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Abstract

Aquatic weeds such as muskgrass (Chara spp.), water hyacinth (Eichhornia crassipes),

water lettuce (Pistia stratiotes), hydrilla (Hydrilla verticillate), filamentous algae (Lyngbya

wollei), and duckweed (Lemna minor) thrive in farm canals within the Everglades Agricul-

tural Area of South Florida. Their presence, particularly during the summer months is

an environmental concern with regards to water quality, in addition to being a nuisance

because of their ability to multiply and spread rapidly in open waters causing restricted

drainage/irrigation flow and low dissolved oxygen levels. Chemical control is effective but

can have undesirable off-target effects, so reduced herbicide use is desirable. Hence,

need exists to discover ways in which these weeds could be best managed or utilized.

The objective of this research was to evaluate the allelopathic effect of these weeds to

determine their use as potential biopesticides. Six aqueous extracts were tested against

100 bacterial strains isolated from plants and soil to evaluate their antimicrobial activity.

These extracts were also used to determine their insecticidal and antifeedant effects

on fall armyworm (FAW, Spodoptera frugiperda). Both extracts and powder form of the

aquatic weeds were tested for their herbicidal activity towards seed germination and

growth of three common terrestrial weed species. At a dilution of 1:100 and 1:1,000, none

of the aquatic weeds inhibited in-vitro growth of the bacterial strains, with one exception

(filamentous algae extract at 1:100 reduced growth of one bacterial isolate by 54%).

Water lettuce reduced the survival rate of FAW by 14% while hydrilla and duckweed

caused 11% and 9% reduction of FAW growth, respectively. Powdered duckweed inhib-

ited the growth of nutsedge by 41%, whereas filamentous algae powder and extract

reduced germination of amaranth by 20% and 28%, respectively. Harvesting these weeds

and converting them into useable compounds could not only eliminate the in situ farm
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canal and water quality problems but also result in development of new soil amendments

or biopesticides.

Introduction
Aquaticweedssuchasmuskgrass(����� spp.,Charales:���������), waterhyacinth(�����	�

��� ��������, Commelinales:�	������������), waterlettuce(������ ������	���, Alismatales:
�������), hydrilla (�������� ������������, Alismatales:����	�����������), filamentousalgae
(������� �	����, Cyanobacteria:Oscillatoriales),andduckweed(����� ���	�, Alismatales:
�������) arewidespreadin theEvergladesAgriculturalArea(EAA) of SouthFlorida.Thissitu-
ation isespeciallyprevalentduring thelatespringto earlyfall whenwarmtemperaturespro-
motethegrowthof theaquaticweeds.Within theEAA, thetotaldrainagewaterconveyance
areathat isnot subjectedto weedcontrol canbecoveredon averagebyup to 50%of aquatic
weeds.Thiscoveragedropsto 20%in theareaswhereaggressiveaquaticweedcontrol is
applied[1]. Althoughfloatingaquaticweedsarecapableof sequesteringandstoringhighcon-
centrationsof phosphorus(P) from thedrainagewaterandsediment,theyreleasethisnutrient
backinto theecosystemoncetheysenesceanddie[2,3].Largepopulationsof floatingaquatic
weedscanreducelight penetrationto thedeeplayerof thewaterbody,thusresultingin a
reducedprimary production[4]. Moreover,excessivepresenceof aquaticweedsin farm canals
canblockwateroutletsduring irrigation, clogcanals,andimpedewaterflow, resultingin low
oxygenandpoorwaterquality[5].

Allelopathyisabiologicalphenomenonduring whichanorganismreleasesallelopathic
chemicalsinto theenvironment[6]. Allelochemicalcompoundscaninfluencethegermina-
tion, growth,survival,andreproductionof neighboringorganisms,andtheseeffectscaneither
bebeneficialor harmful.Biologicalfunctionsthatareaffectedincludecelldivision,membrane
permeability,respiration,andphotosynthesis[7]. In thepastdecades,thepotentialapplica-
tionsof allelopathyin agriculturehavebeenhypothesizedandinvestigated.Pesticidaleffectsof
severalplantsweredemonstrated.Theaqueousextractof neem(����������� ������, Sapin-
dales:���������) killed awiderangeof harmful insects[8]. Waterhyacinthreducedthefeed-
ing rateof aninsectpest,�	�	���� ������ (Lepidoptera:�	�������), andwasconsideredasa
potentialbioinsecticidefor themanagementof this insect[9]. Among13different����� pop-
ulationsscreenedagainstmicroalgalstrainsincludingcyanobacteriaandeukaryoticmicroal-
gae,10inhibited growthof cyanobacteria[10]. After oneday,waterlettuceandduckweedhad
asignificantnegativeeffecton germinationandroot growthof aweed,commonlambsquar-
ters(����		���� �����, Caryophyllales:�������������) [11]. Thesefindingsrevealedthat
someplants,includingaquaticweeds,containeffectiveallelopathiccompoundsthatcanpossi-
bly beusedasbiopesticides.

Theoverallpurposeof thisstudywasto investigatetheallelochemicalpropertiesof six
aquaticweedsfrom Floridatowards100bacterialstrains,aninsectpest,andthreeterrestrial
weeds.Thesixaquaticweedswerechosenbecausetheyarethemostprevalentandinvasive
speciesin theEAA watershed.More specifically,theresearchobjectiveswereto determinethe
effectsof extractsof theseweedson (i) thegrowthof bacteriacollectedfrom plantsandsoil
samplesin Florida;(ii) thesurvival,growthandfeedingpreferenceof larvaeof thefall army-
worm (FAW, �	�	����  ��������, Lepidoptera:Noctuidae),aninsectpestof corn in Florida;
and(iii) thegerminationandgrowthof nutsedge(������ ����������, Poales:���������),
amaranth(���������� ����	�	�, Caryophyllales:�������������), andcommonragweed
(����	��� ��������� 	���, Asterales:����������), threeterrestrialweedsin Florida.
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Materials and methods

Plant materials
Entireplantsof muskgrass,waterhyacinth,waterlettuce,hydrilla, filamentousalgae,and
duckweedwerecollectedfrom multiple farm canalswithin theEAA of SouthFlorida(26Ê
39'58ºN; 80Ê37'45ºW) during summerof 2018.Thesecanalswereeitherlocatedon Univer-
sityof Florida'spropertyor on privatepropertiesfor whichauthorshadpermissionto access
andcollectsamples.

Preparationof powderedaquaticweedsandaquaticweedextracts. All sixaquatic
weedswerewashedutilizing a1.0-Lbeakeranddeionized(DI) water.Thebeakerwasfilled
with aquaticweedsto the0.5L mark,thenDI waterwasaddeduntil theresultingmixture
reachedthe1.0L mark.Themixture wasthenstirred10times;afterwhichtheDI waterwas
disposed.Thisprocesswascompletedtwice,eachtime utilizing freshDI water.Theplants
werethendried in ahot room at50ÊCfor 7 daysuntil theywerecompletelydry. Thedried
materialswerefinelygroundto 1mm particle-sizedpowderwith aThomasModel4Wiley lab-
oratorymill andthenstoredin thedark in aplasticcontainerat25ÊCuntil further use.

