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— Soil-plant-microbial interactions engender unique processes influencing
the overall plant metabolism as well as transformations of xenobiotics.

— Highly developed root systems allow plants to control large areas of soil
at different depths and create micro-conditions convenient for the multi-
plication of microorganisms in their rhizosphere with the help of exu-
dates.

— The large surfaces of plant leaves permit the absorption of pollutants
from the air via the cuticle (lipophilic compounds) and stomata (gases).

— A well-developed internal transportation system for nutrients works in
both directions and allows environmental contaminants to be distributed
throughout the entire plant.

— Plant-microbial interaction creates a microenvironment resulting in the
concentration and penetration of contaminants at and into the roots.

— The autonomous synthesis of vitally important organic compounds by
photosynthesis requires primary ammonia (via uptake of nitrate or am-
monia from the soil, or in the case of leguminous plants as a result of
symbiotic nitrogen fixation). This process is important since remedia-
tion of polluted sites requires additional metabolic force especially in
the case of prolonged contact with contaminants.

— Plants contain the apparatus required for the full set of biochemical and
physiological processes of detoxification, and have no need for addi-
tional non-plant microorganism-based technological help.

One should moreover note:

— The existence of constitutive and inducible enzymes catalyzing degrada-
tion, conjugation and other detoxification processes.

— The availability of a large intracellular space to deposit the residues of
toxic compounds as conjugates, and to accumulate heavy metals.

— The functionalization or further transformation of organic contaminants
in plant cells (conjugation, deep oxidation etc.), depending on the mo-
lecular structure of the contaminant.

These characteristics confer advantages distinguishing higher plants
from other organisms and determining their universal ability to absorb the
great majority of contaminants from soil, water and air. To evaluate the
ecological potential of higher plants one should keep in mind that in spite
of global urbanization plants still occupy more than 40% of the land.

The main disadvantage of plant-based cleaning technologies is their
strong dependence on climate. Climate is a very important factor for
growth, development and metabolic activity of plants; climate is the main
limiting factor in the distribution and survival of plants. The decrease of
plant detoxification activity is especially noticeable in areas remote from
the equator. According to their tolerance of temperature, plants are divided
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into the following groups: equatorial, tropical, subtropical, Mediterranean,
warm-temperate, cool-temperate, boreal, and polar [521]. For instance,
equatorial evergreen tropical rainforest plants permanently maintain eco-
logical activity regardless of the season. Other plants, even subtropical
ones, are influenced by the seasons. Boreal and treeless tundra vegetation
types with a short or very short summer and a long and cold winter are less
effective for environment decontamination. All above-mentioned plant
groups have been well characterized according to their ecological impor-
tance [292]. Microclimate, determined by zonal and regional factors, is an
important parameter for the cultivation of plants. The zonal climate is the
result of the energy balance prevailing at different latitudes. Regional cli-
mate depends on the distance from seas, oceans, ocean currents (warm:
e.g., Gulf Stream, Kuroshio; cold e.g., Labrador, Benguela), and such fac-
tors as prevailing winds (and position with respect to mountain barriers,
e.g. leeward), etc. Climate and weather are continuously changing albeit at
different time scales. The interaction of meteorological factors, such as air
temperature, humidity, wind speed and direction, and precipitation (its
quality and nature) with each other, determines the frequency of fluctua-
tions in weather, which, in turn, significantly affects plant detoxification
abilities.

The activity of the rhizospheric microflora also depends on temperature.
Temperature determines the substrate exchange intensity between soil,
plant root systems and microbial consortia [292]. As a result of contacts
between these compartments, the root system takes up inorganic com-
pounds dissolved in water and nutrients and releases exudates (enzymes,
carbohydrates, vitamins, organic acids, growth factors, etc.). The exudates
in the soil create a favorable environment for the development of microor-
ganisms of different taxonomic groups (bacteria, actinomycetes, fungi).
The development of soil microorganisms and their intimate contact with
root systems leads to the activation of potential metabolic interactions be-
tween roots and microorganisms. The mucus covering of the root caps
provides an additional substrate for soil microflora. The profit for plants in
this environment is the acceleration of exchange processes and the in-
creased velocity of nutrient uptake and transportation, including organic
substrates and heavy metals.

A high potential to carry out biochemical reactions, and an increased ab-
sorption surface developed in the root systems, allow mycorrhizal fungi to
participate in nutrient uptake [292]. The worldwide distribution of these
fungi indicates their supreme importance in plant-microbial interactions.
These fungi belong to the subclass of lower fungi — Zygomycetes. Most
plants are hosts of mycorrhizal fungi. Interaction of these fungi with plants
is highly mutually desirable. Plants provide the fungi with carbohydrates
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and receive back chemical elements and organic compounds required for
the plants’ growth and activation of root metabolic processes.

