtained
sequenceswitheachother)areremoved;OTUs(Opera-
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tionalTaxonomicUnitsgeneratedbyclusteringmethod)
or ASVs (Amplicon Sequence Variants generated by
denoising method) should be chosen for the following
databasesearches(intheclusteringmethod,onlyrepre-
sentative OTUs defined by usually >97% sequence
similarity are examined [Alberdi et al. 2018] and the
other OTUs are ignored, leading to removing error
sequencesbutloosingpossiblycorrectsequences,while
in the denoisingmethod, the statistically defined confi-
dentsequencesaredeterminedbysequencefrequencies
andalltheASVsequencesareusedthereafter);andinter-
national DNA databases combined with local biota or
DNAdatabasesareusedforspeciesidentification.There

aremanystepswheretheresearchersshoulddecidewhat
optionstousefortheiraims.Thesebioinformaticsproce-
duresarenotthemaintopicofthisreviewandthereader
is directed to other technical reviews and reports for
details (e.g., Creedy et al. 2022; Tedersoo et al. 2022;
Hakimzadeh et al. 2023). Programs that can process
these steps are described in Hakimzadeh et al. (2023)
whosummarized32variouspipelinesandshowedtheir
own specific characteristics, making the choices of a
pipelinedifficultbecauseofnumerousoptions.Inprevi-
ousstudiesbytheauthors’group,Claident(Tanabeand
Toju 2013),whichwas not listed inHakimzadeh et al.
(2023),wasusedasthebioinformaticspipeline(detailed
settingsaredescribedintheSupplementaryInformation
ofSatoetal.2022).Forotherpipelines,Hakimzadehet
al.(2023)shouldbeconsulted.Severalcriticalconsidera-
tions as explained below should be performed prior to
datatreatmentafterbioinformaticsprocessingandbefore
interpretation.
Frequency of occurrence (FOO) and relative read

abundance (RRA) should be taken into consideration
when treatingand interpreting sequence-readdata from
NGSanalysis(Fig.4B).Occurrencedataarebasedonthe
presenceorabsenceofdietaryitems.Evenifonlyasmall
numberofsequencereadsareobtainedforagivendietary
item,theitemmustbeinterpretedaspresent.Thatis,we
interpretboth10and2050sequencereads(justexample
values)asindicatingpresence(Fig.4B).Overrepresenta-
tionofrarespecies(sometimescontaminants)andunder-
representation of frequent species are therefore both
concerns in the use of occurrence data. In particular,
“rare-iteminflation”hasbeenobservedinvariousempir-
ical studies (see Deagle et al. 2019 and references
therein).AsimulationstudyshowedthatRRAwasmore
accurate thanFOOtocapture the truedietarycomposi-
tion(Deagleetal.2019).If thestudyaimis to identify
raredietaryitems(e.g.,detectionofinvasiverareinsects
for biosecurity surveillance; Piper et al. 2019), care is
requiredregardingtheuseofFOOorRRAintheanalyses
due to the risk of overrepresentation of the species of 
interest. On the other hand, RRA data are severely
affected by unusually high numbers of sequence reads
detectedfromasmallnumberofsamples(outliers;Sato
etal.2019),andthereforedonotalwaysprovideaccu-
ratedietaryprofiles.Thereisstillongoingdebateregard-
ingtheuseofFOOandRRA,andwhichshouldbeused
in any particular case depends on the study objectives.
Until such debate has been resolved, presenting results
from both methods represents a conservative way to

Fig. 4. Flowof thedietaryDNAmetabarcodingmethodfromdata
filteringtoDNAdatabasesearch(A)anddatatreatmentafterobtaining
the datamatrix composed of sequence read numbers for each fecal
sampleandprey(B).Majorstepsinthedatafilteringareshownwith
numbersintheupper-rightbox(thesamenumbersarealsousedinthe
figure).OTUandASVmeanOperationalTaxonomicUnitandAmpli-
conSequenceVariant,respectively.Asymbolxonthemergedsequence
meansthatthissequenceisinfrequent(rare).Inthethreetablesin(B),
“f” indicates feces and “p” indicates prey. FOO and RRA indicate
frequency of occurrence and relative read abundance, respectively.
Upper-left table, right table, and lower-left table show the original
numberofsequencereads,relativereads,andoccurrencedata,respec-
tively. Caveats to be considered are shown in italics. See text for
detailedexplanations.
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understand the dietary characteristics of animals (e.g.,
SatoJ.J.etal.2018).
Quantitative clarification of diet is of fundamental

