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Remediating soils contaminated with heavy metals due to urbanization and industrialization is very
important not only for human health but also for ecosystem sustainability. Of the available remediation
technologies for heavy metal-contaminated soils, phytoremediation is a relatively low-cost environment-
friendly technology which preserves biodiversity and soil fertility. The application of plant growth-promot-
ing bacteria (PGPB) during the phytoremediation of heavy metal-contaminated soils can enhance plant
growth against heavy metal toxicity and increase heavy metal removal efficiency. In this study, the sources
of heavy metals that have adverse effects on microorganisms, plants, and humans, and the plant growth-
promoting traits of PGPB are addressed and the research trends of PGPB-assisted phytoremediation over
the last 10 years are summarized. In addition, the effects of environmental factors and PGPB inoculation
methods on the performance of PGPB-assisted phytoremediation are discussed. For the innovation of
PGPB-assisted phytoremediation, it is necessary to understand the behavior of PGPB and the interactions
among plant, PGPB, and indigenous microorganisms in the field.
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Fig. 1. Major sources of heavy metals contamination [19].
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Fig. 2. Effects of heavy metals and reactive oxygen species on cells [22].
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Fig. 3. Effects of heavy metals and reactive oxygen species on microorganism, plant and human [23, 24].
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Table 1. Speciation, chemistry, toxicity and sources of heavy metals [1, 15, 16, 26-28].

SAcHz4). 412 53
2, AR A

Concentration in
Dominant/ soil (mg/kg)

reactive forms in soil

Heavy  Oxidation
metal state

range level

Detected  Toxic

Toxicity to plants

Toxicity to humans

Major sources

-3,0, +3, -Aerobiccondition: As(V)is 0.1-102
+5 dominant (e.q.)
arsenate (AsO)*

- Reducing condition: As(lll)
is dominant (e.g.) arsenite
(AsO3)*

- High pH: Hydroxide
(Cd(OH),), carbonate
(CdCO3)

- Low pH (<8): Cd?*,
aqueous sulfate species

Arsenic 20

(As)

Cadmium 0.01-7

(Ca)

0,+2

Chromium 75-1000

@)

0,+3,
+6

- Cr(VI): dominant and toxic 5-1000
form (e.g.) chromate
(CrO4%), dichromate
(Cr,07) at shallow
aquifers

- Cr(Il): dominant form at
low pH (<4)

0,+1,
+2

- Cu(ll): the most toxic 2-100 60-125
species (e.g.), Cu(OH)*,
Cuy(OH), 2
- Aerobic alkaline condi-
tion: CuCOs is dominant
soluble species
- Anaerobic condition:

CuS(s) will form with sulfur

- Pb(ll): dominant and
reactive form

- Complexation with inor-
ganic (Cl, CO5%, SO,
PO,*) and organic
ligands (humic and fulvic
acids, EDTA, amino acids)

Mercury 0, +1,+2 - Alkylated form (methyl/
(Ho) ethyl mercury) depend-
ing on the pH
- Oxidizing condition: Hg?*
and Hg,**

Copper
(Cu)

Lead
(Pb)

0,+2 2-200 100-400

0.02-02 0.3-5

Zinc (Zn) 0,+2 - High pH: Zn is bioavail- 10-300 70-400
able

- pH 7.0-7.5: Zn(OH),

- Reducing condition: Co-
precipitate with hydrous

oxides of Fe and Mg

Reduction of plant
growth, Increase of lipid
peroxidation, Decrease
of amino acids and Fe
concentrations, Inhibi-
tion of seed germination

Leaf chlorosis, Reduction
of plant growth, Mem-
brane degradation due
to the production of
reactive oxygen species,
Inhibition of photosyn-
thetic pigments

Inhibition of seed germi-
nation, Reduction of plant
growth, Deleterious
effects on photosynthesis,
water relations, and min-
eral nutrition, Increase of
transpiration rate

Induction of Fe deficiency,
Reduction of plant
growth, Increase of elec-
trolyte leakage and per-
oxidase activity of shoot
tissues, Decrease of chlo-
rophyll content, Increase
of lipid peroxidation

Inhibition of seed germi-
nation, Reduction of

plant growth, Reduction
in chlorophyll, carotenoid
contents, photosynthetic
rate and CO, assimilation

Disturbance of cellular
structure and metabo-
lism, Reduction of plant
growth and leaf pigment
contents, Reduction in
photosynthesis and chlo-
rophyll synthesis

Reduction of photosyn-
thetic rate, Stomatal con-
ductance, Leaf bronzing,
Plant mortality, Chlorosis,
Necrosis of mature
leaves, Induction of Fe
deficiency

Skin manifestation, can-
cers, vascular and dermal
disease, gastrointestinal
problem, respiratory dam-
age

Degenerative bone dis-
ease, kidney damage,
renal disorder, human car-
cinogens

DNA damage, carcino-
gens, allergy reaction,
irritant dermatitis, gastro-
intestinal hemorrhage

Liver damage, Wilson
disease, insomnia

Damage to fetal brain,
Kidney problem, affects
the nervous system

Blindness and deafness,
brain damage, digestive
problems, kidney dam-
age, lack of coordination,
mental retardation

Depression, lethargy,
increased thirst

Timber treatment, paints,
pesticides, geothermal/
geogenic/natural pro-
cesses, smelting operations,
thermal power plants, fuel
burning

Electroplating, batteries,
fertilizers, Zn smelting,
waste batteries, e-waste,
paint sludge, incinerations &
fuel combustion

Electroplating, alloy prod-
ucts, aircrafts, industrial
coolants, electronics, leather
tanning, dyes, pesticides

Fungicides, electrical, paints,
pigments, timber treatment,
fertilizers, mine tailings, elec-
troplating, smelting opera-
tions

Batteries, metal products,
preservatives, petrol addi-
tives, paints, e-waste, Smelt-
ing operations, coal-based
thermal power plants,
ceramics, bangle industry

Instruments, fumigants,
geothermal, thermal power
plants, fluorescent lamps,
hospital waste, electrical
appliances

Dyes, paints, timber
treatment, fertilizers, mine
tailings, smelting, electro-
plating
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Fig. 4. Phytoremediation technology of heavy metal-contaminated soil [34].
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Table 2. Overall benefic mechanisms of plant-growing promoting bacteria on plants.

