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Huitlacoche is the ethnic nhame of the young fruiting bodies of Ustilago maydis, a common parasite
of maize. In Mexico and other Latin American countries, this fungus has been traditionally appreciated
as a local delicacy. In this work a metallomics approach was used with the determination of eight
elements in huitlacoche by electrothermal atomic absorption spectrometry as one facet of this
approach. The results obtained indicated relatively lower concentrations of commonly analyzed metals,
as referred to the data reported for other mushroom types. This effect was ascribed to different
accessibilities of elements, depending on fungus substrate (lower from plant than from soil). Subcellular
fractionation was accomplished by centrifugation of cell homogenates suspended in Tris-HCI buffer.
Recoveries of the fractionation procedure were in the range of 71—-103%. For six elements (Cr, Cu,
Fe, Mn, Ni, and Pb), the mean relative contributions in cytosol, cell walls, and mixed membrane
fraction were 50.7, 48.2, and 1.1% respectively. To attain the molecular weight distribution of
compounds containing target elements as an additional aspect of the metallomics approach, the
fungus extract (1% sodium dodecyl sulfate in Tris-HCI, 30 mmol L™, pH 7.0) was analyzed by size
exclusion chromatography with UV and ICP-MS detection. With spectrophotometric detection (280
nm), the elution of high molecular weight compounds was observed in the form of one peak (MW >
10 kDa), and several lower peaks appeared at higher retention times (MW < 10 kDa). On ICP-MS
chromatograms, a coelution of 5°Co, 63Cu, 5"Fe, 292Hg, °Ni, and 8°Se with the first peak on the UV
chromatogram was clearly observed, indicating that a fraction of each element incorporated with
high molecular weight compounds (12.7, 19.8, 33.7, 100, 19.4, and 45.8%, respectively, based on
the peak area measurements). From a comparison of 8Se and 33S chromatograms (for sulfur analysis,
the extract was obtained in the absence of SDS), both elements coeluted with the first UV peak, but
their lower molecular weight compounds were apparently different. These findings may contribute to
a better understanding of the accumulation of elements in mushrooms.
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INTRODUCTION etc.) (1, 2). Biological species that are favored in most

Humans long have used different wild mushrooms for food. 9809raphical regions grow on soil-derived substrate. On the
Their nutritional value lies in relatively high protein and dietary ©ther hand, in Mexico and some other Latin America countries,

fiber contents (respectively, up to 7 and 9 g per 100 g of the & fungal delicacy is huitlacoche, which grows on corn cobs.

biomass). Moreover, they are low in calories 380 kcal/ Huitlacoche is the ethnic name of the young fruiting bodies of

100 g) and provide vitamins and minerals (zinc, iron, copper, Ustilago maydis—a common maize parasi®). Similarly as
for other macro fungi, its food potential is due to high protein

* Corresponding author (e-mail katarzyn@quijote.ugto.mx). and carbohydrate contents (3—5).
TInstituto de Investigaciones Cientificas, Universidad de Guanajuato.  The occurrence of several metals and metalloids in wild-
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Guanajuato. The related research topics involve (i) possible use of the wild
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species as bioindicators of environmental pollutiondg, (ii) For atomic absorption spectrometry, stock standard solutions con-
optimization of the commercial cultivation processgsoj; (iii) taining 1000 mg L* of cadmium, chromium, copper, iron, manganese,
elucidation of the mechanisms responsible for elemental uptake,ickel, lead, and selenium were purchased from Sigma. Working
accumulation, and distribution in mushroon€¢12); and (iv) solutions corresponding to the highest calibration standapdy(2~*

. . : . Cd; 10ug L2 Cr; 50ug L™* Cu; 60ug L™* Fe; 10ug L™ Mn; 50 ug
evaluation of the edible mushrooms as possible dietary sources™} Ni; 50 ug L-1 Pb; and 10Qug L.t Se) were prepared daily by