Aquaticweedextractswerepreparedusing5 gof powderedaquaticweedmixedwith 50ml
DI waterand10ml of 97%ethanolin a200ml wide-mouthconicalflask.Themouth of the
conicalflaskwassealedwith aluminumfoil, andthemixturewasheatedat75ÊCfor 4hoursin
aPrecisionThelcoovenmodel16.After heating,eachflaskwasplacedin asonicbathfor 1
hour andtheaqueousresiduewasfirst filteredthroughcheesecloth followedbyaFisherbrand
P55±10�m filter paper.Tento 30ml of weedextractwereobtainedperbatch.Thenutrient
compositionof aquaticweedextractsandaqueousethanolsolventwasdeterminedby the
Soil,WaterandNutrient ManagementLaboratoryof theUniversityof FloridaatBelleGlade
(Table1).Aquaticweedextractsusedin bacterialgrowthassaysdescribedbelowwerefiltered
througha0.22�m syringefilter (Millipore) beforeincorporationinto theculturemedia.

Mediausedfor isolation andculturing of bacteria
Thebasicmedium(BM) usedto isolateandgrowbacteriacontainedyeastextract(5 g),bacto-
peptone(5 g),sucrose(5 g),agar(15g),and1 L DI water.Medium pH wasadjustedto 6.8±7.0
with theFisherScientificbuffersolutionpH 10.00or pH 4.00beforeautoclavingthemedium
at120ÊCfor 20minutes.After autoclaving,whentheagarmediumhadcooleddownto around
50±60ÊC,0.1gcycloheximidemixedin 5 ml of 97%ethanolsolutionand1 �l Tilt1 250EC
fungicide(propiconazole,SyngentaCropProtection,Greensboro,NC) wereaddedandmixed
evenly.Approximately20ml of theBM supplementedwith theanti-fungalcompoundswere
pouredinto sterilePetridishesof 10cmdiameter,andmaintainedat room temperatureunder

Table1. Nutrient composition contentandpH (means� SD)of six aquaticweedextractsand the aqueousethanolcontrol (asdetermined by the Soil,Water and
Nutrient Management Laboratoryof UF at BelleGlade).

Elements(ppm) pH

Extracts Al B Ca Fe K Mg P Si

Control 0.05�0.03 0.09�0.05 2.09�0.40 0.04�0.01 1.63�0.11 0.57�0.06 0.14�0.04 0.10�0.04 7.23

Muskgrass 12.51�7.04 0.57�0.11 1517�1347 20.08�1.99 485.9�389.7 252.0�55.49 27.88�2.20 65.0�23.01 6.81

Water hyacinth 3.42�0.50 1.26�0.25 1409�966.1 6.39�1.41 636.8�528.2 236.6�9.00 43.79�28.14 44.83�14.5 5.97

Water lettuce 18.33�11.51 10.36�14.16 2070�1192 15.97�8.58 262.1�313.3 171.8�24.59 43.04�0.13 76.16�2.66 6.41

Hydrilla 15.55�3.05 0.59�0.16 1572�1426 20.82�3.54 502.1�424.7 256.1�54.64 28.30�3.14 64.99�22.02 6.85

Filamentousalgae 3.37�0.46 1.21�0.30 1464�1044 6.51�1.66 628.7�515.7 238.3�8.46 44.21�28.38 48.43�14.93 7.18

Duckweed 19.89�10.77 10.97�15.16 2060�1215 16.19�8.93 263.2�315.3 174.7�26.56 43.35�0.66 79.81�4.05 7.12

https://doi.org/10.1371/journal.pone.0237258.t001
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alaminarhooduntil solidificationof themedium.BlankplatescontainedBM supplemented
with theaqueousethanolsolventusedto prepareaquaticweedextracts:10ml and1 ml of the
16.17%ethanolsolutionwasaddedto 1L of BM afterautoclavingto obtainafinal solventdilu-
tion of 1:100and1:1,000,respectively.ExtractplatescontainedBM supplementedwith oneof
thesixmicrofilteredaquaticweedextracts(muskgrass,waterhyacinth,waterlettuce,hydrilla,
filamentousalgae,andduckweed):10ml and1 ml of aplantextractwereaddedto 1 liter of
BM afterautoclavingto obtainafinal weedextractdilution of 1:100and1:1,000,respectively.

Isolation andstorageof bacteria. During fall 2018,100bacterialstrainswereisolated
from 25plants(sweetcorn,sorghum,papaya,etc.)andsoilsamplescollectedfrom theEver-
gladesResearchandEducationCenter(EREC)atBelleGladeandotherlocationsin Florida
(Milton, Gainesville,Ft.Pierce,andHomestead)(S1Dataset).Plantsfor isolationof bacteria
werecollectedon Universityof Floridapropertyor on publicdomainwhereno samplingper-
mits wererequired.Underalaminarfloor hood,anapproximately2-cm2 areaof eachleaf
samplewascut in aPetridishinto smallpiecesin 1ml of sterileDI water.Approximately0.5g
of soilsamplewasaddedinto a14-mlpolystyrenetubeandmixedwith 8 ml of sterileDI
water.Onehour afterhomogenizationof theleafor soilmaterialin water,adrop of liquid was
transferredwith asmearloop to aplatecontainingBM. Theliquid samplecontainingbacteria
wasspreadevenlyon themediumwith thesmearloopbeforesealingplateswith parafilm(M
PM996All-PurposeLaboratoryParafilmFilm). Plateswereincubatedat28ÊCfor 2±3days.
Foreachplantor soilsample,singlecolonieswith differentcolorsor differentgrowthrates
weresub-culturedon freshBM plates.Oncebacteriaweresub-culturedsuccessfully,eachBM
platewasinoculatedwith 16bacterialisolates.

Forstorageof thebacterialcollection,abacterialsuspension(>1010colonyforming units/
ml) waspreparedfor eachisolatein a2 ml tubecontaining0.5ml of 50%glyceroland1.5ml
sterileDI water.Eachbacterialsuspensionwasstoredin afreezerat -80ÊCuntil further use.

Effectof weedextractson bacterialgrowth. Eachbacterialisolatewasstreakedwith
aninoculationloopon threemedia:BM, BM + solvent(1:100and1:1,000dilution) andBM
+ weedextract(1:100and1:1,000dilution). BM wasconsideredthepositivecontrol growth
medium,BM + solventwastheblankmediumwithout weedextract,andBM + weedextract
wasthetestingmedium.Eachplatewasinoculatedwith 16bacterialisolates.All theplates
wereincubatedat28ÊCfor threedaysandgrowthof bacterialcultureswasobservedafterthis
incubationtime.

