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What is a heavy metal?

The term heavy metal is difficult to define
precisely.

Usual definition: group of metals and metalloids
with a density higher than 5 g/cm3 (does not
include all the elements of environmental
concern)

Other terms used: toxic metal (metal téxico), trace metal/element (elemento

vestigial/ ), PTE — Potentially Toxic Elements (EPT — Elementos Potencialmente
Téxicos).

However the “heavy metal” designation is still commonly used, usually with a
pejorative sense, although several heavy metals are essential for plants and animals.
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Heavy metal toxicity: nutrients... or pollutants...

Several metals have -Macronutrients (N, P, K, S, Ca, Mg)
biological functions in
living beings -Micronutrients essential for plants (Cu, Fe,

Mn, Mo, Zn, Ni, B, ClI)

At high concentrations even
the essential elements can

. - Essential elements for animals: Cu, Co, Fe, Mn,
become toxic

Mo, Zn, Cr, Ni, Se, Sn:

Toxic elements:

-Cd, Hg, Pb,As:

-Non essentail elements for living organisms — no known biological function
-Accumulate in living organisms (bioaccumulation)

-Afect essential physiological processes

(ex: Cd replaces Zn originating inactive enzymes)
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Important elements in human diet

He
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Suggested function from biochemistry and

handling but no identified biological function in
humans

The four organic basic Essential trace
elements elements
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Sources of “heavy metal” contamination
Anthropogenic
Sources

Natural Sources

= | eaf
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Toxic metals are metals that are not essential for living beings or that are
essential but can be toxic at high concentrations (Fe, Cu, Mn, etc.). Some
metals can be toxic in certain forms and not in others like Cr(lll), essential
for humans, and Cr(VI), toxic.

http://embryology.med.unsw.edu.au/Defect/metal.htm

The term trace
element is also used
as some elements
are of environmental
concern but are not
heavy metals, like As
and Se.
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04-12-2014

Mechanism and Impact of Dissolution of Metal from Solder and Waste

Exposure to precipitation {e.g., acid rain)

Waste including solder Trunk wate ing organic matter absorbed
(on surface and in soil) by trees)
«in landfills after being
crushed or incinerated
*illegally dumped

Soil eluates To soil
containing metal

The different forms -~ /liquid:
affect the impacts |

jLgroundwater/rivers |y To microorganisms/animals

http://www.nies.go.jp/gaiyo/bunya/aquaterra-e.html
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Inorganic pollutants: toxic elements

Metal classification:

e Heavy metals: elements with density higher than 5 g/cm?
Zn (7.1) Cr (7.2) Cd (8.6)
Ni (8.7) Co (8.9) Cu (8.9)
Mo (10.2) Pb (11.4) Hg (13.5)

e Other‘elements’: (Prasad, 2004)
Light-metal: Al (2.7) Non-metal: Se (4.8)
Half-heavy metal: Sn (7.3) Metaloide: As (5.7)

- The concentration of these elements in the environment can increase

through human activity: industy, mining, agriculture etc.

(use of fossil fuels, mines, use of contaminated sludges or organic residues in

agriculture, fertilizers, pesticides, ...)
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Dose/response curve

. Danos irreversiveis e Danos irreversiveis e
for an essential element ‘ morte | ‘ morte I
for plants:
Deficiency vs Toxicity g a
Ex: zinc

Zona de
crescimento

optimo

/\

o 1)

Resposta aos metais
pesados essenciais

seguranca

N

Concentracio de metal

“All things are poison,

and nothing is without — T,
poison; only the dose deficiente deficiente

ermits something not Sintomas de .
P & deficiéncia Sintomas de

to be poisonous.* toxicidade por excesso
Paracelsus (1493-1541)
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Danos irreversiveis e
Dose/response morte |

curve for a non-
essential element U

for PlantS: Zona de crescimento
deficiente
. 3 @
Toxicity g 8 T
€ ¢
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m 4 . A .
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Ex: Cd, Hg, Pb © o ‘ |
7 =}
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o -
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\ toxicidade por excesso

Concentracao de
metal
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Metals can bioaccumulate in food products, entering the food chain and
accumulate in humans causing acute or chronic toxicity

Toxicity depends on:
-type of metal

-chemical form
-bioavailability

-solubility

-mobility in the plant
-accumulation rate in living
organisms

-accumulation location
-relative position of the
organism in the food chain

Exposition degree and contamination of the food ‘
chain:

COL\NTERTH(NK
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Types of contaminants:
according to the source of contamination and the
mechanism by which they enter the food product

Chemical contaminants present in foods are often
unaffected by thermal processing

/ Chemical contaminants, \ 4 A Microorganisms and
| agrochemicals ||| ¢ I toxins
(include , plant
growth regulators,
\_ veterinary drug) ) FOOd / N
- Foods containing
Contaminants ﬂ|:> Isenetically modified
originated in the food organisms
L processing \_ VAN -
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Urban gardens / Hortas Urbanas _
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CONTAMINANTS

Organic Inorganic

- .Dloxms (Polychlorinated dibenzo-p- Cln&C/\r D 3-Cln (Al)

dIOXinS) = In 1999, high levels of dioxins were found in poultry

and eggs from Belgium! Y. N - Arsenic (AS)
- Polychlorinated dibenzofurans Cl— g_@“mm - Cadmium (Cd)
- Polychlorinated biphenyls (PCBs) - 32 2

. | | 4 - Copper (Cu)
Yusho disaster (Japan, 1968),Yu-Cheng disaster (Taiwan, 1978) . 4.
: : € y—/ S (e - lron (Fe)

- Veterinary drug residues - phenyibutazone or

‘bute’— which is legally used to treat sore joints in horses but
outlawed from entering the human food chain - was detected by the 0 - Lead (Pb)
FSA in five cases at UK abattoirs in 201 2. MerCU r'y (Hg)
- Pesticides residues .
. -Tin (Sn)

-Acrylamide — o0 Zinc (Zn)

- £INC n
- PAHs QNHQ .

- Nitrates (NO,)

f\.IH2
-> Melamine (Melamine is sometimes /I\ -
N7 TN

unethically added to food products in |
order to increase the apparent protein /I\ -’)\
content (ex. Kjeldahl method). ? ‘ 15
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Mercury (Hg?*):

80 Minamata disease was first discovered in Minamata city in Japan in 1956. It was caused by the
. Hg release of methylmercury in the industrial wastewater from the Chisso Corporation's
m chemical factory, which continued from 1932 to 1968. Chisso Co. began using Minamata's bay
as a repository for its mercury waste, poisoning thousands of people, and killing hundreds.

 PERIODIC TABLE. Consumption of fish and waters
" contaminated with industrial
L
i e residues containing Hg
Bl
19 39.008 |20 40.078 44.9! 1527 58.933
K | Ca Co
v %7 o o [0 e o0 [ 05 BSF (s [ionor B 3 2 7
SIRb | Sr | Y | Zr [Nb [Mo | Tt | Ru | Rh B I [ M M
7 AR R L LA A Y | Other examples of Hg contamination:
12201 |86 137.| 57.7 178.49 |73 18095 | T4 18364 [75 18621 1902377 102.22 |78 195,08 198,97 zmm@;a 82 2072 |83 20808 (B4 (209)[85 210) [ 86 (22 IF
¢l Cs | Ba Latul HE | Ta | W | Re Os | Ir [Pt |Au | Hg | TI | Pb | Bi | Po | At [ Rn [ .
s R S S e v oo, [ e -Iraq (|97 | -1 972), accidental
7| Fr | Ra ‘A‘;_:: RE FDb FSg FBh | Es SV Uon U | Uob Uug
B S cunsumption of cereals (not supposed
Nd | Pm | Sm | Eu | Gd | Tb | Dy | Ho | Er | Tm | Yb | Lu
to be consumed by humans) treated
U FNp FlPo fAm fCmn (SBk FCE (F1Es FMFm Fivid FNo (Sl

| with a mercury-based fungicide

-is highly immobile in soil, and so there is
little absorption by plants; in the environment its
levels have been stable for 50 years
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dimethylmercury CH;—Hg—CHj3
methylmercury salts CH;—Hg—X
phenylmercury C¢Hs—Hg—X

Most of the toxic effects result from the consumption of food products containing
organomercury compounds

Allowed levels for a 70 kg adult:
0.35 mg Hg per week (0.2 as methylmercury)

Most of the Hg intake comes from the ingestion of fish

Fish and shellfish concentrate mercury in their bodies, often in the form of

, . . Recent tests
methylmercury, a highly toxic organic compound of mercury.

indicate that up

Species of fish that are high on the food chain, such as shark, swordfish, to 6 percent of
king mackerel, albacore tuna, contain higher concentrations of canned light tuna

mercury than others, stored in the muscle tissues of fish; when a
predatory fish eats another fish, it assumes the entire body burden of
mercury in the consumed fish.

may contain high
Hg levels.

04-12-2014 © Miguel Mourato, Luisa Louro, 2014 18
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Mad hatter disease

Mad hatter disease, or mad hatter
syndrome, is a commonly used name for
occupational chronic mercury poisoning
among hatmakers whose felting work
involved prolonged exposure to mercury
vapours. The neurotoxic effects included
tremors, shyness and irritability.

It was due to the use of inorganic mercury
in the form of mercuric nitrate
(Hg(NOs;),) to treat the fur of small
animals for the manufacture of felt hats,
mainly up to the early 20t century. By the
Victorian era the hatters' condition had
become proverbial, as reflected in popular
expressions like "mad as a hatter" and the
hatters' shakes.

