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Sediment has been considered to be one of the
most important mercury methylation sites, but
recent studies have demonstrated a new site that
is relevant, i.e. the roots of floating aquatic
macrophytes, where high methylation is ob-
served. The effects of temperature, pH and
electric conductivity on net mercury methyla-
tion were studied in the roots of the water-
hyacinth Eichhornia crassipesof a freshwater
coastal lagoon (Lagoinha, RJ, Brazil). Root
samples were incubated, over three days, with
203HgCl2 addition, at different temperatures
(10–90°C), pH values (3–8) and different elec-
trolytic solutions (KClO 4, KCl and CaCl2, at 1, 5,
10, 25 and 50 mM, ranging between 18 and
760mS cmÿ1). 203Hg-labeled methylmercury
(Me203Hg) was extracted in toluene, after acid
leaching, and measured byb-counting. Up to
35% of mercury added was converted to MeHg
Methylation increased from 10 to 35°C, and
decreased thereafter. The process was comple-
tely inhibited at 90 °C. At pH values of 6 and 7
methylation was stimulated and a significant
decrease was verified at pH 8. Increasing KClO4
concentrations led to a significant decrease in the
methylation rates, while for KCl and CaCl2
solutions only a slight decrease was observed.
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INTRODUCTION

The conversion of inorganic mercury into methyl-
mercury (MeHg), a strong neurotoxin,1 is a critical
step in the environmental behavior of this metal.
Mercury methylation is a very complex process
which may be abiotic2 or biotic, mainly mediated
by sulfate-reducing bacteria.3,4 The net environ-
mental concentrations of methylmercury are a
result of the opposite processes of methylation
and demethylation, which are not completely
understood. The most important factors influencing
biological mercury methylation are inorganic
mercury bioavailability and the nature of the
microbial community present in an ecosystem.
Both are influenced by physical and chemical
parameters such as temperature, pH, salinity,
organic carbon and redox potential.5–8

Most methylation studies have been carried out
in temperate regions, where there are significant
temperature variations during the year, and this
parameter seems to be an important factor control-
ling the process, since it directly affects microbial
activity and chemical reactions. Summer tempera-
tures were associated with higher methylation rates
in temperate lakes.8–10

The influence of pH on mercury methylation has
been the subject of a variety of studies7,8,11because
of the observed higher methylmercury concentra-
tions in fish from acidified lakes in the northern
hemisphere. MeHg� seems to be formed under
moderately acid and neutral conditions (pH 5–7)
and Me2Hg is mostly formed under alkaline
conditions.8

Studies regarding the influence of electrical
conductivity (a measure of ionic strength) on
mercury methylation are scarce. A decrease in
mercury methylation rates in sediments with
increasing conductivities, obtained by addition of
NaCl, was reported.12 The biota from black-water
Amazonian rivers, which are characterized by low
pH values and reduced electric conductivities, have

APPLIED ORGANOMETALLIC CHEMISTRY
Appl. Organometal. Chem.13, 631–636 (1999)

Copyright# 1999 John Wiley & Sons, Ltd. CCC 0268–2605/99/090631–06 $17.50

* Correspondence to: Jane B. N. Mauro, Laborato´rio de Radio-
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higher methylmercury concentrationsthan the
organismsfrom white-water rivers, characterized
by higherpH andelectricconductivities.13

Mercury methylation is usually studied in
compartmentssuch as surface sediments,water
andsoils.6,14Recentstudiesdemonstratedthatroots
of floating aquaticmacrophytesare a very active
mercury methylation site.12,15 Severalregions in
theBrazilianAmazonandPantanalfloodplainareas
are widely colonized by macrophytes,therefore,
highermethylationratesin this compartmentmay
have important ecological implications. MeHg
producedin floating macrophyteroots is bioavail-
abledueto rapid waterdiffusion andto the dense
anddiversebiotaliving nearthemacrophytestands.
Little is known aboutmethylationin macrophyte
roots,despiteits relevance.