The plant cell is not a small factory permanently able to absorb and me-
tabolize organic contaminants of different structures. Oxidative or any
other kind of xenobiotic degradation (reduction, hydrolysis) requires extra
energy, which a plant cell has to provide. There are intracellular processes
in plants that undergo deviations from the norm as a result of the penetra-
tion of xenobiotics into plant cells. Plant cell ultrastructure is sensitive to
the action of contaminants, and according to the changes engendered by
them, their intracellular concentrations can be classified as metabolizable
or lethal [544]. The transformation of contaminants is closely related to the
metabolic activity of a plant cell. The present authors have shown (hitherto
unpublished data) that small doses of contaminants with aliphatic and
aromatic structures induce the activation of key Krebs cycle enzymes such
as malate dehydrogenase and enzymes providing the plant cell with nitro-
gen-containing organic compounds, including catabolic fuel in the case of
energy deficiency (glutamine synthetase, glutamate dehydrogenase) [288].
The extra energy required by detoxification processes is partially spent on
the induced synthesis of the enzymes participating in xenobiotic degrada-
tion, their movement and deposition, e.g. in vacuoles. Detoxification proc-
esses are connected to photosynthesis, the intensity of which is signifi-
cantly decreased under the influence of contaminants [182, 454].
Xenobiotic transformations are closely related to the majority of intracellu-
lar metabolic processes requiring extra energy, and this energy dependence
is one of the main limiting factors in the detoxification potential of plants.

A plant’s ecological potential is directed to remove contaminants from
the environment. The purposeful application of plants can be of long-term
or of short-term advantage, depending on the targeted goal. For phytore-
mediation, long-term application of the planted system to exploit and am-
ortize its potential and maintain its continued effectiveness is recom-
mended. Monitoring should follow short-term cleanup. Essentials of
monitoring whose results are used for plant selection include the follow-
ing: type and concentration of constituent elements; frequency and dura-
tion; sampling methods; locations; and quality control requirements [152].
Sometimes, a phytoremediation process would take too much time and,
hence, would not be acceptable. All phytoremediation technologies depend
on the growth rates of the plants, which are characterized by seasonal ac-
tivity; growth rate often limit the application efficiency. Several growing
seasons may be needed to attain the effective age of the plant for optimal
phytoremediation.
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4.1 Plants for phytoremediation

The realization of phytoremediation technologies implies the planting of a
contaminated area with one or more specific, previously selected plant
species with the potential to extract contaminants from the soil. The treat-
ment continues by harvesting the plants, composting, disposal in a landfill,
or incinerating them. To create a truly effective phytoremediation system
all components of the system should be thoroughly analysed. The major
constitutive component of such a system is obviously the plant itself. The
goal of plant selection is to choose a plant species with appropriate charac-
teristics.! A survey of the vegetation on site should be undertaken to de-
termine what species of plants would have the best growth at the contami-
nated site, taking into account the abilities of the plants to accumulate and
degrade the contaminants.

The assessment of the detoxification potential of the plant is determined
by the rate and depth of contaminant uptake from the soil, accumulation in
the plant cell, and the degree of contaminant transformation to regular cell
metabolites. The best plants for a particular phytoremediation task should
be selected based on multiple plant characteristics. First, the actual phy-
toremediation—related characteristics of the candidate plants should be es-
tablished, notably:

— Overall ability to take up and degrade contaminants in the soil or
groundwater.

— Ability to accumulate organic and inorganic contaminants in their cells
and intracellular spaces.

— Excretion of exudates to stimulate the multiplication of soil microorgan-
isms and secretion of enzymes participating in the initial transforma-
tions of the contaminants.

— Existence within the cells of contaminant-degrading or conjugating en-
zymes (oxidases, reductases, transferases, esterases, etc.).

! At present, very little work has been done on increasing the effectiveness of the
phytoremediation system by creating biocoenoses, or communities, in which the
plants act synergistically. In other words, at present the focus is on single con-
taminants, and the goal of selection is to find specific plant species for their
elimination. A considerable body of knowledge, acquired from laboratory and
field experiments, exist for identification of the optimal candidate. On the other
hand, where several contaminants need to be eliminated, a corresponding mix-
ture of the individually optimum candidates may not constitute the best solution.
To date, only some types of synergisms between plants and microorganisms
have been investigated.
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— High resistance against contaminants, i.e., that the plants’ growth and
metabolism is not adversely affected by the contaminants.

— The root system (main and fibrous); the range of rooting depth of the
plants.

— Whether the plants are endemic and non-agricultural.

— Tolerance to salty soil (halophilicity).

— Appropriate adaptation to warm or cold conditions.