Whenbacteriadid not or only partiallygrewon thetestingmedium(correspondingto pos-
siblegrowthinhibition), adilution platingmethodwasperformed.Thismethodallowedus
to determinetheconcentration(numberof colonies)of anunknownsamplebycountingthe
numberof coloniesculturedfrom serialdilutionsof thesample,andthenbacktrackthemea-
suredcountsto theunknownconcentration[12].

Thefirst stepwasto takeasinglebacterialcolonyof stockandto placeit into 0.9ml DI
water,andthiswastheoriginal stock.Thetechniqueusedto makeasingledilution was
repeatedsequentiallyusingmoreandmoredilutedsuspensions,ateachstep:0.1ml of the
previoussuspensionwasaddedto 0.9ml of DI water,eachstepresultingin afurther 10-fold
changein theconcentrationfrom thepreviousconcentration.Thefirst tubeaftertheoriginal
stockwasa1:10dilution, theseconda1:100,thethird a1:1,000,etc.,to thesixth,a1:106 dilu-
tion. Thesecondstepwasto determinethenumberof viablecellsin eachof thedilutions.A
pipettewasusedto transfer50�l of eachdilution, startingfrom 1:106 (themostdiluted) to
1:10andfinally from theoriginalstockonto anagarplateof eachof thethreetestedmedia
(Fig1).

Theplateswouldhavedifferentnumbersof coloniesdependingon thedilution of thesam-
ple.Whentoo manycoloniesgrow,it canbeverydifficult to countthem.Thus,wecounted
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thenumberof coloniesonly for dilutions for whichlessthan50coloniesgrew.Thebacterial
growthwasconsideredto bepartiallyinhibited whenthebacterialcolonynumberon BM
+ weedextractat1:10n dilution wasmorethan50percentlessthanthebacterialcolonynum-
beron BM at1:10n-1 dilution.

Insectmaterials
7-dayold FAW larvaeobtainedfrom acolonymaintainedin thelaboratoryat theEREC
wereusedin biossays.Thecolonywasinitiated in October2018usingapproximately150lar-
vaecollectedin thefield on sweetcorn at theEREC.Thecolonyhasbeenmaintainedin acli-
mate-controlledroom at25.5�1ÊC,40±60%RH (relativehumidity), andL14:D10h (light:
darkhour) photoperiod.Larvaewereindividually keptin 37-ml translucentplasticcups
(Dart ContainerCorp.,Mason,MI) filled with StoneflyHeliothisDiet (Ward'sScience,
Rochester,NY). Upon larvaldevelopmentcompletion,15±30pupaewereplacedin moist
vermiculiteat thebottomof a3.7-Lcartoncontainerlined with cheeseclothandpapertow-
els.Adult eclosionandovipositionwasmonitored3 timesaweek,andcheeseclothandpaper
towelswith FAW eggswereplacedin transparentplasticbags.Newlyemergedneonatelarvae
weretransferredusingapaintbrushfrom plasticbagsto cupwith diet until pupationor use
in bioassays.

Experimentaltreatments. Theorganicinsecticidesusedascommercialstandardswere
pyrethrins(PyGanicCropProtection5.0ECII, ValentU.S.A.,Walnut Creek,CA) for larval
dip bioassaysand!������� ������������� ����. "�����"� (Bt,Dipel DF,ValentBioSciences,

Fig 1. Schematicaspectof aserialdilution plate to determinethe concentration of abacterial suspension. 0= 50�l
drop of undilutedbacterialsuspension; 1/10-1/106 = 1/10-1/106 diluteddropsof abacterialsuspension.

https://doi.org/10.1371/journal.pone.0237258.g001
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Libertyville,IL) for larvaldiet incorporationbioassays.PyGanic5.0ECII is registeredfor foliar
applicationsin theUnited Statesat329±1,242ml/ha andaconcentrationof 4.2ml/L wasused
in thisstudy.Dipel DF is registeredfor applicationin theUnited Statesat560±2,242g/haand
adosageof 7.5g/L wasusedin thisstudy.In addition to commercialstandards,bioassayswere
conductedwith sixaquaticweedextractsandonecontrol solutionat1:10dilution.

Effectof weedextractson FAW survival andgrowth. Laboratoryexperimentswere
conductedto determinetheeffectweedextractson FAW larvalsurvivalandgrowth.Contact
activityof theextractswasdeterminedin larvaldip bioassays,whereasingestionactivitywas
determinedin larvaldiet incorporationbioassays.Eachtypeof bioassaywasconductedfour
timesusingtwo differentFAW generationsandtwo differentFAW cohortstwo daysapart
pergenerationin orderto reducetheimpactof aspecificcohorton theresults.A totalof 130
FAW larvae(replications)wereusedfor eachtreatmentin eachtypeof bioassay(50larvaeper
treatmentfor eachof thetwo cohortsof thefirst generationand15larvaepertreatmentfor
eachof thetwo cohortsof thesecondgeneration).FAW larvaewerestarvedovernightto void
their gutandthenweighedimmediatelyon aTS400DPrecisionStandardBalance(Ohaus
Corp.,Parsippany,NJ)beforeeachbioassay.

For larvaldip bioassays,eachlarvawasindividually dippedfor 1 secondin thetreatment
solution.Thelarvawassubsequentlyplacedon filter paperfor 10seconds,andthenin acup
with diet.Dippedlarvaewererearedin theinsectaryfor 4 days.For larvaldiet incorporation
bioassays,eachlarvawasplacedin acupwith treatedartificial dietpreparedwith atreatment
solution.Transferredlarvaewererearedin theinsectaryfor 4 days.Larvaewereconsidered
aliveif theycouldright themselvesafterbeingflippedon their backandproddedfor amaxi-
mum of 10secondswith theblunt tip of ametallicpin. Thelive larvaeweresubsequently
starvedovernightandweighedto determinetheir relativegrowthrate(RGR).TheRGRof a
larvais its dailygrowthraterelativeto its averagesizeoverthedurationof anassay.TheRGR
wascalculatedfor eachlive larvausingthefollowing formula:

��� ˆ
����	 
���� � ������	 
����

…������	 
���� ‡ ����	 
����=2†�������� ��������

with weightexpressedin gramsandfeedingdurationexpressedin days[13].
Effectof weedextractson FAW feedingpreference. A laboratoryexperimentwascon-

ductedto determinetheeffectof aquaticweedextractson FAW larvalfeedingpreference.This
experimentconsistedof achoicebioassayconductedtwiceusingtwo differentFAW andsweet
cornplantcohorts.For thisexperiment,weusedplasticPetridishes(15mm x 100mm diame-
ter,Cole-ParmerInstrumentCompany,LLC,VernonHills, IL). A totalof 40Petridishes(rep-
lications)wereprepared(20perbioassay).Foreachbioassay,2-weekold sweetcorn plants
(`Cabo'hybrid,Syngenta,Greensboro,NC) grownin agreenhousewererandomlyselected
andleaveswerecut into leafdiscswith adisccutter(1.6cm in diameter).Eachleafdiscwas
dippedfor 1secondinto theaquaticweedextractor thecontrol solution.ThePetridishes
werelinedwith onelayerof wetfilter paperto preventleafdiscandFAW larvadesiccation.
Thetreateddiscswereplacedon filter paperto removetheexcessliquid, andthenin thePetri
dishes.EachPetridishincludedall experimentaltreatmentsalongacircularlayout.OneFAW
larvawasplacedat thecenterof eachPetridish.All thePetridisheswerekeptin theclimate-
controlledroom andsubsequentlyobserved24and48hoursaftertheFAW larvawasreleased
(Fig2).Leafareawasmeasuredfor eachleafdiscbyusingthemobileapplicationLeafByteas
describedin [14].
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Terrestrial weedmaterials
During fall 2019,thetubersof nutsedge(������ ����������) andtheseedsof amaranth
(���������� ����	�	�) andcommonragweed(����	��� ��������� 	���) werecollectedin the
field at theSouthwestFloridaResearchandEducationCenter(SWFREC)in Immokalee,FL.