The aim of this work was to investigatethe
influence of temperature,pH and electrical con-
ductivity onnetmercurymethylationin therootsof
thefloatingmacrophyteEichhorniacrassipes.

STUDY SITE

WaterandE. crassipesroot sampleswereobtained
from a freshwatercoastal lagoon, the Lagoinha,
situatedin the ParqueEcológico Municipal Chico
Mendesin Rio de Janeirocity (Brazil) (Fig. 1).
Despitebeinglocatedin anecologicalpark, this is
an eutrophicatedecosystem,receivinga consider-
able amount of raw sewage, which provides
suitableconditionsfor colonizationby the oppor-
tunistic water-hyacinthspecies,E. crassipes. This
species, widely distributed in tropical regions,
accumulatesseveral pollutants from the water,

includingmercuryand,assuch,is usedin industrial
anddomesticeffluenttreatment.16

METHODS

Water sampleswere obtainedat the surfaceand
bottom of the water column (approx.2.0m deep)
with a van Dorn bottle and transportedto the
laboratoryin acid-washedpolyethylenecontainers.
Temperature, pH and dissolved oxygen were
measuredin situ. The pH of the waters was
measuredby an Analion PM 603 pH-meter and
dissolved oxygen was determinedusing a YSI
portable oximeter, model 57. In the laboratory,
salinity was analyzedby argentometry17 and the
electrical conductivity was analysedwith a Cole
ParmerCo. 1481-90 instrument.Orthophosphate
PO4

3ÿ was determinedby the phosphomolybdic
method with ascorbic acid reduction,17 total
phosphorusby acid digestion with potassium
persulfate followed by PO4

3ÿ analysis17 and
ammonia nitrogen by the indophenol method.17

Root samples were separatedmanually from
individual E. crassipesspecimensand transported
in sealedplastic bags. In the laboratory, coarse
debriswas removedand roots were choppedand
homogenized,forming compositesamples.Sam-
plesof 15g wet weight(correspondingto 0.5g dry
weight) and 30ml of solution were incubatedfor
threedayswith 203HgCl2 in 50-ml Teflon# lined
screw-capborosilicatetubes.A control, acidified
with 1 ml of 4 N HCl, and triplicate sampleswere
subjectedto different temperatures,pH valuesand
electrical conductivity regimes.Different incuba-
tion temperatures(10,22,25,32,42,50and90°C)
wereobtainedby placingsamplesin a refrigerator,
anovenanda refrigeratedroom.For this particular
experiment, incubations were performed with
Lagoinhalake water. Solutionswith different pH
values (3, 4, 5, 6, 7 and 8) were preparedwith
additionof HNO3, HCl or NaOHto Milli-Q water
in two separatesetsof experiments.Stocksolutions
of KClO4, KCl andCaCl2 weredilutedwith Milli-Q
waterto concentrationsof 1, 5, 10, 25 and50mM,
resulting in increasing electrical conductivities,
rangingfrom 15 to 761�Scmÿ1. Thesesolutions
wereusedin orderto comparethe influenceof the
chloride and perchlorateanions on methylation,
sincechloride affectsmercuryspeciation.6 KClO4
was included because,in contrastwith KCl and
CaCl2, it will not resultin freeClÿ. Approximately
135ng of Hg wasaddedas203HgCl2 (suppliedby

Figure 1 Location of study site: Lagoinha, RJ (23°4'S,
43°32'W).
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AmershamInternational,UK) resulting in a con-
centrationof 0.27�g Hg gÿ1 dry weight. Activity
variedfrom 1.8� 102 to 9.3� 102 Bq. All samples
remainedin darknessandthoseusedin thepH and
conductivity experimentswere incubatedat room
temperature(approx.25°C). Incubationwastermi-
natedby additionof 1 ml of HCl andsampleswere
kept frozen until undergoingthe Me203Hg extrac-
tion procedure. The extraction was made by
addition of 4 ml of 3 M NaBr in 11% H2SO4 and
1 ml of 0.5M CuSO4, shaking for 1 min and
centrifuging for 10min at 3000rpm. The super-
natantwas transferredto 125-ml glassseparatory
funnels and shakenfor 15min with 15ml of a
scintillation cocktail, prepared with POP (2,5-
diphenyloxazole)andPOPOP[1,4-bis-2-(5-pheny-
loxazolyl)-benzene]dissolvedin toluene,at con-
centrationsof 7.0 and 1.0g.lÿ1, respectively.The
cocktail sampleswereshakenwith sodiumsulfate,
to removeany traceof water,andweretransferred
to anothervial for b-spectrometryusing an LKB-
Wallac Rackbeta1214 liquid scintillation coun-
ter.18 Results were submitted to ANOVA and
Tukey tests.

