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Abstract

Research conducted over the past seven years by the biotechnology byproducts consortium (BBC) addresscs its mission to in-
vestigate the opportunities to add value to agricultural products, byproducts and coproducts and to manage the wastewater arising
from agribusinesses in an environmentally favorable way. Since a wide variety of research approaches have been taken, the results
are collected in five topic groups: (1) bioremediation that includes anaerobic fermentations of wastes to produce methane and
hydrogen, the genetics of methanogenesis and in situ remediation of contaminated aquifer systems, landfill leachates and industrial
effluents; (2) land application of fermentation byproducts and their use in animal feeds; (3) biocatalytic studies of transformations of
components of corn and soybean oils, peroxidases present in plant products, such as soybean hulls; (4) biochemical reactions for the
production of de-icers from industrial water streams, bicdiesel production from fats and greases, biodegradable plastics from
polymerizable sugar derivatives, single cell foods derived from fungal growth on waste streams, and bacterial polysaccharides from

Erwinia species; (5) separation and recovery of components by membrane technologies.
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1. Introduction

The biclogical world does not synthesize materials
that it cannot decompose, but with the introduction of
organic chemical syntheses in the 19th century, products
were formed quickly for which organisms had not
evolved, had not adapted, to effect their decomposition.
Thus many problems of pollution exist today. The
process of adaptation to these unnatural compounds is
frequently prolonged, a delay that is now being reduced
by advances in biotechnology.

Although many byproducts in agricultural industries
are natural, their use or disposal has challenged society.
A number of byproducts and coproducts of agricultural
businesses are presently returned to the land as fertilizers
or soil modifiers, fed to animals or fish as nutrients,
burnt for energy, or applied to value-added conversions.
The byproducts usually contain carbohydrate, in such
byproducts as corn steep water, molasses or milk whey,
proteins and lipids in animal tissues and cereal grains,
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and lipid in greases and oils. Fibers are principally
carbohydrate in some complex form, such as celluloses
and hemicelluloses. Fermentation liquors contain a
complex of microbial nutrient salts and residuals from
the fermentation, such as corn protein and hulls from
alechol fermentation of dry-milled corn.

With the dramatic increase in biotechnological
activity comes a concomitant responsibility to increase
the capacity and sophistication of waste management
systems. Byproducts of biotechnological processes and
agribusinesses will always pose both problems and
opportunities for industries and the geographic areas
associated with them. Surveys conducted by the US
Government Accounting Office and Environmental
Protection Agency, and the Water Environment Feder-
ation indicate that many municipal wastewater treat-
ment plants in the USA are not meeting their effiuent
discharge limits because they are overloaded with agri-
cultural and food-processing effluents. In the 1980s the
City of Cedar Rapids, lowa, USA, was expanding its
agribusinesses, with a potential limit being placed by the
size of its water treatment plant. The problem was at-
tacked by forming a consortium that included faculty
from the two research universities in the State of Towa,
the Cedar Rapids Water Treatment Plant personnel and
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Nomenclature

Acronyms

“C NMR carbon 13 nuclear magnetic resonance
"H NMR proton nuclear magnetic resonance
1,L1,1-TCA 1,1,1-trichloroethene

1] intrinsic viscosity
ABTS 2,2-azino-bis(3-ethylbenzothiazoline-6-sulf-
onic acid)

ASBR anaerobic sequencing batch reactor

BAL  benzaldehyde lyase

BOD  biochemical oxygen demand

CBH cellobichydrolase

CBOD; carbonaceous 5-day biochemical oxygen
demand

CD circular dichroism

CMA calcium magnesium acetate

COD  chemical oxygen demand

CSTR continuous stirred tank reactor

CSW  corn steep water

CT carbon tetrachloride

E. chrysanthemi Erwinia chrysanthemi

EG endo-glucanase
EPS  microbiale extracellular polysaccharides
FA ferulic acid
FAME fatty acid methyl ester
‘ fbid  gene required for Fay biosynthesis, corre-
sponding to Rv3261
JbiB gene required for Fyy biosynthesis, corre-
sponding to Rv3262
JbiC  gene required for Fay biosynthesis, corre-
‘ sponding to Rv1173
FGD  Fy-dependent glucose-6-phosphate dehy-
drogenase
GC gas chromatography
GPS  global positioning system
HMB hydroxymethylbutyric acid
HMX Her Majesty’s Explosive (1,3,5,7-tetranitro-
1,3,5,7-tetrazacyclooctane)
HP Hewlett Packard

| HPAEC-CD high-pH anion exchange chromato-
graphy with conductimetric detection
HPLC high performance liquid chromatography
HRP  horseradish peroxidase

HRPc horseradish peroxidase isozyme ¢

HRT hydraulic retention time

LS light scattering

LSW late steep water

LSWP late steep water peroxidase

MALDI-TOF MS matrix assisted laser desorption/
ionization time-of-flight mass spectrometer
{spectrometry)

MBP  microbial biomass protein

MDF medium density fiberboard

MHz megahertz
MS Mass spectrometry
M, weight average molecular weight

NAWE North American wetland engineering

NMR muclear magnetic resonance Spectroscopy

PCA  para coumaric acid

PCE  perchloroethene

PF phenol formaldehyde

PGLA polymer graded lactic acid

PRB  permeable reactive barrier

ProteFerm Ajinomoto USA ammonium chloride-
rich byproduct

Rw root mean square radius

RZ Reinheitszah] (ratio of absorbances at 403
and 280 nm)

SBPc  soybean seed coat peroxidase isozyme ¢

SDS  sodium dodecyl sulfate

SDS-PAGE sodium dodecy] sulfate-polyacrylamide
gel electrophoresis

scanning electron microscopy

static granular bed reactor

total organic carbon
temperature-phased anaerobic digestion
total suspended solids

upflow anaerobic siudge blanket

USDA United State Department of Agriculture
uv ultraviolet detector

UV-Vis ultraviolet—visible

SEM
SGBR
TOC
TPAD
TS8S
UASB

VFA or VFAs volatile fatty acids |

VP vinylphenol '
viv volume to volume

wiw  weight 10 weight

wiv weight to volume

the United States Department of Agriculture. It was
proposed that the expertise of the City of Cedar Rapids
and faculty members at the University of lowa and Iowa
State University be brought together in a consortium
(biotechnology byproducts consortium (BBC)) to tackle
the treatment of agricultural and food-processing by-
products, not only as a local but also as a national
problem. This collaboration has continued since 1989,
The initial intent was to study fermentation and bio-

technological byproducts, but the attention of the BBC
quickly turned to searching also for conversion pro-
cesses of inherently low-value (or poorly characterized)
raw materials into value-added products. The research
activities take advantage of the selectivity and reactivity
of biocatalysts for unique transformations. In this re-
spect, the problems and opportunities associated with
biotechnology in Cedar Rapids are a microcosm of a
larger international context.
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In this review is summarized the recent research
findings of the BBC, an earlier review having been
published of research findings from 1989 to 1996
(Montgomery, 1997) and exemplifies the synergism of
collaborative university, municipality, industry and
federal government efforts, Since a wide variety of re-
search approaches have been taken, the results are col-
lected in five topic groups: (1) bioremediation that
includes anacrobic fermentations, methanogenesis and
in situ remediation: (2) land and animal feeds; (3) bio-
catalytic studies of transformations, peroxidases; 4
biochemical reactions for production of de-icers, bio-
diescl fuels, biodegradable plastics, single cell foods and
bacterial polysaccharides; (5) separation and recovery of
components.

2. Bioremediations
2.1. Anaerobic fermentations

The total quantity of wastes generated in the US
livestock industry is equivalent to that which a popula-
tion of approximately one billion people would gener-
ate. The environmental consequences of this large
volume of agricultural byproducts include the potential
for ground and surface water contamination. Added to
this load are the wastes resulting from other agribusi-
nesses that together represent a large chemical oxygen
demand (COD) and without approprate treatment
would call for a great loss of potential energy and a large
biochemical oxygen (BOD) load on the environment.
Efforts are being made to conserve the potential energy
in the biowastes by their fermentation to produce
methane and/or hydrogen.

The design of anaerobic fermentation reactors for
waste products of many types has been pursued,
adapting some earlier designs and developing more ef-
ficient systems for the generation of methane and the
reduction of BOD in their effluents. The anaerobic se-
quencing batch reactor (ASBR) is a batch-fed process
that does not have a hydraulic upflow pattern (Sung and
Dague, 1995; Welper et al., 1997). This removes the need
for gas—solids-separator and feed-distribution systems
(Sung and Dague, 1992; Angenent and Dague, 1995},
An improvement to this system, called the static gran-
ular bed reactor (SGBR), uses a bed of active anaerobic
granules for even greater biomass density and improved
process efficiency (Mach and Ellis, 2000a,b, 2001).

Many studies have been conducted to analyze and
evaluate the SGBR system. Fatty acid methyl ester
analysis of high rate anaerobic wastewater treatment
systems was evaluated for its ability to track changes in
the performance of several high rate anaerobic systems
treating a variety of wastewaters and as a tool to predict
inhibition in anaerobic cultures (Mach and Ellis, 2002;

Koh and Ellis, 2002). Explicit oxygen concentration
expressions for estimating extant biodegradation kinet-
ics from respirometric experiments have been developed
(Huang et al., 2000; Goudar and Ellis, 2001). The per-
formances of these reactors under different loads
(Angenent et al., 2001b, 2002b, Mach and Ellis, 2001),
dimensions (Mach and Eilis, 2000a), and operational
changes (Banik et al., 1997) have been examined so that
a continuous operation could be effected using different
feedstocks.

Wirtz and Dague (1994) developed a granular blanket
with an ASBR (Vanderhaegen et al., 1992). A continu-
ously fed, compartmentalized reactor that reverses its
flow in a horizontal manner can be developed without
the requirement of elaborate gas-solids-separator and
feed-distribution systems. Effluent recycling is not re-
quired, but mixing is necessary to obtain a sufficient
biomass/substrate contact {Angenent and Dague, 1996;
Angenent and Sung, 2001; Angenent et al., 1998, 2000,
2001a, 2002a,b). This process is known as the anaerobic
migrating blanket reactor (AMBR). A key to the selec-
tion of a granular biomass in the AMBR process, and
thus to the reactor performance, is the migration of the
blanket through the reactor, in which the formed ag-
gregates are retained in the reactor and grow in size
(Angenent and Dague, 1996).

An alternative to the single AMBR, SGBR or ASBR
has been to run two bioreactors in series, a thermophilic
stage at 55 °C, followed by a mesophilic reactor at
35 °C. Such a temperature-phased anaerobic digester
(TPAD) resulted in a dramatic increase in the overall
system performance (Han et al, 1997, Harris and
Dague, 1993) and is presently used for municipal waste
(Sandino et al., 2002), being not only cfficient but also
enabling destruction of coliform bacteria, thus making
the sludge safe for land application. The TPAD has been
studied under many operating conditions, including the
effects of varying solids concentrations and organic
loads (Chao et al., 1999; Vandenburgh and Ellis, 2002)
and the resuits compared with those from other reactors
(Schmit and Ellis, 2001).

The great variety of wastes presented for anaerobic
fermentation has called for further studies, such as the
effect of high concentrations of ammonia, sulfate (Sung
and Liu, 2002), phosphate (Angenent et al., 1999), or
metals (Foulkes and Sung, 2002; Chen et al., 2002) as in
the case of high copper in poultry waste {Montgomery,
1997). In spite of some loss of overall methanogenic
activity by ammonia inhibition, acclimation at higher
ammonia concentration increased the threshold con-
centration and increased the ability of methanogens
to tolerate the change in ammonia concentration and
pH. Sulfide emission is a major problem associated
with anaerobic treatment of sulfate and sulfur con-
taining wastewaters. The toxicity, corrosive proper-
ties, unpleasant odor (Mermrill and Halverson, 2002;
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Martin Jr. et al., 2002), and high oxygen demand require
stringent control of its release into the environment
(Martin Jr. et al., 2002; Merrill and Halverson, 2002).
Continuing research is developing a proper, cheaper, and
more-efficient biological process for sulfide removal, in
which sulfide is converted into elemental sulfur that can
be used as a fertilizer or as feed substrate for recuperating
heavy metal contaminated sludge.

