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ABSTRACT

Maximum lignocellulose yield of biomass sorghum
[Sorghum bicolor L. (Moench.)] is hampered by com-
plex biological phenomena related to rotation, nitro-
gen (N) fertilization, soil tillage, and excessive bio-
mass removal. The biochemical basis of the effects of
agronomic practices on sorghum production was stu-
died by the enzymology of the active peroxidase (EC
1.11.1.7) isoenzymes that synthesize lignin. All studied
practices altered the peroxidase pl values. Control
sorghum without rotation and without N fertilization
had the most inhibited peroxidase with very low max-
imum velocity (Vmax) value (3.10 mmol-min™*), and
very low lignin (857 kg-ha™) yield, which could de-
crease soil organic carbon possibly leading to adverse
changes in soil chemistry. Corn-sorghum rotations
with and without N fertilization increased the Vmax
values of peroxidase and lignin and cellulose yields.
Rotated sorghum subjected to 50% residue return
(the percentage of crop residue was returned to the
plot immediately after grinding at harvest) and 280
kg-ha™ N fertilization possessed very active peroxi-
dase (Vmax value 66.4 mmole-min~*) and the highest
lignin (1387 kg-ha™) yield. The 25% residue return
rate without N fertilization induced high lignin (1125
kg-ha™) and cellulose (11,961 kg-ha™) but the 25%
residue return rate with 280 kg-ha™ N fertilization
induced lower lignin (1046 kg-ha™) yield. Conti-
nuously cropped sorghum treated with 336 kg-N-ha™*
produced active peroxidase that shared competitive
inhibition relationship with the peroxidase of the 84
kg-N-ha™ treatment. Ridge tillage combined with 280
kg-ha™ N fertilization under continuous sorghum
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resulted in inhibited peroxidase possessing low Vmax
value (13.0 pmole-min™). Changing to conventional
tillage combined with 280 kg-ha™ N fertilization re-
lieved the inhibition and increased the Vmax value to
23.7 mmol-min™. These biological anomalies of sorg-
hum cell wall related to agronomic practices origi-
nated from doubly inhibited sorghum peroxidases.
This understanding may guide the choice of sustain-
able agronomic practices for maximizing lignocellu-
lose yields for the bioenergy industry while protecting
the environment.
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1. INTRODUCTION

Bioenergy (biomass) sorghum is a novel second-genera-
tion energy crop [1] that is particularly suited to bio-
energy production because it produces large quantities of
biomass and also large quantities of carbohydrates that
can be readily converted to ethanol. Currently, sorghum
is cultivated on 2.6 million acres annually in Texas, ac-
counting for ~28% of all sorghum acreage in the USA
[2]. Biomass sorghum has yielded three times more aeri-
al dry material than similar corn-based systems, but also
depleted soil macronutrients more than corn [3,4].
Therefore, sorghum production has the potential to affect
soil chemistry. Other complex biological changes sur-
rounding biomass sorghum production include the ob-
servations that in monoculture, biomass sorghum exhi-
bited greater soil carbon and total nitrogen sequesteration
than when in biannual rotation with corn [3], and that
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excessive removal of biomass substantially decreased
subsequent biomass (cell wall) yield and soil quality [5].
Agronomic practices that impede biomass sorghum cell
wall biology need to be better understood so that produc-
tion can be efficiently increased as the bioenergy indus-
try expands and demands more biomass sorghum as
feedstock [6]. Very little biochemical information is avail-
able about the responses of biomass sorghum cell wall
metabolism to rotation with corn, continuous monocul-
ture sorghum, residue return (where the designated per-
centage of crop residue was returned to the plot imme-
diately after weighing and grinding at harvest), nitrogen
(N) fertilization rates, soil tillage intensity and combina-
tions thereof. Although crop rotation generally increases
crop yield and soil carbon sequestration [7-9], the bio-
chemical mechanisms of the responses have not been re-
ported. Over-application of fertilizer reduces farmers’
economic margin [10], and nitrogen fertilizer when im-
properly managed has the potential to increase environ-
mental degradation [11]. A better understanding of sorg-
hum’s biochemistry could help optimize production man-
agement practices and lignocellulose yield, while mini-
mizing costs of bioenergy production, protecting the soil
from erosion [12], improving soil carbon content and
water retention [13], enhancing nutrient cycling and pos-
sibly reducing global greenhouse gas emissions. An all
encompassing enzymatic denominator for evaluating the
responses of lignocellulose yield to the natural environ-
ment could help explain the complex biological changes
surrounding biomass sorghum production and quality.
The purification and determination of active perox-
idase isoenzymes [14] opens the way for broad-based
studies on responses of crop cell wall metabolism to the
biological environment. Peroxidases (EC 1.11.1.7) are a
multi-isoenzymatic family of cell wall-bound oxidore-
ductase enzymes that participate in lignin biosynthesis
[15-17] and stiffening of the cell wall. Since the lignin of
crop residues increases soil organic carbon content be-
cause it is slow to degrade [18], agronomic management
practices that enhance peroxidase activity might improve
both biomass yield and soil carbon sequestration; where-
as those that inactivate the enzyme might minimize lig-
nin contents of crop residues, thereby resulting in less
carbon sequesteration or possibly even promoting soil
organic carbon depletion with time. However, only about
30% of sorghum peroxidase isoenzymes are active [14].
This lowered activity assures moderate levels of lignin in
sorghum as higher levels could be detrimental to conver-
sion to bio-ethanol. Inability to distinguish active from
inactive isoenzymes has hampered the utility of this en-
zyme as a general purpose biochemical tool for studying
the responses of cell wall biology to the plant’s environ-
ment. The overall objective of this project was to deter-
mine the common biochemical responses induced by
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agronomic management practices (environment) on lig-
nocellulose (cell wall) productivity and potential sus-
tainability of biomass sorghum production. The enzyme
kinetics responses of active peroxidase isoenzymes to
residue return, crop rotation, nitrogen fertilization rate,
and soil tillage practices in relation to lignocellulose
yields of biomass sorghum were determined.