RESULTS

Watertemperaturewasrelativelyhigh,with similar
valuesatbothdepths,pH valueswereaboutneutral
andsalinitywaslow, characterizingthis lagoonasa
freshwatersystem(Table1). Electrical conductiv-
ity was relatively high and most of the dissolved
oxygenconcentrationswere low, especiallyat the
bottom.Onesamplepresentedanexceptionalhigh
oxygen concentration(12mg.lÿ1) on the surface,
which is attributedto intenseproductivity in a thin
superficialandwell aeratedwaterlayer,resultingin

oversaturationof the dissolvedoxygen(Table 1).
Exceptfor ammonia,nutrient concentrationswere
high, indicating the eutrophic condition of this
system.

Temperature assay

Resultsshowedan increasein MeHg� production
up to 32°C. Methylationdecreasedthereafter,and
the processwas completely inhibited at 90°C,
probably due to suppressionof bacterial activity
(Fig. 2). The Tukey test showed that MeHg�

productionobtainedat the lowest (10°C) and the
highesttemperatures(50 and 90°C) were signifi-
cantly lower (P < 0.05) thanthoseobtainedat the
othertemperatures.

Thesedataarein agreementwith similar testson
the influence of temperatureon methylmercury
production in sedimentsof the Amazon region,
showing increasedmethylation in the 35–45°C
range.12 Higher mercurymethylationobservedin
this temperaturerange is relevant especially for

Table 1 Physicalandchemicalparametersof theLagoinhawater

Parameter Surface Bottom

Temperature(°C) 24.5–28.5 24.0–26.0
pH 7.01–7.48 6.79
Electric conductivity(�Scmÿ1) 123–137 —
Dissolvedoxygen(mglÿ1) 4.9–12.0 0.40–1.70
Salinity (S) 0.15–0.35 0.20–0.41
Orthophosphate(�M P asPO4

3ÿ) 18.80 12.23
Total phosphorus(�M P) 27.30 24.91
Ammonia(�M N asNH3/NH4

�) 2.20 2.70

Figure 2 Methylmercuryproductionin samplesof Eichhor-
nia crassipesroots,asa functionof theincubationtemperature.
Vertical barsrepresentthe 95% confidenceinterval (triplicate
samples).
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equatorial and tropical water systems, where
temperaturesup to 40°C arefrequentlyreached.

Effect of pH

Net mercurymethylationwashighest(P< 0.05)in
both treatmentsat pH 6 and 7. Lessmethylation
wasobservedat moreacidicandalkalinepHs(Fig.
3). A decreasein mercury methylation at pH 8
possibly ocurreddue to increasingdemethylmer-
cury formation in alkaline waters, reducing net
methylmercuryconcentrations.8 Methylation was
significantly higher (P < 0.05) in the samples
incubatedwith hydrochloricacidsolutions,but this
maybeattributedto the fact thatexperimentswith
HCl and HNO3 solutions were made with root
samplesobtainedon different samplingdates.

Effect of electrical conductivity

IncreasingKClO4 concentrationsled to a signifi-
cant (P < 0.05) decreasein mercurymethylation,

while for increasingconcentrationsof KCl and
CaCl2 solutionsonly aslightdecreasewasobserved
(Fig. 4). At the lowest concentrations(1 mM),
MeHg� formation in the KClO4 system(23.5%)
was higher than in the other systems(18.6% for
KCl and18.4%for CaCl2). Significantdifferences
(P < 0.05) in mercurymethylationwereobserved
betweenKClO4 andtheotherelectrolytesused,but
no differences were verified between KCl and
CaCl2 (P < 0.05).