19
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Lead (Pb?*):

il -
10 2.180 /
1

37 ss.400 |38 67.62 (39 83905 [40 91224
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Toxic effect of Pb results from
inhalation, oral and skin ingestion

-

Strong neurotoxic, accumulates in different
tissues and bones and can lead to severe
diseases or death

Allowed weekly dose for a 70 kg adult: 3.5 mg Pb per week

Currently the average ingestion levels does not present a serious risk to

consumers (Soares, 2003)
Commission Regulation (CE) n® 466/2001, regulates maximum levels

The contamination do food products
from soils is very low as
lead is very immobile, and the uptake
by plants is very small

04-12-2014
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Lead contamination is not very significant

today, more control of:

- Soldering, packaging, paints, cristals

- Water plumbing, kitchen equipment and
cleaning products
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Tetraethyl lead added to gasoline to increase engine
performance during most of the 20" century:

(CH,CH,),Pb

-Pb in the environment /CHS

increased with 0 C H,C

industrialization mainly due AN | \ (

to the emissions from leaded H,C '“/'PbeHfCH3 e Ph

gasoline: H,C 2 4 ~~
CH,

The use of tetraethyl lead
(CyHs)4Pb was used to allow

greater engine compression and -was found along roads at a distance up to 30 m;

o -at 100 m from a road with heavy tradffic the levels
fuel economy; it is converted to in soils and plants decreased up to 20 times
PbO, PbCl; and other inorganic

lead compounds by the

thus engine performance and

combustion process
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Cadmium (Cd?*):

48 Carcinogenic, and accumulates in . .
living organisms (half-life of 18-30 Prolonged ingestion causes
Cd years) accumulation in kidneys and liver

Average lethal dose for man: 0.027 g/kg

Presently, the levels of ingestion do not present a serious danger for consumers

Around 50% of the intake of Cd is via the
respiratory system and 5% orally

ex. tobacco smoke = 2-4 yg Cd

-is highly soluble and thus can be readly absorved by
plants and contaminate the food chain
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Pathways for Cd contamination:

NON-FOOD INTAKE INPUTS
® Smoking ® Atmosphere
® Occupational exposure ® Fertilizer o .
i\ S ® Sewage biosolids -Water and industrial
co:\r?:nsw?naet?fn ® Soil amendments
& uptake S dndusiial wastes residues, municipal solid
@; e Agricultural wastes ’

wastes, wastewater sludges,
batteries, fossil combustion

>

FOOD INTAKE

processes

Translocation

Grazing

-Vegetable food products:
uptake from soil (about 0.2-16

—[sowsoroweoo mg/kg) by plants and
- {Free metal+complexed z-v__,z,-ff,y SR
(e)

- (Cd* + CdL) ;%o%f: translocation to other plant
~ Adsorpt oy sy
| ,__s°m'328<¥9uon I . parts

-Animal food products: milk,
seafood, internal organs like
liver and kidneys

| CrSTALLINE, ADSORBED) ifﬁ_ﬁ;' .
MINERAL PHASE [

Figure 1.1 Fluxes of Cd in soils, plants and the food chain. |10, 2014 23 23




Control de Cd 25 uM de Cd
Contaminagao com metais pesados nos ecossiste w Il 10uMde © || I| uv ge |I

INFLUENCIA DO CADMIO EM
PARAMETROS BIOQUIMICOS E
DE CRESCIMENTO DE
NABICAS (Brassica rapa)

Patricia Barbosa
Tese de mestrado, 6 Dezembro 201 |
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Human health effects of continuous exposition to Cd:

Main organs affected: bones, lungs

and respiratory system, kidneys, liver
(detected in the urine)

Main effects: carcinogenic, teratogenic

(malformations), mutagenic

Leads to several diseases in the liver,
kidneys, bones and lungs

The rice absorbed all
heavy metals, especially the
cadmium, that accumulates

in the people eating
contaminated rice.

Itai-itai disease (121 1 XA itai-itai byod),

("ouch-ouch" disease)

Caused by cadmium
poisoning due to
mining in Toyama;
started in 1589 and
continuing through
1945, cadmium was
released in significant
quantities by mining
operations, and the

disease first appeared
around 1912,

The river Jinzu was used mainly for irrigation
of rice fields, but also for drinking water,
washing, fishing, and other uses by
downstream populations.

http://en.wikipedia.org/wiki/ltai_itai
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ulizenic

Arsenic:
The most toxic chemical forms contain oxygen,
arsine (AsH3) and arsenic trioxide (As,O3) (carcinogenic)

Inorganic:
Arsenites (As3*), As(lll)

Arsenates (As>*) As(V)

Organic:

Arsenosugars, Dimethylarsenic acid,
Methylarsonic acid, etc.

C”) ..... ; =
As- o S
HO™ X OH 0 S —
OH A N i
Arsenic acid (H3AsOy) H&‘L%}ifi’\ .......... -
-arsenate- H T 5 0
. O OH relativ (arsine = 1) ”
As Arsine (AsHs) \;\B\é Me—.li'.s--DH
/ "'"1 H 3 C.-" \C H 3 ClH
HO \ OH i  ac Methylarsonic acid
OH Dimethylarsenic acid (MA)
DMA dylic acid
Arsenous acid (H3AsO3) ( ) (cacodylic acid) P N
-arsenite- H,C is o o ‘T’ OH
0O=As—0—As=0 - o
Arsenic trioxide (As,O3) OH OH
Arsenosugars
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Contamination with arsenic

http://.iupc.org/publications/ci/2008/3004/2_gare|ick.html
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“Arsenic the king of poisons, has probably
influenced human history more than other
element or toxic compound”

“It was used to kill many aristocratic and
noble gentlemen, terrorize others (...),
employed by women to free themselves
from tyrannical husbands and unwanted
lovers” Frankenberger, W.T.2002

Middle ages:

-Arsenic oxide is tasteless, odorless, cheap,
powdery white

-Can be administered with sugar, does not
diminuish appetite, is fatal in small doses,

-The symptoms of chronical and acute
poisoning mimic natural diseases obfuscating
the true cause of death.

Y Napoleon Bonaparte
v (1769-1821) suffered and
&) died from arsenic poisoning
during his imprisonment on
the island of Saint Helena.

Forensic samples of his hair did show
high levels, | 3 times the normal
amount of the element, but at that

products as a pigment in some
wallpapers and inks

04-12-2014 © Miguel Mourato, Luisa Louro, 2014

time copper arsenite was used in several


http://en.wikipedia.org/wiki/Image:Jean_Auguste_Dominique_Ingres_016.jpg
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Food contamination with As has anthropogenic origin and results in the
industrial use and accidental contamination

Toxic effect by inhalation, ingestion and Continuous exposition can lead to

contact — rapid absorption and rapid retention of 30-40% in the bones, muscles,
excretion by urine (half-life of 1-2 days) skin, hair and nails (keratin rich tissues)

-Pesticides, herbicides, insecticides (copper arsenate has high toxicity)
-Decolouring agents, preservers, pigments (paper, candles, decorative elements etc.)

-Pharmaceutic and veterinary products (feed additives): for long term treatment of skin
deseases, leukemia, reumatism, sifilis, malaria and others (Frankenberger, W.7.2002)

-Dangerous jobs (copper, gold and lead mining)

Accidental -1955: drinking of contaminated dry milk results in chronic and acute
poisoning poisoning of 13419 Japanese children, 839 have died

remains -of 5000 cases of heavy metal ingestion reported by American
problematic: Association of Poison Control Centers in 1984, arsenic was found to

be the most commonly involved (over 1200 incidents)

04-12-2014 © Miguel Mourato, Luisa Louro, 2014 29
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Contamination of the environment with
ARSENIC tends to increase

SOS ARSENIC POISONING IN BANGLADESH / INDIA.
THE WORLD’S POOREST POPULATION IN BANGLADESH, ARE
SUFFERING FROM ARSENIC POISONING, SOCIAL AND
ENVIRONMENT DEGRADATION

) Arsenic threatens the drinking water resources in
The exposure to arsenic, | a0 barts of the world, and the consumption of
mainly through drinking the water over the years must resulted in untold

water, increases the risk of | suffering by millions of people Frankenberger,

different types of cancers | W.T.2002

(genetic, mutagenic and

teratogenic effects). -high levels of arsenic in subterranean waters have been found
in Thailand, China, India, Bangladesh, Taiwan, Chile, Argentina,
Mexico, Canada and USA, mainly due to the use of products
containing arsenic in agriculture.

04-12-2014 © Miguel Mourato, Luisa Louro, 2014 30



(e) Trafficking and sequestration
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Cytosolic

/
/ metalloenzyme
/ Y™ plasma |

membrane |

(d) Unloading and tissue distribution

Plant
response to
the toxic
effect of

Storage in '\ilﬂ
trichomes ||

ln __ | [
exchange

Uptake from
the apoplast

I I l Transfer /
etal S cell I \ e
Apoplastic | | ||| _J,| loading

passage? |V ;, e

w\/’

(a) Mobilization ) (b) Uptake and sequestration

Cytosolic
chelators
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Soil structure showing the
Organic matter (from plants,  presence of bacteria, organic and

animals, and fung) inorganic matter, water and air.
Imagem retirada de Purves et al,, Life: The
Science of Biology, 4th Edition, by Sinauer
Associates (www.sinauer.com) and WH
Freeman (www.whfreeman.com)

Ouartz

Air and water

Aggregates of | |
clay particles

PLANT PHYSIOLOGY, Fourth Edition, Figure 5.5 © 2006 Sinauer Associates, Inc.
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Heavy metal uptake:
availability, absorption, transport and accumulation in plants

d

Bioavailable fraction:
: Fraction of the total metal content that plants can

Metal is released from its absorb

bounded forms, and can
become available to living
organisms

The different fractions of the metal in the soil
are in a dynamic equilibrium

Different
forms of the
metals found

in soils:

04-12-2014

The only soil fraction
directly available for plant
uptake

-Soluble in soil solution

-Precipitated
-Adsorbed (ex. in clays and organic | Lower bioavailable forms
matter)

-In minerals

o
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Toxic metals only cause phytotoxicity when they are bioavailable in
relatively high concentrations

The availability of metals in the soils depends on its type, properties and
chemical characteristics

pH - Affect the

Organic matter partition of metals

cation-exchange capacity in the liquid and |l|]|:> Some plants have
(CEQ) solid phases

developed specific

lonic strength :
. mechanisms to
Fe and Mn oxides

- Affect the .
Redox potential \ubil . partially regulate
Texture solubility an bioavailability
availability of metals |l|]|:>

Clay content
4 to the plants

Microorganisms

04-12-2014 © Miguel Mourato, Luisa Louro, 2014
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Experimental activity— soil characterization

- pH and Conductivity: 10 g of soil in 25 mL deionized water. Shake for | hour and

measure.