Effectof weedextractson terrestrial weedgermination andgrowth in greenhouse. In
thegreenhouse,for eachspeciesof terrestrialweed,10seedsor tuberswereplanted1±2cm
deepin 1-L plasticpots.Thesoilusedfor plantingwasBlackGoldall-purposepotting mix
with apH of 5.5±6.5andN-P-K of 0.13±0.04±0.13(www.sungro.com).Eachpot wasfilled
with approximately340gof potting mix. Fourrates(0,0.1,0.5,and1.0g) of groundpowderof
aquaticweedswereaddedon thesurfaceof thepot (103cm2) andmixedevenlywith top soil.
Potswith no aquaticweedextractwereusedascontrol.Fourreplicationswerepreparedfor
eachtreatmentandeachapplicationrate.All thepotswerekeptin thegreenhouseat27ÊCand
50%RH,andsprinkle-wateredeverydayto thefield capacityof eachpot.Thesprinklerwasset
to mist levelto avoidtheleachingof aquaticweedpowderby theheavydropsof water.The
germinationrateof plantsin eachpot wasrecordedfor fiveweeksafterplanting(days8,12,
18,22,and39).Visiblecoleoptileson thesoilsurfacewereusedasanindicatorof plantemer-
gence.Dataweredeterminedasthetotalnumberof germinatedseeds/tubersdividedby the
totalnumberof seeds/tubersin eachpot.After sixweeks,thefreshbiomassweightof each
pot wasassessedbycuttingplantsat thesoil levelandweighingthemusingalaboratoryscale
(Ohaus;model:PX124).

Effectof weedextractson terrestrial weedgermination in laboratory. Theeffectsof dif-
ferentdilutionsof theaquaticweedextractsolutions(dilution at1:100and1:10)werestudied
usingalaboratorybioassay.Fivetubersof nutsedge,10seedsof amaranthandcommonrag-
weedweregerminatedin a100mm diameterpolystyrenePetridishlinedwith two layersof 90
mm sizeWhatman1 filter paper.Thefilter paperwasmoistenedwith 5ml of eachextractsolu-
tion. Thesameamountof aqueousethanolsolutionwasusedfor theaqueousethanolcontrol,
andtheROwatersolutionwasusedaswatercontrol.Fourreplicationswerepreparedfor each

Fig 2. Leafdiscbeforeandafter 24hoursof fall armyworm release.

https://doi.org/10.1371/journal.pone.0237258.g002
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treatmentandeachdilution. All Petridishesweresealedwith PM996All-PurposeLaboratory
Parafilmto reducethelossof waterandthenmaintainedin agrowthchamberwith light from
7am(25ÊC,50%RH) to 7pm.Thetemperatureof thegrowthchamberatnight was22ÊC
with 50%RH.All Petridisheswererandomlydistributedin thegrowthchamber.Visiblecole-
optileson thesoilsurfacewereusedasanindicatorof plantemergence.Germinationvalues
werecalculatedbydividing thetotalnumberof germinatedseedsor tubersby thetotalnumber
of seedsor tubersin thePetridish.Germinationvaluesweredeterminedafteroneweekof
growth.

Statisticalanalysis
For theantimicrobialstreakingassay,theevaluationof bacterialgrowthwasonly qualitative
(yesor no or weak)andnot quantitative.Thesequalitativedatacanthereforenot bestatisti-
callyanalyzed.Thesecondassayperformedwith threeisolateswasbasedon quantitativedata
(colonycounts)andhasbeenstatisticallyanalyzedusingaone-wayANOVA test.

StatisticalanalyseswereconductedusingSASPROCGLIMMIX [15]. For thelarvaldip and
diet incorporationbioassays,linearmixedmodelswereappliedto comparesurvivalrateand
RGRof FAW asaffectedby treatment.Treatmentwasafixedeffect,whereasgenerationand
cohort(generation)wererandomeffects(S1Dataset).For theleafdiscassays,linearmixed
modelswereusedto compareleafareaconsumedbyFAW larvaeasaffectedby treatment
andobservationtime.Treatment,observationtime,andtheir two-wayinteractionwerefixed
effects.Assay,dish(assay),andtreatmentx dish(assay)wererandomeffects(S1Dataset).Thus,
avariancecomponentcovariancestructurewasusedto modeltheeffectsof repeatedmeasures
of theleafdiscassays.TheKenward-Rogeradjustmentfor denominatordegreesof freedom
wasusedto correctfor inexactFdistributions[15]. Leastsquaremeans� SEsfrom theleast
squaremeansstatementoutputarereportedunlessstatedotherwise.TheTukey-Kramer
adjustment(Alpha= 0.05)wasusedfor pairwiseseparationof least-squaremeanswhenafixed
effectwasdetected(P<0.05).

StatisticalanalyseswereconductedusingSASPROCGLM to comparegerminationrates
andbiomassaffectedbyeachtreatmentrateof thepowderedaquaticweedexperiment[16].
For theaquaticweedextractexperiment,thePROCGLM procedurewasusedto compare
germinationratesaffectedbyeachtreatmentanddilution. Pairwisemeanseparationwasper-
formedwhenusingtheTukey-Krameradjustment(P � 0.05)[16].

Results and discussion

Antimicrobial activity of aquaticweeds
A totalof 100differentbacterialstrainswereisolatedfrom 18plantand7 soilsamples.After
culturing thesebacteriaon culturemediumwith sixdifferentweedextracts,thegrowthof 97
of themwasnot affectedbyanyof thesixaquaticweedextracts.Only threeof the100strains
showedapartialgrowthon themediumwith extractsat1:100dilution. Thesethreestrains
includedisolate11andisolate72on BM + muskgrassextract,isolate58on BM + waterhya-
cinth extract,andBM + filamentousalgaeextract.After further testingof theseisolatesby
thedilution platingmethod(Table2),thebacterialcolonycountsfor isolate11on BM + musk-
grasswerenot significantlydifferent(P= 0.386)from thecolonycountson thecontrol plates.
Similarly,colonycountsfor isolate72on BM + muskgrassandfor isolate58on BM + water
hyacinthwerenot differentfrom thoseon their respectivecontrol plates(P= 0.540and
P= 0.056).Only bacterialcountsfor isolate58on BM + filamentousalgaeweresignificantly
lower(P= 0.013)comparedto thecontrol plates(54%growthreduction).Thissuggestedthat
thepartialgrowthobservedin thefirst assayfor theseisolates(with theexceptionof isolate58
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on filamentousalgaeextract)wasdueto insufficientinoculumduring streakingandnot an
inhibitory effectof theculturemedium.Consequently,therewasoverallno visibledifference
in bacterialgrowthof the100bacterialstrainson platescontainingweedextractsandon con-
trol plates.Theseresultssuggestedthat thesixaquaticweedextractsdid not containanyanti-
bacterialcompoundsor only atverylow concentrations,or thatbiologicallyactivemolecules
wereinactivatedduring theextractionprocess.