— Growth rate.

It is assumed that the nature and level of the contaminants have already
been determined. It is also important to establish the localization and dis-
tribution of toxic compounds (area and depth of contamination). Important
environmental factors bearing on the selection of the best remediation
technology are: soil type and characteristic parameters (pH, average hu-
midity, salt content, metal concentration), the presence of parasites, and
the expected amount of precipitation during the duration of the remedia-
tion process.

Table 4.1 below presents plants widely used in phytoremediation.

It is generally true that the planting of almost any kind of vegetation, in-
cluding agricultural flora, is beneficial for the human environment. How-
ever, in order to make the most of the ecological potential of each particu-
lar plant, the selection should be carried out according to the listed criteria.
Undoubtedly, technologically the most important part of the plants is the
root system, which takes up contaminants from the soil and performs the
initial stages of their transformation or accumulation within it. Therefore it
is clear that the type of roots and their depth, distribution and type, and de-
gree of ramification are extremely significant components for the success-
ful realization of any phytoremediation technology. A so-called fibrous
root system has numerous fine roots providing maximum contact with soil
due to the high surface area of the roots. The rooting depth of plants
greatly differs between individuals and species (Table 4.2).

Some plants are able to accumulate metals, but the low growth rates
typical of these plants limit the total biomass and indicate that the total
mass of accumulated metals will be low. Better extraction of toxic com-
pounds from soil may be achieved by the use of mixed plant cultures, but
at present there are very little data on their effectiveness.



173

4.1 Plants for phytoremediation

(101l

SWISIUBZI00IOIW PIJBIN0SSe Aq
QUON[0) JO UOIIEPRISIPOIq SOURYUL UBD)

(911

[IOS WOIJ QUIZU(Q 2A0WRI UB))

(1 paups 082 ) BIEITY

[s1¢
‘01S
‘Lerl

Ire woij Aep 1od soae9]
ysa1j 3y Jod auonjo) pue auozuaq
Jo 3w -1 Surqiosqe jo 9[qeded syue[d

(vorodpl vioydog) eioydog
(S1ypuario snuviplg) aueld [eIuaLI)
(sapromousiq ndpin)) edrere)
(xypg) mofqim Surdoop

(Stp3mna p3urlg) oe[r]

(ouua.aad wnijo7) sse13aky
(sisuapoupo snpndog) rerdog
(vrj0fiuridpo vaoyjaz) eAo[eZ
(voysawop snpppy) olddy

(vayvs vauvysp)) MMUsay
(vsoononf vydiowry) eydioury
(SLDSna snsp42))) A11yD
(wniap snsv.12)) A119yD
(snppp3Lwp snunid) puowy
(1324 suvpdnyf) INUTR A\
(vo1sponpo snifg) read uerseone)
(v1ovovopnasd P1UIqOY) 1SN0
(v1j0f13sn8up sSNUSVaV]T) I1ASLIAO
(24382dwind 420Y) o[de]

(ouanjo) ‘Quazuaq)
SUO0QIBIOIPAY d)BUWOTY

€

(4

I

SpPA

SO

SRS jueld

JuBUIWEIU0D dTueIQ

sjuBUIIERIUOD OMESIO Aq pajnyod SIS JO UOHIBIPAWAI ) J0J sar0ads jue[d Surstwold *[f d[qeL



4 The ecological importance of plants for contaminated environments

174

[LET [eLIdJRW PapPaIp pue
‘cel [10S pajeUTWBIUOI-)H 9IBIpawWal Ue)) (Guuztod uimijoy) sseisoky
(wn.topfigpnut winijo7) ssei3oky
(9] (uojk1ovp uopoud)) sseid epnurog
(19qIYdS P2IVUIPUNLID DINIS,]) ANISIJ [[BL,
(*ds wnijofii]) 10A01D
(-ds ysrew yso1y) v1jofioun] LSS (OHJ)
[T1€l sqysIew ut s[[Ids [10 9JBIPAWI UL (-ds ysrew ysojoriq) suaipd puirindg SU0QIEIOIP
("ds ys1ew J[es) SNUDLIAWD0.L SNOUN[ -Ay wnajoxayg
(-ds ysxew 31es) v.ropfiuiagp punipdg
[tos .
el POJRUIIIBIUOD-I0 SPTILIO 9JBIPAWAI UB)) (T DADs 05DIUPIN) CHEHY
[10s Ul HHd JO uonepel .
[Lezl -3op oueydsoziyr 9oueyu $1001 JUB[J (T sps2aes snud) Suld
(SLDSINA SNjoasPYJ) ueaq Aupry|
(sdpw va7) ozTeN
(wn.opfigpnut winijo7) ssea3oky
e woiy Kep 1od suenq ‘ouedoxd
(aa152duino 120y opdepy | (QUEINg
[80¢] meﬁ.s.mowwﬁww Momﬁw_ﬂwﬁo%w%o (1824 sumiSnp) mupep | PURYIR OuBIOW)
01-T°0 surqrosqe jo 9[q Jueld (sisuappuvo snndoy) rerdog | SPUBM[E SN03SED)
(Daafiura sy1A) QUIA
(s15U2u1s DY) €IT,
L4 € < !
(3u09) 'I'p d1qeL




