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ABSTRACT

Pot experiments were conducted to investigate the effect of cadmium on
therhizosphere microbial community and activity of winter wheat seedlings.
Theaddition of Cd resulted inincreases of the SMBC (soil microbial biomass
carbon), SBR (soil microbial respiration), and MQ (microbial quotient) by
6.31 - 48.60%, 9.35 - 113.67%, and 8.29 - 76.24%, respectively, at thethird
week. However, the SMBC decreased at the seventh and twelfth weeks by
0.48-36.91% and 0.46-18.89%, respectively. The TOC (soil total organic
carbon) decreased significantly (p<0.01) at the third and seventh weeks,
except for the’5 and 10 mg/kg Cd treatments. TheM M Q (metabolic quotient)
increased at the third and seventh weeks by 8.490-44.739% and 2.79 -
46.48%, respectively, but significantly decreased by 1.72 -26.52% at the
twelfth week. Furthermore, the microbial functional diversity decreased,
and the ability of the rhizosphere microbesto utilize carbon resourceswas
noticeably affected by Cd pollution. Cd resulted in the increase of phenolic
acid utilization and the decrease of carbohydrate, carboxylic acid, and
amino acid utilization. Moreover, the MQ was also found to be asensitive
ecophysiological parameter, indicating an environmental pressure. The
responses to Cd of all of the microbial parameters determined did not
display obvioustime and dose dependences. The SMBC, MMQ, and MQ
would be sensitive and precise indicators of the rhizosphere soil health

under the stress of Cd.

INTRODUCTION

Cadmium (Cd) isanon-essentia element for hu-
mansand an agricultura soil contaminant that accumu-
latesinthe soil through both natura and anthropogenic
processesy. It isproven that the uptake of excessCd
by plantsand its subsequent accumulaion aong thefood
chainisapotential risk to human health. Moreover,
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cadmium accumulatesin plants morereadily than most
other heavy metalsand can betransferredinto the ed-
ible parts before any signs of phytotoxicity!*3. The
mobility of Cdinthe soil dependson physical, chemi-
cd, and biologica processesthat mainly includerhizo-
spheremicrobial activitiesand plant root growth be-
havior. Among the known biological processes, the
rhizospheremicrobesplayscrucid rolesinenergy flow,
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element cycling, and organic matter turnover in ecosys-
tems, and awell-functioning microbia communityisa
prerequisitefor soil fertility and theresilienceto exter-
nal factorg*. Moreover, microbial communitiesarein
close contact with soil microenvironmentsand, there-
fore, areeasily subjected to changefollowing an dter-
ation of thesoil chemica properties®. Itiswell known
that microorganismsare senstiveindicatorsfor envi-
ronmenta monitoring at contaminated Stes(e.g., heavy
meta contamination) becausethey arethemost sensi-
tive part of the soil ecosystem®. Anincreasing body of
evidenced so suggeststhat microorganismsarefar more
sengtivetothestressfrom heavy metds, eg., Cd, than
animdsor plantsinthesamesoils. Therefore, itisfun-
damental to understand how Cd influencessoil micro-
organismsfor environmenta monitoringand sustaingble
management.

Therhizosphereisazone of enhanced microbial
activitiesduetotheroot exudates avail ableto the mi-
crobial community!, and the rhizosphere microbial
propertiesinfluenced by plantsareimportant factorsin
determining thesurviva and sustainablegrowth of those
plant. Plant rootsrel easeawide variety of compounds
into therhizospherethat create unique microenviron-
mentsfor soil microorganisms®. Itiscommonly recog-
nized that root exudates differ according to the plant
species, cultivar, plant growth stage, and soil microen-
vironment!®4, The chronic exposuresto Cd mightin-
fluence the quantity and variety of plant exudates by
affecting the soil microenvironment and plant root ac-
cumul ation and would further affect thediversity and
theactivity of therhizosphere microbial communities.
Although there are many studieson theeffect of Cd on
soil microorganismg*21®, duetothelack of relevant
studiesto date, it remainsunclear the effectsof Cdon
microbid activity and diversity in therhizosphere of
winter wheet seedlings. Therefore, detailed research on
theeffectsof Cd onthemicrobid activity and diversity
intherhizosphere of winter wheat seedlingsisurgently
needed.

