
R
ep

ro
du

ce
d 

fr
om

 J
ou

rn
al

 o
f E

nv
iro

nm
en

ta
l Q

ua
lit

y.
 P

ub
lis

he
d 

by
 A

S
A

, C
S

S
A

, a
nd

 S
S

S
A

. A
ll 

co
py

rig
ht

s 
re

se
rv

ed
.

Impact of Genetically Modified Crops and Their Management on
Soil Microbially Mediated Plant Nutrient Transformations

P. P. Motavalli,* R. J. Kremer, M. Fang, and N. E. Means

ABSTRACT ing that year 46% of the world’s total soybean [Glycine
max (L.) Merr.] area, 7% of the corn (Zea mays L.)One of the potential environmental effects of the recent rapid
area, and 20% of the cotton (Gossypium hirsutum L.)increase in the global agricultural area cultivated with transgenic crops

is a change in soil microbially mediated processes and functions. area were planted to biotechnology-derived seed (Coun-
Among the many essential functions of soil biota are soil organic cil for Agricultural Science and Technology, 2002). Pos-
matter decomposition, nutrient mineralization and immobilization, sible direct environmental hazards associated with the
oxidation–reduction reactions, biological N fixation, and solubiliza- release of transgenic crops include movement of trans-
tion. However, relatively little research has examined the direct and genes in the environment, escape of the whole plant,
indirect effects of transgenic crops and their management on microbi- effects on nontarget organisms, and resistance evolution
ally mediated nutrient transformations in soils. The objectives of this

(National Research Council, 2002). Changes in soil andpaper are to review the available literature related to the environmen-
crop management over large land areas due to wide-tal effects of transgenic crops and their management on soil microbi-
spread cultivation of transgenic crops, such as changesally mediated nutrient transformations, and to consider soil properties
in pesticide use and tillage practices, could also haveand climatic factors that may affect the impact of transgenic crops on

these processes. Targeted genetic traits for improved plant nutrition both positive and negative environmental effects (Coun-
include greater plant tolerance to low Fe availability in alkaline soils, cil for Agricultural Science and Technology, 2002; Not-
enhanced acquisition of soil inorganic and organic P, and increased tingham, 2002).
assimilation of soil N. Among the potential direct effects of transgenic Although some research has examined the environ-
crops and their management are changes in soil microbial activity mental impacts of the “aboveground” portion of trans-
due to differences in the amount and composition of root exudates, genic crops, relatively less research effort has examined
changes in microbial functions resulting from gene transfer from the

the effects of these crops on soil microbially mediatedtransgenic crop, and alteration in microbial populations because of
processes and functions in soils (O’Callaghan and Glare,the effects of management practices for transgenic crops, such as
2001; Bruinsma et al., 2003). Among the many essentialpesticide applications, tillage, and application of inorganic and organic
functions of soil biota are soil organic matter decomposi-fertilizer sources. Possible indirect effects of transgenic crops, includ-

ing changes in the fate of transgenic crop residues and alterations in tion and nutrient mineralization and immobilization.
land use and rates of soil erosion, deserve further study. Despite Other microbially mediated processes in soil related to
widespread public concern, no conclusive evidence has yet been pre- nutrient cycling include oxidation–reduction reactions
sented that currently released transgenic crops, including both herbi- (e.g., nitrification and denitrification), biological N fixa-
cide and pest resistant crops, are causing significant direct effects tion, and solubilization (e.g., solubilization of soil P).
on stimulating or suppressing soil nutrient transformations in field Among the many challenges facing researchers exam-
environments. Further consideration of the effects of a wide range

ining the environmental effects of transgenic crops onof soil properties, including the amount of clay and its mineralogy,
biogeochemical cycles is the potential dependence ofpH, soil structure, and soil organic matter, and variations in climatic
expression of those effects on factors such as climate,conditions, under which transgenic crops may be grown, is needed in
soil chemical and physical properties, crop variety, andevaluating the impact of transgenic crops on soil nutrient transforma-

tions. Future environmental evaluation of the impact of the diverse time (Trevors et al., 1994). A major problem in evaluat-
transgenic crops under development could lead to an improved under- ing the environmental effects of transgenic crops is the
standing of soil biological functions and processes. lack of sufficient long-term baseline information on the

variation in soil microbially mediated nutrient cycling
in diverse agroecosystems to compare with agroecosys-