- P and K quantification: Extraction with Egner-Rhiem solution.2 g of soil in 40

ml solution, shake for 2 hours, filter (blue band filter). To be analysed next week.

Organic matter determination, P and K quantification, metal extraction

Soil collection and extraction, heavy metal determination

Sampling

=)

Extraction

: an

© Miguel Mourato, Luisa Louro, 2014
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Parametro Resultado

Textura de campo Franca Media

pH (H:20) (1:2,5) 5,5 Acida
Fosforo extraivel (P20s) (mg/kg) 195 Alto
Potassio extraivel (K20) (mg/kg) 184 Alto

Azoto (N) (%o) 0,064

Matéria organica (%0) 2,78 Méedio
Razdo C\N 25,20 Muito alto
Condutividade elétrica (1:2) (mS/cm) 0,22 N3o salino
Calcério total (CaCOs) (%) <0,5 NZo calcario

© Miguel Mourato, Luisa Louro, 2014
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How soil pH affects availability of plant nutrients

High Medium ilow

__.

— R

Very
Slightly
Acid

Alkaline

Vary
Slightly | Medium
Shahtly | ikaline | Alkaline

Strongly Alkaline

l

]

SoilpH |40 45 50 5p 6.0

6.5

7.0

80 85

9.0

9.5

10.0

I
Optimum soil p{-i range: 6.2
I

© Miguel Mourato, Luisa Louro, 2014
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1800 = 604.79%* - 7976.3x + 26586
2 1600 o e Effect of pH on metal

mobility/solubility

f

4.5 5 5.5 6 6.5 7 7.5
Soil pH

FIGURE 4. Relationship between cadmium uptake by tobacco and soil pH.

To cite this article: C. D. Tsadilas (2000) Soil pH influence on cadmium uptake
by tobacco in high cadmium exposure, Journal of Plant Nutrition, 23:8,
1167-1178, DOI: 10.1080/01904160009382090

"
o«

Zn (mgL™")

Very
strong

Strong

Cd,Cu and Pb (mglL’

Mobility of ions
Weak Medium

Concentrations of trace metals in equilibrium solutions of sandy gleyic podzol. (Modified from
Brimmer and Herms.%£)

Very
weak

pH of soil : 38
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Acidez e Alcalinidade dos Solos

Ph do solo

=45

Entre 46 5.5

Entre 4.6 e 55+ (5.6 a6.5)
Entre 46 a55+ (7.4 a2.5)
Entte 5.6 e6.5

Entre56 eG5+ (46 a5.5)
Entre 56 65+ (6.6 a37.3)
}Entre 56 e 6.5+ (7.4 38.5)
[ }Entre65e7.3

[ JEntreB 6 e7 3+ (56 a6.5)
| JEntie656 273+ (74a85)
| ) Entte7 4 e85

[ }Entre 74 e85+ (<=45)
| JEntre74e85+ (5.6 aG.5)
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Soil conductivity

The soil electrical conductivity (EC) indicates the
ability the soil water has to carry an electrical
current. The EC levels of the soil water is a good
indication of the amount of nutrients available for
your crops to absorb. It also correlates with several
soil properties, like particle size and soil texture and
with water holding capacity and organic matter.
Commonly expressed in mS/m (milisiemens per

meter). 1000
100
E
%" —Sand
==-.‘ 15 s— G
10
-E —[_[ﬂv
: ity
e S5alin
8
1
Sand - areia
01 Silt - I|mo_
Clay - argila
40
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Soil extraction (Egner-Rhiem solution)

Lactic acid + acetic acid + ammonium acetate

i TR R
/ “\

YI\OH H=C—C AN | | £CH
H O—H H o}

OH

Molecular absorption

P determination
spectrophotometry (775 nm)

K determination » Flame photometry

41
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Molecular absorption spectrophotometry (775 nm)

Beer's Law
o L
k e | Standard 1
R - @ r
- ” / / Detector 5 Standard 2
b ] Monochromator G E - Standard 3
/m k o ‘ ‘ P 5 | standard 4
-r_—- [ Concentration of
e Unknown
Zrc i ' e
Eﬂlslri:ce ES::;: . . . . . .
sLish‘t Suple 1 Concentration (maol/L)
Flame photometry (atomic emission spectroscopy)

\ |

() ()

Mirror \ Lensv Slit
Aerosol

enters flame

Photo-
Filter detector

Fuel
U
e
Air -~ O 1]
from
compressor | || I =S

Sample P2 Drain 42

oo
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TOC (Total Organic Carbon) determination

The TC is analyzed by high temperature combustion at temperatures up to 1050 °C.The
carbon present is oxidized to carbon dioxide (CO,) and dispersed into the carrier gas.
After passing a Peltier cooler for moisture removal and a scrubber system, the CO, is
measured by Non Dispersive Infrared detection (NDIR).

© Miguel Mourato, Luisa Louro, 2014
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Espectrofotometria de absor¢ao atomica

Chama
: i Processador de
: — \ : Selector de o
: — | F----» ---> Detector > sinais e
: I : c.d.o.
: ] mostrador
. Fonte de |
' radiacio | . .
L. ] Nebulizador/Queimador

Amostra
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The stress effect depends on plant tolerance I

Capacity the plants have to Tolerant plants develop physiological
withstand unfavourable traits that allow them to respond to the
environmental conditions deleterious effects caused by stress

Development of responde strategies |

-Controlling the uptake of heav), What is the effect of the metals in

: the plants? How does toxicity
metals (external mechanisms) affect the plants

-Metabolic changes (internal

hani A few examples of our work in :>
mechanisms) chis area
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Ex:
Copper availability

A clay particle, which is negatively
charged, binds cations.

Cu is absorbed by
the plants mainly in
the form Cu?*

- - O

=

Il fraction of total r — e
(?nly a smal| fraction o total coppe CO, + H,0 — H,CO, —HCO, + @
in the soil is available to the plants, as
it binds to organic matter. It is not very A
soluble in alkaline soils The cations are exchanged for hydrogen ions obtained
from carbonic acid (H,CO;) or from the plant itself.

04-12-2014 © Miguel Mourato, Luisa Louro, 2014 46
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Example:

-Oxidative stress studies at UIQA (ISA) on tobacco plant, a
known Cd accumulator

A

Plant continues to grow even with

high levels of Cd in the leaves

Shoot biomass
10.00
9.00

% Matéria Seca
(Folhas 1-4)

1000 4 B Caule 1826,1 3977,0
O Folhas jovens
B Folhas antigas
0O Raiz
800 -
Q@ 494.8
= 600 A 536,9
2
(@]
o
LQ 4
= 400
200 A
0
04-12-2014

8.00
372,7 7.00 -
2105 6.00 -
. 5.00 -
4.00 -
0,1 3.00 -
T T T 2‘00 .
0 10 25 50 100 1.00 -
Concentracdo de Cd (microM) '
0.00 - ' T , ,
0 10 25 50 100

Concentracio Cd ( mM)
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-Visual effects of -Root and shoot growth is affected, different visual
phytotoxicity: effects in the leaves (ex: chlorosis)
-Symptoms that are dependent on the metal, plant,

Are a growth phase etc.

consequence of:

v
- Metabolic effects of

phytotoxicity : Changes in the metabolism

-Formation of free radicals (ex: H,0O5)

-Damage to proteins and membrane lipids (peroxidation index, MDA), changes in
membrane permeability (K diffusion)

-Changes in chlorophyll, anthocyanins and carotenoids

-Changes in photosynthetic processes

-Protein synthesis

-Synthesis of specific metabolites (proline, organic acids, phytochelatins, etc.)

04-12-2014 © Miguel Mourato, Luisa Louro, 2014
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Visual effect of excess copper in Iupins Licenciatura thesis in Agriculture,Ana
. . Ciristina Silva, 2004
(Lupinus luteus L. cv Cardiga):

FCT financed project POCTI/AGG/44895/2002, 2002 -2007

Plants growing under 2 uM Cu Plants growing under 50 uM Cu Yellow lupin
for 4 days for 8 days
60 -

. 50 - 00 days W 15 days
Leaf chlorosis :) N

Chlorophyll levels in leaves after |5

30 -
days growing in excess copper 20 -
0 I I I [
0.1 0.5 1 10 25 50

[Cu] (microM)

SPAD
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Changes in leaf area of tomato plants as a

consequence of copper toxicity (Licopersicum
esculentum M. cv Hymena):

Trabalho financiado pelo projecto POCTI/AGG/44895/2002

120000 H O2days @ 7days 0O10days 0O 15days

100000 - {

80000 -
60000 -

40000 -

foliar area (arbitrary units)

20000 A

O - T
0.0001 0.0500 0.1000 0.1500 0.2000 0.3500

[Cu] in nutrient solution (mM)

Chlorosis in young tomato plant
leaves (Licopersicum esculentum M.

cv Juncal):

Control
plants
(0.1 uM)

Copper toxicity is more apparent in young leaves that show chlorosis symptoms and
reduced area, leading to stunted growth and reduced photosynthetic activity

04-12-2014 © Miguel Mourato, Luisa Louro, 2014
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Effect of Cd in chlorophyll levels of tobacco plants (Nicotiana
tabacum Virginia var. K 326)

0 mM

0.018

0.016 \T
0.014
0.012
0.010 1
0.008 1
0.006 1
0.004

0.002 1 L L

0.000 -
0 10 25 50 100
Cd concentration ()

