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a b s t r a c t

Bt (Bacillus thuringiensis) corn is reported to produce lignin-rich residues, compared to non-Bt (NBt) corn,
suggesting it is more resistant to decomposition. As the Bt gene is expressed selectively in stem and leaf
tissue, it could affect lignin distribution in corn, which naturally has greater lignin content in roots than
in stems and leaves. Our objective was to evaluate the effects of corn plant components, the Bt gene and
elevated-lignin inputs on decomposition. Roots, stems and leaves from Bt corn and NBt corn isolines
enriched with 13C and 15N were finely ground and mixed separately with soil, then incubated at 20 �C for
36 weeks. The effect of elevated lignin on decomposition was tested by adding a commercial lignin
source (indulin lignin) to half of the samples. In addition to weekly CO2 analysis and regular measure-
ment of N mineralization, the degree of lignin degradation was evaluated at 1 and 36 weeks from the
acid to aldehyde ratio (Ad/Al) of vanillyl and syringyl lignin-derived phenols. The CO2 production and N
mineralization was lower in root-amended soils than stem- and leaf-amended soils. The Bt genetic
modification increased CO2 production from stem-amended soils (P < 0.05) and decreased N minerali-
zation in root-amended soils. The 13C and 15N results also showed more residue-C and -N retained in soils
mixed with NBt stem residues. After 36 weeks leaf- and stem-amended soils with indulin lignin had
a lower Ad/Al ratio and were less degraded than soils without exogenous lignin. In conclusion, plant
lignin and nitrogen contents were good predictors of CO2 production and N mineralization potential.
Corn roots decomposed more slowly than aboveground components emphasizing the importance of
recalcitrant root residues in sustaining the organic matter content of soil.

� 2010 Elsevier Ltd. All rights reserved.

1. Introduction

The use of Bt (Bacillus thuringiensis) corn (Zea mays) to avoid
damage from the European corn borer (Ostrinia nubilalis) has been
increasing since its commercialization in 1996. In 2009, Bt corn
hybrids were planted onmore than 50% of land under corn in North
America (ERS-USDA, 2009). There have been reports that Bt corn
differs chemically from corn hybrids without the Bt gene (NBt) and
some farmers state that Bt corn residues are tougher than NBt
residues and decompose more slowly (Lehman et al., 2008). Such
differences could affect soil microbial activity and residue decay,
altering N mineralization and CO2 emitted from agroecosystems
where Bt corn is grown.

Lignin content of residue is one of the main factors affecting
decomposition due to the recalcitrance of this complex molecule

and its resistance to degradation by soil microorganisms and
extracellular enzymes (Austin and Ballare, 2010; Cadisch and Giller,
1997; Melillo et al., 1982). Residues with high lignin content are
expected to decompose more slowly, and persist longer in soils
than residues with low lignin content. Studies comparing the lignin
content of Bt and NBt corn are contradictory; some report that
lignin content is higher in Bt residues than NBt residues
(Poerschmann et al., 2005; Saxena and Stotzky, 2001), others find
little effect (Jung and Sheaffer, 2004; Lehman et al., 2008, 2010;
Masoero et al., 1999; Mungai et al., 2005; Tarkalson et al., 2008).
If lignin content is affected by the Bt gene, which is expressed
selectively in leaf and stem tissue, then the extra lignin might not
be distributed uniformly in the plant. In addition, lignin content of
plants varies naturally, with greater lignin content in roots and
stems than in leaves (Abiven et al., 2005; Mungai et al., 2005), so
lignin content of different plant parts needs to be considered in
residue decomposition experiments (Abiven et al., 2005).

If some Bt hybrids have greater lignin contents than NBt isolines,
this would be expected to slow the decomposition of Bt corn
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residues, as shown in some laboratory studies (Castaldini et al.,
2005; Dinel et al., 2003; Flores et al., 2005) that found lower CO2
production from soils amended with Bt corn residue, but other
authors reported no differences in CO2 production from soils
receiving Bt vs. NBt corn residues in the field (Lehman et al., 2008;
Tarkalson et al., 2008) and laboratory (Fang et al., 2007; Hopkins
and Gregorich, 2003). Even when the Bt corn residue had greater
lignin and lignin:N ratio (Fang et al., 2007), implying lower
decomposability, there was no difference between the two residue
types. A silt-loam soil amended with NBt corn roots (Merschman-
00110) had 2.7 timesmore Nmineralization than soil mixedwith Bt
roots (M-00112Bt), but this was not observed when roots were
incubated in a silty clay or sandy loam soil (Mungai et al., 2005). In
addition, the Bt gene did not affect N mineralization from leaves
and stems in any soil in this incubation experiment (Mungai et al.,
2005).

As the difference in the lignin content of mixed residues from Bt
and NBt corn may be too slight to have an effect on decomposition,
it would be informative to compare CO2 production and N miner-
alization of corn components, namely roots, stems and leaves.
Reports from experiments comparing the decomposition of Bt corn,
which had 18e80% more lignin than the NBt corn (Fang et al.,
2007), showed no difference in CO2 production whereas lower
CO2 productionwas reported when the Bt corn had 90%more lignin
than the NBt hybrids (Flores et al., 2005). Lignin content of the
substrate has a direct effect on decomposition rates and therefore,
to be able to test the effect of elevated-lignin contents on decom-
position rates it would be useful to add an exogenous lignin source
to some treatments for comparison.

