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Long-Term Use of Copper-Containing Fungicide Affects 
Microbial Properties of Citrus Grove Soils

Soil Biology & Biochemistry

Microorganisms in soil ecosystem are responsible for many fundamental eco-
logical processes, such as the biogeochemical cycling of chemical elements 

and the decomposition of plant and animal residues (Kent and Triplett, 2002). 
Th us, functional diversity and community structure of microorganisms are impor-
tant for soil ecosystem health. Th e changes of microbial community structure and 
activities, as a result of natural processes or human activities, may have lasting nega-
tive eff ects on soil ecosystem dynamics if critical microbial community functions 
are compromised (Deng et al., 2009; Viti et al., 2008).

Deleterious eff ects of heavy metals on soil microorganisms have been of con-
cern for decades. Th ere is strong evidence that microorganisms are generally more 
sensitive to heavy metals than other organisms in soil biocoenosis (Giller et al., 
1998). Previous reports have shown that short-term or long-term exposure of soils 
to toxic metals resulted in reduced microbial diversity and activity, as a result of 
selection of heavy metal resistant or tolerant organisms that are less metabolically 
effi  cient (Nakatsu et al., 2005; Viti et al., 2008). Copper is an essential micronu-
trient, but at excessive levels, it can adversely aff ect microbial activity. Kandeler 
et al. (1996) observed that microbial biomass, enzyme activity, and functional 
diversity of soil microbial communities decreased with increasing Cu pollution at 
100 mg kg−1 Cu in three soils (Calcaric Phaeozem, Eutric Cambisol, and Dystric 
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Long-term use of Cu-containing fungicides in citrus groves has resulted in Cu buildup in the soil, but the eff ects 
of Cu contamination on microbial properties of citrus grove soils remain poorly understood. Th e objective of 
this study was to investigate the infl uence of long-term application of Cu-containing fungicides on microbial bio-
mass, and bacterial community structure and diversity in fi ve representative commercial citrus groves (5, 21, 27, 
36, and 43 yr of planting history, respectively) soils, with one adjacent pasture soil as a reference. With increas-
ing planting time of citrus, Cu concentrations in the soils increased, while microbiological properties including 
microbial biomass carbon (Cmic), microbial quotient (MQ), and the diversity of operational taxonomic units 
based on denaturing gradient gel electrophoresis (DGGE) community fi ngerprinting decreased. Stepwise mul-
tiple regression analysis showed that Cmic, microbial quotient, and bacterial community diversity were aff ected 
by Cu concentration and other soil properties such as total N and available P, but the eff ect of Cu was dominant. 
Th ese results indicate that long-term application of Cu-containing fungicides has adverse eff ects on microbial 
biomass and bacterial community diversity in citrus grove soils. Sequencing of partial 16S rRNA gene fragments 
revealed that a shift  of total bacterial community composition occurred as a result of Cu contamination, and the 
soils of more severely Cu-polluted citrus groves were dominated by bacteria g-Proteobacterium, Acidobacteria, 
Firmicutes, and b-Proteobacterium, whereas certain strains of s-Proteobacterium, g-Proteobacterium, Firmicutes, 
and Cyanobacteria were the dominant bacteria in the young citrus grove soils.

Abbreviations: AP, available P; Cmic, microbial biomass carbon; Corg, total organic carbon; DGGE, 
denaturing gradient gel electrophoresis; LSD, least signifi cant diff erence; MQ, soil microbial quotient; 
PCR, polymer chain reaction; SI, Shannon index; TCu, total recoverable Cu; TN, total N; UPGMA, 
unweighted pair-group method average.
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Lithosol) from Austria. Microbial biomass and metabolic quo-
tient were also reduced when the Cu level was raised from 112 
to 182 mg Cu kg−1 soil (Khan and Scullion, 2000). Th ere were 
negative correlations between soil microbial biomass, phospha-
tase activity, and NH4NO3 extractable Cu in soil (Wang et al., 
2007). Analysis of the phospholipid fatty acids profi le showed 
that microbial community structure shift ed with the [Cu2+] gra-
dient in the Cu-enriched soils (Deng et al., 2009).