Theam of thisstudy wasto eva uatethe responses
of microbia activity and diversity to Cdintherhizo-
sphere of winter wheat seedlings. To understand the
effect of Cd onthemicrobial communities, information
onthefunctiond diversty, whichisrepresented by the
catabolic potentia of thecommunity, isessential. The

BIOLOG system, which quickly, economicaly, and ef-
fectively determinesdiversity profiles, wasused to as-
sessthe qualitative physiological fingerprinting of the
potentia functionsof themicrobid community. Soil mi-
crobial parameters, such asthe SBMC (soil microbia
biomasscarbon), TOC (soil totd organic carbon), SBR
(soil microbial respiration), MQ (microbial quotient),
and MM Q (metabolic quotient), wereused to evluate
theresponsesof microbid activitiesto Cdindetall.

MATERIALSAND METHODS

Soil characterization and experimental design

We selected fivelevels of Cd (5, 10, 20, 50, and
70 mg/kg dry weight soil) according tothe soil environ-
ment quality standard (GB 15168-1995) in China. A
pot (H 46 cm x D 36 cm) experiment was used to
culturethewinter wheat seedlings. The soil for the pot
experiment was collected from 8 locations of thetop
20 cm layer inthesame cornfield in Central Shaanxi,
China(108°54' E, 34°16' N). Some properties of the
soil areasfollows: organic matter content, 17.17 g/kg;
pH, 8.45; total nitrogen, 1.12 g/kg; available P, 71.17
mg/kg; exchangeable K, 575.00 mg/kg; soluble salt
0.74 g/kg and total Cd, 0.22 mg/kg. The soil typeis
brown soil.

After the soil wasair-dried at ambient tempera
ture, and thefinerootsand other debriswereremoved,
the soil wassieved (2 mm), mixed, and homogenized
for the pollution treatment with Cd. The soil was artifi-
cidly contaminated with CdCl,,: the plastic potswere
filled with 15 kg of contaminated soil after it wasincu-
bated for 30 days, and threereplicatesfor each treat-
ment were prepared. The control pots (0 mg/kg dry
welight soil) werefilled with uncontaminated soil. The
pot-soil moisturewas brought to 60% field capacity,
and the potswere placed inthe open air. The seeds of
winter wheat (TriticumaestivumL.) wereplanted in
all of the potson October 1% 2010, with field one hun-
dred seedlingsper pot after emergence. The potswere
mai ntained a 60% field capacity (using congtant weight)
by watering during the seedling growth stage.

Rhizospher e soil sampling

The soil strongly adhering to therootsand within
the space explored by the roots was considered the
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rhizosphere soil*¢. Rhizosphere soil sampleswerecol-
lected when thewinter wheat seedlingshad grown for
threeweeks, seven weeks, and twelveweeks. Theroots
wereretrieved fromfiveareasin each pot, and therhizo-
sphere soil wascarefully collected, mixed, and homog-
enized to obtain 0.3 - 0.5 kg. Each sample wasthen
divided into three subsamplesand analyzed for the mi-
crobid community diversity, microbid activity, and soil
properties.

Microbial activity analysis

The soil total organic carbon (TOC) content was
analyzed using the K. Cr,0.-H,SO, calefaction
method*".

The soil microbial biomass carbon (SMBC) was
determined using the fumi gation-extraction method8,
Subsamplesof sieved soil (25 g dry weight) werefumi-
gated with ethanol-free CHCI, for 24 h and immedi-
aely extracted with0.5M K_SO, solution; unfumigated
soilswereextracted in the sameway. TheK SO, soil
extract was analyzed for the total dissolved organic
carbon (DOC). The SMBC wascal culated asfollows:
SMBC = EC/K_., where EC = (the organic C ex-
tracted from thefumigated soils) — (the organic C ex-
tracted from the unfumigated soils) and K. = 0.451*.