The types of phenylpropanoid monomers that make up lignin
molecules also affect the recalcitrance of residues. Lignin is formed
from the radical coupling of three alcohol monomers, p-coumaryl,
coniferyl, and sinapyl alcohols incorporated into the macromole-
cule as the vanillyl (V), syringyl (S), and cinnamyl (C) phenols and
their derivatives (Otto and Simpson, 2006). The CuO oxidation
method combined with gas chromatographemass spectrometry
(GCeMS) is used to measure these lignin-derived phenols. Lignin
residues that contain more vanillin are more difficult to degrade
because vanillin is derived from guaiacyl phenylpropanoid which
has a free C5 position on the aromatic ring, producing more
condensed lignin molecules. Brown-rot and white-rot fungi have
been shown to selectively degrade syringyl phenols over vanillin
phenols (Boerjan et al., 2003; Christiernin et al., 2009; Eckardt,
2002; Hedges et al., 1985), which are considered to be the most
recalcitrant of the lignin monomers (Feng and Simpson, 2008).
Therefore, plant material with a high vanillyl to syringyl ratio (V:S)
can be expected to be more resistant to degradation. The acid to
aldehyde ratios (Ad/Al) of vanillin and syringyl can also be used as
an indicator of the degree biodegradation or diagenetic alteration
of lignin by microorganisms specifically white-rot fungi; as
biodegradation proceeds, the monomers are transformed from
aldehyde forms to their acid forms, which results in an increase in
the Ad/Al ratio (Hedges et al., 1988; Loh et al., 2008; Opsahl and
Benner, 1995; Otto and Simpson, 2006; Poerschmann et al.,
2005). Poerschmann et al. (2005) reported that total lignin
content in stems and leaves was greater in two Bt corn lines than in
NBt lines. This was attributed to an increase in guaiacyl-type lignin
(specifically, trans-3-(3,4-Dimethoxyphenyl)-3-propenoic acid ME)
in the Bt corn lines, evaluated by thermochemolysis and CuO
oxidation methods. However, the Ad/Al ratio implies that Bt corn
stems are more susceptible to oxidation than NBt stems, which
suggests that molecular-level transformations of lignin-derived
organic matter occur during the decomposition perhaps explaining
CO2 production and the eventual stabilization of plant-derived C in
soils.

The first objective of this study was to compare the decompo-
sition of corn roots, stems and leaves with the expectation that
roots would decompose at slower rates due to their elevated-lignin
content compared to other plant components. The second objective
was to determine if residue decomposition differs between Bt corn
and NBt corn; the hypothesis is that CO2 production would be
similar between Bt and NBt since the hybrids used in this experi-
ment had a similar chemical composition. We were also interested
in assessing the effect of elevated-lignin content of soileresidue
mixtures on decomposition, which was tested by the addition of an
exogenous lignin source to simulate elevated-lignin content in the
added substrate. It is expected that the addition of exogenous lignin
would hinder decomposition from those treatments. Correlations
between decomposition (CO2 production) and chemical attributes
of corn residues (lignin and N contents, C:N and lignin:N ratios), as
well as changes in the Ad/Al ratios of lignin-derived phenols from
Bt and NBt corn residue during decompositionwere also measured.

2. Materials and methods

2.1. Soil and corn litter

Soil was collected in September 2007 from the 0e20 cm layer of
a long-term corn experiment at the Macdonald Research Farm, Ste.
Anne de Bellevue, Quebec, Canada (45�300N, 73�350W). The soil was
a Dystric Gleysol (815 g sand kg�1, 96 g clay kg�1, with a pH of 6.0,
17.6 g organic C kg�1 and 1.6 g kg�1 N). The soil was air-dried and
passed through a 2 mm mesh sieve. A Bt corn (Z. mays L.) hybrid
(DKC 38-33, MON810 Bt insertion event) and a NBt near-isoline
(DKC 38-32) were grown in this sandy loam soil in pots in the
greenhouse and enriched with the 15N and 13C according to the
method of Bromand et al. (2001). Briefly, this involved weekly
pulse-labeling with 13CeCO2 beginning at the V2 growth stage and
adding 15NeKNO3 fertilizer after each pulse-labeling event. The
resulting 13C and 15N enrichment in the corn tissue was above the
enrichment of the background soil and corn tissue (Table 1). Corn
was harvested at the V9eV10 growth stage (Ritchie et al., 1986) and
separated into leaves, stems, and roots. Corn components were
dried at 50 �C for 24 h and ground to pass through a 1 mm mesh
sieve. The isotope enrichment levels, C and N, and fiber contents of
soil, corn and indulin lignin are shown in Table 1.

2.2. Aerobic soil incubation

The experiment was a complete factorial design, with three
plant components (roots, stems and leaves) from two near-isolines
(Bt and NBt corn), added to soil, from the same site where the corn
was grown, with and without indulin lignin (Sigma Chemical Co.,
St. Louis, MO, 1-6384), for a total of 12 experimental treatments.
Four replicates of each treatment were prepared for each of 10
sampling dates (1, 2, 4, 8, 12, 16, 20, 24, 30 and 36 weeks after the
beginning of the study) to permit destructive sampling, for a total of
480 jars. Each replicate consisted of 50 g of air-dried soil placed in
an acid-washed 120 cm3 plastic vial with 0.5 g of ground corn
tissue. Plastic vials that received the lignin treatment were amen-
ded with 0.1 g of indulin lignin (þL). The contents of each vial were
mixed thoroughly, moistened to 40% water-filled pore space, and
placed inside 1-L Mason jars, along with 10 mL distilled water to
maintain soil humidity. Jars were capped with an air-tight lid,
incubated in the dark at 20 �C, and lids were removed to aerate the
jar for 15 min every week. Air-tight rubber septa were fitted into
the lids of the replicates designated for weekly CO2 sampling. The
gas samples were injected into pre-evacuated 12 mL exetainers
(Labco, Wycombe, UK) with an extra 60 mil teflonesilicone septa
(National Scientific, Rockwood, TN, USA) containing a small amount
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of magnesium perchlorate to absorb moisture, for short-term
storage. The CO2 concentration was measured by thermal conduc-
tivity detector using a gas chromatograph (HewlettePackard 5890
Series II, HewlettePackard Company, Avondale, PA, USA) equipped
with a Porapak Q column (ethylvinylbenzene and divinylbenzene
copolymer beads; 80e100 mesh; length, 25 m; internal diameter,
0.20 mm; Supelco 20331). The carrier gas was helium
(50 mL min�1). Oven and detector temperatures were 120 �C and
250 �C, respectively.