175

4.1 Plants for phytoremediation

l6t1] ("1 s1snop] snda198) due))
sjoudyq

(A AQST "AD "JIRJN " Xput 2u12£]15)) UBqAOS

(o]

(A AQST] "AD "IIQIA T XDt 2u12£]10)) UBIQAOS AUIZUR(YOI)IN

[z6¢] [tos Kepo (,OpI2A, "TeA wnip10]02 WNIIUDJ) SSeIZUI[Y]

zet ur Ju9u0d Audreyydeu ISLAIIIp UL (sap1o]K1ovp 20jyong) sseid ofejyng SLIeLIJ

[9pp] auoreyydeu 3urpeid ("1 payps 08va1pa ) eIV

vy -op pue 3uiqiosqe jo 9[qeded sjue[d (19Q2IYDS D2ODUIPUNID DINISI,]) NS [[BL

(s1710048 pnojagnog) eweis anjg

(vpuadipand vnojainog) ewels syeo IpIg

(11ygnus u04£do.3y) sSeIZIeaym UISIA

SHVd 2pei3 (s1suappupd smud]g) oK1 p[im uelpeue))

et -op 1oy} sossel3 auread jo axmxIw (w814 wnowUvJ) sSei3-yoims
(Suvinu wn4jspys.1og) sseid uerpug SHVd

(snrandoos wniidyonz1yog) wsan[q NI

(1p4v.123 uosodoipuy) waysan|q 3rg

[1os ur SsHVd (wngp8.a1a wmoUp J) sseIs Yoyms

[tor] Jo uonepei3ap ouaydsoziyl soueyuyg (4070219 wny3.108) wny310S

(-ds wnijofii1) 10A01D

[88+] (-ds smpndog) rerdod puqAH

(wn.opfiypnut win1joy) sseigoky

L4 € (4 1

(u0d) 1 dqe,




4 The ecological importance of plants for contaminated environments

176

aroydsoziyz syt ur gO L,

[ese] Jo uonepeidop aowolid sajepnx? jue[d (Dauvs 05D2Ipo) BHEAY
[19] (-ds snndog) rejdod pugqAg
[¢sel I9)empunoi3 wolj gD I, 9ZI[IB[0A UB) (v1ovovopnasd PiuIqoy) 1ISNI0] Yoe[g
[S1¥] (s2d1SSDAD DIULOYYIIT ) POIMIIB AN
QUBYIQ0IO[YIeN],
1oEMpUnOI3 wox go L (wnguagnosa uoo1s.12doof) oyewio], "HDOL)
[o¢y] WIOISUET PUE QI0SQE 0] A[qE SIUE (vaov.aj0 provurds) yoeurdg QUO)R0IO[YOLL],
JSUE PUE 41089 1q¢ $1Ueld (p04Dd SNOND(T) J0LIRD PIIA
[tos 3y 1od 3w gog
: (01221011121 D]j21PUN(]) B3R USAIT QULIB]A
gal JO UORENURDUOD B 18 GO L BUIpLID (1pivyu1a.4 spuoutopSuvyy?)) e3e w3 10
-op pue 3uigiosqe jo 9[qeded L3y tpaoy! PRUPID) Bl [1os
3y 1od 3w ()9 JO UONBNUIOUOD (-ds snyjndog) poomuono)
[+92] B 1€ [108 Ul gD JO %86 SZI[eIourud ("ds snndog) uadsy SJUIA[OS
10 azijoqerou ‘ardsuen 1ey) srejdog | ‘(saprogap g x vdivsoyory smndoq) rejdod pugAy | PIYeuLIoO[ydA[oqd
(Juoumjean) 1ojem . (GOIPS 7 1AW
10)I9RD) "d DUDIISHL DIDDLOULLY) USIPRISSIOH
[¥011] -91Sem Ul pasn) sjoudyd SZIpIXo jey)
aseprxorad aanoe A3y e ym syue[q (smams snuvydvy) YSIpex M .
: : : : (wnso.1aqny wnupjog) 01e10q (7u09) sjoudyq
SWISTUBSIOOIOTW PIJBIOOSSE o DALIDS 0SPOIPI BITE
[sot] Aq Touayd jo uonepeiSop 2ouryuU UR)) (T pats P2 BTV
L4 € (4 !