importancetounderstandhowmuchofeachdietaryitem
a species requires. As the results generated by DNA
metabarcoding through high-throughput DNA sequenc-
ingarecomposedoftheabundanceofsequencereads,
themethodmaybeviewedasameansofassessingthe
dietquantitatively,allowinginferenceofbiomass.How-
ever, many biological and technical factors introduce
biases to distort the proportion of species originally
included in the dietary samples (feces or stomach con-
tents).Biologicalfactorsincludecertaincharacteristics
of thepreyspeciesthat leadtodistortion.Forexample,
larger invertebratepreymaylead togreaternumbersof
reads and a reduction in the detection of rare prey spe-
cies (Elbrecht et al. 2017). The rate of degradation of
DNAordigestionof tissues in thegastrointestinal tract
would also differ among prey species and tissue types.
Furthermore, mitochondrial DNA copy numbers differ
according to the tissues consumed (for the case in
humans,seeD’Erchiaetal.2015),andthereforegreater
sequenceabundancecannotbe interpretedonlyas indi-
catinggreaternumbersofpreytissuesbutalsoasgreater
DNA copy numbers in a small number of tissues. It
should also be noted that predominant numbers of reads 
are sometimes detected from a small number of samples, 
swamping the quantitative trends of sequence reads in
other samples (Sato J. J. et al. 2018).Technical biases
includethoseintroducedduringtheexperimentalproce-
dure,suchasDNAextractionorPCR(Braukmannetal.
2019). DNA extraction efficiency differs between hard
insect tissues and soft tissues, and between plant seeds
andfruits(i.e.,DNAextractionbias).PCRbiasmayresult
inpreferentialamplificationofsometaxainPCR,while
others may not be amplified. Primer mismatch is the
greatestinfluencingfactorcausingunequalamplification
inPCR(Piñoletal.2015).Asimulationstudysuggested
that the results of DNA metabarcoding would not be
quantitative unless PCR efficiency (e.g.,mainly due to
primer–templatemismatch)werethesameforallspecies
in a sample (Piñol et al. 2019).Meta-analysesofDNA
metabarcoding studieshave suggested that the relation-
shipbetweenbiomassandthenumberofsequencereads
isweakwithlargevariance(Lambetal.2019).Therefore,
DNAextractionefficiencyandPCRtechnicalbiassig-
nificantlydistortthequantitativefeaturesofdietarysam-
plestogetherwithbiologicalbias.
It should however be noted that a weakly positive

relationship between sequence reads and amounts of
prey has been observed in meta-analysis (Lamb et al.
2019).Asasimplerule,largerorsmalleramountsofprey
lead to larger or smaller numbers of sequence reads,
respectively.Controllingbiologicaland technicalbiases
maylessenthevariance.Piñoletal.(2019)suggestedthat
analysescouldbequantitativedependingon theprimer
choice. Inanexperimentwithmockarthropodcommu-
nity samples,Krehenwinkel et al. (2017) showed that
thebias inPCRamplificationcouldbealleviatedusing
degenerate primers or primers targeting conserved
regions, and supported the possibility of quantitative
inferences with DNA metabarcoding. Stapleton et al.
(2022) usedDNAmetabarcoding of the trnL region to
examine the diets of wild-caught and artificially fed
desertwoodrats,N. lepida,anddemonstratedagenerally
positive quantitative correlation with the amounts of
plantfoodmaterials,althoughtheyalsoshowedthatthe
quantitativeestimateshadlargeerrors.Asoutlinedabove,
whetherDNAmetabarcodingcanproviderealisticquan-
titativeresultsisstillamatterofsomedebate.Therefore,
researchersshouldconsiderthepotentialforerrorwhen
interpreting results quantitatively. Further characteriza-
tion of primers and other factors that potentially affect
quantitative analysis are necessary in future studies.
Simultaneousexaminationof internal standardsas con-
trolsmay be effective for quantification (Thomas et al.
2016; Harrison et al. 2021). In addition, because the
numberoftotalsequence-readsassignedtoeachsample
is quite variable, the rarefaction analysis, adjusting the
totalsequencereadstoaunifiedvalue(e.g.,theminimum
total sequence readamong samples;but seeChaoand
Jost[2012]fordiscussionsaboutwhichtouseequalsize
or equal completeness [coverage] of detected items for
characterizingdiversity),hasoftenbeenusedtocompare
quantities among samples. The rarefaction analysis
assigns the number of sequence-reads for each dietary
species according to the proportion of sequence reads
obtained for the dietary species in the reduced total 
sequencereadsforthesample.
In addition to contamination introduced during the