Mechanisms

Effects on plants and heavy metal dynamics Representative microorganisms and References

Improvement of
uptake of nutrients

Solubilization of
insoluble phosphate

Production of
organic acid

Production of ACC
(1-aminocyclopro-
pane-1-carboxylate)
deaminase

Production of
phytohormones

Production of
siderophores

Production of biosur- - Increase of heavy metals tolerance and metal

factants and
exopolymers

Decreased of heavy
metals uptake by
plants

Change of heavy
metals speciation
Induced production
of antioxidant
enzymes by plant

- Enhancement of the availability of macronutrients
(N, P, K)

- Increase of the availability of micronutrients
(Fe, Mn, Zn, Si)

- Symbiotic N, fixing: Rhizobilium sp., Bradyrhizobium sp.
[38]

- Free living N, fixing: Azosporillum sp., Pseudomonas putida,
P. fluorescencs [39]

- Increase of P uptake: Bacillus amyloliquefaciens, B. pumilus
[40]

- K-solubilzation: Mesorhizobium sp., Paenibacillus sp.,
Arthrobacter sp. [41]

- Zn-solubilzation: Bacillus sp., B. aryabhattai, B. subtilis [42];
Pseudomonas aeruginosa, Ralstonia pickettii,
Burkholderia cepacia, Klebsiella pneumonia [43]

- Si-solublization: Burkholderia eburnean [44]

- Enhancement of P availability to plants - Pseudomonas putida, P. fluorescencs [38]

- Immobilization of heavy metals by the formation of - Bacillus sp. [45]; B. thuringiensis [46]
insoluble metal phosphates - Rahnella sp. [47]

- Reduction of heavy metal uptake and translocation - Burkholderia sp. [48]

- Provided benefits in acquisition of nutrients - Pseudomonas sp. [50]

- Formation of complexes with heavy metals - Paenibacillus macerans [51]

- Provided tolerance to toxic metals due to formation of - Bacillus endophyticus, B. pumilus [51]
metal-oxalate crystals

- Decrease of stress-induced ethylene production
- Promoted root growth
- Increase of uptake of nutrients

- Microbispora sp., Streptomyces sp. [56]

- Variovorax paradoxus [57]

- Mesorhizobium loti, Bradyrhizobium japonicum,
Rhizobium sp. [58]

- 1AA (Indole-3-acetic acid) production: Microbispora sp.,
Streptomyces sp. [56]; Pseudomonas alcaligenes, Bacillus
polymyxa, Mycobacterium phlei [59]

- Stimulated antioxidant enzymes - Gibberellic acid production: Burkholdera cepacia, Promicro-

- Increased the availability of nutrients monospora sp., Acinetobacter calcoaceticus, P. putida [60, 61]

- Decreased the availability of heavy metals by chelat- - Cytokines production: Bacillus subtilis [62]
ing agents present in root exudates (bacterial IAA-
mediated increase of root exudates)

- Alleviated the metal induced-stress
- Promoted absorption of nutrients and metals by
proliferating plant roots

- Provided nutrients particularly Fe to metal-stressed
plants

- Improvement of plant growth

- Reduction of heavy metal uptake

- Fe providing: Chryseobacterium sp. [64]
- Improvement of Fe uptake: Micrococcus yunnanensis,
Stenotrophomonas chelatiphaga [65]

- Exopolysaccharides production: P. putida [66];
Pseudomonas sp., Acinetobacter sp. [67]);
B. amyloliquefaciens, B. insolitus, Microbacterium sp.,
P. syringae [68]; Cupriavidus taiwanensis [69]

- Surfactants production: B. subtilis, Torulopsis bombicola
[70]; P. aeruginosa [71, 72]; Rhodococcus erythropolis [73]

removal efficiency
-Bound preferentially toxic metals

- Conversion of bioavailable heavy metals into inert
species

- Change of the speciation of heavy metals from bio-
available forms to non-bioavailable ones

- Biosorption, bioaccumulation and sequestration of
heavy metals

- Immobilization of heavy metals: Ralstonia eutropha [74]
- Biosorption of heavy metals: Bacillus sp. [75]
- Sequestration of heavy metals: Bacillus cereus [76]

- Reduction of heavy metals toxicity - Reduction of Cr%" to Cr**: P. aeruginosa [77]

- Enhancement of tolerance to environmental stress - Enterobacter sp. [78]
- Bacillus sp. [79]
- B. thuringiensis [80]

- P. aeruginosa [81]
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ATH65].
A Z Qo 7ol AUBLAE itste Al &
2 S50 U A2 WS ST F55 AA
& PIANE 5 UTHA49, 55]. tHFRE ABAtst= PGPB
2 Pseudomonas, Acinetobacter, Bacillus, Microbacterium,
P. syringae ¥ Cupriavidus 5°| 1TH66-69]. E3F, AHE
A A S AAFS= PGPBZ = B. subtilis, Torulopsis bombicola,
P. aeruginosa ¥ Rhodococcus erythropolis 5©°] E 1% 31
1TH70-73].

PGPB ol 4 423402 o g3 & 9t FI45
84 tE 2 AETH R o] BV 55
2 S AY, A AZ #H
2-Fote] A& 93t a4 &
[49, 55]. o] &3t 7]5& 7}4 PGPBZ Ralstonia eutropha,
Bacillus sp. @ B. cereus 0] R %1 QJth[74-76]. E3, P.
aeruginosa 528 Ad-& E40] Zet Cr'* & Cr¥'2 33t
o RE5 A2 4 ATHIT). 4L AT BLE ol g9}
o F340) tal WAS A HAY, FBEEHE B
3 A1 4= 91th[49, 55]. Enterobacter sp., Bacillus sp., B.
thuringiensis & P. aeruginosa 52 F54& 29 EYA
Ao ofg WAsh B4 QAL FEdt] HEYLED 2
e 7HAIAL YUATH[78-81].

=
T
1

32 o 4 o

L g |o o

Chal =24 @ A E 2| phytoremediation0f| A{
PGPB & Alg|

FE4 2F ES ABE A8 AES ]8T A E
%o PGPBES 243 AE § 22 1087 A" A7
< Table 3-6°] A 2stgich FAAH L= 4= wintry o
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O] Abgho] H|&E S HH HHA L} A4 FOog Q3 HA
549 GFE B = AR A doHs2]. £3, &
H, WA R, GF A, g A", AR, S5 SollA= H
2 2 gol FdsHA TAFET Yohe2]. FAdA+LF
(International Agency of Research on Cancer, IARC), =
A EA7)F(World Health Organization, WHO) & =)= 3}
7% (Environmental Protection Agency, EPA) 5= H|&E
A EAE EF5H UTh83].