(u09) 1' dqe,




177

4.1 Plants for phytoremediation

[00S sorads sseis ourelg (1ygnuas u04£do.13y) ssei3ieaym UIISIA proe 010z
‘copl : i (vivuuid uo.1£doi3y) sseigyeaym IOpuols -U13Q pajeuLIoNy)D
lhzc] skep ¢ ut [10s 3y 1od gOd Sw 001 ("] w81 wnUp]og) SPEYSIYSIU YOr 1070
vee 7O UOTRZI[RISUIW %) SUNPRLR e[ 1 ! 10S) Speysiystu 3oerg €01 1o[ed
("1 wnuysapupd wndUnJ) dn3uU01IJ
sypuowt f ut [ros | 3 g0d Suwr ¢¢-¢T (winq piaund v2apadsa) ezopadso|
[¥ST] 01 0] WOIJ S[OAQ] PASBAIOdP [WSO0I0I ("1 s13824)Ls snidyio7) eadie]q 0971 Jo[oory
-TUI [I0S UI UOTBZI[RIQUIW OUBYUD UB)) ("1 payps 08vIPaRY) IV
("Q2IYdS P2OVUIPUNID DINISD,]) ANISAJ [[BL
[ege] (s93e¥'AD T 243 na wmapiogy) Koreq
aroydsoziyl sit ur gD
[161] JO WISI[0gBIAUWIOd $22oNPUl Jey) Jue[d (pawords pysuzp) urtureads SO
BLISIORq (prouyos (‘oY) viafiwod vinjovpy) a3ueio agesQ
[691] Suipea3op-gOd JO Yimoi3 aje[nuuns (prouyos (‘oY) vosnf smppy) aiddeqerd
Jey) s9jepnxa 2onpoid jey sjue[q ("1 vagna sniopy) A1xoqnuu poy
[zerl 991 snourwn39[ [eordon y (9€9Y] "IeA DIpYda209n3] PUIPINIT) J[OBY BOY]
0L
(S1AR( "AD "IN T XDt 2u124]0) UBIqAOS aueysowoIqIqg
L] UONRZI[RISUI omm&o:mwowﬁmm mU %%o ("1 ppavi snurg) suid K[jo[qo| (1u09) JudA[OS
Hezll ‘ O} 91qt Siutld ((Quowin(q) vivaund vzapadsa) ezopadso| |  PIIEULIOYIA[OL
L4 € (4 1

(u0d) 1 dqe,




4 The ecological importance of plants for contaminated environments

178

QUOZUSQOIO[YOLY)

[ece] (sa3ey'Ad T 243 na wnap.ogy) Kojreq ‘QUAZUQQOIO[IRIUD
‘QUOZUAqOIO[YOBXIH
(Loutu puwIT) PIIMIONP UOWWO)) S
[cov] IojeM Ul SOpIOIqIoY (s1suappuvd papoyg) paampuod uerpeUR)) At 1OTUSEIO oH<
arerpawal jey syuerd onenby (uns.aawap wny)ydosn1ay) [1eyu007) yn [Y9®B[0IIN
(1051 (ds snndoq) rejdod pLqAH 1da ‘a-v'c
[1€2] ("1 sdvwt vaz) AzZIRIN SOPIWERIQIBOIO[YD)
AULLOJIUITNISNAD
PUI0]2qaF] SNSUNJ [eZIYLI0IKWO) (vsosapuod snuig) suig
[L81] -09 £q uonepei3aop 1oddns ue)
1105 UE SUIZEAE JO UOHTZI RIYOS T 140d0OIS DIYI0Y]) BIYIO uizer
[$L€] | -1oumu ouaydsoziyl aoueyque ue)) (Peayos ™1 P 120N ) B0 reny
(eurjore) 1eLrad
[19] -w] yENQ P31 x saprog1ap snndoq) refdod puqAHq
(3roquiny Sury] Mo[[ox, T PpLqLy X puup)) euue)) QuIZewts
[cLel (OpIA
(‘TP A) wmonpnb wnj{ydoridpy) 19ypesy Jo1reg SIpNSId
L4 € < 1