CO2 gas sampling was continued until week 20 at which time
CO2 production had stabilized. The CO2 value was converted from
volume to mass units following the ideal gas equation (Livingston
and Hutchinson, 1995):

sampleCO2 � C ¼ Cm �M� P
R � T

(1)

where sampleCO2eC is the amount of C in the sample (in mg L�1), Cm

is the measured CO2 (in mL L�1), M is the atomic weight of C
(12 g C mol�1 CO2

�1), P is the atmospheric pressure (1 atm), R is the
universal gas constant (82.06 atm mL mol�1 �K�1), and T is the
room temperature (298 K). Then, the amount of CO2 produced
(g CO2eC kg�1 soil) was calculated as follows:

g CO2 � C kg�1 soil ¼ sampleCO2 � C� V

W
(2)

where V is the volume of the headspace in the jar (0.96 l) and W is
the weight of the soil used in the incubation (50 g).

On the designated weeks, vials were removed for destructive
sampling, the amended soils were thoroughly mixed, and a 5 g sub-
sample was immediately extracted with 2 M KCl solution (Maynard
et al., 2008) for NH4eN and NO3eN analysis with a Lachat Quik
Chem Flow Injector Autoanalyzer (Lachat Instruments, Milwaukee,
WI 53218, USA). An additional 5 g sub-sample was taken for
moisture determination (dried at 50 �C) and kept for 13C and 15N
measurements. The plastic vial was sealed with a screw-on lid and
the remaining soil was stored at �15 �C for CuO oxidation analysis.

The amount of mineral N (NH4eNplus NO3eN) produced during
the 36 week incubation was used to calculate the mineralization
rate constant (k, in week�1) by non-linear regression analysis
according to the following equation: N0 ¼ Nmin(1 � e�kt), where N0

is the cumulative N mineralized (mg N kg�1) after time t (in weeks)
and Nmin is the potentially mineralizable N (mg N kg�1) under
optimum temperature and moisture (Curtin and Campbell, 2008).

2.3. Lignin-derived phenol analysis

CuO oxidation was carried out on pooled soil samples repre-
senting the four replicates of the Bt and NBt isolines of each corn

component, with and without added lignin (þL, �L), from week 1
andweek 36. Lignin-derived phenols were liberated from soil using
CuO oxidation (Hedges and Ertel, 1982; Otto and Simpson, 2006).
Briefly, 0.2e0.4 g of soil was weighed into Teflon-lined bombs with
1 g CuO,100mg ammonium iron (II) sulfate hexahydrate, and 15mL
of 2 M NaOH. The bombs were heated at 170 �C for 2.5 h, then
cooled immediately under running water. The supernatant was
transferred into a teflon centrifuge tube and acidified with 6 M HCl
to pH 1, then centrifuged and kept in the dark for 1 h. The super-
natant was then transferred into a separation funnel and extracted
with diethyl ether, then concentrated and dried under N2. The CuO
oxidation products were derivatized to trimethylsilyl (TMS) deriv-
atives by reaction with 90 mL N,O-bis- (trimethylsilyl)-tri-
fluoroacetamide (BSTFA) and 10 mL pyridine for 3 h at 70 �C before
GC/MS analysis. Lignin-derived phenols were measured using an
Agilent model 6890N GC with an HP-5MS fused silica capillary
column (30 m � 0.25 mm � 0.25 mm thickness) coupled to an
Agilent model 5973N quadrupole mass selective detector. The GC
operating conditions were as follows: temperature at 65 �C for
2 min, then increased to 300 �C at 6 �C min�1, held at 300 �C for
20 min. The injected sample volume was 3 ml splitless and the run
time was 62 min. Agilent Chemstation G1701DA software was used
to process the data and identify the compounds by comparison of
the mass spectra with the Wiley MS library data. Vanillic acid was
used as an external quantification standard and individual
compounds were normalized to the amount of organic carbon in
each sample. The eight lignin-derived phenols identified were
vanillin, acetovanillon, vanillic acid (V units), syringealdehyde,
acetosyringone, syringic acid (S units), and p-coumaric acid and
ferulic acid (C units) (Hedges and Ertel, 1982; Loh et al., 2008; Otto
and Simpson, 2006; Poerschmann et al., 2005).

2.4. Stable isotope analysis

Sub-samples of soils from the incubation jars were analyzed for
13C and 15N stable isotopes using a Vario EL III elemental analyzer
(Elementar, Germany) with a Conflo II interface (Thermo, Germany)
and a Delta XP Plus Advantage isotope ratio mass spectrometer
(Thermo, Germany). The international standards Vienna Pee Dee
Belemnite (VPDB) 13C with an absolute isotope ratio
13C/12C ¼ 0.0112372 and Air with an absolute isotope ratio
15N/14N ¼ 0.003676 were used for d13C or d15N analysis. The
proportion of residue-C or residue-N (P, in %) that was recovered in
the soil after 36 weeks was calculated as follows:

PC or N ¼ dtr � dC
dR � dC

� 100 (3)

where dtr is the d13C or d15N measured in the treatment soils, dC is
the d13C or d15N measured in the control soil which received no

Table 1
Organic C, total N, d13C, d15N, and lignin contents of the incubation soil, indulin lignin and corn residues.

Sample Organic C (g kg�1) d13C Total N (g kg�1) d15N Lignin (g kg�1) C:N Lignin:N

Soil 16.4 �24.0 1.20 14.12 n.d.* 13.7 n.d.
Unlabeled corn tissue
(average of shoots and roots)

n.d. �12.3 n.d. 1140 n.d. n.d. n.d.

Indulin lignin 567 �27.1 7.40 137.5 1000** 76.6 135
Bt Leaves 452 9.80 35.5 4386 28.5 12.7 0.80
NBt Leaves 431 16.1 26.2 3882 35.9 16.5 1.37
Bt Stems 401 2.52 30.8 5721 36.2 13.0 1.18
NBt Stems 412 7.25 15.9 5131 34.6 25.9 2.18
Bt Roots 245 1.79 14.8 4138 54.2 16.6 3.66
NBt Roots 383 10.1 17.8 4288 69.6 21.5 3.91

* n.d. ¼ not determined.
** Assumed but not measured.
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residue (d13C¼�24.00 or d15N¼ 14.12), and dR is the d13C or d13N of
the corn residue þ exogenous lignin where applicable (Table 1)
weighted for the proportion of residue/exogenous lignin. The
proportion of residue-C and residue-N retained in soil from the
added residue (þexogenous lignin where applicable) was calcu-
lated as:

Proportion residue� C or � N retained

¼ PC or N � OC or N
Ci or Ni

� 100 (4)

where OC is the organic C content of soil (g C kg�1 soil), which was
assumed equal to total C since no carbonates were detected upon
treatment of soil with 1 M HCl, N is the total N content of the soil
(in g residue-N kg�1 soil), Ci and Ni are the initial amounts of C
(g C kg�1 tissue) and N (g N kg�1 tissue) which was added in the
0.5 g residue and 0.1 g exogenous lignin. Organic C and total N were
measured in each treatment replicate at 36 weeks.