The recent rapid growth in the global agricultural tems in which transgenic crops have been introduced
area cultivated with transgenic crops, genetically (Dale et al., 2002; Bruinsma et al., 2003). In addition,

engineered to have either or both herbicide and pest knowledge of the complex diversity of soil microorgan-
resistance, has raised public concerns over the potential isms is limited since only a small portion of soil microbial
impact of these crops and their management on the populations can be cultured and identified using standard
environment (Hoffman, 1990; Grogan and Long, 2000; analytical methods, although some new methodological
Nottingham, 2002). In 2001, 52.5 million ha of biotech- approaches, including use of molecular biological tech-
nology-derived crops were planted worldwide and dur- niques, show some promise in helping to understand

the impact of transgenic crops on soil microbial ecology
(Angle, 1994; Bruinsma et al., 2003).

P.P. Motavalli, M. Fang, and N.E. Means, Department of Soil, Envi- The introduction of transgenic crops expressing multi-ronmental and Atmospheric Sciences, and R.J. Kremer, USDA-ARS,
ple traits (“stacked” genes) may further complicate de-University of Missouri, Columbia, MO 65211. Received 5 May 2003.
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interactions among the inserted genes (National Re- The mechanisms by which these transgenic crops may
overcome nutrient deficiencies, such as increased rootsearch Council, 2002). An additional challenge will be

to evaluate the potential environmental impacts of the exudation of organic acids, may directly or indirectly
affect soil microbially mediated nutrient transforma-wide range of transgenic crops under development.

These new transgenic crops include plants containing tions. For example, the decrease in rhizosphere soil pH
due to increased root exudation of organic acids maymodifications for improved resistance to stress condi-

tions, plants with better nutritional qualities and vitamins, reduce the rate of microbially mediated processes sensi-
tive to acidic pH (e.g., nitrification). However, the pres-plants with enhanced N fixation and photosynthesis, and

plants that produce industrial products or precursors, ence of organic anions in soil can also stimulate micro-
bial activity and increase nutrient availability (Ryan etsuch as bioplastics, pharmaceutical proteins, and vac-

cines (Nottingham, 2002). al., 2001). More subtle and complex environmental ef-
fects may occur to soil microbially mediated processesThe objectives of this paper are to (i) review the

available literature related to the environmental effects when previously marginal lands are converted to cultiva-
tion of stress-tolerant transgenic crops with concomitantof transgenic crops and their management on soil micro-

bially mediated nutrient transformations and (ii) con- changes in soil management (National Research Coun-
cil, 2002).sider soil properties and climatic factors that may affect

the impact of transgenic crops on nutrient transforma-
tions. Although the current literature on the issue of the POTENTIAL NONTARGETED DIRECT
environmental impact of transgenic crops on soil nutri- AND INDIRECT EFFECTS
ent transformations is not extensive, a review at this

The impact of the introduction of transgenic cropstime may facilitate the determination of future priorities
and accompanying changes in management practices onfor research.
soil microbially mediated nutrient transformations may
occur through several unintended (nontargeted) directTARGETED TRANSGENIC TRAITS and indirect effects that may be mediated by variation inAFFECTING PLANT climate and soil properties (Fig. 1). Among the potentialNUTRIENT ACQUISITION direct effects are changes in soil microbial activity due
to differences in the amount and composition of rootThe recognition that abiotic stress, such as nutrient

deficiency, is a major factor limiting crop performance exudates, changes in microbial functions resulting from
gene transfer from the transgenic crop, and alterationunder different environmental conditions and agricul-

tural management practices has led to efforts to develop in microbial populations because of the effects of man-
agement practices for transgenic crops, such as pesticidetransgenic crops with improved traits to acquire nutri-

ents from soil (Hirsch and Sussman, 1999). Examples applications, tillage, and application of inorganic and
organic fertilizer sources.of targeted traits that have been researched include

improved plant tolerance to low Fe availability in alka- The primary indirect effect of transgenic crops on soil
microbially mediated processes that has been studiedline soils, enhanced acquisition of soil inorganic and