(u09) 1' dqe,




179

4.1 Plants for phytoremediation

[192] SOpId (,ua210) 19p
Ive -1qJoy Jo uonepei3ap ouaydsoziyl seoueyuyg -UQ, "AD SLDIINA SN]0ISVYJ) Uedq ASUpry|
(4911 s)eom (g ut [ros 3y 1od Swr g7 (SNYOS JUIT X9 IAYISI
vol 0] 00| WolJ dDJ JO UOIBZI[EIUIW SAQURYUY | WnNA044289p u04Ldo13Y) sseigieaym pajsal)
uourzer(J
ﬂm 1 .—L Awmn@hhﬁku B.:\EQN\N\Q.va poamIdle \\ aEOwﬂumﬁw&
10S pajeurwejuod- ue (v4gna vongsa,r) INJSAJ P (ddd)
[fOs pajeut HVd P q cs J Py [ousydoIo[yoeiuag
[¢8¢] -dDd UI UoneuLIo} SSewolq Y31y pue sojel (vaovuipuniv vonjsa,y) andsAJ [e],
UONBUIULIAZ YSIY YIIM SONOSJ JO IMXIW Y | (Dnosniinp “IeA pu1ao ponisa,) andsa) pieHy
[ros ur 4od Jo
[votl uonepei3ap d11ydsozIys aouryua 1001 JUB[q (inipisiio uoi8doigy) sseis Jeaym
ur uIeIn[JL Jo 9 ue Jo[yoe M\MH (ds ppnsIQ) sseizqea) HBINIEL
(8] i h.ﬁ W 39 %01 ,v ‘ TRy (ds udqi81y10) peamiousy “IO[YOR[OIN
JO 9508 “QUIZBNIE JO 956 9L “1aydsoziy (peayos T vivdods viyo0Y) eIYoO ‘ouizen
Ul uonepeI3op [BIQOIOIW OUBYUD URD) PEIIOS T 7! 1203 BIA0N Zenv
suonendod ("1 payvs v2£10)) A0TY
’ : uoInjowon|y
[ozs] [e119108q 210ydS0ZIyl JO UOIB[NWNS BIA [10S (poy psojpia v1d1A) YdJoA A1 IV —
Ul SOPIOIQIAY JO UOTJEPRISIP QOURYUD UBD) ("1 wnaofiypnu winjo7) ssei3oky u : J
(Touaydoioryoruad
I9JeM WOIJ 03 Jouaydoo[yo-4)
(811 SOpIOIqIaY soAowrar Jey) juerd Suneory v (rqq18 uwaT) paamyong sjouayd
PaIeULIO[YD
L4 € < I

"Ju0d) *I'p dqe ],




4 The ecological importance of plants for contaminated environments

180

syuerd uonunw
-we AWIe PUNoIe I9jem Pajeuriueijuod

("1 snds1.1o uozaSouwiog) paompuod Jes[A[In)
(INO®IN "boer mgnp vaayjuv.ia1afy) ssei-rers 109e g
(-1 smunoad uoja3ouwiod) paampuod o3eg

[ce -S9AISO[dXd JO UOIIBIPIWIO] .

‘1€] -Ayd 10J POpULWIIOIAT PUE IOJEM WOIJ (XUOLA Ut "UORY SISUDPDLUDS DIPO]T) PIININT M
LN 9AOWOI 01 ANTIqE 431y € g (puny 7 snutiadqo sndi1og) sSeI3-[00 A\

saroads jueld paSiowqns pue Juadiowyg (71 Smuppps $1109Y) Te[F-19MS A v

: (wmorypnbv wnjydordpy) 19yrea] 10118 INL

QUAN[OIONIULL],

(LIS se3ry (-ds ppja11) 110M3U0IS -9'%'C
'69¢ (wnpords wnpjKydoriCpy) [TOJTW T8 A\
‘cegl syuerd openby (wnoypnbp wngydorpy) 10yyes] joired
[scegl (vaon.aj0 vrovurds) yoeurds

l6L€] saroads sseid ourelq (wnmp 3414 wnoUD ) SSLI3 YOIMS saarsordxy
(stsnppd s14vy202)7 ) ysniayidg

[zec] (vagn.1 ponysa.y) andsS9Y poy uLIpyRI

ces (S15UXDID XIIDS) MO[[IM JEI[I[] ‘uupry
(s1suas1aq visdupyosa(g) sseidirey onodIy
(Pup1UIS.A1A SNO42NE)) RO A
wozeIuaq opeISap (v1voppf sna1angy) Jeo yreq-A11ey)D

[16] 01 Kyoeded Y31y  oaey syuerd 9soy ], (4811 DINI2G) YOIQ JOATY uozejuog
: : (wnyousip wnipoxv]) ssaidAd preq
(vqI x1Ipg) MOI[IA YOr[d

v € < !