Thesoil microbid respiration (SBR) wasestimated
viatheevolution of CO, at 25°C in samples incubated
for 24 h; any CO, respired wastrapped in NaOH, and
theresidual NaOH wastitrated with HCI. The meta-
bolic quotient (MM Q) was cal culated asthe SBR per
unit of MBC (SBR/MBC). The microbia quotient
(MQ) wasa so caculated by MBC/TOCH,

Substrateutilization patterns

TheBIOLOG EcoPlatesystem (Biolog Inc., USA)
was used to discriminate the metabolic diversity of the
microbial community. Rhizosphere soil sampleswere
homogenized with sterilesaline 0.85% NaCl into dur-
ries having afina soil concentration of 1.000 g dry
weight/L. Thecarbon source utilization patternsof the
microbia communitieswereassessed usng BIOLOG
Eco-Micro-platesthat contained threereplicatewells
of 31 carbon sources and awater blank, A 150 pL
aiquot of soil suspensonwasadded to eachwell of the
microplate, which wasthen incubated in the dark at
28°C for 240 h until no further color development oc-
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curred. Thecolor development inthewellsat 590 nm
wasmeasured every 12 h.

Data analysis

Beforethe datawerefurther processed, the mean
vauewasca culated from thethreereplicatesincluded
in each BIOLOG EcoPlate. The OD,, at time zero
was subtracted from thelatter reading, yielding the net
OD,,, and thedatawerefurther adjusted by subtract-
ingthe OD,, valuefromtheblank (A1 well). Theaver-
agewel| color development (AWCD) was cal culated
for each microplate asAWCD = +(C-R)/N, where C
istheraw absorbance of ineach well, Risthe absor-
bancein the control well (A1 well), and N isthe num-
ber of substratesinthe plate. Thefunctional diversity
index of therhizosphericmicrobid florawasca culated
according to adescribed method?,

A principa component analysis (PCA) wasused
to normalize the Biol og absorbance va ues. The nor-
malization of the Biolog valueswas performed by di-
viding theabsorbancevauesfor individual welsby the
AWCD for thewhole plateto account for differences
intheinoculum density, as suggested by Garland and
Mill§=. All of thedatisticd andyseswered| conducted
using SPSS 15.0 software.

RESULTS

Effectsof Cdon rhizospheremicrobial activities

Cdsgnificantly gimulatedthe SMBC, SBR, MQ,
and MMQ at thethird week of winter wheat growth by
6.31 - 48.60%, 9.35 - 113.67%, 8.29 - 76.24%, and
2.79 - 46.48%, respectively (TABLE 1). However, the
MBC under the stressof Cd decreased significantly by
0.48 - 36.91% at the seventh week and by 0.46 -
18.89% at thetwelfth week compared to the control.
TheTOC under different Cd treatments decreased by
0.69 - 10.08% at the twelfth week and al so decreased
at thethird and seventh weeks, except for TLand T2.
Withtheaddition of Cd, the SBR significantly (p<0.01)
decreased by 20.00 - 30.56% at the twelfth week and
by 0.78-11.72% at the seventh week, except for T1
and T2. TheMQ significantly (p<0.01) decreased by
4.29 - 51.11% with the addition of Cd at the seventh
week and increased by 0.67 - 1.72% at the twelfth
week, except for T4 and T5. Smultaneoudy, theMMQ
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withadded Cdincreased Sgnificantly by 8.49 - 44.74%
at the seventh week but decreased significantly by 1.72
- 26.52% at the twel fth week. However, theresponses
of dl of the parameters determined with the addition
Cd did not exhibit obvioustimeand dose dependences.
In addition, asignificant (p<0.05) and negative corre-
|ation between the TOC and Cd was observed at the
third week. Therewere a so significant (p<0.05) and

negative correl ations between the MQ and Cd at the
seventh and twel fth weeks, and thesignificant (p<0.01)
and anegative correl ation between theMBC and Cd
concentration was also observed at the third week
(TABLE 2). Furthermore, the correl ation between the
MMQ, SMBC, and MQ and Cdintensified withtime.
In contrast, the correl ation between the TOC and Cd
decreased withtime (TABLE 2).