of bloelement513—15).0ver about 30 years, several original appropriate dilution. The solutions of matrix modifiers, Pd@¥@nd
papers and reviews have been published on total elementyqNo,), 10000 mg L, were from Perkin-Elmer, and the certified
determination 16—20) and, only recently, the research interest reference material was NIST 1572 (citrus leaves).
has moved toward elemental speciation analysis (the identifica-  calibration of the size exclusion chromatography (SEC) column was
tion or determination of specific elemental forms or species) performed using standard mixtures of (1) lysozyme (14.4 kDa), aprotinin
(21—26), which is part of the metallomics approach wherein (6.5 kDa), substance P (1.35 kDa), and (Gl{).36 kDa) (Sigma
metals or metalloids in a cell or sample are as fully characterized reagents).
as possible. Thus, different extraction procedures were studied The following Sigma reagents and solutions were also used:
for selenium-enriched mushrooms, and speciation was ac-“'"ap;JhFe ”'(t_rr'c_ )amda_ hydcrloc(:jhlorllc "’I‘f'?’ (tsrg(sh)yiro(;(ymethyl)am!;j
H inho H : : nometnane rs), sodium doaecyl suliate , Nydrogen peroxide,
g?cm}gsfl?sgr:sycglngci ?gg%r)r,nzg Cr’ﬁiélqeu%(jis(;?c:ﬁzng)l,toc?rr?np dhgcywth sodium hydroxide, and protease inhibitors [phenylmethanesulfonyl

vel led ol d T fluoride (PMSF), leupeptin, antipaine.
tively coupled plasma mass spectrometry detectiz). (To Huitlacoche (~1 kg) was purchased at a local market. The fungi

attain selenium and cesium distributionAgaricus bisporus, & \yere separated from maize, washed with deionized water, and dried at
radiotracer-aided study was carried o®9). The cytosol room temperature.
fraction, obtained by centrifugation of cell homogenates con-  procedures. The fractionation/determination scheme is presented
tained >90 and >60% of total cesium and selenium in the in Figure 1. Fresh biomass was homogenized in liquid nitrogen. For
biomass. Cellular fractionation of commerchalbisporugstalk cellular fractionation,~10 g of the material was suspended in 50 mL
and caps) andPleurotus ostreatusvas carried out, and the  of TfiS-Hgl buffer (50 mmol L, pH 7.0) containing protease inhibitors
relative distribution of several metals among cytosol, cell walls, (149 ML™). The extract was fractionated by centrifugation as described
and mixed membrane fraction was evaluated using electrother-e'ste""he:e.fz"o’3t1_)' 'rl‘ b%ef' “ZOO éu?zqugnt cetn_tfr |fugf_lt|or:|s Vi’j%camed
mal atomic absorptior80). Multielement speciation was carried  0UL (centrifugation 1, 7309, 4°C, 10 min; centrifugation I, 1470@)

t in the extracts oBoletus edulig24, 25). Size exclusion 4°C, 60 min) yle!dlng pellet | (cell walls), supernatant I, pellet Il (mixed
ou oy . ’ ' membrane fraction), and supernatant Il (cytosol).
chromatography with inductively coupled plasma mass spec-

’ | > For the determination of total element contents, the homogenized
trometry (SEC-ICP-MS) was used in these studies to obtain the pjomass was freeze-dried and acid digested. In parallel, the analysis of

molecular weight distribution patterns of Bi, Co, Cu, Fe, |, Mo, these same elements was carried out in NIST 1572. The subsample of
Ni, Se, and Zn in the biomass extracts. The results indicated aneach material (0.1—0.5 g) was placed in a glass tube, and 1 mL of

important association of most of the elements to high molecular concentrated nitric acid was added (triplicate analysis). The tubes were
weight compounds. heated in the stainless steel block at €5 for 60 min and then at

Because no data concerning metals or metalloids in huitla- 20~ 140°C for 60 min. Once cooled to room temperature, 0.2 mL of
he have been found in the literature. the aim of this work hydroger_1 peroxide was add«_ed to each tube, and the mixture was left

coc ! . for 30 min to complete reaction. The final volume was brought to 10
was to evaluate _the_ to_tal Qoncentratlo_ns of tyF?'Ca”y analy_zed mL. After appropriate dilution, the determination of Cd, Cr, Cu, Fe,
elements and their distribution among different biomass fractions vin, Ni, Pb, and Se was carried out by electrothermal atomic absorption
and to attain the molecular weight distribution of the compounds spectrometry (ETA-AAS). The instrumental conditions are summarized
containing target elements. The particular interest in this fungus in Table 1, and the injected volume was 20. Two matrix modifiers
has arisen because of different morphology (no stalks and caps)vere used: magnesium nitrate§ Mg) for Cu, Cr, Fe, Mn, and Pb
and growth conditions (corn cob as substrate) with respect to and palladium nitrate (2g of Pd) for Ni and Se (modifier volume
other wild mushrooms. The results obtained in this and 5uL). Platform atomization and deuterium background correction were
continuing studies could contribute to a better understanding USed (except for Cr). Quantification was accomplished by external