H28 0 HH EYY AE4A3 o] PGPBY &8 &
5 AFe AIE Table 39 B2l stqlt. LA (Preris
vittata L.y= 2] H4E222 584 v23RHES &3fsty
H 25 AERAY | 8T 4= = tEF2 AEolth84].
A A3tES FAHY 4 e siderophoreE J4Hd
9l+= PGPB (Pseudomonas sp., Comamonas sp. %
Stenotrophomonas sp.)= AN 0| FEsH AL AAo]
F7tE 2 B3 A& FEe aE 22 = AAUTHB4]L
|2 U (Populus deltoids), 7t (Brassica juncea L.), Holg]
Z(Cicer arietinum L.) ¥ =5 (Vigna Radiata)?l PGPR&
WEolel 418 AT vl 45 80 PAH ATEE B
1E 3 9JtH85-89]. WO Bacillus flexus, Kocuria flava,
Bacillus vietnamensis, Pseudomonas mosselit & Bacillus
thuringiensis 53} Z2 PGPBE HZ3stH v AYAo] gAF
Hi, EGOREE v F5TFE F7HSHATH0-92].
PGPB= A &9 A AEx4 AHEY B2 S5 F
AN B oopz, AEe] Y3t Hla T A ATE FAAI
2 & AATH93].

Yang et al. (2020)2 H|4& @G B TR oA H|A T=
A A1 E0l WAL (Pteris vittata 1.)2] BlA AHsta Lo 1%
= ZAAH2 Pseudomonas vancouverensis®] &8 a1
ZAFSETHO4]. A = AsIDEtHe As(V)E &3 2
2 2ZT 4 9=, P. vancouverensis= As(II)S As(V)
2 AbSleto 24 1At o o3t HlA FRES T
ATk &, o] FFE HFT 2N A Y 279 F
HE vagE o] 35 YIS F& 224 Azt 1
Ao 220 ZAE BlAagHET YTh E3, o] 23t v
A A3} a8 Z7}1o| v|A & P. vancouverensis® AE gyt
£ 35 oA HFH o2 HHEG L, LA 2E
EgoA HlA 4tsto] $ofdh= &4l arsenite oxidase
(aioA-like) SARE AZH YT},

HEBS SAAGL YA B 2o 0 B2
2(05], B3] HE RO od® AN AT 2}
o8 AHSHE AZHIIIA AEE FE BAS oG
t}H96]. Prapagdee et al. (2013)2 £5<& 23 AEZ
A 38t 7] (Helianthus annuus)e] A1 7l12F &4 &
£ "X = Micrococcus sp. MU1 and Klebsiella sp.

ma Ap

mg —l>‘
M 30 flo |o
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Table 3. Plant-growing promoting bacteria (PGPB)-assisted phytoremediation of As-contaminated soils.

Heavy metal Plant growth-
conc. PGPB . . Plant Effect of PGPB References
promoting trait

(mg/kg)

44-46.3 Pseudomonas sp., - Siderophore Pteris vittata L. - Increase of plant growth [84]
Comamonas sp., - Enhancement of phytoremedition perfor-
Stenotrophomonas sp. mance

300  Agrobacterium radiobacter -1AA Populus deltoids - Promotion of phytoremediation performance  [85]
- Siderophore

10 Staphylococcus arlettae -1AA Brassica juncea L. - Increase of biomass, carotenoid, chlorophyll [86]
- Siderophore and protein content

- ACC deaminase

10 Acinetobacter sp. -1AA
- Siderophore
- P solubilization
- ACC deaminase

Cicer arietinum L.

- Increase of As accumulation in the root

- Enhancement of plant growth [87]
- Decrease of As toxicity

100  Exiguobacterium sp. -1AA Vigna Radiata - Increase of As uptake [88, 89]
- P solubilization - Increase of shoot and root biomass
-EPS
18 Bacillus flexus ASO-6 - 1AA Oryza sativa L. - Increase of plant growth [90]
- Siderophore
- P solubilization
- ACC deaminase
10 Kocuria flava AB402, Bacillus - 1AA Oryza sativa L. - Promotion of plant growth [91]
vietnamensis AB403 - Siderophore
- EPS
41,138 Pseudomonas mosselii, -1AA Oryza sativa L. - Promotion of plant growth [92]
Bacillus thuringiensis - Siderophore - Increase of As uptake
- P solubilization
- ACC deaminase
13 Stenotrophomonas maltophil- - As tolerance Arundo donaxL. - Enhancement of As volatilization [93]
ias, Agrobacterium sp.
1 Pseudomonas vancouverensis - As mobilization by  Pteris vittata - Increase of plant biomass, and [94]

m318 the oxidation of

As(lll) to As(V)

As accumulation in plant

IAA, Indole-3-acetic acid; EPS, exopolysaccharide; ACC deaminase, 1-aminocyclopropane-1-carboxylate deaminase.

BAM19] AZ axE H7}5t4th97). MU1Y BAM1 #+3F

= [AAS BASERL 7hEgol WS 7 PGPBOlt. o] 5
278 AFSA e 2ol w3, o5 27 W5l
=R 0 EopelA ] sutelr] Ml AL 21-68%
FAERL, e} oMY StER £ F=7 138 F
7FsFATH9T).

TAA®} siderophore2 AJ4Hstl ACC deaminase &4
7}A Bradyrhizobium sp.& B} AlE<Q FHELolium
aliforum LA $9 431, AH=82] pe) 2230] 5
At acHos. FERS HEAT & 9t 255 u 23}
A 5 (Amaranthus hypochondriacus, A. Mangostanus)oﬂ
hegel Yaol AT HEEE §5H T 4 ow A%
Z23 Yol A H4st= PGPBY Rahnella sp. JN27TE& HJF
g A1, AE AR StEE F54Fol 7 TH99).

Rahnella sp. IN27-2 Q) 29 (A. hypochondriacus) o
HESY Rz AYol|A HF o= S FAT] &2
= o], o] Ato]of| symbiont #A FAJo| Ft=F H3 &
Fel 71 Ao HITh99].