In asimilarstudy,waterlettucewasshownto haveanantimicrobialactivitybasedon inhi-
bition zonesof ����������� �	��, !������� ��������, and#��������� ����	��� [17]. However,only
freshsamplesof waterlettucehadagrowthinhibitory effect,whereasanaqueousextractdid
not showthisactivity[17]. Antibacterialactivityof medicinalplantsafterextractionwith dif-
ferentsolventssuggestedthatextractionsmadewith acetoneandmethanolweremoreefficient
thanwaterto recovermoleculeswith antibacterialactivity[18]. Methanolmight bemoreeffec-
tiveat recoveryof higherconcentrationsof antibacterialcompounds[18]. Abrahametal.
testedantibacterialactivityof differentextractsof waterlettuceusingclinicalpathogens[19].
Comparedto chloroformandhexane,methanolextractsresultedin higheryieldsof chemicals
suchasalkaloids,phytosterols,phenols,flavonoidsandtanninsthatpossessbioactiveproper-
ties.Tripathi etal.cameto thesameconclusionaftertestingamethanolicextractof waterlet-
tucethatshowedstrongerantimicrobialactivitythanahexaneextract[20].

Thestudiesmentionedaboveconfirmedthehypothesisthataquaticweedscancontain
allelochemicalswith antimicrobialproperties.Thesestudiesalsoshowedthat themethodsof
extractionarecritical to obtainapositiveresult.Thenegativeresultsobtainedin our study
canbeassociatedwith theextractionmethodor thebacteriausedfor testing.Therefore,in the
future,insteadof usingwaterandethanolextracts,differentorganicsolventssuchasmethanol
andacetonecouldbeinvestigatedto identify antibacterialcompoundsin aquaticweedsof
theEAA.Furthermore,wetesteddiversebacteriaisolatedfrom anagriculturalenvironment.
Anotheroption couldbeto testbacteriafrom aclinicalenvironment.

Insecticidalactivity of aquaticweeds
For thelarvaldip bioassay,differencesin survivalratewerenot detectedamongtreatments,
including thecontrol (P= 0.994)andcommercialtreatment(P= 0.979;Table3).However,
differencesin RGRweredetectedamongtreatments(P< 0.001).ThehighestRGR,0.415gg-1

day-1, wasobservedwith filamentousalgaeandthisRGRvaluewas1.05-foldhigherthanthe
RGRvaluesfor thecommercialtreatmentandmuskgrass(P< 0.001).However,noneof the
treatmentsweredifferentthanthecontrol (muskgrass:P= 0.951;waterhyacinth:P= 0.828;
waterlettuce:P= 1.0;hydrilla:P= 0.987;filamentousalgae:P= 0.164;duckweed:P= 0.829).
Therefore,thedermalcontactof aquaticweedextractsdid not haveanapparenteffecton

Table2. Comparison of bacterialcolonynumbers(colonyforming units/ml or cfu/ml) of threebacterialisolateson dilution platesof basalmedium (BM) andBM
supplemented with aquaticweedextracts(1:100dilution).

IsolateNo. Bacterialcolonynumber (cfu/ml) on P value

Control (BM) BM + Muskgrass BM + Water hyacinth BM + Filamentousalgae

11 16�3 at10�4 (a) 13�5 at10�4 (a) ND ND 0.386

58 37�7 at10�4 (a) ND 21�5 at10�4 (a,b) 17�1 at10�4 (b) 0.011

72 12�4 at10�2 (a) 15�8 at10�2 (a) ND ND 0.540

ND = Not determined

Valuesarethemeansof threeplatecounts.For eachisolateandon eachline,valuesfollowedby thesameletterin parenthesesarenot significantly differentatP= 0.05

(One-wayANOVA).

https://doi.org/10.1371/journal.pone.0237258.t002
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FAW survivalor growth.It wasunexpectedfor thecommercialpyrethrinsto not affectFAW,
but accordingto Abrahamsetal.,FAW hasbecomeresistantto insecticidesin modesof action
groups1A (carbamates),1B(organophosphates),and3A (pyrethroidsandpyrethrins)in sev-
eralpartsof theAmericas,thushigherdosesor alternativechemicalsor methodshaveto be
applied[21]. Thismayexplainwhythecommercialtreatmentusedin our studywasnot effec-
tiveagainstFAW.

For thelarvaldiet incorporationbioassay,averagesurvivalrangedfrom 5.5to 93%.Differ-
encesin survivalweredetectedamongtreatments(P< 0.001;Table4).Survivalin thecom-
mercialtreatmentwas93to 94%lowerthanin anyothertreatment(P< 0.001),including the
control.Survivalin waterlettucewas14%lower(P< 0.001)thanin thecontrol,but also12%
lowerthanin hydrilla,and15%lowerthanwaterhyacinth.All othersurvivalratesof aquatic
weedextractswerenot significantlydifferentfrom thecontrol (muskgrass:P= 0.928;water
hyacinth:P= 1.0;hydrilla:P= 1.0;filamentousalgae:P= 0.132;duckweed:P= 0.829).The

Table4. Survivalrate andRGRof the fall armyworm in different treatments(a negativevalueindicatesthat the
FAW lost weightduring the bioassay).

Treatment Survivalrate (%) RGR(g g-1 day-1)

Muskgrass 89� 8.73ab 0.366� 0.03ab

Water hyacinth 93� 8.73a 0.389� 0.03a

Water lettuce 79� 8.73b 0.379� 0.03a

Hydrilla 91� 8.73a 0.339� 0.03b

Filamentousalgae 84� 8.73ab 0.362� 0.03ab

Duckweed 88� 8.73ab 0.345� 0.03b

Control 92� 8.73a 0.381� 0.03a

Commercial 5.5� 8.73c -0.022� 0.04c

F 174.31 48.71

df 7,1028 7,843.7

P>F < 0.001 < 0.001

Meansin acolumnfollowed by thesameletterarenot significantly different(Tukey-Kramer adjustment,

alpha= 0.05).

https://doi.org/10.1371/journal.pone.0237258.t004

Table3. Survivalrate andRGRof the fall army worm in dip bioassayswith different treatments.