Pollution of Cu to soils is on the rise worldwide from both 
point and nonpoint sources, and in comparison, nonpoint-
source pollution of Cu poses a greater threat to the environment 
and ecosystem functions due to its widespread nature (He et al., 
2006, 2009). Florida is well known for its citrus production with 
a history of over 150 yr and nearly three quarters of the total U.S. 
citrus production is grown in Florida (United States Department 
of Agriculture–National Agricultural Statistics Service [USDA-
NASS], 2009). However, in the last two decades, an increased 
amount of Cu-containing fungicides have been used to cure/pre-
vent canker diseases, particularly for grapefruit trees (Driscoll, 
2004). Repeated use of Cu-containing fungicides has increased the 
total Cu concentration in some citrus grove soils up to 250 mg kg−1 
as compared with background levels of approximately 10 mg kg−1 
(Yang et al., 2009). Laboratory simulation and fi eld monitoring 
studies had been conducted to examine the biogeochemical as-
pects of Cu in citrus groves soils and subsequent impacts on soil 
quality (He et al., 2009). Environmental concerns about the side 
eff ects of copper-based fungicides have addressed their poten-
tial for accumulation in soils and the eff ects on soil biota such 
as earthworms (Paoletti et al., 1994), nematodes ( Jaworska and 
Gorczyca, 2002), and Florida apple snail (Rogevich et al., 2008). 
However, to date, minimal information is available regarding 
the changes in microbial properties in citrus grove soils due to 
the accumulation of excess Cu in soils from repeated use of Cu-
containing fungicides. Th e aim of this study was to investigate 
the impact of Cu contamination on soil microbial biomass and 
bacterial community structure and diversity, and the results will 
provide information for evaluation of the potential environmen-
tal risks of long-term application of Cu-containing fungicides in 
the citrus production systems.

MATERIALS AND METHODS
Site Description and Sample Collection

Five commercial groves of grapefruit (Citrus paradise McFad.) in 
the Indian River area south Florida, with a planting history of 5, 21, 27, 
36, and 43 yr, respectively, were selected for this study (Table 1). Th e 
selection of fi eld sites was based on similar texture (sandy with sand frac-
tion being approximately 900 g kg-1) of the same soil type (fi ne loamy 
siliceous hyperthermic Typic Glossaqualfs) according to soil survey 
of the Indian River County Area, Florida (United States Department 
of Agriculture–Soil Conservation Service [USDA-SCS], 1980), and 
these fi elds were all pastureland before converted into citrus groves. 
Th e groves received a similar amount of Cu-containing fungicide each 
year, applied four to fi ve times per year right from the beginning of the 
citrus trees being planted. Both copper sulfate (CuSO4) and copper hy-
droxides [Cu(OH)2] were used as fungicides to prevent or cure citrus 
diseases; however, in the last decade a major citrus disease, canker, oc-
curred in this area, and increased amounts of the fungicides with higher 
proportion of Cu(OH)2 were applied as grapefruit trees are very suscep-
tible to this disease.

Eighteen cores of random samples were collected from each grove 
to form three composite samples for each site. Soil samples were col-
lected from the middle of a citrus bed and between two neighboring 
trees (approximately 1 m from citrus tree trunk) at a depth of 0 to 20 
cm (aft er removing the litter layer). An adjacent pasture fi eld which 
had not received any artifi cial Cu input was chosen for collecting refer-
ence soil samples and these soils were collected from marginal transects 
with no grass cover. Th e selection of this fi eld as control is based on its 
similarity in basic soil properties (of the same soil type with similar tex-
ture), hydrological and climate conditions (within the same area and of 
similar landscape), and cropping history (pastureland) to those citrus 
groves before citrus cultivation, so that the eff ects of anthropogenic in-
puts of Cu from citrus planting can be singled out. A portion of each 
soil sample was air-dried at ambient temperature, crushed, and sieved to 
pass through a 2-mm sieve for the analysis of physicochemical proper-
ties. Th e remaining moist soil samples were stored in the dark at 4°C 
before microbial property analysis. Soil Cmic was assayed within a week 
aft er collection, and for soil bacterial community property analysis, soil 
DNA was extracted shortly aft er soil collection, and the DNA samples 
were kept at −20°C before further analysis in <1 mo.

Determination of Soil Physicochemical Properties
Soil pH was measured using a pH/conductivity meter (Model 220, 

Denver Instrument, Denver, CO) following USEPA Method 150.1. 

Table 1. Sampling location and relevant physicochemical characteristics of the studied soils†.