As a result of the technologies developed so far: the
ASBR has been patented (US Patent 5,185,079, Febru-
ary, 1993) and applied to the treatment of slaughter-
house wastewater, treating 2.3 million gallons per day
from Excel Corporation, Ottumwa, Iowa; swine waste
from the Crawford Farm, Nevada, lowa {(Zhang et al.,,
1997; Angenent et al., 2002c); and it is used at the sec-
ond largest pork production facility in Nemscake,
Slovenia. In addition, a 1000-gallon pilot AGBR system
has been installed at the Hormel Foods Corporation In
Austin, Minnesota, to treat pork slaughterhouse waste-
water.

The TPAD, US patent 5,525,228, May 1998, has been
adopted to treat sewage sludge in more than 20 munici-
pal wastewater treatment facilities in the United States,
to treat cattle waste (Vandenburgh and Eliis, 2000;
Santha and Sung, in press) and so produce Class A
biosolid as an organic fertilizer, and to treat post-con-
sumer food wastes. The performance of the TPAD
system in the stabilization of dairy cattle wastes at high
solids concentrations had never been evaluated, though
the process has been established as a feasible alternative
to conventional mesophilic processes for the treatment
of municipal wastewater sludges. In this study, the
TPAD system operating at a retention time of 14 days
was subjected to varying total solids (TS) concentrations
(3.5-14.5%) of dairy cattle wastes. At TS concentrations
lower than 12.2%, corresponding to system volatile
solids (VS) loadings in the range of 1.9-5.8 g VS{l/day,
the system achieved an average VS removal of 40.2%.
The maximum VS destruction of 42.6% was achicved at
a TS concentration of 10.4%. Methane recovery from
the wastes was consistently within 0.21-0.22 Vg VS fed.
There was a decrease in the system performance with
respect to VS removal and methane recovery at TS
concentrations higher than 10.4%. Volatile fatty acid/
alkalinity ratios less than 0.35 in the thermophilic re-
actor and 0.10 in the mesophilic reactor were found
favorable for continuous operation of the system. For
the entire range of TS concentrations, the indicator or-
ganism counts in the biosolids were within the limits
specified by USEPA in 40 CFR Part 503 regulations for
Class A designation. After digestion, nearly 80-85% of
total phosphorus was associated with the biosolids.

In a study of ASBR treated swine wastes, magnesium
ammonium phosphate (Struvite) was recovered with
88% ammonia removal by a pH adjustment to 9.5 with
the addition of magnesium and phosphate to a molar

ratio of ammonia:magnesium:phosphate of 1:1.5:]
(Williams and Ellis, 1998; Miles and Ellis, 2001). Thus
the ammonia and phosphate could be recovered for use
as a slow release fertilizer. A number of other studies
supporting the better understanding and application of
these anaerobic processes have been made (Sung and
Dague, 1995; Welper et al., 1997: Dague et al.,, 1998;
Angenent et al., 1998; Dugba et al., 1999; Vandenburgh
and Ellis, 1999; Mach and Ellis, 2000b; Eliosov and
Ellis, 2002).

Studies are now in hand to produce hydrogen from
organic waste streams, US patent pending, in which 50—
80% by volume of the biogas is hydrogen that can be
used as an energy source through fuel cells or for syn-
thetic purposes (Van Ginkel et al., 2000, 2001; Dan-
gmanee et al., 2002a,b). The conversion of organics in
wastewaters into hydrogen gas could serve the dual role
of renewable energy production and waste reduction,
The chemical energy in a sucrose-rich synthetic waste-
water was recovered as hydrogen gas in one study. Us-
ing fractional factorial design batch experiments, the
effect of varying pH (4.5-7.5) and substrate concen-
tration (1.5-44.8 g COD/l) and their interaction on
hydrogen gas production were tested. Mixed bacterial
cultures obtained from a compost pile, a potato field,
and a soybean field were heated to inhibit hydrogen-
consuming methanogens and to enrich spore forming,
hydrogen-producing acidogens. It was determined that
the highest rate (74.7 ml H,/(Vh)) of hydrogen prodnc-
tion occurred at a pH of 5.5 and a subsirate concen-
tration of 7.5 g COD/] with a conversion efficiency of
38.9 ml Hy/(g COD/I). The highest conversion efficiency
was 46.6 mi Hy/(g COD/).

2.1.1. Methanogenesis

Coenzyme Fip is an electron-transier factor in
methanogens and actinomycetes, but is absent from
most bacteria and eukarya. In methanogens, it partici-
pates in a variety of two-electron transfer reactions
{Daniels, 1994). In Streptomyees, it is used in tetracy-
cline (Butler et al., 1989; MicCormick and Morton, 1982)
and lincomycin biosynthesis (Coats et al., 1989). In
Rhodococcus, it participates in the degradation of
certain nitroaromatic compounds, including explo-
sive and toxic nitrophenols (Heiss et al., 2002). In
Mycobacterium species, Fuy is required for the enzyme
Y ;p-dependent glucose-6-phosphate dehydrogenase
(Purwantini et al., 1997: Purwantini and Daniels, 1996,
1998), which is in turn required for activation of PA-
824, an anti-TB drug (Stover et al., 2000; Choi et al.,
2001). Aerobic actinomycetes are used to produce in-
dustrial enzymes (e.g. glucose isomerase for high fruc-
tose corn syrup production) and many antibiotics.
Mycobacterium smegmatis and M. phiei (rapidly grow-
ing non-pathogens) are good producers of coenzyme
Faz (Isabelle et al., 2002). A variety of aerobic actino-
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mycetes, including Streptomycetes and Mycobacterium
species have proven useful for the study of Fuq meta-
bolism and biosynthesis in the methanogenic Archaea.

Fa is the key electron transfer component in meth-
ane production reactions (Daniels, 1994; Bair et al.,
2001). Few Faz biosynthesis details are known, but a
hypothetical pathway has been developed (Fig. 1).
Methanogenesis requires coenzyme Fy, but it has not
been possible to identify Fip biosynthesis genes in
methanogens, since suitable molecular approaches are
not available, and because mutants for Fyy, biosynthesis
would be lethal.

The important role of Fyy and FGD in PA-824 ac-
tivation has been used as a tool to identify three meth-
anogen genes involved in Fy biosynthesis (Choi et al.,
2001, 2002). Using the nitroimidazopyran-based anti-
tuberculosis drug PA-824 as a selective agent, transpo-
son-generated M. bowis strain BCG mutants that could

OH
OH
HO
GTP— —» — on
H
H-

not make coenzyme Fyz were identified, leading to the
discovery of three genes required for Fyp biosynthesis,
Jbid, fbiB and, fbiC (Choi et al., 2001, 2002). Four
independent mutants that could not make Fyp or the
biosynthesis intermediate FO were examined more
closely (Choi et al, 2002). These mutants contained
transposons inserted in the M. bovis homologue of the
M. tuberculosis gene Rv1173, which we have named
JBiC. Complementation of a M. bovis fBiC—mutant
with fbiC restored the Fay phenotype. These data
demonstrate that fbiC is essential for Faz production,
and that fbiC participates in a portion of the Fy3 bio-
synthetic pathway between pyrimidinedione and FO.
Homologues of fbiC were found in all 15 microorgan-
isms which have been fully sequenced and which are
known to make Fiy These are Methanobacterium
thermoautotrophicum, Methanococeus Jannashii, Methan-
osarcina barkeri, Archaeoglobu fulgidus, M. tuberculosis,
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Fig. 1. Overview of the hypothetical pathway for Fay biosynthesis. JbiA and fbiB are clearly involved in the conversion of FO into Fygy; evidence

supports fbid acting earlier in the path than fbiB, but the

specific reactions catalyzed by these ENZymes are not known.
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M. leprae, Thermobifida fusca, Streptomyces coelicolor,
S. avermitilis, Methanopyrus kandleri, M. mazei, M.
acetivorans, Nostoc sp., Synechococcus sp., and Halo-
bacterium species. Four of these homologues (all from
members of the aerobic actinomycetes) coded for pro-
teins homologous over the entire length of the M. bovis
JBiC, but in seven microorganisms, two separate genes
were found to code for proteins homologous with either
the N-terminal or C-terminal portions of the M. bovis
JbiC. Histidine-tagged fbiC overexpressed in Escherichia
coli produced a fusion protein of the molecular weight
predicted from the M. bovis BCG sequence (==95,000
Da), as well as three other histidine-tagged proteins of
significantly smaller size, which are thought to be pro-
teolysis products of the fbiC fusion protein.

2.2. In situ remediation

The potential for anaerobic biological treatment, and
biological treatment in general, for alleviating problems
with industrial discharges, with a special emphasis on the
fermentation industries, has implications for in situ
bioremediation of contaminated aquifer systems and for
industrial effluents (Montgomery, 1997; Parkin, 1996).
The presence of chlorinated solvents reduces the quantity
of methane that can be produced by anaerobic treatment
due to toxicity to methanogenic bacteria (Weathers and
Parkin, 2000). Enhanced removal of these compounds
results in increased methane production. The research
has been pursued in two principal areas.

2.2.1. Constructed wetland treatment

Constructed wetlands offer a combination of energy
savings, wastewater reclamation, and land reclamation.
In addition, they offer the potential of combining phy-
toremediation (remediation using plants) with microbial
degradation of target contaminants. The specific appli-
cation being tested presently is treatment of a landfll
leachate at the Jones County, IA, landfill. Operation is
under various hydraulic loading rates (50-250 gallons/
day), with analysis for carbonaceous 5-day biochemical
oxygen demand (CBODS5), COD, ammonia nitrogen,
nitrite, and nitrate. For the first 2 years of operation,
removal of CBODS exceeded 95% most of the time,
regardless of flow rate or temperature-effluent concen-
trations were almost always below 10 mg/l (the highest
measured concentration was 28 mg/l). The COD remo-
vals were essentially independent of flow rate and tem-
perature and averaged approximately 50%. Air and
water temperature data for the winter of 2000—2001
showed that although the air temperature went as low as
—18 °C, the leachate temperature remained near 4—5 °C,
and no freezing events occurred. Early snow cover and
litter from two growing seasons provided excellent in-
sulation. Effluent nitrate-N and nitrite-N levels were
near detection limits during most of the year. Ammonia-

N removals ranged from 50 to greater than 95% and
depended on hydraulic loading rate and temperature.
During the spring of 2001, initial tracer studies with
bromide were conducted and it was clear that the actual
detention time was 25% less than theoretical detention
time (Cross et al., 2001a,b; Wallace et al., 2001).

2.2.2. Enhanced anaerobic treatment using Fe(0) and
halorespirers

In general, efforts have been made to develop further
and understand the advantages and disadvantages of
combining anaerobes with Fe(0)-reactive barriers (so-
called permeable reactive barriers (PRBs)) for the
remediation of reducible pollutants. One problem with
applying the technology is how to combine the micro-
organisms and the Fe(0) effectively and deliver them to
the subsurface. Recent discovery of dehalorespiring
bacteria (those that grow using chlorinated organic
compounds as terminal electron acceptors) offers prom-
ise for increasing the rate of removal of these com-
pounds, which can be enhanced further using Fe(0). In
addition, recent field evidence suggests that a variety of
minerals (e.g., FeS) are found in Fe(0)-reactive barriers.
These minerals may enhance or inhibit barrier peifor-
mance. A variety of experiments conducted over the past
several years investigated the bioaugmentation of Fe(0)
and developing dehalorespiring cultures {Adamson and
Parkin, 1997, 1999, 2000, 2001a,b; Weathers et al., 1997,
Novak et al., 1998a,b; Parkin, 1999; Weathers and Par-
kin, 2000; Gregory et al, 2000) and perchlorate-de-
grading cuitures (Shrout, 2002). The general hypothesis
tested was that combining Fe(0) with an active anaerobic
microbial consortium would enhance both the rate and
extent of removal of reducible pollutants. Selected results
are given in the following section.