Wi A& 77| & (Panicum virgatum L.)o] PGPB
(Pantoea vagans, Pseudomonas grimontii, P. veronii, P.
fluorescens)s &t A3, /713 BAFL 7tE=w &
3ol S7hoHe IHE P 4 AATHL00. $2tete}
oA @ol AAstL Y& A E(Orychophragmus
violaceusys QO 2, 7t1EF LG EGA LHEY A%
3 7l=8 Foe] 9RE vlAE o2l F9 PGP 1% &

A3t tH101). 1 A3}, Bacillus megaterium
= JE B FHE dx2 2ol vl 24 E ok A4
FE7t 242F 2,294 ¢} 2.868) 5715k,
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£2 o188 A= Y34 A HHe

SFp(Zea mays L)'= T84 ATE H8l wol €845
I Yl AEot 7tEE 29 E¥(30-80 mg/kg)ol 42
L2440 PGPB (Ralstonia eutropha, Chryseobacterium
humi, Klebsiella sp. CIK-518, Enterobacter sp. CIK-521R)E
WSl S4o] AR R Favo] BE FHER
T}74, 102, 103]. IAA 2 siderophore AJ4F5, ACC deaminase
A4 9 A23AHSES A Enterobacter aerogenes MCC
3092& H(Oryza sativa L.) BE0 AE3 auts 243 2
I}, o d o] o3t AEY AEH AT Fasta W B

I S50 Aaste] BE 9 Aol FAAE UTH104].
IAA, siderophore @ EPSAAM:, QALY 71831 &4 9
ACC deaminase 4 5 thget A EHGEZ 583 Ad
Paenibacillus sp. ISTP10& &3} Gossypium hirsutum L.)
o BE5 B A22) chrolophyll B0l Z7kstel A
& Aol FdE ATH105].

AFE OFE AT FFANA AHEEHE FEEL
2, At 67k Cr(VD= W5 S50t 1AA%
siderophoreE AYA+& 4= Ql+= Bacillus sp. PSB 10= 3&
2 EoFo A Wole]Z(Cicer arietinum L.)&] AL Z7
N7 B BNTE FHAD + AAHI06. HE AFE 5

-

Table 4. Plant-growing promoting bacteria (PGPB)-assisted phytoremediation of Cd-contaminated soils.

Heavy
metal PGPB Plant growth-promoting Plant Effect of PGPB Ref.
conc. trait
(mg/kg)
65.2  Micrococcus sp. MUOT, - 1AA Helianthus annus - Enhancement of root growth and [97]
Klebsiella sp. BAM1 - ACC deaminase Cd accumulation in root and leaf
20  Bradyrhizobium sp. -1AA Lolium multiflorum L. - Increase of Cd accumulation in root  [98]
- Siderophore
- ACC deaminase
25  Rahnella sp. -1AA Amaranthus - Enhancement of growth and Cd [99]
- Siderophore hypochondriacus, uptake
- P solubilization A. Mangostanus
- ACC deaminase
35  Pseudomonas grimontii, Pantoea - 1AA Panicum virgatum L. - Increase of biomass and Cd [100]
vagans, Pseudomonas veronii, - Siderophore uptake
Pseudomonas fluorescens - P solubilization
100  Bacillus megaterium - Cd tolerance Orychophragmus - Enhancement of Cd accumulationin  [101]
- Root enlongation violaceus root and shoot
30 Ralstonia eutropha, Chryseobacte- - IAA Zea mays L. - Enhancement of plant growth and  [74]
rium humi -HCN Cd accumulation in root
- Siderophore
- ACC deaminase
80 Klebsiella sp. CIK-518, Enterobacter - P solubilization Zea mays L. - Increase of Cd uptake [102]
sp. CIK-521R - EPS
-Auxin
500 Pseudomonas putida - 1AA Eruca sativa - Increase of root and shoot length,  [103]
(ATCC 39213) - Siderophore plant dry weight and chlorophyll
- ACC deaminase contents

3 mg/l Enterobacter aerogenes MCC 3092 - 1AA
- Siderophore
- ACC deaminase
- N, fixation

60  Paenibacillus sp. ISTP10 -1AA
- Siderophore
- P solubilization
- ACC deaminase
- EPS
-HCN

Oryza sativa L.

Gossypium hirsutum L.

- Reduction of oxidative stress, stress  [104]
ethylene and Cd uptake in rice
seedlings

- Increase of rice seedling growth

- Increase of chlorophyll contents, [105]
plant height and root length

- Increase of plant fresh and dry
weight

IAA, Indole-3-acetic acid; EPS, exopolysaccharide; ACC deaminase, 1-aminocyclopropane-1-carboxylate deaminase.

http://dx.doi.org/10.48022/mbl.2008.08015



213} phytohormone$l TAA AAHs2 7} Paenibacillus
lentimorbus= EPSE AJAtsto] AET(biofilm)S & A 5}o]
200 mg-Cr/L9] 5= A Fo| tfs WS 7HAA €
[107]. AE&2 2 2F9% B A Hola|F(Cicer arietinum
L)oll o] Alet& HEsHH, o] At HioledE2 A7 =
HOe2RH AE 25 Host Hogog ZAgsta 3
SHOE AFo] AE 24 YHE F3EHE A ALAE
4= 91t}H107]. ACC deaminase &4 9 AT L0] =
Bacillus cereus 8 (Triticum aestivum L.) ZEA}9] Wrol&
< FHNE F YsTH08].

a0l DHEZ UpHE AEIAASE A 09d &
FoAA &S5 (Zea mays)d BF% A7 F5FS FEAE
= e 5 298t 4% 2™, Agrobacterium
tumefaciens® EAREJTH109]. °o]& #F9 FHZo| & =&
o AL 2.3-49 F7FEIAL, A7 FHE T-14H F
7}ttt E3F, Microbacterium sp.2+ Agrobacterium
fabrum = 3F 2 E 2ANA S AFES FEA
2 & A=, ©ol§ ¥ siderophore JAbs, A4 7F
43} &4, 242335, ACC deaminase 84 59| 4 &4
FE7 EAS 7 dZol ElEgih110, 111].