“lorofila a
A clorofila b

Chlorophyll concentrtion
(umol ml-1)
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Trabalho financiado pelo
projecto
POCI/AMB/55312/2004
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Toxic effect of As in white lupin (Lupinus albus)

-Arsenic applied as sodium arsenate:

It was noticed early leaf senescence in plants after 7 days in the
presence of 25 UM As

Trabalho de fim de curso de Engenharia Agronomica realizado por Vera Ferreira, 2006

04-12-2014 © Miguel Mourato, Luisa Louro, 2014
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Response (tolerance) mechanisms of plants to heavy metals toxicity:

Before . Excretion of chelating substances,
plant External (exclusion): exclusion of metals by selective

roots, avoiding its translocation to the

of transport into the plant o
shoots (fixation in root apoplast)

After plant Internal: |:> -Increase in the production of ligands
uptake: (complex the metal): organic acids, amino
-Compartmentation and acids, peptides (Metalothioneins and
complexation in the cell phytochelatins)
|:> interior -Translocation of the metal and
accumulation in the vacuoles
-Changes in metabolism -Imobilization of the metal b)’ binding to

the cell wall

-Activation of specific metabolic
pathways (enzymatic and non enzymatic
mechanisms)

induced by oxidative

stress

53
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External mechanisms against toxic metals:
Exclusion, morfological changes, anatomical adaptations, accumulation in specific cell

compartments

Before plant uptake:
-Metal exclusion and uptake

restriction
-Roots strategies

y

Excretion of chelating
substances,

Exclusion of metals by
selective absorption
Acidification of the

rhizosphere: Organic acids
(citric, malic) and free amino
acids (histidine) are ligands
used to chelate the metals

© Miguel Mourato, Luisa Louro, 2014

The movement
of minerals to
the root
depends on the
absorption
capacity and
the root system
architecture

Root arquitecture:

(A) Sugar beet

(B) Alfalfa

30 ch

PLANT PHYSIOLOGY, !
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Absortion by the roots: » The metals enter into the root
cells

Casparian strip

P movement via
apoplast or simplast in
to the interior of the cell

Caspari tri .
SRk and other regions

» binding to the cell

Symplastic Root .. .
walls via its negative

route hair
Epidermis Cortex Endo- Stele c h a rges
dermis

© 1899 Addison Wesley Longman, iInc

P Transport through the
Ex. plasmatic membrane into
Hg and Pb bind preferably to cell walls reducing the cell cytoplasm

the mobile forms of these elements in the plants

55
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Entry into the xylem, transport and distribution to the shoots, acumulation in
cell compartments:

Transport of the metals from the root to the
In the xylem the metals are

present as hydrated ions or
as complexes

xylem, occurs mainly in the cell interior (via

symplast) after sequestering by specific ligands

4

Sequestering and storage in the shoots:
-cell compartmentalization

The storage of toxic substances can
oceur in the thrichomes Excess heavy metals can be sequestered in the

cell vacuoles

(http://bugs.bio.usyd.edu.au/2003A+Pmodules/modulel/1AC1.html)

vacuolo 56
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Abiotic Factors that Causes Abiotic Stress:
Temperature, salinity, alkalinity, acidity, drought, toxic metals, sunlight,

environmental warming, water pollution, radiations and radioactivity etc., are the
various abiotic factors that cause abiotic stresses.

High light causes production of excess
excitation energy in the photosynthetic
reaction centers, resulting in direct
accumulation of a variety of reactive
oxygen species.

High temperature stress denatures
proteins and causes lipid peroxidation.

Water deficit, or drought, interferes
with metabolism. ROS produced
under drought conditions trigger
signaling pathways that generate
defense responses.

Soil salinity is usually caused by
excess salts of chloride and sulfate.
Salinity results in ion cytotoxicity and
osmotic stress, and decreases uptake
of nutrients. Resulting metabolic
imbalances lead to oxidative stress.

http://www.tutorvista.com
/biology/abiotic-stresses

© Miguel Mourato, Luisa Louro, 2014

Air pollution with oxidizing species
(including ozone and sulfuric acid)
causes direct oxidative damage to
tissues. Local and systemic signaling
responses also occur,

Mechanical damage—both biotic
(e.g., from insect feeding) and abiotic
(e.g., from wind damage)—triggers
expression of defense-related genes.

Cold stress interferes with metabolic
processes (particularly enzyme
activity) and alters membrane
properties. Frosting can severely
damage tissues when ice forms.
Extracellular ice formation also
causes intracellular water deficit.

S7
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What is stress...

Stress is usually defined as an external factor
that exerts a disadvantageous influence on the

plant
(Taiz & Zeiger, 2002, Cap 25-Stress Physiology)

ABIOTIC STRESS can be defined as:

_: > The negative impact of various abiotic (non-living)
factors on the living organism in a particular habitat

The various abiotic factors makes tremendous impact
on the organism and its performance. Abiotic stress
can affect both plants and animals

58
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What is oxidative stress...

-Is a consequence of intracellular
increase of ROS (reactive oxygen
species)

-Toxic effect of some substances is
due to induction of oxidative stress

BUT...

-ROS are naturally formed as a
consequence of aerobic metabolism...

-Signaling and regulation role, controlling

sighal metabolite production (H,0,, GSH,
GSSG, ASC..)

Living with oxygen...

Did you know that the air you are breathing now
was in someone else's lungs earlier?

Sunlight At arid

factory
CO; cycle ‘ emissions

Plant
respiration

Photosynthesis

Animal
respiration

Decay L '/ Root

organisms \_~¥ Dead organisms /""" respiration _
™ and waste products " :

Organic carbon

: Y Ocean
Fossils and fossil fuels uptake

http://feedfury.com/content/12190121-plant_bamboo.html

59
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Toxic metals like Cu and Cd induce oxidative stress by specific
reactions and induces higher HO*® formation

Fent H,0, » OH + HO°
=n .on (Fe2+/Cu+) (Fe3+/cu2+)
reactions
(ex. Fe, Cu) O, > Oy
and (F62+/Cu+) (Fe3+/Cu2+)
Haber-Weiss
reactions H,O, + Oy > O, + OH + HO®
(ex. Cd) ]
20,°" + 2H* . O, +2H,0,

The formation of OH* from H,O, (by Fenton and Haber-Weiss
reactions) can be reduced by keeping the concentration of metals in
the cell under control

Mgler IM et al. 2060
© Miguel Mourato, Luisa Louro, 2014
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Under stress

conditions
The amount of

produced ROS
increases and the
normal defence
mechanisms might not

be enough to cope
with its effect

Increase in the

intracellular production
of ROS

!

defence mechanisms

Plant response [;]

Activation of antioxidan<:]

]

Oxidative
stress

Oxidative
stress

Oxidative
stress

In living cells ROS plays a key role in signaling but these

compounds can also damage macromolecules

What are ROS? I

© Miguel Mourato, Luisa Louro, 2014
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ROS, Reactive Oxygen Species
(*AOS-Active Oxygen Species)

Life with
oxygen:

gk

Production
of ROS

gk

In excess can
be toxic

-ROS are naturally formed as a sub-product of the aerobic
metabolism, in the mitochondria, chloroplasts and

peroxisomes, as a result of those metabolic processes.

-cellular respiration, ETC ROS production and

-photorespiration ROS-induced damage
-photosynthesis increase during abiotic
-lipid oxidation and biotic stress

-H,O, and O,* are alwas formed even in normal metabolic
conditions

-OH* and 'O, are usually formed under stress conditions

62
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ROS types I

Radicals Non-radicals
Superoxide Hydrogen peroxide H20;
Hydroxil Hypochlorose acid HOCI-
Peroxide Ozone O3
Hydroperoxide | | HO® Oxigen singlet 10,
Alcoxile / O

More reactive species I Less reactive species I

Its production must be
minimized!

-species that contain | or more unpaired electrons, very mobile in the
Free cells and unstable (very reactive)
radicals -they form in the cells, in the aerobic metabolism by the transfer of one
electron only

63
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More damage is
observed under
stress conditions
when the ROS
levels are
increased

The oxidized
products can be
important
secondary
signalling
molecules

-------------------- » Generation

Unstressed conditions b

ROS

Removal v A‘/an‘

k\ Signaling

Repair/ Permanent
replacement damage
«
Y.
Response

Stressed conditions

................ » Generation

ROS

val Modification
L3 Signaling /l /\ |

Repair/ Permanent
replacement damage

0"
je

Mgller IM, et al. 2007.
Annu. Rev. Plant Biol. 58:459-81

© Miguel Mourato, Luisa Louro, 2014

Response

Programmed cell death
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In the normal AEROBIC METABOLISM the production and removal of
ROS is in equilibrium

_ \ -continuos removal of ROS
Antioxidants

-continuous production of ROS

- i

“An imbalance favoring prooxidants and/or disfavoring
antioxidants, potentially leading to damage”™ -H. Sies

In normal physiological conditions ROS are sequestred and/or
accumulated in certain cellular compartments

In each compartment of the plant cell, ROS formation and
removal are tightly regulated

65
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ROS formation mechanisms I

They form through sequential reactions from oxygen in the ground state by spin
inversion of one electron — oxygen singlet, or by transfer of one electron leading

to the successive formation of superoxide, hydrogen peroxide and hydroxyl radical
(Apel and Hirt, 2004)

Peroxide
Superoxide ion

30,5 e 5> 0 5 le 205 e 5035 e 5> 0 5 e 0O

\J I ! DItk LH L ont
'O, HO,* H,O, H,O HO* H,O
Oxygen Hydro- Hydrogen Hydroxil
singlet peroxide peroxide

The rea.ctlons that lead to HO Controlling the reactive
formation must be stopped t<|:>

There are no

known sequesters _ e
for HO® prevent its oxidative damage

species that originate
HO*

66
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Producao de ROS nos cloroplastos I