TABLE 1: Soil microbial biomasscarbon (SMBC), total organic carbon (TOC), soil basicrespiration (SBR), microbial
metabalic quotient (MM Q), and microbial quotient (M Q) with theaddition of Cd

Treatments
Growth stage Iterms
Thecontrol T1 T2 T3 T4 T5
SMBC mg/kg 49.66(4.95)** 65.69(2.65)%" 87.96(3.46)° 73.79(3.21)%° 56.84(5.29)"Y 52.79(3.24)"
TOC mg/g 9.66(0.02)" 9.98(0.03)® 9.70(0.04* 9.71(0.01)* 9.51(0.07)°  9.48(0.07)°
Threeweeks  SBR mg/g 0.14(0.01)**  0.27(0.06)® 0.30(0.07)®° 0.22(0.01)° 0.17(0.01)**  0.15(0.01)"
MQ 10° 5.14(0.29)**  6.72(0.08)%" 9.07(0.20)° 7.60(0.19)®° 5.98(0.29)"8¢ 557(0.17)"
MMQ 2.80(0.03)" 4.17(0.48)® 3.38(0.36)° 2.95(0.04)* 2.91(0.06)"  2.88(0.03)"
SMBCmg/kg 23.54(2.29)" 17.54(0.12)% 23.43(1.57)" 21.71(1.44)""° 17.11(1.41)® 14.85(2.43)®
TOC mg/g 9.06(0.10* 9.37(0.02)® 9.29(0.03)® 8.99(0.03)"  8.99(0.05)*  9.03(0.05)®
Sevenweeks  SBR mg/g 0.13(0.03)*  0.14(0.01)* 0.18(0.01)*® 0.13(0.01)* 0.11(0.03)*  0.11(0.01)"
MQ 103 2.60(0.13*  1.87(0.01)® 2.49(0.09)* 2.41(0.07)*  1.90(0.04)®  1.65(0.01)°
MMQ 5.44(0.36)"* 7.81(0.03)®® 6.94(0.15° 5.85(0.05" 6.61(0.63)° 7.68(0.43)%"
SMBC mg/kg 23.77(1.91)" 23.62(0.81)"* 22.51(1.31)* 22.38(0.51)* 20.05(2.10)® 19.28(1.19)%°
TOC mg/g 10.18(0.07)*  9.96(0.02)® 9.58(0.01)° 9.15(0.04)°  9.54(0.08)° 10.11(0.09)"®
\Tv‘g’;'(‘ée SBR mg/g 0.18(0.00)*  0.15(0.00)® 0.15(0.01)® 0.13(0.03)° 0.14(0.03)®  0.15(0.01)®
MQ 103 2.34(0.09)" 2.38(0.04)** 2.35(0.08)** 2.45(0.03)" 2.10(0.11)"°  1.93(0.05)®
MMQ 7.57(0.30)"  6.29(0.05)%% 6.57(0.11)%* 559(0.04)®° 7.18(0.35)"°  7.73(0.03)"

*TheT1,T2, T3, T4, and T5 treatmentswere 5, 10, 20, 50, and 70 mg/kg dry weight soil, respectively, the same below; The data
are presented as the mean values (n = 9), with the standard errorsin parentheses; The different capital and lowercase lettersin
the same row at the same growth stage indicate significant differences at p<0.01 and p<0.05(L SD test), respectively.

Biolog analysison rhizospheremicraobial functional
diversities

Temporal changesin the average well color de-
velopment (AWCD)

Therhizospheremicrobiad community a thediffer-
ent doses of Cd showed different AWCD values, and
theAWCD curvesdeclined significantly at thetwelfth
week (Figure 1). However, as based on the AWCD
values, therewas evident stimulation by 10 mg/kg dry
welight soil Cdonthemicrobid activity at thethird week
and 10 and 70 mg/kg dry weight soil Cd at the seventh
week (Figure 1). TheAWCD vaues under all of the
treatments increased rapidly in the first 120 h and
reached amaximum after 192 hinthree growth stages.
Further andyssontheaverage col or differencesamong

the 31 single-carbon sources showed that the differ-
ences of theAWCD vauesamong the different treat-
mentsat al of theincubation timeintervaswassgnifi-
cant; the effectsof Cdon theAWCD vaueswereevi-
dent.