2. MATERIALS AND METHODS

Agronomic management changes: The experiment used a
combination of three sub-experiments, each being a ran-
domized block design. Study 1 consisted of three treat-
ment factors: crop rotation, nitrogen fertilizer rate, and
residue return (where the designated percentage of crop
residue was returned to the plot immediately after weigh-
ing and grinding at harvest). Crop sequences were either
continuous bioenergy sorghum or biannual rotation with
corn. The agronomic systems were originally imple-
mented in 2008. Sorghum was planted in the continuous
sorghum treatments each spring, while corn was planted
in the rotation treatment in spring of 2008 and 2010. Ni-
trogen was applied at 0, or a non-limiting rate of 280
kg-N-ha ™. Nitrogen application to corn was either 0 or
168 kg-N-ha™. Residue return rates were 0%, 25%, or 50%
of sorghum biomass yield at harvest or a treatment of
100% mineral nutrients in aerial biomass being re-
turned to the soil. These 100% mineral nutrient return
plots also received the non-limiting N rate. All corn
stover was returned. Each possible combination of resi-
due return, fertilization, and crop rotation was replicated
four times. Study 2 consisted of four N fertilizer rates: 0,
84, 252, and 336 kg-ha*. Study 3 consisted of plots re-
ceiving N fertilizer at 280 kg-ha * and either convention-
al tillage or ridge-till, which is a form of conservation
tillage where only interrows were tilled as needed to
maintain planting beds. Nitrogen as urea was subsurface
banded 15-cm deep approximately 6 weeks after planting
at the 4-to-5-leaf stage for sorghum and the 6-to-8-leaf
stage for corn.

Plots were 9.14-m long, four rows wide and planted on
102-cm row centers. The bioenergy sorghum used was
“4-Ever Green”, a modern photoperiod-sensitive, one-
cross hybrid with high biomass yield and low lodging
potentials (Walter Moss Seed Co, Waco, TX, USA).
Planting dates ranged from late March to late April, with
a seeding rate of 65,000 seed ha '. Bioenergy sorghum
and corn were managed under conventional disk tillage
in studies 1 and 2. After the harvest each year, plots that
were not under ridge-till were disked three times to a
depth of 15 to 20 cm, and bedded. Furrow irrigation was
minimally performed as needed.

Biomass sorghum plots were harvested each year in
September or October using a New Holland model 707U
forage chopper (New Holland, PA, USA) and cut to
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leave a short stubble height (ca. 10 cm). For determina-
tion of yield, the harvest from the two inner rows of each
plot were weighed using a weigh bucket and Avery
Weigh-Tronix model RD40RF scale indicator (lllinois
Tool Works Inc., Glenview, IL, USA) that were coupled
with the harvester. Residue corresponding to 25% and
50% of harvested biomass was returned to appropriate
plots after each harvest. Water content of aerial plant
biomass from each plot was determined by randomly
selecting 5 plants, chopping in a commercial chipper/
shredder, and taking an approximately 600-g subsample.
Subsamples were weighed, oven dried at 60°C for 7 days,
and then re-weighed to determine moisture content. For
peroxidase assay, a sample of sorghum leaf tissue was
taken immediately prior to mechanical harvest in Sep-
tember 2011. Leaf tissue samples were taken by ran-
domly selecting the youngest fully mature leaf from five
sorghum plants within each plot. These entire five leaves
were removed, placed in a sealed storage container, and
immediately brought to —200°C by submersion of the
sample container in liquid nitrogen. Peroxidase purifica-
tion and assays were completed in <6 weeks after sorg-
hum leaf samples were stored at —80°C.

Purification and assay of peroxidase: Peroxidase was
extracted from sorghum leaves (50 g) by high speed ho-
mogenization with 100 mL of ice-cold 50 mM Na,HPO,
buffer pH 6.0 containing 25% polyvinylpyrrolidone (w/v)
and 0.1% pS-mercaptoethanol [19]. The homogenate was
centrifuged (4000 g, 30 min, 4°C) to pellet the cell debris.
The supernatant was frozen at —80°C, thawed at 5°C, and
centrifuged (9000 g, 30 min, 4°C). The supernatant was
made 50% saturated with solid (NH,),SO,, and the pro-
tein precipitated was pelleted by centrifugation at 9000 g
for 30 min at 4°C. The pellet was dissolved in a mini-
mum volume of extraction buffer, and dialyzed against 3
changes of 10 mM Tris-HCI buffer (pH 8.0) at 5°C over
48 h, each change being 4 L. Protein precipitates at the
end of dialysis were removed by centrifugation (9000 g,
30 min, 4°C).