(u09) 1' dqe,




181

4.1 Plants for phytoremediation

(puny 1 snuriadqo sndi1og) sseid 00\

[z ("1 snupppd sN109Yy) 3e[J-190mS Ommﬂv Suizer
‘ . -G ¢ [-onun
1€l COPIA | el o hqexopy
‘TIRA wnoypnby umpjydoripy) 19Y)edJ joired
(read (SL1s24)Ks snu1 ) duid
1od Tros N:w 1od INL J0 5) w.@ st xmw% (sa1qv cw.u.iv oonuds .\Q\Eo.z
-8 snuid 161 — $219D DadId ‘T “LOO ppnpuad ppmag) Yo
357 -dzZ snindod 'S ‘vpnpuad vjniag (9 omp pod) 1l
1o ‘g - . (L00-dz snjndod) rejdod pLqAy
e[-MH XIPS -6¢'8 "0C-MH ¥YDS 108
dn o1 o1 (0T-MH x1ps) Mo[[im PUGLH
pojeureiuod woij NI oxeidn o1 9[qe (E1-MH X17S) MO[IA PHASH
are so19ads 5oy} JO S9a1) P[O-TBA-AAL] eI-ME X 1A P
(wnuya1v 1221)) eadyomy)
Kep 1od sseworq ysaiy werd od [NT (wnanyvs wnsiy) edd .
[89¢] 3w 0z'0—S1°0 9losqe ued jey) syue[q (wmniopfiypnu wnajo) sseigeky (7109) INL
(xpwt 2u194)5)) UBAqLOS
“ds spuowiopnasq
[+9v] A WNI0sU0d e1qoson-juerd Y (snpoa4a snuoag) sseidoworg
WMHN (-ds smpndog) rejdod puqAyg
[zl (hooi0
IOpUQT, AD SUDINA SNjoaSDYJ) UBIq AQUPTY]
14 € (4 !

(u0d) ' dqe,




4 The ecological importance of plants for contaminated environments

182

(roc]

(oSuex Jury

Jue)-HjUe UL WOIJ [10S PIIRUILIRIUOD
WI0Iy) $anss1 JBI[0J Ul XA Sle[nu
-Ndok puE 9JeO0[SUEI) ‘GIOsqe 0) d[qe
syuerd do1o pue SnouaSIpUI [BLISOIIQ],

(n1puounundp snpp3p.4sy) Yo}oA Y[IW S, pPUOTWUNI(]
(sapojpydpus visnusiLy) 93es WIS
(snqqp soduporioyduidg) A119q-xe A\
(2403 wnis.L1)) SASIY) UOWWO))

("ds auowrauy) suowauy

(-ds wnu100ovA) A11aqonig

(-ds 03vp1j0g) poiuapion

($1710048 DLI2]20Y]) BLIJ[Q0Y

(S1su2yo318 SNW0.1g) sseIFowoIg

(nypnus uo4£do43y) sseIgeaym UINSIA
(vsopnisif ppipuopy) 0wWe3Iaq Pl
(ouuatad wnjoy) sseIZoky

(WnAagsav wnoyLL]) FRAYM

(vdpu po1sspag) ejoue)

(SLpSna snjoasvyg) ueaq Aupry]

(va1ps 08vo1pap) eITENV

(XINH)
QUId0ZEBIA)
SL'SET
-onIueNR)-/ ‘GE ]
-0IpAYEI0

[zl

(SLpSna snjoasvyg) ueaq Aupry]

[1¥¢]

(FENA ‘481U x saproggap smndog) rerdod prigAH

[cegl

(vaounf po1ssp.ag) pieisnul uelpup
(vaov.aj0 provuidg) yoeuldg
(wnoyvnbp wngydordpy) 10yyes] jo1red

[z€
‘1€l

("1 snds1.1o uozaSouwiog) paompuod Jes[A[In)
(INO®IN “boer mgnp vaayjuv.ia1afy) ssei-1ers 109e g
("1 smunoad uoja3owwiod) paampuod o3eg
(XUDTIA] UT "YOTY SISUIPDUDD DIPO]T) POIMINBA

(u02) XAy

14

(4

(Panunuod) *I°f SqeL,
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Table 4.2. Rooting depth of plants used in phytoremediation technologies
[151]

Plant Root depth/m
Indian mustard 0.30
Grasses 0.60-1.20
Alfalfa 1.20-1.80
Poplar trees 4.50

Effective monitoring of the phytoremediation process requires the col-
lection of extensive information, not in the least because many factors in-
fluence it apart from the plant species: availability of nutrients, daily
maximum, minimum and average temperatures, illumination level (spec-
tral characteristics and irradiance), humidity and its variation, etc. All these
parameters should ideally be monitored.

Rapid formation of a large biomass, well-developed roots, and a strong
defense system are the most important overall criteria for plants to be suc-
cessfully applied to the phytoremediation of soils contaminated with heavy
metals and organic contaminants.