TABLE 2: Pear son correlation coefficient between the Cd
concentr ation and microbial activities

Growth stages

Iterms
Threeweeks Seven weeks Twelve weeks
MBC -0.38 -0.77 -0.99**
TOC -0.90* -0.78 -0.07
SBR -0.53 -0.60 -0.31
MQ -0.34 -0.81* -0.91*
MMQ 0.02 0.40 0.45

*Pp<0.05, **p<0.01
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Figurel: AWCD valuesof therhizospheremicroor ganisms
under cadmium

The utilization rate of six carbon sour ce catego-
riesby therhizospheremicroor ganisms

TABLE 3 showsthat the utilization rateof Six car-
bon sources by the rhizosphere microorganism under
thedifferent treetments. Therhizospheremicrobid com-
munitiesunder thedifferent trestmentsvaried tremen-
doudly intheir utilization of carbohydrate, carboxylic
acid, amino acid, polymer, phenolic acid, and
propylamine substancesin thethree growth stages. The

metabolism of carboxylic acidswasthefastest for dl of
the treatmentsin the three growth stages. Moreover,
thedifference between themetabolism of carbohydrates
and carboxylic acidsunder thedifferent trestmentswas
significant (p<0.05). Theutilization rates of carbohy-
drates, carboxylic acids, and propylamine by therhizo-
spheremicrobesinthe control were higher thantheoth-
ersat thethird week. The sequence of the metabolism
of amino acids, polymers, and phenolic acidswasdif-
ferent between the Cd treatments and the control, and
the sequence of the utilization of thesix carbon sources
exhibited marked changes among the different treat-
ments. Furthermore, the sequence of the utilization of
the same carbon source among thetreatmentswasd so
significantly different. In contrast, the utilization of phe-
nolic acidsincreased with added Cd inthethreegrowth
stages. Theaddition of Cd dso resultedinasignificant
decrease in carbohydrate, carboxylic acid and
propylamine utilization at thethird and twelfth weeks
and adecrease of the utilization of amino acids at the
twe fthweek.

Analysisof themajor components

Thefirst two principa factorsaccounted for 88.94,
88.19, 86.60, 91.74, 88.45, and 86.06%, and thefirst
principa component axis(PC1) explained 81.46, and
thefirst principal component axis (PC1) explained
81.46, 81.40, 79.21, 81.768, 81.90, and 79.50% for
thecontrol, T1, T2, T3, T4, and T5, respectively. A
component plot in rotated space (Figure 2) showed
that themicrobia functiona diversity under the stress
of Cd decreased markedly, except for T3. The number
of substrates utilized under the T3 treatment wasthe
sameasinthecontrol. Theload val uesexceeding 0.90
under the T3 treatment were D-mannitol, D-galactonic
acid-y-lactone, D, L-a- glycerophosphate, D-
glucosaminicacid, L-phenyldanine, and a-cyclodextrin.
However, therhizosphere microbesin thecontrol were
morelikeyto use D-cdlobiose, D-mannitol, and Tween
80for whichtheload valuewas greater than 0.900. In
addition, thetypeof substrates utilized preferentialy in
Cdwasevidently different from that inthecontrol. The
resultsindi cated that, between the control and Cd tregat-
ments, some significant changes occurred inthere-
sponses of therhizosphere microbial communitiesto
the carbon sources provided.

BioTechnology —
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TABLE 3: Theutilization ratio of six carbon sour cesby rhizogpher e micr oor ganisms (absor bance)

Growth stage Treatm-ents Carbohydrate Carboxylic acids Amino acid

Polymer  Phenolic acid Propylamine

Control 1.29(0.07)" 1.45(0.05)"

T1 1.17(0.02)%2 1.24(0.02)®

Three weeks T2 1.43(0.02)° 1.41(0.03)A¢
T3 1.24(0.02)"8*  1.31(0.03)®

T4 1.15(0.01)® 1.37(0.03)

T5 1.17(0.02)%°  1.28(0.01)%¢

Control 1.28(0.04)"®  1.34(0.03)"*?