Soil/planting 
history

Location of sampling
(GPS coordinates)

pH (H2O) Corg Available P Available K Total N Total Cu CaCl2–Cu

mg kg-1 mg kg-1 mg kg-1 g kg-1 mg kg-1 mg kg-1

Reference soil 27° 35.784N 080° 37.654W 5.98 ± 0.46ab 5.73 ± 0.18a 26.27 ± 3.04a 83.85 ± 6.56a 0.55 ± 0.04a 10.29 ± 0.13a 0.00 ± 0.00a

5 yr 27° 35.781N 080° 37.634W 5.25 ± 0.30a 5.23 ± 0.28a 142.8 ± 46.22b 28.59 ± 4.46b 0.31 ± 0.02b 19.86 ± 3.49a 0.07 ± 0.02b

21 yr 27° 29.544N 080° 37.969W 5.46 ± 0.54ab 5.47 ± 0.21ab 110.2 ± 4.23b 24.75 ± 2.46b 0.73 ± 0.34abcd 164.1 ± 2.90b 0.14 ± 0.04b

27 yr 27° 26.310N 080° 39.796W 6.08 ± 0.26b 12.68 ± 1.10bcd 214.6 ± 19.40c 50.05 ± 8.11c 1.22 ± 0.11c 195. 8 ± 37.04b 0.11 ± 0.01b

36 yr 27° 26.304N 080° 40.337W 6.25 ± 0.16b 12.18 ± 0.24c 179.4 ± 32.45c 32.39 ± 3.20d 1.00 ± 0.12cd 210.5 ± 17.71b 0.13 ± 0.02b

43 yr 27°26.310N 080° 39.785W 6.08 ± 0.29b 9.58 ± 0.81d 206.2 ± 3.37c 20.32 ± 2.84e 0.74 ± 0.16d 256.5 ± 47.40b 0.31 ± 0.08c

† Data shown are expressed as means ± SD obtained from three replicates. Corg, total soil organic C (mg kg-1); mean values with different letters 
indicate signifi cantly different (p < 0.05) according to the least signifi cant difference (LSD) test.
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Total organic carbon (Corg) in soil was determined using C/N analyzer 
(Vario Max CN Macro Elemental Analyzer, Elemental Analysen sys-
tem GmbH, Hanau, Germany). Available P and K concentrations were 
determined according to Bray and Kurtz (1945) and Jones (1973), 
respectively. Total recoverable Cu in the soils was determined by digest-
ing the sample following USEPA Method 3050B, which uses repeated 
additions of nitric acid (HNO3) and hydrogen peroxide (H2O2) to 
extract elements and metals including Ba from soil. Soil available Cu 
was measured by 0.01 mol L−1 CaCl2 extraction procedure (He et al., 
2009). Aft er extraction, the suspension was centrifuged at 7500 × g for 
30 min and then the supernatant was passed through a Whatman #42 
fi lter paper to remove any suspended materials. Th e concentrations of 
Cu in the digested solution or soil extracts were determined using in-
ductively coupled plasma optical emission spectrometry (ICP–OES, 
Ultima 2, JY Horiba Inc., Edison, NJ) following USEPA Method 200.7. 
All the analyses were conducted following a quality assurance and qual-
ity control plan (NELAC certifi cate #: E76888) of the University of 
Florida Soil and Water Science Laboratory at the Indian River Research 
and Education Center in Fort Pierce, Florida. Th e detection limit for 
Cu was 0.3 μg L−1, with a recovery of 90 to 110%.

Microbial Biomass Carbon
Soil Cmic was determined by the fumigation extraction method 

according to Vance et al. (1987). Total organic carbon in the extracts 
was determined immediately aft er extraction using a liquid TOC ana-
lyzer (liquid TOC Trace, Elemental Analysis system GmbH, Hanau, 
Germany). Micobial biomass C was calculated according to the equa-
tion: Cmic = EC/KEC (Vance et al., 1987), where EC was the diff er-
ence in extractable organic C between the fumigated and unfumigated 
samples, and KEC = 0.45 (Ocio et al. 1991). Soil MQ (ratio of Cmic/Corg) 
was calculated for all soil samples and expressed as mg Cmic g−1Corg.

DNA Extraction and PCR Amplifi cation of 16S 
rRNA Fragments

Approximately 0.25 g of soil was extracted to obtain DNAs us-
ing a PowerSoil DNA Isolation kit (MO BIO Laboratories, Inc., 
Carlsbad, CA) according to the manufacturer’s instructions. Th e reso-
lution of extracts in a 1.0% agarose gel containing ethidium bromide 
(0.3 μg mL−1) was used to estimate the DNA quantity and quality. 
Changes in bacterial community of diff erent soil samples were detect-
ed by DGGE of polymerase chain reaction (PCR) products from 16S 
rRNA genes as previously described (Muyzer et al., 1996). Briefl y, 
the V3 region of the 16S rRNA gene was amplifi ed by using primer 
341F with a GC clamp attached to the 5′ end (40-nucleotide GC-
rich sequence, 5´-CCTACGGGAGGCAGCAG-3´) and primer 
907R (5´-CCGTCAATTCMTTTGAGTTT-3´) (Casamayor et 
al., 2002; Integrated DNA Technologies, Coralville, IA).  Th e PCR 
mixture contained 1× PCR buff er (Promega, Madison, WI), 3.5 mM 
MgCl2 (Promega, Madison, WI), 0.8 μmol of each deoxynucleoside tri-
phosphate (Promega, Madison, WI), 0.1% bovine serum albumin (Promega, 
Madison, WI), 0.5 μM (each) forward and reverse primers, 1 U/25μL 
of Taq polymerase (Promega, Madison, WI), and 1 to 50 ng of tem-
plate DNA. Amplifi cation was performed by 5 min of denaturation at 
94°C and then 30 cycles of 30 s each at 92, 55, and 72°C, followed by 