samplingstepsasdescribedabove(e.g.,pollendetected
inthefecesofthelargeJapanesewoodmouseinFebru-
aryinImabariorcoprophagousfliesattachedafterdefe-
cationoffecesofthelargeJapanesewoodmouseinthe
westernislandsoftheSetoInlandSea,Satoetal.2019;
mossesinthenestboxesoftheJapanesedormouse,Sato
etal.2023),secondarypredationandpassiveconsump-
tionprovideothertypesofcontamination.Thus,thedie-
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tary species detected in fecal samples may not always
representwhat the host species positively attempted to
consumebutinsteadmayreflectwhatapreyanimalitself
hadconsumedorthecontentsofaplantonwhichthehost
hadfed.Asanexampleofthelattercase,letusconsider
thedetectionoffruitfliesintheautumndietoftheJapa-
nesedormouse(Satoetal.2023).Inthatstudy,thedor-
mousewasfoundtohaveintensivelyconsumedthehardy
kiwiintheautumnseason,probablythefruitsoftheplant
according to the phenology. Therefore, it is likely that
some fruitfly tissues remainingwithin the fruitsof the
kiwihadbeenpassivelydeliveredtothedormice.Itisnot
easy to interpret the significance of the contribution of
thesefliestothedietofthedormouse.Suchinadvertent
consumptionshouldalwaysbetakenintoconsideration
ininterpretationofthedatabasedonanunderstandingof
theecologyofpreyspecies.
Insufficientdatainadatabaseadverselyaffectsspecies

identificationofdietaryitems(Fig.4A).Clarificationof
theidentityofpreyspeciesoftenrequiresinformationon
localfaunaandflora.SatoJ.J.etal.(2018)identifiedthe
Fagaceae trnL sequence in the feces of twoApodemus 
species as from Quercus crispulabecauseitwastheonly
Fagaceae species known to be present in the surveyed
area(UryuExperimentalForestStation,Hokkaido,Japan)
(Fig. 4B). It is therefore important to collect lists of
local faunal and floral species. Construction of a local
referenceDNAdatabaseisalsoinformativeandeffective
iftheDNAdataintheglobalDNAdatabaseareinsuffi-
cientforprecisetaxonidentification(Andoetal.2020).
AnotherweakpointoftheDNAmetabarcodingmethod
isthatitisnotpossibletoknowwhichpartsoftissues
are preyed upon because all of the cells basically yield 
thesameDNAinformation.Nevertheless,itissometimes
critical tounderstand the tissue typeswhen interpreting
the ecological roles of rodents. Sato J. J. et al. (2018)
interpretedtheFagaceaespecies(Q. crispula)detected
infecalsamplesof thelargeJapanesewoodmouseand
thesmallJapanesewoodmouseasbeingfromacorns, 
as individuals consuming the Fagaceae species were
abundant in autumn season (September andOctober in
Hokkaido,Japan).Basedonthisinterpretation,thesetwo
woodmouse specieswere suggested to have competed
foracornsasawintersurvivalresourceandtohaveeven-
tually achieved niche partitioning. Therefore, it is also
importanttounderstandthephenologyofthedietaryspe-
cies across seasons in addition to the list of local faunal 
andfloral species and theirDNAdatabase.One should
always test assumptionsmade based onDNAmetabar-

codinganalysisusingotherexperimentsorobservations.
A study of the vervet monkey, Chlorocebus pygerythrus, 
inSouthAfricashowedthatobservationaldatacomple-
menteddataobtainedbyDNAmetabarcoding,although
the lattershowedgreatercoverageandbetterresolution
thantheformer(Brunetal.2022).Althoughnotfocused
on dietary analysis, another study found that traditional 
methods such as direct observations (camera, pitfall, and 
mist net traps) provided complementary data for envi-
ronmentalDNAanalysesofmammals in the southwest
Amazonbasin inSouthAmerica (Mena et al. 2021). It
should be recognized that dietary DNAmetabarcoding
has inherent disadvantages that cannot be resolved and
require other sources of information (seeNielsen et al.
2018 for comparisons among DNA metabarcoding,
visual,stableisotope,andfattyacidanalyses).