Partially purified peroxidase containing ~1 g protein in
~30 mL was made 4 M with deionized urea and 2% with
Bio-Lyte ampholyte (pH 3 - 10, 40% wi/v). This solution
was applied to Rotofor cell (Bio-Rad Laboratories, Her-
cules CA, USA), and focused for 3.5 h at 15 W constant
power and 4°C. Rotofor fractions were harvested and
their pH (isoelectric point pl) values measured. Ampho-
Iyte and urea were removed from the fractions by di-
alyzing at 4°C against 3 changes of 10 mM Tris-HCI
buffer (pH 8.0) over 48 h, with each change being 4 L.
Dialyzed Rotofor fractions were stored at 4°C, and pe-
roxidase remained fully active for at least 3 weeks.

Dialyzed Rotofor fractions of peroxidase (0.2 mL)
were prepared with bromophenol blue-glycerol protein
loading buffer [20] and loaded into the wells of a slab of
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7.5% native PAG, and electrophoresed (Bio-Rad protean
ii cell, constant 100 V at 4°C) until the bromophenol blue
dye was at the lower edge of the gel. Peroxidase activity
was detected by staining [21] the electrophoresed gel in a
solution of 50 mM Na,HPO, containing 6.0 mM o-di-
anisidine and 8.8 mM hydrogen peroxide at room tem-
perature in the dark until the peroxidase bands became
visible (30 - 45 min). The stained gel was rinsed with
distilled water, photographed, and the peroxidase bands
digitized using UN-SCAN-IT software (Silk Scientific,
Utah, USA).

Peroxidase activity was determined at fixed 0.6 mM
o-dianisidine concentration, and varied (0.3 - 1.8 mM)
hydrogen peroxide concentrations, in 3 mL of 50 mM
Na,HPO, solution pH 6.0. The activity [21] was meas-
ured by photometry (Nanodrop spectrophotometer) at
27°C and calculated at Ao (€50 nm: 11.3 mM tem™) for
double reciprocal plots. Protein concentrations were de-
termined using the Folin-Ciocalteau reagent, and lyso-
zyme as the protein standard.

Determination of cellulose and lignin: A 20 g sub-
sample of dry, composited and ball-milled sorghum
shoots (600 g-harvested) per field plot was custom ana-
lyzed (Universal Testing, lllinois, USA) for lignin, acid
detergent fiber (ADF) and neutral detergent fiber (NDF)
using proprietary modification of standard gravimetric
methods.

3. RESULTS

Cell wall-bound peroxidase isoenzymes: The active
isoenzymes of sorghum peroxidase were separated from
the inactive ones by Rotofor (free solution) isoelectric
focusing (IEF) technology that has been very successful
in fractionating the complex 28 isoenzymes of glutamate
dehydrogenase [22]. Rotofor IEF separated the isoen-
zyme population into 9 - 15 charge isomers similar to
other peroxidases [23]. Isoelectric focusing arranged the
isoenzymes in three groups: negatively charged, neutral,
and mildly alkaline isoenzymes (Figures 1-4). Most of
the inactive isoenzymes were acidic (pl < 4.0), and the
active isoenzymes (boxed) had higher pl values. Chro-
matographic and two-dimensional purification proce-
dures had been inadequate for concentrating the active
isoenzymes, and removing them from the inactive forms
[23-25]. Native polyacrylamide gel electrophoresis
(PAGE) of the Rotofor fractions revealed the two groups
(anionic and cationic) of isoenzymes that make up the
charge isomers (Figures 1-4). The highly acidic (pl < 4.5)
isomers contained predominantly anionic isoenzymes;
the weakly basic (pl > 7.5) contained predominantly ca-
tionic isoenzymes; while neutral consisted of a graded
mix of anionic and cationic isoenzymes. The isoenzymes
varied in relative concentration and distribution patterns/
profiles according to crop rotation and other agronomic
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Figure 1. Residue return without N fertilization: Distribution
pattern of active and inactive peroxidase isoenzymes from ro-
tated biomass sorghum without N fertilization, but with (a) 0%
sorghum residue return; (b) 25% sorghum residue return; (c)
50% sorghum residue return. Partially purified peroxidase ex-
tract from the leaves was subjected to free solution IEF fol-
lowed by native PAGE. The electrophoresed gel was stained
with o-dianisidine. The active charge isomers of peroxidase are
boxed.

practices (Figures 1-4).

Responses of cell wall metabolism to agronomic man-
agement of sorghum: The active peroxidase isoenzyme
distribution patterns responded in different ways to the
various agronomic management practices (Figures 1-4).
Digital quantitation of the isoenzyme bands showed that
corn-sorghum  rotation, residue return, nitrogen ferti-
lization, tillage and combinations thereof altered some of
the chemical properties of the isoenzyme (Figures 1-4).