Figure 3 Methylmercuryproductionin samplesof Eichhor-
nia crassipesroots,asa function of pH, adjustedusingHNO3

(a) or HCl (b). Vertical bars representthe 95% confidence
interval (triplicate samples).

Figure 4 Methylmercuryproductionin samplesof Eichhor-
nia crassipesroots, as a function of electrical conductivity,
modifiedusingKClO4 (a), KCl (b) or CaCl2 (c). Vertical bars
representthe 95%confidenceinterval (triplicate samples).
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DISCUSSION

Studiesregardingthe interactionof physical and
chemicalconditionswith mercury methylationin
freshwatersedimentshave suggestedthat higher
temperatures,slightly acid pH and low electrical
conductivities are favorable conditions,7–9,12 in-
creasinginorganic mercury bioavailability and/or
stimulatingthegrowthof methylatingmicroorgan-
isms.Sulfate-reducingbacteriaseemto bethemain
mercury methylatorsin E. crassipesroots.19 The
large, compactstandsformed by floating aquatic
macrophyterootsaresuitableenvironmentsfor the
developmentof sulfate-reducingbacteriacommu-
nities, thereforethe conditionsfor methylationin
thiscompartmentareexpectedto besimilar to those
in sediments.Our resultsdemonstratedthat tem-
peraturesin therange30–35°C,pH valuesbetween
6 and7 andreducedelectricalconductivitiesseem
to increasemercury methylation in E. crassipes
roots.

Additionally, E. crassipesroots methylmercury
production obtained under natural (unchanged)
conditionsof temperature,pH and electrical con-
ductivities in this studywereat leastoneorderof
magnitudehigherthanthoseobservedin sediments
by otherauthors.7,12,20We hypothesizethat larger
contactsurfaces(in comparisonwith thesediment–
water interface) favor the growth of microbial
populations,andthatphysicalandchemicalcondi-
tionsamongthemacrophytestands,suchassuitable
redox potentials, may contribute to increased
mercury methylation. Tropical flooded areasare
usually colonizedby a numberof aquaticmacro-
phytespeciesandaquaticfood chainsarebasedon
macrophyteherbivoryand,mainly, on macrophyte
detritus.21 Therefore,a greatnumberof organisms
usethe surroundingsof floating macrophyteroots
as shelterand a food source,thus increasingthe
bioavailability of MeHg produced at this site.
Environments with these characteristics,when
contaminatedby mercury,are importantpotential
methylmercurysourcesfor thebiota.22

Artifact formation of low methylmercurycon-
centrations(up to 0.1%of addedHg) wasreported
by Bloom and co-workers23 when using aqueous
distillation aspart of the procedureof methylmer-
cury extractionfrom waterandsedimentsamples.
Possibleartifact methylmercuryformation in our
sampleswouldbeexpectedto representonly avery
small fraction of the total methylmercuryformed.
In addition, Brito24 and Guimarães compared
aqueousdistillation, a methodbasedon thin-layer
chromatographyafterextractionusingdithizonein

benzeneand the Me203Hg extraction procedure
used in the presentwork, and obtained similar
methylmercuryextractionefficienciesfor sediment
and macrophyteroot samples,suggestingthat the
formation of artifactual methylmercury in our
samplesis unlikely.

Amongthefactorsstudied,temperatureseemsto
imposethe strongestinfluenceon mercurymethy-
lation, as shown by the impressive variation
observedin the 10–90°C range.Seasonalstudies
made in temperateand equatorial regions also
showedthat higher temperaturesstimulatemethy-
lation,8,9 which is attributedto increasedbacterial
activity. Tropical and equatorial areas present
higherand lessvariabletemperaturesthan tempe-
rate zones,potentially allowing the methylation
processto be intenseand continuous.In tropical
regions, surface water temperaturesare usually
quite elevated(up to 40°C) amonglarge macro-
phytestands,especiallyin shallowwaters.