organic P, and increased assimilation of soil N (Table 1). has been the effects of changes in the amount and com-
position of crop residues from transgenic crops. A sim-Improvements in plant nutrient acquisition have also

been observed in transgenic crops, which have traits plified example of the possible indirect effects of trans-
genic Bt corn (transgenic corn engineered to expresstargeted for overcoming other abiotic stresses, such as

soil salinity and drought tolerance. Removal of plant Bacillus thuringiensis toxin) residues on nutrient trans-
formations in soil is illustrated in Fig. 2. Reductions ingrowth limitations may be expected to increase plant

utilization of soil nutrients since nutrient demand would corn borer damage or differences in the composition of
Bt corn residues may increase the amount of undam-be higher in healthier plants, but additional changes in

plant physiological characteristics due to the introduc- aged, low N-containing residues remaining on or in soil
after harvest, thereby possibly reducing the rate of de-tion of novel traits may also affect nutrient acquisition.

For example, Garg et al. (2002) observed higher Fe composition and nutrient mineralization. Determina-
tion of the overall impact of increased crop residuescontent in drought- and salt-tolerant transgenic rice de-

veloped to accumulate higher levels of trehalose, a non- from transgenic Bt corn on microbially mediated nutri-
ent processes is complicated by the possible reductionreducing disaccharide of glucose.

Table 1. Examples of targeted transgenic traits for improved plant nutrient acquisition from soil.

Trait Mode of action Crop Reference

Tolerance to low Fe availability root exudation of mugineic acid rice (Oryza sativa L.), sorghum Takahashi et al. (2001)
in alkaline soils phytosiderophores [Sorghum bicolor (L.) Moench],

corn (Zea mays L.)
Tolerance to low P availability root exudation of organic acids corn and other monocots López-Bucio et al. (2000)

in acidic and alkaline soils (e.g., citric and malic acids) to
solubilize soil P

root exudation of phytase extracellular – Richardson et al. (2001)
enzyme to utilize organic P in soil

Improved assimilation of soil N increased activity of NADH-glutamate tobacco (Nicotiana tabacum L.) Chichkova et al. (2001)
synthase in plant
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818 J. ENVIRON. QUAL., VOL. 33, MAY–JUNE 2004

Fig. 1. Potential nontargeted direct and indirect effects of transgenic crops on microbially mediated soil nutrient transformations.

in soil erosion that occurs with greater Bt corn residues Plant roots excrete several substances into the rhizo-
left on the soil surface. Decreased loss of topsoil rela- sphere soil, including exudates, secretions, mucilages,
tively higher in soil organic C compared with subsoil mucigel, and lysates (Kennedy, 1998). For the purposes
would maintain or enhance soil microbial activity. Boyle of this paper, these substances will be collectively termed
et al. (2001) also provide an example of the possible as root exudates.
indirect ecological effects of the introduction of trans- Evidence that root exudates can promote or retard
genic disease-resistant trees on mycorrhizae and other the growth of rhizosphere microorganisms can be ob-
soil biota important in decomposition and nutrient cy- served in the study of transgenic plants that change the
cling in forest soils. rhizosphere environment for the possible development

of biopesticides or plant growth enhancers (Salmeron
Root Exudates and Vernooij, 1998; Mansouri et al., 2002). One example

of this type of research is the development of transgenicThe main interaction zone between the plant and soil
bird’s-foot trefoil (Lotus corniculatus L.) and blackbiota is at or near the root surface in the rhizosphere
nightshade (Solanum nigrum L.) plants that produce(Kennedy, 1998). Both plant roots and soil microorgan-
opines, a root exudate that favors opine-degrading rhi-isms alter and are affected by soil chemical and physical
zobacteria (Mansouri et al., 2002). This transgenic traitproperties in the rhizosphere (see Fig. 3 for an illustra-
to produce a bacterial growth substrate to select fortion of the effects of this relationship on soil P availabil-
specific rhizosphere microbes utilizing the substrate wasity). In the example of factors affecting soil P availabil-
not affected by the limited number of soil types and plantity, root exudates, such as organic acids, H� ions, sugars,
species tested and remained constant over the 18-wkand phosphatases, facilitate the solubilization and de-
observation period (Mansouri et al., 2002).sorption of mineral P as well as affect the activity of