2.5. Statistical analysis

All data was checked for normality and log transformed where
needed based on the ShapiroeWilk test. The effects of the plant
component (leaves, stems, and roots), corn isolines (Bt, NBt) and
lignin addition (þL, eL) on cumulative CO2 production and N
mineralization were tested using the GLM procedure on SAS soft-
ware (SAS Institute Inc., 2009). Pre-planned orthogonal contrasts
were used to evaluate differences between corn components.
When effects of corn isolines and lignin addition were significant
(P < 0.05), mean values were compared with a post-hoc LSMeans
test at the 95% confidence level. Decomposition rate constants (k)
were calculated by least-squares iteration using the NLIN procedure
on SAS software (SAS Institute Inc., 2009). Pearson correlation
coefficients (Proc Corr procedure) were used to examine the rela-
tion of CO2 with corn chemical parameters %N, %lignin, C:N ratio,
and lignin:N ratio. The Proc Reg procedure (SAS Institute Inc., 2009)
was used to relate CO2 production to the total amount of lignin that
was added to each treatment (based on the initial lignin content of
the specific plant component and the added exogenous lignin). No
statistical analysis was conducted on CuO analyses, performed
without replication. Values presented in tables and figures are
untransformed means with the standard error of the means (SE).

3. Results

Roots tended to have a greater lignin content, a smaller C
content, and a greater lignin:N ratio than leaves and stems (Table
1). The C:N and lignin:N ratios tended to be lower in the Bt
tissues than in NBt tissues (Table 1).

Decomposition reached a constant rate after 20 weeks of incu-
bation. There were no significant interactions between lignin and
the Bt effect so these results are not presented. Cumulative CO2 was
lower (P < 0.0001 at a ¼ 5%) from soils amended with roots than
from soils with stems or leaves (Table 2). In leaf- and root-amended
soils, there was no difference between Bt and NBt treatments
(Table 2), but in stem-amended soil, there was greater CO2
production from the Bt treatments (P ¼ 0.044 at a ¼ 5%) and from
the soils without the added lignin (P ¼ 0.040). Regression analysis
indicated a strong inverse relationship between the amount of
lignin in residue and the amount of CO2 produced in the�L samples
(R2 ¼ 0.9610). The slopes of the regression lines (Fig. 1), �1.65
(SE ¼ 0.71) for the þL samples and �1.97 (SE ¼ 0.20) for the eL
samples, indicate no difference in the rates of decomposition with
the addition of the exogenous lignin. Pearson correlation coeffi-
cients showed that CO2 inversely correlated with lignin:N ratio
(r ¼ �0.933, P < 0.0001, n ¼ 12) and indigenous residue lignin
(r ¼ �0.843, p ¼ 0.0006, n ¼ 12). CO2 also correlated well with
initial plant N (r ¼ 0.799, P ¼ 0.0018, n ¼ 12) but not with the C:N
ratio (r ¼ �0.456, P ¼ 0.14, n ¼ 12).

Total N mineralization (NH4eN þ NO3eN) after 36 weeks was
lowest in root-amended soil and highest in leaf-amended soil
(Table 3). Root-amended soils showed the smallest amount of
mineralized N followed by stem- and leaf-amended soils (Table 3).
The Bt genetic modification negatively affected the amount of N
mineralized in root-amended soils (Table 3). The addition of indulin
lignin had no effect on the amount of mineralized N in all residue-
soil mixtures. Fitting the N mineralization data with a first order
equation revealed that the mineralization rate constant k was
lowest in root-amended soils (k ¼ 0.06e0.07, Table 3). Leaf- and
stem-amended soils had comparable k values except for NBt stems
that had k values comparable to the root-amended soils (Table 3).

The Ad/Al ratios of vanillin and syringyl increased from 1 to 36
weeks within each treatment suggesting enhanced lignin oxidation
over the course of the experiment (Table 4). At 36 weeks, the þL
samples had smaller Ad/Al ratios than �L samples in the leaf-
amended soils however, this trend was not observed in the stem-
and root-amended soils. Comparisons between the Bt and NBt
treatments at the beginning of incubation and at the end of the 36
weeks shows that the Bt-amended soils had lower Ad/Al ratios than
the NBt-amended soils in all but two treatments within the leaf-
and stem-amended soils. This result indicates that the lignin in the
NBt residues was initially more susceptible to biodegradation and
that it has undergone more modifications to the phenylpropanoid
units than the lignin in the Bt residues. The addition of lignin to
residue-soil mixtures increased the V:S ratio (Table 4). The V:S ratio
increased between week 1 and week 36 of the incubation in leaf-
and root-amended soils, but not in stem-amended soils (Table 4).

The amounts of residue-C and residue-N that were retained in
the soil after 36 weeks are given in Table 5. There were no

Table 2
Effect of Bt gene modification and addition of alkali lignin to a soil-corn residue mixture on cumulative CO2 production (g CO2eC kg�1 soil) after 20 weeks. Values are the
mean � standard error (n ¼ 8).