Residue return without N fertilization: For rotated
sorghum, no residue return and no nitrogen fertilization
resulted in a family of predominantly cationic active pe-
roxidase isoenzymes with isoelectric point (pl value) of
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5.9 (Figure 1(a)). Returning 25% of the biomass without
N fertilization increased the pl value of the active perox-
idase to 6.6 compared with the control sorghum, and also
doubled the yield of the active peroxidase (Figure 1(b)).
Returning 50% of the biomass without N fertilization
also increased the pl value of the active peroxidase to 6.9
compared with the control (Figure 1(a)), and quadrupled
the yield of the active peroxidase (Figure 1(c)). These
results redefine the agronomic practice of crop residue
return by presenting it in the light of cell wall metabolic
responses.

Nitrogen fertilization: For rotated sorghum, 280 kg-ha*
nitrogen fertilization without residue return shifted the pl
value of the active peroxidase to 6.7 (Figure 2(a)) com-
pared with the control sorghum (Figure 1(a)), dramati-
cally increased the anodal isoenzymes, and doubled the
yield of the active peroxidase. Fertilization with 280
kg-ha* N in combination with 25% residue return (Fig-
ure 2(b)) increased the active peroxidase pl value to 7.1
compared with the control (Figure 1(a)), but did not
increase its yield. The combination of 280 kg-ha™ N
fertilization and returning mineral nutrients to the soil
increased the active peroxidase pl value to 7.7 and qua-
drupled their yield (Figure 2(c)) compared with the con-
trol sorghum. In all the responses of the sorghum cell
wall metabolism to the agronomic management practices
outlined above, the resultant active peroxidases consisted
mainly of the neutral-mildly alkaline cationic isoen-
zymes. A combination of 280 kg-ha™* N fertilization and
50% residue return lowered the active peroxidase pl val-
ue from 5.9 to 4.7, expanded the active peroxidase com-
position to include anionic and cationic isoenzymes, and
doubled their yield (Figure 2(d)).

For continuously cropped sorghum without N fertili-
zation, the pl value of the active peroxidase was 5.9
(Figure 3(a)). Change of agronomic practice to fertiliza-
tion with 84 kg-N-ha* increased the pl value of the ac-
tive peroxidase from 5.9 to 6.7 without changing the
yield of the active peroxidase (Figure 3(b)). Fertilization
with 252 kg-N-ha* shifted the pl value of the active pe-
roxidase to 5.5, expanded the active peroxidase composi-
tion to include both anionic and cationic isoenzymes and
doubled the active peroxidase yield (Figure 3(c)). The
highest N rate (336 kg-ha ) increased the pl value of the
active peroxidase to 6.6 (Figure 3(d)) without changing
its yield. These results suggest that the isoelectric points
of the active peroxidase isoenzymes are the common
biological denominators for describing the responses of
biomass sorghum cell wall metabolism to different rates
of N fertilization.

Corn-sorghum rotation: A significant difference noted
between rotated and continuous sorghum was that the
peroxidase isoenzyme profile of sorghum rotated with
corn (Figure 1(a)) contained little to no anionic isomers,
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Figure 2. Residue return and N fertilization: Distribution patterns of active and inactive peroxidase
isoenzymes from rotated biomass sorghum combined with N fertilization and (a) 0% sorghum resi-
due return; (b) 25% sorghum residue return; (c) 100% mineral uptake from previous crop applied to
the soil; (d) 50% sorghum residue return. The partially purified peroxidase extract from the leaves
was subjected to free solution (Rotofor) IEF followed by native PAGE. The electrophoresed gel was
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stained with o-dianisidine. The active charge isomers of peroxidase are boxed.

while that of continuous sorghum (Figure 3(a)) con-
tained a very large amount of strongly acidic anodal
isomers. However, the pl values of the active peroxidas-
es were similar thus suggesting that rotation of sorghum
did not affect the pl values of the active peroxidase.

Soil tillage intensity: Responses of sorghum’s active
peroxidase to different tillage intensities for continuously
cropped bioenergy sorghum (Figure 4) were similar to
those of N rates (Figure 3). For ridge-till (no plowing
prior to row creation so that rows remain undisturbed
from one year to the next) with 280 kg N fertilization
ha*, the pl value of the active peroxidase was 6.6 (Fig-
ure 4(a)). Conventional tillage (disk tillage) together
with N of 280 kg-ha * decreased the pl value to 5.7, and
also doubled the enzyme yield (Figure 4(b)).

Peroxidase kinetics: The qualitative biochemical
changes in peroxidase activities were transformed to
quantitative terms by subjecting them to Michaelis-
Menten kinetics (Figures 5 and 6). Assays at constant
o-dianisidine and variable hydrogen peroxide concentra-
tions [19] showed that only 20% - 30% of the isoen-
zymes displayed normal Michaelis-Menten kinetics
while the majority displayed aberrant kinetics. In all the
experiments, almost all the strongly acidic charge iso-
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mers were inactive, suggesting that they were some of
the degradation products of the inactivated isoenzymes.
In the mechanism of the peroxidase reaction [14], when
the oxidized peroxidase and partially reduced peroxidase
become oxidized by hydrogen peroxide, dead-end en-
zyme-substrate complexes are formed [26]. Inactive forms
of enzymes are targeted for degradation, producing pro-
gressively lower molecular weight polypeptides [27,28].
Double reciprocal plots for the active peroxidase isomers
produced distinct groups of sorghums, one member of
the group being the sorghum with the inhibited [29] pe-
roxidase (Figures 5 and 6).