Treatment Survivalrate (%) RGR(g g-1 day-1)

Muskgrass 98� 1.38a 0.396� 0.02b

Hyacinth 98� 1.38a 0.409� 0.02ab

Water lettuce 99� 1.38a 0.402� 0.02ab

Hydrilla 99� 1.38a 0.406� 0.02ab

Filamentousalgae 96� 1.38a 0.415� 0.02a

Duckweed 99� 1.38a 0.409� 0.02ab

Control 99� 1.38a 0.402� 0.02ab

Commercial 98� 1.38a 0.395� 0.02b

F 0.70 3.58

df 7,1029 7,1009

P>F 0.672 < 0.001

Meansin acolumnfollowed by thesameletterarenot significantly different(Tukey-Kramer adjustment,

alpha= 0.05).

https://doi.org/10.1371/journal.pone.0237258.t003
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RGRof FAW larvaein thediet incorporationbioassaydifferedamongtreatments(P< 0.001;
Table4).ThecommercialtreatmenthadanegativeRGR(-0.0215gg-1 day-1), whichwaslower
thananyotherRGRsdeterminedin thebioassay.Thisobservationindicatedthat in general,
thelarvaethatsurvivedthis treatmentlostweight.However,hydrilla caused11.3%reduction
in RGRcomparedto thecontrol (P< 0.001).TheRGRof larvaefeedingon thedietwith
hydrilla wasalsosignificantlylowerthanfor waterlettuce(1.1-fold;P< 0.001)andwater
hyacinth(1.1-fold;P< 0.001).DuckweedreducedRGRof larvaeby9.4%(P< 0.001)relative
to thecontrol.TheRGRassociatedwith duckweedwasalso8.9%lowerthanwaterlettuce
(P< 0.002),and11.3%lowerthanwaterhyacinth(P< 0.001).TheRGRfor otheraquatic
weedextractswerenot significantlydifferentfrom theRGRof thecontrol (muskgrass:
P= 0.791;waterhycinath:P= 0.994;waterlettuce:1.0;filamentousalgae:P= 0.554).!. ������

������� showedastronginsecticidaleffecton FAW larvaewith highmortality andlow RGR.
Theaveragevalueof RGRwasnegative,which indicatedthat thelarvaethatsurvivedgenerally
lostweightandlivedin averypoorhealthafterconsuming!. �������������. Thisresultiscon-
sistentwith thepreviouslyreportedeffectivenessof insecticidalpropertiesof toxinsproduced
by thisbacterialspecies[22]. Waterlettuceshowedanegativeimpacton FAW larvaesurvival,
andhydrilla andduckweeddemonstratedreductionin FAW larvaegrowth.A chemicalanaly-
sisbyTripathi etal.revealedthat thebiologicallyactivechemicalconstituentsof waterlettuce
arealkaloids,glycosides,flavonoids,tanninsandsteroids[23]. Hydrilla containsphenolicand
hydroxyacid.Loliolidewasalsodetectedin ethylacetateandethanolextracts[24,25].An ear-
lier studyidentifiedtanninsasinhibitor of thegrowthof variousspeciesof pestinsectsinclud-
ing Lepidopteralarvae.Thosetanninscanimpedetheactivityof proteasesandthusresultin
negativeeffectson larvaehealthandgrowth[26]. Loliolidewasreportedto havediversebio-
logicalpropertiesincluding repellencyagainstinsects[27].

In theleafdiscbioassays,thepercentageof leafareaoverthetwo observationtimeswas
between67%and77%amongtreatments,but therewasno differenceamongtreatments
including thecontrol (F = 0.87;df = 6,234;P= 0.517;Table5).Therewasasignificantdiffer-
encebetweenthetwo observationtimes(F = 162.51;df = 1,273;P< 0.001).An interaction
betweentreatmentandobservationtime wasnot detected(F = 1.06;df = 1,273;P= 0.388).
Thus,thefeedingactivityof FAW larvaewasnot affectedbyanyof thetreatmentsin our
study.Compoundsthatpossessantifeedantactivitycanbefound in all chemicalclassesin
plants[28]. Terpenesandalkaloidsarethetwo classesthatareespeciallyeffectivein inhibiting
feedingof avarietyof insects.In asimilarstudy,theleavestreatedwith methanolandn-hex-
aneextractsof waterhyacinthsuggestedhighantifeedantefficacyon �	�	���� ������ [9].

Table5. Leafareaconsumedby FAW larvae24and48hoursafter application of different treatmentsin leafdisc
bioassays.

Leafareaconsumed (%)

Treatment After 24hours After 48hours

Muskgrass 68� 9.96 85.70� 9.96

Water hyacinth 59� 9.96 89.13� 9.96

Water lettuce 54� 9.96 85.28� 9.96

Hydrilla 52� 9.96 80.58� 9.96

Filamentousalgae 56� 9.96 77.53� 9.96

Duckweed 60� 9.96 80.13� 9.96

Control 61� 9.96 88.45� 9.96

Therewereno significantdifferencesamongtreatments(Tukey-Krameradjustment, alpha= 0.05).

https://doi.org/10.1371/journal.pone.0237258.t005
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More than20typesof chemicalcompounds(including alkaloids,phenolsandflavonoids)
with potentialinsecticidalactivitywereidentifiedbygaschromatography-massspectrometry
(GC-MS)analysisof methanolextractof waterhyacinth[29]. Thissuggestedthatsomeother
organicsolventssuchasmethanolandn-hexanemight beefficientlyusedto obtainhigher
yieldsof effectivecompoundsfrom aquaticplantsagainstinsectlarvae.

Overall,waterlettuce,hydrilla andduckweedshowedsignificanteffectson FAW larvae
survivalandgrowthby ingestion.However,theobserveddifferencesweresmall,andnoneof
theaquaticweedspossessedcontactandantifeedanteffecttowardsFAW larvae.In thefuture,
differentsolventscanbeusedto isolatehighercontentsof theallelopathiccompoundsin the
aquaticweedthatarelikely to havebetterinsecticidalactivity.

Herbicidal activity of aquaticweeds
In thegreenhouse,applicationof duckweedpowderresultedin agrowthreductionof nut-
sedge.At therateof 0.1g,0.5gand1.0g,powderof thisaquaticweedreducedthebiomassof
nutsedgeby36.6%,40.5%and36.3%,respectively(P= 0.042).Theotheraquaticweedpowders
did not haveanyeffecton nutsedgegerminationor growthascomparedto thecontrol (Figs3
and4).