Magbool et al. (2015y= E40] Zgt Cr(VDE SA0] ¥
2 Cr(IDE Y 4= Y= Brucella sp. K122 &4 &
5to], of23} thd Ay =2l @ I 2 (Hibiscus esculentus L.)o]|
AEs a2 2ABFATH112). K12 d58 n]dEs gz
ol B3, K12eF JFe 2AA 23z A4E =
of, o], A& g MAT g F&Fo] 242 77.5%,
72.6%, 1.48) 121 298 FUtet AT 3 E% F A E
SEX A 69.6% s

T, g S22 oo R edd EFY AEAARUR A
PGPB &-§ A& Table 49 AFejatgitt. 2 & ES
o AEAAER EAS 7IH Microbacterium sp.& 44
o HFste] AE Y I aRE €5 5 UATH110]
PGPB2l Paenibacillus mucilaginosus®} F+2 o WAL 7}
2 rhizobium?l Sinorhizobium meliloti= £33 AYE3|
A ZAgolE EZAQl S,S-ethylenediaminedisuccinic acid
(EDDS)E H7Iet 27 A &ututof o7t 2] A|A &
< 7P E9kth113]. EDDSRE A7kt 2704 Yututof o]
3t #& AA &80 v]dl, EDDS #71et A9 o]& &5
£ AL 9 2 AARZE] 1.28) =34t} EDDSRE 3
7¥etd dutnt ZHY nBELY tFdol RorF A, o]
= w75 AT 2 v E 24 dol ks &
T FEE

AE A FA 53| A& Azotobactor chroococum$}
Rhizobium leguminosarum w35 FAo &3t A7}
Ztzto| #3uts HE Aol HF &4 (Zea mays L)
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AR S 2AY 99 S| 24 F7HsETH114].
E31 W 99 EF300-900 meke)oll A s kel (Helianthus
annus var Hisun-33)°] 3% 2] PGPB (Pseudomonas gessardii
BLP141, P. fluorescens A506, P. fluorescens LMG 2189)
2 BT 23, 2559 PR antioxidany T4 2
bk Aol A ACH1I5]

ofdo s eHHE EFoA SUHEY thad &S vEEH|
S (Sedum alfredii)®] 743 oA Faa FAAZI7] 9
3 AE Z3A YHo| AAst= PGPBC Pseudomonas
veronti-Z EHH ot 2 44R A Fo] 42 80-525%
4 11-47% F7Feteh. £33, Faje A4dE S84 ofd
=TT ZF7F 44%9}F 39% 27} tH116]. o} o EoF
oA 9] Y(Triticum aestivum 1.)2] X732 TAAS} siderophore
MA=3t ACC deaminase AL 7} Pseudomonas
aeruginosa JEol &3l FFEUATHB1). Ax} A= 7
(Brassica juncea)ys 83t & ¥ E A3 AA A
Rhizobium leguminozarum< qZ3t4H A& AR 7t =
A otd o FAFE F7FstATH117]. £ thE PGPBY
Pseudomonas brassicacearumWS A E3tH 79 AR =
A ayr7t #FAE A Ak or, P obrassicacearum® R.
leguminozarumg FA° HEsHH AEAFEZ1T} ot 4
3 2 P Ay EEHUY PGPB 3& o R o what
AEAY S3€ otdsEY FEH= Zol7t Asith. PGPB
7} Q= 2AHNAE Ft 22 o}HL oxalate 2 sulfate
d FHZE FHEN oY, PGPB FEA] F/40] A2 ofd 2
golE FH= 7t 22 R FAH . &, PGPB= o
A A olE 3RHE FAel 713 AL g F7HE

A T84 Ld B2 o TRY S50 E¢E A
2 oasol gone, 25 oAt BU 334 29 £Y
= ez AEdEAHY o] PGPB &< gt A4+
A& Table 59 st fith v &0t 202 0HH &
koA Zt(Brassica juncea)® 3to|EZRH (Lupinus albus)®)
AA-E Gordonia 5+ Bl X3 o2 F9 PGPB HF° 9
3 A= ATH118]. BT (Lathyrus sativus)E ©]-43}]
ASEH FOR 9QH =oFS H34T] ol Rhizobium
leguminosarum, Pseudomonas fluorescens, Luteibacter
sp. ¥ Variovorax sp.2 AT AL HE atE g
7het G oH119]. 2L 2AIE F3 )0l vlsl, PGPB A
£Ag BE g3 SR do A EEE A7 61%%
16% 2745 B8, AT Bel A2FYT 2T )
7h k2t 2209k 81% Z7Fskn
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Table 5. Plant-growing promoting bacteria (PGPB)-assisted phytoremediation of Cr-contaminated soils.

Heavy
metal PGPB Plant growth- Plant Effect of PGPB Ref
conc. promoting trait
(mg/kg)
67.5 Bacillus sp.PSB10  -1AA Cicer arietinum L. - Increase of nodulation and seed yield [106]
- Siderophore - Enhancement of plant growth
136  Paenibacillus - EPS Cicer arietinum L. - Bacterial biofilm on plant root acts as a shield in  [107]
lentimorbus preventing the direct access of toxic Cr to plant
tissues, thus reducing its uptake in plants
6 Agrobacterium N.D. Zea mays - Enhancement of growth and Cr uptake [109]
tumefaciens
35  Microbacterium sp. - Siderophore Zea mays - Enhancement of plant growth and yields [110]
- P solubilization
- N, fixation
- Production of plant
growth regulators
3046 Brucella sp. K12 - Cr(VI) reduction Hibiscus esculentus L. - Increased of plant height, root length, fruit [112]

100  Bacillus cereus - ACC deaminase

- N, fixation
50, 100 Agrobacterium -1AA Zea mays
fabrum - Siderophore

- P solubilization
- K solubilization
- ACC deaminase

Triticum aestivum L.

weight and number of fruits per plant
- Decrease of Cr concentration in soil

- Increase of seed germination and yield [108]

- Improvement of plant growth [111]
- Improvement of N, P and K uptake

1AA, Indole-3-acetic acid; EPS, exopolysaccharide; ACC deaminase, 1-aminocyclopropane-1-carboxylate deaminase; N.D., not determined.

EUET A EQ AlE(Sedum plumbizincicola)Z ©]-83}
o 7l B3 ojd o2 o HE EOF A3 G482 Bacillus
pumilus E252, Bacillus sp. E1529] £ 0 2 A E ¢l th
[75]. &3], Bacillus pumilus E282 5 £ 93] ¥
o F ARSFL 247 146% 2 32% F7HE o E3 7}
ZEY ofd Ed o9 AANA TR (Helianthus
tuberosus)®] WAL Pseudomonas sp. 228, Serratia sp.
246 ¥ Pseudomonas sp. 2622 & ZZA A A= SiTh
[120].

Siderophore, AHEAA U AL} 972 YA3F 4=
Q= Pseudomonas sp. LK9= 71=8, 78] 9 ofd B3 @
& 2704 7tatg(Solanum nigrum)ol| &3t ol & Fa4
o ol F7HE e afE AT B0 £33, 7HER, H,
ofd B 24 EFIA TZHE(Salix Caprea), 57
(Brassica napus) D 8IS 3 (Polygonum pubescens)®] 2§
i Fa5 J3 a& Pl PGPB FF axprt HaES)
t}[47, 121, 122].