Residue return for the rotated sorghum with and with-
out N fertilization induced noncompetitive (same Km but
decreasing Vmax values) inhibition of the active perox-
idase isoenzymes (Figure 5). Returning 25% of the bio-
mass without N fertilization (Figure 5(a)) induced a low
maximum velocity (Vmax) value (15.7 mmol-min?).
Returning 50% of the biomass without N fertilization
(Figure 5(c)) decreased the inhibition by increasing the
peroxidase Vmax (29.5 mmol-min!) value without
changing the Km (0.93 pM) value. Control sorghum
without residue return or N fertilization exhibited the
most inhibited peroxidase (Figure 5(b)) with the lowest

OPEN ACCESS



72 J. P. Wight et al. / Advances in Biological Chemistry 4 (2014) 67-78

IEF Chambers
pl3434 3739 40 4}.2 444951555959 616873

IEF Chambers
pl 3.63.6 3.63.7 3942 4447 5.1 5257 6167 69 73 5

@ N=0ke ha™': SS: Return=0% ' ®)

N=284kgha; SS; Return= 0%

TEF Chambers
pl 33353739 414449 5255 58 6166 717579

TEF Chambers
pl 3.63.6 3939 4.1 4446495052 5459 647779

TITRINAERY

©

-

-
“3
-

© N=252kgha; SS; Retun =0% @ N=336kg ha; SS; Return=0%

Figure 3. Nitrogen fertilization without residue returned: Distribution patterns of active and inactive peroxidase
isoenzymes from continuous biomass sorghum subjected to different rates of nitrogen fertilization (a) 0 kg-N-ha™%;
(b) 84 kg-N-ha™; (c) 252 kg-N-ha?; (d) 336 kg-N-ha . The partially purified peroxidase extract from the leaves was
subjected to free solution (Rotofor) IEF followed by native PAGE. The electrophoresed gel was stained with o-di-
anisidine. The active charge isomers of peroxidase are boxed. SS is continuous sorghum.
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Figure 4. Soil tillage intensity: Distribution patterns of active and inactive peroxidase isoenzymes from biomass
sorghum grown using (a) ridge tillage; (b) conventional disk tillage. The partially purified peroxidase extract from
the leaves was subjected to free solution (Rotofor) IEF followed by native PAGE. The electrophoresed gel was

stained with o-dianisidine. The active charge isomers of peroxidase are boxed. SS is continuous sorghum.

Vmax (3.1 mmol-min*) and Km values (0.08 uM). Ni-
trogen fertilization (280 kg-ha™*) without returning resi-
due (Figure 5(d)) increased the peroxidase Vmax value
(33.2 mmol-min™) compared with control sorghum
(Figure 5(b)). Fertilization with 280 kg-ha* N in com-
bination with 25% residue return (Figure 5(e)) increased
the Vmax value further (37.3 mmol-min*). Combination
of 280 kg-ha™ N fertilization and returning mineral nu-
trients to the soil (Figure 5(f)) also increased the pero-

Copyright © 2014 SciRes.

xidase Vmax value (39.6 mmol-min*) without changing
the Km value. Combination of 280 kg-ha* N fertiliza-
tion and 50% residue return (Figure 5(g)) increased the
peroxidase Vmax value to the highest level (66.4
mmol-mint). These kinetic responses of sorghum pe-
roxidase isoenzymes were in agreement with their re-
spective changes in pl values and yield (Figures 1 and 2).
Biomass return exponentially increased and maximized
the velocity of the peroxidase reaction (Figure 5) leading
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Figure 5. Kinetics of the peroxidase of rotated sorghum. Inhibition
kinetics of active peroxidase from rotated biomass sorghum without
and with different percentage residue return and rates of N fertilization
(@) 0 kg-N-ha™* and 25% sorghum residue return; (b) 0 kg-N-ha™
without residue return; (c) 0 kg-N-ha and 50% residue return; (d) 280
kg-N-ha* without residue return; (e) 280 kg:N-ha and 25% residue
return; (f) 280 kg-N-ha™* and 100% mineral uptake from previous crop
applied to the soil; (g) 280 kg-N-ha* and 50% residue return. O-di-
anisidine saturations of peroxidase activities at varied hydrogen pe-
roxide concentrations (0.4, 0.57, 0.85, and 1.7 mM) were performed.
Calculated Vmax and Km values are listed in Table 1.

directly to increased cell wall yield. The results may also
explain the observations by [5] that excessive removal of
biomass substantially decreased subsequent biomass (cell
wall) yield. Therefore, the ability of biomass sorghum to
increase its aerial dry material [3,4] could be at least
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partly attributable to peroxidase activity.