a fi nal extension at 72°C for 15 min. Polymerase chain reactions were 
run in Eppendorf Mastercycler gradient thermal cycler (Model 5321, 
Eppendorf, Germany).

Denatured Gradient Gel Electrophoresis 
A DCode Universal Mutation Detection System (GE Healthcare 

bio-sciences Co, Piscataway, NJ) was used to perform DGGE analysis. 
Th e gels were made with a denaturing gradient ranging from 45 to 65% 
(100% denaturant is defi ned as a mixture of 7 mol L−1 urea and 40% 
deionized formamide). Between 0.5 and 1 μg of the PCR products were 
loaded per well and run at 80 V for 16 h. Th e gels were stained with 
ethidium bromide solution and the images were captured using a Gel 
DOC XR Imaging system (Bio-Rad, Cambridge, MA). Th ree replicates 
of each sample were loaded on one gel to compare the DGGE patterns 
of all diff erent soils.

Analysis of Denatured Gradient Gel 
Electrophoresis Patterns

Denaturing gradient gel electrophoresis patterns were analyzed 
with GelCompar 4.0 program (Applied Maths, Ghent, Belgium) as 
described by Smalla et al. (2001). Similarity matrix and dendrogram 
of the DGGE profi les were generated based on Pearson correlation 
coeffi  cient and unweighted pair-group method average (UPGMA), re-
spectively. Th e lower limit for band detection was set by the band peak 
height threshold of 0.1% of the total detected optical density in the lane. 
Microbial diversity was examined by the Shannon diversity indices (H′) 
(Shannon and Weaver, 1963). Th e equation for the Shannon index (SI) 
is: H′ = −∑(pi)log(pi), where pi represents % of the integrated density of 
a band, relative to the sum of all the bands in a lane. Species evenness of 
the bacterial community was indicated by the intensity of three most in-
tense bands in each community expressed as percentages of total DNA 
intensity in a community.

Isolation and Sequencing of Dominant Denatured 
Gradient Gel Electrophoresis Bands

Isolation and sequencing of dominant DGGE bands were done ac-
cording to Sun et al. (2004). Th e PCR products were checked for puri-
ty and expected size and quantifi ed as described above. Th e re-amplifi ed 
products were purifi ed with the UltraClean PCR cleanup DNA puri-
fi cation kit (Mo Bio Laboratories, Inc., Carlsbad, CA). Th e DNA se-
quencing was performed with the BigDye Terminator Cycle Sequencing 
Kit v 3.1 on the AB 3730xl DNA analyzer (Applied Biosystems, Foster 
City, CA). Th e sequence was read from both directions with primers 
341F and 907R, respectively. Sequence data from this study are listed 
within the Genbank database under accession numbers GU589556- 
GU589569. Sequences were compared with the GenBank database 
by using Nucleotide Blast (Altschul et al., 1990). Th e ClustalX v2.0 
program (Larkin et al., 2007) was used to assemble and align all of 
16S rRNA gene sequences including the reference sequences obtained 
from GenBank database. Th e sequence distance matrix for all pair wise 
sequence combinations was analyzed by the use of MEGA4.1 (Tamura 
et al., 2007) with the neighbor-joining method of phylogenetic tree 
construction with 1000 bootstrap replicates.
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Data Analysis
Data were analyzed using SPSS 11.0 soft ware. One-way ANOVA 

was used to compare soil physicochemical and microbial properties, us-
ing the least signifi cant diff erence (LSD) test to evaluate whether the 
means were signifi cantly diff erent at a p-value of <0.05. Bivariate cor-
relation analyses were performed to determine the association between 
soil parameters, and the stepwise multiple regression analysis was used 
to determine the contribution of major soil properties to the changes of 
soil microbial biomass and bacterial community structures.