A well-documented nontarget effect of root exudatesrhizosphere microorganisms (Ryan et al., 2001) (Fig. 3).
has been with transgenic crops that incorporate theAlterations in the composition and quantity of root exu-
Cry1Ab gene from the bacterium Bacillus thuringiensisdates through the introduction of new genetic traits may,
that codes for the production of an insecticidal proteintherefore, directly affect processes, such as mineral P
that kills Lepidopteran pests (Schnepf et al., 1998; Do-solubilization, or indirectly affect P availability through

changes in the activity of rhizosphere microorganisms. negan and Seidler, 1999; Saxena et al., 1999). The insecti-
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Fig. 2. A flow diagram illustrating the possible indirect effects of transgenic Bt corn (i.e., corn engineered to express Bacillus thuringiensis
toxin) residues on soil nutrient transformations.

cidal toxin in root exudates (as well as pollen and crop crease in culturable aerobic bacteria and fungi with two
of three transgenic cotton lines, which was attributedresidues) produced by Bt corn binds rapidly to montmo-

rillonite and kaolinite clay minerals, humic acids, and to unexpected changes in plant characteristics as a result
of genetic manipulation or tissue culture (Donegan etorganomineral complexes, which protect the toxin from

microbial degradation (Tapp et al., 1994; Crecchio and al., 1995). A survey of levels of Cry1Ac protein levels
contained in soil samples of six fields grown to continu-Stotzky, 1998, 2001; Saxena et al., 2002). The bound

toxin retains its insecticidal activity and has been ob- ous Bt cotton for 3 to 6 yr indicated that no detectable
Cry1Ac protein or biological insecticidal activity wasserved to persist in soil for up to 234 d (Saxena et al.,

1999). Similar results on the persistence of the insectici- present in any of the fields despite incorporation of
the transgenic Bt cotton plant residues into the soil bydal toxin of Bt cotton but for shorter periods of time

(up to 140 d) have also been reported by Palm et al. postharvest tillage (Head et al., 2002). Similarly, aerobic
bacterial and fungal populations, fungal species diver-(1996). That study observed a general pattern of rapid

degradation of the toxin during the first 14 d of incuba- sity, and abundance in soil planted to transgenic Bt
potato (Solanum tuberosum L.) did not differ signifi-tion followed by a slower rate of degradation over the

total 140-d study period. Zwahlen et al. (2003) observed cantly from soil planted with non-transgenic potato
plants (Donegan et al., 1996). The specificity of the Crysome variation in long-term persistence of the Bt toxin

derived from degradation of corn residues in field trials proteins for target pests, the small amount of the protein
contained in plants, and its rapid degradation in soildepending on tillage practice.

The presence of the insecticidal toxin from Bt crops reduces the risk of environmental impacts from cultiva-
tion of Bt crops (Betz et al., 2000).either through root exudates or by incorporation of

residues of Bt crops has not generally been shown to Some evidence exists that transgenic plants currently
under development may affect soil nutrient transforma-have a significant effect on soil biological populations,

which may affect soil nutrient transformations. Saxena tions, but whether root exudates or other nontargeted
physiological changes in the plant are the mechanismsand Stotzky (2001a) observed no apparent effects of Bt

toxin from corn added to soil on earthworms, nema- for these effects is unclear. Soil from field plots in which
lignin peroxidase-producing transgenic alfalfa (Medi-todes, protozoa, bacteria, and fungi. However, they sug-

gested that more detailed research needs to be con- cago sativa L.) was grown over two years had signifi-
cantly higher population levels of culturable, aerobicducted to determine the effects of the toxin on soil

biodiversity (Saxena and Stotzky, 2001a). Another study spore-forming and cellulose-utilizing bacteria, lower ac-
tivity of the soil enzymes dehydrogenase and alkalinereported no direct effects of purified Bt toxin and Bt

toxin contained in transgenic Bt cotton on soil micro- phosphatase, and higher soil pH levels compared with
that of the parental non-transgenic lines (Donegan andorganisms, but observed a transient but significant in-
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Fig. 3. Processes influencing soil P availability in the soil rhizosphere (adapted from Ryan et al., 2001).