of the mechanisms responsible for element uptake and aC_calibration. As shown irFigure 1, supernatants | and Il and pellets |
cumulation in mushrooms and Il were freeze-dried and acid-digested, and the elements were

determined using the above protocol.

Another portion of the freeze-dried huitlacoche (20 mg) was used
to study possible binding of elements to different molecular weight
EXPERIMENTAL PROCEDURES fractions. For extraction, 1 mL of 1% SDS in Tris-HCI (30 mmof‘L

pH 7.0) containing 2 mmol t* PMSF was added, and the mixture
was kept in a boiling water bath for 5 min. Then, it was centrifuged,
and 100uL of the supernatant was introduced to the SEC-UV-ICP-
MS system. For sulfur analysis, the extraction was done without SDS.
'The operating conditions are given Trable 2.

Instrumentation. A model 3110 Perkin-Elmer atomic absorption
spectrometer with an HGA600 graphite furnace and an AS 60
autosampler was used. The hollow cathode lamps for Cd, Cr, Cu, Fe
Mn, Ni, Pb, and Se were Perkin-Elmer Lumina lamps. A model J2-21
Beckman centrifuge and an XL-90 Beckman ultracentrifuge were used
for cellular fractlon.atlon. ' ' . . RESULTS AND DISCUSSION

Chromatographic separations were accomplished with an Agilent
Technology series 1100 liquid chromatograph equipped with an . . L
autosampler, a diode array detector, and a Chemstation. The chromato- 1 h€ mechanisms of metal/metalloid incorporation into the
graphic column was a Superdex 75 HR10/300 GL. structure of fungi are not fully understood. This study was

An Agilent 7500ce inductively coupled plasma mass spectrometer Undertaken to assess total concentrations, cellular distribution,
with concentric nebulizer and Scott-type double-pass spray chamberand molecular weight profile of element-containing compounds
was used for specific element detection. The octopole reaction systemin huitlacoche. Several elements commonly determined in edible
(collision cell) was used in this study. mushrooms were analyzed. The general scheme of experimental

Reagents and SamplesAll chemicals were of analytical reagent ~ procedures is presented Figure 1. All experiments were
grade, and deionized water was used throughout (Labconco). carried out on the homogenate of biomass (liquid nitrogen).
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Figure 1. General scheme of the fractionation/determination procedure.

Table 1. Furnace Programs for the Determination of Cd, Cr, Cu, Fe, Table 3. Results of Total Element Determination in Huitlacoche versus
Mn, Ni, Pb, and Se by ETA-AAS the Concentration Ranges Reported for Other Edible Mushrooms
drying pyrolysis CDs? atomization this work other works
element T:R:H?2 T.RH TRH T mean concn, range,
Cd 800:10:10 1700 element ug/g (dry wt) uglg (dry wt) refs
gL igggfigfig gigg cd not found <0.5-35 16, 20, 30, 32, 33, 35-38
oE. o . Cr 2.15+0.04 0.1-20 17, 20, 30, 34, 36, 39
re R0ty ey o cu 2224003 45-465 13,16, 17, 20, 36, 38, 41
Ni 1300-10-10 2500 Fe 19.0+0.7 33-170 16, 20, 33, 38, 44
Ph 700,1'0,1'0 1800 Mn 0.37 £ 0.05 5-60 16, 20, 33, 38, 30, 39, 40
Se 1106'16'10 2100 Ni 0.43+0.05 0.4-145 16, 20, 34, 36, 39
e Pb 15+0.3 <0.5-10 16, 17, 20, 30, 36, 37, 38, 41
Se not found 1-5 15, 16, 38

aT:R:H, temperature, °C; ramp time, s; hold time, s. ®CDS, cool step.