A number of experiments (data not shown) were
conducted with halorespiring enrichments and materias
provided by Foremost, Inc. Previous experiments with
Isolite®, a carrier used for injecting bacteria into the
subsurface, indicated that it would not adversely affect
the performance of the bacteria. However, increases in
pH did seem to affect organism survival. Batch experi-
ments with Humate®, a substance mat slowly releases
protons on contact with water, indicated that pH could
indeed be controlled in the 7.2-7.6 range using this
material. Experiments were conducted with column re-
actors (glass 58 cm, 2.2 cm ID, and fed with syringe
pumps) containing 100 g of Master Builder® iron alone,
100 g of Master Builder® iron plus 25 g of Humate®, 100
g of Master Builder® iron seeded with a halorespiring
culture (LECI), or 100 g of Master Builder® iron plus 25
g of Humate® and seeded with LEC]. All systems were
fed 100 pM PCE and 2 uM carbon tetrachloride. In the
systems containing Humate®, pH was maintained
around 7.2-7.5 for about 40 days. The pH then began to
rise and bacterial activity was inhibited. At the present
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time, it is not clear why this enrichment is so pH sensi-
tive. Other enrichments developed have not exhibited
such sensitivity.

FeS appears to be quite active in degradation of
chlorinated aliphatic hydrocarbons (CAHs) (Gander
et al., 2002). For example, abiotic reduced-media exper-
iments indicated that the half-life of carbon tetrachloride
(CT) and 1,1,1-trichloracetic acid (1,1,}-TCA) could be
on the order of 2-5 days depending on experimental
conditions. Thus, abiotic reactions with FeS could be
significant in bioaugmented Fe(0) systems. A methano-
genic consortium has an obligate requirement for both
Fe* and sulfide (H,S/HS™) as nutrients. Sulfate-reduc-
ing bacteria (SRB) will produce FeS in PRB treating
sulfate-laden waters. Over the past year, mineral FeS has
synthesized in an anaerobic chamber and characterized
by X-tay powder diffraction and BET analysis. A series
of experiments were conducted to demonstrate that
product distribution from transformation of L,I,I-TCA
changes dramatically in the presence of FeS. For exam-
ple, with Fe(0} alone and in combination with our bac-
terial enrichments, 20-70% of the 1,1,1-TCA is recovered
as 1,1-dichloroethane and chloroethane. In contrast,
when FeS is present, only 2% of the 1,1,1-TCA is re-
covered in these products and 2-butyne as a significant
product, representing 3-5% of the added 1,1,}-TCA.
This is the first report of this product from LL1,1-TCA
reduction. Kinetic experiments indicate that a synergistic
relationship exists between FeS and methanogenic en-
richment in the transformation of 1,1,1-TCA.

3. Animal feeds and land applications
3.1. Animal feeds

Experiments conducted to evaluate corn gluten as a
feed for finishing cattle showed that wet corn gluten feed
was nearly equal to corn grain on 2 dry basis. Rapid
growth in small to moderate sized dry mill corn ethanol
plants is creating the availability of several wet by-
products that have considerable potential as cattle feed
for beef producers in the upper Midwest. Initial research
indicates that wet distiller’s byproducts may be superior
to dried products as cattle feed presenting however the
questions of storage and transport of wet feed.

3.1.1. Distillers grains

The studies with wet grains from a commercial dry-
mill ethanol plant confirmed the high-energy value of
the wet grains as feeds for cattle (Trenkle, 1996). Feed-
ing 16% of diet as dry distillers grains was equivalent to
10% soybean meal as a source of supplemental protein.
At 16% of diet dry matter, 16% wet distillers grains had
a higher apparent energy value than dry distillers grains.
Replacing dry rolled corn and protein supplement with

16-20% of the diet’s dry matter, given as wet grains,
increased feed intake and improved rate of gain com-
pared with corn. Feeding up to 48% of the diet as wet
grains reduced feed intake, but maintained rate of gain.
Wet distillers grains on a dry basis had an apparent
energy value 1.3-1.5 times that of corn grain. Replacing
corn with 6.5% condensed distillers solubles from an
ethanol plant increased feed intake and rate of gain and
had an apparent energy value nearly twice that of corn.
Future research will evaluate wet, dry and partially
dried distiller’s byproducts in cattle diets with on-farm
demonstrations to determine product variability and so
remove practical limitations to use of these products on
the farm.

3.1.2. Corn masa

Production of corn masa-based products is flourish-
ing in the United States, as is the generation of masa
processing waste. Masa byproducts have potential for
value-added utilization, an option that could produce
less pollution in the environment and economic benefits
for masa processors. Physical and nutritional properties
of these byproducts have been characterized to allow the
proper design of processing operations and byproduct
applications (Rosentrater et al., 1999). The masa by-
products studied had moisture contents between 88.2%
and 89.3% on a wet weight basis (w.b.), water activity
values between 0.999 and 1.000, densities between
1030.9 and 1047.3 kg/m?, yield stress vajues between
1440.0 and 1618.1 N/m?, and pH values between 6.17
and 6.30. The high yield stress of this material is com-
parable to minced fish paste, and thus would require
special consideration to insure flow during transport
processes. The high moisture levels, with associated high
water activity and density, could be a problem for both
cost effective transport and storage. Fresh masa by-
products experience rapid biodegradation and associ-
ated product deterioration, typically within a matter of
hours or days. For uses that might be spatially or tem-
porally distant from a masa byproduct source, drying or
some other preservation strategy will be required. Dry-
ing curves have been developed to predict drying be-
havior and help evaluate the feasibility of transportation
and storage options. The dried byproducts had protein
contents between 4.76% and 4.950% (d.b.}), crude fat
contents from 0.74% to 5.76% (d.b.), ash contents be-
tween 17.41% and 19.09% (d.b.), and carbohydrate
contents from 71.93% to 75.41%, dry weight basis (d.b.).
The high carbohydrate content was due primarily to
fiber, with hemicellulose levels of 20.82-24.06% (d.b.)
and cellulose between 30.55% and 31.83% (d.b.). Dry
masa byproducts also consisted of 4.68% {d.b.) calcium.
Therefore, dehydrated masa byproducts seem very
suitable for use as livestock feed additives, particularly
for ruminants that can digest the high fiber content of
this material.
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3.2. Land applications

The biological nature of the fermentation industries
produces organic residues, which, if properly used, may
improve soil conditions. These byproducts are more like
organic residues of soil than the solid residue produced
at wastewater treatment facilities. Biomass is either al-
lowed to degrade on the land, such as corn stover, or it is
ensilaged to compost first, the processes in which may be
enhanced by enzyme treatment (Richard et al., 2002a).
The moisture relationships in the composting processes
have been studied (Richard et al., 2002b) Several bio-
technology byproducts were examined as sources of
nitrogen (Karmarkar and Tabatabai, 1991; Zhu et al,,
1995). Factors that limited the availability of nitrogen to
plants were the carbon to nitrogen ratio and the acidity
of each byproduct.

3.2.1. Soil chemistry

Extensive studies of analytical methods for inorganic
constituents (Zhu et al., 1995; Zhu and Tabatabai,
1995), enzymes (Charter et al., 1995; Deng and Taba-
tabai, 1995, 1996a,b; Senwo and Tabatabai, 1996, 1999;
Klose and Tabatabai, 1999a,b; Acosta-Martinez and
Tabatabai, 2000a, 2001a,b) and organic components
were necessarily developed in order to study the be-
havior of byproducts in soils (Tabatabai, 1996; Senwo
and Tabatabai, 1998; Deng et al., 2000) and as affected
by cropping systems (Acosta-Martinez and Tabatabai,
2000b; Deng and Tabatabai, 2000; Klose and Tabata-
bai, 2000; Moore et al., 2000).

Mineralization of organic carbon in 12 byproducts
from biotechnology industries, such as the fermentation
industries, was evaiuated in three Iowa surface soils
under laboratory conditions (Martinez and Tabatabai,
1997). Results showed that the potentially mineralizable
organic carbon values of the biotechnology byproduct-
treated soils ranged from 1.2 to 33.4 g carbon kg™! soil.
The half-lives of the carbon remaining in soils varied
from 14 to 239 days. The biotechnology byproducts
contained considerable amounts of cellulase, a- and B-
D-glucosidase, and &- and B-b-galactosidase activities,
contributing to decomposition of organic carbon in the
biotechnology byproducts in soils. Because of the rapid
rate of decomposition and their potential values as
sources of nutrients (nitrogen, phosphorus and sulfur)
for plants, several biotechnology byproducts could be
useful as solid amendments. Biotechnology industries
should have no difficuity in applying such materials to
soils for their disposal, using soils as disposal systems.

3.2.2. Soil fertilitylplant nutrition

Results from field experiments with ammoninm sul-
fate- and ammonium chloride-rich byproducts indicated
that they might be used as nutrient sources {Mont-
gomery, 1997). Acid-hydrolyzed soybean oil meal resi-

due is a significant byproduct of the amino acid
fermentation industry. Presently this material has been
buried in nearby landfills, but it can be safely applied to
the land. Because it is an organic source of nutrients, it
must decompose to allow mineralization of the nutrients
contained in the organic matter before their uptake by
plants. Addition of liming sources has accelerated the
decomposition of this material. However, it can be ap-
plied unamended for the establishment of acid-loving
crops, such as biueberries.

4. Biocatalysis

With extensive expenditure of energy, nature has
biosynthesized many complex molecules by the use of
enzymes, the biocatalysts of great specificity and
stereosclectivity. Enzymes are considered to be “green”
catalysts in that their reactions are environmentally not
hazardous and are thus favored over chemical catalysts
whenever possible. Increasingly, industry has been
turning to the use of enzymes; for example, the starch
industry has replaced the hydrolysis of starch by mineral
acid catalysts with specific amylases. Such examples are
increasing (Michels and Rosazza, 1999; Patel, 2000;
Drauz and Waldmann, 2002).

In biocatalysis-based research, several issues arc ex-
amined inchuding microbial and plant enzymes, whole
cells and the biosynthetic machinery explaining the
mechanistic aspects of biocatalysts as they apply to
value-added biotransformations. Biocatalysis offers
viable, environmentaily friendly pathways to new and
useful products from renewable resources, Proiects ex-
amining features of steep water and their peroxidases,
soybean peroxidase and its application in organic sol-
vents, the biosynthetic pathway of a key flavin cofactor
and biosynthesis genes, and biotransformations of re-
newable chemicals are described in the following sec-
tions.

4.1. Biocatalytic transformations

Biocatalysis research by the consortium during the
past five years has revolved about corn and soy derived
natural products. Many of these are antioxidants or
vitamins, or are abundantly available phenolic cinna-
mates that are useful for biocatalysis to afford value-
added chemical products. These studies are outlined in
the following sections.