ZIEE, 72, A 4 ofd 4F 5F 55 2 F EYl
A M AR (Sinapis alba L)Y A 7I1ER S4FS

http://dx.doi.org/10.48022/mbl.2008.08015

Brevibacterium casei MH8a2] FFo 93] FAME it
[123]. IAAS} EPS A 4t50] 913 ACC deaminase 4] 9|
7}A Bacillus gibsonii PM11 X Bacillus xiamenensis
PMl4+= 7t EF, 79, 28 9 o}d 4% 5} 555 24
B A olut(Linum usitatissimum L.)&] AL Z2AAZA
4 QA th124]. Burkholderia sp. D54= 7128, 8], &
9 ol 4% B3l 4 909 EoFo|A A EE| U (Spirulina
Platensis) 9 W WE8])E(Sedum alfredii Hance)®] A<
38t Fa4& F4FE TV 4 ATH125, 126].

Phytoremediation0i|A| PGPB &2 $t7| ! 3|

YA A2 AFe SAsH] Al AR e &
ghaolm A 7Hg A5H Wi o] 33t = 9 ARg-o|tH[15].
ek, 545 £F EGY ASdEdA A A%
= FA317] AdiA = setul g ARgshe Aol A=A 9
[HOoZ AT 5 oy, setu|E AMgoR QR 23t
AEA B Uz 4= AF F3o] F5 AA &
fo2 Ay 4254 ¥ A= TF 7 W,

o b r|r
Oﬁ O1:|: 1
o

ok
o>
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T
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FASINE 4B AT 34 AA B P AN 2
AT & AEAE e 2o RS 2ol YA A%
sok Sheh. AR, PGPBE 448 534 09 £ A7)
ABE SHAAL AR BFEY A9 AW 2ASHE A

of Bastth 0@ 334 55 L FE EHS UEVE
% 87 B4 % B A9 |F 22 Fo JRE S
oh B4, @4 2Ac| A3 ABEH PGPBS At
159 £ 240 A4 T S $Hd02 s
B, A 4B BE /1 2 B4 249 H¥I PGPB

£ Mgt o2 79 PGPBE o|Roj7l Aoz
A&E 3%, PGPB w3 Ato] 9] A4S #A = 1 sfof g
o & &9 Bacillus amyloliquefaciens+= Pseudomonas
e PGPBY RS Adfste Ao= A 3§l
E} 130]. A, A ¥ PGPBE @74 &80 7h53 Fei<l
g E AAZ st dA oItk PGPB JEd} B4
717t P Aoz FASHHA, B, o5 D EYG Aol H
2|t FEj2 PGPB AA| 7i'Eo] Hasitt. ddhH o= A3
AAE Bl BojAL 747 g2 4% ©7t=e #of
ABg, A% Ao PGPBE 1A 14 n|BE AA
2 o5 BAske Ao] v A stoH130]. rHA e ® A

_r;

Table 6. Plant-growing promoting bacteria (PGPB)-assisted phytoremediation of contaminated soils with Cu, Pb or Zn.

Heavy metal Plant growth-promotin
conc. PGPB gl 9 Plant Effect of PGPB Ref.
trait
(mg/kg)
Cuy, 35 Microbacterium sp. - Siderophore Zea mays - Enhancement of plant growth [110]
- P solubilization and yields
- N, fixation
- Production of plant
growth regulators
Cu, 687  Paenibacillus mucilaginosus - Siderophore Alfalfa - Increase of Cu uptake [113]
Pb, 800  Azotobactor chroococum, -1AA Zeamays L. - Increase of plant growth, biomass [114]
Rhizobium leguminosarum - Lowering pH of soil and Pb accumulation
Pb, 300-900 Pseudomonas gessardii - Siderophore Helianthus annus - Enhancement of antioxidant [115]
BLP141, Pseudomonas - P solubilization var Hisun-33 activity, proline, plant yield and
fluorescens A506, Pseudomo- - Phytohormones growth
nas fluorescens LMG 2189
Zn, 500  Pseudomonas veronii - 1AA Sedum alfredii - Increase of root and shoot bio-  [116]
- Lowering pH of soil mass
- Supplement of P and - Increase of Zn accumulation in
Fe root and shoot
Zn, 1500  Pseudomonas aeruginosa -1AA Triticum aestivum L.- Improvement of N and P uptake  [81]
- Siderophore - Increase of chlorophyll content
- ACC deaminase - Enhancement of antioxidative
enzyme activities
Zn, 400  Rhizobium leguminozarum - Metal chelation Brassica Juncea - Increase of root growth and Zn [117]

accumulation

IAA, Indole-3-acetic acid; EPS, exopolysaccharide; ACC deaminase, 1-aminocyclopropane-1-carboxylate deaminase.
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Table 7. Plant-growing promoting bacteria (PGPB)-assisted phytoremediation of the contaminated soils with the mixed heavy
metals.

Al S PGPB Plant growth-promoting trait Plant Effect of PGPB Ref.
conc. (mg/kg)
As, 41 + Gordonia alkanivorans, Microbac- - 1AA Brassica juncea, - Positive effect on plant [118]
Hg, 67 terium paraoxydans, Rhodococcus - Siderophore Lupinus albus biomass
equi, Cupriavidus necator, - Mineral solubilization
Achromobacter - Proteases
Denitrificans, Bacillus megaterium, - Exopolysaccharides
Lysinibacillus macroides, - N, fixation
Sporosarcina luteola
Cd, 22+ Rhizobium leguminosarum M5, -1AA Lathyrus sativus - Improvement of biomass and  [119]
Pb, 895 Pseudomonas - Siderophore nodules number
Fluorescens K23, Luteibacter sp.,, - P solubilization - Enhancement of phytoreme-
Variovorax sp. -HCN diation
Cd, 59+ Bacillus pumilus E2S2, Bacillus sp. - 1AA Sedum plumbizincicola - Improvement of metal uptake  [75]
Zn 736 E1S2 - Siderophore by plant