Corn residue Cumulative CO2 (g CO2eC kg�1 soil)

Bt NBt Pr > F at a ¼ 0.05 þL �L Pr > F at a ¼ 0.05

Leaves 2.47 � 0.11 2.39 � 0.10 NS* 2.41 � 0.11 2.46 � 0.10 NS
Stems 2.35 � 0.06 2.14 � 0.09 0.044 2.14 � 0.10 2.36 � 0.05 0.040
Roots 1.77 � 0.17 1.79 � 0.07 NS 1.72 � 0.10 1.83 � 0.15 NS

Contrast analysis (significance probability)
Leaves vs. Stems P ¼ 0.5233 P ¼ 0.0557 P ¼ 0.0931 P ¼ 0.5280
Leaves vs. Roots P ¼ 0.0007 P < 0.0001 P ¼ 0.0002 P ¼ 0.0006
Stems vs. Roots P ¼ 0.0032 P ¼ 0.0084 P ¼ 0.0110 P ¼ 0.0029

* Not Significant (P > 0.05).
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differences in the retained residue-C between the þL and �L or the
Bt and NBt treatments, however more residue-C was retained from
roots (P ¼ 0.0004 at a ¼ 5%) than from leaves and stems. The Bt
genetic modification and the addition of exogenous lignin signifi-
cantly affected the proportions of residue-N retained in the soil
after 36 weeks of incubation and had a significant interaction
between component and genetic modification and between
component and exogenous lignin. More residue-N was retained
from leaves and stems fromNBt plants than Bt plants (P< 0.0001 at
a ¼ 5%) and more residue-N retained fromþL stems than �L stems
(P ¼ 0.0064 at a ¼ 5%) (Table 5).

4. Discussion

The results support the observation that corn roots have greater
lignin contents than stems and leaves, at least at stages before
maturity, in agreement with Fang et al. (2007), who reported
a lignin content of 11.7% (Bt corn roots) and 9.94% (NBt corn roots).
As plants reachmaturity and their constitutional lignin deposition is
completed, the lignin content of stems is expected to increase to
levels close to that of roots. Johnson et al. (2007) and Yanni et al.
(unpublished data) found that mature stems from field-grown corn
had a similar lignin content as roots, and these components con-
tainedmore lignin than leaves. It is also possible that stems of field-
grown plants may have higher lignin than those from greenhouse

plants becausemore structural rigidity is required in thefield. Roots,
both Bt and NBt, had lower C content than leaves and stems. This
observation agrees with Fang et al. (2007) and Johnson et al. (2007),
and can be explained by the fact that only about 25% of the carbon
assimilated by plants is transported to the roots (Mooney, 1972).
However, it should be noted that there is always a risk of soil
contamination in root samples, which could have contributed to the
lower C concentration in the roots compared to other plant parts.
Corn leaves contained more C and N than stems or roots.

There tended to be smaller C:N and lignin:N ratios in Bt tissue
than NBt tissue, due to greater N content in leaves and stems or
lower C content in roots. This leads to the question why does Bt
tissue tend to have more N than NBt isolines? The presence of the
Cry1Ab protein in Bt corn could be the reason. Escher et al. (2000)
reported slightly more N content in leaves of X4334-EPR Novartis
Bt hybrid (1.2% N) than in a corresponding NBt hybrid (1.1% N)
where the Bt hybrids contained 0.46e0.51 mg Cry1Ab g�1 dry leaf
tissue. The hybrid used in this study was a MON810 Bt, which is
reported to contain 7.9e10.3 mg Cry1Ab g�1 fresh weight leaf
(Canadian Food Inspection Agency, 1997); there was 26% more N in
leaves and 48% more N in stems of the Bt hybrid than the NBt
isoline, which is consistent with these reports.

Based on lignin content, the roots are expected to have slower
decomposition rates than other components and this is evident in
the CO2 and N mineralization data. In this study lignin:N ratio,
lignin content, and N content of corn tissue were good predictors of
decomposition (cumulative CO2 production during 20 weeks) and
of cumulative N mineralization. Material with a high lignin:N ratio
was reported to have slower decomposition rates than material
with a low lignin:N ratio (Johnson et al., 2007; Melillo et al., 1982;
Taylor et al., 1989), which is consistent with our results. The slower
decomposition of roots is also confirmed by the 13C data which
shows that more residue-C was retained from roots than other
components. It should be noted that loss of 13C from the soil (less
residue-C recovery) indicates loss of CO2, which can be directly
linked to the decomposition of organic materials in the jars and
a greater amount of 13C recovery in some treatments indicates less
degraded plant material. Soil N cycling on the other hand provides
several pathways for 15N loss from the soil; when plant material
degrades, the released N (and 15N) can be transformed into mineral
N forms, incorporated into microbial biomass, or lost from the soil
through nitrification (N2O) and denitrification (NOx, N2O, N2).
However, when comparing treatments and when corroborated by
CO2 and N mineralization results, a soil that has more residue-N
recovery (less 15N loss) can be said to have less degraded plant
material and less gaseous N lost from the system compared to other
treatments indicating less decomposition of tissue in the former.

y = -1.6535x + 6.0615

R
2

 = 0.5758, P =0.0803

y = -1.9725x + 3.0619

R
2

 = 0.9610, P=0.0006

1.5

1.7

1.9

2.1

2.3

2.5

2.7

0.0 0.5 1.0 1.5 2.0 2.5 3.0

Total lignin added  mg g
-1

O
C

g
m

2
g

C
-

1
-

l
i

o
s

Bt Leaves

NBt Leaves

Bt Stems

NBt Stems

Bt Roots

NBt Roots

Bt Leaves

NBt Leaves

Bt Stems

NBt Stems

Bt Roots

NBt Roots

Fig. 1. Cumulative CO2eC produced after 20 weeks of incubation in relation to total
amount of lignin (mg g�1) added to treatments.

Table 3
Effect of the Bt gene and addition of alkali lignin to a soil-corn residue mixture on cumulative mineral N (mg N kg�1 soil) produced after 36 weeks and decomposition rate
constant (K) from NLIN estimation. Values are the mean � standard error (n ¼ 8).