T1 1.18(0.07)"8>  1.33(0.02)"2

Seven weeks T2 1.38(0.08)"¢ 1.50(0.07)¢
T3 115+ 0.01°5  1.23(0.03)%"

T4 1.29(0.03)**  1.45(0.05)"

T5 1.40(0.03)*“  1.52(0.05)°

Control 1.16(0.02)*@ 1.46(0.01)"

T1 1.04(0.02)® 1.04(0.01)®

Twelve weeks T2 1.18(0.01)A¢ 1.11(0.02)¢
T3 1.14(0.02)"P 1.34(0.03)°

T4 1.13(0.01)""*  1.32(0.01)°

T5 1.21(0.02)¢ 1.25(0.02)F

1.00(0.08)** 0.93(0.04)* 0.80(0.03)*  1.21(0.03)"
0.94(0.02*" 1.04(0.02)® 0.89(0.04)® 1.05(0.02)%2
1.10(0.01)%¢  1.13(0.03)° 1.07(0.02) 1.10(0.02)°
0.83(0.02)° 0.92(0.04* 0.90(0.01)® 1.03(0.01)%°
1.01(0.01)*®* 0.91(0.02* 0.92(0.02)®  1.11(0.02)°
0.83(0.01)° 0.80(0.02)° 0.88(0.04)® 1.07(0.01)%®
0.84(0.09)* 0.7(0.07)** 0.84(0.04)" 1.30(0.16)**
0.80(0.01)*% 0.91(0.01)®® 0.94(0.01)®  1.04(0.02)®
0.98(0.01)° 0.92(0.02)%¢ 1.05(0.01)¢  1.54(0.03)°
0.70(0.02)%° 0.87(0.02)° 0.92(0.03)® 0.81(0.02)°
0.86(0.01)* 0.83(0.02)*®¢ 1.01(0.01)°  1.14(0.01)®
1.01(0.01)° 1.10(0.02)° 1.14(0.02)° 1.45(0.03)<"
0.94(0.01)* 1.04(0.02* 0.87(0.02" 1.20(0.03)"
0.79(0.01)® 0.91(0.02)® 0.89(0.01)"  1.04(0.01)®
0.88(0.03)° 1.00(0.02)** 1.28(0.03)® 1.16(0.01)"
0.81(0.02)® 1.07(0.02* 1.19(0.02)° 1.13(0.03)“*?
0.78(0.01)® 0.93(0.01)® 1.02(0.02)° 1.24(0.04)%°
0.57(0.01)° 0.96(0.02)® 0.85(0.01)* 1.18(0.02)°

The different capital and lower case letters in the same column at the same growth stage indicate significant differences p<0.05
and p<0.01(L SD test), respectively.; The data are presented as the mean values (n = 9), with the standard errorsin parentheses.

DISCUSSION

Effectsof cadmiumon rhizospheremicrobial ac-
tivities

The SMBC can respond morerapidly to changes
intheecologica environment of the soil, e.g., heavy
metal contamination, and to continuous changesin plant
root exudates”?+%1, However, the colonization and
establishment of microorganismsinrhizospheresoil is
affected by many factors, including the quantity and
quality of root exudates secreted by aparticular spe-
cies, soil physicochemical properties, and climate con-
ditions. Thissuggeststhat the rhizosphere microenvi-
ronment of aplant will be continuously changingasa
result of theseeffects, giving an opportunity for thede-
velopment of aspecialized rhizoflord™. Furthermore,
severa studieshave also demonstrated that root exu-
dationisamgor factor controlling the rhizospheremi-
crobid activity and community structure?s2l, There-
fore, changesin the content and the species of carbo-
hydrates, organic acids, amino acids, and vitamins se-
creted by winter wheet rootsunder Cd trestment would

haveadirect effect on therhizospheremicrobid popu-
lationg*2Y, which would further influencethemicro-
bial biomassdueto the positive correlation between
microbial biomassand microbial populations®. The
increaseinthe SMBC with added Cd at the third week
(TABLE 1) could beexplained by thefact that there-
lease of exudates might be morefavorablefor amicro-
bial population. However, the decrease of the SMBC
under Cd contamination at the seventh and twelfth
weeks (TABLE 1) suggested that the exudates might
act ontherhizospheremicrobesasdldochemicds, eg.,
phenolic acids, withan extens on of thegrowth stage of
theseedlings. Additionally, thedirect effect of Cd was
not negligible. Furthermore, thedecreaseinthe SMBC
with added Cd was also likely because the microor-
ganisms needed more energy to survivefor longtime
under unfavorable conditionsand areductioninthe
conversion of substratesinto new microbial biomass
and other metabolic processes®. Therefore, ahigher
percentage of energy islost and lessCisincorporated
into organic components®4. Thisassumptionisalso
supported by the higher metabolic quotient with added
Cd at the seventh week (TABLE 1). Moreover, the
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fact that the SMBC was more sensitiveto Cd than the
TOC wassupported by theevident correl ation between
the SMBC and the concentration of Cd (TABLE 2).
However, an obvioustime and dose dependence was
not found intheresponse of the SMBC to Cd.
Thesignificant (p<0.05) and negative correation