Acidified mercury-contaminatedlakes in the
Northern Hemisphereare known to presenthigh
MeHg concentrations in fish. Among several
hypothesesto explain this correlation, increased
methylationratesunderlower pH conditionshave
beensuggested.7 Studiesinvestigatingtheinfluence
of this parameteron mercury methylation have
shownthatmethylationseemsto beincreasedunder
slightly acidpH conditionsandthatdemethylation
seemsto bemoreintenseunderalkalineconditions.
In our experiments,increasingmethylation was
observedfrom pH 3 up to 6 and7 anda significant
decreaseoccurredat pH 8. A decreasein pH may
reducebacterialactivity, sincemostbacteriagrow
atpH 4–9,with anoptimalpH, for aquaticbacteria,
in the range6.5–8.525 A decreasein methylation
undermoreacidicconditionsmayalsobearesultof
increasing inorganic mercury precipitation as
insolublemercuricsulfides,due to acid-mobilized
H2S and/orto increasedmercury(II) adsorptionto
sedimentparticles.26,27

Methylation was significantly decreasedas
KClO4 concentrationwasincreased.However,the
effect waslesspronouncedwith increasedconcen-
trations of KCl and CaCl2, showing that ClO4

ÿ

concentrationsinterfered with methylation more
effectivelythanchloride,althoughaslightdecrease
was also observedwhen the concentrationof the
two chloride saltswas increased.Higher chloride
concentrations,increasingtheconcentrationsof the
negatively chargedHgCl3

ÿ and HgCl4
2ÿ, could

reduce the transfer of mercury through cell
membranes,leading to a lower incorporationby
the microbiota.5 Therefore,it was expectedthat
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higher chloride concentrationswould reducemer-
cury methylationsignificantly.Environmentalim-
plications of the influence of the electrical
conductivityandpH on mercurymethylationmay
berelatedto thepresenceof highermethylmercury
concentrationsin biota from black-waterAmazon
rivers.28 Thesearewaterscharacterizedby, among
other factors, reduced electrical conductivity, a
condition that might lead to higher methylation
rates.Theinfluenceof theelectricalconductivityon
methylation induced by a single salt cannot be
directly extrapolated,especiallyin environmental
conditions, where several ions interact simulta-
neously. However, the influence of pH and
conductivity on mercurymethylationobservedin
this study could potentially explain the higher
mercuryconcentrationsfoundin thebiotaof black-
waterriversof theAmazonbasin.
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12. J.R. D. Guimarães,M. Meili, O. Malm andE. M. S.Brito,
Sci.Tot. Environ.213, 165(1998).

13. B. R. Forsberg,M. C. S. Forsberg,C. R. Padovani,E.
SargentiniandO. Malm, Proceedingsof the International
Workshopon EnvironmentalMercury Pollution and its
Health Effects in AmazonRiver Basin, 30 November–2
December1994,Rio deJaneiro,Brazil, 1994,pp.33–38.

14. R. D. Rogers,J. Environ.Qual. 6, 463 (1977).
15. J.R. D. Guimarães,O. Malm, E. M. S.Brito andM. Meili,

Proceedingsof the Fourth International Conferenceon
Mercury as a Global Pollutant, 4–8 August 1996,
Hamburg,Germany,1996,p. 174.

16. S. Shrivastavaand K. S. Rao, Bull. Environ. Contam.
Toxicol.59, 777 (1997).

17. R. Paranhos,Alguns Métodos para Análise de Água,
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Proceedingsof the Fifth International Conferenceon
Mercury as a Global Pollutant, 26–31May 1999,Rio de
Janeiro,Brazil, 1999,p. 343.

23. N. S. Bloom, J. A. ColmanandL. Barber,Proceedingsof
the Fourth International Conferenceon Mercury as a
Global Pollutant, 4–8 August 1996, Hamburg,Germany,
1996,p. 51.

24. E. M. S. Brito, Testesde Comparac¸ão de Eficiěncia de
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