Future perspectives and directions for further 
study

Clarifying thediets of rodents around theworldwill
increase our understanding of the basic mechanisms
underlyingvariousecosystemsandhowtherodentsinter-
actwithhumansociety,whichwill change thewaywe
live.Overthelastquartercentury,therehavebeenmarked
advances in the methods used for dietary analysis, as 
representedbythedevelopmentofNGStechnology.To
achievetheConventiononBiologicalDiversity’svision
of “living in harmony with nature by 2050,” we can
further improve themethodologyofdietaryanalysisby
filling the gaps in the current DNA metabarcoding
method outlined above and continuing to apply novel
techniquestothisissue.Threepointsforfutureperspec-
tives and directions to achieve this vision are discussed 
below.
First, a method is required to identify as diverse a

rangeofspeciesaspossibleasaccuratelyaspossible.Let
usconsiderthepossibilityofdesigninguniversalprimers
forgroupsincludingdiversespeciesthatcouldamplifya
largeproportionofspecieswithinaclade.Currentdesign
of “universal primers” has been restricted for several
biological and technical reasons.Thehighevolutionary
rateofmitochondrialDNAanddegradationofDNA in
fecal samples are twomajor biological reasons for this
limitation.MitochondrialDNAforwhichDNAmetabar-
codingprimers(e.g.,COI)areusuallydesignedhasnoto-
riouslyhighmutationandevolutionaryrates,whichmake
itdifficultor impossible todesignuniversalprimersfor
diverse taxa.Accepting this problem, it is necessary to
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searchforothercandidateprimerregionsinthenuclear
genome. However, as nuclear DNA has less variation
thanmitochondrialDNA,longersequencesmaybenec-
essarytoidentifyspecieswithsufficientvariablesites.A
previousstudysuggestedthatnuclearribosomalmarkers
arelesseffectiveforDNAmetabarcodingthanthemito-
chondrial COIgeneduetotheirhighdegreeofconserva-
tion(Krehenwinkeletal.2017).Atthispoint,atechnical
limitation appears because the maximum DNA length
that can be examined using a second-generation DNA
sequencer (e.g., Illumina platform) is about 400 bp. In
this sense, long-read sequencing technology has the
potential to improve the dietary DNA metabarcoding
method.CommercialPCRkitshavealreadybeenadapted
to this demand for long-read sequencing. For example,
theKAPAHiFiHotStartReadyMixPCRkitthatisusu-
allyappliedtodietaryanalysiscanamplifytargetsupto
15kbfromgenomicDNA,whichissufficientforspecies
identification in terms of genetic variation. The third-
generationDNAsequencing technologiesdevelopedby
Oxford Nanopore Technologies (ONT; Deamer et al.
2016)andPacificBiosciences (PacBio;RhoadsandAu
2015)have recentlybeenused forDNAmetabarcoding
analyses with long reads of several thousands of base
pairstoclarifythespatiotemporaldynamicsofthefungal
community insoil (Furneauxetal.2021),assessingthe
compositionofmicrobialeukaryotesinsoil(Jamyetal.
2020)orocean(Latzetal.2022),anddetectingapicom-
plexanparasites inblood samples fromdogs forpublic
health (Huggins et al. 2024). These studies imply the
potentialutilityoflong-readsequencingtechnologywith
high taxonomic resolution, albeit with some technical
concerns such as high error and chimera rates and low
sequencingdepth.However,thistechnologyhasnotbeen
applied to dietary analysis examining fecal or stomach
content samples. For arthropods, Gajski et al. (2024)
developed a DNA metabarcoding method for species
identificationofdiverse spidersusingMinION(Oxford
NanoporeTechnologies,Oxford,UK),anONTplatform,
with approx. 5-kb sequences from both mitochondrial
(COI and cytb)andnuclear(18S-28SrRNA)genes.This
method could be useful for fecal dietary studies of 
animals. However, there is a tradeoff between longer
DNAsequencesandDNAdegradation.Inthatstudy,long
PCRfornucleargeneswitha targetof4.5kb failed in
25% of the samples despite preparation of these DNA
samplesfromwholespiderbodies,whichwouldcontain
lessdegradedDNAthanfeces(Gajskietal.2024).Less
abundantnuclearDNAmaybeundetectableinPCRdue

to DNA degradation in fecal samples. Therefore, fresh
samplesinsufficientamountswouldbeneededforlong-
readDNAmetabarcodingof fecalsamples. Inaddition,
referencedatabasesforspeciesidentificationshouldalso
be established for long-read sequences, which would
require costly and laborious work. Further studies are
required to explore potential barcoding regions in the
nuclear genome of minimal length to circumvent the
problemofDNAdegradationinfecesandtoconstructa
DNAdatabasefortheseregions.
Second, bioinformatics procedures should be made