4.1.1. Vitamins—biotransformations, enzymatic path-
ways and enzymology

Vitamin biotransformations were conducted in order
to demonstrate biocatalytic processes of value in the
processing or preparation of vitamin substances. In this
capacity, Streptomyces catenulae catalyzed the oxidation
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of a-tocopherol to a-tocopherolquinone. Nitrotoc-
opherols isolated from S. catenulae grown in defined
culture medivm containing §- and y-tocopherols were
formed by a combination of enzymatic nitrate reduction
to nitrite, and subsequent non-enzymatic acid-catalyzed
nitration (Fig. 2) (Rousseau et al, 1997). Lee et al.
studied the conversion of 3-methylbutyric acid to 3-hy-
droxy-3-methylbutyric acid (HMB) by a strain of Ga-
lactomyces reessii (Lee et al., 1997; Lee and Rosazza,
1998; Dhar et al., 2002). HMB is a vitamin-compound
derived from leucine in com that increases strength and
lean mass gains in humans. A biotransformation process
was established and optimized to generate an environ-
mentally sound and inexpensive method of manufacture
of HMB in up to 38 g/l yicld (Lee et al., 1997). Key
enzymes involved in the bioconversion reaction were
identified (Lee and Rosazza, 1998), and the most im-
portant of these, a novel enoyl-CoA hydratase was
isolated and characterized (Fig. 3) (Dhar et al,, 2002).
Thus, either the whole cell—or cell-free synthesis of
HMB has been characterized.

4.1.2. Ferulic acid and p-coumaric acid—natural occur-
rence in crop byproducts, microbial and enzymatic trans-
Jormations, biocatalysis and enzymology

Phenolic acids, such as ferulic acid and p-coumaric
acid, are among the most abundant aromatic chemical
substances found in nature. More than 2,600,000,000 ibs

Gamma-Tocopherol

of ferulic acid are estimated to occur in corn-hulls, a
fiber byproduct obtained during corn milling. p-Coum-
aric acid is even more abundant in nature. Taken
together, these phenolic cinnamic acid derivatives
represent a major renewable chemical resource from
which biocatalysis approaches can prepare value-added
chemical products that are available today only from
petrochemical sources. Three new feruloylated disac-
charides were characterized following mild acid treat-
ment of corn hulls (Hosny and Rosazza, 1997). The
structures identified are helpful in designing means of
chemically or enzymatically isolating ferulate from
abundant corn-hull fiber byproducts. A buffer-organic
solvent two-phase system was used with Bacillus pumilus
to decarboxylate ferulic acid to vinylguaiacol (Fig. 4)
(Lee et al., 1998). Vinylguaiacol is an extremely valuable
flavor chemical, and it is a useful chemical for the syn-
thesis of other value-added aromatic products. Rous-
sean and Rosazza (1998) investigated the reactivity of
ferulic acid, an antioxidant, with nitrite. Major new
derivatives of the antioxidant such as 7-hydroxy-6-
methoxy-1,2-(4H)-benzoxazin-4-one were obtained elu-
cidating how this dietary substance serves as a dietary
chemoprotectant. Several studies were conducted with a
new aldehyde oxidoreductase that catalyzes the reduc-
tion of carboxylic acids to aldehydes, a reaction of value
in synthesizing pharmaceuticals, and agrochemicals.
This biocatalyst was purified, its kinetic properties and

-

O |*CgHy
OH

H
1673 alpha-Tocopherol quinone

Nitrotocopherol

Fig. 2. Products obtained by the oxidation of a-p-tocopherol and nitration of y-tocopherol by Streptomyces catenulae.
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Fig. 3. Enzymatic conversions of 3-methylbutyric acid to the vitamin-substance J-hydroxy-3-methylbutyric acid by Galacromyces reessii.
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Fig. 5. Biocatalytic transformations of p-coumaric acid and its products into value added chemicals.

chemical intermediates characterized (Li and Rosazza,
1997), and the reaction mechanism established (Li and
Rosazza, 1998). A new enzyme was characterized as an
aldehyde reductase that was also resident in the bio-
transforming microorganism known as Nocardia spp.
(Li and Rosazza, 2000). This information was used to
demonstrate the biocatalytic synthesis of vanillin (Liand
Rosazza, 2000), a value-added flavor now obtainable
from com-byproducts.
p-Coumaric acid (CA) is another abundant phenolic
natural product that exhibits both chemoprotectant and
antioxidant properties. Microbial transformation
screening studies showed that CA was converted to 4-
vinylphenol, 4-hydroxybenzoic acid, caffeic acid, pro-
tocatechuic acid and other unidentified metabolites,
The compounds 4-vinylphenol and its dimer, (2R,25)-
4~(2,3-dihydro-5-hydroxy-2-benzofuranyl)-phenol were
produced by B. megaterium, and 5-[(E)-2-carboxyethe-
nyl]-2,3-dihydro-2-(4-hydroxyphenyl)-3-benzofurancarb-
oxylic acid and 4-hydroxybenzoic acid were produced by

Curvidaria lunata (Fig. 5). Based on deuterium- -labeling
experiments, B. megaterium catalyzed the non-oxidative
enzymatic tautomerization of CA to a vinylogous B-keto
acid intermediate that undergoes decarboxylation. The
presence of peroxidase and laccase activities in C. Junata
extracts suggested that these enzymes were involved in
one-clectron, p-coumaric acid dimerization in this or-
ganism (Torres and Rosazza, 2901a). The major product
formed by many microorganisms during microbial
transformation is 4-vinylphenol (VP). Nocardia species
NRRL 5646 stereospecifically hydrates 4-vinylphenol to
5-1-(4-hydroxyphenyl)ethanol and non- enantiospecifi-
cally oxidizes the alcohol to 4"-hydroxyacetophenone
(Lee and Rosazza, 2002). Labeled metabolites obtained
from incubations in D,0 and H,"%0 support initial en-
zymatic tautomerization of WP to a reactive quinone
methide that adds water in the first reaction. Commit-
ment to catalysis is high in the hydration reaction, while
the alcohol dehydrogenation reaction appears to be re-
versible. The stereochemical features of water addition,
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alcohol oxidations, and ketone reuductions with grow-
ing culture biocatalysis were established by chiral
HPLC. Alcohol oxidations or ketone reductions in
12,000 supernatants preferentially require NADP*/
NADPH, H* as cofactor. The alcohol dehydrogenase
has broad substrate specificity, favoring the oxidation of
primary alkanols and 4-hydroxybenzyl alcohols. This
work paved the way for generating oxygenated value-
added derivatives of VP,

p-Coumaric acid is also a dietary chemoprotectant
and an antioxidant. The chemoprotective properties of
CA were demonstrated in vitro by its reaction with
NaNQO, over a range of pH values in H,O (Torres and
Rosazza, 2001b). A range of products were isolated and
characterized by NMR and MS spectral analyses. For-
mation of a novel benzoxazinone required the 4-phen-
olic functional group and the conjugated propenoic
acid side-chain of p-coumaric acid. The mechanism for
nitrosation at pH 2 was examined by reacting CA in
H,"®0-NaNO; or with NO,. In this work the mech-
anism was identified by which CA serves as a dietary
chemoprotectant.

4.1.3. Flavonoids—natural occurrence in S0y extracts,
enzymatic and microbial transformation, and enzymology

The flavonoids are richly abundant in soy byprod-
ucts, such as soybean molasses and in a special soybean
phytochemical concentrate, The structures of minor
flavonoids and steroidal saponins in s0y products re-
main to be determined. These extracts were examined to
identify major prototype isoflavonoids that could be

Daidzein-R=H
Daidzin - R = Glucose

used in the preparation of rare products. Known iso-
flavones, genistein, daidzein, glycitein, formononetin,
genistin, daidzin, and ferulic acid, and known saponin
glycosides were isolated from soybean molasses (Fig. 6).
Three new isoflavones, two cinnamic acid ester glyco-
sides, and a new saponin hexaglycoside were isolated
and identified (Hosny and Rosazza, 199%9a). Chemical
investigation of a soybean phytochemical concentrate
resulted in the isolation and identification of two new
isoflavanones, dihydrodaidzin and dihydrogenistin, a
new isoflavone, 2',6"-O-diacetyloninin, and two new
triterpenoid saponins. Nine known isoflavonoids and
three known saponins were also identified (Hosny and
Rosazza, 2001). Cytotoxic activities (EDsp) of various
extracts and sclected isoflavonoids and saponins were
measured against human stomach carcinoma (Hs 740 T,
Hs 756 T), breast adenocarcinoma (Hs 578 T,Hs 742 T)
and prostate carcinoma (DU 145, LNCaP-FGC) cell
lines to characterize structure~activity relationships
among various compounds and the various cancer cell
lines.

Streptomyces griseus (ATCC 10137) and S, catenulge
(ATCC 23893) were used to biocatalyticaly convert
genistein, 5,74 -trihydroxyisoflavone, a major isoflav-
one found in soybeans, into five metabolites, four of
which were previously unknown (Hosny and Rosazza,
1999b). These were 5,1,3' 4tetrahydroxy-8-methylisof-
lavone, 5,7,3 4'-tetrahydroxy-8-methylisoflavanone. 5.7,
#-trihydroxy-3'-methoxyisoflavone, 5,7,8,3,4'-penta-
hydroxyisoflavone, and the known compound, 5,7-di-
hydroxy-3',4-dimethoxyisoflavone (Fig. 7.

““OH
Genistein R=H
Genistin R = Glucose

Fig. 6. Major soybean flavonoids, soyasapogenins and ferulate glycosides.
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Fig. 7. Biotransformation products obtained by Streptomyees griseus hydroxylation and methylation of genistein.

Further preparative-scale biotransformations of re-
lated flavonoids quercetin, fisetin and (+) catechin with
S. griseus (ATCC 13273) resulted in the isolation and
characterization of nine known hydroxylated and/or
methylated metabolites, and two previously unknown
metabolites (Hosny et al., 2001). Streptomyces griseus
catalyzed aromatic hydroxylations of rings A and B of
quercetin and fisetin. Mono- and dimethoxy ring-B
metabolites were obtained with all three substrates.
Methylation appeared to occur only when catechol
functional groups were present. The value of Strepto-
mycetes in catalyzing hydroxylations and methylations
to produce rare flavonoids and isoflavonoids was dem-
onstrated.

The key enzyme responsible for methylation was
isolated from S. griseus and characterized (Dhar and
Rosazza, 2000). Knowledge of enzyme activities and
propertigs are considered essential in ultimately building
whole-cell bioreactors to produce value-added flavo-
noids. The enzyme was purified 141-fold by precipitation
with ammonium sulfate and successive chromatography
over columns of DEAE-cellulose, DEAE-Sepharose and
Sephacryl 8-200. The unique methyltransferase had an
apparent molecular mass of 36 kDa for both the native
and denatured protein with a pI of 4.4. Novel N-terminal
and internal amino acid sequences were determined as
DFVLDNEGNPLENNGGYXYI and RPDFXLEP-
PYTGPXKARIIRYFY, respectively. For this enzyme,
the X, for 6,7-dihydroxycoumarin was 500 mM, and that
for s-adenosyl-L-methionine was 625 mM. Catechol,
caffeic acid and 4-nitrocatechol were methyltransferase
substrates. An inducible, cytosolic glutathione-s-trans-
ferase (GST) was isolated and purified from S, griseus by

a combination of DEAE Sephadex and glutathione af-
finity chromatography (Dhar and Rosazza, 2001). This
enzyme is believed to be important for . griseus to tol-
erate the synthesis of highly reactive molecules such as
the flavonoid products identified above. Knowledge of
the properties and function of this enzyme may be
essential to understand the biochemical requisites in
bioreactor design for flavonoid production by biocatal-
ysis. The GST is inducible with a variety of agents
including genistein, the major soy isoflavone that coin-
duces cytochrome Pys; required for flavonoid hydroxy-
lations.

Horseradish peroxidase and Rhus vernicifera laccase
catalyzed the oxidative coupling of (+)-catechin to form
three novel dimers, and two new catechin-hydroquinone
adducts respectively (Fig. 8) (Hosny and Rosazza,
2002). These metabolites were compared with D,L-o-
tocopherol and (+)-catechin for their abilities to inhibit
iron-induced lipid peroxidation in rat brain homogenate
and Fe’*-ADP/NADPH in rat liver MICTOSOMeES 5ys-
tems, as measured by the intensity of thiobarbituric acid
reactive substance (TBARS). All metabolites exhibited
anti-lipid-peroxidation with 1Csy values approximately
2-7 times higher than standard compounds.