Strong ——
reductant

-\e‘

A k\ o . ~
2 o Eliminagao dos ROS pelo
3 potencial redutor da
- 1l
- _farred - ~ceIuIa.
g light utilizagao do NADPH
g W k/
E’ A~ Red ox?;antQ
o light Photosystem |
N Fe2*, Fed*
gw oxidant H,0, i
Photosystem Il
NADP* Calvin
Cycle
Os cloroplastos produzem como sub- NADPH
Prod LItOS: PLANT PHYSIOLOGY, Fourth Edit Stroma
'O, (singleto de oxigénio) no PSII
O,°*~ (superoxido) no PSl e PSII Ahglakilc
(nos aceitadores de e-, nucleos de Fe-S, membrane
ferredoxina)
Intrathylakoid

© Miguel Mour
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Producao de ROS na mitocondria I

A respiracao produz
como sub-produtos:

(C) Mitochondria

MATRIX @

I. ¥ "'
MADH NAD"' 02 HZO . o
A F, AP E O, (lsuper|c>X|Ic|I|o) nos
ﬂ ( — complexos | e
NADH Y->q... \ P
dehydrogenase \ Cyt be, Cytochrome
! complex oxidase E.
N 7 o
\l/ ¥ y, “NATP
@ =® @ synthase

INTERMEMZRANE i -
(UER Estima-se que
|-5 % do O, consumido
na mitocondria é
convertido em ROS

Eliminacao do superoxido é catalisada por enzimas:
Dismutacao: Oy + O, + 2H" > H,0, + O,
Redugﬁo do H202: H202 + H202 —> 2H20 + 02

68
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Anatomy of the Peroxisome

Produgao de ROS nos peroxissomas

Mitochondrion Peroxisome/glyoxysome

A -
s, RCHCH—CC ! .‘
o, ,.A<>FAD FAD¢>(>H.,O Biayer
‘chain : Urate Oxidase
Hy0 iy FADH; FADH,— 02 j) Figure 1 Crystalline
AYP a Hy0 + 304 Core
| 0
R—C=C—CL_

O peroxissoma (nos eucariotas) produz
como sub-produtos:

- O,* (superoxido)
~ NADH exported for = H202

¥ reoxidation

Resultantes de diversas reacgoes da 3-
oxida¢ao dos acidos gordos, e reacgoes

= enzimaticas das membranas celulares
Gitrie T o L— (oxidases e peroxidases)
“‘;i ‘""Cl'lli_c\s_mA """""""""""""" * exported
cycle

V4

E nos peroxissomas que se localiza a CATALASE

69
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2 POCH; — CO— (CHOH), —CH,0P
Ribulose-1,5-bisphosphate

SCOCHLOROPLAST

A regeneracao do NADH pela
fotorrespiracao parece ser
importante para diminuir a

formacao de ROS resultantes da
fotossintese

Mgler IM et al. 2007

Produgﬁo de HzOz
ocorre na oxidagao do

02>->2 OZ\

20, —

(3.1)

Calvin cycle

2 POCH,— CO;~
2-Phosphoglycolate

2 POCH, — CHOH — €O,

3-Phosphoglycerate

2H,0

26«

2
(3.2)

(3.12)

HO,NOC — (CH,), —

HO,C— (CH,), —
CHNH, —CO,~

Glutamate

2 HOCH, — CO,~
Glycolate

—_—

2 Reduce
ferredoxi

1

CHNH; —CO,~
Glutamate

Glutamate
(3. 11)
3. 10)

3-Phosphoglycerate |

HO,C— (CHy), —
C0—CO,
2-oxoglutarate

NH,,

HOCH; — HOCH — CO;~
Glycerate

r

I 2 Glycolate |

inCOIatO 0, (3.4) 3.3)
} 2 H2024/
, . . 2 H,0 2 0CH— CO;~
Actividade oxigenasica da RUBISCO (formacao Glyoxylate
de gliceraldeido-3P e glicolato)
(3.5)

-ocorre para niveis elevados de O,

-envolve 3 compartimentos celulares:
cloroplastos, peroxissomas e mitocondrias

-produz NADH na mitocondria (consome 2
ATP e | NADH no peroxissoma por cada G3P
formado)

4—‘ 2 Glutamate

PEROXISOME
HO,C— (CHy), —
CHNH, —CO,” HO,C — (CH,); —
Glutamate T €0—Co,
2-oxoglutarate

Glutamate

2 2-oxoglutarate ]—»

Glycerate

(3.9

HOCH,; — CO — CO;~
Hydroxypyruvate

2 H;NCH, — €O,
Glycine

(3.8)

HOCH, — Hy NCH — €O,

Serine
A

2 Glycine I

MITOCHONDRION
[ NADH |

\

(3.6,3.7)

> Serine

rN

H,0 (oY

NHg*
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Contaminagao com metais pesados nos ecossistemas - Efeitos nos seres vivos

The different ROS have very different properties: I

Semi-vida de curta Muito reactivo,
duragao, baixa semi-vida de curta
difusao duracao
30,5 e 0 5 e b 0Ot e >0 e 0 5 e 0
3 J Superéxido J  lao perdxido | o+ IH* 3 2H*
|02 H02° H O H20
Singl Hidroperoxido 22
g eto
Muito o—
reactivo 02
-Moderadamente reactivo -Muito reactivo, desenvolve
-Semi-vida longa reaccoes em cadeia
-Moderadamente reactivo -Causa inactivagao -Pode reagir com todo o tipo de
-Semi-vida curta enzimatica por oxidagdo dos || moléculas biolégicas
-Afecta actividade enzimatica: grupos tiol (SH), inactiva -Nio é eliminado por
por formagao de complexos enzimas do ciclo de Calvin mecanismos celulares
com metais de transicao de especificos podendo causar
Fe3* e Cu?* morte da célula

Todos os ROS podem reagir com DNA, proteinas e lipidos, embora os
diferentes tipos tenham alvos preferenciais
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Contaminagao com metais pesados nos ecossistemas - Efeitos nos seres vivos

The different ROS have very different properties I

30,5 € >0 - e 5> 0503 >5e >0
\J \J ) H*
Property Singlet oxigen | Superoxide Hydrogen Hydroxyl
('Oy) (02%) peroxide radical (HO*®)
(H20,)
Half-life in biol. | us | us | ms | ns
systems
Distance 30 nm 30 nm | um | nm
traveled
Cellular conc. ? ? uM-mM ?
Reacts with:
Lipids PUFA HARDLY HARDLY RAPIDLY
DNA Mainly guanine No No RAPIDLY
Carbohydrates No No No RAPIDLY
Proteins Trp, His, Tyr, Met, | Fe-S centers Cysteins RAPIDLY
Cys

wis)
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Contaminagao com metais pesados nos ecossistemas - Efeitos nos seres vivos

Os ROS desencadeiam reacgoes de oxidagao que causam danos em
biomoléculas:
Lipidos, aminoacidos, proteinas, glicidos, acidos nucleicos

-alteragoes em proteinas de membrana (por oxidagao de

Alteracoes grupos tiol)

em -os ROS iniciam reaccoes de peroxidacao de lipidos
membranas insaturados; causa destabilizacao das membranas, perda da
celulares: compartimentagao celular,aumento da permeabilidade a ioces e

solutos

-os ROS causam alteragoes nas membranas dos cloroplastos, afectam

os teores de clorofila total e a capacidade fotossintética
(Reichman, 2002)

Inibicdo de enzimas de determinadas vias metabdlicas (ex: fotossintese, ciclo de
Calvin) e activagao de enzimas de outras vias

Danos oxidativos estao relacionados com o desenvolvimento de doencas como o
cancro, arteriosclerose, Alzheimer e em processos inflamatorios (Grassman et al.
2002, Halliwell, 2006)
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Contaminagao com metais pesados nos ecossistemas - Efeitos nos seres vivos

Reacgoes nocivas causados pelos ROS em acidos gordos PUFA:

Os PUFA sao os principais constituintes de lipidos de membranas, e sao danificados tanto na
forma livre como em fosfolipidos e galactolipidos:

: PUFA oxidation

~ . . OH
Formagao de hidroperoxidos 12 9

' i - TN CH,cooH 22 CaHA O O
diversos a partir dos acidos CsHiri (CHz)r sHis
linoleico e linolénico: Linoleic acid (18:2)

Sao mais sensiveis a accao
_Aldeidos: de 'O, (singleto) e HO®

4-Hidroxinonenal (HNE), malondialdeid
(MDA)

15 12 9
-Hi - ici HsC — =
Hl-dro.xﬂos e f:etoa,u'dos 3 (CH5);COOH _»
(oxilipinas ciclicas, acido 13- Lkl id (18:3)
. . . inolenic aci
hidroxioctadecatrienoico (HOTE) \

(CH,)sCOOH

O

. . 9
OX|drf1t|on of PUFA gene!’ates. many produch, some of O R G EOOR
which are secondary signaling molecules in plants, @
whereas others can damage DNA and proteins (Mgler IM OTE
et al. 2007)
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Contaminagao com metais pesados nos ecossistemas - Efeitos nos seres vivos

Reacgoes nocivas causados pelos ROS em DNA: I

O DNA pode ser danificado
por ac¢ao dos ROS nas bases
azotadas

-Oxidacao de Guanina e formacao
da hidroxiguanina

H,0; e O,* provocam
menores danos no DNA

HO?* é o mais reactivo
'O, (singleto) ataca
principalmente a guanina

DNA oxidation
N
g8 O
)\\N N

O%
Q‘ 8-Hydroxyguanine

H)\ \> %4

HNT N7 N
Guanine )ﬁ:

Mecanismos de reparagcao do DNA podem diminuir
estes efeitos, no nucleo e nas mitocondrias (ex:
substituicao da base)

Uma produgao excessiva de ROS supera a capacidade de reparagao;algumas doengas
estao associadas ao aparecimento de DNA danificado

/h Mgller IM, et al. 2007.