Seidler, 1999). However, population levels of protozoa, cine]. In 2001, glyphosate-resistant soybean accounted
nematodes, and microarthropods, DNA fingerprints of for 46% (33.3 million ha) of the total area in the world
indigenous bacteria, and rates of microbial substrate- planted to soybeans (Council for Agricultural Science
induced respiration were not significantly affected by and Technology, 2002). In the United States, glypho-
the growth of the transgenic alfalfa (Donegan and sate-treated land constituted 62% of the total area
Seidler, 1999). The study also observed that the trans- planted to soybeans in 2000 (Council for Agricultural
genic alfalfa had significantly lower shoot weight and Science and Technology, 2002).
higher tissue N and P contents compared with the paren- An extensive review of the ecotoxicological risks asso-
tal non-transgenic plants. Further research examining ciated with use of glyphosate and its formulations, in-
nontargeted traits in transgenic crops under develop- cluding the herbicide Roundup (Monsanto, St. Louis,
ment and the mechanisms by which these traits may MO), is presented in Giesy et al. (2000). Among the
affect soil biologically mediated processes, including factors affecting the toxicity of glyphosate and Roundup
changes in root exudates, is needed to better understand to soil microorganisms and invertebrates are the rate
the potential impact of these introduced crops on soil of glyphosate applied, soil properties such as soil texture
biological functions. and organic matter content, and whether the testing was

done in artificial substrates or natural soil ecosystems
Herbicide Applications (Giesy et al., 2000).

One potential effect of the application of glyphosate-One of the major changes in crop management prac-
based herbicides to soil is the stimulation or inhibitiontices that has occurred with the introduction of trans-
of soil microbially mediated nutrient transformationsgenic crops with herbicide resistance has been the wide-
and related processes (Table 2). Toxic effects of glypho-spread application of glyphosate [commonly applied as

the isopropylamine salt of N-(phosphonomethyl) gly- sate on soil microorganisms may occur because the
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Table 2. Effects of glyphosate on soil nutrient transformations cited in research literature.

Effect of glyphosate Mode of action Soil or medium characterization Reference

Increased C and N mineralization and soil glyphosate contains organic Weswood silt loam (fine-silty, mixed, Haney et al. (2000,
microbial biomass C and N C and N superactive, thermic Udifluventic 2002)

Haplustepts); nine soils from
Georgia and Texas

Decreased growth of ectomycycorrhizal fungi direct antagonism growth medium Chakravarty and
Chatarpaul (1990),
Estok et al. (1989)

Delayed N2 fixation and lower N direct antagonism of glyphosate potting media, Bosket sandy loam King et al. (2001),
accumulation in soybean, especially when soil on symbiont, Bradyrhizobium (fine-loamy, mixed, active, thermic Reddy et al. (2000)
water content low; effect is rate-dependent japonicum Mollic Hapludalfs)
and may not affect plant growth in the field

Inhibited nodule development in field-grown glyphosate accumulates in Dundee silt loam (fine-silty, mixed, Reddy and
glyphosate-resistant soybean nodules active, thermic Typic Endoaqualfs) Zablotowicz (2003)

Toxic to bacteria and fungi in growth medium direct or indirect antagonism; growth medium; three soils from pine Busse et al. (2001)
but no detectable effects when grown in soil inactivation of glyphosate in soil; plantations in northern California

variability due to effects of
climate, substrate availability,
and management

enzyme 5-enolpyruvylshikamate-3-phosphate synthase complete inhibition of growth at concentrations of
�5000 �L L�1. Further field research is required on(EPSPS), which glyphosate inhibits, is in both plants

and soil microorganisms (Busse et al., 2001). However, glyphosate effects on soil mycorrhizae since research
findings from artificial media assays may have limitedHaney et al. (2000, 2002) observed significantly higher