4.2, Peroxidases

Peroxidases are ubiquitous in plants, frequently pre-
sent as glycoproteins in which the glycan groups are
heterogeneons and linked to asparaginyl residues. These
have been studied in detail for horseradish and soybean
hull peroxidases (Yang et al., 19%6a; Gray and Mont-
gomery, 1997; Gray et al., 1998), the latter enzyme
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Hydroquinone coupled 4
Catechin

5'8"-Catechin dimer,
3'",4"* Ring Fission Product

2,8"-Catechin dimer

Fig, 8. Products obtained by the oxidation of catechin with the copper oxidase laccase, and horseradish peroxidase.

showing high heat stability with 66% of the enzymic
activity remaining after 90 min at 80 °C and pH 5.0.
Efforts are in hand to modify the peroxidase so that it is
effective In organic solvents and thus improve its appli-
cability to other industrial uses.

Corn steep water, a principal byproduct from the
production of corn starch, contains a number of per-
oxidases (Gray et al,, 2001; Gray and Montgomery,
2003). In the countercurrent steeping of the corn at
around 50 °C for 30-50 h (Montgomery, 1997), the
early, middle and late steep water has been found to
contain at least one neutral and three cationic peroxid-
ases. The major cationic peroxidase was purified from
late steep water by acetone precipitation of the neu-
tralized steep, ammonium sulfate precipitation of the
1.7-2.0 volume acetone fraction, and chromatography
on cellulose CM-52, hydrophobic ion chromatography
on Phenyl Sepharose, and gel filtration on Sephadex
G75. Overall purification was about 36,400-fold with a
yield of 12%. The peroxidase has a molecular weight of
30,647 Da and its UV-Vis spectrum is very similar to
that of both soybean seed coat peroxidase (SBP) and
horseradish peroxidase isozyme ¢ (HRPc). The amino
acid composition is similar to some other plant cationic
peroxidases, including the presence of cysteine and me-
thionine, but it is lew in lysine. Unlike a number of
other plant peroxidases, it is not glycosylated.

It is active on 2,2"-azino-bis(3-ethylbenzothiazoline-6-
sulfonic acid) (ABTS), guaiacol, o-dianisidine, ferulic
acid and pyrogallol. It is strongly inhibited by NaCN
and less strongly by NaNj. It has a sharp pH optimum
on ABTS (pH 3.4) whereas SBP has two optima (3.4 and

3.8). Both this peroxidase and that from soybean hulls
have broad optima on guaiacol, pH 3.8-5.2 and pH 4.8-
5.6, respectively.

This corn steep water peroxidase is quite stable at
room temperature, with about 15% of the activity lost at
pH 6.2 and 7% at pH 4.5 in 17 days. The presence of ]
mM Ca?* increases the stability at room temperature
with about 7% loss and 3% loss of activity at pH 6.2 and
4.5, respectively. At 75 °C, Ca®* also protects against
thermal denaturation.

4.3. Lignocelluloses

The most abundant polysaccharide in Nature, cellu-
lose, is frequently present in tight combination with
lignin in plants, which presents significant problems in
the use of such materials for the production of glucose,
the source for which is principally the enzymatic hy-
drolysis of starch. The production and characterization
of a glucoamylase from Thermoanaerobacterium thermo-
saccharolyticum is reported (Feng et al., 2002) and the
kinetic enhancement of starch bioconversion is pro-
posed (Li et al., 2002a,h).

There are three obstacles to the economical produc-
tion of glucose from ceilulose-rich biomass: (1) most
biomass is quite dispersed, making its collection costly;
even though its intrinsic raw material price is low; (2) the
structure of cellulosic materials, with semi-crystalline
cellulose fibrils surrounded by hemicelluloses and then
lignin, is difficult to penectrate; and (3) the cellulose chain
is difficult to break down to glucose and other sugars
either chemically or enzymatically. These obstacles have
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prevented glucose produced from cellulose from being
adopted for use to supplement that from cornstarch.

With the increasing need to produce ethanol by fer-
mentation of glucose and the presence of large amounts
of lignocelluloses in many agribusineses, an approach
was made to produce fermentable material by their
pyrolysis. An examination of the economics of three
technologies for lignocellulose-to-ethancl conversion
was based on an annual production rate of 25 million
gallons of ethanol (So and Brown, 1999, So et al., 1998).
The three technologies: fast pyrolysis integrated with
a fermentation step, simultaneous saccharification and
fermentation, and dilute sulfuric acid hydrolysis and
fermentation were compared in terms of capital, oper-
ating and cthanol production costs. Sensitivity analyses
were carried out to study the uncertainties of wood costs
and ethanol production rates on ethanol production
costs. Based on final economic analysis fast pyrolysis,
integrated with a fermentation step, is comparable with
the other two processes and suggests that it should be
considered for further development. Scott et al. (1989) at
the University of Waterloo recognized that alkali and
alkali earths in biomass serve as catalysts to degrade
lignocelluloses to char. If these cations are removed
from the biomass before pyrolysis, the lignocellulose is
depolymerized to complex sugars with high yields.
Washing in nitric acid appears to be an effective and
relatively simple strategy for removing alkaii from her-
baceous biomass and is used in the pyrolysis and fer-
mentation trials (Brown et al., 2001). Pyrolysis of
herbaceous material is performed in a bubbling fluidized
bed reactor. Thermal conversion at temperatures of 600
°C and gas residence times of less than 2 s yielded ap-
proximately 25% complex sugars from demineralized
herbaceous biomass. Hydrolysis of the resulting pyrol-
ysis “‘syrup” yielded about 5% solutions of glucose and
other simple sugars. The addition of (NH,),SO, after
washing with nitric acid increased yield of anhydro-
sugars by 20% compared to acid washing alone,

Two approaches to the fermentation of high-sugar
pyrolysates were examined. Conventional strains of
microorganisms deployed in biofilms (Brown et al.,
2000). For the production of lactic acid by Lactobacillus
casei (11443), L. rhamnosus (10863) and L. plantarum
(14917) found that the productivity was slightly different
between the species. Changing the culture media by
using four different nitrogen sources, yeast extract, beef
extract, marine extract, and bovine albumin, beside both
raw and hydrolyzed pyrolysate, improved productivity,
The maximum lactic acid concentration was harvested
with biofilm fermentation and the optimum media.

Alternatively, extremophilic microorganisms are be-
ing screened for bioconversion activity with pyrolysates.
Extremophilic candidates include microbes with unusual
abilities to tolerate salts, solvents, and extremes of pH
and temperature (Brown et al., 2000). Evaluation of

anaerobic, high-temperature microorganisms has re-
vealed transformation activity.

5. Biochemical transformations

Conversion of inherently low-value raw materials {or
poorly characterized mixtures) into higher value-added
products is critical for the continued non-food uses of
natural raw materials. The research takes advantage of
the selectivity and reactivity of biocatalysts, as noted in
the previous section, for unique transformations that
impact the chemical, bicchemical, and polymers/chro-
matography markets. The development of novel bio-
catalytic {ransformations and the identification of new
enzymes will impact many industries.

Miscellaneous studies have been directed to either
byproducts or coproducts of agribusinesses, such as
corn steep water, cereal residues, cellulosic wastes and
fermentation liquors, or to the potential addition of
value to primary products, such as starch, glucose and
plant oils. The following is a miscellany of recent re-
searches.

J.1. Corn steep water and other Jood-processing bypro-
ducts

Billions of bushels of corn are produced annually
worldwide, and a significant amount (20% of that pro-
duced in Iowa) is fractionated into its components by
the corn wet-milling industry (Montgomery, 1997). This
results in several coproduct streams, such as gluten, oil,
and fiber, and a prodigious volume of steep water, Corn
stecp water contains 10-15% dry solids, composed of
protein, polysaccharides (mostly starch), phytic acid,
lactic acid, some low molecular weight carbohydrates,
norganic salts, and a little lipid (Hull et al., 1996).
Another major food-processing residue is soap stock
from the alkaline washing of vegetable oil (Johansen et
al., 1996; Sivasothy and Reilly, 1996). This material
contains fatty acids, phospholipids, and various sugar
and glycerol phosphates. Some is used to make soap and
lecithin, but some of the remainder goes to municipal
water-treatment plants.

It is imperative to establish analytical methods to
separate and quantify the many components in these
wastewaters. This has been accomplished for inositol
phosphates (Hull and Montgomery, 1995} and sugar
and glycerol phosphates (Schneider et al., 1999) by high-
performance anion exchange chromatography and for
phospholipids (Zhai and Reilly, 2002) by high-perfor-
mance normal- and reversed-phase chromatography.

The analytical techniques developed above were ap-
plied to the separation of the inositol phosphates pro-
duced by autohydrolysis of phytic acid (Hull et al,
1999). Interest in the phosphate esters of myo-inositol
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peaked with the realization of their intimate involve-
ment in many physiological processes, particularly as
second messengers in cell signaling, This has led to ex-
tensive studies in pharmacological applications related
to such areas as calciwm-dependent cellular responses
and the attenuation of oxy-radical-induced diseases.
Additionally, the chemical properties of phytic acid,
particularly its tenacity in metal chelation, suggested
potential applications in industrial, agricultural, and
biomedical settings (Graf, 1986).

There are 63 possible myo-inositol phosphates (In-
8P1¢) of which 39 are chromatographically and spec-
troscopically distinct. Their preparation by chemical
synthesis from mye-inositol is frequently arduous, and
the approach by either enzymatic or acid hydrolysis of
phytic acid has been more favored. The effectiveness of
HPLC using trifluoroacetic acid as eluant in achieving
separation of myo-inositol phosphates has been dem-
onstrated. Furthermore, the use of this HPLC system in
combination with HPAEC-CD as a chromatographic
tool for the identification of mypo-inositol phosphates
has been realized. Finally, the applicability of the HPLC
system was ascertained by the identification of InsPs’s
and InsP,’s contained in corn steep water before and
after autohydrolysis (Hull et al., 1999).

In another project, 25 sugar and glycerol phosphates,
some of them from soap stock, were subjected to anion-
exchange chromatography at pH 6 (Schneider et al,
1999).

Because some of their dissociation constants had not
been published, these were determined by acid-base ti-
tration. Nearly all the phosphates could be at least
partially separated from each other. To understand
better the influence of molecular structure on phosp-
holipid separation, saturated synthetic diacyl phosp-
holipids, including eight phosphatidic acids (PA), 17
phosphatidylcholines (PCs), eight phosphatidylethanol-
amines (PEs), seven phosphatidylglycerols (PGs), and
seven phosphatidylserines (PSs), along with five unsat-
urated diacyl phospholipids, were subjected to normal-
phase and reversed-phase HPLC (Zhai and Reilly,
2002). For the normal-phase column, capacity factor
decreases with chain length of the fatty acid residues of
the phospholipids and increased hydrophobicity, while
the opposite is true for the reversed-phase column.
There is a non-linear relationship between logarithm of
the capacity factor and chain length, violating; the lin-
car free-energy relationship. For phospholipids with
fatty acids of the same chain length but different head
groups, capacity factors with the normal-phase column
increase in the order PE <PG <PA < PS <PC. For the
reversed-phase column, the order of capacity factors is
PG <PA~PS<PC~PE. With the normal-phase col-
umn, capacity factors of phospholipids with unsatu-
rated fatty acids increase in the order PE < PA <PC, the
same order as with saturated fatty acids. Increasing

degrees of unsaturation lead to increasing capacity
factors.