Is it possible to improve the process of remediation carried out by plants
by nongenetical interference? In this regard, encouraging results have been
obtained by the application of bioactive preparations.> These preparations
typically comprise a complex of amino acids and other nutrients including
microelements, and are used for plant regeneration following damage due
to unfavorable conditions in the surrounding environment, as well as for
increasing yield, the development of above-ground biomass, promotion of
the assimilation of minerals, facilitation of their transport with the plant
sap stream, balancing metabolism, enhancing the plant defense system,
metabolic regulation, and are boosters and stress relievers. Some of their
characteristics are given in Table 4.3.

According to the authors’ recent investigations, these bioactive prepara-
tions also increase plant resistance to the action of organic contaminants
and heavy metals.

In plants exposed to TNT, benzene and 3,4-benzopyrene the addition of
Fosnutren and Humiforte enabled the maintenance of chlorophyll content
at the control level, the activation of enzymes participating in the oxidative
degradation of pollutants: monooxygenase, peroxidase, phenoloxidase; and
the activation of key metabolic enzymes: glutamine synthetase, glutamate

2 For example those from Inagrosa Industrias Agrobiologicas S.A. (Spain)
http://www.inagrosa.es/menu productos i.html.
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and malate dehydrogenases, i.e. enzymes providing plant cells with nitro-
gen-containing compounds and energy. Fosnutren and Humiforte contrib-
uted to doubling the lead accumulation in roots of maize, kidney bean and
yygrass. In shoots the effect of these bioactive preparations on heavy metal
accumulation was not noticeable.

Table 4.3. Characteristics of some commercially available bioactive
preparations

Shelf life of | Dosage of Mean total

product application quantity
Product sealed in (Min- used per Effect and conse-
bottle/ Max)/ growth cycle/ quences
years L ha' Lha'
Increase in yield
. (20-30%).
Aminol- 4 0.75-1.50 34 Reduction in pesti-
forte . o
cides and fertilizers
needed (20-25%)
Increase in yield
(25-30%).
Fosnutren 6 0.75-1.50 3 Reduction of pesti-

cides and fertilizers
needed (20-25%)
Increase in carbo-
hydrates, oils and
protein content
Kadostim 5 0.75-1.50 3 (30%).

Reduction in pesti-
cides and fertilizers
needed (20-25%)
Increase in yield in
horticulture (up to
50%), elimination
of stress

Humiforte 6 1.00-2.00 5

Not all aspects of the action of bioactive preparations on the phytoreme-
diation processes on differently polluted sites have been investigated yet,
but it can be already stated that the preparations typically have a definitely
positive effect on plant metabolic activity and promote increased resistance
against the action of toxic compounds.
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4.2 Phytoremediation technologies

Phytoremediation is a concept constructed from an emerging set of natural
technologies to support clean-up strategies. This term is relatively new
[397] and means plant-based action (phyto — plant, remediation — to re-
cover). According to the most modern understanding of phytoremediation
technologies, microorganisms also participate as important auxiliaries.
Phytoremediation has received special attention in the last decade as an in-
novative, cost-effective and alternative combination of technological ap-
proaches. The main objective of scientists, agronomists, and engineers
dealing with phytoremediation is to exploit by the most rational way pos-
sible the potential of this natural process. From the technological point of
view phytoremediation is the use of vegetation to decontaminate soils and
water from heavy metals and toxic organics. Very often, phytoremediation
assumes the joint action of both plants and microorganisms.

The most effective technologies based on phytoremediation principles
are targeted towards the gradual elimination from the soil of shallow con-
tamination by organics, radionuclides and heavy metals. It is also impor-
tant to underline that these in situ technologies do not damage soil struc-
ture and just slightly change soil microbial consortia, even when
microorganisms of any taxonomic group (or groups) are introduced into
the soil. When comparing the actions of plants and microorganisms on soil
it should be noted that in the majority of cases their joint action directed
towards xenobiotic degradation exceeds the arithmetical sum of the activ-
ity of each individually. At the same time some similarity exists between
plants and microorganisms in assimilation of contaminants. After penetra-
tion into the cells of both types of organisms contaminants mainly undergo
oxidative transformations. Microorganisms, due to their fast growing abil-
ity, much more easily regulated adaptation, fast inductive processes and
their wide spectrum of enzymes participating in the degradation of organic
xenobiotics, are much more active detoxifiers when expressing their activ-
ity per unit of dry biomass. A different situation is evident in the case of
uptake of inorganics. Microorganisms are often able to accumulate high
concentrations of heavy metals. After lysis (degradation) of the microbial
cells their content, in spite of the metals, valency change, again becomes a
constituent of the soil and hence no remediation takes place. Plants are also
able to accumulate high amounts of heavy metals in their roots and subse-
quently transport them to organs above the ground, eliminating in this way
contaminants from the soil.
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