C and N mineralization when Roundup Ultra was added relevance for predicting glyphosate effects on soil micro-
organisms under field conditions due to the greater com-to nine soils from Georgia and Texas with a range in

soil pH, soil organic C, and clay content. The difference plexity and variability of agricultural and forest ecosys-
tems (Estok et al., 1989; Busse et al., 2001).in C and N mineralization with added herbicide was

directly attributed to the low C to N ratio of Roundup Another potential toxic effect of glyphosate applied
to soil is inhibition of symbiotic N2 fixation. King et al.Ultra. They also observed higher rates of C mineraliza-

tion of added Roundup Ultra in soils with higher organic (2001) observed in greenhouse and growth chamber
experiments using potting media that early applicationsC, which they attributed to the larger initial microbial

biomass in these soils. However, differences in soil or- of glyphosate at a rate of 1.68 kg a.i. ha�1 delayed N2

fixation and decreased biomass and N accumulation inganic C, pH, and clay content among the soils in the
study did not relate to the potential rate of C mineraliza- glyphosate-tolerant soybean, especially when soil water

content was low. However, affected soybean plants re-tion of the added Roundup Ultra.
In contrast, Busse et al. (2001) found no differences in covered 40 d after emergence. The observed delay in

N2 fixation was attributed to the lack of resistant EPSPSsoil respiration when glyphosate was added at expected
field application rates (5–50 �g g�1) to three pine planta- in the N-fixing symbiotic bacteria, Bradyrhizobium ja-

ponicum, in glyphosate-resistant soybeans (King et al.,tion soils with a range in soil clay and Fe and Al oxide
contents. However, a 100-fold higher rate of glyphosate 2001). In field experiments conducted on a Pembroke

silt loam (fine-silty, mixed, active, mesic Mollic Paleu-applied to soil did result in significantly higher soil respi-
ration compared with the unamended soils. In the same dalfs) and a Sharkey clay (very-fine, smectitic, thermic

Chromic Epiaquerts) in Arkansas by the same research-study, 9 to 13 yr of repeated glyphosate application
among the plantation sites had no significant effects on ers, glyphosate-tolerant soybeans had decreased bio-

mass and seed yields at one of two locations, possiblysoil microbial characteristics such as basal respiration,
metabolic quotient, metabolic diversity, and total bacte- due to conditions of limited soil water at the affected

site (King et al., 2001). Similarly, Reddy et al. (2000)ria, but these characteristics were more strongly affected
by seasonal variations and differences in vegetation determined that glyphosate applications of 2.24 kg a.i.

ha�1 reduced shoot and root weights in glyphosate-resis-composition and growth.
Inhibition of the growth of mycorrhizal fungi by tant soybeans, and glyphosate applications of both 1.12

and 2.24 kg a.i. ha�1 reduced leghemoglobin content ofglyphosate applications may affect soil nutrient transfor-
mations because of the often significant role of these nodules by 6 to 18%. Application of 2.24 kg a.i. ha�1

3 wk after planting resulted in a 30% reduction in nodulefungi in plant nutrient acquisition among several plant
species. Chakravarty and Chatarpaul (1990) observed numbers and a 39% decrease in nodule mass.

Subsequent field studies revealed that glyphosate, re-reduction in the growth of five species of ectomycorrhi-
zal fungi when exposed to glyphosate concentrations gardless of formulation, reduced both leghemoglobin

content and nodule mass of glyphosate-resistant soy-higher than 50 �L L�1 in culture media. This study
also observed significantly lower fungal and bacterial bean, indicating that nodule development was inhibited

(Reddy and Zablotowicz, 2003). In addition, glyphosatepopulations in a sandy loam soil 2 mo after glyphosate
treatment with a rate of 0.54 kg a.i. ha�1. Similarly, accumulated in nodules of glyphosate-treated plants,

with concentrations ranging from 39 to 147 ng g�1 noduleEstok et al. (1989) observed reductions in radial growth
of three species of ectomycorrhizal fungi at glyphosate dry weight. The interference of nodule development

combined with the sensitivity of B. japonicum to glypho-concentrations of �1000 �L L�1 in culture media and
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sate concentrations at 1 to 5 mM (Moorman et al., 1992) in some Bt crops may act to increase or reduce rates of
residue decomposition and N mineralization of organicsuggests potential adverse effects on nitrogen fixation

in soybean. However, the researchers for both studies N contained in the residues. However, any reductions
in the rate of N mineralization due to transgenic residuesnoted that even though glyphosate application at recom-

mended application rates may reduce nodule develop- could be offset by the larger amount of total N added
in crop residues under Bt crops, which may have higherment, effects were minimal and soybean varieties stud-

ied so far have the potential to compensate after short yields than non-transgenic crops, especially after expo-
sure to Bt-sensitive insect pests.durations of stress that may occur due to glyphosate ap-

plication. Differences in decomposition and N transformations
due to changes in the physical form of transgenic versus
non-transgenic crop residues have not been extensivelyCrop Residues and Organic Wastes
studied. For example, Bt tolerant corn residues may