5.2. De-icerlanti-icer preparations

The corn steep water (CSW), either in concentrated
form or mixed with chloride salts, is currently used as a
deicer that is non-corrosive. The CSW clearly possesses
some deicing property, but its value with the chloride
salts appears to be mostly that of reducing the corrosive
properties of the added salts. Being a colligative prop-
erty, freezing points of a solution will be decreased
proportionate to the ionic strength derived frequently
from Na, K, or Ca salis in deicers. CSW contains
around 10-15% solid of which a third is precipitated
essentially as protein upon adjustment of the pH to 7-9,
above which minimal material is removed. The protease-
digested solution is free from precipitations in alkaline
conditions and with the same solids content as before.

The mixture of products, obtained as Ca, Na, or K
salts of hydroxy acids (Yang and Montgomery,
1996a,b), from the alkaline degradation of glucose and
fructose act as de-icer materials. However, they need to
be at higher concentrations than solutions of NaCl or
CMA to be equally effective, as measured by depression
of freezing point, melting of ice or undercutting of ice on
cement or asphalt (Yang and Montgomery, in press).
When added to CSW the resulting solution has a lower
freezing point. Alternatively, conducting the degrada-
tion of glucose in CSW gives a significantly lower
freezing point, the reason for which is not immediately
clear. Addition of ghicose to CSW before adding the
alkali and heating does not result in any precipitation
of protein, suggesting that the glucose has reacted with
the protein in a type of Maillard reaction to solubilize
the protein under alkaline conditions. Furthermore, the
lowering of freezing point is less after heating than be-
fore, suggesting that more glucose is removed from the
solution as protein adducts during the heating. This
research presents the advantage of generating anions in
situ to neutralize the alkali added for desirable freezing
point depression, with the CSW components present to
add its advantageous non-corrosive properties (notice of
allowance of a US Patent based on this work has been
received).

5.3. Biofuels

Rendering plants provide an environmentally pre-
ferred method of dead animal carcass disposal. These
plants produce a protein-rich product used in animal
feeds as well as an oil product known as yellow or brown
grease, which is blended with vegetable oils as an energy
supplement in animal feed. The greasss need to be
blended with vegetable oil due to their high free fatty
acid content. Yellow grease has a free fatty acid content
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of €15% while that of brown grease is 15-40%. Yellow
grease is typically $0.05-0.10/Ib less expensive than
soybean oil and brown grease is further discounted
$0.01-0.03/1b below yellow grease. In Iowa alone, the
yearly production of yellow and brown grease is nearly
50 million pounds. Pressure not to reintroduce these
greases into the food chain coupled with increased use of
high-oil corn hybrids, which makes supplemental feed
fat addition unnecessary, would eliminate an outlet for
the greases. Therefore, a non-food alternative outlet for
the yellow and brown greases will become necessary,

Feedstocks with free fatty acids as high as 40% can be
converted to fuel-grade biodiesel by a multi-step process
involving both acid and base catalysts (van Gerpen and
Tat, 2001). The process uses acid-catalyzed esterification
to convert the free fatty acids to esters as a pretreatment.
Then, when the free fatty acid level is below 0.5%, base-
catalyzed transesterification is nsed for the oil or fat
portion.

Acids such as sulfuric or hydrochloric will catalyze
the reaction of free fatty acids and triglycerides to me-
thyl esters. While the free fatty acid reaction is relatively
rapid, taking 15 min to an hour at 60 °C, the triglyceride
1o ester reaction is slow, requiring more than 96 h to
exceed 90% completion (van Gerpen and Tat, 2001).
Another negative factor of the acid catalyst route is the
production of water by the reaction of the free fatty
acids with the alcohol. As little as 0.5% water in the
reaction will prevent the reaction from going to com-
pletion. It has been found that this problem can be
overcome using a multi-step process (van Gerpen and
Tat, 2001). The objective of the first pretreatment step is
to reduce the free fatty acid level of the feedstock to
below 5%, which can generaily be done by adding an
amount of methanol equal to 20 times the stoichiometric
amount needed to convert the free fatty acids. Sulfuric
acid is added at a rate of 5% of the free fatty acid
content of the mixture. With a 1-h reaction time, the free
fatty acid level will generally be reduced to below 5%
before water stops the reaction. When the reaction
mixture is allowed to settle, an alcohol-water layer
separates and can be removed from the top of the
mixture. A small amount of methano! and acid catalyst
is added again, which reduces the free fatty acid level to
less than 0.5%. Finally, additional methanol with either
sodium hydroxide or sodium methoxide is added for the
reaction to convert the triglycerides.

3.4. Single cell organisms from wastewaters

5.4.1. Fungi

Research has demonstrated that it is possible to use
wastewater from food-processing industries as a source
of organic substrate to grow valuable fungi (van Leeu-
wen, 2001; van Lecuwen et al., 2002; Jin et al., 1999,
2001a,b. 2002). It is simultaneously possible to treat the

wastewater for up to 90% removal of COD. The mi-
crofungi, such as Rhizopus or Aspergillus species, are
grown in a suspended, highly aerated cultures and the
biomass is separated by means of microscreens. These
microscreens also act as selectors to retain the filamen-
tous fungi, while allowing bacteria, which could com-
pete, to escape. This ensures continuous enrichment of
the fungal culture.

It has been shown possible to obtain fungal biomass
yields of 0.29-0.42 g fungi (dry basis)/g COD removed.
The yield is better at pH 4 than at pH 5 and bacterial
competition is smaller. Competitions from filamentous
bacteria, which are also retained, remain a minor
problem in continuous systems.

5.4.2. Yeast

Research evaluating the potential for converting high
strength organic wastes into a high quality biomass,
which could be sold in the US marketplace, used con-
centrated wastewater as a carbon source for aerchic
yeast cultures (Eliosov and Ellis, 2001). The feasihility of
the process was demonstrated using acrobic yeast for the
treatment of Quaker Oats (Cedar Rapids, IA) waste-
water from furfural production. Three cultures of aer-
obic yeast were selected: Candida utilis, C. quillermondii
and C. tropicalis. The results of the baich tests indicated
that all the cultures tested were able to remove 75-85%
of COD at pH 3.5-4. Duration of the lag phase was 12—
18 h. No absorption of furfural on the biomass was
observed. Furfural removal efficiency was 40% for C.
guillermondii and C. tropicalis and 55% for € utilis.

5.5. Plastics

Methods have been pursued to add further value to
agricultural materials by improving the stability of the
enzymes frequently nsed in the processing of agricultural
materials, in the modification of polysaccharides to de-
velop new applications and markets for these materials
and to develop plastics derived from sugars. In addition,
thermosetting soybean-based adhesives have been de-
veloped (Kuo et al, 2002; Bian et al., 2002) for the
production of agricultural fiberboard that may include
paper mill sludge, cornstalk and bacterial biomass.

3.5.1. Sugar-based plastics

There is an increasing need to develop materials
based on renewable resources. This is particularly true in
the European market where a fraction of materials from
renewable sources is mandated by law. Sugar-based
polymers have been developed that are completely water
miscible, or if cross-linked, form super-absorbent hy-
drogels that could be used in applications such as dis-
posable diapers (Chen et al., 1994, 1995; Dordick et al.,
1994; Rethwisch et al., 1995; Patil et al., 1991, 1996,
1997, in press; Li and Rethwisch, 2002). These plastics
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are 80% biodegradable and based on renewable mate-
rials. More recent work (Rethwisch unpublished work)
in this area includes characterization of these materials
and development of improved methods to synthesize the
sugar-containing monomers (sugar-acrylates) to make
these materials.

Development was made of the use of the sugar-di-
acrylates as cross-links that could be selectively broken
when the gel is no longer desired. This has applications
m areas from biomedical devices to oil recovery. A series
of degradable hydrogels based on different vinyl
monomers such as acrylamide, sucrose-1'-acrylate, and
acrylic acid were synthesized using sucrose-6,1’-diacry-
late (SDA) as a cross-linking agent. SDA was prepared
by enzymatic transesterification of vinyl acrylate and
sucrose in pyridine (Patil et al., 1997). Base catalyzed
hydrolysis of SDA in agueous solution was studied as a
function of pH. As expected, hydrolysis of SDA was
faster at higher pHs such that poly(acrylamide),
poly(sucrose-1'-acrylate), and poly(acrylic acid) hydro-
gels underwent substantial degradation at or above pH
7, 9, and 13, respectively. The degradation was charac-
terized by changes in the swelling ratios of the hydro-
gels, indicating the scission of the cross-linking agent.
Degradation of the hydrogels at their chemically stable
pH was studied in the presence of enzymes. Enzymes,
including pepsin and a fungal lipase, were able to de-
grade the poly(acrylamide) hydrogel at pH 4 and 5, re-
spectively. The poly(acrylic acid) hydrogel was degraded
in the presence of fungal protease at pH 7.8.

The use of enzymes in industrial applications is in
part limited by lack of broad experience in the scale-up
of syntheses using biological catalysts (Patil et al, in
press). Methods to improve the production of sugar-
acrylates were addressed. Pscudo-solid phase synthesis
of a-methyl glucoside 6-acrylate was carried out in hy-
drophilic solvent (acetone) using vinyl acrylate as an
activated ester. Similar synthesis in acetone using methyl
acrylate, however, was characterized by low reaction
rates as well as equilibrium limitations. Addition of 5 A
molecular sieves (MS) to the reaction mixture increased
the conversion considerably, probably by absorbing
methanol, avoiding subsequent nucleophilic attack and
favorably shifting the reaction equilibrium. By using
methyl acrylate as a solvent for the reaction, it was
possible to achieve nearly complete conversion in the
presence of the molecular sieves. This provides an effi-
cient, easily scalable method for sugar ester production.

The scale-up of the enzymatic synthesis of o-methyl
glucoside acrylate from laboratory-scale (milliliter} to
pilot-scale (liter} was also examined. Specifically, C.
antarctica lipase (Novozym 435, Novozymes North
America Inc., Franklinton, NC) was used as a biocata-
lyst to produce a-methyl glucoside acrylate via the
transcsterification of a-methyl glucoside (MG) with
vinyl acrylate (VA) using acetone as a solvent. This is a

pseudo-solid phase synthesis; only a fraction of the o-
methyl glucoside and the product are soluble in acetone.
Molecular sieves were used to remove traces of water in
the reaction medium and to increase enzyme stability by
removing the acetaldehyde byproduct. Purification and
recovery of products is a key step in adding value to
agricultural materials. A general method was developed
to purify and recover the monoacrylate product from
unreacted sugar and undesired diester by a simple
crystallization and precipitation process (Li and Reth-
wisch, 2002),

The use of photoresponsive membranes to purify
biological materials was examined (Kodzwa and
Rethwisch, 1997; Kodzwa et al., 1999). Polyacrylamide
hydrogels containing bis-[4-{dimethylamino} phenyl]
{4-vinyl-phenyl} methyl leucohydroxide (T PMLH) have
been studied as ion selective membranes. The observed
increase in anionic flux noted after UV irradiation was
mainly due to the photoinduced generation of fixed
cationic charges in the membrane as opposed to a
combined effect of fixed charge generation and mem-
brane structural changes. The anionic permeability in a
fully activated membrane (in pH 4) was an order of
magnitude higher than UV-activated membranes. The
flux of a neutral species in both systems was essentially
unchanged by irradiation.