For continuously cropped sorghum, the peroxidase ac-
tivity of control sorghum without N fertilization was
inhibited (Figure 6(a)), possessing a low Vmax value
(31.3 mmole-mint). Changes associated with 84, and
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Figure 6. Kinetics of the peroxidase of continuously cropped sorghum. Inhibi-
tion Kinetics of active peroxidase from continuous biomass sorghum under dif-
ferent rates of N fertilization (a) 0 kg-N-ha™; (b) 84 kg-N-ha®; (c) 252
kg-N-ha'*; (d) 336 kg-N-ha. O-dianisidine saturations of peroxidase activities
at varied hydrogen peroxide concentrations (0.4, 0.57, 0.85, and 1.7 mM) were
performed. Calculated Vmax and Km values are listed in Table 1.

252 kg-ha* N reduced the inhibition by exponentially
increasing the Vmax value to 666.0 mmoles-min* for
sorghum receiving the latter N rate (Figure 6(c)). But
treatment with 336 kg-N-ha * produced active peroxidase
(Figure 6(d)) that shared a competitive inhibition rela-
tionship with the peroxidase of the 84 kg-N-ha* treat-
ment (Figure 6(b)), which in turn shared a noncompeti-
tion inhibitive relationship with the peroxidase of control
sorghum (Figure 6(a)). These observations may help
explain some of the biological responses of sorghum to
agronomic management changes [3-5].

Observed differences related to crop rotation included
much lower Vmax and Km values (3.1 mmol-min*, 0.08
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UM respectively) for the active peroxidase in rotated
compared with continuous sorghum (31.3 mmol-min%,
0.31 pM respectively). These enzymatic responses ex-
erted profound effects on lignocellulose yields (Table 1).

Ridge tillage combined with 280 kg-N-ha * under con-
tinuous sorghum resulted in inhibited peroxidase (Figure
not shown) possessing a low Vmax value (13.0
pmole-min%). Changing to conventional tillage com-
bined with 280 kg-N-ha * reduced the inhibition and in-
creased the Vmax value to 23.7 mmol-min™* without
changing the Km value (Table 1). Increased soil tillage
intensity increased the maximum velocity of the perox-
idase reaction without altering the Km value (non-
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Table 1. Biomass sorghum cell wall metabolic (active peroxidase kinetics, lignin, cellulose and dry matter) responses to agronomic
changes (crop rotation, residue return, N fertilization, soil tillage).

SN Fertilization, *Residue Return on Rotated Sorghum

SCellulose

*Km

"Vmax

Agronomic Practices SLignin $Dry yield pl value
0 N 0 Residue 857 9710 0.08 3.10 16,800 5.9
0 N 25 Residue 1125 11,961 0.93 15.70 21,628 6.6
0 N 50 Residue 1082 10,824 0.93 29.50 18,989 6.9

280 N 0 Residue 991 10,162 0.93 33.20 18,019 6.7
280 N 25 Residue 1046 11,193 0.93 37.30 19,740 7.1
280 N "Nut 1319 12,579 0.93 39.60 23,556 7.7
280 N 50 Residue 1387 13,675 0.93 66.38 23,906 4.7

N Rates on Continuous Sorghum
0 N 0 Residue 457 4379 0.31 31.30 8020 5.8
84 N 0 Residue 469 5380 0.31 66.67 9573 6.7
252 N 0 Residue 725 8227 0.31 666.67 14,796 6.9
336 N 0 Residue 649 6977 0.23 66.67 12,241 55
Ridge Till
280 N 0 Residue 506 5680 0.93 12.95 10,328 6.7
Conventional Till
280 N 0 Residue 565 6072 0.93 23.71 10,653 6.7

Skg-ha?, o5 sorghum residue returned, 1100% mineral uptake from previous crop applied to the soil, *Km value pM, "Vmax value mmole-min~-mg* active

peroxidase.

competitive inhibition).

Cell wall metabolism: Lignin and cellulose yields:
Peroxidases are cell wall-bound enzymes that participate
in lignin and suberin biosynthesis [15,17,19]. Changes in
their activity altered the lignin and cellulose yields (Ta-
ble 1) and the cellulose/lignin ratios. Without residue
return and N fertilization, control rotated sorghum whose
peroxidase was the least active (Figure 5(b)), produced
low lignin (857 kg-ha ') yield and consequently a high
cellulose/lignin ratio (11.3). Rotated sorghum with and
without N fertilization successively increased peroxidase
activities (Figure 5); the lignin yield of sorghum re-
ceiving 50% residue return and 280 kg-N-ha* (Figure
5(g)) possessed the most active peroxidase and the high-
est lignin (1387 kg-ha) yield (Table 1) and conse-
quently a low cellulose/lignin ratio (9.8). Although 280
kg-N-ha ' and 50% residue return (Figure 5(g)) pro-
duced ~350 kg-ha* more biomass than the sorghum
treated with 280 kg-N-ha* combined with 100% sorg-
hum mineral return (Figure 5(f)), the treatment that in-
cluded 50% residue return (Figure 5(g)) produced ~1096
kg-ha* more cellulose than the treatment that included
100% sorghum mineral residue return (equivalent to
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100% return, without the C or N) thus highlighting the
chemical importance of biomass return on subsequent
sorghum biomass (cell wall) yield [5], and the biological
disadvantage of excessive biomass removal. Based strict-
ly on nutrient availability, 100% mineral return could be
expected to induce more sorghum growth than the 50%
biomass return treatment. The observed peroxidase ki-
netics (Figure 5) helped explain this biological anomaly.