Changes in the fate of crop residues from transgenic have less corn borer damage in stem tissue and there-
crops compared with non-transgenic crops may occur fore, these residues would possibly have less physical
through several mechanisms including: (i) alterations in accessibility for biological decomposition.
the composition, quantity, and physical form of residues Increased crop residues that are more or less resistant
from transgenic crops; (ii) inhibition or stimulation of to decomposition due to the growth of transgenic crops
soil microbial communities involved in nutrient trans- may also affect the amount of environmental nutrient
formations, possibly through chemical compounds con- loss through soil erosion and runoff since a higher con-
tained in the transgenic residues; (iii) changes in man- tent of crop residues, especially on the soil surface, has
agement practices (e.g., tillage) for transgenic crops been linked with increased soil conservation (Alberts
affecting biotic and abiotic factors involved in decompo- and Neibling, 1994; Lal et al., 1994). In addition, im-
sition and nutrient turnover of crop residues; and (iv) proved weed control with herbicide-tolerant crops has
the effects of any possible physical or chemical changes also stimulated a larger proportion of producers to adopt
in transgenic residues on feeding and digestion of the conservation tillage leaving more crop residues on the
residues in animals that may affect animal waste charac- surface and potentially reducing soil erosion (Council
teristics and its decomposition in soil (Fig. 1). for Agricultural Science and Technology, 2002).

Differences in the composition of crop residues due to The effects of transgenic crop residues on any changes
the introduction of a transgenic trait have been primarily in animal waste characteristics and the subsequent de-
observed in transgenic Bt crops. Masoero et al. (1999) composition of that animal waste in soil has also not
determined that two transgenic Bt corn hybrids had been extensively examined. One problem in assessing
higher starch and lignin and lower protein and soluble N the impact of transgenic crop residues on soil microbial
contents compared with non-transgenic corn, depending processes and functions is the wide range in feed quality
on the Bt hybrid. Similarly, Saxena and Stotzky (2001b) that occurs in non-transgenic residues (Klopfenstein,
observed 33 to 97% higher lignin content in 10 Bt corn 1994). Folmer et al. (2002) studied the utilization of
hybrids, either grown in a plant growth chamber or in Bt corn residues by grazing beef steers and found no
the field, compared with their respective non-Bt isolines. significant differences in daily weight gain of the steers
In contrast, Escher et al. (2000) found a lower C to N and in grazing preferences between Bt and non-Bt corn
ratio and lignin content and a higher content of soluble residues. Transgenic low phytate or high available phos-
carbohydrates in the leaves of one Bt corn variety com- phorus (HAP) crops are being developed that would
pared with the corresponding non-transgenic corn vari- contain less phytate thereby increasing the efficiency of
ety. These differences in tissue composition resulted in feed P absorption in monogastric animals, such as pigs
a lower mortality of woodlice (Porcellio scaber), but and poultry (Huff et al., 1998; Sands et al., 2001). This
bacterial growth on leaves and fungal growth on feces increased efficiency would result in possible reductions
of P. scaber were equal for both corn varieties. However, in the P content of animal wastes applied to land, effec-
this study also observed a faster rate of lignin decompo- tively lowering the potential for water quality problems
sition in transgenic corn. due to excessive P in the environment. Since research

The effects of crop residue composition and the im- related to transgenic HAP crops has been primarily
portance of several indices of residue quality, including focused on use of HAP grain as the feed source, infor-
the C to N ratio, lignin content, lignin to N ratio, initial mation related to the fate in soil of other residues of