RESULTS
Total Recoverable and Available Copper in Soils

Th e concentrations of total recoverable Cu and available 
Cu measured by CaCl2 extraction signifi cantly varied among the 
studied soils and were related to land use history (Table 1). Total 
recoverable Cu in the reference soil was only 10.29 mg kg−1, 
which was close to the background Cu level of representative 
soils in Florida (Ma et al., 1997), while in soils under citrus pro-
duction, the concentration ranged from 19.86 mg kg−1 for the 
5-yr grove to 256.5 mg kg−1 for the 43-yr grove. On average, 
total recoverable Cu increased by approximately 6 mg kg−1 per 
year. Similar to total recoverable Cu, CaCl2–extractable Cu in 
the soils was also related to planting time.

Soil Microbial Biomass
Both soil Cmic contents and MQ decreased with the grove 

age or planting history (Fig. 1). Planting of citrus for 5, 21, 27, 
36, and 43 yr caused 10.9, 37.8, 53.8, 53.7, and 57.8% of reduc-

tion in the Cmic, respectively, as compared with the reference 
soil. Multiple variable regression analysis indicated that total re-
coverable Cu can explain 92% of the variance in Cmic and 86% of 
the variance in MQ, with organic C and nutrient condition (N 
and P) accounting for the rest (Table 2).

Denaturing Gradient Gel Electrophoresis Analysis 
of Bacterial Community

Bacterial DGGE profi les generated from the 16S rRNA 
fragments revealed the richness and eveness of the bacterial com-
munity in soil samples (Fig. 2). A signifi cantly higher number of 
visible bands were detected in the reference soil and the soil from 
the 5-yr grove, indicating the presence of high number of bacte-
rial taxa. Soil samples from the 43-yr grove showed the simplest 
DGGE pattern (Table 3). Clustering of the profi les revealed that 
bacterial community structures in the groves aged 36 and 43 yr 
showed the highest similarity, with an average band sharing co-
effi  cient of 0.95, followed by groves aged 27 and 36 yr, with an 
sharing coeffi  cient of 0.94 (Fig. 3).

Th e Shannon diversity index of the bacterial community 
based on DGGE fi ngerprinting data had a tendency to decrease 
with the citrus grove age (Table 3). Signifi cant diff erences were 
found between the reference soil and the soils from the citrus 
groves aged 27, 36, and 43 yr, and between the soils from groves 
aged 5 and 43 yr, and 21 and 43 yr (p < 0.05). Th e distribution 
evenness of the bacterial community was analyzed based on the 
intensity of the three most intense bands. As it was seen in Table 
3, DGGE bands from the control soil were more evenly distrib-
uted than corresponding bands from Cu contaminated soils, 
with the top three ribotypes comprising about 20% of the total 
bacterial community detected. While the least evenly distribu-
tion of bacterial ribotypes occurred in the grove aged 36 yr, in which 
the top three ribotypes comprised of 30.7% of the total bacterial 
community detected. Multiple variable regression analysis indi-
cates that the SI value was weakly related to pH, organic C, and 
available nutrients (N, P, K), but very signifi cantly negatively corre-
lated with total recoverable Cu in the soil (r = −0.976, p < 0.001).

Sequencing of Denaturing Gradient Gel 
Electrophoresis Bands

Th e prominent bands in each sample from the DGGE 
gel were excised and sequenced to obtain further information 
about the shift  of dominant bacteria populations in the cit-
rus grove soils of diff erent planting ages (Fig. 2). A total of 42 
bands were sequenced and related to 14 kinds of bacteria ac-
cording to sequence analysis. A neighbor-joining phylogenetic 
tree was constructed to visualize the relationships between the 
sequences from the citrus grove soils and related organisms from 
the GenBank database (Fig. 4). According to Fig. 4, Bands P7 
and P10 have close relationships with b-Proteobacteria and 
Firmicutes, respectively.

A comparison of the DGGE patterns revealed several bands 
which were detected in the reference soil but not in the citrus 
grove soils, while a few dominant bands were characteristic of 

Fig. 1. Changes of microbial biomass C (a) and soil microbial 
quotient(MQ) (b) in relation to total recoverable Cu in soils. Error 
bars indicate standard errors.
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Cu contaminated soil samples only. Bands P1 and P14, which 
showed 95% similarity to Bacillus megaterium and 98% similar-
ity to Nitrospira sp., respectively, existed in all soil samples. Th is 
may indicate that these two bacteria strains are general popula-
tion in the soils and can survive the gradually accumulated Cu. 
Bands P3 and P11were the apparently dominant population in 
the citrus grove aged 5 yr, but not detectable in the other soil 
samples. Band P9, which could be assigned to Bacillus pocheo-
nensis strain G3 with a 99% similarity, existed only in the soils 
from the citrus groves aged 5 and 21 yr. Similar information was 
observed for Band P7, which presented in the citrus groves aged 
5, 21, and 27 yr, but was not found in the citrus groves aged 36 
and 43 yr. Of all the soil samples, the strongest bacteria shift  oc-
curred in the 21-yr grove, which was characterized by the appear-
ance of some bacteria which became dominant in the soils from 
the groves aged 27, 36, and 43 yr, including some strains of g-
Proteobacterium, Firmicutes, and Acidobacteria bacteria.