3.6. Bacterial polysaccharides

Microbial polysaccharides have been commercial
products for many years and present many novel
properties to various industries that are not found in
plant gums or synthetic polymers. They also provide a
means of replacing plant polysaccharides, many of
which are imported from parts of the globe in political
turmoil. It is not unusual to find certain plant gums in
short supply for this reason. Xanthan and dextran, mi-
crobial polysaccharides, find use in a variety of appli-
cations including foods, oil recovery, cosmetics, and
paints. New polysaccharides are continuously being
sought with novel properties for use in the biotechno-
logy industry. Present studies have concentrated on the
extracellular polysaccharides (EPS) of several Erwinia
sp. since their hydrodynamic properties showed the
potential for industrial application (Gray et al., 1995,
2000; Yang et al., 1996a,b,c, 2001a,b, 2002a,b; Yang
and Montgomery, 2001; Ding et al., 2003},

The last 50 years has seen the development of new
technologies that have allowed the analysis and identi-
fication of carbohydrates at picomole levels {Hull and
Montgomery, 1994; Montgomery et al., 1998; Yang and
Montgomery, 1999). The separation of carbohydrates or
their derivatives by high performance liquid chromato-
graphy, gel electrophoresis, gas liquid chromatography,
or high pH anion-exchange chromatography, combined
with detection by spectroscopy, flame ionization, pulsed



18 K. Montgomery | Bioresource Technology 91 (2004) 1-29

— 3)}-B-D-Glep-(1~=4)-a-n-Manp-(1—+3)-a-L-Rhap-(1 —
3
1
1
a-L-Rhap-(1—3)-a-L-Rhap-(1-+4)-a-n-GlcpA

SR260 Family

- 4)o-L-Fue-(1—3)-B-0-Glcp~(1—=4)-a-L-Fucp-(1 —

3
!
a-D-Py(4,6)Galp-(1~>4)-B-b-GlepA-(1 -'3)-0t-D-(‘:alp
Ech6 Family.
— 3-a-L-Rhap-(1-2)- a-L-Rhap-(1-+3)-B-D-Galp(1—3)- u-D-haap-(]—p
t

1
B-D-Py(4,6) Glep-(1 —2)- B-D-GlepA

EFS from E teranera

— 3)-f-D-Galp-(1—2)-a-L-Rhap-(1-—+4)- #-D-GlcpA-(1-+2)-0-L-Rhap-(1-+2)-a-L-
Rhap-(1—2)-a-t-Rhap(l —

CU643 Family

- 2)-0-L-Rhap-(1—3)-B-D-Galp-(1—+3)-0-L-Rhap-(1 —+2)-a-L-Rhap-(1—+
2

i
1
a-L-Rhap-(1-+4)-a-D-GalpA

A350 Family

B-D-Glgp-(1—6)-c-p-Galp-(1—>4)--D-GlcpA
1
)

4
— 3)-p-D-Galp-(1—3)-a-D-Galp-B-p~(1—6) Glep-(i
6
f
o]
p-p-Gicp
Stewartan Family

Fig. 9. Structural families of extracellular polysaccharides.

amperometry, electrical conductivity, or mass spect-
rometry, are techmiques described for simple sugars,
oligosaccharides and carbohydrate-containing biopoly-
mers. Nuclear magnetic resonance and matrix-assisted
laser desorptionfionization-mass spectrometry, using

time-of-flight technologies, have been applied to the
structural elucidation of various carbohydrates, includ-
ing sugar derivatives, disaccharides, myo-inositol phos-
phates, Erwinia sp. extracellular polysaccharides and the
plant peroxidases from soybean and horseradish.
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3.6.1. Erwinia sp. extracellular polysaccharides

The characterization of Erwinia polysaccharides is
described below, following the steps of evalvation of
purity, compositional analysis, glycosidic linkage anal-
ysis, establishment of the polysaccharide repeating unit,
and conformations of the native biopolymer. The re-
sulting structures fall into families, as was suggested by
ribotyping analysis of the parent bacterium (Gray et al.,
2000), with repeating units of a branched nature, as il-
lustrated in Fig. 9 Familyl, SR260 Family: Included in
this family are EPS’s produced by E. chrysanthemi
strains SR 260, Echl, Ech9, SR31, Ech378 and the
streptomycin-resistant Ech9Sm6. Family 2, Ech6 Family:
Included in this family are EPS’s produced by E. chry-
santhemi strains Ech6 and its streptomycin-resistant
strain Ech6S*. A similar structure was shown to be
present in one of two EPS produced by a bacterium E,
teranera associated with a fungal canker disease in Eu-
calyptus sp. Family 3, CU643 Family: This is the sole
member of this family thus far (Yang et al.,, 1999).
Family 4, A350 Family: Included in this family are EPS’s
produced by E. chrysanthemi strains EchA350 and
A2148, which are the lacZ and pecT mutants of E
chrysanthemi 3937, respectively. Family 5, Stewartan
family: The structure of an EPS from a bacterium E.
Sutululu associated with a fungal canker disease in Eu-
calyptus sp. having similarities to that from E. stewartan
(Yarg et al., 2002b).

Erwinia chrysanthemi spp. are gram-negative bacterial
phytopathogens that cause soft rot in a number of
plants {Chatterjee and Starr, 1980; Dickey, 1979, 1981;
Dickey et al., 1984, 1987; Perombelon, 1992). A con-
siderable amount of work has been performed on the
taxonomy, serology, enzymology, and host range of E.
chrysanthemi spp. (Dickey, 1979, 1981; Dickey et al.,
1978, 1984; Slade and Tiffin, 1984; Boccara et al., 1991;
Nassar et al., 1996). Specific biochemical tests were used
by Dickey (1979) to subdivide strains of E. chrysanthemi
into five biovars; this was later amended to six biovars
(Dickey and Victoria, 1980; Dickey, 1981). These six
biovars could be assigned to six pathovars (I, pv. die-
Henbachia; 11, pv. parthenii 111, pv. chrysanthemi, 1V, pv.
zeae; V, dianthicola; V1, pv. paradisiaca) depending on
their hosts (Dickey, 1979, 1981; Dickey and Victoria,
1980; Slade and Tiffin, 1984). Erwinia chrysanthemi
strains isolated from corn, saintpaulia, philodendron,
and Allium spp. (onion) are included in pv. zeae; those
isolated from potatoes, depending on their origin, are
included either in pv. zeae or pv. parthenii (Dickey,
1981). Boccara et al. (Boccara et al, 1991), using an
extended set of biochemical tests, classified E. chry-
santhemi strains into nine biovars. Restriction fragment
length polymorphism (RFLP) analysis of the pectate
lyase genes (pel genes) of E. chrysanthemi gives rise to six
clusters that correlate well with the biovar and pathovar
classifications (Dickey and Victoria, 1980; Dickey, 1981;

Dickey et al., 1984; Slade and Tiffin, 1984) of the strains
but not well to their geographical distribution (Nassar
et al., 1994), Ribotyping of E. chrysanthemi from dif-
ferent hosts has given rise to seven clusters that corre-
lated well with their biovar and pathovar classification
(Nassar et al., 1994).

Many of the E. chrysanthemi spp. produce extracel-
Iular polysaccharides (EPSs), the role of which in host-
specificity and virulence is not well known. There is
some evidence, however, that EPS production is neces-
sary for infection of plants when the pathogen is present
at low levels (Condemine et al., 1999). Also, EPS- mu-
tants are less virulent than EPS* strains (Condemine et
al., 1999). The EPS can be produced on agar plates or in
liquid culture, where the yields are sometimes poor. One
means of increasing the yield of EPS is to isolate hyper-
producing strains.

Erwinia chrysanthemi strain 3937, and its lacZ (A350)
and pecT (A2148) mutants are pathogenic to Saintpau-
lia. Strain A2148 differs from 3937 and A350 in ex-
pressing elevated levels of the pectate lyase genes
(Surgey et al., 1996; Nassar et al,, 1996). Strain A2148
also produces elevated levels of EPS on minimal media
(Surgey et al., 1996). The interruption of the regulatory
gene, lacT, is associated with both of these phenotypes.

Erwinia chrysanthemi Ech9Sm6, another hyperpro-
ducer of EPS, is a streptomycin-resistant strain of the
potato phytopathogen, strain Ech9. The structure of the
EPS from strain Ech9Smé6 has been shown to be similar
to that of the parent.

It was proposed that the strains with similar ribotypes
(Fig. 10) might produce similar EPSs (Gray et al., 2000),
which has shown to be the case for three families, using
exhaustive chemical procedures for one member EPS in
each family and comparisons of monosaccharide com-
position, oligosaccharide production and NMR to show
the identity of repeating units for the other EPSs in the
family. The validity of such structural comparisons has
been well established for these types of EPS {(Yang et al.,
1996c, 2001b). However, the repeating units of any
polysaccharide only suggest the molecular charac-
teristics. Computer modeling programs point to con-
formations that by analogy with other well-studied
polysaccharides can suggest physicochemical properties
and structure/function relationships, which have been
sought for several EPSs in these studies (Ding et al.,
2003).

3.6.2. Physiochemical properties of the EPS from Erwinia
5p.

The EPSs from all but one (strain Ech643) of these
families of bacteria are branched, high molecular weight
and polyanionic biopolymers that are structurally simi-
lar in some respects but unique in others. The glycosidic
linkages in each of these EPSs are such that a systematic
twist or helix is introduced into the backbone with the
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Fig. 10. Ribotyping data of Erwinia sp.

side chains branching from it. The pitch of the helices
would be such that the side chains of adjacent repeating
units would not overlay each other so that the charges
on the uronic acid residues in the EPS9, EPS350 and
Stewatan families would be similarly removed. This is in
contrast to the pyruvate residues at the ends of the three-
unit sidechains in the EPS6 family.

It is proposed that these EPSs exist in aqueous solu-
tion with an extended coil conformation that coliapses
with increase in the ionic strength of the solvent (Ding et
al., 2003). The influence of the pyruvate unit would be to
induce a stiffer conformation in the EPS6 family. These
conformations are consistent with their viscosity and
molecular size. Two hydrodynamic coefficients can be
derived from the measurements of molecular weight by
light scattering and from the viscometric determinations
that give support for these proposed conformations. The
weight average root mean square radius (R,)~ weight
average molecular weight (M,) relation also points to
the higher molecular weight EPS9Sm6 having a more
rigid conformation than the other EPSs in the families,
which is further supported by the B parameter of
Smidsrod and Haug derived from viscometric behav-
iours (Smidsrod and Haug, 1971). Thus the fexibilities
are somewhat different, in keeping with their structures
(Table 1).

Hydrodynamic examinations showed different A,
and R, within the EPSs of each family and there was a
linear relationship of these values and their viscosities.
Within each family, the extended flexible coil confor-
mations were supported by physical measurements. The

Table 1

Molecular parameters and inirinsic viscosities {#] of EPSs in 0.15 M
Na:80, containing 0.015 M EDTA at 25 °C by SEC/LS and visco-
metry

Sample SEC/LS e (mlVg)
M, (x10%) R, (nm)
EPS6 0.66 £0.01 708+ 1.6 978°
EPS6S*+ 0.62+0.01 523*16 1136°
EPS9 1.18+0.05 91.5+1.4 860"
EPS98m6 208+008 1260+19 1673%
EPS80 0.53+0.01 448413 5930
TPK-] 0.66:+0.01 50.1%1.5 334°
TPK-2 031 +0.00 253%26 1730
FF1 1.9+ 0.05 6j.6x1.5 2530
FF2-]¢ 1.1+0.03 448+1.3 116°
FF2-2¢ 1.3+0.04 4561 1.4 148t
RA3IWI® 23+0.07 H15*14 1101*

" The viscosity at zero shear rate fitted by the cross-equation (Cross,
1965).

b The viscosity at lowest readable shear rate.

“Not completely pure.

stiffness of the coils was greater for the pyruvated mol-
ecules in the EPS6 family. Like many other examples of
similar polysaccharides, their pseudo-plasticity was
most evident in the EPS of higher M, and R,,, but did
not seem to be related to the stiffness parameters.

The psendo-plastic flow characteristics (shear-thin-
ning) of the EPSs, where the viscosity # decreases with
the increase of shear rate (Tanner and Walter, 1998), are
similar to that of xanthan and many other polysaccha-
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rides (Cottrell, 1980). Compared with xanthan, the most
commercially used gum (Cottrell, 1980) aqueous solu-
tions of EPS9Sm6 and EPS6S* have a similar viscosity
while the other EPSs are less viscous, In 0.86 M Nacl all
these polysaccharides have smaller viscosities.