HAP crops and associated transgenic crops that produceN content, polyphenol content, polyphenol to N ratio,
phytase, an enzyme that facilitates the breakdown ofand initial soluble C concentrations of the residue, on
phytin, is limited.decomposition and N mineralization have been exten-

sively examined under both temperate and tropical con-
ditions (Franzluebbers et al., 1996; Fernandes et al.,

CONCLUSIONS1997; Trinsoutrot et al., 2000). In general, as the lignin
or polyphenolic content to N ratio of the plant material Additional research evaluating the potential effects
increases or the initial N content decreases, the decom- of transgenic crops and their management practices on
position rate of the material is lower and short-term N microbially mediated soil nutrient transformations is
availability may be reduced (Fernandes et al., 1997). required because of the wide range and complexity of

possible targeted and nontargeted direct and indirectTherefore, the lower or higher lignin content observed



R
ep

ro
du

ce
d 

fr
om

 J
ou

rn
al

 o
f E

nv
iro

nm
en

ta
l Q

ua
lit

y.
 P

ub
lis

he
d 

by
 A

S
A

, C
S

S
A

, a
nd

 S
S

S
A

. A
ll 

co
py

rig
ht

s 
re

se
rv

ed
.

MOTAVALLI ET AL.: IMPACT OF TRANSGENIC CROPS ON SOIL NUTRIENT TRANSFORMATIONS 823

Donegan, K.K., D.L. Schaller, J.K. Stone, L.M. Ganio, G. Reed,effects of novel crop traits on soil processes and because
P.B. Hamm, and R.J. Seidler. 1996. Microbial populations, fungalof the increasingly large land area cultivated with trans-
species diversity and plant pathogen levels in field plots of potato

genic crops. Despite widespread public concern, no con- plants expressing the Bacillus thuringiensis var. tenebrionis endo-
clusive research has yet been presented that currently toxin. Transgen. Res. 5:25–35.

Donegan, K.K., and R.J. Seidler. 1999. Effects of transgenic plantsreleased transgenic crops are causing significant direct
on soil and plant microorganisms. p. 415–424. In S.G. Pandalaieffects on stimulating or suppressing soil nutrient trans-
(ed.) Recent research development in microbiology. Vol. 3. Partformations in field environments. The net indirect ef- II. Research Signpost, Trivandrum, India.

fects on soil nutrient transformations of the introduction Escher, N., B. Kach, and W. Nentwig. 2000. Decomposition of trans-
genic Bacillus thuringiensis maize by microorganisms and woodliceof transgenic crops and their associated management
Porcellio scaber (Crustacea: Isopoda). Basic Appl. Ecol. 1:161–169.practices, including effects on land use and soil erosion,

Estok, D., B. Freedman, and D. Boyle. 1989. Effects of the herbicidehave not been fully explored. In addition, further consid-
2,4-D, glyphosate, hexazinone, and triclopyr on the growth of three

eration of the effects of a wide range of soil properties, species of ectomycorrhizal fungi. Bull. Environ. Contam. Toxicol.
including the amount of clay and its mineralogy, pH, 42:835–839.

Fernandes, E.C.M., P.P. Motavalli, C. Castilla, and L. Mukurumbira.soil structure, and soil organic matter, and variations in
1997. Management control of soil organic matter dynamics in tropi-climatic conditions, under which transgenic crops may
cal land-use systems. Geoderma 79:49–67.be grown, is needed in evaluating the impact of trans- Folmer, J.D., R.J. Grant, C.T. Milton, and J. Beck. 2002. Utilization

genic crops on soil nutrient transformations. Ongoing of Bt corn residues by grazing beef steers and Bt corn silage and
and future environmental evaluation of the diversity of grain by growing beef cattle and lactating dairy cows. J. Anim.

Sci. 80:1352–1361.transgenic crops under development may pose a unique
Franzluebbers, A., M.A. Arshad, and J.A. Ripmeester. 1996. Alter-scientific challenge that may provide an opportunity for

ations in canola residue composition during decomposition. Soilan improved understanding of soil ecology. Biol. Biochem. 28:1289–1295.
Garg, A.K., K. Ju-Kon, T.G. Owens, A.P. Ranwala, Y.D. Choi, L.V.
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