DISCUSSION
Accumulation of Copper in Citrus Groves Soils

Total recoverable Cu concentration in soils was linearly re-
lated to the age of citrus grove (Y = 11.33 + 5.98 X, r2 = 0.96, p 
< 0.05). Crop variety and soil type may also aff ect Cu accumula-
tion in the soil to a certain extent (He et al., 2009). Since all the 
fi ve citrus groves were planted with grapefruit and belonged to 
the same soil type with similar management practices and there-
fore, their signifi cant diff erence in total Cu concentration can be 
attributed to the time under citrus production or the external 
Cu input from repeated application of Cu-containing fungicides (He 
et al., 2009).

Th e toxicity of Cu to plants 
depends more on its available rather 
than total concentration (Giller et 
al., 2009). In the present study, avail-
able Cu estimated by the CaCl2 extrac-
tion procedure in the soils was signifi -
cantly correlated with total recoverable 
Cu (r = 0.82, p < 0.05), this is in accor-
dance with Wang et al. (2009), who ob-
served that 0.01 mol L−1 CaCl2–ex-
tractable Cu has a high correlation 
with total Cu in the soils.

Effect of Copper and Other 
Soil Properties on Soil 
Microbial Biomass Carbon

Soil microbial biomass has been 
proposed as a sensitive endpoint for 
defi ning the impact of contaminants 
such as heavy metals on soil biologi-
cal functioning (Giller et al., 1998), 
and a number of soil properties may 
aff ect soil microbial biomass (He et 
al., 2003). In the present study, both 

bivariate correlation and multiple variable regression analysis 
showed that soil Cmic and MQ values in the citrus grove soils 
were mainly aff ected by soil Cu accumulation, and the infl uence 
of other soil variables such as Corg and nutrients (N, P, K) were 
limited. Th is agrees with several previous studies: for example, 
V〈squez-Murrieta et al. (2006) found that long-term contami-
nation of soil with heavy metals had an adverse eff ect on micro-
organisms as evidenced by a marked decrease in Cmic. A labora-
tory incubation experiment also showed that addition of 50 to 
600 mg kg−1 Cu decreased soil Cmic and microbial biomass N 
sharply (El-Ghamry et al., 2000). Th e results from this study and 
the literature indicate that Cu contamination causes soil quality 

Table 2. Multiple variable regression of microbial biomass C 
(Cmic) or microbial quotient (MQ) with total recoverable Cu 
(TCu), available P (AP), total N (TN), and organic carbon (Corg).

Variables Partial R2 Model R2 F value Pr > F

Cmic
Total recoverable Cu 0.9234 0.9234 48.23 0.0023

Total N 0.0416 0.9650 3.57 0.1552

Available P 0.0266 0.9917 6.40 0.1271

Organic carbon 0.0081 0.9998 33.72 0.1086

Regression equation
Cmic = 171.37- 0.1415TCu -0.2197AP-
46.492TN+2.7786Corg

MQ

Total recoverable Cu 0.8572 0.8572 24.02 0.0080

Total N 0.1221 0.9794 17.76 0.0244

Available P 0.0189 0.9983 21.97 0.0426

Organic carbon 0.0014 0.9997 4.28 0.2868

Regression equation
MQ = 35.98–0.0298TCu-11.39TN-0.0244AP-
0.3044Corg

Fig. 2. Denaturing gradient gel electrophoresis (DGGE) analysis of 16S rRNA fragments of microbial 
communities from citrus grove soils. Lanes 1–18 are PCR products amplifi ed from the reference soil 
(labeled as 0), soils from citrus groves aged 5, 21, 27, and 34 yr (labeled as 5, 21, 27, 36, and 43), 
respectively (three replicates for each sample). DNA bands that were cut, purifi ed and sequenced were 
labeled as P1-P14, which were listed within the Genbank database under accession numbers GU589556- 
GU589569, respectively.
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degradation by a signifi cant reduction in microbial biomass. It 
was reported that CaCl2–extratable Cu lead to a better under-
standing of Cu toxicity than total recoverable Cu (Wang et al., 
2009). However, the results from this study showed a slightly bet-
ter correlation between total recoverable Cu and Cmic (r = 0.89, 
p < 0.05) than that between CaCl2–extratable Cu and Cmic (r = 
0.76, p < 0.05). Th is is likely due to the coarse texture of the soils, 
with a signifi cant portion (48.7%) of the total recoverable Cu be-
ing extractable to Mehlich 3 reagent as observed in our previous 
study (He et al., 2009), implying Cu in the sandy soils exhibits 
high bioavailability. In addition, CaCl2 is a very weak extract-
ant which measures only a portion of available Cu and thus this 
method may not represent Cu bioavailability in soils.