between the MQ and the concentration of Cd at the
seventh and twel fth weeks (TABLE 2) showed that the
MQ wasamore sensitive ecophysiologica parameter
than the others, indicating an environmental pressure
that suppressed the rhizospheremicrobial biomass, as
wasindicated by Anderson and Domsch®, Moreover,

The control
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Figure2: Component plot in rotated space. X -X,, isD-cellobiose, a-D-lactose, B-methyl-D-glucoside, D-xylose, I -erythritol,
D-mannitol, N-acetyl-D-glucosamine, glucose-1-phosphate, D-galactonic acid-y-lactone, D, L-a- glycer ophosphat, D-
glucosaminic acid, pyr uvic acid methyl ester, D-galactur onic acid, y-hydr oxybutyric acid, itaconic, a-ketobutyricacid, D-
malicacid, L -arginine, L-aspar agine, L-phenylalanine, L -serine, L-threonine, glycyl-L -glutamic acid, tween 40, tween 80, a-
cyclodextrin, glycogen, 2-hydroxy benzoic acid, 4-hydroxy benzoic acid, phenylethylamine, and putrecine, respectively.
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the SBR hasbeenlargely used to estimate heavy metd
toxicity®. Thehigh SBR under thestressof Cd at the
third week (TABLE 1) was possi ble because the mi-
croorganisms needed more energy to surviveunder the
unfavorable conditions; however, the microorganisms
inthe control used ahigher percentage of consumed
carbonfor assmilation and, thus, asmaler percentage
wasreleased as CO, indissimilation processes”. The
decrease of thebioavailability of Cd,whichwasdueto
theincrease of Cdcomplexation by accumulating exu-
dates, with the extension of the growth stage was a
probable reason for the decrease of the SBR in the
contaminated soilsat thetwelfthweek (TABLE 1)1,
Moreover, ingeneral, lower TOC and SMBC values
inpolluted soilsmight well explainthelower SBRvaue
under the stressof Cd at thetwelfthweek (TABLE 1);
the negative correl ation between the SBR and the con-
centration of Cd a so confirmed thispoint.

TheMMQ (microbia metabolic quotient) hasbeen
used asan ecophysiologica index for soil microbesand
reflectsthe bioenergetic status of the microbia biom-
assd8. AhighMMQindicatesthat soil microbial activity
islow in efficiency and that thesoil microorganismsare
living under environmentd stress*. Thechangeinthe
MM Q showed that the stress of Cd on therhizosphere
microorganisms was larger at the third and seventh
weeksthan at thetwel fthweek (TABLE 1), whichwas
likely due to the direct stress of Cd and the indirect
effect on the microorganisms by the root exudates.
However, the direct effect would become weak be-
cause the Cd absorption and accumul ation ability of
therootswouldintensfy withtheextens on of thegrowth
stage’®, which can dso explain thesignificant decrease
of theMMQ at thetwelfthweek (TABLE 1).

The functional diversity of the rhizosphere mi-
crobes

TheBIOLOG datareflect thediversity of carbon-
oxidation pathways(functiond diversity) of thesoil mi-
crobia community; moreover, theAWCD vauescan
be used asindicators of the microbial activity and re-
flect the sole-carbon-source utili zation (SCSU) ability
of thesoil microbial community!®%9, The decrease of
the AWCD vaues (Figure 1) suggested that thetotal
microbial activity decreased, and the stressof Cd on
therhizogpheremicrobecommunitieswasevident. How-

ever, the increase of the AWCD valuesin T2 at the
third and seventh weeks (Figure 1) indicated that 10
mg/kg dry weight soil Cd stimulated themetabolic func-
tion of themicrobia community by atering thesoil mi-
croenvironment dueto the shiftsof the speciesand the
guantity of theroot exudates; these eventscan aso be
described by thechangesin microbid parameters, such
asrespiratory capacitiesand microbia biomass. This
stimul ation weakened with time, such that theAWCD
vauein T2 wasreduced at thetwel fth week. However,
thisresult wasnot consstent with thefindingsof Akmal
et a. who studied theresponse of unplanted soil micro-
bia functiond activity to Cd (2005).