Corn residue Cumulative mineral N (mg N kg�1 soil)

Bt NBt Pr > F at a ¼ 0.05 þL �L Pr > F at a ¼ 0.05

Leaves 153 � 2.03 150 � 1.09 NS 151 � 1.95 151 � 1.50 NS
Stems 110 � 1.58 109 � 1.76 NS 110 � 2.06 109 � 1.11 NS
Roots 85.0 � 0.82 89.8 � 1.26 0.0064 87.9 � 0.77 86.7 � 1.68 NS

Contrast analysis (significance probability)
Leaves vs. Stems P < 0.0001 P < 0.0001 P < 0.0001 P < 0.0001
Leaves vs. Roots P < 0.0001 P < 0.0001 P < 0.0001 P < 0.0001
Stems vs. Roots P<0.0001 P < 0.0001 P<0.0001 P < 0.0001

Weekly decomposition rate constant (k)
Leaves 0.15 � 0.00 0.14 � 0.00 0.16 � 0.00 0.13 � 0.00
Stems 0.16 � 0.01 0.08 � 0.01 0.14 � 0.01 0.10 � 0.01
Roots 0.07 � 0.00 0.06 � 0.00 0.07 � 0.01 0.06 � 0.00
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It was hypothesized that there would be no differences in
decomposition rates between Bt and NBt corn residue based on the
lack of differences in lignin content, which have been confirmed by
the CO2 evolution results and is in agreement with laboratory
incubation results reported by Hopkins and Gregorich (2003) and
Fang et al. (2007). The only effect of the Bt genetic modification on
CO2 production was in the stem-amended soils, where it exerted
a positive effect on the rate of decomposition and which is reflected
in the smaller amount of residue-C retained in Bt stem samples and
is also corroborated with the much smaller residue-N in those
samples. A closer look at the initial chemical composition of the
stem residue shows that this effect can be related to the elevated N
content, and consequently smaller C:N ratio of the Bt stems
(31 g kg�1) compared to the NBt stems (16 g kg�1) rather than to
a difference in lignin content. An effect of the Bt genetic modifi-
cation on N mineralization was observed in the root-amended soil
samples; smaller mineralization from Bt roots cannot be explained
by the lignin concentration or the C:N ratio but seems related to the
smaller N concentration in Bt roots compared to NBt roots.
However, no definite conclusions can be drawn from this result due
to the possibility of soil contamination in root samples and the fact

that the Cry1Ab protein is not produced in the roots and should not
have affected the composition of the root tissue. The numerically
greater 13C recovery from NBt stem residues, strongly suggests that
up to 21% of stem C from the NBt isolines were transformed into
a more stable form of soil C compared to 12% of stem C from the Bt
residues. It can be assumed that the apparent differences between
treatments are based on the mineralization and loss of the labile
material in the residue, rather than to the decomposition of lignin,
since it has been strongly related to the lignin:N ratio and N
content. On the other hand, the increase in the Ad/Al ratios of the
lignin phenols have indicated that lignin has been altered by
microbial activity by the end of the nine-month experiment and
that the NBt residue was more susceptible to degradation, appar-
ently in disagreement with the CO2 results indicated above. Ertel
and Hedges (1984) and references therein, attribute an elevated
Ad/Al ratio to microbial oxidation of the phenylpropanoid units to
carboxylic acid without necessarily causing cleavage of the lignin
aromatic ring. An increase in carboxyl content could lead to greater
solubility and suggests that samples with higher Ad/Al ratios, such
as the NBt corn residues, would be more susceptible to degradation
once the lignin molecules start to decompose.

A change in the V:S ratio over time is expected when the
syringyl units are preferentially degraded over the vanillyl units by
the brown-rot and white-rot fungi. Our results indicate that the
increase in the V:S ratio between week 1 and week 36 was similar
for Bt and NBt treatments providing an added indication that the
decomposition of these residues was not different during this time
frame.

The addition of exogenous lignin increased the V:S ratio sug-
gesting that this type of lignin had an elevated vanillyl content and
is more stable compared to the indigenous corn-derived lignin;
therefore it was not expected to decompose or contribute to the
production of CO2 in theþL samples. This was confirmed by the CO2
production and N mineralization results, which showed no differ-
ence between þL and �L treatments except in the þL stem-
amended soils where the addition if indulin lignin decreased the
production of CO2 and is supported by the greater residue-N
retained from þL stems compared to �L stem treatments, which
lost more 15N through nitrification and/or denitrification processes
consistent with more decomposition in the eL stem treatments. It
is evident from Fig. 1 that this is caused by the NBt þL stems which
produced less CO2 than the other stem treatments; it seems likely
that biodegradation of the NBt stems, which had the smallest N
content (16 g kg�1), was affected by the addition of the exogenous
lignin in those treatments. The observation that indulin lignin

Table 4
Acid to aldehyde (Ad/Al) ratios and vanillyl to syringyl ratio of root- stem- and leaf-amended soils, with and without added lignin (þL, -L) after 1 week and 36 weeks of
laboratory incubation.

Ratio Bt þ L Week 1 Bt þ L Week 36 Bt-L Week 1 Bt-L Week 36 NBt þ L Week 1 NBt þ L Week 36 NBt-L Week 1 NBt-L Week 36

Leaf-amended soil
Ad/Als 1.49 1.57 1.32 2.03 1.45 2.20 1.71 2.26
Ad/Alv 1.55 1.34 1.68 2.23 1.15 1.75 2.46 3.65
V:S 1.22 1.59 1.02 1.07 1.28 1.15 1.01 1.09

Stem-amended soil
Ad/Als 1.05 1.79 1.01 1.31 1.57 1.35 1.08 1.58
Ad/Alv 0.71 1.14 0.95 1.31 1.44 1.65 1.01 1.39
V:S 1.38 1.21 0.71 0.61 1.79 1.30 0.66 0.69

Root-amended soil
Ad/Als 0.88 1.40 0.96 1.13 1.18 1.55 1.36 1.42
Ad/Alv 1.09 1.23 1.58 1.58 1.21 1.31 1.87 2.03
V:S 0.80 1.21 0.69 0.77 1.14 1.25 0.80 0.75

Values are based on lignin phenols yields that were normalized to sample mass. For the determination of the V:S ratio, V is the sum of vanillin þ vanillic acid þ acetovanillon
and S is the sum of syringyl þ syringic acid þ syringaldehyde. Ad/Alv is the ratio of vanillic acid to acetovanillon and Ad/Als is the ratio of syringic acid to syringaldehyde (Otto
and Simpson, 2006).

Table 5
Proportion residue-C and residue-N retained in soil, calculated from equations (3)
and (4), in a sandy loam soil amended with Bt and NBt tissues after 36 weeks of
laboratory incubation and ANOVA treatment effects at a ¼ 5%. Values are the
mean � standard error (n ¼ 8).