Soil MQ refl ects the linkage and interactions between the 
two parameters and the quantity of C immobilized into the mi-
croorganisms (Insam and Domsch, 1988). Brookes (1995) sug-
gested that MQ might be a better indicator of soil pollution than 
either microbial activity or biomass measurement alone. Soil MQ 
in the citrus grove soils had a tendency to decrease with increas-
ing grove age. Th is observation is consistent with previous stud-
ies (Merrington et al., 2002; Wang et al., 2009). However, pre-
vious laboratory incubation studies showed that MQ tended to 
increase at low external Cu input (<200 mg kg−1) but decreased 
at higher Cu loadings (>200 mg kg−1; Sun et al., 2007). Th is 
discrepancy may be due to the diff erence in exposure time to Cu 

as the laboratory simulation studies measured the responses of 
soil microorganisms to immediate, acute toxicity (disturbance), 
whereas the measurements of fi eld samples provided informa-
tion on the long-term chronic toxicity which accumulates gradu-
ally (Giller et al., 1998). Th ese results suggest that the microbial 
responses measured in the short-term assays may not be able to 
indicate the long-term eff ects of Cu contamination on microbial 
properties under the fi eld conditions.

Effect of Copper Accumulation on Soil Bacterial 
Community Structure

Long-term exposure to heavy metals has been reported to 
result in adaptation of some microbial communities which could 
survive in the metal-polluted soils and subsequent changes of 
soil microbial community structure (Kunito et al., 1999). In the 
majority of studies, a decrease in bacterial diversity and a change 
in community structure were observed in the soils polluted by 
Cu (Smit et al., 1997; Tom-Petersen et al., 2003; Brandt et al., 
2010), although comparable bacterial diversity or no change in 
microbial diversity were also reported (Brandt et al., 2010; Ellis 
et al., 2003; Linton et al., 2007).

In the present study, the bacterial diversity and evenness in 
each community calculated by DGGE profi les evidenced clear 
diff erences between the reference soil and the soils from the cit-
rus groves aged 36 and 43 yr. Th e bacterial diversity tended to 
decrease with the grove age or total recoverable Cu concentra-
tion in the soils, with the most uniform soil community being 
detected in a more severely polluted soil (from the 36-yr grove). 
Th is may indicate that Cu contamination aff ected soil bacterial 
diversity, or at least, altered the community species composition 
suffi  ciently to establish a diff erent pattern, as previously reported 
(Dell’Amico et al., 2008). Moreover, according to the cluster 
analysis of the DGGE profi le, the soils from the citrus groves 
aged 27, 36, and 43 yr showed high similarity, and it was interest-
ing to note that the DGGE profi le of the reference soil was much 
closer to that of the above three soils than the soils from the 5-yr 
and 21-yr groves. Th is may be due to the fact that the response 
of bacterial community structure to Cu contamination in soils 
is complex, infl uenced by the toxicity of Cu to microorganisms, 
and the change in other soil properties caused by Cu accumu-
lation or other agricultural practices ( Jiang, 2010). Stepwise re-
gression analysis also showed that although the Shannon diversi-
ty index of bacterial communities was predominantly negatively 
aff ected by total recoverable Cu, it was also aff ected by other soil 
properties such as available P. Th is may be related to the low solu-
bility of Cu phosphates (He and Zhou, 1998) and available P in 
soil acts as a retention agent for Cu.

A shift  of dominant bacteria in soil encountered with Cu-
containing fungicides was noticed in the present study. Two out 
of the fi ve dominant bacteria in the citrus groves with higher lev-
el of potential Cu contamination were related to Acidobacteria, 
a recently recognized phylum of bacteria, which are acidophilic 
as implied by the name (Barns et al., 2007). Since they were re-
cently discovered and majority of them are not culturable, and 

Table 3. Shannon diversity index and the evenness of total 
bands of studied soils.