Although in many respects solutions of the EPSs of
cach family behave similarly and proportionately to
their molecular size, it is interesting that there is a dif-
ference between the two EPS families in their reactions
with Ca**. The [n] of EPS9, EPS9Sm6 and EPSTeranera
PK-1 in 0.86 M NaCl increases markedly with an in-
crease in Ca?" concentration, due to the cross-linking of
molecules, as demonstrated by increases in M, by batch
LS. This is in contrast to the behavior of EPS6, EPS65*
and EPSTeranera PK-2 in 0.86 M NaCl where the first
additions of Ca®* have little influence on the [5] or M,
It is apparent that in the EPS6 family the initial com-
plexation of the Ca’** occurs between the proximate
carboxylate groups of the pyruvate and uronic acids in
the same molecule, with extramolecular complexation
and a resulting increase in viscosity occurring only after
later additions of Ca®*. Only extramolecular complexes
with Ca®" can occur with the EPS9 family and EPS-
Teranera PK-1.

6. Separation and recovery of components

Rescarch in separations and recovery technology,
which impact byproduct streams as well as the by-
products themselves, can be divided into two major
arcas: extraction procedures in situ and membrane
separations.

6.1. Extraction in situ

The research strategies have been to reduce required
fermenter broth volume by reduction of the required
number of batches through prolongation of the product
formation period of the fermentation and recovery of
the products without generation of additional effluents.
This approach was demonstrated in fermentations to
produce propionic acid, where product inhibition would
normally curtail production at a relatively early stage
(Gu et al, 1998). Varions amounts of propionic acid
were added to the fermentation medium of Propioni-
bacterium thoenii strain P20 to examine the effects of
propionic acid on cell growth, product formation, and
substrate consumption and yield. The fermentation ki-
netics obtained from the cell-immobilized reactor were
free of mass transfer limitations. Such inherent kinetics
wete described by exponential models in terms of spe-
cific propionic acid productivity and glucose consump-
tion rate. As the propionic acid concentration in the
fermenter increased from 2.77 to 30.41 gfl, cell growth
declined by 2/3, specific propionic acid productivity and

glucose consumption rate also decreased from 0.059 to
0.015 g propionic acid/g cellh, and 0.11 to 0.04 g glu-
cose/g cellh, respectively. The excess of propionic acid
also altered the bacterial metabolism to produce more
byproducts such as acetic, lactic and succinic acids,
which resulted in the decrcase of substrate yield on
propionic acid from 0.52 to 0.41 g propionic acid/g
glucose. To overcome such effects, it is desirable to
maintain the acid concentration as low as possible,
which can be achieved by extractive fermentalion. At
propionic acid concentration below 3 gfl, a propionic
acid volumetric productivity of 3.9 g/lh can be attained
with 40% (w/v) bead load.

Production of propionic acid by fermentation is
hindered by low productivity and product inhibition
(Gu et al., 1999). Cell immobilization has been used to
increase productivity and extractive fermentation to re-
duce product inhibition. A liquid extractant consisting
of 40% (v/v) Alamine® 304-1 (trilaurylamine) in Wit-
cohol® 85 NF (oleyl alcohol) contacted recirculating
broth in a hollow-fiber extractor. Propionic acid con-
centration in the extractive fetmentation was maintained
at 13 g/1 by concurrent extraction compared to a final
concentration of 71 g/l in non-extractive mode. The acid
yields were doubled and higher overall acid productivi-
ties were obtained in the extractive fermeniation. The
extractant also exhibited selectivity for propionic over
acetic acid, thus partially purifying the former. In both
fermentation modes, productivity was enhanced by cell
immobilization in calcium alginate beads, a strategy
made feasible because of the low metabolic rate of the
propionibacteria. An economic analysis of a modified
version of the fenmentation based on several favorable
assumptions showed that the extractive fermentation
could, at best, approach cconomic feasibility at a
47,000,000-kg annual production scale. For the assumed
conditions, production cost of the propionic acid was
$1.16/kg; this cost was reduced to $0.94/kg when acetic
acid byproduct vaiues were included.

6.2. Membrane separations

Ulirafiltration has many industrial uses, including
downstream wastewater cleanup, and it remains a po-
tentially useful process in the removal of pathological
macromolecules from a number of fluid media. This
process has the advantage of being safer than sorption
and other methods, is very efficient and holds the pos-
sibility of reasonable cost. Research has been devoted to
finding useful methods to use membranes in biosepara-
tions and developing a fuller understanding of the
problems associated with membrane separations so that
we can overcome them better. Transmembrane pressure
pulsing has been found not only to have benefits in ul-
trafiltration, but also has potential for water treatment.
On a more fundamental understanding of concentrated
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species, particular proteins, in solution, it has been
found that non-ideal osmotic pressure behavior can be
traced to hydration and ion binding phenomena.

6.2.1. Transmembrane pressure pulsed ultrafiltration

The significance of transmembrane pressure pulsing
in reducing membrane fouling, and thus, enhancing
solvent and solute transport in ultrafiltration and in
water treatment continues to be investigated. Trans-
membrane pressure pulsing (TPP) was developed to ef-
fectively minimize membrane fouling before it reaches a
near irreversible state (Openheim et al., 1996a,b,c). Our
laboratory has pioneered this technology for protein
ultrafiltration. The objective of TPP is to provide high
frequency forces that reduce time dependent adsorption
and/or pore plugging while maximizing solute through-
put and separation efficiency. This is accomplished by
frequent reversal of pressure forces at high amplitudes.
Typical pulsing frequencies are on the order of 1 Hz,
with the optimal reverse pressure being similar in mag-
nitude to the positive pressure used during the forward
filtration phase.

It has now been found that TPP also has been effec-
tive in overcoming membrane fouling for binary protein
solutions and has shown potential for use in water
treatment (Wilharm and Rodgers, 1996; Jones et al.,
1999). The effect of TPP on the microfiltration of sim-
ulated drinking water (hydrated aluminum silicate
solution) was found to significantly reduce membrane
fouling by inorganic particulate materials that are po-
tentially important constituents of natural waters with-
out negatively impacting the rejection of sub-micron
particles due to interactions with material accumulated
on the membrane.

Waste/ Reaclant Stream

Ce}l Chamber

6.2.2. Membrane bioreactors

Membrane-based bioreactors have a high potential
for converting components of multi-component carbo-
naceous waste streams into either useful products or
non-toxic substances. In such reactors, immobilized
€NzZymes or microorganisms are used in simultaneous
conversion and scparation operations. In reactors con-
taining immobilized microorganisms, culture effective-
ness may be hampered by the extreme conditions of the
feed streams. Further, the cell packing over time reduces
extraction and/or conversion efficiency and limits
transport of gaseous/liquid nutrients to the immobilized
cells. In membrane separations, TPP was developed to
clear the membrane surface of fouling matter. This
technology is being utilized for the membrane bioreac-
tor. It is expected that the TPP reactor, using the ap-
propriate gases, will replenish the cells with nutrients
while simultancously disrupting potential boundary
layers enhancing nutrient transport.

The expected advantages of pulsing in this bioreactor
are illustrated in Fig. 11. During normal operations,
the cells are expected to function normally, removing the
specific reactant and producing the desired product. The
permeate from the bioreactor is expected to have a re-
duced presence of the reactants, During the pulse phase,
this operation is briefly interrupted and a nutrient
stream or gas is used to reverse the flow through the
membrane for a short period of time. It is expected that
the overall average operating results will be significantly
improved due to this bioreacior.

This reactor system is currently being tested on the
industrially relevant biotransformation of atrazine in
water. The bioreactor uses TPP microfiltration tech-
nology and the microorganism Pseudomonas sp. ADP

—_—

-l

Cell Waste #
—_—

Pulsed Fluid

No Pulsing

During Pulsing

Fig. 11. Schematic of pulsed bioreactor,
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(PADP) for the biodegradation of atrazine. The specific
objectives of the atrazine studies are to maintain a high-
density ceil culture for large-scale bioconversion, and
quantify rates of mineralization. This work will lay a
foundation for the extension of TPP systems for the
bioconversion extremophilic systems as well the effec-
tiveness of the TPP bioreactor for atrazine removal;
however the versatility of the systemn may be particularly
useful for biotransformation of waste materials and for
the production of enzymes, organic acids and solvents.

6.2.3. Other aspects of membrane separations

The behavior of proteins in aqueous solution plays a
critical role in the resistances found in membrane sepa-
rations proteinaceous. This is particularly critical for
increase efficiency in the production of high quality
pharmaceuticals. A number of modeling aspects of
fouling analysis have been studied, in particular, the
osmotic pressure of concentrated proteins, which im-
mediately develop at the membrane surface (Yousef
et al., 1998a,b, 2001, 2002a,b; Derjani-Baych and
Rodgers, 2002). This research has concentrated on under-
standing the behavior of concentrated single and multi-
component protein solutions using osmotic pressure.

In general, protein solutions show highly non-ideal
behavior. Until now, it was largely accepted that this
non-ideality was due to protein—protein interaction.
However, recently it has been shown that, in many cases,
hydration and ion binding accounts for the non-idealities
for single, highly concentrated, protein solutions in
many cases (Yousef et al., 1998a, 2001). Comparing the
seemingly unrelated hydration numbers for each protein
to their solvent accessible surface area demonstrated mat
the hydration vaiues represent a monolayer of water
(Yousef et al., 2002a). Once more, this model represen-
tation provides the best prediction for the osmotic
pressure of binary protein solutions to date (Yousef
et al., 2002b). This research provides a fundamental shift
in the current thinking on protein non-idealities and a
fascinating new approach to begin understanding mul-
ticomponent solutions.

7. Conclusions

The efficiency of the energy and associated carbon
and water cycles in biology is one of the marvels of
nature that results in the biosynthesis of complex
products and their intermediates that are parts of plant,
animal and microbial organisms. In the crudest of use,
these materials are burnt for energy, resulting in the
release of carbon dioxide, either from the burning of
wood and the like that returns the elements to the nat-
ural cycles or the burning of fossil fuels that upsets the
present natural balances with adverse effects on the en-
vironment.

Table 2
Value-added products from biomass

23

Biobased material source

Potential value-added product

Aclinomycete industriai
byproducts

Comn hulls and stover

Corn masa

Comn steep water

Com steep water

Distiilers graim

Fermentation byproducts

Ferulic acid

Food-processing industries

Greases

Municipal waste

p-Coumaric acid

Sewage sludge

Slaughterhouse waste water

Soap stock

Soy extracts

Soy bean hulls

Sucrose-rich wasle water

Sugars

Sugars

Swine waste

F42|]

p-Coumaric and ferulic acids
Ruminant feed

Low-chloride de-icer

Phytic acid and inositol phosphates
Cattie feed

Land application
Vinylguiacol-flavor compounds
High-quality biomass
Biodiesel

Methane

Antioxidant

Methane

Methane

Glycero-phosphates
Flavanoids

Peroxidase enzyme

Hydrogen

Plastics

Bacterial polysaccharides
Methane

In the research efforts summarized here, attempts
have been made to use to advantage the photosynthetic
and thermal energy invested in the biosynthesized mol-
ecules found in agriculture to isolate valuable materials
and to study their application to value-added products,
taking where possible the biocatalytic pathways offered
by the stereospecific properties of enzymes. These may
be used in vitro, as isolated from living systems, or in
vivo in the use of microbial fermentations.

By the very nature of agricultural and industrial
processing, there will be byproducts or coproducts for
which alternate uses can be sought that will remove
them from their designation as waste with the need for
disposal. The search for such conversions will continue
as long as mew processes are invented and some solu-
tions have been proposed by the research efforts of the
present consortium of investigators, examples of which
are summarized in Table 2.
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