- P solubilization
- ACC deaminase

Cd, 0.1 mM + Zn, Pseudomonas sp. 228, Serratiasp. - 1AA Helianthus tuberosus - Improvement of plant growth [120]
1 mM 246, Pseudomonas sp. 262 - P solubilization - Decrease of metal-induced
- ACC deaminase stress
- N; fixation
Cd, 20 + Cu, 500 Pseudomonas sp. LK9 - Siderophore Solanum nigrum - Improvement of Cd, Cu and [50]
+Zn, 500 - Biosurfactants Zn uptake
- Organic acids
Cd, 49+ Proteobacteria, Actinobacteria, - 1AA Salix Caprea - Increase of metals uptake [121]
Pb98.5 + Bacteroidetes/Chlorobi - Siderophore
Zn, 608.2 - ACC deaminase
Cd, 25 + Pb, 200 Rahnella sp. IN6 -1AA Brassica napus - Enhancement of plant growth  [47]
+Zn, 500 - Siderophore and Cd, Pb, Zn uptake

- P solubilization
- ACC deaminase

Cd, 50 + Pb, 200 Enterobacter sp. JYX7, - 1AA Polygonum pubescens - Increase of plant dry weight ~ [122]
Zn, 200 Klebsiella sp. JYX10 - Siderophore and metal uptake in root and
- P solubilization shoot

- ACC deaminase

Cd, 32 + Cu, 60 Brevibacterium casei MH8a -1AA Sinapis alba L. - Increase of plant biomass [123]
+ Ni, 150 + - ACC deaminase - Increase of Cd accumulation
Zn, 926
Cd 117 + Bacillus gibsonii PM11, -1AA Linum usitatissimum L. - Enhancement of plant growth  [124]
Cu, 58 + Bacillus xiamenensis PM14 - ACC deaminase and nutrient availability
Cr, 1282 + Zn, - EPS
90.6 +
Cd, 20+ Cu, 589+ Burkholderia sp. D54 -1AA Spirulina Platensis - Increase of plant growth and ~ [125]
Pb, 1223 - Siderophore metals uptake
+Zn, 534 - P solubilization
- ACC deaminase
Cd, 46 + Cu, 29 + Burkholderia sp. D54, -1AA Sedum alfredii Hance - Increase of photosynthetic [126]
Pb, 790 Burkholderia sp. D416 - Siderophore rate, glutathione and phyto-
+7Zn 4131 - P solubilization chelatin (PC) contents

- ACC deaminase

IAA, Indole-3-acetic acid; EPS, exopolysaccharide; ACC deaminase, 1-aminocyclopropane-1-carboxylate deaminase.
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C1&, A5% AL Ze 5), EY SHEA, pH, +83F,
712 F 5), ES e HZ o7, B8 AT, ’é‘ Al/
AzA AHEF B, AE EAGET, D29, ReAEE ),
A A A} 7 (nematodes, protozoa ), Et H|AE 4@ A
#. Bl tholH A ) 52 PGPBY AFo| Ao 2
FFE uFA = U127, 131-133]. & EW PGPB
Pseudomonas putida W619= B3t EOFo| A= ZHS &
FAFALY, v B EGolA = A e A=
9] AR Yol 23 FAo] BTh134]. 3HH, E4 v|dE
FTE A PGPBY o] EHHE A= e, 54 2
Holl 3A &0|2l Piroformospora indica &4 PGPBSI
Pseudomonas striata®] A2 Z7154tH131]. 9o 24
E9Fo)| A Azospirillum brasilense Sp245% 3 FAL 2
& & Hlol| &) A= Ich135]. 1], H]& H7}o|
o3 PGPBY &4 B/40] AaH 7= Fe=dl, 28 Edl
A Azospirillum sp.2] 3 4L A4 H7M o) # 3|
= 9{rH136]

PGPBE HF3hs gilol wet EelA ] PGPBE| 24
o7t B4 3)\‘:]' PGPB A& W2
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17%9] XP°]7P AATH138].
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g AT R AR 3L 24 AU B A2 A
B B4, 4ERAAW 3345 38 2L B F 335 AA

58 52 Bstel PGPBY 422 AT AEEY
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e

HAHEA -2 PCR v 9|& W7} PCR 9 & W o
]|, Fluorescent in situ hybridization (FISH)S PCR
}H o] th[139, 140]. A. brasilense Sp2452} Sp77}
oA AsS FISH W& E43 43, Sp24s
B AN Zo} A E Ato] F7Hel apoplastoll, Sp7 —TL-’,‘—
1<l rhizoplaned]| E3Z3}TH141]. E3SF, Alg4
Zx 9 LA PGPBE HE< Sl FISH W
SHATH142-144].

2 AE A|RoA DNAE #3131, PCRZ DNA
A|RE Z£Z3t T denaturant gradient gel electrophoresis
(DGGE), terminal restriction fragment length polymorphism
(T-RFLP), amplified ribosomal DNA restriction analysis
(ARDRA) 53} Z& DNA fingerprinting 5 © 2 PGPB
£ BUHY & o Joh145]. FAE 0188 7tEw LH E
oF A3 5 FAS Y8 A E3t PGPB Burkholderia sp.
J622} P. thivervalensis Y1392 AZ&3817] ¢35 DGGE W
o] &85 2ltH146]. DGGE YHHEZ HE DNAE F&3% &
7INE BAS B3l FEE 4578 U = oH147].
A2 PCR(quantitative PCR, gPCR)-2 PGPBS AH &
o2 BmUEY 5] o) BEACH148). APESs ARG
oA G. diazotrophicus, 2449 ZHEFIA A
brasilense?} H. seropedicaes AHEASI=1] o] 7|Ho] &
L5391 tH149-151].

IEF7IAE B AES PGPBS Z3kste] AA| vl
AE 2 AsS ZUHI T & e Bz 2o %
o] AHEE I Sl Wi el th[95, 152]. B3 FF%(Cu, Ph,
Cd, Zn, As, Mo 5) 29 E%S ZH(Brassica juncea)d}
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£ 0|83} Aslst= B A Illumina Miseq sequencing
WHoE B4l A A3l et Az BHFEE 2Ae)

I Y EYT EA¥ o2 PGPBY 9L 184 tH153].
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Table 8. Methods for tracking and monitoring of Plant-growing promoting bacteria (PGPB) [127].