Amino acids are well-known wheat root exu-
dates**4, and the addition of Cd resultedin adecrease
inamino acid utilization at thetwelfthweek (TABLE
3). Theparadox that amino acid utilizationintherhizo-
sphere decreased with the addition of Cd whentheroot
exudation of amino acidsmost likely increased may be
explained by thenature of nitrogen cydinginthesoil“.
Under normal circumstances, microbeswill takeup
organic N sourcesand retainthem, but theminerdiza
tion of smpleN compounds, suchasNH,* andNO;,
is stimulated when organic N concentrations in-
crease“>4, |n the rhizosphere, thiscould resultina
reduced reliance on amino acidsas N sources, as het-
erotrophsaremorelikdyto utilizesmpler N compounds.
Furthermore, theincreasein the utilization of amino ac-
idsin T2, T4, and TSwasmainly duetothehigh utiliza:
tionrateof L-phenylaanine, L-serine, L-threonine, and
glycyl-L-glutamic acidsat thethird and seventh weeks.
Interestingly, these amino acids have been associated
with wheat root exudates, and the quantity of exudates
increase under thestress of Cd®. In our study, the T2,
T4, and T5treatments most likely stimul ated thein-
crease of amino acid exudation at thethird week. How-
ever, theincreaseof thequantity of other exudates, e.g.,
phenolic acidsand carboxylic acids, whichinhibit mi-
crobid activitiesasdlelochemicadsmost likdy reduced
the utilization rate of amino acidswith timeunder Cd
treatment™®, showing adecreasein the utilization of
amino acids at thetwelfth week. Theincreasein the
utilization of phenolic acids(TABLE 3) wasmost likely
related with the stimul ation by Cd on the secretion of
phenolic acids, which has been demonstrated previ-
ously®¥. Theutilization of carbohydrates, carboxylic
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acids, polymers, and propylaminesfurther indicated the
evident effectsof Cd on therhizospheremicrobid func-
tional diversity. In addition, the principal component
analysisshowed that the ability of therhizosphere mi-
crobesto utilizedifferent carbon resourceswasaffected
by Cd, and the characteristic C source utilization pat-
ternsweredifferent between the Cd treatment and the
control. Thecomposition of microbid communitiesde-
terminesthebiologica quality of the soil, and theresil-
ienceof soil microbial communitiesto contamination
eventsisrelated to ahigh degree of functiona redun-
dancies of the microbes®#4, It could be deduced that
thewinter whesat rhizosphere soil health waspoor with
added Cd dueto the decline of themicrobia functional
diveraty. Therefore, itisimpossiblethat theinput of Cd
inthe soil mainly induced physiol ogical adaptations
rather thanmicrobia sdectionintherhizosphereof winter
wheat seedlings.

CONCLUSIONS

The SMBC and SBR under the Cd treatment in-
creased at thethird week and decreased at the seventh
and twelfth weeks. Theeffect of Cd onthe TOC was
related to the growth period of thewinter wheat. The
MMQ increased significantly at thethird and seventh
weeks and decreased significantly at thetwel fth week.
Moreover, the SMBC, MMQ, and M Q represent pos-
sible sensitiveand preciseindicators of winter wheat
rhizosphere soil health under thestressof Cd. There-
sponseof al of therhizospheremicrobial parameters
determined with added Cd did not indicateobvioustime
and dose dependences. Moreover, therhizosphere mi-
crobial functiona diversity decreased under Cd con-
tamination. Theaddition of Cd mainly resulted inthe
increase of phenolic acid utilization and thedecreasein
carbohydrate, carboxylic acid, and amino acid utiliza-
tion. Inconclusion, therewere someevident differences
intheresponsesof themicrobia activity and functiona
divergty to Cdintherhizosphere of winter whest seed-

lings
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