moreuser-friendly.Themost challenging task formost
usersofDNAmetabarcoding,particularlybeginners,lies
inthebioinformatics(Liuetal.2020;Hakimzadehetal.
2023).Severalprocesses,suchasdatafiltering(denoising
or clustering), selection of data for database searches
(OTUorASV),databasedesign,andorganismclassifi-
cation, affect the outcomes and interpretation of the
results. The lack of consensus on methods among
researchers does not allow proper comparisons among
studies (O’Rourke et al. 2020). For example, the diffi-
cultyofdatafilteringincludestherequirementtoremove
rarereadsequences(10or100reads,0–5%oftotalreads,
andsoforth)inthedenoisingstepsorthearbitrarysetting
of some threshold, such as sequence similarity (97%,
98%, and so forth), todefine themolecularoperational
taxonomic unit (MOTU) in the clustering step. Proce-
duresofMOTUclusteringorremovalofPCRerrorsand
cross-sample contamination are crucial steps that affect
ecological conclusions based on the results of DNA
metabarcoding(Calderón-Sanouetal.2020).However,a
simulationstudysuggestedthatthiscanleadtomisinter-
pretationofthetruediversityofdietaryitems,depending
onthepercentageofremovedreads,therebymakingthe
ecological interpretationsunclear (Littleford-Colquhoun
etal.2022).Therefore,howraresequencereadsshould
betreatedisadifficultquestiondependingonwhetherthe
focus is on abundant or rare food items. It is also
 problematic that the bioinformatics pipelines and tasks 
adoptedbyresearcherstodatearebecomingincreasingly
variable.Nevertheless,detaileddatatreatmentsareoften
not reported, whichmakes comparisons among studies
difficult (reviewed in theCOI metabarcoding study of
metazoanspecies;Creedyetal.2022).
A user-friendlyMiFish Pipeline has been developed

foruseinthefieldofenvironmentalDNAanalysisoffish
fromwatersamples(SatoY.etal.2018;Zhuetal.2023),
inwhich amatrix of detectedfish species by sequence
readnumbersforeachsampleisgeneratedbyuploading
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an FASTQ file (created from the sequencing platform)
and quickly setting some easy options. The ecology,
IUCNRedListstatus,orotherbiologicalcharacteristics
of thedetectedfish speciescanalsobeprovided in the
matrix, which would be useful for discussions of prey
species if these traits are provided for every species 
detectedinthedietarysamples.Suchastandardizedand
easy-to-usepipelineshouldbedevelopedandmaintained
for dietary DNA metabarcoding analyses. Other user-
friendlyGUIprogramshavebeenintroduced(Liuetal.
2020; Hakimzadeh et al. 2023). Such progress in the
developmentofbioinformaticstoolswouldmakeiteasier
tocompareoutcomesbetweenstudiesandfacilitatefruit-
fuldiscussionamonggroups.However,itshouldbenoted
that the detailed settings should be clarified even if
researchersadoptdefaultsettingsinsuchauser-friendly
pipeline(Creedyetal.2022).
Finally, it isnecessary toconsiderhow toclarify the

whole ecosystem via accumulation of dietary data of
animals at different trophic levels usingDNAmetabar-
coding.Althoughagreatdealremainstobedetermined
to clarify even the diets of rodents, success in this area 
would still be insufficient to understand the ecosystem.
Temporalandspatialdynamicsofpredatorycarnivorous
species, primary consumers such as invertebrates, and 
producers(i.e.,plants)shouldbeexaminedtounderstand
how rodentpopulations increaseordecreasedepending
onthedynamicsoftheecosystem.Connectingspeciesby
qualitativeandquantitativeDNAmetabarcodingmustbe
accomplished to comprehend the complicatednetworks
withinanecosystem.Withoutunderstandingthemecha-
nisms underlying the complicated networks, it is not
possible to understand the mechanisms of nature and 
howwecanliveinharmonywithit.Therefore,itisnec-
essary to continue to improve theDNAmetabarcoding
methodtoclarifyallanimalfooditemsqualitativelyand
quantitativelyatalltimepointsandlocationstoelucidate
thecomplicatedecosystems.Thisistheonlywaythatwe
canliveinharmonywithnature.
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