Method

Characteristics

Detection limits

References

Nucleicacid  Fluorescent in situ hybridization (FISH)

based

DNA Fingerprinting

(DGGE, T-RFLP, ARDRA, etc)

Quantitative PCR (gPCR)

High-throughput sequencing

Immuno based Enzyme-linked immunosorbent assay

(ELISA)

Immunofluorescence

Immunoblot

Functional gene [-galactosidase (lac2)

B-glucoranidase (gusA)

Bacterial luciferase (Jux)

- Probe hybridization

- Fluorescence microscopy

- In situ detection

- Semi-quantitative

- Low resolution in small cells
- Inexpensive

- Qualitative

- Laborious

- Qualitative
- High number of target sequences
- Unaffected by cell size

- Qualitative and semi-quantitative
- Unaffected by cell size

- High resolution and sensitivity

- Expensive equipment (sequencer)

- Enzyme reaction

- Easy to use

- Inexpensive

- Semi-quantitative

- Fluorescence microscopy

- In situ detection

- Semi-quantitative

- Probe hybridization

- Qualitative

- Time consuming

- Laborious

- Expensive

- Plate and indigenous bacteria with
[3-D-galactosidase activity

- Culture dependent quantification

- In situ detection

- Culture dependent quantification

- Substrate dependent

- In situ detection

- Semi-quantitative

- Endophytic detection

- Culture dependent quantification

- Substrate and metabolism dependent
- In situ detection

- Semi-quantitative

- No endogenous and indigenous activity

- Inexpensive substrate

10% CFU/mm?

Not applicable

10 CFU/g

10'-102 CFU/mll

10% CFU/ml

Single-cell detection

Not applicable

10%-10° CFU/g

103-10° CFU/g

10%-10* CFU/cm

[140]

[145]

[148]

[95,152]

[154]

[155]

[156]

[161, 162]

[163]

[164, 165]

DGGE, Denaturant gradient gel electrophoresis; T-RFLP, terminal restriction fragment length polymorphism; ARDRA, amplified ribo-

somal DNA restriction analys.

B2UE Yo &85 QItH154-156]. 3% 23 7]¥ Enzyme-
linked immunosorbent assay (ELISA)S A}&-5}o] Wo] 2
B ESY 2B N B A A brasilense AE 4= AAUTH
[157]. T3, o] WS o] &34 S, 2
9] AR A R. leguminosarum=a A& 5
313 Hy o) HE3t P. luorescens Aur62 RUE T = QL

http://dx.doi.org/10.48022/mbl.2008.08015

ZH, 45T T
AR IL[158],

¥ 7|5 PGPB A&%

Immunoblot (Western blot) ®'H2 o] &
A 329 PGPB (P. fluorescens, A. brasilense ¥ R.
194cH156]. ]2} o] we]

L in situ BL0] 75t EA A

Leguminosarum)& A& 4

AtH159]. Immunofluorescence W& &-83to] EntE ¥
2ol A A. brasilense?] &3

34 S4o] B3 A TH160].

sto] BlEAL Bl



f== ZAZE AH127).

B-galactosidase (lacZ), B-glucoranidase (gusA) X Bacterial
luciferase (lux) 53 22 7|54 4271 235 plasmid
£ 3dde7eE 3 PGPBo| A4Ye &, EF =2 4
& A 2RE olE A YES AEc= HHLe=E
PGPBE ZYHE Y st A7t 3= UtH161-165]. A&
EW 5y ZHESNA d4tE 7HE3 24 Ad
Pseudomonas striata str.o A2 ZUYUHZH 317] Y3
lacZ §AAE Z&3}9tH161]. B E7|E(Trifolium
pretense L.)9] ZH E¥ A R. leguminosarum= =Y g
g 317] Y3l gusA SAAE F23519tH166]. Wang et al.
(2004)2 gusA®t luxAB FAAE o|&sto] H3 2 EY
oA P. fluorescens CS85 2] A% EAL A3 TH167].
I3, A HeE PGPBE EY &4 =35t 7154
FA27F 9l plasmid7} E2E AU, & mdE AUH=
AR ©]F(gene transfer) @AFo] dojd 5 UTH127,
168]. wretbA], ol 2jg 2 A4 oju LAMY S 7
2 Agte =A% A 7hsskal, AR @ EYolA PGPB
£ ZYHH s7)ode B2 A7 o127

Table 79| A|A|gE v}e} ZHo] PGPB EUE|F 517] 9jaf ot
&gt o] WAHUA T, B F2 A& A8 EAA 1
Aad 3% 27 € AdAol B EA47 37] d&el
AA A% BEG 24 &3]0l B2 ool Aot
[127]. TEkA, AEAA S A4S Hole 7164 43
ol A 1A SAAnifH) [169], AAE 7143 A=
(pyrroloquinoline quinone, pqqE) [170], IAA A At F-A =}
@ipdC) [171], ACC deaminase(acdS) [172]& AE&3t= W
HE 7129 PGPB ZUEF B3} A AHgshe A& 1L
g8l & o Stk oFA7MA = ol A FHof| tht Hlo
ElH|o] A7 A7) wjZof o] H3t 7|5 FAAE 0] &5t
PGPBE As}7| o= Agto] @AITH173], &% #d H=
7t SHEAE o)& 7154 4% 4 32 PGPBY A
= qMst=Tl F83 ol E Aes JdETh

# B

334 09 EFS NS ol g3l oot 4BAE

A Be F UM B2 27 HHHL Ao
TS L9 B oY TR S50 EAH e B

{

ofis}, £ % tiehiggestea 53 2ol 1714 €2
o A 2Rt S = Wt PGPBL o3t f714 &
AEAL QR T S glong 245 7|8 B3 o9

& Ho
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EGY A& 59 B oA PGPBY A& Hrh § F8&
SHA €t whebA, Yo 2 AlET PGPBY AU A atE
o] &3 FEE-F7IE BY LHEY A 7o et &l
g AFE 5% 7l g4lo] asith

AA 29 &3 24 BEF 2 AE 2F YA
PGPBY| Ao &3t FRE= 18] Fol] FHE Y QA g2
), o]= AA7IA ALE PGPBY 2UEE dhie dA &
Go] st AY, Ao A Z o] WA, AlZto] el 4
2laL, Bl-go] v wo| 2857 wjZo|th wabi, HA &
FollA G e war 43 AY Y s d g
Holl TeE A o] atE ) 3, A 5T} PGPB Aol
o] 4528, PGPBY} EG AAYWAYE 3 Ato]9 43zt
&oll tigt JE7t £53517] W2, PGPB AE< ZYET
o ATE AT B Aol HATT &, a5 &4
EFY A5 PGPBE Hoh antd oz &8st
71 A= @Al A PGPBY AF A &-PGPB-AHY 1|
AE 2ol vA = FF e 4E 280 izt o7t 2
93ttt Wk A, metagenomics, metatranscriptomics
proteomics S} ZL o ulA 7|ul JL7} s AP E o
o wi}.
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fo fu
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