Annu. Rev. Plant Biol. 58:459-81
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Contaminagao com metais pesados nos ecossistemas - Efeitos nos seres vivos

Reacgoes nocivas causados pelos ROS em Glucidos: I

-Oxidagao de glucidos
livres e poliois

Sugar oxidation i
H | _oH
ROS
—»  Ho o+
H OH
OH

Aldohexose Aldopentose Formic acid

4{ Mgller IM, et al. 2007.
Annu. Rev. Plant Biol. 58:459-81

Ex:

Tabaco transgeénico que acumula O manitol remove HO® rapidamente,
manitol nos cloroplastos :> impedindo a sua ac¢ao nociva em
apresenta malor resistencia ao outros Componentes Cell,llares

stresse oxidativo
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Reacgoes nocivas
causados pelos ROS
em Proteinas:

A oxidagao das proteinas
€ um conjunto de
modificacoes covalentes
induzidas pelos ROS ou
por produtos resultantes
da sua accgao

-sao muito diversas,
variando com o AA
envolvido

-a maioria sao reaccoes
irreversiveis (excepto
com o tiol)

04-12-2014

RY RY R RY R RY R
: j)]\ _ROS j)\ _ROS RSy, =i 2 _ROS . j)L 2 i j)k 2
S s S
I ;0 ]
OH HO S
Cysteine Cys sulfenic acid Cys sulfinic acid Cysteic acid R,“J\N/Rs
H
O
0, (singleto) e HO® sdo os mais reactivos na Cystine
oxidacio da Cis e Met
H 1t H It
N _N
R1 R1 R} Rz ROS Ry R,
ROS ROS 5, . —_
HN HN
\CH \=N >//NH
(0]
Methionine Met sulfoxide Met sulfone Histidine 2-Oxohistidine
H Q H Q
N _N
R1 R2 R1 R2
E)L 2> E)L i y
NH HO™ “NH \ e R R, RY R,
_N
H,N™ ~NH H,N" ~NH R, R, 3
Arginine ]
O/ NH, (0]
R R : : Aminoadipic
l|\11 0 ROS . w0 '111 2 /Glu y-semialdehyde Lysine semialdeh;)de
Rz _> R2
Proline
@jg—?”;z ROS @f‘\/kCOOH wCOOH
H,O HCOOH
Tryptophan N- Formylkynurenlne Kynurenine




Contaminagao com metais pesados nos ecossistemas - Efeitos nos seres vivos

Mecanismos de defesa contra o stress oxidativo induzido por metais
pesados: enzimaticos e nao-enzimaticos
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Contaminagao com metais pesados nos ecossistemas - Efeitos nos seres vivos

Mecanismos internos: enzimaticos e hao-enzimaticos I

Os mecanismos antioxidantes (enzimaticos ou nao-enzimaticos)
actuam na interrupgao dos processos de oxidacao
desencadeados pelos ROS

d
COMpOStos Compostos capazes de sequestra’r os
oo ROS sem formagao de novas espécies
antioxidantes reactivas (sao oxidados)

mecanismos nao-
enzimaticos

v

Ex: ascorbato, glutationa, carotenoides

Enzimas que catalisam reacgoes de
sequestragao dos ROS ou que estao
antioxidantes | cnvolvidas directamente na sua

remocao

mecanismos enzimas
enzimaticos

Ex: peroxidases, superoxido-dismutase, catalase
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Contaminagao com metais pesados nos ecossistemas - Efeitos nos seres vivos

Mecanismos nao-enzimaticos:

-Sintese de novo de proteinas

(producao de ‘heat-shock proteins’, HSP, com funcao
protectora e de reparagao)

-Producao de sequestrantes especificos:
ligandos de complexagao (acidos organicos,
aminoacidos livres, ex: prolina) e péptidos de ligagao (a
metais): fitoquelatinas, metalotioneinas

-Producao de anti-oxidantes nao enzimaticos:
ascorbato, glutationa (GSH), carotenoides, flavonoides,
antocianinas e outros polifenadis, tocoferois, alcaloides,
terpendides

Sao produzidos pelas plantas (alguns pelo
metabolismo secundario)

© Miguel Mourato, Luisa Louro, 2014

Mecanismo
antioxidante:

Reducao do O, e
H,O, em H,O por
compostos
redutores

Sequestrantes de
espécies radicais
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Contaminagao com metais pesados nos ecossistemas - Efeitos nos seres vivos

Estrutura dos principais antioxidantes nao-enzimaticos

CH,OH
HCOH Glutationa
Ascorbato o . ~ Y'G|U'C?’5'G|)’
Vitamina C o] (tiol nao
itamina .
( ) proteico) SH Me
R ic aci |
L-ascorbic acid o ! o &, OH
Lo Al L
Ho ™ C” e IN“A™Cl] TC7 o
Figure 1: Basic Structure and Numbering I H2 H [ H2
FlavonOi des System of Flavonoids ’ I H2 )] Me
(polifendis com
estrutura ciclica)
Me
Me
o.-tocoferol
(vitamina E)
Antioxidante de .
CH; o-caroteno fases nao
7
Carotenoides: aquosas H
Sistema conjugado de ligagoes duplas
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Contaminagao com metais pesados nos ecossistemas - Efeitos nos seres vivos

Os antioxidantes nao-enzimaticos sao protectores das células contra
os ROS \

Redutores e sequestrantes de espécies radicais I

Ascorbato R 4 Reagem
. eagem directamente . :
Glutationa & O HO Carotenoides directamente com
e com Oy, or ) :
Alcaléides 20122 Flavonoides o singleto de

a~-tocoferol OH"

Ainda nao é bem conhecido o modo de accao de todos os
antioxidantes nos mecanismos de defesa das plantas

» -Nao é bem conhecido o papel dos flavonoides e carotenoides na
destoxificacio dos ROS (Apel & Hirt, 2004, Gratio et al. 2005)

oxigénio 'O,

» -B-caroteno parece aumentar a quantidade de xantofila nos cloroplastos,
resultando uma maior tolerancia ao stress oxidativo;
» -pode estar envolvido na regeneragao do ascorbato (Apel & Hirt, 2004)

82
© Miguel Mourato, Luisa Louro, 2014



Contaminagao com metais pesados nos ecossistemas - Efeitos nos seres vivos

Outras fun¢oes do ascorbato (ASC):

No metabolismo celular: I

. -proteccao de enzimas que contém ices metalicos como grupo
Principal i
-r |:> prostético
antioxidante . ~ " . .
-mecanismos de proteccao e regulacao da fotossintese (participa

primario na regulacao da captacao da luz para a fotossintese, compensa a auséncia de
CH,OH

HCOH
o

catalase nos cloroplastos)

O

reducao )
OH OH ascorbato _——<p desidroascorbato
L-ascorbic acid (redUZidO) w (oxidado)
oxidacdo

Nos mecanismos de defesa: I

-regeneracao de outros antioxidantes (como o a-

Importante
tioxidant |:> tocoferol)
NntioXidan ~ . e T
ahtioxicante -regulacdo: a diminuicao do ASC no stress oxidativo causa

secundario paragem da divisao celular prevenindo erros de replicagio
do DNA
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Contaminagao com metais pesados nos ecossistemas - Efeitos nos seres vivos

oxidacdo
CH,OH <13H20H ClJHZOH CH,OH
HCOH HCOH HCOH HCOH
O o & O = O _e'_H" O
o} zH——-—;! 0 ——= 0 — 0
H H H H
OH OH OH O OH O O O
L-ascorbic acid dehydroascorbic
N acid
ascorbato }
. ~ CH,OH
oxidacdo i CH,OH
HCO}:) HCOH H
o) HCOH =0
H —
Il Il
O OH O O
monodehydroascorbic | 2,3 diketo-1-gluconic
acid acid

Monodesidroascorbato

MDHA

© Miguel Mourato, Luisa Louro, 2014

Desidroascorbato
DHA
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Contaminagao com metais pesados nos ecossistemas - Efeitos nos seres vivos

Outras funcoes da glutationa (GSH):

No metabolismo celular: |

Antioxidante e : -proteccao de enzimas que contém grupos tiol (—SH)

regulador evitando a oxidacao (ex: enzimas do ciclo de Calvin)
redox
SH -interconvertivel em GSSG em processos de oxidagao-
0 O CH, OH .
A bodtn & reducao:
S T . redugdo . .
NH, 2 o glutationa _ —<pglutationa oxidada
reduzida . (GSSG)
(GSH) oxidac¢ao
Nos mecanismos de defesa: |
Protector e -regeneracao de ascorbato (reduzido) a partir do
percursor de |:> desidroascorbato formado na eliminagao de ROS (ex: nos

. , cloroplastos
biomoleéeculas P )

-percursor de fitoquelatinas (ligantes de metais pesados,
regulando a sua concentragao celular)
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Contaminagao com metais pesados nos ecossistemas - Efeitos nos seres vivos

Mecanismos enzimaticos: I Remocio dos ROS: |

Activacao da via da glutationa-ascorbato E> Mecanismo
(Asada-Foyer-Halliwell): antioxidante:
Ascorbato peroxidase APOD (EC I.11.1.11) Efectua a redugio do
Monodesidroascorbato-redutase MDHAR 0O,* e H,0, em H,O
(EC 1.6.5.4) usando electroes do
Desidroascorbato-redutase DHAR NADPH

(EC 1.8.5.1)
Glutationa-redutase GR (EC 1.6.4.2)

j> Mecanismo

Inducao de enzimas antioxidantes: C .
antioxidante:

Superoxido-dismutase SOD (EC 1.15.1.1) Crillen 2 redlise

Catalase CAT (EC I.11.1.6) enzimética do O,* e

Glutationa-peroxidase Glu-POD (EC I.11.1.9) H,O, em H,O usando

Guaiacol-peroxidases GPOD (EC [.11.1.7) agentes redutores
especificos
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Contaminagao com metais pesados nos ecossistemas - Efeitos nos seres vivos

O sistema antioxidante SOD, CAT, POD é muito eficiente na remocao do O,°"
e H,O, formados:

A eliminacgao do

- , Superoxido- Catalisa a dismutagao de duas
superoxido pela SOD é ' eculas d ‘ vido:
rimeira via de defesa dismutase moléculas de superoxido:
1P SOD O+ O + 2H" > H,0, + O,

contra os ROS

Catalase Catalisa a reducao do H,0O,:
J L CAT H,O, + H,0, —» 2H,0 + O,
CAT e PODs i Catalisam a reducao do H,O, utilizando um
actuam na Peroxidases substrato diferente como agente redutor:
eliminagio do PODs H,0, + R{OH), — 2H,0 + RO,
H,O,

*POFDS sdo mais - Glutationa-peroxidase Glu-POD: utiliza a GSH
ericientes na . . .. ‘. o
remocio do - Guaiacol-peroxidases GPOD: utiliza fendis aromaticos

H,O, - Ascorbato-peroxidases APOD: utiliza acido ascorbico
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Contaminagao com metais pesados nos ecossistemas - Efeitos nos seres vivos

Producao
de ROS:
] reducao
SOD 2H, O, —»2H,0 + O,
O radi?al superc?xido O, PODs Usam redutor diferente
formado é convertido em H,O, do H,O,
Os cloroplastos contém Glu-POD
geralmente elevada
concentragio de ascorbato, pelo H,O, + GSH — H,O + GSSG
que o O,*" é reduzido
rapidamente em H,O, I
H,O, + ASC - H,0O + MDA
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Contaminagao com metais pesados nos ecossistemas - Efeitos nos seres vivos

Via da glutationa-ascorbato |

.1 ASCI +GSsG g
DHAR | *GSH .-~

S | ASC! +DHA

foT T A
m v, fspontaneous reaction
+ v
GPX + APX
H,0 + GSSG ‘_@ @ H,O + MDHA
GR | +NADPH / \ MDHAR | +NADPH
NADP* +GsH | .-~ e | ASC! + NADP*
89
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Contaminagao com metais pesados nos ecossistemas - Efeitos nos seres vivos

Enzimas da via da glutationa-ascorbato: I

APOD Catalisa a reducao do H,O, em H,O utilizando ascorbato como redutor:
H,O, + ascorbato — H,O + monodesidroascorbato (MDHA)

MDHAR Catalisa a reducao do MDA em ascorbato utilizando o NADPH como
redutor: MDA + NADPH — ascorbato + NADP*

Catalisa a redugao do DHA (obtido a partir do MDA) em ascorbato, utilizando 3
DHAR glutationa como redutor:

Desidroascorbato (DHA) + GSH — ascorbato + GSSG

Catalisa a regeneragao da glutationa (GSH) a partir da glutationa oxidada
GR GSSG, utilizando o NADPH como redutor:

GSSG + NADPH — GSH + NADP*

ML
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. NADP*; /) 2GSH ) /ASCORBATE
Y Pl | |
Mecanismos jﬁet _4,4@;\ Vin d
NADPH [/ 71 GSSG!/ IDHA (Y la da

H,O
enzimaticos em células J I[  sglutationa-
AL

da parte aérea de HAREN q@f AT (Y ascorbato

NAD(P)*

~ \)ASCORBATE [/
plantas (Gratio et al.

2005) 11,0, 4

)
L) Hzo
Accao de
I enzimas
i 7 smameninoss - ClOrOplasto I antioxidantes
Cell wall

Chloroplast
Thylakoid membrane
Starch grain

smooi I f1 11 /1 41 1 ) Inn ol I
| endop|a§n1|ic-'| J:Il :'l .I'I ,'I| |'| i || (| /| (| o | WAWAN | 'I||
Vac”\j’aiuole reti(uIUﬁp"'l .I._ 'I I ||. \ Iih ||I'|"' il |r"-| AT ||"'| I 'I'III [y \ WY ,".I II'_.'.I UL i
I 1 1 1 11

Rit@nrrk%s IRIRTRIRY "-'.' VYUY YUY YYY

LICICHCICICICHCY CHEIC I DT PS1

Tonoplast

Mitochondrion
(mitochondria)

Peroxisome

Nudear poe Accao de
Golgi vesicles % Nuclear envelope .
Golgi body Rough Nucleolus enzimas
(Golgi apparatus)  endoplasmic . .
et antioxidantes
citosol I peroxisoma I
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Alguns exemplos de respostas de plantas ao stress por metais
pesados
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Contaminagao com metais pesados nos ecossistemas - Efeitos nos seres vivos

Toxicidade do Cd em sorgo (hibrido Sorghum bicolor (L.) Moench. x Sorghum sudanense
var. Speedfeed)

Trabalho financiado pelo projecto
POCI/AMB/55312/2004
“Transferéncia solo/planta de
elementos vestigiarios. Um estudo de
fitoremediagdo”, inicio 2006

| ApOs 7 dias da
| aplicacao de 15
uM de CdCl,

Peroxido de
hidrogénio em folhas
de tabaco

0 uM (controlo)

H202 (mg g-1 FW)

O Cd induz stress oxidativo que se
pode avaliar pelo aumento do teor [:>

1.500 7
de peroxido de hidrogénio nas 1.000
0.500
folhas
0 1 5 15

Concentracdo de Cd (1M )
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Contaminagao com metais pesados nos ecossistemas - Efeitos nos seres vivos

Efeito do Cd na actividade enzimatica de folhas de planta de tabaco (Nicotiana tabacum
Virginia var. K 326)

Trabalho financiado pelo projecto POCI/AMB/55312/2004 “Transferéncia solo/planta de elementos vestigiarios. Um estudo de
fitoremediagdo”, inicio 2006

4.8
L 44
, 2 40
Niveis de actividade S 36
enzimatica da GPOD, s 32 B ActRel-GPOD
‘® i
APX e SOD, em folhas £ %’3 | B ActRel-APX
jovens,apos | | dias da “ ol H ActRel-5OD
a~ ° )
aplicacao de 50 e 100 T 16"
uM de CdCl, g 127
0.8 1
0.4 -
0.0 -

0 10 25 50 100
Concentracdo Cd (nM)

A alteragao da actividade de enzimas especificas indica alteragoes do metabolismo
associadas a uma resposta/tolerancia de determninadas plantas aos metais pesados
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Utilizagao de plantas para remediagao de solos I

95
© Miguel Mourato, Luisa Louro, 2014



Contaminagao com metais pesados nos ecossistemas - Efeitos nos seres vivos

_ Métodos e processos usados para tratar os
Remediacao do contaminantes presentes no solo de modo a conté-
solo los, remové-los, degrada-los ou torna-los menos
prejudiciais
Fitorremediacao:

Remediacao do solo por accao das plantas

(A.Varennes 2003. Produtividade dos Solos e Ambiente, Escolar Editora)

-as plantas podem ser utilizadas para extracgao,
estabilizagao, degradacao, volatilizagao, absorgao
e chelatacao de poluentes

The use of plants and their
associated microbes for

environmental cleanup
(Pilon-Smits, E. 2005, Annu.Rev.Plant

Biol. 56:15-39) -podem usar-se diferentes técnicas de
fitorremediacao consoante o tipo de poluente,
organico ou inorganico

Seleccao de diferentes especies de plantas para situagoes

especificas (Pilon-Smits, 2005)
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Quando é necessario fazer remediagao do solo?

-quando a contaminagao causa danos
ecologicos, ou prejudica a saude de
animais e plantas

-quando ha violagao dos limites legais
estabelecidos para um dado

contaminante

A escolha do tipo de remediagao
depende:

-da localizacao do solo

-da area atingida

-do grau de contaminagao e risco que
representa

-da funcao e uso futuro do local

-do custo dos métodos disponiveis

Remediagao ex situ

-tratamentos que envolvem a
remocao fisica do solo e
tratamento noutro local

-para pequenas areas e para alguns tipos de
substancias (lavagem, separagao de
particulas, volatilizagao, migragao, etc.)

Remediacgao in situ

-tratamentos efectuados no solo
no proprio local

-geralmente para casos de contaminagao
menos grave, adicao de MO, etc,, inclui a

Fitorremediacao [
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Aplicagoes de fitorremediagao

Pode efectuar-se fitorremediacao em substratos solidos,
liquidos e gasosos (Pilon-Smits, 2005)

substratos  Utilizacao em solos contaminados de plantas especificas
solidos para sequestrar, remover e acumular compostos (metais e
elementos minerais, compostos organicos)

Utilizacao de plantas em aguas poluidas

-Remocgao de metais e compostos organicos de esgotos e residuos

. organicos municipais

|IC|UIC|OS -Remogao de metais e compostos organicos em aguas contaminadas pela
agricultura (adubos, fertilizantes, metais, pesticidas organicos e herbicidas)

substratos

Utilizacao de plantas para filtragao do ar em interiores e
exteriores (remogao de CO,, poeiras, hidrocarbonetos halogenados
substratos volateis)
gasosos
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Técnicas de fitorremediacao:

Adaptado de Pilon-Smits, 2005,
Annu. Rev. Plant Biol, 56:15-39

-com aplicagao a aguas, solos e ar
contaminados

a b |

Fluxo do Fluxo do o
a) Rizofiltragao conta- : ' conta- W® - \ [ =
. ~ . . minante . T = — minante y ’

(aplicagao em hidroponia) EOUNIER ST TP s - o
b) Leitos de crescimento (em terrenos Rhizofiltration Constructed wetland
pantanosos)
c) Utilizacao de arvores como barreira € d e
hidraulica e
(recorrendo as caracteristicas do sistema Fluxo do__g !

dicul conta- W . ! -
radicular) minante . ]

Fluxo do — -
d) Utilizacao de arvores e plantas s conta-
herbaceas o L
(recorrendo as caracteristicas do sistema J L Lo ‘ |
. % Y
radicular) AR T AN
e) F|Itragao‘do ar: utl!lzggao de arvores are, - =
(recorrendo as caracteristicas da copa)
Hydraulic control Farming polluted soil Air filtration
or vegetative cap
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Processos (mecanismos) de Fitorremediagao:

-Fitodegradagao (ou
Fitotransformacgao): o sistema

enzimatico das plantas utiliza os

contaminantes no seu metabolismo,
inclui-os em estruturas vegetais
(lenhificagao)

Ay —
Phytodegredation

E] w
3 L ..
@ o>
Phytovolatilization
L @

. e
-Fitovolatilizagao (ou T A
Fitotransformagao): os ¢ >

» ’

Phytostabilization

Phytoextraction

contaminantes sao metabolizados em
produtos volateis e libertados para a

Phytostimulation

Podem ser aplicados a contaminantes
organicos e inorganicos; a utilizacao é
limitada a determinado tipo de
compostos

atmosfera

Fitoestabilizacao
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Fitoextracgao C:}

-Fitoestimulacao ou

rizodegradacao:
Plantas estimulam a
biodegradacao de
compostos, porque
absorvem agua, provocam o
movimento da solugao para
as raizes e favorece a
degradagao pelos
microrganismos da rizosfera
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Fitoestabilizacao: Uso das plantas para estabilizar o contaminante no
solo, recorrendo a uma cobertura vegetal

-reduz a erosao hidrica e edlica (ha
crescimento da planta)

Ay —
Phytod dati o e e ~
e cases -reduz perdas por lixiviagao, reduzindo a
o LA contaminagao de camadas inferiores de solo e de aguas
/.\ (: o * subterraneas
o
Phytovolatilization -
A R e Phytoextraction -favorece a formacao de formas de
menor biodisponibilidade (precipitagao na
® Pollutant ¢ .
~ . rizosfera)
L
C ~
e

Phytostabilization Phytostimulation  Ex. monocotiledoneas e arvores

Pode ser aplicado a contaminantes inorganicos (caso dos metais)

Nao permite descontaminagao mas destina-se a reduzir a contaminagao
produzida a partir deste solo
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Exemplos de plantas para Fitoestabilizagao:

Populus

Sdo arvores da espécie do choupo, que tém
raizes profundas e taxas de transpiragao elevadas,
mantém o fluxo ascendente muito elevado, pelo
que reduz as perdas por lixiviagao e reduz a
contaminagao de camadas inferiores de solo e de
aguas subterraneas

Monocotiledéneas Structure of a Grass Plant

Acumulam pouco os contaminantes inorganicos
4 P . . . g r blade /
na parte aérea (ao contrario das dicotiledoneas)

crown /
e portanto fornecem uma cobertura vegetal que \ stolon

tiller

previne a erosao do solo contaminado sem
prejudicar os animais que as utilizam na sua
alimentacao

rhizome e

root system

102
© Miguel Mourato, Luisa Louro, 2014


http://pt.wikipedia.org/wiki/Imagem:Choupos.jpg
http://en.wikipedia.org/wiki/Image:Populus_nigra-bekes.jpg
http://en.wikipedia.org/wiki/Image:Grass-plant-structure.png
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Exemplos de utilizagao de arvores para combater a poluicao:

Asian Dust (also yellow dust, yellow sand, yellow wind ASIAN DUST STORMS
or China dust storms) is a seasonal meteorological '
phenomenon which affects much of East Asia
sporadically during the springtime months

02010 WWWACCUWEATHER.LCOM

In the last decade or so, it has become a serious problem due to the increase of industrial
pollutants contained in the dust and intensified desertification in China causing longer and more
frequent occurrences, as well as in the last few decades when the Aral Sea of Kazakhstan and
Uzbekistan started drying up due to the diversion of the Amu River and Syr River following a
Soviet agricultural program to irrigate Central Asian deserts, mainly for cotton plantations.

http://en.wikipedia.org/wiki/Asian_Dust
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Exemplos de utilizagao de arvores para combater a poluicao:

Sulfur (an acid rain component), soot, ash, carbon monoxide, and other toxic
pollutants including heavy metals (such as mercury, cadmium, chromium,
arsenic, lead, zinc, copper) and other carcinogens, often accompany the dust
storms, as well as viruses, bacteria, fungi, pesticides, antibiotics, asbestos,
herbicides, plastic ingredients, combustion products as well as hormone
mimicking phthalates.

In recent years, South Korea and the
People's Republic of China have
participated in reforestation efforts in the
source region. In 2007, South Korea sent
several thousand trees to help block the
migration of the yellow dust.
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Fitoextraccao Utilizacao das plantas para remover os elementos do solo
acumulando-os nos tecidos

Phytodegredation

Phytovolatilization
e
o

o -

@ Pollutant

-

Phytostabilization Phytostimulation

Pode ser aplicado a
contaminantes inorganicos (caso
dos metais)

E> Utiliza plantas para fins nao
alimentares

-podem ser utilizadas plantas hiperacumuladoras
(absorvem grandes quantidades de alguns
elementos como o Ni, Co, Cu, Pb, U, Zn, Se;
geralmente o crescimento € lento e produzem
pouca biomassa)

-podem ser utilizadas plantas de crescimento
rapido, que acumulam menos metal mas
produzem muita biomassa

-o material vegetal é depois recolhido e

incinerado (o elemento mineral é recolhido na
cinza)
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Exemplos de plantas para Fitoextracgao:

Brassica juncea (mostarda da India)

-usada para remover metais pesados de
solos contaminados devido a sua elevada
tolerancia a toxicidade

-€ hiperacumuladora de Cd e outros
elementos vestigiais; pode por isso ser usada

na alimentacao para suplemento de Se, Cr,
Fe, Zn

Estudos recentes concluem que sao necessarios varios
anos para se conseguir uma fitorremediagao
satisfatoria de um solo contaminado mesmo utilizando

espécies de plantas hiperacumuladoras
(Hernandez-Allica et al. 2008)

-planta que pertence a familia das
Brassicas, que inclui espécies de grande
importancia na alimentagao, como
couves, nabos, rabanetes, colza,
mostarda, couve-flor
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http://en.wikipedia.org/wiki/Image:Koeh-168.jpg
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Exemplo:

-Estudos realizados no ISA baseiam-se no

conhecimento de que a planta do tabaco € uma
planta acumuladora de Cd
-Sera que tem potencial para ser usada em

fitoextracgao?
1000 4 BECaule 1826,1 3977,0 8049,4
@ Folhas jovens
B Folhas antigas
O Raiz
800 A
596,2
2 494.8
= 600 - 536.9
(@)
Fs)
o
£ 400 - 372,7
210,5
200 A
0,1
0 . _
0 10 25 50 100
Concentracao de Cd (microM)
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Ha aumento da

biomassa da parte
aérea mesmo para
niveis de Cd elevados
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As aplicagoes das técnicas de fitorremediagao sao
diferenciadas:

-podem actuar varias
simultaneamente :> Fitoextracgao:
principalmente usada

“1—1

Phytodegredation

L]
/0\
©
Phytovolatilization
@ o -

@ \]
® Pollutant
o

Cu

Phytostabilization

Phytoextraction

°.
L
“

Phytostimulation

-dependem do tipo
de contaminantes

-depende do custo

-dos volumes (de
agua ou solo) a tratar

=
=

para remog¢ao de metais
toxicos e compostos inorganicos

Fitoestabilizagao: para evitar o arrastamento de solo
contaminado de antigas minas, para evitar lixiviagao
de contaminantes inorganicos e organicos

Fitodegradacao: usada para metabolizacao de compostos
organicos que sao moveis nas plantas, como por exemplo
herbicidas

Fitovolatilizagao: usada paraVOC (compostos
organicos volateis)
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Limitagoes da fitorremediagcao

As plantas tém que se
desenvolver de forma
razoavel na presenca do
contaminante

As plantas devem retirar
do solo os contaminantes
acumulando-os
preferencialmente na sua
parte aérea

A fitorremediacao através
da acumulagao na planta
pode demorar varios anos

-biodisponibilidade dos poluentes (diferentes
formas quimicas tém diferente solubilidade)

-niveis de toxicidade existentes (diferentes
formas quimicas tém diferente toxicidade)

-propriedades do solo (capacidade de ligagao aos
poluentes)

-clima

-profundidade que a raiz alcanga (raizes de 50 cm
em herbaceas, 3 m em arvores)

-a persisténcia dos contaminantes (resisténcia a
decomposicao) e o tempo de residéncia dos
contaminantes (deslocacao no solo)
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Caracteristicas das plantas para serem usadas em
fitorremediacao:

-crescimento rapido
A planta ideal para -formagao de muita biomassa

fitorremediacao -competitiva
-resistente

-tolerante ao contaminante

A planta ideal para -area foliar grande (parte aérea)

fitodegradagio -sistema radicular denso
-teores elevados de enzimas

-A planta ideal existe!?

-Ha uma planta ideal para todas as
situacoes?
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Se gostam

destes
temas,
venham
trabalhar

connosco!
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AVALIA(;AO DA RESPOSTA AO STRESSE OXIDATIVO
PROVOCADO POR METAIS TOXICOS EM PLANTAS DE
COLZA

Brassica napus
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Agricola: http://agricola.nal.usda.gov/

AGRIS: http://agris.fao.org/agris-search/index.do

BASE: http://www.base-search.net/

BioOne: http://www.bioone.org/

Directory of Open Access Journals: http://doaj.org/
Google Scholar: http://scholar.google.pt/

Index Copernicus: http://en.indexcopernicus.com/
Department of Energy Scientific and Technical Information:
http://www.osti.gov/home/

Ingenta: http://www.ingentaconnect.com/

Indian Citation Index: http://www.indiancitationindex.com/
Mendeley: http://www.mendeley.com/

Scielo: http://www.scielo.org/php/index.php

World Wide Science: http://worldwidescience.org/

Science Direct (Elsevier): http://www.sciencedirect.com/
Springer: http://www.springer.com/gp/?countryChanged=true

Web of Knowledge (Thomson-Reuters): www.webofknowledge.com
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