Useof 1.0gof filamentousalgaepowderreducedthegerminationof amaranthby22%
from day17to day22,andby21%on average(P= 0.037).Theotheraquaticweedstestedhad
no effecton germinationof terrestrialweedsatanytreatmentrateandatanytime (Fig5). In
termsof biomass,theapplicationof muskgrasspowderresultedin asignificantreductionon
amaranthgrowth(P= 0.002);0.1gmuskgrassreducedthebiomassby58%,0.5gby55%,
and1.0gby68%.Useof 0.1gand1.0gof waterhyacinthpowderreducedamaranthbiomass
by50%and44%,respectively(P= 0.011).However,theresultobtainedwith 0.5gwasnot
differentfrom thecontrol.Thesameresultwasobtainedwith waterlettuce:0.1gapplication
resultedin 56%reduction,and1.0g in 53%reductionrespectively(P= 0.026)while thebio-
massobtainedafterapplicationof 0.5gwasnot differentfrom thebiomassof thecontrol.Both
0.5gand1.0gof filamentousalgaepowderreducedbiomassof amaranthsignificantlyby48%
and55%,respectively(P= 0.004).Hydrilla andduckweedpowdershowedno significanteffect
on amaranthgrowthatanyrate(Fig6).

Forcommonragweed,waterhyacinthpowderappliedat0.5g increasedgerminationby
350%on day8 (P= 0.017).Noneof theothertreatmentsshowedanyeffectson commonrag-
weedgerminationatanyrateor time (Fig7).Hydrilla improvedthegrowthof commonrag-
weedby200%at0.5gand87%at1.0g,respectively(P= 0.026).Muskgrassshoweda155%
increasein commonragweedbiomassat0.5g treatmentrate(P= 0.005).Noneof theother
aquaticweedpowderhadsignificanteffectson thegrowthof commonragweedatanytested
rate(Fig8).

In thelaboratory,theeffectof aquaticweedextractson seedgerminationof terrestrial
weedswasobserved.Filamentousalgaeextractat1:100dilution reduced27%of thegermina-
tion of amaranthseedcomparedto thewatercontrol and28%to aqueousethanolcontrol
(P< 0.001).Othertreatmentat1:100showedno significantdifferencein comparisonto water
control or aqueousethanolcontrol.All thetreatmentswith 1/10dilution, including theaque-
ousethanolcontrol showedno germinationof amaranth.Forcommonragweed,noneof the
treatmentsshowedasignificantdifferencewith thewatercontrol or aqueousethanolcontrol
with 1:100dilution. With 1:10dilution, all theaquaticweedextractsshowedasignificanteffect
on germinationratecomparedwith thewatercontrol,andthereductionin germinationran-
gedfrom 54to 76%(P< 0.001),but noneof themshoweddifferencewith aqueousethanol
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control (Fig9).Wewereunableto makeanobservationon theeffectof aqueousweedextracts
on thegerminationof nutsedgesasall thetubersfailedto germinatein thePetridishes.

Theresponseof seedgerminationandgrowthof terrestrialweedspeciesto sixpowdered
aquaticweedssuggestedthatduckweedhadanoverallnegativeeffecton nutsedgegrowth.
Filamentousalgaeandmuskgrassinhibited thegerminationandgrowthof amaranth,while
waterhyacinthandwaterlettucehaveaninhibitory effecton thegrowthof amaranth.

Theseresultsaresimilar to theresultsbyBhadhaetal.,that theapplicationof powdered
waterlettuceandfilamentousalgaedemonstratedoverallnegativegerminationandroot
growthof plantspecies,includingcommonlambsquarter,sorghum,snapbeanandcorn [11].
Modeof actionof someallelochemicalscanbesimilar to syntheticherbicides,anddifferent

Fig 3. Effectof aquaticweedpowderon germination rate of commonragweed.Verticalbarsrepresentstandarderrors.

https://doi.org/10.1371/journal.pone.0237258.g003
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allelochemicalsmayhavedifferentmodesof actionor physiologicaltargetsites[30]. Somealle-
lochemicals,including flavonoidsandfattyacidspresentin theaquaticweedpowder,canact
on differentcellularprocesses,suchasdisruptingplasmamembranefunction andinterrupting
intracellularenzymes[11,31,32].Besidesdirectlytargetingtheweeds,themetabolitessuchas
phenolicsin thepowdermayreleaseinto thesoilandalterits propertiessuchaspH, organic
matter,microorganisms,andnutrient status,resultingin anegativeeffecton plantgermina-
tion andgrowth[33]. Theresultsalsoshowedno significantdifferencebetween0.1g to 1.0g
of duckweedon thegrowthof nutsedge,andalsoin termsof muskgrasson thegrowthof ama-
ranth.Thismight dueto thatall theratesareat thesamedose-responselevelof inhibitory
effecton anutsedge.For futurework,higherapplicationratesshouldbeusedto investigate
their potentialeffect.

Fig 4. Effectof aquaticweedpowderon biomassof nutsedge.Verticalbarsrepresentstandarderrorsof themean.Barsdesignated bydifferent
lowercaselettersaresignificantly differentaccordingto Tukey-Krameradjustment (P � 0.05).

https://doi.org/10.1371/journal.pone.0237258.g004
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In contrast,commonragweedshowedapositiveresponseof germinationwith theapplica-
tion of powderedmuskgrassandalsoof growthwith powderedwaterhyacinthandhydrilla.
Thismight suggestthat theallelochemicalin muskgrassandhydrilla hadastimulatoryeffect
on thegrowthof commonragweed.Thestimulatoryeffectof allelopathywasdescribedin [34];
to showthat theaqueousextractof mungbean($���� �������) hadasignificantincreaseon
seedgerminationandgrowthof plantspeciesincludingsweetcorn andokra[34]. Theresult
might alsosuggestthatcommonragweedhadhigh toleranceto theallelochemicalsin these
aquaticweedsandusedthenutrientsof powderfor its owngrowth.Previousstudyhadshown
thataqueousextractsof thewholecommonragweedplant inhibited seedgerminationof many
plantsincludingonion,oat,ryegrass,andPalmeramaranth[35]. Someallelochemicalssuchas

Fig 5. Effectof aquaticweedpowderon germination rate of amaranth.Verticalbarsrepresentstandarderrors.

https://doi.org/10.1371/journal.pone.0237258.g005
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phenolicacidsandsesquiterpene-lactoneswereproducedbyragweedin orderto competefor
nutrientsandresistotherallelochemicals[36,37].

Allelochemicalsareknownto inducehormesisin severalplantspecies.Hormesisrefersto
biphasicdose-responsewith alow dosestimulatoryor beneficialeffectandahighdoseinhibi-
tory or toxic effect[38]. Thecurrentstudyshowedthat thelowerrate(0.5g) of hydrilla and
muskgrasshadahigherstimulatoryeffecton commonragweedthantheir higherrate(1.0g)
andsuggestedahormeticresponse.A similarstudyalsodescribedthehormeticeffectof
aquaticweeds,that low applicationrates(0.03gand0.06g) of waterlettuceandfilamentous
algaepromotedtheroot growthof corn,sorghum,andsnapbeanwhilehighapplicationrates
(1.0g) hadaninhibitory effecton their root growth[11]. To further confirm theexistenceof

Fig 6. Effectof aquaticweedpowderon biomassof amaranth.Verticalbarsrepresentstandarderrorsof themean.Barsdesignated by
different lowercaselettersaresignificantly different accordingto Tukey-Krameradjustment(P � 0.05).

https://doi.org/10.1371/journal.pone.0237258.g006
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hormesis,moreapplicationratesshouldbeusedin orderto generateamorereliabledose-
responsemodel.