Without N fertilization, returning 25% of the biomass
produced resulted in ~1888 kg-ha * more sorghum dry
matter, ~768 kg-ha* more cellulose, and ~79 kg-ha*
more lignin than 25% residue return combined with 280
kg ha™* N fertilization (Table 1) and also changed perox-
idase Kkinetics (Figures 1(b), 2(b), 5(a) and (e)). This
result could increase farmers’ economic return [10], while
minimizing possible environmental damage associated
with N-based fertilizer [11]. Rotated sorghum with 50%
residue return combined with 280 kg-ha * N fertilization
produced only ~2278 kg-ha* (10.5%) more dry matter,
~1714 kg-ha* (14.3%) more cellulose, and ~262 kg-ha ™
(23.3%) more lignin than 25% residue return without N
fertilization (Table 1), possibly indicating that economic
margins could be increased if producers do not apply
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excess N to rotated sorghum. Peroxidase kinetics (Fig-
ures 1(b), 2(d), 5(e) and (g)) were also altered by these
treatments.

The effect of residue return (Figure 5) on sorghum bi-
ology was to maximize the yields of cell wall lignocel-
lulosic biomass by relieving the inhibition of the active
peroxidase isoenzymes. These results indicated the im-
portance of peroxidase as the target enzyme on which
agronomic practices revolve in efforts aimed at dramatic
improvement of cellulosic biomass feedstock yields.

In the continuous sorghum N rate study, absence of N
fertilization inhibited the peroxidase activity (Figure
6(a)), thus producing low lignin (457 kg-ha™*) and cellu-
lose (4379 kg-ha ) yields (Table 1), and a low cellulose/
lignin ratio (9.5). Treatment of the sorghum with 252
kg-ha™* N relieved the inhibition by increasing the pe-
roxidase maximum velocity (Figure 6(c)), the cellulose
(8227 kg-ha™®) and lignin (725 kg-ha™) yields, and the
cellulose/lignin ratio to 11.4 similar to the 84 kg-ha -
treated sorghum. Although the 252 kg-ha™* fertilizer N
treatment (Figure 6(c)) produced ~2555 kg-ha™ more
biomass than the sorghum treated with 336 kg N fertiliz-
er (Figure 6(d)), the 252 kg-ha™* fertilization rate in-
duced the peroxidase to produce ~1250 kg-ha* more
cellulose than the 336 kg fertilizer treatment, thus again
highlighting the possible economic improvement for the
grower. The greater yield of biomass induced by the 252
kg-ha™* fertilization was 50% richer in cellulose. This
anomaly was due to the competitive inhibition relation-
ship between the peroxidases of the sorghums from the
84 and 336 kg-ha ™ N applications on the one hand and
the noncompetitive inhibition relationship between the
peroxidases of the sorghums from the control, 84 kg, and
252 kg-ha™ N treatments on the other hand (Figure 6).
The peroxidase from the 84 kg-ha® N rate was doubly
inhibited, with inhibition spilling over to the peroxidase
from 336 kg-ha * N-fertilized sorghum. The peroxidase
of the control sorghum was the most inhibited (Figure
6(a)) thus explaining the anomalous low cellulose/lignin
ratio for the sorghum. Agronomic anomalies (complex
biological phenomena) are reflections of deep-seated
biochemical root causes.

Rotated sorghum (Figure 5(b)) yielded 120% more
cellulose, 87% more lignin, and 100% more dry matter
than continuously cropped sorghum (Figure 6(a)). This
was because the active peroxidase of the rotated sorghum
had a much higher affinity for hydrogen peroxide (lower
Km value, 0.08 uM) than the peroxidase (higher Km
value, 0.31 uM) of the continuously cropped sorghum
(Table 1). These considerations begin to provide a bio-
chemical explanation for the repeated observation that
crop rotation generally increases crop yield and soil car-
bon sequestration [7-9]. Results also showed that crop
rotation induced much more dry matter, cellulose, and
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lignin yields than nitrogen rate and is in agreement with
the negative effects of nitrogen fertilizer when combined
with 25% crop residue return (Table 1). The causative
factors lie in part in the mineral nutrients absorbed as
will be discussed later.

Conventional tillage combined with 280 kg-ha *N in-
duced higher Vmax values of the peroxidase and accor-
dingly high lignin (565 kg-ha™) and cellulose (6072
kg-ha ) yields than ridge tillage (Table 1). Ridge-tillage
(less soil disturbance), combined with 280 kg-N-ha*
inhibited peroxidase compared with the fertilized con-
ventional tillage treatment, and accordingly produced
less lignin (506 kg-ha *) and less cellulose (5680 kg-ha™).
Soil tillage increased the maximum velocity of the pe-
roxidases.