Table 2. Instrument Operating Conditions Used for SEC-ICP-MS for these elements were 0.08, 0.26, 0.35, 1.8, 0.25, 1.4, 1.7,
Analysis and 7.1ug L71, respectively. For quality assurance of the
Size Exclusion Chromatography analytical _results, the biological certifigd referer_lcg material was
column Superdex 75 HR10/300 GL analyzed in parallel. The results obtained for triplicate analyses
mobile phase Tris-HCI, 30 mmol L2, pH 7.0 of NIST 1572 (0.04+ 0.01ug gt Cd, 1.14+ 0.3ug g* Cr,
flow rate 0.7 mL min~* 18.4+ 1.2ug g Cu, 101+ 4 ug g1 Fe, 21.5+ 0.8ug gt
injection volume 100 uL Mn, 0.9+ 0.4ug g~* Ni, and 11.8+ 2.0 ug g~* Pb) were in
UV Detection agreement with the certified values (0.830.01xg/g Cd, 0.8
wavelength 280 nm + 0.2 uglg Cr, 16.5+ 1.3 ug/g Cu, 90+ 10 ug/g Fe, 23+ 3
ICP-MS Detection 1g/g Mn, 0.6+ 0.3ug/g Ni, and 13.3+ 2.4 ug/g Pb; no value
Loergvj{gefo‘ggrﬂow %Olol_wmm_l given for Se), indicating good accuracy of the procedure.
dwell timeg 100 ms The results of element determinations in the biomass of
isotopes monitored 114¢d, 59Co, 5LCr, 3Cu, 57Fe, 202Hg, huitlacoche are presentedTable 3 together with the concen-
B0Nj 31p, 112pp 335 80Se tration ranges reported in cultivated or wild (from noncontami-
internal standardization TGe, %Ge nated areas) edible mushrooms by other authb®s15—17,
collision gas flow rate 4 mL of Hy min—1

20, 30, 32—41). As can be observed, the element levels in

huitlacoche tend to be lower as referred to those found in other
For total element determination, the homogenate of huitla- fungus species. This effect should be ascribed to different

coche and the cellular fractions obtained were freeze-dried andaccessibilities of metals, depending on the fungus growth

acid-digested. ETA-AAS was used for the determination of Cd, conditions. As already mentioned]. maydisis a corn-cob

Cr, Cu, Fe, Mn, Ni, Pb, and Se. The limits of detection evaluated parasite and the plant seems to act as a filter, limiting the access
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Table 4. Distribution of Elements in Cellular Fractions of Huitlacoche?

centrifugation | centrifugation Il
element pellet I, uglg supernatant |, uglg recovery |, % pellet 11, uglg supernatant Il, xg/g recovery Il, %

Cd nf nf nf nf

Cr 0.59 152 98 0.01 1.39 92
Cu 0.42 1.69 95 0.02 1.62 97
Fe 12.3 3.1 81 0.23 1.98 71
Mn 0.25 0.11 97 0.05 0.09 91
Ni 0.16 0.28 102 0.01 0.28 103
Pb 0.46 0.66 76 0.01 0.52 80
Se nf nf nf nf

@The values in columns pellet |, supernatant I, pellet Il, and supernatant Il are micrograms of element found in each fraction per gram of freeze-dried biomass (after
homogenization in liquid nitrogen). Recovery | was evaluated as the ratio between element concentration in pellet | + supernatant | and total element concentration, %;
recovery |l was evaluated as the ratio between element concentration in pellet Il + supernatant Il and supernatant I, %; nf, not found.

mmixed membrane fraction @ cell wall & cytosol wall fraction (84.8 and 72.7%, respectively). For lead, similar
contributions were found in cytosol and in cell walls (53.5 and
46.2%, respectively). It should be mentioned that cellular
distribution of elements in huitlacoche differs from that observed
in A. bisporusand P. ostreatus(30). In the cited work, the
highest accumulation rates of these elements were observed in
cytosol (mean 57—74% versus 22—32% in cell walls and
4—10% in membrane fractions). Owing to apparently more
efficient binding of metals to different structurestn maydis,
these fungi could be suitable models to study element speciation,
thus contributing to a better understanding of elemental biologi-
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Figure 2. Relative distribution of Cr, Cu, Fe, Mn, Ni, and Pb in cellular The molecular weight distribution of element-containing
fractions of huitlacoche. compounds in huitlacoche extract was studied by SEC with on-

line UV (280 nm) and ICP-MS detection. Calibration of the

of elements from the soil. Consequently, huitlacoche is less Superdex 75 HR10/300 GL column was accomplished with a
susceptible to accumulation of heavy metals and/or metalloids. standard mixture of lysozyme (14.4 kDa), aprotinin (6.5 kDa),