In thePetridishexperimentwith aquaticweedextracts,aqueousethanolcontrol at1/10
dilution showedno germinationfor amaranth,andnearly70%lessthanthewatercontrol
for ragweed.Thissuggestedthat theethanolat1/10dilution hadapotentiallynegativeeffect
on seedgerminationof amaranth.Previousstudiesdemonstratedthatethanolhaddifferent
effectson thegerminationof differenttypesof plantseeds.For instance,germinationpercent-
ageof ryegrass(�	����) seeddecreasedwith ethanolconcentrationover0.8%(v/v), while for
bermudagrass(���	�	�), germinationratewasincreasedwith concentrationsof ethanolfrom
0.1%to 3%(v/v) [39]. Thisalsodemonstratedthatdifferentconcentrationsof ethanolresultin

Fig 7. Effectof aquaticweedpowderon germination rate of commonragweed.Verticalbarsrepresentstandarderrors.

https://doi.org/10.1371/journal.pone.0237258.g007
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differenteffectson seedgermination.However,filamentousalgaeat1:100dilution showed
aninhibitory effecton seedgerminationof amaranthcomparedto aqueousethanolcontrol,
whichindicatedtheallelochemicalsin theextracthadanherbicidaleffecton amaranth.

In thisstudy,thepresenceof ethanolcausedasignificantreductionin seedgermination
of terrestrialweedstestedat1/10dilution, whichmadeit hardto tell theactivityof aquatic
weedextractsat thesametime.For futurework,aqueousextractioncouldbeusedto avoid
theimpactof ethanol.In addition,otherdifferenttypesof solventsmight beableto isolatethe
effectivecompounds.Previousstudiesdescribedthataqueousmethanolextractof duckweed
wastestedto haveastronginhibitory effecton root andshootgrowthof terrestrialweeds
includingcress(������� ������� L.),alfalfa(�������	 ������ L.),andtimothy (������

Fig 8. Effectof aquaticweedpowderon biomassof commonragweed. Verticalbarsrepresentstandarderrorsof themean.Barsdesignated by
different lowercaselettersaresignificantly different accordingto Tukey-Krameradjustment(P � 0.05).

https://doi.org/10.1371/journal.pone.0237258.g008
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������� L.),andwaterlettuceaqueousmethanolextractshowedaninhibitory effecton shoot
growthof cressandroot growthof ryegrass(�	���� ����� 	��� L.) andtimothy [40]. Nut-
sedgetuberfailedto germinatein thePetridish,andthismaybedueto thelackof sufficient
moisturefor thetubergerminationin thePetridishes.Vermiculitecouldbeapotentialalter-
nativemediumfor testingtubergerminationinsteadof filter paperasit canhold relatively
moremoistureandissterilizable.

Fig 9. Effectof aquaticweedextractson germination rate of amaranthandcommonragweed. Verticalbarsrepresentstandarderrorsof the
mean.Barsdesignatedbydifferentlowercaselettersaresignificantlydifferentaccordingto Tukey-Krameradjustment(P � 0.05).

https://doi.org/10.1371/journal.pone.0237258.g009
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Conclusions
Theobjectiveof thisstudywasto evaluatesixaquaticweeds,includingmuskgrass(�����
spp.),waterhyacinth(�����	���� ��������), waterlettuce(������ ������	���), hydrilla (��������
������������), filamentousalgae(������� �	����), andduckweed(����� ���	�), aspotential
biopesticides.Theaquaticweedextractsweretestedatdilutions1:100and1:1,000against100
bacterialstrainsto evaluatetheir antimicrobialactivity.Exceptfor onebacterialisolateand
oneplantextractat thelowestdilution, thegrowthof thesebacteriaisolatedfrom 25plantand
soilsampleswasnot affectedby theaquaticweedextractsin our testingconditions.Thesame
aquaticweedextractswereusedat1:10dilution to determinetheir insecticidalandantifeedant
effectson theFAW.No significanttreatmenteffecton FAW survivalor growthwasobserved
with thedip bioassay.However,usingadiet incorporationbioassayallowedusto showthat
waterlettuceextractsreducedthesurvivalrateof FAW by14%,andhydrilla andduckweed
caused11%and9%averagereductionof FAW growth,respectively.Theaquaticweedshadno
antifeedanteffectson FAW.Fourratesof powderedaquaticweedsandtwo dilutionsof aquatic
weedextracts(1:10and1:100)wereusedto determinetheir herbicidaleffecttowardsseedger-
mination andgrowthof nutsedge,amaranth,andcommonragweed.In agreenhousestudy,
duckweedatall ratesshowedaninhibitory effecton thegrowthof nutsedge,rangingfrom
36%to 41%.Filamentousalgaeat1.0g reducedthegerminationrateof amaranthby20%and
biomassby56%.Growthreductionsof 68%,49%,53%,and56%wereobservedin amaranth
afterapplicationof muskgrass,waterhyacinth,waterlettuce,andfilamentousalgae,respec-
tively.However,powderedmuskgrassandhydrilla increasedthegrowthof commonragweed
by200%and145%,respectively.Thissuggestedthatcommonragweedhasahigh toleranceto
theallelochemicalspresentin thetestedaquaticweeds.Thepowderusedasasourceof nutri-
entor theallelochemicalsreleasedfrom aquaticweedhadastimulatoryeffecton common
ragweed.In thelaboratorystudy,thehighestreductionof seedgermination(27±28%)was
obtainedfor 1:100dilution of filamentousalgaeextractsappliedto amaranth.All thetreat-
mentsat1:10dilution (including aqueousethanolcontrol) resultedin asignificantreduction
of seedgerminationof bothamaranthandcommonragweed.This indicatedthat thepresence
of ethanolinhibited seedgermination,whichinterferedwith allelochemicalspresentin the
aquaticweedextracts.

This researchcontributedto pushingtheboundaryfor futurestudiesfocusedon reduc-
ing thedependenceon syntheticpesticidesandfinding alternativestrategieswithin the
frameworkof promotingsustainableagriculture.Futurestudiescouldincludeidentification
of thechemicalscontainedin aquaticweedextractsin order to characterizethepossible
effectiveallelochemicalcompoundsandtheir modeof action.Gaschromatography-mass
spectrometry(GC-MS)analysisis amajoranalyticalmethodto identify organiccompounds
in manystudies.To further identify themolecules,theGC-MSspectrumof aquaticweed
extractscouldbecomparedwith theknown componentsstoredin theNationalInstitute
StandardandTechnology(NIST) library [29]. Sinceno universalextractionmethodexists
for all allelochemicals,differentsolventssuchaswater,methanol,andacetoneshouldalso
beevaluatedin thefuture to identify thebestextractionmethodsof allelochemicalsfrom
aquaticweeds.
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