Bt NBt þL �L

Retained Residue-C (%)
Leaves a 17.7 � 2.4 16.8 � 2.1 14.5 � 1.8 20.0 � 2.2
Stems a 12.8 � 2.6 21.1 � 2.0 17.6 � 3.0 16.2 � 2.5
Roots b 31.7 � 5.8 30.6 � 5.4 26.5 � 6.0 35.8 � 4.6

Retained Residue-N (%)
Leaves 66.6 � 4.3 91.7 � 2.9* 83.3 � 4.7 75.0 � 6.7
Stems 42.8 � 3.3 100 � 6.0* 81.1 � 12.8 62.0 � 9.6*
Roots 75.3 � 5.0 71.8 � 6.2 75.4 � 6.4 71.7 � 4.7

Treatment Effects at a ¼ 5%.

Retained residue-C Retained residue-N
Bt NS P < 0.0001
Lignin NS P ¼ 0.0064
Component P ¼ 0.0004 NS
Bt � Component NS P < 0.0001
Lignin � Component NS P ¼ 0.0147

*Values with different subscripts within a column are statistically different at
a ¼ 5%. Values with an asterisk within a row (Bt vs. NBt and þL vs. �L) are statis-
tically different.
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apparently did not decompose during the incubation period is not
surprising since it is a recalcitrant material and in a different
chemical form than lignin in corn tissue. Indigenous lignin is bound
to other fibers and proteins and forms complexes with hemi-
cellulose and cellulose; plant lignin undergoes biochemical modi-
fications and is released gradually as cells are broken down by
decomposers, which is not the case for indulin lignin. This is
probably why the total amount of lignin (þL samples) showed
a non-significant regression relationship with CO2 production
whereas indigenous lignin (eL samples) significantly related to CO2
production.

We conclude that lignin and N contents, and consequently the
lignin:N ratio, of corn tissue control its decomposition. The C:N
ratio of stem residue appears to explain the positive effect of the Bt
genetic modification on decomposition and N mineralization from
these plant components. Corn roots, which accumulate a biomass
of 3000e5000 kg ha�1 (Prince et al., 2001) and have an average of
62 g kg�1 lignin, could make an important contribution to soil C
because of their inherent resistance to decay. Aboveground corn
residues (stems and leaves) were more susceptible to decomposi-
tion in this study. This might not be the case in corn agroecosystems
due to the similarity in lignin content of corn roots and stems at
physiological maturity. In addition, the effect of herbivory by
European corn borer on the physical strength and integrity of NBt
corn residues needs to be considered under field conditions. Since
exogenous lignin was not susceptible to decomposition and
generally did not contribute to more CO2 production and N
mineralization, wewere only able to observe the effect of elevated-
lignin residue on decomposition through the root decomposition
patterns, which exhibited about 50% slower decomposition rates.
The results strongly suggest that Bt corn does not differ from NBt
corn in terms of decomposition and should have no effect on the
soil C dynamics in Bt corn agroecosystems.

Acknowledgements

Financial support was from the Green Crop Network, funded by
the Natural Sciences and Engineering Research Council of Canada.

References

Abiven, S., Recous, S., Reyes, V., Oliver, R., 2005. Mineralisation of C and N from root,
stem and leaf residues in soil and role of their biochemical quality. Biology and
Fertility of Soils 42, 119e128.

Austin, A.T., Ballare, C.L., 2010. Dual role of lignin in plant litter decomposition in
terrestrial ecosystems. Proceedings of the National Academy of Science of the
United States of America 107, 4618e4622.

Boerjan, W., Ralph, J., Baucher, M., 2003. Lignin biosynthesis. Annual Review of
Plant Biology 54, 519e546.

Bromand, S., Whalen, J., Janzen, H., Schjoerring, J., Ellert, B., 2001. A pulse-labelling
method to generate 13C-enriched plant materials. Plant and Soil 235, 253e257.

Cadisch, G., Giller, K.E., 1997. Driven by Nature: Plant Litter Quality and Decompo-
sition. CAB International, Wallingford, Oxon, UK.

Canadian Food Inspection Agency, 1997. Decision Document 97e19: Determination
of the Safety of Monsanto Canada Inc.’s Yieldgard� Insect Resistant Corn (Zea
mays L.) Line MON810. Plant Health and Production Office, Plant Biosafety
Office.

Castaldini, M., Turrini, A., Sbrana, C., Benedetti, A., Marchionni, M., Mocali, S.,
Fabiani, A., Landi, S., Santomassimo, F., Pietrangeli, B., 2005. Impact of Bt corn on
rhizospheric and soil eubacterial communities and on beneficial mycorrhizal
symbiosis in experimental microcosms. Applied and Environmental Microbi-
ology 71, 6719e6729.

Christiernin, M., Notley, S., Zhang, L., Nilsson, T., Henriksson, G., 2009. Comparison
between 10,000-year old and contemporary spruce lignin. Wood Science and
Technology 43, 23e41.

Curtin, D., Campbell, C.A., 2008. Mineralizable nitrogen. In: Carter, M., Gregorich, E.
(Eds.), Soil Sampling and Methods of Analysis, second ed. CRC Press, Boca Raton,
Fl, pp. 599e606.

Dinel, H.H., Schnitzer, M.M., Saharinen, M.M., Meloche, F.F., Paré, T., Dumontet, S.,
Lemee, L.L., Ambles, A.A., 2003. Extractable soil lipids and microbial activity as
affected by Bt and non Bt maize grown on a silty clay loam soil. Journal of
Environmental Science and Health, Part B 38, 211e219.

Eckardt, N.A., 2002. Probing the mysteries of lignin biosynthesis: the crystal
structure of caffeic acid/5-hydroxyferulic acid 3/5-o-methyltransferase provides
new insights. Plant Cell 14, 1185e1189.

Economic Research Service e United States Department of Agriculture, 2009.
Adoption of Genetically Engineered Crops in the U.S.: Extent of Adoption.
http://www.ers.usda.gov/Data/BiotechCrops/adoption.htm Accessed 20.02.10.

Ertel, J.R., Hedges, J.I., 1984. The lignin component of humic substances: distribution
among soil and sedimentary humic, fulvic, and base-insoluble fractions. Geo-
chimica et Cosmochimica Acta 48, 2065e2074.