Therefore, the observed peroxidase kinetics agreed
with the known peroxidase biological role as cell wall-
bound enzymes that stiffen cell walls by participating in
the biosynthesis of lignin, suberin and other cellulosic
materials [16-19].

The greatest lignocellulosic yield was produced by the
combination of 280 kg-ha* N with 50% sorghum residue
return, which shifted the pl value of the active peroxi-
dase to 4.6 because the Vmax increased exponentially to
66.0 mmole mg* enzyme while the Km value remained
unchanged at 0.90 uM (Table 1).

4. DISCUSSION

Peroxidase kinetics and lignin yield: The Km values
(Table 1) of hydrogen peroxide are much lower than
earlier reports [25] probably because the inactive isoen-
zymes of the peroxidase had been removed through
isoelectric focusing (Figures 1-4). This further supports
the observed increases in the Vmax values. The lowering
of the Km values for hydrogen peroxide increased the
affinity of peroxidases and their capacity to synthesize
lignin and suberin for the stiffening of mechanical sup-
portive and transport tissues [15,17,19]. Crop residue
return, nitrogen fertilization rate, corn-sorghum rotation
or continuous sorghum cropping, and soil tillage are phy-
sically different agronomic practices but they acted in
concert on the wall-bound peroxidase isoenzymes, whose
maximum velocities changed in response to these prac-
tices. Inhibition kinetics (Figures 5 and 6) under variable
hydrogen peroxide concentrations were consistent with
known mechanisms of active peroxidase involving oxi-
dized peroxidase and partially reduced peroxidase as
enzyme-substrate intermediate complexes that frequently
form dead-end products with hydrogen peroxide [30].
Therefore, there were agreements between peroxidase
isoenzyme patterns, their activation, kinetics, and the
yields of lignocellulose (biological systems) in the res-
ponses of sorghum to agricultural management practices
(environment). IEF purification of active peroxidase
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could constitute an analytical biochemistry framework
for expanding the utility of peroxidase enzymology for
performance evaluation of lignocellulose production in
the pulp/paper, and bioenergy industries [6,14,31], and
generally for monitoring the effects of the environment
on plant cell wall metabolism.

Adverse agronomic changes: The understanding that
lignin is slowly degraded in the soil [18], thereby in-
creasing the half-life of organic carbon and nitrogen in
the soil, provides a frame-work for minimizing some of
the potentially adverse biological effects of bioenergy
crop production on the environment. The quantity of lig-
nin produced per hectare was decreased up to 50% by N
fertilization of the sorghum, by tillage of the soil, and by
avoidance of crop rotation (Table 1). These decreases in
lignin quantity could potentially lead to decreased soil
organic carbon in plots with N fertilization. Lower soil
organic carbon decreases nutrient cycling [5] and ace-
lerates soil erosion [12] because soil water retention ca-
pacity is decreased [13]. Therefore, sorghum residue
return to the soil minimizes some of the adverse biologi-
cal effects of total aboveground plant removal by in-
creasing the soil organic carbon and the lignin yield of
the next harvest of sorghum.

Biochemical mechanisms of different agronomic prac-
tices: Results discussed in Figures 1-6 and Table 1 be-
gin to provide some biochemical explanation for pre-
vious observations [3-5] that return of sorghum residues
to the soil improved soil organic carbon contents, nu-
trient cycling, and the biomass yield of the next crop of
sorghum. Lignin is a major component of crop residue,
and it is slow to degrade in soil [7,18] thereby enhancing
higher soil carbon contents in the long-term for efficient
macro- and micro-nutrient exchange. In this regard, re-
turn of high-lignin rotated sorghum residue (1387 kg-ha™*
from 280 kg fertilizer-50% return) to the soil should be
more beneficial than the low-lignin continuous sorghum
residue (457 kg-ha* from the 0 fertilizer-0% return).

The biochemical mechanisms of the different agro-
nomic practices focused on the pl values of the perox-
idase isoenzymes (Figures 1-4). The active peroxidase
from 0 kg-ha * N fertilization had same pl value (5.9) as
that from 0% return rotated sorghum (Table 1). Similarly,
active peroxidases that had the pl 6.7 were from the
sorghum produced under different agronomic practices
including 280 kg-N-ha™ without residue return, 25%
residue return without N, 50% residue return without N,
84 kg-ha ' N, and ridge tillage. Also, acidic active pe-
roxidase isoenzymes were generally more efficient than
the mildly acidic isoenzymes in the synthesis of lignin
(Table 1). Therefore, by differentially selecting the iso-
enzymes to be inactivated (Figures 1-4), and altering the
pl values of the active isoenzymes, the different agro-
nomic practices controlled lignocellulose yield via a
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pervasive network of competitive, non-competitive, and
uncompetitive hydrogen peroxide inhibition kinetics in-
teracting with peroxidases (Figures 5 and 6). Peroxidase
pl values were the common thread linking the active pe-
roxidase isoenzymes in the plots of sorghum. The coor-
dinating ability of the peroxidase pl values extended far
and beyond, and helped explain the high lignocellulose
yields in continuous sorghum with and without N fertili-
zation [3-5] as they also did in the cases of rotated sorg-
hum, nitrogen rates, soil tillage and combinations thereof
(Table 1).
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