In Table 4 are given the results obtained in the analyses of substance P (1.35 kDa), and (GI{9.36 kDa), showing in this
pellet I, supernatant I, pellet I, and supernatant 1l. For each range a good linear response for the logarithm of molecular
element, recovery of the fractionation procedure was evaluated.weight versus retention timé&§ = 0.9864). The high sensitivity
For centrifugation |, recovery | was calculated by relating the of the element-specific detector was required owing to relatively
sum of element contents found in pellet | and supernatant | to low total concentrations found in huitlacochiaple 3). On the
the total element content in the dry biomass. Recovery Il was basis of the previous experience, soft extraction conditions were
calculated as the ratio between element content in pellet Il plus applied, yielding water-soluble compounds and prote# (
supernatant Il and supernatant |. The values obtained for Cr,43). In Figure 3a, the UV (280 nm) elution profile is presented
Cu, Fe, Mn, Ni, and Pb ranged from 71 to 102%. The other and Figures 3b and 4 show typical ICP-MS chromatograms
two elements (Cd and Se) were not found in any fraction. obtained while monitoring®°Co, 8Cu, >"Fe, 20%Hg, 5Ni, 3P,
Similar recoveries of elements in cellular fractions after %S, and®Se. On the UV chromatogram, the elution of high
centrifugation were reported by van Elteren et al.{809%) molecular weight compounds was observed in the form of one
(29) and by Serafin Murioz et al. (7114%) (30). The relative ~ peak (MW> 10 kDa), and several less abundant peaks appeared
distribution of elements in huitlacoche was evaluated as the ratio at higher retention times (MW 10 kDa). ICP-MS chromato-
between the content of element found in each cellular fraction grams revealed coelution §#Co 83Cu, >"Fe, 2°Hg, 6Ni, and
and that recovered in the fractionation procedure (sum of three 8°Se, with the first peak observed with UV detection, indicating
fractions). The data obtained are graphically present&ture that a fraction of each element incorporated to high molecular
2. Relatively high contributions of elements occurred in cytosol weight compounds. On the basis of the peak area measurements,
and in cell wall fraction with the mean values for six elements these fractions corresponded to 12.7, 19.8, 33.7, 100, 19.4, and
of 50.7 and 48.2%, respectively. In cytosol, the minimum and 45.8%, respectively, of total element amount eluted from the
maximum relative contributions were observed for Fe (13.6%) column. ForP°Co, 53Cu, 6°Ni, and®°Se, one or two sharp peaks
and Cu (78.6%). In the cell wall fraction, the relative contribu- appeared in the elution region of MW 10 kDa. The elution
tions of these two elements were 84.8 and 20.5%, respectively.profile of Fe resembled that obtained with UV detection, which
Only minute amounts of the elements analyzed were found in suggests its relatively uniform distribution among compounds
the mixed membrane fraction (mean value, 1.1%; range from of different MW. To obtain more specific information on metals/
0.3% for Pb to 1.7% for Ni). These results show element- metalloid binding in huitlacoche, the isotop&B and®3S were
dependent distribution among cellular fractions, suggesting also monitored. Only a minute amount 8P (4%) eluted in
different incorporation mechanisnBigure 2). For Cr, Cu,and  the first peak, and two peaks of this element appeared in the
Ni, water-soluble compounds were primary element forms region of MW < 10 kDa (respectively, 77.3 and 18.7% of total
(relative contributions in cytosol of 69.9, 78.6, and 62.8%, eluted P). As can be seen &4Co, 8%Cu, 5Fe, and®Ni
respectively). On the other hand, relatively high amounts of Fe chromatograms, there was a contribution of these metals in the
and Mn were bound to the compounds contained in the cell molecular weight region where the most abundant phosphorus
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250-] 144K0a 036402 a molecular weight compounds. However, their lower molecular
weight compounds were apparently different. The results
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