Escher, N., Käch, B., Nentwig, W., 2000. Decomposition of transgenic bacillus
thuringiensis maize by microorganisms and woodlice porcellio scaber (crus-
tacea: Isopoda). Basic and Applied Ecology 1, 161e169.

Fang, M., Motavalli, P.P., Kremer, R.J., Nelson, K.A., 2007. Assessing changes in soil
microbial communities and carbon mineralization in Bt and non-Bt corn
residue-amended soils. Applied Soil Ecology 37, 150e160.

Feng, X., Simpson, M.J., 2008. Temperature responses of individual soil organic
matter components. Journal of Geophysical Research 113, G03036. doi:10.1029/
2008JG000743.

Flores, S., Saxena, D., Stotzky, G., 2005. Transgenic Bt plants decompose less in soil
than non-Bt plants. Soil Biology and Biochemistry 37, 1073e1082.

Hedges, J.I., Ertel, J.R., 1982. Characterization of lignin by gas capillary chromatog-
raphy of cupric oxide oxidation products. Analytical Chemistry 54, 174e178.

Hedges, J.I., Cowie, G.L., Ertel, J.R., 1985. Degradation of carbohydrates and lignins in
buried woods. Geochimica Cosmochimica Acta 49, 701e711.

Hedges, J.I., Blanchette, R.A., Weliky, K., Devol, A.H., 1988. Effects of fungal degra-
dation on the CuO oxidation products of lignin: a controlled laboratory study.
Geochimica Cosmochimica Acta 52, 2717e2726.

Hopkins, D.W., Gregorich, E.G., 2003. Detection and decayof the Bt endotoxin in soil
from a field trial with genetically modified maize. European Journal of Soil
Science 54, 793e800.

Johnson, J.M.F., Barbour, N.W., Weyers, S.L., 2007. Chemical composition of crop
biomass impacts its decomposition. Soil Science Society of America Journal 71,
155e162.

Jung, H.G., Sheaffer, C.C., 2004. Influence of Bt transgenes on cell wall lignification
and digestibility of maize stover for silage. Crop Science 44, 1781e1789.

Lehman, R.M., Osborne, S.L., Rosentrater, K.A., 2008. No differences in decomposi-
tion rates observed between Bacillus thuringiensis and non-Bacillus thuringiensis
corn residue incubated in the field. Agronomy Journal 100, 163e168.

Lehman, R.M., Osborne, S.L., Prischmann-Voldseth, D.A., Rosentrater, K.A., 2010.
Insect-damaged corn stalks decompose at rates similar to Bt-protected, non-
damaged corn stalks. Plant Soil. doi:10.1007/s11104-11010-10364-11108.

Livingston, G.P., Hutchinson, G.L., 1995. Enclosure-based measurement of trace gas
exchange: applications and sources of error. In: Matson, P.A., Harriss, R.C. (Eds.),
Biogenic Trace Gases: Measuring Emissions from Soil and Water. Blackwell
Science, pp. 14e51.

Loh, P., Miller, A., Reeves, A., Harvey, S., Overnell, J., 2008. Optimised recovery of
lignin-derived phenols in a Scottish fjord by the CuO oxidation method. Journal
of Environmental Monitoring 10, 1187e1194.

Masoero, F., Moschini, M., Rossi, F., Prandini, A., Pietri, A., 1999. Nutritive value-
mycotoxin contamination and in vitro rumen fermentation of normal and
genetically modified corn (cry1A (b)) grown in Northern Italy. Maydica (Italy)
44, 205e209.

Maynard, D.G., Karla, Y.P., Crumbaugh, J.A., 2008. Nitrate and exchangeable
ammonium nitrogen. In: Carter, M., Gregorich, E. (Eds.), Soil Sampling and
Methods of Analysis, second ed. CRC Press, Boca Raton, Fl, pp. 71e75.

Melillo, J.M., Aber, J.D., Muratore, J.F., 1982. Nitrogen and lignin control of hardwood
leaf litter decomposition dynamics. Ecology 63, 621e626.

Mooney, H., 1972. The carbon balance of plants. Annual Review of Ecology and
Systematics 3, 315e346.

Mungai, N.W., Motavalli, P.P., Nelson, K.A., Kremer, R.J., 2005. Differences in yields,
residue composition and N mineralization dynamics of Bt and non-Bt maize.
Nutrient Cycling in Agroecosystems 73, 101e109.

Opsahl, S., Benner, R., 1995. Early diagenesis of vascular plant tissue: lignin and
cutin decomposition and biochemical implications. Geochimica et Cosmochi-
mica Acta 59, 4889e4904.

Otto, A., Simpson, M., 2006. Evaluation of CuO oxidation parameters for determining
the source and stage of lignin degradation in soil. Biogeochemistry 80, 125e155.

Poerschmann, J., Gathmann, A., Augustin, J., Langer, U., Górecki, T., 2005. Molecular
composition of leaves and stems of genetically modified Bt and near-isogenic
non-Bt maize-Characterization of lignin patterns. Journal of Environmental
Quality 34, 1508e1518.

Prince, S., Haskett, J., Steininger, M., Strand, H., Wright, R., 2001. Net primary
production of US Midwest croplands from agricultural harvest yield data.
Ecological Applications 11, 1194e1205.

Ritchie, S.W., Hanway, J.J., Benson, G.O., 1986. How a Corn Plant Develops. Iowa State
Univ. Coop. Ext. Serv. Spec. Rep. 48.

SAS Institute Inc., 2009. The SAS system for windows, Release 9.2. SAS Campus
Drive, Cary, North Carolina 27513, USA.

Saxena, D., Stotzky, G., 2001. Bt corn has a higher lignin content than non-Bt corn.
American Journal of Botany 88, 1704e1706.

Tarkalson, D.D., Kachman, S.D., Knops, J.M.N., Thies, J.E., Wortmann, C.S., 2008.
Decomposition of Bt and non-Bt corn hybrid residues in the field. Nutrient
Cycling in Agroecosystems 80, 211e222.

Taylor, B.R., Parkinson, D., Parsons, W.F.J., 1989. Nitrogen and lignin content as
predictors of litter decay rates: a microcosm test. Ecology 70, 97e104.

S.F. Yanni et al. / Soil Biology & Biochemistry 43 (2011) 63e69 69