Soils/planting 
history Shannon index (H′)† Evenness of soil bacterial 

community‡

Reference soil 1.45 ± 0.08 a 20.52% ± 1.22% a
5 yr 1.43 ± 0.06 ab 22.74% ± 2.85% ac

21 yr 1.34 ± 0.04 ab 22.94 ± 1.72% ac

27 yr 1.29 ± 0.05 bcd 26.03 ± 3.49% ac

36 yr 1.21 ± 0.03 cd 30.15 ± 1.24% bc
43 yr 1.20 ± 0.04 d 26.73 ± 2.08% c
† Data shown are means ± SD obtained from three replicates. 

H′ = −∑(pi)log(pi), where pi represents % of the integrated density of 
a band, relative to the sum of all the bands in a lane.
‡The evenness of soil bacterial community was expressed as the 
intensity of three most intense bands in each community expressed as 
percentages of total DNA intensity in the lane. Different letters indicate 
signifi cantly different means (p < 0.05) according to the least signifi cant 
difference test.

Fig. 3. Cluster analysis of DGGE profi le. Similarity matrix and 
dendrogram of the DGGE profi les were generated based on Pearson 
correlation coeffi cient and UPGMA, respectively.
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the ecology and metabolism of these 
bacteria are still not well understood 
(Eichorst et al., 2007). Th e com-
plete genome sequence analysis of 
Acidobacteria showed that this kind of 
bacteria are supposed to be long-lived, 
divide slowly, exhibit slow metabolic 
rates under low-nutrient conditions, 
and are well equipped to tolerate fl uc-
tuations in soil moisture (Ward et al., 
2009). Linton et al. (2007) also re-
ported that high number of bacteria 
similar to acidophiles were detected in 
long-term heavy metal contaminated 
Ombrotrophic Peats, and suggested 
that this kind of acid-tolerant bacteria 
may render heavy metals more bioavail-
able and thus more toxic to other or-
ganisms. Th e presence of Acidobacteria 
in long-term Cu contaminated soil 
suggested that this group of bacteria 
may play an important role in heavy 
metal contaminated soils.

Proteobacteria and Firmicutes 
bacteria were detectable in all soil sam-
ples, though the strains of each phylum 
are diff erent between the more severe-
ly polluted citrus groves and the young 
citrus grove soils. Th e Proteobacteria 
are a major group of bacteria, many 
of which are responsible for N fi xa-
tion. Many Firmicutes produce endo-
spores which enable them to survive 
under extreme conditions, and conse-
quently they are found in a variety of 
environments. Autotrophic nitrifi ers 
were reported to be the most sensitive 
group to toxicants, such as heavy metals, within the bacterial 
community and they have been proposed as toxicity biosensors 
(Dell’Amico et al., 2008). However, the bacterium P14, which 
shows a 98% similarity with unculturable Nitrospira sp., was de-
tected in both the reference soil and Cu-contaminated soils, in-
dicating that this Nitrospira strain may be Cu-tolerant.

A shift  of bacterial community in Cu contaminated soils 
was also reported in several studies; however, in the case of 
dominant bacteria, diff erent results have been recorded (Tom-
Petersen et al., 2003; Dell’Amico et al., 2008). We hypothesized 
that the bacteria survived in the soils contaminated with a high 
level of Cu may be tolerant to Cu stress through phylogenetic 
and functional adaption. It was reported that long-term expo-
sure to Cu had probably selected a Cu-tolerant community 
composed of two types of bacteria: the one originally resistant 
to Cu and the other with an acquired resistance (Bamborough 
and Cummings, 2009; Dell’Amico et al., 2008). However, it is 

diffi  cult to discriminate between the two types. In this respect, 
further analyses of the impact of Cu contamination on soil mi-
croorganisms would be valuable.

CONCLUSIONS
Long-term application of Cu-containing fungicides re-

sulted in Cu buildup in the soil and signifi cantly decreased soil 
Cmic and MQ. Diversity indices based on DGGE fi ngerprinting 
data generally decreased with increasing total recoverable Cu, 
suggesting that soil bacterial diversity was adversely aff ected by 
Cu. Th e dominant microbes in the polluted soils are most likely 
those with greater tolerance to environmental stresses, including 
certain strains of γ-Proteobacterium, Acidobacteria, Firmicutes 
and β-Proteobacterium. However, other soil physicochemical 
characteristics, which showed variation among the sampling cit-
rus groves, might also contribute to the changes in soil microbial 
biomass and bacterial community diversity.

Fig. 4. Phylogenetic relationship between the 16S rRNA gene sequences from excised bands from 
DGGE gels (P1-P14) and their most closely related sequences from the GenBank database. Bacterial 
divisions are indicated. The scale bar indicates a change of 2%. The information of bands P1-P14 was 

shown in Fig. 2.
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